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ABSTRACT

Polyethylene (PE) films are widely used in packaging but require surface modification to improve interfacial adhesion with coat-
ings or laminates that enhance their inherently limited barrier properties. In this study, low-density (LDPE) and high-density
polyethylene (HDPE) films are treated with argon (Ar) cold atmospheric plasma (CAP) using a jet-type device, and their prop-
erties are characterized prior to and post processing. While plasma exposure enhances wettability by halving the water contact
angle (WCA) and increasing surface free energy (SFE), it compromises the film surface structure, increasing water vapor and
oxygen permeability by up to 60% and 45%, respectively. Aging tests reveal partial recovery of hydrophobicity, though WCAs sta-
bilize below the untreated values. FTIR spectra indicate the formation of polar groups (hydroxyl and carbonyl) after 10-30 min of
treatment, accompanied by increased crystallinity. SEM shows pronounced surface etching and morphological alterations, con-
sistent with roughness analysis, which displays a sharp rise after 10 min followed by a slight decrease at 30 min. Antimicrobial ca-
pacity remains limited, while long-term degradation results in minimal weight loss (WL), despite sustaining low WCAs. Overall,
although CAP treatment impairs the film intrinsic structure, it significantly improves surface chemistry and topography for
interfacial bonding, thus optimizing multilayer packaging applications.

1 | Introduction

Polymeric materials play a crucial role in the food industry and
they are especially preferred for food packaging applications due to
their desirable properties, such as flexibility, transparency, gas and
moisture barriers, and chemical inertness, with polyethylene tere-
phthalate (PET), polyethylene (PE), polypropylene (PP), polyvinyl
chloride (PVC), and polystyrene (PS) being the most commonly
used [1, 2]. However, the latter advantage inevitably leads to very

low surface energy and, consequently, poor adhesive properties,
particularly in the case of polyolefins, thus requiring surface treat-
ments to improve their wettability [3, 4]. Cold plasma (CP) treat-
ment can modify polymer surfaces by altering their topography
and chemistry, effectively forming a functionalized “new layer” at
the nanometer scale, resulting in materials with enhanced adhe-
siveness and desired packaging features, while also providing sur-
face sterilization [5, 6]. However, the characterization of surface
modifications induced by CP treatment, particularly in relation to
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bulk and mass transport properties that determine the effective-
ness as food packaging materials, remains an understudied area.
Therefore, further research is crucial not only for designing novel
packaging solutions for different food types but also for optimizing
the pretreatment steps required to bond barrier-enhancing coat-
ings or laminates onto inert polyolefin films [7-11].

The surface modification mechanism of polymers by CP treatment
primarily involves interactions between radicals and ions, and the
polymer surface [12, 13]. These interactions alter the surface’s
chemical and physical properties through functionalization via
the addition of active species, as well as processes such as surface
ablation, etching, cross-scission, crosslinking and degradation
[4, 5, 14]. A type of plasma functionalization is plasma activation,
a generic term that refers to plasma treatments that can increase
the surface free energy (SFE) via the addition or substitution of
surface elements, such as atoms and molecules. Generally, in reac-
tive plasmas, two types of active species exist: (1) reactive ions and
radicals, which directly incorporate new functional groups onto
surfaces, and (2) nonreactive species (e.g., photons, electrons) that
do not directly modify surfaces. Plasmas generated from reactive
gases (e.g., O,, N,) contain both reactive and nonreactive species,
whereas plasmas from inert gases (e.g., Ar, He) include only non-
reactive species. However, these nonreactive species can generate
radicals on the surface by reacting with ambient oxygen or water,
leading to the incorporation of functional groups onto the poly-
mer's surface [15]. Additionally, surface roughness induced by
the plasma treatment can affect the surface wettability, thus im-
proving its adhesive performance [4, 16]. Surface etching caused
by plasma involves the removal of material and the formation of
gas-phase products through bombardment of the surface by high-
energy ions, neutrals, and electron impacts, while it is classified
into chemical etching, where plasma-activated gases react with
the surface, and physical etching, where accelerated plasma ions
collide onto the surface [15, 17]. The latter mechanism is partic-
ularly notable in the case of Ar plasma [18]. Nevertheless, in the
specific case of PE, studies have shown that the extent of mass loss
remains lower compared to oxygen-containing polymers under
equivalent plasma exposure [19].

Polyolefins, due to their broad applicability, low surface energy,
and complete lack of functional groups, represent the most ex-
tensively studied polymer class in plasma surface treatment
research [20]. When PE is exposed to CP, the mechanisms of sur-
face modification depend strongly on generic parameters such as
energy density, pressure and discharge gas, but also on the poly-
mer substrate [17]. The latter has been demonstrated by Svor¢ik
et al. who found that the chemical structure of PE can further
influence the extent of modification, since low-density (LDPE)
and high-density polyethylene (HDPE) exhibit distinct wettabil-
ity, cross-linking degrees, oxygen incorporation levels, and sur-
face roughness under identical Ar plasma conditions [13]. Inert
gases such as Ar theoretically do not directly incorporate func-
tional groups onto the polymer surface, in contrast to reactive
gases like oxygen or nitrogen [17]. Instead, their primary chem-
ical action is hydrogen abstraction (a characteristic reaction in
aliphatic chains [21]), which generates surface radicals without
interacting with them, thereby favoring cross-linking and the
formation of conjugated double bonds [20-22]. While these rad-
icals may subsequently react with atmospheric oxygen to yield
peroxide, carboxyl, hydroxyl, and carbonyl functionalities, the

degree of such oxygen-containing group incorporation remains
lower than that obtained with reactive gas plasmas [17, 22].
According to Yao et al. the rate of cross-linking in HDPE has
been reported to follow the trend Ar>H,>O,>N,=air, high-
lighting the efficiency of Ar in promoting this process [23]. For
PE, the dominant plasma-induced reaction pathway favors the
formation of cross-links within the polymer matrix, as opposed
to significant double-bond formation, which is more charac-
teristic of other polymer classes [24]. Generally, in polyolefins,
regardless of the gas used for the plasma treatment, radical gen-
eration occurs either through C-C or C-H bond dissociation; the
former pathway leads to functionalization accompanied by deg-
radation, whereas the latter results in functionalization alone,
which could further lead to cross-linking [17, 20, 25]. Given
the similar bond dissociation energies of C-C and C-H bonds,
precise control of plasma parameters is essential to achieve
the desired surface modification without excessive degrada-
tion [17]. These interrelated chemical processes (cross-linking,
double-bond formation, limited oxidative functionalization, and
etching) collectively determine the surface chemistry of PE fol-
lowing Ar CP activation.

Besides the immediate effects of plasma treatment on polymer
surfaces, longer-term phenomena such as structural changes
and hydrophobic recovery (HR) occur [21]. HR, also known as
aging, describes the gradual reversal of the increased surface
polarity and wettability, as the surface tends to return par-
tially or fully to its original hydrophobic state due to physical
aging processes [21]. This spontaneous process that occurs
after the plasma treatment is thermodynamically driven and
attributed to factors such as surface reactions causing struc-
tural modifications and chain rearrangements, exposure to
UV irradiation, and the presence of highly oxidative gaseous
species [16, 26].

The aim of the present study is to evaluate the effect of Ar atmo-
spheric pressure CP on the surface and mass transport properties
of commercially available LDPE and HDPE, two widely used
types of polyethylene in food packaging. An atmospheric pressure
plasma jet (APPJ) was employed for the treatment, a configuration
that has become increasingly popular due to its low cost, ease of
integration into production lines, and ability to provide uniform
treatment not only for flat, thin 2D surfaces but also for complex
structures [5, 27-29]. The properties studied for surface characteri-
zation of the materials included static WCA and SFE to assess wet-
tability, as well as surface morphology, chemical composition, and
the aging effect under different conditions—properties that have
been previously investigated in the literature, while also, mass
transport properties, such as water vapor and oxygen permeabil-
ities, were measured to address the existing gap in the literature.

2 | Methods

2.1 | Experimental Details

2.1.1 | Materials

Commercially available low-density polyethylene (LDPE, 40 um

thick) and high-density polyethylene (HDPE, 20 um thick) films
were used for this experiment.
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2.1.2 | Cold Atmospheric Plasma (CAP) Processing

The films were treated with Ar CAP using a kINPen IND jet
device (neoplas control GmbH, Greifswald, Germany), equipped
with a conical metal nozzle (@ 16cm, height 6¢cm) to ensure
uniform treatment (Figure 1). The device features a central
RF-powered electrode (13.56 MHz) enclosed in a dielectric ce-
ramic tube and a grounded outer cylindrical electrode. Plasma
is generated between the pointed 1 mm central electrode and the
nozzle outlet (~3.5mm distance). The capillary has an internal
diameter of 1.6mm and protrudes ~2mm beyond the nozzle
head. The unit operates with noble gases (Ar or He), at a gas flow
rate between 3 and 5L/min and typical plasma power between
0.3 and 3.5W, with visible plasma length of 9-13mm in pure Ar.
The entire system power is ~20W [30].

The film samples were cut to dimensions of 2x8cm and posi-
tioned beneath the plasma jet nozzle for treatment. The plasma
operated at a temperature of approximately 35°C, using high-
purity Ar gas (Argon 4.8; 99.998%; Buse Gas SA, Schimatari,
Greece) as the feed gas. A fixed distance of 10mm was main-
tained between the plasma source and the sample surface. The
conical nozzle attached to the jet ensured uniform treatment
and enhanced process repeatability. The Ar flow rate was set
at 4L/min. Two treatments (10 and 30 min) were applied on one
side of each membrane.

2.2 | Surface Chemistry Characterization

Fourier transform infrared spectroscopy with attenuated total
reflectance mode (FTIR-ATR) was used to qualitatively inves-
tigate surface chemical modifications on plasma-treated LDPE
and HDPE films. A VERTEX 70 FTIR spectrometer (Bruker
Optik GmbH, Ettlingen, Germany) equipped with an ATR probe
was used for this analysis. Spectra were recorded in the range of
4000-600cm™! with a spectral resolution of 2cm™! by averaging
64 scans per measurement. Only the treated side of each film was
examined, and all measurements were performed in triplicate.
Post-acquisition processing was conducted using SpectraGryph
v1.2.16.1. Spectra were averaged (by mean), baseline-corrected au-
tomatically with a single-run adaptive algorithm (coarseness=9,

Conical nozzle @16 cm

FIGURE 1 | Configuration of the kKINPen IND system with the at-
tached conical nozzle. [Color figure can be viewed at wileyonlineli-
brary.com]

offset=—1), smoothed using the Savitzky-Golay algorithm (2nd
order, 9-point window), and normalized by area.

2.3 | Degree of Crystallinity Estimation

The degree of crystallinity of LDPE and HDPE films was esti-
mated using the empirical method proposed by Zerbi et al. based
on analysis of the characteristic infrared absorption band dou-
blets at 1472/1462 and 729/719cm™! [31]. In this method, the
1472 and 729 cm™! bands are attributed to the crystalline phase,
while the 1462 and 719 cm~! bands correspond to the amorphous
phase. The crystallinity index was calculated using intensity ra-
tios of the respective peaks, assuming a value of 1.233 for the
band ratio in fully crystalline polyethylene. The following em-
pirical expression was used for the calculation:

Ia
1- Ty
X=—128 %100 @

I
1+E

where X is the percentage of the amorphous phase, and I /I,
are the infrared intensities in the spectral bands of doublets
1472/1462 or 729/719cm™.

The peak components were deconvoluted assuming a weighted
mixture of the Lorentzian-Gaussian functions, and the fitting
parameters (relative weight, height, width, and position of each
peak) were optimized using a nonlinear least-squares algorithm
to ensure optimal fitting between the summed spectral profile
and the experimental spectrum [32, 33]. The peak deconvolu-
tion in both regions was optimized by selecting the solution that
provided the best overall agreement with the experimental spec-
trum (R?>0.99), while the extracted peak parameters remained
within ranges consistent with previous reports, ensuring that
the calculated crystallinity values are directly comparable to
those in the literature [32, 34]. No full peak decomposition of the
two regions was performed. Although this approach would in
principle separate orthorhombic, amorphous, and monoclinic-
like contributions, it is highly dependent on external reference
spectra (e.g., crystalline orthorhombic n-alkanes) or on com-
plementary thermal characterization to constrain the hidden,
strongly overlapping bands, and without such references, the fit-
ting remains largely assumption-driven [31, 34-36]. Moreover,
the deconvolution of the 1472/1462cm™' doublet included a
third peak at 1442cm™!, which is attributed to gauche conform-
ers present in the polymer, reflecting regions of the amorphous
phase [31]. The peak deconvolution was performed using cus-
tom Python scripts (v3.11) executed in the IDLE environment
(Python Software Foundation, https://www.python.org/).

2.4 | Surface Morphology Analysis

Scanning electron microscopy (SEM) was employed to obtain
high-resolution 2D images of the sample surfaces. A Nova
NanoSEM 450 microscope (FEI, Hillsboro, OR, USA) was used
for the analyses. Prior to imaging, a thin gold (Au) coating
(10nm) was sputter-deposited on the LDPE and HDPE film sam-
ples to prevent charging and enhance image quality. Samples
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were mounted on stainless steel stubs using double-sided con-
ductive carbon tape. Imaging was performed under high vac-
uum conditions (HiVac mode, 1072-10"*Pa) at an accelerating
voltage of 8kV and at magnifications of 40,000x and 100,000.

For the assessment of surface roughness, the SurfChar] 1q
plugin (available at https://www.gcsca.net/1J/SurfCharJ.html),
developed by Chinga et al. for the ImagelJ software, was used
[37, 38]. SEM micrographs were first converted to 32-bit format
and properly scaled prior to analysis [39]. The plugin was then
used to calculate root mean square roughness (Rq), arithmetic
mean roughness or arithmetic average height (R ), maximum
valley depth (R,), maximum peak height (R), and maximum
height of the profile (R_,,) [40]. The analysis was performed
with options for surface leveling, local roughness evaluation
(sampling lengths of 350 and 500 nm were applied for LDPE and
HDPE, respectively, according to the characteristic size of the
surface features), and gradient analysis, while no additional fil-
ters were applied [41]. Roughness parameters were determined
over the entire micrographs acquired at 40,000x magnification,
in order to capture representative topographical variations and
to avoid bias from local heterogeneities. In addition, the 3D
Interactive Surface Plot plugin in ImageJ (available at https://
imagej.net/ij/plugins/surface-plot-3d.html) was utilized to pro-
duce representative three-dimensional reconstructions of the
film surfaces.

2.5 | Surface Wettability Measurements
2.51 | Hydrophilicity

The surface hydrophobicity of the films was evaluated by mea-
suring the static WCA using a Theta Flow Optical Tensiometer
(Biolin Scientific AB, Gothenburg, Sweden). A 4uL drop of de-
ionized water (diH,0) was deposited onto the plasma-treated
side of each film using the sessile drop method. Films were af-
fixed onto standard microscope glass slides (75X 26 mm) with
double-sided adhesive tape and placed on the sample stage of
the instrument.

A high-resolution camera recorded the drop profile for 10s at
a frame rate of 6 FPS. The contact angle was calculated using
the OneAttension software as the mean value from all recorded
frames. The static angle was measured based on Young's equa-
tion, which assumes that interfacial forces are thermodynami-
cally stable. For each treatment, WCA was determined from 20
drops distributed across three replicate film samples.

All measurements were conducted under ambient conditions
(23.7°C£0.3°C, RH 52.3% + 1.7%).

2.5.2 | Surface Free Energy (SFE)

To further evaluate the surface properties of the plasma-treated
films, the total SFE and its polar and dispersive components
were calculated wusing the Owens-Wendt-Rabel-Kaelble
(OWRK) model [42, 43]. For this purpose, static contact angle
measurements were conducted using test liquids with different
surface tensions, namely diiodomethane and ethylene glycol, in

addition to water (their known surface energy parameters are
given in Table 1). The measurements were performed in the
same manner as described for WCA determination.

The OWRK method is based on the geometric mean approach,
whereby the total SFE y is expressed as the sum of its dispersive
y%and polar y¢ components for both surface tensions of the solid
and the liquid materials (y, and y;, respectively) as described by
the equations below:

vs=vd+yP @)

n=ri+r ©)

According to the Young and Owens-Wendt equations, the rela-
tionship between the liquid-solid contact angle (6) and the sur-
face tension components is:

(}/f+y‘;’)(1+cos0)=2 réri+24/r5 v} @

By rearranging the above expression into linear form, the SFE
components of the solid were determined through linear regres-
sion analysis using the measured contact angles and the known
surface tension parameters of the probe liquids. Specifically,
the equation was transformed into the form y=mx+c (by sub-
sequent substitution in the Young's equation y, = yi + 7, cosb)
allowing the polar and dispersive components to be extracted
from the slope and intercept of the fitted line (See Equation 5).
The use of three liquids with varying polar/dispersive ratios en-
hances the linearity and accuracy of the model while minimiz-
ing errors related to fluid selection [5, 45-47].

(1 + cos @)y, yf
—=\/J’f —d+\/7f 5)
24 /yld 7

2.5.3 | Aging

Plasma-treated polymeric surfaces are known to undergo tem-
poral changes due to surface energy relaxation, a phenomenon
commonly referred to as aging [26, 48]. This process is charac-
terized by a gradual reduction of SFE, leading to a partial recov-
ery of the original hydrophobicity. The primary mechanisms
driving aging include polymer chain reorientation, migration
of polar functional groups, and exposure to environmental fac-
tors such as temperature and humidity [48, 49].

TABLE1 | Surface tension components of the testing liquids at 20°C
[44].

7F
Liquids 7,mIm™?) (mIm7?) yfmIm3?)
Water (W) 72.8 51.0 21.8
Diiodomethane 50.8 0 50.8
(DM)
Ethylene glycol 48.0 29.0 19.0
(EG)
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In this study, aging was monitored by WCA measurements on
samples treated with Ar plasma for 30 min -identified as the most
effective condition yielding the lowest initial WCA values. To
simulate realistic storage scenarios, samples were stored under
different combinations of temperature and relative humidity
(RH), using sealed glass desiccators containing saturated salt
solutions of Mg(NO,),-6H,0 and BaCl,2H,O. Two tempera-
ture conditions were applied: ambient (25°C) and refrigerated
(5.0°C). The corresponding RH levels were derived from estab-
lished equilibrium data and are summarized in Table 2 [50-53].

Samples were mounted on microscope glass slides and, immedi-
ately after the CAP treatment, were stored in their respective en-
vironments for 18 days. WCA was measured at regular intervals
(3days) to monitor the evolution of surface wettability over time,
enabling the assessment of wettability recovery as a function of
storage duration.

2.6 | Barrier Properties
2.6.1 | Water Vapor Permeability (WVP)

The water vapor transmission rate (WVTR) of the films was
determined gravimetrically using the desiccant method, follow-
ing the ASTM E96/E96M-14 standard with slight modifications
[54]. Polyethylene films were sealed over the openings of 25mL
glass vials containing approximately 2.5 g of anhydrous calcium
chloride (CaCl,). The vials were placed inside airtight glass con-
tainers with saturated aqueous BaCl, solution, maintaining a
RH of ~90% at 25°C [51, 52]. The entire system was stored in
a temperature-controlled chamber, and WVTR was estimated
at two different temperatures: 25°C+1°C and 30°C+1°C. The
increase in the mass of each vial was recorded at regular inter-
vals (24 h) over a period of 40days using an analytical balance
with 0.0001g precision. For each sample type, seven replicate
vials were prepared and analyzed to ensure statistical reliability
of the measurements.

The WVTR was calculated from the slope of the linear portion
of the weight gain vs. time curve, normalized to the exposed
surface area of the film, and expressed in g m—2day!, using the
Equation (6):

G
= x4 (6)

where G is the mass gain (g), ¢ the time (days), and A the film
area (m?).

TABLE 2 | Relative humidity of saturated salt solutions [50-53].

Relative
Saturated salt humidity
solution (aq.) Temperature (°C) (%RH)
BaCl,2H,0 25.0 90.0-90.3
BaCl,2H,0 5.0 93.0
Mg(NO,),-6H,0 25.0 52.9-53.4
Mg(NO,),-6H,0 5.0 58.9-59.2

WYVP was then calculated as:

WVTR XL _ WVTRXL
WVP = A = (7)
p S (R, —R,)

where L is the film thickness (m), Ap the water vapor pressure
difference across the film (kPa) (was calculated as 2.85165kPa
for 25°C and 3.8205kPa for 30°C), S the saturation vapor pres-
sure at test temperature (kPa), R, and R, the RH at the source
and the vapor sink, respectively. The units of WVP are expressed
as g mm m~2day'kPal.

2.6.2 | Oxygen Transmission Rate (OTR)

Oxygen Transmission Rate (OTR) was determined using a
static accumulation method adapted from ASTM E2945-14,
with slight modifications, and analyzed by gas chromatog-
raphy (GC) [55]. A Shimadzu 2010 (Shimadzu Corporation,
Kyoto, Japan) equipped with a thermal conductivity detec-
tor (TCD) and a Carboxen 1010 PLOT fused silica capillary
column (30mx0.32mm) was used for the quantification of
oxygen in all analyses. Data acquisition and processing were
performed using GC Solution software. For each analysis,
100 uL of the headspace gas sample was injected in split mode
at 120°C into the GC injector. Helium was used as the carrier
gas at a flow rate of 8 mL/min.

The test apparatus, primarily based on the designs of Papiernik
et al. with additional features from Zeman and Kubik, con-
sisted of a cylindrical stainless steel diffusion cell with an in-
ternal diameter of 150 mm and a total volume of 4L. [56-58]
The cell was divided into two equal compartments (2L each),
a source chamber and a collection chamber, by clamping the
test film between the two halves. The two halves were joined
together at a flange, where bolts and nuts tightened the as-
sembly with silicone diaphragms acting as gaskets to ensure
airtight sealing of the chambers. Each compartment had one
inlet and one outlet port, with one of the ports also function-
ing as a sampling port sealed with a septum. Prior to testing,
one compartment was filled with high-purity oxygen and the
other with high-purity nitrogen by flowing the respective
gases through the inlet for approximately 1min while the
outlet was open, ensuring the complete replacement of the
chamber atmosphere. Afterwards, the gas flow was stopped,
the outlet was simultaneously closed, and then the inlet was
carefully sealed to prevent any air ingress during the test. RH
inside the chamber was maintained at 0% using silica gel pel-
lets, while all the analyses were carried out at 23°C +0.5°C.

Oxygen permeation was monitored over time by periodically
sampling the collection chamber headspace (N, side) and ana-
lyzing the oxygen content by GC. For LDPE films, measurements
were taken every 24 h for a total of 7days, while for HDPE films,
measurements were taken every 24 h for a total of 3 days, reflect-
ing the higher transmission rate observed for HDPE and ensur-
ing sufficient steady-state data points for slope determination.

The total internal dimensions of each compartment were mea-
sured to calculate the exact gas volume, enabling conversion
of GC peak areas to oxygen content. The oxygen content in the
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collection chamber was plotted as a function of time, and the
slope of the linear regression (steady-state region) was used to
calculate the volumetric OTR. The obtained values were cor-
rected for background leakage determined in blank tests and
scaled using the results from a reference control film. OTR val-
ues were expressed in cm® m=2h! and all analyses were per-
formed in triplicate.

2.7 | Antimicrobial Testing
2.7.1 | Disk Diffusion Assay

The antibacterial activity of the films was evaluated against com-
mon foodborne bacterial pathogens, including Pseudomonas
aeruginosa, Listeria monocytogenes, Staphylococcus aureus,
Morganella morganii, Salmonella enterica sv. Typhimurium,
Enterococcus faecalis, Escherichia coli, and Klebsiella pneumo-
niae. The disk diffusion assay was employed according to the
Kirby-Bauer protocol [59]. Film samples were cut into 11.8 mm
diameter discs, treated for 10min with CAP using the previ-
ously described plasma jet system (Ar, 4L/min, 10min), and
placed onto Mueller-Hinton agar (MHA) plates that had been
pre-inoculated with bacterial suspensions adjusted to 107-
108CFUmL™! (based on McFarland standards). Plates were
incubated at 25°C for 24h. Untreated film discs were used as
controls. No visible inhibition zones were detected for any of
the treated films under the tested conditions. All tests were per-
formed in triplicates.

2.7.2 | Shelf-Life Study

A shelf-life study was carried out to assess the potential anti-
microbial effect of CAP-treated films in real food conditions
via microbial analysis and according to standard protocols
[60, 61]. Fresh meager (Argyrosomus regius) slices were placed
in sterile Petri dishes and wrapped in CAP-treated films, being
in direct contact with the fish surface (CAP treatment condi-
tions: Ar, 4L/min, 10 min). Untreated LDPE and HDPE films
were also used for the packaging of the fresh fish slices and
served as control samples for comparison to the CAP-treated
films. The samples were stored at 2°C +0.5°C for a total dura-
tion of 13 days.

For the determination of the microbial load, 10 g of fish tissue
were aseptically homogenized with 90mL of sterile Ringer's
solution and serial decimal dilutions were prepared and plated
on Plate Count Agar (PCA) for the determination of aerobic
Total Viable Count (TVC). The incubation was carried out at
25°C for 48h, a temperature that allows the growth of psy-
chrotrophic populations relevant to chilled fish and thus
provides a more representative assessment of the spoilage
microbiota. The microbial counts were calculated using the
following equation: [62]

__2x¢
T Vx1llxd ®

where N is the number of microorganisms per gram (CFU/g),
2C is the total number of colonies counted on the two selected

plates originating from two consecutive dilutions (with at least
one plate containing a minimum of 10 colonies), V is the volume
of the inoculum applied to each plate (mL), and d is the dilution
factor of the first of the two retained dilutions (with d=1 for
undiluted samples). The results were finally expressed as mean
log,, (CFUg™) values.

All analyses were performed in duplicate. The microbial growth
was described using the Baranyi growth model and for curve
fitting, the program DMFit was used (available at https://www.
combase.cc) [63].

2.8 | Degradation Test

The degradation behavior of LDPE and HDPE films was eval-
uated under controlled soil burial conditions following some
of the principles of ASTM D5988-18 standard, with modifi-
cations including preliminary sterilization, fungal biofilm
pre-incubation and quantification of degradation via residual
weight loss (WL) rather than CO, evolution [64]. For the pre-
incubation, Aspergillus flavus was used. Samples (2.5 5cm)
were sterilized in 70% ethanol, rinsed with sterile deionized
water, oven-dried (50°C, 24h), and weighed using an analytical
balance (£0.0001g). Four treatment groups were examined for
each PE film (LDPE and HDPE): untreated (control), samples
treated with CAP, samples pre-incubated with A. flavus, and
samples subjected to both CAP and fungal pre-incubation.

Plasma treatment was carried out using the previously de-
scribed plasma jet system (Ar, 4 L/min, 10 min). For fungal in-
oculation, samples were pre-incubated for 7 days on solid Malt
Extract Agar (MEA) medium inoculated with A. flavus (10°
spores mL~!) to allow biofilm formation prior to soil burial
(Figure 2).

The test materials were buried at a 10cm depth in sterile, sieved
soil (pH6.5-7.0, moisture 30%-35%) contained in 1.5L sealed
glass containers and incubated at 25°C+4°C for a period of
24months in total. At selected time points, samples were re-
trieved (in duplicates), gently cleaned, dried, and reweighed.
Degradation was quantified by calculating the percentage of WL
using the equation:

W, - W,
WL(%):OTf

0

X 100 ©)

where W is the initial dry weight of the film, and Wfis the final
dry weight of the film retrieved from soil at each time interval.

Surface hydrophilicity was also monitored during degradation
through static WCA measurements (n =10), following the same
procedure described previously for WCA, in order to assess the
weathering state of the plastic samples [65].

2.9 | Statistical Analysis

Statistical analysis was performed by one-way analysis of
variance at a 95% confidence interval using Stata 19 software
(StataCorp. 2025. Stata Statistical Software: Releasel9. College
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Station, TX: StataCorp LLC.) for the analysis of WVP (n=7),
OTR (n=3), WCA (n=20), WCA of degradation (n=10) and
%WL (n=2). Significant differences were determined by
Tukey's HSD multiple range test (p <0.05). Results were ex-
pressed as mean + standard deviation.

3 | Results
3.1 | Surface Chemistry Characterization

Asseenin Figures 3 and 4, the spectra of both materials exhibit
strong similarities, particularly the four well-defined charac-
teristic peaks associated with PE hydrocarbon backbone [66].
More specifically, the bands at ~2915 and ~2848cm™! corre-
spond to the asymmetric and symmetric C-H stretching vibra-
tions of methylene (-CH,-) groups, respectively. Split bands in
the regions 1472-1462 and 735-719cm™! can be attributed to
the C-H scissoring vibrations and the C-C rocking modes in
-(CH,), - sequences, respectively [67-69]. In both LDPE and
HDPE, the appearance of new absorption bands following

CAP treatment was observed, consistent with previous FTIR
studies on plasma-induced chemical modifications of PE
and PP surfaces [67, 68, 70]. In LDPE, both 10- and 30-min
treatments led to the emergence of two weak peaks between
3600 and 3200 cm™, specifically at 3395 and 3190 cm™!. These
bands are attributed to O-H stretching vibrations, indicating
the formation of hydroxyl groups as a result of plasma expo-
sure [67, 70, 71]. Additionally, a band at ~1645cm™!, also pres-
ent in the untreated sample, showed increased intensity after
CAP treatment. This band is commonly associated with car-
bonyl (C=0) and/or C=C stretching vibrations [5, 68, 70, 72].
A distinct reduction in intensity at ~1470 cm™!, accompanied
by a simultaneous increase at 1462 cm™!, was observed follow-
ing CAP treatment in LDPE. This shift may indicate changes
in the degree of crystallinity of the polymer [32]. In the case
of HDPE, only the 30 min CAP resulted in notable chemical
changes. The 10 min treatment did not appear to significantly
affect the surface chemistry. In the FTIR spectra of the 30 min
treated HDPE, weak bands at ~3395 and ~3185cm™! were de-
tected, indicative of hydroxyl group formation. A sharp peak
at 1646 cm™, attributed to carbonyl (C=0) stretching, was also

LDPE, HDPE ) ¢
films

CAP + A. flavus

Ar CAP treatment

Pre-incubation
with A. flavus for
7 days

\

Soil
burial

| A. flavus l
Control
.
FIGURE 2 | Experimental procedure for the evaluation of the degradation of LDPE and HDPE samples. [Color figure can be viewed at wileyon-
linelibrary.com]
val. asym.
—CH»
1 val. sym.
—CHp
w
Q
s
,.E . —— LDPE 0 min
=
% —— LDPE 10 min
. def. «(CH,)— def. -CH,— —— LDPE 30 min
(rock.) (sciss.)
1 val. C=0/C=C val. O-H
600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800 4000
Wavenumber [cm]
FIGURE 3 | FTIR spectrum of untreated and treated LDPE films. Characteristic peaks corresponding to C-H stretching (around 2915 and

2848cm™t), C-H scissoring (1472-1462 cm™), C-C rocking (735-719 cm™?), and other functional groups are indicated. [Color figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 4 |

FTIR spectrum of untreated and treated HDPE films. Characteristic peaks corresponding to C-H stretching (around 2915 and

2848 cm™), C-H scissoring (1472-1462 cm™), C-C rocking (735-719 cm™1), and other functional groups are indicated. [Color figure can be viewed at

wileyonlinelibrary.com]

observed [71]. Moreover, several new bands were detected ex-
clusively in the 30 min treated HDPE, including peaks at 1212
and 1195cm™, as well as sharp bands at 1082 and 854cm™,
which can be assigned to C-O stretching vibrations in C-OH
groups [5, 67, 69, 73-75]. Additionally, reductions in the rela-
tive intensities at 1462 and 719 cm~! were observed, affecting
the 1470/1462 and 729/719 cm™! peak intensity ratios, both of
which are indicative of changes in crystallinity. In both ma-
terials, a noticeable decrease in the absorbance of the main
C-H stretching peaks (~2915 and ~2848cm™') was recorded
following plasma treatment. This reduction suggests a de-
creased availability of the corresponding chemical bonds on
the surface, likely due to plasma-induced surface oxidation
and etching [32].

3.2 | Degree of Crystallinity Estimation

Figure 5 shows the deconvolution profiles of LDPE and HDPE
films subjected to Ar CAP treatment for 0, 10, and 30 min in
the regions 1475-1420cm™! and 735-715cm~!. In most cases,
the lower-frequency peaks (1462/719 cm™) exhibited higher
normalized intensities compared to the corresponding higher-
frequency peaks (1472/729 cm™!), with untreated LDPE being
the only exception (Figure 5). This discrepancy yielded an un-
usually high crystallinity degree (Table 3) compared to liter-
ature reports, which typically fall within 30%-50% [76]. The
deviation may be attributed to strong overlap with a medium-
intensity band near 1467 cm™! associated with the amorphous
phase. As reported by Hagemann et al., this band may dis-
play marked asymmetry and interfere with the intensity of
the 1472 cm~! band, leading to spectral misinterpretation and
artificially elevated crystallinity values. To mitigate this ef-
fect, a larger area was consistently assigned to the 1462cm™!
band during fitting, under the assumption that the amorphous
contribution is embedded near 1467cm™' [35]. However, a
pronounced fitting error was evident only in the untreated

LDPE, where the 1472cm™! band appeared systematically
underestimated.

Due to this reason, we consider the values derived from the 735-
715cm™! region to be more reliable, in agreement with previous
studies, since the case of the untreated LDPE clearly distorts the
results [77, 78]. Overall, a trend was observed whereby samples
with higher crystallinity displayed a more balanced intensity be-
tween the two sets of peaks [32].

It is also worth mentioning that LDPE typically does not exhibit
split peaks at 1472/1462 and 729/719cm™}, as its lower crys-
tallinity generally prevents such features from emerging. The
presence of these spectral features, considering that increasing
polyethylene density is directly associated with improved crys-
tallinity, suggests that the material used is of intermediate den-
sity with fewer branching chains, which explains the slightly
higher initial crystallinity compared to typical low-density
grades [79, 80].

Based on the crystallinity degree obtained from the 729/719 cm™!
doublet, Ar CAP treatment affected the crystallinity of both
HDPE and LDPE samples (Table 3). For HDPE, crystallin-
ity slightly decreased from 69.98% in the untreated sample to
67.07% after 10min of treatment, but increased markedly to
78.57% after 30min. The obtained crystallinity values fall well
within the typical range reported in the literature (70%-80%),
confirming the consistency of the measurement for this polymer
type [32]. In LDPE, crystallinity increased from 53.07% in the
untreated sample to 61.50% after 10min, remaining similar at
61.29% after 30 min.

The changes in crystallinity observed in the present study after
Ar CAP treatment are consistent with some previous reports,
although the effects strongly depend on polymer type, plasma
source, and treatment conditions [81]. In LDPE, the slight in-
crease in crystallinity agrees with the findings of Sanchis et al.
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FIGURES5 | Deconvolution profiles of LDPE and HDPE films at the peaks of 729/719 and 1472/1462cm™L. [Color figure can be viewed at wileyon-
linelibrary.com]

TABLE 3 | Estimated crystallinity degree (%) values of treated and untreated LDPE and HDPE films.

LDPE HDPE
Control 10min 30min Control 10min 30min
Crystallinity % (peaks 1472/1462cm™) 79.09 63.14 61.36 72.06 68.58 77.59
Crystallinity % (peaks 729/719 cm™) 53.07 61.50 61.29 69.98 67.07 78.57

who reported a minor enhancement after low-pressure O, plasma crystallinity and surface roughness due to selective removal of
treatment [14]. Similar phenomena have been reported for other amorphous regions, leaving the crystalline domains unaffected
polymers, such as PP and PET, where plasma treatment increases [82, 83]. However, other authors have reported either a decrease
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or no effect on polyethylene crystallinity after plasma treatment,
which agrees with the 10min HDPE sample in this study, where
the slight decrease -if not attributed to experimental variance- is
likely due to crosslinking or temporary structural disruption, and
is consistent with the FTIR spectrum showing no distinct differ-
ences compared to the control [12, 84, 85]. The disruption of the
crystalline order can be attributed to the plasma-induced chain
scission and degradation that generates chains with radical tails
and increased mobility, facilitating local rearrangements [12].
Moreover, at this stage, the selective removal of the amorphous
phase appears not to have yet dominated the surface modification
process. In contrast, the marked increase observed after 30 min
suggests that with prolonged exposure, the selective etching of the
amorphous phase becomes the prevailing mechanism, enriching
the surface with crystalline structures. The difference in response
between HDPE and LDPE likely reflects their initial crystallinity,
as polymers with higher amorphous content are more susceptible
to plasma-induced rearrangement [84]. Moreover, Jacobs et al. ob-
served that aging effects are more pronounced in polymers with
lower crystallinity, which is consistent with the present results
where both LDPE and HDPE showed weaker changes during
HR [83].

It is important to interpret these high crystallinity values within
the context of the characterization technique. Since ATR-FTIR
examines only the surface layer (typically 0.5-2 um depth), where
the plasma impact is mostly intense, the observed increase is at-
tributed to the preferential etching of the amorphous phase, as
mentioned before [13, 36, 83]. This selective removal results in
a surface layer that is artificially richer in crystalline structures
compared to the bulk material; therefore, the reported values re-
flect the state of the modified surface rather than the volumet-
ric crystallinity of the film. The validity of utilizing ATR-FTIR
for such analysis is well-supported in the literature, which con-
firms that specific IR band doublets are highly sensitive to the

conformational order of polymer chains, making the technique a
feasible and reliable approach for monitoring relative crystallin-
ity changes in semi-crystalline polymers [31, 32, 66].

3.3 | Surface Morphology Analysis

Figures 6 and 7 displays SEM micrographs at 40,000x magnifi-
cation for untreated samples and those treated for 10 and 30min,
accompanied by inset images at 100,000X magnification. In both
plasma-treated polymers, noticeable surface features were ob-
served, likely associated with the spherulitic organization of poly-
mer chains, indicating that plasma exposure induces significant
alterations in the surface morphology, including the formation of
prominent grooves and cavities. Such modifications are attributed
to the etching action of plasma-generated species (e.g., electrons,
ions, free radicals), driven by energetic particle bombardment that
simultaneously enhances wettability [5, 18]. Interestingly, HDPE
exhibited finer and more angular features in comparison to LDPE.
This observation is consistent with previous findings suggesting
that plasma preferentially degrades the amorphous regions of PE
over the crystalline ones, and as a result, the crystalline domains
are more resistant to etching and remain largely intact, giving rise
to sharper and smaller structural features [13, 86]. SEM analysis
combined with roughness evaluation further showed that the orig-
inally smooth topography of the untreated films became irregular
and more textured after plasma exposure, a phenomenon also re-
ported in earlier studies [4, 12, 87].

Closer examination of the SEM micrographs after 30min of
plasma treatment revealed distinct differences compared to the
10min exposure. In the case of HDPE, the surface structures
became more numerous, while the larger formations already
visible at 10 min not only persisted but also increased in size. In
contrast, LDPE displayed a reduced density of surface features,

LDPE 0 min

ing 3D surface plots. [Color figure can be viewed at wileyonlinelibrary.com]

LDPE 10 min
FIGURE 6 | SEM images of untreated and plasma-treated LDPE films at 40,000x magnification, with inset images at 100,000x and correspond-

LDPE 30 min
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with some areas appearing almost flattened, although the re-
maining structures also grew in size. Furthermore, pores or
well-like depressions were clearly observed in the LDPE surface
(highlighted in the corresponding micrograph). These morpho-
logical trends can be rationalized by the interplay between etch-
ing and smoothing mechanisms: surface protrusions receive
a higher flux of reactive species than valleys, which results in
their faster removal and a gradual flattening of the topography
[88]. At the same time, energy deposition during plasma treat-
ment may progressively shift from the outermost surface to
deeper layers, thereby modifying the surface profile and leading
to more complex surface geometries [89]. The presence of pores
is consistent with previous reports that CP treatment of polyeth-
ylene can induce pit and pore formation, while Ar discharges in
particular have been shown to produce nanometric holes whose
dimensions increase with exposure time [18, 73].

The roughness parameters calculated by image analysis of the
40,000x SEM micrographs (representing a macroscopic rough-
ness scale) are summarized in Table 4. For both polymers, plasma

treatment resulted in a marked increase in R , Ry R, and R
accompanied by a decrease in R in comparison with the untreated
samples. Importantly, after 30 min of treatment the LDPE samples
exhibited a slight reduction in overall roughness as well as in R ,
relative to the 10min samples, whereas R decreased further. This
trend suggests that surface peaks formed during the initial etching
stage were partially flattened, consistent with preferential removal
of protrusions by reactive species [88]. A similar evolution was
recorded for HDPE, where the roughness values also decreased
slightly after 30min, with R in particular being reduced com-
pared with 10min, again pointing to peak flattening.

3.4 | Surface Wettability Measurements
3.4.1 | Hydrophilicity
Figure 8 presents the WCA values for both LDPE and HDPE

samples across all plasma treatment durations. The initial
WCASs measured for untreated LDPE and HDPE were 98.8° and

HDPE 0 min

HDPE 10 min

HDPE 30 min

FIGURE7 | SEM images of untreated and plasma-treated HDPE films at 40,000x magnification, with inset images at 100,000x and correspond-

ing 3D surface plots. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 4 | Surface roughness parameters (R, R ” Rp, R, and R, ) of untreated and plasma-treated LDPE and HDPE films, determined from

image analysis of 40,000 SEM micrographs.

Sample R, (nm) R . (nm) R, (nm) Rp (nm) R, . (am)
LDPE 13.86 11.14 —45.36 52.86 98.23
LDPE 10min 29.27 22.15 -57.79 110.28 168.08
LDPE 30min 28.57 21.81 —74.47 100.33 174.80
HDPE 16.72 13.07 —62.84 75.00 137.84
HDPE 10min 31.25 22.84 —57.18 98.22 155.40
HDPE 30min 27.52 21.83 —43.10 103.21 146.31
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FIGURE 8 | WCA (°) of LDPE and HDPE samples treated with Ar
CAP under various durations. Values with different superscripts were
significantly different. Different lowercase letters indicate differenc-
es between treatment times within the same material group (n=20,
p<0.05).

100.31°, respectively, confirming their hydrophobic nature, as
contact angles above 90° are typically indicative of hydropho-
bic surfaces [90, 91]. This limited wettability is characteristic for
PE, which is chemically inert and lacks polar functional groups,
resulting in low affinity for water and other polar liquids [5].
Following plasma treatment, the WCA of both materials was
significantly reduced, nearly by half, in a time-dependent man-
ner. In LDPE, significant reductions were observed after 20 and
30min of treatment, whereas in HDPE, only the 30 min plasma
exposure produced a statistically significant decrease. However,
the decrease in contact angle followed a non-linear trend, with
the shortest treatment (10min) resulting in a relatively fast re-
duction, while subsequent increases in duration yielded only
incremental improvements in wettability.

The observed reduction in WCA values aligns with previous stud-
ies on Ar plasma-treated PE, where both longer treatment dura-
tions and reduced distances from the plasma source — parameters
dependent on the specific plasma setup- have been shown to en-
hance hydrophilic surface modifications [5, 12, 13, 72, 74, 92, 93].
The increase in surface wettability following plasma exposure
originates from changes occurring exclusively in the outermost
molecular layers of the polymer. Rather than the bulk structure,
it is the presence and orientation of surface-exposed functional
groups, such as hydroxyl (-OH), carboxyl (-COOH), and carbonyl
(C=0), that primarily determine wettability, depending on their
ability to minimize interfacial energy and the solid-liquid inter-
face [92]. In addition to chemical modification, changes in surface
topography, specifically increased roughness and morphological
reorganization, induced by the formation of oxidized groups, also
contribute significantly to the observed decrease in contact angle,
as demonstrated in studies on plasma-treated PE [18, 22, 94]. Since
plasma-induced modifications are limited to the surface, the mo-
bility of polymer chains and the interactions of newly introduced
polar groups with ambient humidity can influence the long-term
stability of these surface functionalities, potentially resulting in ei-
ther their stabilization or gradual degradation over time [72].

3.4.2 | Surface Free Energy (SFE)

The SFE of the PE films was calculated using the contact angle
measurements of water, dilodomethane, and ethylene glycol.

TABLE 5 | Estimated values of SFE (y,) and its components (y ¢ and
7.?) (mIm~2) of LDPE and HDPE samples.

7, (mJ/
74mIm?)  yrmImd)  m?)
LDPE control 26.12 1.09 27.22
LDPE 10min 40.79 14.27 55.06
LDPE 15min 41.73 15.64 57.38
LDPE 20min 41.73 17.09 58.82
LDPE 30 min 43.21 18.22 61.42
HDPE control 38.15 0.01 38.17
HDPE 10min 40.79 12.27 53.06
HDPE 15min 41.73 12.06 53.79
HDPE 20 min 42.32 14.24 56.56
HDPE 30min 42.47 16.43 58.89

The results for both materials across various plasma treat-
ment durations are presented in Table 5. Untreated LDPE and
HDPE films exhibited SFE values of 27.22 and 38.17mJm™2,
respectively. Following plasma exposure, a progressive in-
crease in SFE was observed, with the highest values re-
corded after 30 min of treatment (61.42mJm~2 for LDPE and
58.89mJ m~2 for HDPE). Notably, the variation in SFE values
across different treatment times was relatively moderate. These
findings confirm that plasma treatment significantly enhances
the polar component of surface energy, in agreement with pre-
vious reports [12, 13, 95, 96]. The increase of the SFE and the
polar components is primarily attributed to the incorporation
of polar functional groups such as C-O, C=0, and -OH on the
polymer surface. Additionally, morphological changes induced
by Ar plasma, specifically surface roughening, facilitate the
spreading of test liquids and further contribute to the hydro-
philic transformation of the PE surface [72, 92, 97].

3.4.3 | Aging

To evaluate the stability of the hydrophilic surface generated by
plasma functionalization, an aging study was conducted over a
period of 432h (18 days) following treatment. Figures 9 and 10
present the evolution of WCA for LDPE and HDPE films treated
with plasma for 30 min, monitored as a function of storage time
under varying temperature and RH conditions. The data indicate
that the majority of the WCA increase, reflecting the HR, occurs
within the first 24 h post-treatment. Notably, storage conditions
had minimal impact on the recovery behavior, as only slight
differences were observed across the tested environments. Over
longer storage periods, the rate of WCA increase gradually de-
clines and stabilizes, reaching a plateau between approximately
3 and 6days, as also reported by Van Deynse et al. [93, 98].

For LDPE and HDPE, the WCA increases from post-treatment
averages of 45.99°+4.01° and 49.77°+4.15° respectively, to
plateau values of 61.81°+2.12° for LDPE and 62.98° +2.64° for
HDPE after storage. The loss of treatment efficiency over time
(L%) can be quantified using the following equation:
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FIGURE 9 | WCA (°) evolution during aging of CAP-treated LDPE
for 18days of storage under various conditions. [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 10 | WCA (°) evolution during aging of CAP-treated HDPE
for 18days of storage under various conditions. [Color figure can be
viewed at wileyonlinelibrary.com]
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where 0, is WCA immediately after plasma treatment (satu-
ration value), 6, is the plateau value of the WCA value after
storage in air and 6 ,.,..q i the WCA value of the untreated
material [93]. According to this formula, the treatment ef-
ficiency loss ranges from 26% to 30%, indicating that after
18 days of aging, the WCA remains reduced by approximately
36%-37% relative to the untreated state. This suggests that the
maximum WCA value reached during the aging process is still
significantly lower than those of the untreated materials, re-
flecting a relatively stable retention of hydrophilic character
over time.

This gradual recovery behavior is slower than what has been
reported in other studies [86, 98]. It is well established that
the overall concentration of oxidized structures does not

significantly decrease during aging [13]. Moreover, in polymers
where plasma-induced crosslinking has occurred, chain mobil-
ity is reduced, leading to slower progression of HR [13, 86, 99].
Given the relatively modest changes in contact angle over time
observed for both LDPE and HDPE, it can be inferred that a
higher degree of crosslinking may have taken place, thereby re-
stricting the rearrangement of functionalized macromolecular
segments [13].

3.5 | Barrier Properties
3.5.1 | Water Vapor Permeability (WVP)

Figure 11 presents the WVP values of both untreated and
CAP-treated LDPE and HDPE samples, measured at two tem-
peratures (25°C and 30°C). An increasing trend in WVP was
observed with prolonged plasma treatment time for both PE
types. In all cases, CAP treatment led to a notable increase
in WVP compared to the untreated films. For LDPE at 25°C,
a statistically significant difference was observed between 15
and 30min treatments, whereas at 30°C and in HDPE, the two
treatment durations resulted in similar WVP values, indicating
no statistically significant difference. Quantitatively, WVP in
LDPE doubled at 25°C and increased by approximately 45% at
30°C. For HDPE, the increase was approximately 50% and 60%
at 25°C and 30°C, respectively. To the best of our knowledge,
no previous study has reported WVP measurements specifi-
cally for LDPE and HDPE treated with Ar CAP. However, the
present results are consistent with those of Vishnuvarthanan
and Rajeswari, who reported an approximately 50% increase
in WVTR in PP films following oxygen atmospheric-pressure
plasma treatment, and with those of Kim et al. who observed
a 16.7%-41.7% increase in the WVP of LDPE, PP, and PET after
DBD plasma treatment with atmospheric air. In contrast, other
studies have reported that CP treatments with gases such as air,
oxygen, or CO, generally causes minimal or no changes in water
vapor or oxygen permeability in various polymers [81, 100, 101].
The observed increase in WVP after Ar plasma treatment may
be explained by considering the underlying mechanisms of
vapor transport in polymers. Unlike water absorption, which is
a solubility-driven equilibrium process, WVP depends on con-
centration gradients and vapor pressure differences across the
film. This process is controlled by both diffusion and solubility,
and is strongly affected by the polymer's structure, crystallin-
ity, free volume, and degree of cross-linking [100, 102, 103]. It
is important to note that even polymers with low water absorp-
tion, such as silicones or acrylates, can exhibit high WVP due to
their structurally open networks [103]. Similarly, in this study,
the plasma-induced surface roughening and etching effects
from Ar treatment may have resulted in a more open polymer
matrix of the outermost layers of the film, thereby facilitating
vapor transport. Unlike reactive gases (e.g., O,, N,), which in-
duce significant chemical functionalization, inert gases such as
Ar or helium mainly produce topographical changes, by break-
ing C-C and C-H bonds, minimizing chemical modification,
and act through physical etching via atomic collisions [18, 104].
These morphological alterations, along with potential increases
in free volume or the formation of surface defects, could plausi-
bly account for the elevated WVP values observed in both LDPE
and HDPE films.
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FIGURE 11 | WVP (gmmm—2day'kPa') of LDPE and HDPE samples measured at 25°C and 30°C. Values with different superscripts were
significantly different. Different lowercase letters indicate differences between treatment times within the same material group at each tested tem-

perature (n=7, p<0.05).

From an application perspective, minimizing WVP is typi-
cally desired to prevent food dehydration, while the observed
increase (up to ~60%) represents a compromise of the barrier
function due to surface etching. However, considering the in-
tended application for fresh fish packaging, this trade-off is ac-
ceptable for several reasons. First, plasma treatment primarily
serves as a surface activation step to enhance adhesion for sub-
sequent functional coatings (e.g., antimicrobial layers), which
can seal surface defects and restore or even improve barrier per-
formance, and to also improve printability on the outer pack-
age surface [4, 5, 7-11]. Second, for fresh produce, preventing
moisture condensation inside the package is crucial; therefore
the enhanced hydrophilicity (which can provide an anti-fogging
effect) and the slightly increased permeability can help reduce
condensation issues without causing rapid product dehydration
within the short shelf-life of fresh fish [105]. Finally, despite the
relative increase, the modified films retain their bulk structural
integrity and do not become porous membranes, maintaining
sufficient barrier properties compared to hydrophilic alterna-
tives, such as biopolymers [106].

3.5.2 | Oxygen Transmission Rate (OTR)

The results of the OTR measurements are shown in Figure 12.
Only the 30 min treatments were assessed, as they represented
the highest-intensity exposures, enabling the evaluation of
maximum effects on permeability. After 30 min of Ar plasma
exposure, LDPE and HDPE exhibited OTR increases of 45.7%
and 10.9%, respectively; however, the increase was substantial
and statistically significant only for LDPE. Comparable stud-
ies are limited. Rossi et al. examined the gas permeabilities
(0,, CO,, and N,) of LDPE and HDPE after Ar plasma treat-
ment and reported considerable reductions, with OTR values
remaining stable over 7days before reaching a steady-state
plateau [107]. These effects were attributed to increased cross-
linking, with LDPE showing greater susceptibility due to its
larger amorphous regions. These findings are not in agree-
ment with the present results. Conversely, Vishnuvarthanan
and Rajeswari reported an increase in the OTR of PP follow-
ing O, plasma treatments, with longer exposure times and
higher intensities leading to greater permeability, an effect
attributed to surface etching and degradation processes [100].

400 A 358.23¢
350 4 323.142

300 A
250 A
200 A

150 4 B0 min
100 B30 min

174.26"

OTR [cm® m2 h'1]

50 A

HDPE

LDPE

FIGURE 12 | OTR (cm®*m~2h!) of 30 min-treated and untreated
LDPE and HDPE samples. Values with different superscripts were
significantly different. Different lowercase letters indicate differenc-
es between treatment times within the same material group (n=3,
p<0.05).

Although Ar plasma is generally considered effective in pro-
moting cross-linking and thereby enhancing barrier prop-
erties, our results indicate a different dominant mechanism
under the specific conditions of the APPJ [23, 107]. The pro-
nounced increase in both WVP and OTR suggests that the
physical etching effect due to the heavy Ar ions collisions
outweighed the benefits of cross-linking [17, 18, 108]. As ev-
idenced by the SEM analysis (Figures 6 and 7), the treatment
created significant surface irregularities, grooves, and nano-
metric defects that likely facilitated vapor and gas diffusion
pathways. It is important to distinguish here between bulk
intrinsic permeability and the overall transmission rate of the
film system. While plasma treatment is surface-limited, the
pronounced etching creates morphological alterations that
appear to have compromised the integrity of the polymer's
dense outer layer (“skin”), thereby facilitating permeation
despite the unmodified bulk core [5]. This destruction of the
surface boundary layer likely reduced the local effective thick-
ness and lowered the interfacial resistance to mass transfer,
thereby facilitating the sorption and subsequent diffusion of
permeants through the matrix, despite the unmodified bulk
core. This observation is consistent with Vishnuvarthanan
and Rajeswari, who similarly attributed increased permeabil-
ity to plasma-induced surface erosion [100].
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3.6 | Antimicrobial Testing
3.6.1 | Shelf-Life Study

The TVC of samples packaged with CAP-treated LDPE and
HDPE films are presented in Figure 13. Based on the micro-
bial growth curves, no significant differences were observed
between the samples packaged with treated and untreated
films, indicating that plasma treatment of the packaging ma-
terial did not result in a measurable extension of the shelf life
of the fresh fish slices. Although HDPE films treated with
CAP exhibited slightly lower TVC counts on days 3 and 6,
this difference was not sufficient to impact the overall shelf
life. The lack of significant antimicrobial effect when plasma-
treated films were placed in direct contact with the fish sur-
face can be attributed to two main factors. First CAP-treated
packaging films are generally reported to exhibit antimicro-
bial properties only when further functionalized with bioac-
tive agents or antimicrobial coatings. Second, in the present
study, only the packaging films were exposed to plasma, while
the food matrix itself was not treated. The microbial inactiva-
tion typically associated with CAP arises from the direct in-
teraction of reactive oxygen and nitrogen species (ROS/RNS),
along with other short-lived reactive species, with microbial
cells present on the food surface [1, 2, 106, 109]. In contrast,
while plasma-treated films may exhibit initial sterility, they
typically fail to provide sustained antimicrobial activity upon
application to food, as the reactive species generated during
plasma exposure are highly transient and degrade rapidly,
often before they can interact meaningfully with surface mi-
croorganisms [1]. Therefore, the absence of antimicrobial ac-
tivity observed in this study is consistent with the literature
and highlights the importance of direct plasma exposure or
in-package plasma treatment to achieving effective microbial
inactivation and shelf life extension in highly perishable foods
such as fish [110, 111].

3.7 | Degradation Test

The degradation behavior of LDPE and HDPE films was
evaluated under soil burial conditions using residual WL
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and changes in surface hydrophilicity (WCA) as indicators.
Although polyethylene is highly resistant to biodegrada-
tion due to its hydrophobicity and high molecular weight,
fungal strains such as Aspergillus flavus have demonstrated
potential in degrading polyolefins [112-114]. In this study,
CAP pretreatment was employed to introduce oxygen-
containing groups and increase wettability, aiming to facil-
itate microbial colonization and enhance the degradation
efficiency of A. flavus [73, 115]. Previous reports have shown
that plasma or UV-based pretreatments can accelerate sub-
sequent microbial degradation of PE, with improvements in
WCA reduction and surface roughness being key markers of
this effect [116-118].

3.7.1 | Weight Loss (WL)

In this study, LDPE films showed negligible WL under most
conditions, with only the combined CAP + A. flavus treat-
ment producing measurable degradation after 14, 19, and
24months (M) (0.080%+0.016%%, 1.120% +0.207%*, and
1.325% £ 0.135%%, respectively). Importantly, no WL was de-
tected immediately after CAP treatment in either LDPE or
HDPE films, indicating that plasma exposure did not directly
cause mass loss but rather acted as a pretreatment influenc-
ing subsequent degradation. These values represented the first
statistically significant evidence of degradation, yet overall re-
mained modest. Similar absence of significant degradation by
A. flavus alone was reported by Koutny et al. whereas higher
WL has often been documented in liquid media or powdered
PE substrates where surface exposure to microbial activity
is enhanced [119-124]. Thus, differences in substrate mor-
phology and incubation environment strongly influence out-
comes. HDPE films, by contrast, exhibited more pronounced
WL (Figure 14). Progressive weight reduction was first de-
tected after 8 M, and the overall trend followed CAP + A.
flavus>CAP > A. flavus. Maximum WL after 24 M reached
8.292% +2.315%, 4.023% +0.372%, and 2.479%+0.216% for
the respective conditions, with statistically significant differ-
ences between CAP + A. flavus and A. flavus alone. Although
these values remain lower than those reported in other soil or
liquid degradation studies, they nevertheless provide evidence

HDPE
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FIGURE 13 | TVC of fish samples packaged with CAP-treated LDPE and HDPE films.
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that CAP pretreatment facilitated microbial colonization and
accelerated degradation kinetics [73, 125].

3.7.2 | Surface Hydrophilicity

The evolution of WCA values during the soil burial tests is
presented in Figure 15. WCA measurements provided addi-
tional insight into the degradation behavior, indicating sur-
face modifications consistent with microbial and plasma
effects, although WL results were limited for LDPE. Control
samples showed only limited reductions over 24M (HDPE:
100.31°£4.06° to 81.46°%6.91°, LDPE: 96.78°+3.89° to
86.23°+8.31°), whereas all other conditions resulted in ear-
lier and more pronounced decreases, with CAP and CAP +
A. flavus conditions displaying the lowest final WCA values.
Decreased WCA indicates increased surface hydrophilicity,
reflecting changes in the polymer surface properties.
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FIGURE 14 | WL (%) of HDPE samples during degradation. Values
with different superscripts were significantly different. Different lower-
case letters indicate differences between degradation conditions at each
tested time interval, while uppercase letters indicate differences with-
in the same degradation condition over different tested time intervals
(n=2, p<0.05). Additionally, untreated control samples exhibited neg-
ligible WL and are not plotted for clarity.
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4 | Conclusions

The results of this study demonstrate that Ar CAP treatment is
an effective method for tailoring the surface properties of LDPE
and HDPE films. Plasma exposure reduced WCA and increased
SFE, thereby enhancing hydrophilicity and facilitating interfacial
interactions. Chemical analysis confirmed the incorporation of
oxygen-containing functional groups, while morphological char-
acterization revealed etching-driven roughness modifications.

Although water vapor and oxygen permeability increased due
to plasma-induced structural alterations (etching), a trade-off
often necessary to achieve surface activation, and the direct an-
timicrobial effect was negligible, these results define the opera-
tional limits of the treatment. However, the justification for this
modification lies in its critical role as an enabling pretreatment,
since physical surface modification alone does not replace active
antimicrobial agents or barrier layers, but it acts as a necessary
precursor for their effective adhesion and application. The over-
all surface changes indicate improved potential for adhesion,
coating compatibility and functionalization, since the signifi-
cant increase in surface energy is the necessary precursor for
the effective adhesion of subsequent active coatings by prevent-
ing delamination and improved printability for labeling.

Aging and degradation tests further indicated partial but sta-
ble modification of surface characteristics, while the treatment
successfully promoted enhanced biodegradation rates in soil, of-
fering a potential end-of-life advantage. Overall, these findings
underscore plasma technology as a versatile tool for polymer
surface modification, transforming inert polyolefins into reac-
tive substrates. While the treatment inevitably affects the film
intrinsic structure, it is essential for enabling interfacial bond-
ing, thus serving applications requiring enhanced adhesion,
such as active coatings and multilayer packaging.

As plasma-treated polymer barrier properties remain rela-
tively underexplored, the present work advances the under-
standing of structure—property relationships and supports the
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FIGURE 15 | WCA (°) evolution in LDPE and HDPE samples during degradation. Values with different superscripts were significantly different.

Different lowercase letters indicate differences between degradation conditions at each tested time interval (n =10, p <0.05).
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development of packaging systems with improved interfacial
performance. Future research should prioritize optimization
of plasma parameters, evaluation of alternative gases and hy-
brid modification strategies (e.g., plasma-assisted coatings
or chemical grafting), and systematic assessment of stability
under realistic packaging conditions. In parallel, compre-
hensive studies of barrier behavior, migration phenomena,
toxicological safety assessments and long-term aging and
degradation will be essential to evaluate the suitability of
plasma-treated polyethylenes (and polyolefins more broadly)
in sustainable food packaging applications.
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