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Abstract: The aim of this study was to cover biopolymeric packaging films based on PLA/PHBV
blend with a functional composite coating (to retain their ecological character) and to investigate
their antimicrobial properties before and after UV irradiation. As an active coating, the carrier
hydroxypropyl methyl cellulose (HPMC), as well as its modified form with Achillea millefolium L.,
Hippophae rhamnoides L., and Hypericum L. extract (E) and a combined system based on the extracts
and nano-ZnO (EZ), was used to obtain active formulations. Additionally, film surface morphology
(SEM, FTIR-ATR) and color (CIELab scale) analysis of the pre- and post-UV-treatment samples were
performed. The results confirmed that the E and EZ-modified films exhibited antibacterial properties,
but they were not effective against phage phi6. Q-SUN irradiation led to a decrease in the activity
of E coating against Staphylococcus aureus, Pseudomonas syringae, and Candida albicans. In this case,
the effectiveness of EZ against C. albicans at 24 h and 72 h UV irradiation decreased. However, the
irradiation boosted the antiviral effectiveness of the EZ layer. SEM micrographs of the film surface
showed that UV treatment did not significantly influence the native film morphology, but it had an
impact on the coated film. FTIR analysis results showed that the coatings based on HPMC altered
the IR absorption of the nonpolar groups of the biopolyester material. The applied coatings only
marginally affected film color changes and increased their yellowness after UV irradiation, whereas a
composite layer of nano-ZnO limited these changes.

Keywords: active packaging; active coatings; Achillea millefolium L.; Hippophae rhamnoides L.; herbal tracts;
Hypericum L.; phi6 phage; polyester films; poly(hydroxybutyrate-co-hydroxyvalerate); poly(lactic acid);

zinc oxide

1. Introduction

In times of growing environmental concerns, alternative eco-friendly packaging ma-
terials should be developed, especially for short-term storage of food products. In this
context, biopolymers that are biodegradable and bio-based such as poly(hydroxybutyrate-
co-hydroxyvalerate) (PHBV), poly(lactic acid) (PLA) and their blends may be considered a
promising alternative for oil-based plastics [1-3]. Furthermore, properly designed active
biopolymeric (e.g., antimicrobial) materials may affect the shelf life of food products and
limit food waste. Active additives can be introduced into the polymer matrix and processed
with the polymer. However, due to shearing forces and high temperatures, the functionality
of these additives can be influenced, especially when they consist of natural extracts or
essential oils. To overcome this disadvantage, a coating of food packaging with an active
formulation can be used. Such coatings may be applied not only to typical commercial
nonbiodegradable films (e.g., PE, PP, PET) but also to biodegradable blends to make their
surface active [4-7]. Selected plant extracts have demonstrated antibacterial and antiviral
properties, which can be introduced into a hydrophilic coating carrier such as hydrox-
ypropyl methyl cellulose (HPMC) to form functional coatings. Natural-origin HPMC is
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partly O-methylated and O-(2-hydroxy propylated) cellulose derivative. Due to a low
amount of hydrophobic functional groups, the biopolymer is water soluble. This is why
this carrier is often used as a film binder or a coating agent/carrier alone. Moreover, it is
nontoxic and thermally and mechanically stable. Additionally, HPMC was confirmed to be
an effective emulsifier. Its amphiphilic character enables it to act as a bridge between the oil
and water phases, to form stable emulsion. It may be suggested that the introduction of an
emulsifier to the HPMC (with hydrophilic antimicrobial agents such as plant extracts) can
improve/facilitate the adhesion of the coating to the hydrophobic biopolymer’s/blend’s
surface [4,5]. It is worth underlining that materials modified with plant extracts rich in
active compounds (e.g., antimicrobial and antioxidant) lead to the prolongation of food
products’ shelf life. It is important that extracts introduced as the layers’ component do
not influence the biopolymer matrix’s physicochemical properties and biodegradability.
Nevertheless, a high concentration of the herb extract that is dark green or even dark
brown may form a nontransparent coloring layer [6,7]. There is a need to mention that the
coating’s transparency depends on the layer grammage/thickness. When the amount of
active agent is reduced, the coating can become nearly transparent; however, its activity
cannot always be maintained. This is why the formation of composite coating material with
less concentrated herb extracts that have a synergistic antimicrobial effect in combination
with ZnO nanoparticles [8] may be a solution.

Achillea millefolium L., sea buckthorn (Hippophae rhamnoides L.), and Hypericum species
demonstrate multiple beneficial effects, including anti-inflammatory, antioxidant, diaphoretic,
spasmolytic, choleretic, hepatoprotective, antipyretic, analgesic, anticancer, and antimicrobial
properties [9-12]. The extracts of A. millefolium L. flower are rich in flavonoid glycosides,
flavonoids, and some other phenolic compounds [10]. Many extracts of A. millefolium L. aerial
parts were confirmed to be active toward bacterial, yeast, and mold strains such as S. aureus,
B. cereus, E. coli, P. aeruginosa, Klebsiella pneumoniae, Yersinia enterocolitica, Salmonella enteritidis,
Aspergillus niger, and Candida albicans. Additionally, the Gram-positive bacteria were found to
be more susceptible than the Gram-negative ones [9-12]. Sea buckthorn is rich in flavonoids,
procyanidins, tocopherols, and phytosterols [13]. The H. rhamnoides L. extracts were reported
to have antimicrobial activity against B. cereus, B. pumilus, E. coli, P. aeruginosa, S. aureus, and
Enterococcus faecalis, and C. albicans [14-16]. On the other hand, ethanolic extracts of Hypericum
were evidenced to have high activity against B. cereus, E. coli, S. aureus, and P. aeruginosa [17,18].
Summarizing, extracts of the Achillea millefolium L., Hippophae rhamnoides L., and of Hypericum
species were confirmed to have antimicrobial properties. It was assumed that the solution of
extracts could be introduced into the biopolymer coating carrier to obtain active coating, which
can be applied on biopolyester blend film to produce fully biodegradable packaging material.

In general, active layer-coated packaging should maintain its functionality during its
own prolonged storage as well as during packed food product storage. Packaging materials
with an internal coating should inhibit bacterial, yeast, and mold growth to extend the shelf
life of the food products during the whole supply chain and food storage. Additionally,
packaging materials with an external coating should also be active during all stages of a
supply chain and storage to limit the spread of some viral particles (e.g., SARS-CoV-2) via
human hands. This means that coatings should offer sufficient ultraviolet (UV) radiation
barrier or be shielded against accelerated UV aging. The introduction of an active additive
(to the coating carrier) that is resistant to UV, or a compound with shielding properties, can
prevent an inactivation of the layer/coating after UV irradiation. It was confirmed that the
application of nano-ZnO may improve the UV shielding of any packaging materials, i.e.,
biopolyesters or their blends. The ZnO nanoparticles are considered safe [19]. They can
help maintain the antibacterial and antiviral properties of the active coatings [20-24].

The purpose of this work was to obtain active composite coating compositions based
on HPMC with the presence of three selected herb extracts—Achillea millefolium L., Hip-
pophae rhamnoides L., and Hypericum L. extract—and nano-Zn0O filler and to apply them
onto the surface of a composite PLA/PHBYV film. The antimicrobial properties of the coated
packaging material before and after UV treatment were studied. Additionally, an investi-
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gation of the coatings’ presence on the polyester blend morphology (SEM and FTIR-ATR
analysis) and color changes (CIELab scale) was conducted.

2. Materials and Methods
2.1. Materials

The bacterial strains and phi6 phage used to determine antimicrobial properties
were purchased from a collection from the Leibniz Institute Deutsche Sammlung von
Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany). The bacterial strains
used in this research were as follows: B. subtilis DSMZ 1090, S. aureus DSMZ 346, E. coli
DSMZ 498, and P. syringae van Hall 1902 DSM 21482. The P. syringae strain was also used
as a bacteriophage ($6) host. Phage phi 6 DSM-21518 was used as a SARS-CoV-2 surrogate
to investigate the antiviral activity of the coatings. The yeast strain C. albicans PCM 2566
was purchased from the Polish Collection of Microorganisms.

Ethanol (98%, Warchem, Trakt Brzeski, Poland) was used to obtain herb extracts. The
PLA/PHBYV foil (20 um) at the ratio 80:20 was obtained from PLA (Ingeo 4043D Nature-
Works, Blair, NE, USA) and PHBV (Ecomann, EM 5400, Shenzhen Ecomann Biotechnology
Co., Ltd., Guangdong, China). Hydroxypropyl-methyl cellulose (HPMC, Dow Wolff Cel-
lulosics GmbH, Bomlitz, Deutschland) was used as a coating carrier in the experiments.
Tween 20 (Pol-Aura, Szczecin, Poland) was used as an emulsifier. Achillea millefolium L.,
Hippophae rhamnoides L. (Flos, Mokrsko, Poland), and Hypericum L. (Kawon, Gostyn, Poland)
were applied to prepare herb extracts. The zinc oxide AA 44899, (particle size diameter
~70 nm) powder (Thermo Fisher GmbH, Kandel, Germany) was used as an antimicrobial
agent. To investigate the antimicrobial properties/activity of the coatings, MacConkey agar,
TSA, Luria-Bertani (LB), and TSB broths (Merck, Darmstadt, Germany) were used. All the
media were prepared in accordance with manufacturer protocols (all media were weighed
according to Merck instructions, suspended in 1 L of distilled water, and autoclaved at
121 °C for 15 min).

2.2. Methods
2.2.1. PLA/PHBYV Blend Films’ Extrusion

A blend of the biopolyesters—PLA (Ingeo 4060D NatureWorks, Blair, Nebraska, USA)
and PHBV (Ecomann, EM, Shenzhen Ecomann Biotechnology Co., Ltd., Guangdong,
China)—at wt ratio 80:20 was prepared using a corotating twin-screw extruder (L/D = 40,
d = 20 mm, Labtech Engineering Co., Ltd., Phraeksa, Thailand) at the temperature profile
of 170/185/200 x 7/195 °C and rotational screw of 80 rpm. Then, the regranulate was
transformed into a thin film using cast extrusion (L/D = 30, as above) at a single-screw
extruder’s temperature profile of 185/190/195/195 °C. The width of the film was 170 mm
and the thickness was 38—-45 pum.

2.2.2. Extracts Preparation

Dry herbs—Achillea millefolium L., Hippophae rhamnoides L., and Hypericum L.—were
used to prepare the extracts. The dry plants were added individually into 100 mL of the
70/30% ethanol/water. The dispersions of the herbs were then added into sealed glass
bottles and microwaved (Amica, Wronki, Poland) for 10 min at 70 °C. As a next step, the
bottles were placed in a shaker (Ika, Staufen im Breisgau, Germany) and extracted for 1 h at
70 °C (150 rpm). The extraction was carried out according to the methods already reported
by the authors [7,25,26] with a slight modification. After the extraction process, the herbs
were separated from the extracts using a Biichner funnel and then filtered through a 0.2 pm
filter and evaporated to obtain extract aqueous solutions with the following dry masses:
34.96% (A. millefolium L.), 33.5% (H. rhamnoides) and 35.03% (Hypericum L.).
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2.2.3. Preliminary Tests

A preliminary microbiological analysis was performed to indicate which extract was
the most effective against model/reference Gram-positive and Gram-negative bacterial
strains, such as S. aureus and E. coli.

The S. aureus strain was pre-grown on TSA agar, but E. coli cells were pre-grown
on MacConkey agar (for 24 h, at 37 °C). Later, cell inoculums of 1.5 x 108 CFU/mL of
both strains (separately) were prepared in a sterile 0.85% NaCl solution. Then, 1 g of
the 34.96% A. millefolium L. (% of dry mass), 1 g of the 33.5% H. rhamnoides (% of dry
mass), and 1 g of the 35.03% Hypericum L. extract (% of dry mass) were added into a
falcon test tube (wt ratio 1:1:1) to obtain a 3 g solution of the mixed herbal extract (S).
As a next step, 1 g of each individual herb extract and 1 g of the solution S were added
(separately) into the 9 g of LB. The samples were mixed with a vortex stirrer (150 rpm, Ika,
Legnica, Poland) for 30 s. A prepared biomass of S. aureus or E. coli (100 uL) was added
to the test tubes containing LB medium with the extracts (separately) or with the extract
solution. The test tubes were introduced into BioSan bioreactors (BS-010160-A04, BioSan,
Riga, Latvia) and incubated at 37 °C. The results of the preliminary analysis are included in
the Supplementary Information (SI) section.

2.2.4. Preparation of the Coating Formulation and Application onto PLA/PHBV Flm Surface

The individual extracts of A. millefolium L., H. rhamnoides, and Hypericum L. were
added into a beaker at a wt ratio of 1:1:1. This meant that 10 g of the 34.96% A. millefolium L.
extract, 10 g of the 33.5% H. rhamnoides extract, and 10 g of the 35.03% Hypericum L extract
were mixed together to obtain a solution of herbal extracts (S). Then, 4 g of HPMC was
introduced into 89 mL of distilled water (Figure 1a) and mixed for 1 h using a magnetic
stirrer (Ika, Warsaw, Poland) at 1500 rpm at RT. When HPMC was fully dissolved, 1 mL
of Tween 20 was added to the HPMC as an emulsifier. Then, 90 g of the carrier with
the emulsifier was mixed with 10 g of A. millefolium L., H. rhamnoides, and Hypericum L.
solution (S) and homogenized (1000 rpm, RT) (Heidolph, Sigma-Aldrich, Poznan, Poland).
The 10 wt% herb aqueous extract solution with HPMC was thus obtained (E). As a next
step, 0.041 g of nano-ZnO was added into distilled water (89 mL) (Figure 1b). Initially, the
dispersion was mixed for 1 h using a magnetic stirrer (500 rpm, RT) and then sonicated
for 30 min (amplitude: 20%, cycle: 0.5). After sonication, 4 g of the carrier was added into
the dispersion and the system was mixed for 1 h using a magnetic stirrer (Ika, Warsaw,
Poland) at 1500 rpm. After mixing, 1 mL of Tween 20 was added to the coating carrier.
Then, 90 g of the whole was mixed with 10 g of the extract solution (S) and homogenized
(1000 rpm) (Heidolph, Sigma-Aldrich, Poznan, Poland). The 10 wt% herb extract solution
with nano-ZnO in HPMC was then obtained (EZ).

HMPC plant extracts water 0.041giof ZnO HMPC plant extracts water
\ solution nanoparticles ‘ solution
Distilled Distilled water | nano ZnOin nano ZnOin HMPC+ EZ
i EMES E l water water nano ZnO
stirring stirring stirring stirring ‘ sonication ‘ stirring | | stirring ‘ ‘ stirring ‘
(a) (b)

Figure 1. The steps of coating carrier preparation: (a) HMPC with plant extracts solution; (b) HMPC
with nano-ZnO and plant extracts solution.

The polyester film was coated using the Unicoater 409 (Erichsen, Hemer, Germany)
at ambient conditions with 12 um diameter bars. Then, the samples were dried for
10 min at a temperature of 40 °C. Grammage values for the coatings on the film were
47 g/ m? and 6.8 g/ m? for E and EZ, respectively. Unmodified blend film was used as
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a control sample (C). The control and modified foil samples were cut into square shapes
(3cm x 3 cm).

2.2.5. Q-SUN Irradiation

The uncoated film, as well as the film covered with E and EZ layers, was irradiated for
24 h (acronyms E24, EZ24) and 72 h (acronyms E72, EZ72) in a Q-SUN accelerated Xenon
Test Chamber with 1.5 W/m? (Model Xe-2, Q-LAB DEUTSCHLAND GMBH, Saarbrucken,
Germany) as follows: at 60 °C; at 47 °C (black panel); and at 39 °C (chamber air) with RH
of 40%.

2.2.6. Antimicrobial Analysis

The antimicrobial activity of the covered and noncovered films was investigated based
on the ASTM E 2180-01 standard [27]. To analyze the antiviral properties of the active layers,
the bacteriophage ®6 was purified according to a method described by Bhetwal et al. [28].
Then, the ®6 lysate was prepared according to the method presented by Bonilla et al. [29]. The
antiviral activity of the covered materials was compared with the noncovered biopolymer film
and investigated according to the modified ISO 22196-2011 standard [30]. Finally, ®6 particle
amplification was performed as reported by Skaradziniska et al. [31]. The investigation of the
P. syringae cultivation rate in real time with ®6 lysate (after its contact/incubation with the
PLA/PHBYV film, and E and EZ layers, which meant that ®6 lysate was incubated with the E
and/or EZ coatings and/or control, uncoated film, separately) was carried out according to
the ISO 22196-2011 standard [30]. Then, the ®6 lysates were amplified in the host bacteria
using BioSan bioreactors (BS-010160-A04, BioSan, Riga, Latvia) according to the method
described in previous studies [7,8].

A statistical analysis of the outcomes from antimicrobial tests was carried out using
analysis of variance (one-way ANOVA). Statistical significance was noted when p < 0.05.
The significance was evaluated by using GraphPad Prism 8 (GraphPad Software, San Diego,
CA, USA).

2.2.7. SEM Analysis

Samples were tested using a scanning electron Vega 3 LMU microscope (Tescan, Brno-
Kohoutovice, Czech Republic). As a first step, the samples before and after UV treatment
(for 24 h and 72 h, respectively) were placed on pin stubs and coated with a thin layer of gold
in a sputter coater at 24 °C (Quorum Technologies Q150R S, Laughton, East Sussex, UK). A
SEM analysis was performed through the use of a tungsten filament with an accelerating
voltage of 10 kV.

2.2.8. FTIR-ATR Analysis

Fourier transform infrared (FTIR) spectrum with ATR transformation of both sides
of the films (unmodified and coated) pre- and post-UV treatment was measured using an
FTIR spectrophotometer (Perkin Elmer Spectrophotometer, Spectrum 100, Waltham, MA,
USA), operated at a resolution of 4 cm ! and with 16 scans. The spectrum was recorded at
a wavelength of 4000-600 cm .

2.2.9. Color Measurement of the Films

A CIELab color scale was analyzed using Colorimeter CR-5 (Konica Minolta, Tokyo,
Japan). Each film was measured at 6 random locations. Moreover, changes in color (AE),
yellowness index (Y1) [32], and chroma (c*), were calculated according to the following
equations [33]:

AE = \/[(AL*)Z +(Aa*)? + (Ab*)ﬂ

YT = (142.860%) /L

(c) = /[ (@) + ()]
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3. Results and Discussion
3.1. Antimicrobial Properties Analysis

A preliminary study (presented in the Supplementary Information Figure Sla,b)
demonstrated that the solution of three extracts was active against S. aureus and E. coli.
confirming their synergistic effect.

The results confirmed that the E coating based on the extract of the Achillea millefolium L.,
Hippophae rhamnoides L., and Hypericum L. inhibited S. aureus and E. coli growth completely
(Figure 2a,b). The antimicrobial activity of the coating with the sea buckthorn was confirmed by
Ong et. al. [34] and Brobbey et. al. [35]. These authors noted that phenolic compounds present
in these plant extracts exhibited antimicrobial properties. The effectiveness of the EZ coating
that contained the herbal extracts, together with an addition of the ZnO nanoparticles (toward
S. aureus and E. coli), was also observed. Similar results were noted in previous research [6,8].
The active layers containing Uncaria tomentosa and Formitopsis betulina extracts or geraniol or
carvacrol with the addition of nanoparticles of ZnO were effective against S. aureus and E. coli.
Moreover, the synergistic effect between plant extracts and nano-ZnO was confirmed [6-8].
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Figure 2. The influence of coatings on: (a) S. aureus, (b) E. coli; C—uncoated film; E—film coated
with the HPMC layer with Achillea millefolium L., Hippophae rhamnoides L., and Hypericum L. extracts;
EZ—film coated with the HPMC layer containing with Achillea millefolium L., Hippophae rhamnoides
L. and Hypericum L. extracts and nanoparticles; E24, E72—film coated with E active layer after 24 h
and 72 h of Q-SUN irradiation; EZ24, EZ72—film coated with EZ active layer after 24 h and 72 h of
Q-SUN irradiation. One-way ANOVA; ****—p < —0.0001.

In our research, it was found that 24 h and 72 h of UV irradiation led to a decrease
in the activity of E-coated samples against S. aureus. Similar results were obtained in a
previous study [36] where a decrease in the effectiveness of the coating with Eucomis comosa
extract against S. aureus after Q-SUN irradiation was observed. It is worth mentioning that
accelerated UV aging did not affect the antibacterial activity (toward S. aureus) of the EZ
coating. Previous research [21] demonstrated that 24 h Q-SUN irradiation did not lead
to a decrease in the antimicrobial properties of the coatings containing zinc oxide. These
results confirmed that the shielding properties of ZnO nanoparticles were able to protect
the activity of the EZ layer after 72 h of UV irradiation. Both 24 h and 72 h of Q-SUN
irradiation had no effect on the activity of the E and EZ films against E. coli. Previous
research [36] demonstrated that the antimicrobial activity against E. coli of the coating
that contained plant extract was actually improved after Q-SUN irradiation. Moreover,
Kairyte et. al. [37] confirmed that, zinc oxide nanoparticles prevented the inactivation of
EZ coating after irradiation due to their UV-blocking properties.

The films modified with the selected extracts were active against Pseudomonas sp.
and Bacillus sp. [9-18]. However, the E layer did not inhibit the growth of P. syringae but
decreased the number of cells that were viable. Moreover, the E sample neither inhibited
the growth nor decreased the number of B. subtilis cells (Figure 3a,b), which means that the
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extracts’ presence in the HPMC carrier did not exhibit antibacterial properties against bacilli
cells. Contrary findings were described in a previous study [7]. The HPMC modified with
Glycyrrhiza L. and Scutellaria baicalensis solution inhibited B. subtilis cells completely. Higher
activity was noted for the EZ coating (contained nano-ZnO). This material completely
inhibited P. syringae growth and reduced the number of B. sutilis cells. The higher activity
of the EZ in comparison to the E coating might have been caused by the synergism between
active agents or by the higher grammage of EZ coating in comparison to the E layer.
Sarhadi et. al. [38] confirmed that the addition of zinc oxide nanoparticles increased the
thickness of the active layer, leading to an improvement in the antimicrobial properties of
the films. As seen in Figure 3a,b, 24 h of accelerated UV aging did not affect the activity of
the EZ coating against both strains. Nevertheless, it decreased the activity of the E layer
toward P. syringae. Moreover, Q-SUN irradiation did not affect the activity of both modified
films against P. syringae after 72 h of irradiation. However, it decreased the effectiveness of
the E coating toward B. subtilis. These results confirmed that ZnO nanoparticles protected
the antimicrobial activity of the EZ coating after 24 h (against both strains) but not after 72 h
of UV treatment (toward P. syringae). Previous studies demonstrated that Q-SUN irradiation
led to a decrease in the antibacterial effectiveness of the coating with ZnO nanoparticles
against P. aeruginosa after 24 h [21]. Alternatively, the current findings indicate that the
accelerated irradiation (for 1 day) did not affect the antimicrobial properties of the EZ
coating. This could be explained by the presence of Achillea millefolium L., Hippophae
rhamnoides L., and Hypericum extracts in the carrier, which are rich in compounds that could
demonstrate UV irradiation barrier properties. This could also be due to the addition of
nanoparticles of zinc oxide with UV-shielding properties. The difference in both activity
and sensitivity of P. aeruginosa and P. syringae strains could be a reason for this phenomenon.

*%kkk

*KKK

9.00x10*

ns
ns ‘

1x106=
3.23x10° 2.70%10° 3.58x10° 3.60x10°
70x -

KKKk

1x105 +k %4

Kok kK Xk kK

1x104 ns

kKKK I

2
5.75410° 6.25x10° 5.75x10° 1x10°4

4.00x10* 1x102+ |

1x101=

The number of bacterial cells, logCFU/mL

1.00x10° 1.00x10° 1x100 T T
T T L]

T
T C E EZ E24 EZ24 E72 EZ72

E EZ EIZ4 EZ24 E72 EZ72
(a) (b)

Figure 3. The influence of coatings on: (a) P. syringae, (b) B. subtilis; C—uncoated film; E—film
coated with the HPMC layer with Achillea millefolium L., Hippophae rhamnoides L., and Hypericum L.
extracts; EZ—film coated with the HPMC layer with Achillea millefolium L., Hippophae rhamnoides L.,
and Hypericum L. extracts and nano-ZnO; E24, E72 -blend film coated with E active layer after 24 h
and 72 h of Q-SUN irradiation; EZ24, EZ72—Dblend film coated with EZ active layer after 24 h and
72 h of Q-SUN irradiation. One-way ANOVA; ***—p < —0.0001; ns (non-significant)—p > 0.5.

Although the results showed that films coated with E and EZ were not able to inhibit
the C. albicans growth, they both significantly decreased the number of viable cells (Figure 4).
The previous research demonstrated that active coatings with ZnO nanoparticles also
decreased the number of C. albicans cells [21]. However, the coating with the nanofiller
completely inhibited the growth of yeast [39]. The 24 h and 72 h of Q-SUN irradiation
had a marked influence on the effectiveness of the E and EZ coatings against C. albicans,
decreasing their activity. After the irradiation, the treated coatings had a fewer number of
yeast cells, but their activity was lower than before the UV aging.
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Figure 4. The influence of coatings on C. albicans. C—uncoated film; E —film modified with the
HPMC layer with Achillea millefolium L., Hippophae rhamnoides L., and Hypericum L. extracts; EZ—the
film coated with the HPMC layer with Achillea millefolium L., Hippophae rhamnoides L., and Hypericum L.
extracts and ZnO nanoparticles; E24, E72—film coated with E layer after 24 h and 72 h of Q-SUN
irradiation; EZ24, EZ72—film coated with EZ active layer after 24 h and 72 h of Q-SUN irradiation.
One-way ANOVA; ***—p < —0.0001.

The results after the examination of antiviral properties demonstrated that the titer
of the phi6 particles that were incubated with the uncoated film was 3.61 x 10° PFU/mL.
Analyzing the growth of the host with the phages for the sample described above, it was
seen that after 5.5 h, a drop in OD was observed (Figure 5a). The results indicated that ®6
eliminated most of the bacteria. The phages that were incubated with the EZ sample also
led to a decrease in the growth rate of P. syringae after 5.5 h of incubation. Moreover, the
titer of virus particles was 3.55 x 10° PFU/mL. It was noted that the EZ-coated film was
not active against phi6 phage.
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Figure 5. OD over time for the P. syringae after (a) 9 h and (b) 13 h of incubation; C—blend film;
E—film coated with the HPMC with Achillea millefolium L., Hippophae rhamnoides L., and Hypericum L.
extracts; EZ—the blend film coated with the HPMC with Achillea millefolium L., Hippophae rhamnoides
L., and Hypericum L. extracts and ZnO nanoparticles; C24, C72—blend film after 24 h and 72 h of
Q-SUN irradiation; E24, E72—film coated with E active layer after 24 h and 72 h of Q-SUN irradiation;
EZ24, EZ72—film coated with EZ active layer after 24 h and 72 h of Q-SUN irradiation.

An analysis of OD of the host cultivated with the ®6 bacteriophages over time after
their incubation with the E sample was also performed (Figure 5a), with the parameter’
fall observed after 7.5 h. Additionally, the titer of the phi6 lysate was significantly lower
(9.79 x 10° PFU/mL) than the titer observed for the unmodified film. These findings con-
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firmed that the E sample exhibited slight activity against 6 bacteriophage, in contrast
to noncovered film and EZ. Contrary results were observed in the previous research [39],
which demonstrated that the coatings containing ZnO nanoparticles and Formitopsis be-
tulina, Verbascum L., or Uncaria tomentosa extracts exhibited the complete reduction in the
@6 lysate titer compared with the noncovered films. Moreover, the layers containing ZnO
nanoparticles without plant extracts were not effective against the phi6 phage. This con-
firmed that E. betulina, Verbascum L., and U. tomentosa extracts were seen to be more active
against viral particles than Achillea millefolium L., Hippophae rham-noides L., and Hypericum
L. extracts. Verbascum L. exhibits antiviral properties [40,41] and its alcoholic extracts have
even been used in therapy, improving the health of patients with COVID-19. Additionally,
F. betulina and U. tomentosa extracts were also mentioned as antiviral materials [42—44].

The results of the antiviral analysis of the uncoated film (C) demonstrated that 24 h
and 72 h irradiation (C24, C72) had no effect (Figure 5a,b) on the film with an observed lack
of activity before and after accelerated UV aging. A drop in OD was observed after 4.5 h
of incubation of P. syringae with phages. Furthermore, the titers of phage lysate observed
in the case of irradiated film (24 and 72 h) were found to be insignificantly different:
3.58 x 10° PFU/mL (24 h) and 3.56 x 10° PFU/mL (72 h).

The results of the investigation of the influence of UV irradiation (24 h) on the antiviral
activity of the E sample emphasized that the irradiation neither decreased nor increased
the activity of the E-coated film (Figure 5b). Moreover, the differences between the titers
observed for E coating pre- and post-irradiation for 24 h were statistically insignificant.
Contrary results were observed for the E sample irradiated for 72 h where a drop in
OD was not observed (Figure 5b). Furthermore, the bacteriophage titer was significantly
lower (3.91 x 103 PFU/mL), confirming the antiviral activity of the E coating after 72 h of
UV treatment.

The investigation of the influence of Q-SUN irradiation (24 h and 72 h) on the antiviral
properties of the EZ active coating, confirmed that accelerated irradiation improves the
activity of the materials (Figure 5b). It should be noted that no drop in OD was observed
for the host incubated with phages after their incubation with irradiated (for 24 h and 72 h)
EZ sample. Moreover, the change in titers of the ®6 lysates during the UV irradiation
(3.74 x 10° PFU/mL after 24 h and 3.44 x 10> PFU/mL after 72 h) confirmed that EZ-
coated film was more active after UV irradiation than nontreated material. Similar results
were observed in previous studies [20,21]. The active layer, which was not effective before
UV irradiation, demonstrated moderate antiviral activity after 24 h of Q-SUN irradiation.
However, after 48 h of irradiation, the layer’s activity decreased. Mirzapoor et al. [45] noted
that after the sunlight exposure of the coating with ZnO nanoparticles, the molecules of
oxygen and water induce active agents called ROCs and VOCs. Due to their high reactivity,
they could lead to the appearance of cavities in the virus envelopes and finally destroy
them. It might be concluded that the active layers that contain zinc oxide nanoparticles
may have been activated through Q-SUN irradiation. This led us to assume that not only
nano ZnO but also the plant extracts have increased the antiviral activity of EZ coating
(after 72 h of irradiation) due to both their synergistic effect and the shielding properties of
nano-ZnO [21]. Additionally, based on the assumption that bacteriophage phi6 can act as a
surrogate for the SARS-CoV-2 virus, it might be concluded that the coatings that are active
against phi6 particles could also be effective against coronavirus [21,22].

3.2. SEM Analysis of Uncoated and Coated PLA/PHBYV Films

An SEM analysis was performed to visualize the surface of the unmodified and coated
PLA/PHBYV films before and after 24 h and 72 h of Q-SUN irradiation (Figures 6-8). It was
noted that 24 h of Q-SUN irradiation did not influence the sample surface as the differences
between the samples irradiated for 24 h were not observed. Similar results were seen in
previous studies [21,22]. The 48 h of Q-SUN irradiation did not influence the morphology
of PLA/PHBV films. However, longer (72 h) accelerated irradiation slightly influenced
the surface of the blends. It was demonstrated that the uncovered films had slightly
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rougher surface with some visible scratches after 72 h of irradiation. As one can notice
in Figures 7A-C and 8A-C, the active coatings were clearly visible on the film surface.
In addition, the biopolymer blends were thoroughly and homogeneously covered with
active antimicrobial layers. Similar observations have been made in a previous study [22]
which clearly showed active homogenous layers, visible on the polypropylene surface.
Furthermore, it was noted that the E coating was more homogenous than EZ coating.
Additionally, spherical and convex particles were observed on the E layer before and after
irradiation, which might have been caused by some contamination of the surface. There
were also holes visible in the EZ coating, which could have been created during the drying
process of coated surface. Carvalho et al. [46] mentioned that a thinner coating presented
a more compact morphology in comparison to the thickest layers. The authors observed
that an increase in coating thickness led to the formation of less compact layers; they
also observed that the thinner coatings with nanoparticles of zinc oxide exhibited lower
antibacterial activity than the thickest ones.

SEM HV: 10.0 KV WD: 17.06 mm VEGA3 TESCAN|

View field: 380 ym Det: SE 100 ym
SEMMAG: 502x  Date(midly): 03/25/24

View field: 383 ym Det: SE 100 ym
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(B) ©)

Figure 6. SEM micrographs of PLA/PHBYV surface (A) before irradiation; (B) after 24 h of Q-SUN
irradiation; (C) after 72 h of Q-SUN irradiation.
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Figure 7. SEM micrographs of PLA/PHBYV films coated with the E coating (A) before irradiation;
(B) after 24 h of Q-SUN irradiation; (C) after 72 h of the Q-SUN irradiation.

Surface analysis of the Q-SUN irradiation impact on the active coatings noted that 24 h
and 72 h of UV-agin UV aging g had no significant influence on the morphology of the E coating
(Figure 7B,C). Scratches were visible on the surface of both the irradiated and nonirradiated E
layer. Moreover, small pores, holes, and breaks were not observed, even after 72 h of Q-SUN
irradiation. Similar results were shown in a previous study [22]. The Q-SUN irradiation altered
the surface morphology of the EZ layer (Figure 8A—C). There were fewer pores and holes in
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View field: 375 ym
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the coating after irradiation. In addition, 72 h of irradiation had a greater influence on the EZ
coating than 1 day of UV aging. Longer irradiation led to higher homogeneity of the layer.
Small pores and breaks observed on the EZ layer before and after 24 h irradiation (with Q-SUN)
could have an influence on the release of active compounds from the antimicrobial coating. The
active layer with pores and holes might, at the beginning, be more effective than the coating
with a lower number of holes, although this might be for a shorter period of time.

VEGA3 TESCAN SEMHV: 10.0kV | WD: 17.22mm SEMHV: 100KV WD:16.98 mm
100 ym View field: 383 ym 100 pm View field: 382 pm Det: SE 100 pm
SEMWMAG: 498 X Date(midly): 03/25/24 SEMMAG: 500x  Date(midly): 03/25/24

Figure 8. SEM micrographs of PLA/PHBYV films coated with the EZ coating (A) before irradiation;
(B) after 24 h of Q-SUN irradiation; (C) after 72 h of Q-SUN irradiation.

3.3. Results of FTIR-ATR Analysis

Within this study, both sides of the films were analyzed using FTIR, pre- and post-UV
treatment to investigate the influence of irradiation on the coating and the film. Figure S2A
presents FTIR spectra for the different types of coatings, including pure carrier (HPMC) and
the mixed systems with the extracts and composite additives. Comparing the pure coating
and the mixed systems, it is clear that broadband ranging from 3648 to 3020 cm ! assigned
to axial stretching OH groups is shifted to lower wave numbers with a peak maximum
(with higher intensity) at 3451.4 cm~! and for HPMC to 3388.5 cm ™! in the case of the
modified coatings. This could have been caused by internal H-bonding formation between
the hydrocolloid carrier and the extract compounds. Additionally, the presence of additives
can be confirmed with a small peak at 820 and 814 cm !, for E and EZ, respectively, which
do not exist in the pure HPMC coating. Comparing the E and EZ coatings, there are some
shifts toward smaller wave numbers for coatings with nano-ZnO—from 1726 to 1720 cm ™!
and 820 to 814 cm~! which can indicate some interaction between extract components and
ZnO nanoparticles. FTIR spectra in Figure 9A confirmed the presence of HPMC based on
the sample surface [47]. In the case of both coatings (there were no significant differences
pre- and post-UV irradiation (Figures 9A and S2B), except a slightly higher intensity at a
peak around 3648-3020 cm !, which might be caused by polysaccharide scission affected
by the irradiation or a hydrolytic effect. However, these findings can be neglected due to any
significant changes in the film’s appearance. Obtained FTIR spectra of modified films from
the uncoated side are typical for PLA-based blends [48]. A sharp peak with high intensity
at 1750 cm~! confirmed the excess of PLA in the blend [49]. Comparing the unmodified
surface of the films revealed a barely visible peak at 3520 cm ™! in samples irradiated for
72 h (Figure 9B, indicated by red arrow). The presence of OH groups could be an indication
of the beginning of some kind of polyester degradation. The appearance of thissmall
peak was observed for uncoated and coated samples, which indicated that the coating
material did not fully protect the blend polyesters from UV irradiation (Figures 9B and S2C).
Interestingly, in the case of the coated films, two peaks at 2848 cm ™! (assigned to stretching
vibration of methyl groups and 2921.5 cm ! for C-H and CHj3 groups of the side chains [50])
disappeared despite the fact that the coating was from the other side of the analyzed film
(Figure 9C, indicated by dotted blue lines). This hard-to-explain phenomenon occurred
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regardless of the type of coating (HPMC and modified carrier) and without direct contact
of the coating with the analyzed surface. In some studies related to modified polyesters,
there were similar differences in the spectra [51,52]; however, only Valerini et al. attempted
to explain this phenomenon in their work related to PLA coated with deposited ZnO [53].
They suggested the presence of some impurities in the polymer matrix. In our case, we
have rejected this assumption due to the fact that both unmodified and coated films before
and post-UV treatment, analyzed in a few random points, still showed these two peaks.
We would like to suggest that the adhesion of the coating to the thin film or the presence of
OH groups in its structure inhibited the oscillation of the methyl groups and that due to its
origin from the side chain, the unmodified material can “move” more freely. Additionally,
methyl groups in regions of ca. 2990-2850 cm~! exhibited low polarity (barely visible) that
could have been affected in some way by the HPMC groups; thus, low or barely visible
absorption might be registered [54]. This phenomenon needs further examination.

films coated with the carrier with extracts and ZnO Uncoated films (bottom)
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Figure 9. FTIR-ATR spectra of (A) selected EZ-coated film before and after UV treatment; (B) uncoated film
before and after UV treatment; (C) EZ-coated film before and after UV treatment; (D) bottom (uncoated side)
of the uncoated and coated films. The rest of the spectra are presented in the Supplementary Information.
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3.4. CIELab Measurement Results

Table 1 shows the results of the color determination of unmodified and coated films
before and after UV irradiation. The uncoated and nontreated PLA /PHBYV film was used
as a standard for the determination of color changes. As seen here, the pristine film was a
highly transparent colorless material. After the application of the coating, it became more
yellowish (higher b* value) with a green tint (a* toward minus values); however, coatings
and irradiation did not affect the lightness (L*) of the samples. The changes are caused
by the intensive greenish color of the extract, but due to the application of a thin layer of
coating, it did not affect the film color dramatically. Comparing the parameters—color
change (AE), yellowish index (YI), and chroma (C*), which a related to the intensity of the
color—it was noted that the values increased after UV treatment. The longer the period
of UV irradiation, the higher the values of all parameters. Color changes decreased with
the addition of ZnO to the coating composition, which is an advantage in the case of food
packaging materials. The inhibiting activity of the nanofiller on color changes of a hybrid
system based on extracts from cocoa bean shell waste and zinc oxide particles in the pectin
matrix was also observed in other studies [55].

Table 1. CIELab scale color measurement results of the films.

Sample L* a* b* AE YI Cc*

C 97.3 (0.04) 0.04 (0.01) 0.37 (0.05) - 0.543 0.372
C24 97.3 (0.25) 0.06 (0.01) 0.34 (0.04) 0.036 0.499 0.345
c72 97.5 (0.06) 0.09 (0.02) 0.37 (0.04) 0.206 0.542 0.381

E 96.8 (0.09) —0.15 (0.03) 1.81 (0.25) 1.532 2.739 1.866
E24 96.7 (0.15) —0.18 (0.03) 2.41 (0.04) 2.090 3.553 2.417
E72 96.7 (0.04) —0.29 (0.06) 2.62 (0.22) 2.367 3.951 2.695
EZ 96.8 (0.07) —0.15(0.01) 1.81 (0.07) 1.101 2.131 1.458
EZ24 96.9 (0.05) —0.16 (0.03) 1.86 (0.13) 1.575 2.730 1.857
EZ72 97.0 (0.06) —0.18 (0.03) 1.89 (0.21) 1.625 2.845 1.938

4. Conclusions

This study showed that the composite coatings applied directly to the polyester
blend packaging film maintained their functionality after UV treatment. The results of
the experiments determined that the E coating with the extract of Achillea millefolium L.,
Hippophae rhamnoides L., and Hypericum L., as well as the EZ coating, which contained
the herb extracts, and the addition of ZnO nanoparticles inhibited S. aureus and E. coli
growth completely. The EZ coating also inhibited P. syringae cells’ growth; however, the
E coating only reduced their number. Both coated samples decreased the number of
B. subtilis and C albicans cells, but they were not effective against phi6 phage particles.
Our findings demonstrated that Q-SUN irradiation decreased the antibacterial activity of
the E coating against S. aureus, P. syringae, and C. albicans. UV aging did not affect the
antibacterial activity of the E layer against E. coli and B. aubtilis. However, it did improve
its antiviral effectiveness. It was revealed that UV irradiation did not affect the antibacterial
activity of the composite EZ layer against S. aureus, E. coli, and B. subtilis but decreased
EZ effectiveness against C. albicans. Accelerated UV aging did not affect the activity of the
EZ coating against P. syringae after 24 h of irradiation. Nevertheless, this deteriorated its
antimicrobial properties against viable cells of Pseudomonas. In summary, the results of our
work determined that 24 h, and even up to 72 h, of Q-SUN irradiation improved the antiviral
effectiveness of the EZ layer. SEM analysis visualized PLA /PHBYV blend films before and
after 24 h and 72 h of Q-SUN irradiation. It was noted that Q-SUN irradiation did not
significantly affect blend morphology. Moreover, biopolymer samples were thoroughly and
homogeneously covered with antimicrobial layers. Additionally, differences between pure
HPMC, E, and EZ coating morphologies were observed and indicated stronger bonding
formation between ZnO nanoparticles and the extract components in the hydrocolloid
carrier (shifts of the FTIR spectra peaks). It was also noted that 24 h and 72 h of UV
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aging had no significant influence on the morphology of the functional coatings; however,
UV irradiation slightly affected the polyester structure (barely visible peak assigned to
-OH groups). What is interesting is that FTIR analysis showed that the covered polyester
material (the opposite side to the coating) altered the morphology or interaction between
functional methyl groups, and this phenomenon requires further investigation. CIELab
analysis results revealed that the applied coating slightly affected film color and nano-ZnO
presence in the composite coating decreased color changes after UV irradiation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma17133048/s1.

Author Contributions: Conceptualization, M.M. and M.Z.; methodology, M.M. and M.Z.; software;
formal analysis, M.M. and M.Z.; investigation, M.M., M.Z. and A.T.-K,; resources, A.B.; data curation,
M.M. and M.Z.; writing—original draft preparation, M.M. and M.Z.; reagents/materials preparation:
MM., M.Z. and A .B.; writing—review and editing, M.M. and M.Z.; visualization, M.M. and M.Z;
supervision, M.M. and M.Z.; funding acquisition, A.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

10.

11.

12.

Lajarrige, A.; Gontard, N.; Gaucel, S.; Peyron, S. Evaluation of the Food Contact Suitability of Aged Bio-Nanocomposite Materials
Dedicated to Food Packaging Applications. Appl. Sci. 2020, 10, 877. [CrossRef]

De Luca, S.; Milanese, D.; Gallichi-Nottiani, D.; Cavazza, A.; Sciancalepore, C. Poly(lactic acid) and Its Blends for Packaging
Application: A Review. Clean Technol. 2023, 5, 1304-1343. [CrossRef]

Madbouly, S.A. Bio-based polyhydroxyalkanoates blends and composites. In Biopolymers and Composites: Processing and Characteri-
zation; Madbouly, S.A., Zhang, C., Eds.; De Gruyter: Berlin, Germany; Boston, MA, USA, 2021; p. 235. [CrossRef]

Wang, Q.; Bobadilla, S.; Espert, M.; Sanz, T.; Salvador, A. Shortening replacement by hydroxypropyl methylcellulose-based
oleogels obtained by different indirect approaches. Texture and sensory properties of baked puff pastry. Food Hydrocoll. 2024,
153, 109936. [CrossRef]

Jayalakshmi, K.; Ismayil; Hegde, S.; Monteiro, . Investigating the properties of hydroxy propyl methyl cellulose based magnesium
ion-conducting solid polymer electrolytes for primary battery applications. J. Energy Storage 2024, 89, 111575. [CrossRef]
Ordon, M.; Burdajewicz, W.; Sternal, J.; Okreglicki, M.; Mizielifiska, M. The Antibacterial Effect of the Films Coated with the
Layers Based on Uncaria tomentosa and Formitopsis betulina Extracts and ZnO Nanoparticles and Their Influence on the Secondary
Shelf-Life of Sliced Cooked Ham. Appl. Sci. 2023, 13, 8853. [CrossRef]

Ordon, M.; Nawrotek, P; Stachurska, X.; Schmidt, A.; Mizielifiska, M. Mixtures of Scutellaria baicalensis and Glycyrrhiza L. Extracts
as Antibacterial and Antiviral Agents in Active Coatings. Coatings 2021, 11, 1438. [CrossRef]

Mizielinska, M.; Nawrotek, P.; Stachurska, X.; Ordon, M.; Bartkowiak, A. Packaging Covered with Antiviral and Antibacterial
Coatings Based on ZnO Nanoparticles Supplemented with Geraniol and Carvacrol. Int. J. Mol. Sci. 2021, 22, 1717. [CrossRef]
Franiski, R.; Beszterda-Buszczak, M. Comment on Villalva et al. Antioxidant, Anti-Inflammatory, and Antibacterial Properties
of an Achillea millefolium L. Extract and Its Fractions Obtained by Supercritical Anti-Solvent Fractionation against Helicobacter
pylori. Antioxidants 2022, 11, 1849. Antioxidants 2023, 12, 1226. [CrossRef] [PubMed]

Ivanovié, M.; Gruji¢, D.; Cerar, J.; Islamé¢evié Razborsek, M.; Topalié¢-Trivunovié, L.; Savi¢, A.; Ko¢ar, D.; Kolar, M. Extraction of
Bioactive Metabolites from Achillea millefolium L. with Choline Chloride Based Natural Deep Eutectic Solvents: A Study of the
Antioxidant and Antimicrobial Activity. Antioxidants 2022, 11, 724. [CrossRef]

Daniel, P.S.; Lourenco, E.L.B.; Sete da Cruz, R.M.; de Souza Goncalves, C.H.; Marques Das Almas, L.R.; Hoscheid, J.; da Silva, C,;
Jacomassi, E.; Brum, L.; Alberton, O. Composition and antimicrobial activity of essential oil of yarrow ("Achillea millefolium’ L.).
Aust. ]. Crop Sci. 2020, 14, 545. Available online: https://search.informit.org/doi/10.3316/informit.123462086183285 (accessed on
16 June 2024). [CrossRef]

Radulovi¢, N.S.; Deki¢, M.S.; Randelovi¢, PJ.; Stojanovi¢, N.M.; Zarubica, A.R.; Stojanovi¢-Radi¢, Z.Z. Toxic essential oils:
Anxiolytic, antinociceptive and antimicrobial properties of the yarrow Achillea mbellate Sibth. Et Sm. (Asteraceae) volatiles. Food
Chem. Toxicol. 2012, 50, 2016. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/ma17133048/s1
https://www.mdpi.com/article/10.3390/ma17133048/s1
https://doi.org/10.3390/app10030877
https://doi.org/10.3390/cleantechnol5040066
https://doi.org/10.1515/9781501521942-008
https://doi.org/10.1016/j.foodhyd.2024.109936
https://doi.org/10.1016/j.est.2024.111575
https://doi.org/10.3390/app13158853
https://doi.org/10.3390/coatings11121438
https://doi.org/10.3390/ijms22041717
https://doi.org/10.3390/antiox12061226
https://www.ncbi.nlm.nih.gov/pubmed/37371956
https://doi.org/10.3390/antiox11040724
https://search.informit.org/doi/10.3316/informit.123462086183285
https://doi.org/10.21475/ajcs.20.14.03.p2325
https://doi.org/10.1016/j.fct.2012.03.047
https://www.ncbi.nlm.nih.gov/pubmed/22449535

Materials 2024, 17, 3048 150f 16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Stawiriska, N.; Olas, B. Selected Seeds as Sources of Bioactive Compounds with Diverse Biological Activities. Nutrients 2023,
15, 187. [CrossRef]

Netreba, N.; Sandulachi, E.; Macari, A.; Popa, S.; Ribintev, I.; Sandu, I.; Boestean, O.; Dianu, I. A Study on the Fruiting and
Correlation between the Chemical Indicators and Antimicrobial Properties of Hippophae rhamnoides L. Horticulturae 2024, 10, 137.
[CrossRef]

Sadowska, B.; Budzyniska, A.; Stochmal, A.; Zuchowski, J.; Rézalska, B. Novel properties of Hippophae rhamnoides L. twig and leaf
extracts anti-virulence action and synergy with antifungals studied in vitro on Candida spp. Model. Microb. Pathog. 2017, 107, 372.
[CrossRef] [PubMed]

Abbas, Q.; Batool, S.; Khan, S.W.; Hussain, A.; Din, S.U.; Nafees, M.A.; Ali, S.; Faizi, M.A.; Ullah, A. Antimicrobial Study of
Selected Medicinal Plants (Datura stramonium L. and Hippophae rhamnoides L.) of Hunza Valley, Gilgit-Baltistan: Antimicrobial
Study of Selected Medicinal Plants. Biol. Sci.-PJSIR 2021, 64, 251-255. [CrossRef]

Dastan, S.D. Chemical and functional composition and biological activities of Anatolian Hypericum scabrum L. plant. J. Mol. Struct.
2023, 1275, 134561. [CrossRef]

Pirbalouti, A.G.; Rahnama, G.H.; Malekpoor, F.; Broujeni, H.R. Variation in antibacterial activity and phenolic content of Hypericum
scabrum L. populations. J. Med. Plant. Res. 2011, 5, 4119. Available online: http:/ /www.academicjournals.org/JMPR (accessed on
16 June 2024).

Pogas, F.; Franz, R. Overview on European Regulatory Issues, Legislation, and EFSA Evaluations of Nanomaterials. In Nanotech-
nology for Food Packaging: Materials, Processing Technologies, and Safety Issues; Cerqueira, M., Maria Lagaron, J., Pastrana Castro, L.,
Vicente., A., Eds.; Elsevier Inc.: Amsterdam, The Netherlands, 2018. [CrossRef]

Akbar, A.; Anal, A K. Zinc oxide nanoparticles loaded active packaging, a challenge study against Salmonella typhimurium and
Staphylococcus aureus in readyto-eat poultry meat. Food Control 2014, 38, 88-95. [CrossRef]

Mizieliriska, M.; Lopusiewicz, L.; Mezyriska, M.; Bartkowiak, A. The Influence of Accelerated UV-A and Q-SUN Irradiation on
the Antimicrobial Properties of Coatings Containing ZnO Nanoparticles. Molecules 2017, 22, 1556. [CrossRef]

Mizielifiska, M.; Bartkowiak, A. The Influence of the Q-SUN and UV-B Irradiation on the Antiviral Properties of the PP Films
Covered with the Coatings Based on ZnO Nanoparticles and TiO,. Coatings 2024, 14, 125. [CrossRef]

Ran, X.; Qu, Y.; Wang, Y.; Cui, B.; Shen, Y.; Li, Y. Enhanced UV-Blocking Capabilities of Polylactic Acid Derived from Renewable
Resources for Food and Drug Packaging: A Mini-Review. J. Compos. Sci. 2023, 7, 410. [CrossRef]

Lawrynowicz, A.; Palo, E.; Nizamov, R.; Miettunen, K. Self-cleaning and UV-blocking cotton—Fabricating effective ZnO structures
for photocatalysis. . Photochem. Photobiol. A Chem. 2024, 450, 115420. [CrossRef]

Kubra, I.R.; Kumar, D.; Rao, L.J.M. Effect of microwave-assisted extraction on the release of polyphenols from ginger (Zingiber
officinale). Int. J. Food Sci. Tech. 2013, 48, 1828-1833. [CrossRef]

Mandal, V.; Mohan, Y.; Hemalatha, S. Microwave Assisted Extraction—An Innovative and Promising Extraction Tool for Medicinal
Plant Research. Pharmacogn. Rev. 2007, 1, 7-18. Available online: http:/ /www.phcogrev.com (accessed on 16 June 2024).

E 2180-01: 2002; ASTM Standard Test Method for Determining the Activity of Incorporated Antimicrobial Agent(s) in Polymeric
or Hydrophobic Materials. ASTM: West Conshohocken, PA, USA, 2002. Available online: https://standards.globalspec.com/std/
4472809 /astm-e2180-18 (accessed on 16 June 2024).

Bhetwal, A.; Maharjan, A.; Shakya, S.; Satyal, D.; Ghimire, S.; Khanal, PR.; Parajuli, N.P. Isolation of Potential Phages against
Multidrug-Resistant Bacterial Isolates: Promising Agents in the Rivers of Kathmandu, Nepal. BioMed Res. Int. 2017, 2017, 3723254.
[CrossRef] [PubMed]

Bonilla, N.; Rojas, M.J.; Cruz, G.N.E; Hung, S.H.; Rohwer, F; Barr, ]J.J. Phage on tap-a quick and efficient protocol for the
preparation of bacteriophage laboratory stocks. Peer] 2016, 4, 2261. [CrossRef]

ISO 22196-2011; Measurement of Antibacterial Activity on Plastics and Other Non-Porous Surfaces. ISO: Geneva, Switzerland,
2011. Available online: https://www.iso.org/standard /54431.html (accessed on 16 June 2024).

Skaradzinska, A.; Ochocka, M.; Sliwka, P,; KuzZminiska-Bajora, M.; Skaradziniski, G.; Friese, A.; Roschanski, N.; Murugaiyan,
J.; Roesler, U. Bacteriophage amplification—A comparison of selected methods. J. Virol. Methods 2020, 282, 113856. [CrossRef]
[PubMed]

Saberi, B.; Thakur, R.; Vuong, Q.V.; Chockchaisawasdee, S.; Golding, J.B.; Scarlett, C.].; Stathopoulos, C.E. Optimization of
physical and optical properties of biodegradable edible films based on pea starch and guar gum. Ind. Crops Prod. 2016, 86, 342-352.
[CrossRef]

Zdanowicz, M. Influence of Epilobium parviflorum Herbal Extract on Physicochemical Properties of Thermoplastic Starch Films.
Polymers 2024, 16, 64. [CrossRef]

Ong, G.; Kasi, R.; Subramaniam, R. A review on plant extracts as natural additives in coating applications. Prog. Org. Coat. 2021,
151, 106091. [CrossRef]

Brobbey, K.J.; Saarinen, J.; Alakomi, H.; Yang, B.; Toivakka, M. Efficacy of natural plant extracts in antimicrobial packaging
systems. J. Appl. Packag. Res. 2017, 9, 60-71. Available online: http://scholarworks.rit.edu/japr/vol9/iss1/6 (accessed on
16 June 2024).

Mizieliriska, M.; Kowalska, U.; Salachna, P.; Lopusiewicz, L.; Jarosz, M. The Influence of Accelerated UV-A and Q-SUN Irradiation
on the Antibacterial Properties of Hydrophobic Coatings Containing Eucomis comosa Extract. Polymers 2018, 10, 421. [CrossRef]


https://doi.org/10.3390/nu15010187
https://doi.org/10.3390/horticulturae10020137
https://doi.org/10.1016/j.micpath.2017.04.020
https://www.ncbi.nlm.nih.gov/pubmed/28428132
https://doi.org/10.52763/PJSIR.BIOL.SCI.64.3.2021.251.255
https://doi.org/10.1016/j.molstruc.2022.134561
http://www.academicjournals.org/JMPR
https://doi.org/10.1016/B978-0-323-51271-8.00010-3
https://doi.org/10.1016/j.foodcont.2013.09.065
https://doi.org/10.3390/molecules22091556
https://doi.org/10.3390/coatings14010125
https://doi.org/10.3390/jcs7100410
https://doi.org/10.1016/j.jphotochem.2023.115420
https://doi.org/10.1111/ijfs.12157
http://www.phcogrev.com
https://standards.globalspec.com/std/4472809/astm-e2180-18
https://standards.globalspec.com/std/4472809/astm-e2180-18
https://doi.org/10.1155/2017/3723254
https://www.ncbi.nlm.nih.gov/pubmed/29359149
https://doi.org/10.7717/peerj.2261
https://www.iso.org/standard/54431.html
https://doi.org/10.1016/j.jviromet.2020.113856
https://www.ncbi.nlm.nih.gov/pubmed/32198027
https://doi.org/10.1016/j.indcrop.2016.04.015
https://doi.org/10.3390/polym16010064
https://doi.org/10.1016/j.porgcoat.2020.106091
http://scholarworks.rit.edu/japr/vol9/iss1/6
https://doi.org/10.3390/polym10040421

Materials 2024, 17, 3048 16 of 16

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Kairyte, K.; Kadys, A.; Luksiene, Z. Antibacterial and antifungal activity of photoactivated ZnO nanoparticles in suspension. J.
Photochem. Photobiol. Biol. 2013, 128, 78-84. [CrossRef] [PubMed]

Sarhadi, H.; Shahdadi, F.; Sardoei, A.S.; Hatami, M.; Ghorbanpour, M. Investigation of physio-mechanical, antioxidant and
antimicrobial properties of starch-zinc oxide nanoparticles active films reinforced with Ferula gummosa Boiss essential oil. Sci.
Rep. 2024, 14, 5789. [CrossRef] [PubMed]

Mizielifiska, M.; Ordon, M.; Burdajewicz, W.; Nawrotek, P.; Sternal, J.; Okreglicki, M. The Antifungal and Antiviral Activity
of Coatings Containing Zinc Oxide Nanoparticles and Verbascum L. or Formitopsis betulina Extracts and Their Influence on the
Quality of Strawberries after Storage. Coatings 2024, 14, 260. [CrossRef]

Donn, P.; Barciela, P,; Perez-Vazquez, A.; Cassani, L.; Simal-Gandara, J.; Prieto, M.A. Bioactive Compounds of Verbascum
sinuatum L.: Health Benefits and Potential as New Ingredients for Industrial Applications. Biomolecules 2023, 13, 427. [CrossRef]
Okasha, Y.M.; Fathy, EI; Fathy Soliman, F.; Fayek, N.M. The untargeted phytochemical profile of Verbascum hapsus L. with potent
antiviral, antibacterial and anticancer activities. S. Afr. J. Bot. 2023, 156, 334. [CrossRef]

Sofreni¢, I.; Andelkovi¢, B.; Todorovi¢, N.; Stanojkovi¢, T.; Vujisi¢, L.; Novakovi¢, M.; Milosavljevi¢, S.; TeSevi¢, V. Cytotoxic
triterpenoids and triterpene sugar esters from the medicinal mushroom Fomitopsis betulina. Phytochemistry 2021, 181, 112580.
[CrossRef]

Herrera, D.R.; Durand-Ramirez, ].E.; Falcao, A.; Nogueira da Silva, E.J.L.; dos Santos, E.B.; Figueiredo de Almeida Gomes, B.P.
Antimicrobial activity and substantivity of Uncaria tomentosa in infected root, canal dentin. Braz. Oral Res. 2016, 30, 61. [CrossRef]
Cahuana-Vasquez, R.A.; Soléo Ferreira dos Santos, S.; Koga-Ito, C.Y.; Cardoso Jorge, A.O. Antimicrobial activity of Uncaria
tomentosa against oral human pathogens. Braz. Oral Res. 2007, 46, 46. [CrossRef]

Mirzapoor, A.; Ghashghaee, E. Nano engineered synthesis layer by layer and transparent synergistic antimicrobial coating based
on Se/Ag/TiOp /ZnO hybrid nanostructures. Inorg. Chem. Commun. 2023, 153, 110840. [CrossRef]

Carvalho, P; Sampaio, P; Azevedo, S.; Vaz, C.; Espin6s, ].P.; Teixeira, V.; Carneiro, J.O. Influence of thickness and coatings
morphology in the antimicrobial performance of zinc oxide coatings. Appl. Surf. Sci. 2024, 307, 548-557. [CrossRef]

Nascimento da Silva, M.; de Matos Fonseca, J.; Kirchner Feldhaus, H.; Santos Soares, L.; Valencia, G.A.; Maduro de Campos, C.E.;
Di Luccio, M.; Monteiro, A.R. Physical and morphological properties of hydroxypropyl methylcellulose films with curcumin
polymorphs. Food Hydrocoll. 2019, 97, 105217. [CrossRef]

Briitting, C.; Dreier, J.; Bonten, C.; Altstadt, V.; Ruckdéschel, H. Sustainable Immiscible Polylactic Acid (PLA) and Poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (PHBV) Blends: Crystallization and Foaming Behavior. ACS Sustain. Chem. Eng. 2023, 11,
6676—6687. [CrossRef]

Perez-Martinez, V.; Bello-Rocha, L.; Rodriguez-Rodriguez, C.; Sierra, C.A.; Castellanos, D.A. Obtention and characterization
of PLA/PHBYV thin sheets by solvent casting and extrusion with application in food packaging. Bull. Mater. Sci. 2024, 47, 47.
[CrossRef]

Tubio, C.R,; Valle, X.; Carvalho, E.; Moreira, J.; Costa, P.; Correia, D.M.; Lanceros-Mendez, S. Poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) Blends with Poly(caprolactone) and Poly(lactic acid): A Comparative Study. Polymers 2023, 15, 4566. [CrossRef]
Wang, Q.; Ji, C.; Sun, J.; Zhu, Q.; Liu, J. Structure and Properties of Polylactic Acid Biocomposite Films Reinforced with Cellulose
Nanofibrils. Molecules 2020, 25, 3306. [CrossRef] [PubMed]

Cai, Z.; Zhu, C.; Xiong, P.; Gong, J.; Zhao, K. Calcium alginate-coated electrospun polyhydroxybutyrate/carbon nanotubes
composite nanofibers as nanofiltration membrane for dye removal. |. Mater. Sci. 2018, 53, 14801-14820. [CrossRef]

Valerini, D.; Tammaro, L.; Villani, F; Rizzo, A.; Caputo, I; Paolella, G.; Vigliotta, G. Antibacterial Al-doped ZnO coatings on PLA
films. J. Mater. Sci. 2020, 55, 4830-4847. [CrossRef]

Dos Santos, F.A.; Tavares, M.I.B. Development and characterization of hybrid materials based on biodegradable PLA matrix,
microcrystalline cellulose and organophilic silica. Polimeros 2014, 24, 561-566. [CrossRef]

Mellinas, A.C.; Jiménez, A.; Garrigés, M.C. Pectin-Based Films with Cocoa Bean Shell Waste Extract and ZnO/Zn-NPs with
Enhanced Oxygen Barrier, Ultraviolet Screen and Photocatalytic Properties. Foods 2020, 9, 1572. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jphotobiol.2013.07.017
https://www.ncbi.nlm.nih.gov/pubmed/24035847
https://doi.org/10.1038/s41598-024-56062-w
https://www.ncbi.nlm.nih.gov/pubmed/38461344
https://doi.org/10.3390/coatings14030260
https://doi.org/10.3390/biom13030427
https://doi.org/10.1016/j.sajb.2023.03.035
https://doi.org/10.1016/j.phytochem.2020.112580
https://doi.org/10.1590/1807-3107BOR-2016.vol30.0061
https://doi.org/10.1590/s1806-83242007000100008
https://doi.org/10.1016/j.inoche.2023.110840
https://doi.org/10.1016/j.apsusc.2014.04.072
https://doi.org/10.1016/j.foodhyd.2019.105217
https://doi.org/10.1021/acssuschemeng.3c00199
https://doi.org/10.1007/s12034-023-03133-9
https://doi.org/10.3390/polym15234566
https://doi.org/10.3390/molecules25143306
https://www.ncbi.nlm.nih.gov/pubmed/32708238
https://doi.org/10.1007/s10853-018-2607-7
https://doi.org/10.1007/s10853-019-04311-z
https://doi.org/10.1590/0104-1428.1653
https://doi.org/10.3390/foods9111572

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	PLA/PHBV Blend Films’ Extrusion 
	Extracts Preparation 
	Preliminary Tests 
	Preparation of the Coating Formulation and Application onto PLA/PHBV Film Surface 
	Q-SUN Irradiation 
	Antimicrobial Analysis 
	SEM Analysis 
	FTIR-ATR Analysis 
	Color Measurement of the Films 


	Results and Discussion 
	Antimicrobial Properties Analysis 
	SEM Analysis of Uncoated and Coated PLA/PHBV Films 
	Results of FTIR-ATR Analysis 
	CIELab Measurement Results 

	Conclusions 
	References

