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Abstract: In this study, we aim to obtain biomaterials with antibacterial properties by combining
poly(vinyl alcohol) with the extracts obtained from various selected plants from Romania. Natural
herbal extracts of freshly picked flowers of the lavender plant (Lavandula angustifolia) and leaves
of the peppermint plant (Mentha piperita), hemp plant (Cannabis sativa L.), verbena plant (Verbena
officinalis) and sage plant (Salvia officinalis folium) were selected after an intensive analyzing of
diverse medicinal plants often used as antibacterial and healing agents from the country flora. The
plant extracts were characterized by different methods such as totals of phenols and flavonoids
content and UV-is spectroscopy. The highest amounts of the total phenolic and flavonoid contents,
respectively, were recorded for Salvia officinalis. Moreover, the obtained films of poly(vinyl alcohol)
(PVA) loaded with plant extracts were studied concerning the surface properties and their antibacterial
or cytotoxicity activity. The Attenuated Total Reflection Fourier Transform Infrared analysis described
the successfully incorporation of each plant extract in the poly(vinyl alcohol) matrix, while the
profilometry demonstrated the enhanced surface properties. The results showed that the plant
extracts conferred significant antibacterial effects to films toward Staphylococcus aureus and Escherichia
coli and are not toxic against fibroblastic cells from the rabbit.

Keywords: poly(vinyl alcohol); extract of Lavandula angustifolia; Mentha piperita; Cannabis sativa L.;
Verbena officinalis; Salvia officinalis folium; cytotoxicity; antibacterial activity

1. Introduction

The progress of different materials with antibacterial properties appertains to a re-
search area that is always in intensively expanding. Moreover, different materials have
the potential to prevent the proliferation of strains, providing protection against a lot of
pathogenic microorganisms such as Escherichia coli and Staphylococcus aureus, two species
of Gram-positive and Gram-negative strains responsible for diseases such as skin and
strong bloodstream infections [1]. Some statistics from the Broad Institute showed that
these bacteria were responsible for clinical infections in proportions of 18.8% (S. aureus) and
17.3 % (E. Coli) [2]. Because S. aureus and E. coli are bacteria resistant to a lot of antibiotic
therapy, major concerns were raised in the public health field regarding the necessity to
develop other new antibacterial compounds. For this reason, the current interest of science
is focused on biodegradable polymers to be used for this purpose [3–5]. Poly(vinyl alcohol)
(PVA) is one of the best known environmentally friendly polymers and is obtained in a
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hydrolysis reaction of poly(vinyl acetate) [6]. The polymer is characterized by a lot of
significant features such as water solubility, non-toxicity, chemical resistance, biocompati-
bility and biodegradability [7–9]. One of its important features is the hydrophilicity. The
hydroxyl groups from this structure support the good film-forming ability and intermolec-
ular hydrogen bonding formation [6,10]. For all the mentioned features, the polyvinyl
alcohol polymer presented a lot of interest for the researchers. Moreover, the antibacterial
compounds, such as extracted plants, are used to increase the capacity of biopolymers to
kill microorganisms from the surface of the used materials [11–13]. The composition of
each extract varies depending on the plant and what extraction process is used [12–14].
The medicinal plants contain several phytochemicals such as phenols acids, flavonoids,
alkaloids, terpenoids and tannins who possess a lot of bioactive properties and, among
them, also different antibacterial effects. Thus, the antibacterial effect of these plants sec-
ondary metabolites is associated to -OH group(s) attached to the phenol ring [15]. The
phenolic acids represent a family of organic compounds that have a phenolic ring and a
carboxylic acid group in their structure. The antibacterial effect is related to the number
of -OH and methoxy (-OCH3) groups present. Due to their character of weak acids, they
have the possibility to diffuse through the bacterial membrane, leading to cell death after
the cytoplasm acidifying [16]. Furthermore, the flavonoids, a huge group of bioactive
substance, possess antibacterial activity against a wide array of microorganisms. Their an-
tibacterial effect is probably due to the formation of some complexes with the bacterial cell
wall and disrupts the cell membranes [17]. Regarding the terpenes, they are some polymers
of isoprene whose antibacterial effect was related to the presence of hydroxyl groups car-
bonylation of terpenoids or their lipophilicity/hydrophobicity, causing an alteration to the
photorespiratory pathway [18]. Furthermore, another complex of polymers, tannins, exerts
its antibacterial effect by complexing with proteins through both covalent and non-covalent
interactions [17]. Phytochemicals that are characterized by diverse mechanisms of action,
and chemical structures are very attractive for therapeutic tools. The prepared manuscript
uses five different herbs: Lavandula angustifolia, Mentha piperita, Cannabis sativa L., Verbena
officinalis and Salvia officinalis folium. As described in literature, these plants were chosen
because of their known antibacterial activity [11,13,19,20].

Lavandula angustifolia (Lamiaceae family) is a perennial, aromatic and medicinal plant [12,13]
with a lot of benefits to human health. Due to the presence of its components, the obtained
lavender extract exerts different effects such as anti-inflammatory or antibacterial [21].
Externally, it can be used for wounds and superficial burns or oral hygiene [13].

Mentha piperita (Lamiaceae family) is a plant cultivated worldwide [20]. The largest
exporters of peppermint on the global market are the U.S.A. and Great Britain [22].
Previous studies of peppermint oils showed their composition and their therapeutic
properties [22,23]. They contain menthol, menthyl acetate, menthone, linalool, carvone,
limonene, etc. [23,24]. These properties have ensured a lot of applications such as in
medicine and the food industry [20–22].

The most common plant, used from ancient time for many ailments, is the hemp
plant (Cannabis sativa L.) from the Cannabaceae family [25,26]. Cannabis sativa L. contains
numerous active compounds. A lot of them belong to the primary metabolites, for example
steroids, amino acids, fatty acids and the cannabinoids, flavonoids, lignans, terpenoids and
alkaloids, which appertain to the secondary metabolites [27]. The therapeutic proprieties
for cancer or various other diseases are intensely studied, but few studies are using hemp
plant as an antibacterial agent [25–27].

Verbena officinalis L. (Verbenaceae family) is a perennial herbaceous herb that blossoms
from April until October [28]. It contains different compounds such as terpenoids, steroids,
tannins, etc. [29]. The herb Verbena officinalis has large repute in fighting infections [30]. Its
history reveals a number of large medicinal aspects, such as a topical anti-inflammatory or
antifungal agent [30].

Salvia officinalis L. (Lamiaceae family) is one of the most popular medicinal plants.
Besides many others therapeutic properties, S. officinalis has a large spectrum with antibac-
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terial activity [31,32]. It has very rich components of phenols (rosmarinic, ferulic and caffeic
acid), flavonoids (luteolin, apigenin and naringenin) and, mainly, terpenoids (such as α-
and β-thujone, camphor and 1,8-cineole) [11,32]. The preparations based on Salvia officinalis
cn be used in different forms such as liquid extracts, powder forms or essential oils [32,33].

In this study, polymer films were prepared from poly(vinyl alcohol) (PVA) loaded
with natural herbal extracts of freshly picked flowers of the lavender plant (Lavandula
angustifolia), leaves of the peppermint plant (Mentha piperita), hemp plant (Cannabis sativa
L.), verbena plant (Verbena officinalis) and sage plant (Salvia officinalis folium) in order to
present their functionality as antibacterial materials with potential medical applications. To
establish a wide range of properties for the compounds of the plant extracts, some studies
were made such as the total phenols and flavonoids content and UV-is spectroscopy analysis.
The obtained films of poly(vinyl alcohol) (PVA) loaded with plant extracts were studied
concerning the modification of the surface properties with ATR-FTIR analysis, roughness
or contact angle measurement. The antibacterial effects of films and their cytotoxicity
were made in vitro. The results showed that the films loaded with plant extracts present
significant antibacterial effects toward Staphylococcus aureus ATCC 25923 and Escherichia coli
ATCC 25922) and are not toxic.

2. Materials and Methods
2.1. Materials

Poly(vinyl alcohol) (Mw = 130,000 Da, 87–89% hydrolyzed) was purchased from Sigma-
Aldrich (St. Louis, MO, USA). DMEM (Dulbecco's Modified Eagle Medium), Phosphate
Buffered saline, 3-(4,5-dimethyl-2-thiazoyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT),
Fetal Bovine Serum, Penicillin/Streptomycin/Neomycin solution and solution in PBS
(5 mg/mL) were purchased from Sigma-Aldrich Chemistry, Steinheim, Germany. Freshly
picked flowers of Lavandula angustifolia and leaves of Mentha piperita, hemp plants (Cannabis
sativa L.), Verbena officinalis and Salvia officinalis folium were purchased from different local
markets such as Bioskin SRL and Agro Denmar SRL in Romania. The various samples
were washed using distilled water and after that were allowed to dry at laboratory ambient
temperature (23 ± 5 ◦C) [34]. All other reagents were used as received from commercial
sources or were purified by standard methods.

2.2. Obtainment of Plant Extracts

An amount of dried buds or leaves plants were ground manually in a mortar. In order
to achieve reproducible extraction yields, they were passed through a sieve with the sizes
of mesh between 20 and 30 and the particle diameters varying over 0.60–0.85 mm. The
obtained samples were kept until they were used in a sealed bag in a cold and dry place [35].
The extraction was carried out in a Soxhlet apparatus (Aldrich® Soxhlet Extraction Ap-
paratus, Z556203, St. Louis, MO, USA) for 6 h. A known amount (6 g) of dried samples
was added in 150 mL of ethanol and was subjected to this extraction. The temperature
was maintained at 60 ◦C during the extraction. After this, the solvent was evaporated
under reduced pressure using rotary evaporator (Heidolph Instruments GmbH& CoKG,
Schwabach, Germany) at 45 ◦C in order to obtain the crude ethanol extract. Then, they were
stored at −20 ◦C until further use. Five different batches of diverse extract were prepared.
The extraction yield was calculated for each plant extract according to the following:

Yields (%) =
Wi − W f

Wi
∗ 100 (1)

where Wi represents the weight of the used plant and W f the weight of the obtained
extract. Yields of 10 ± 1%, 13 ± 2%, 11.2 ± 1%, 10.5 ± 2% and 11.2 ± 2% were obtained for
Lavandula angustifolia, Salvia officinalis folium [14], hemp extracts (Cannabis sativa L.), Mentha
piperita and Verbena officinalis, respectively.
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2.3. Films Preparation

The poly(vinyl alcohol) films with plant extracts were prepared by using the solvent-
casting method. In this respect, 10% w/v of poly(vinyl alcohol) (PVA) was dissolved in
distilled water and heated at 80 ◦C for 3 h, and the solution was equilibrated at room
temperature overnight. Subsequently, 0.1% wt. of plant extracts (based on weight of PVA)
was added into PVA solution. The mixture was stirred for 4 h at room temperature in
order to achieve a good dispersion of the plant extract into the PVA matrix. The prepared
solutions were sonicated for 30 min to remove the bubbles with an ultrasonic cleaner
(Model FB11012, Fisherbrand, Loughborough, UK). Subsequently, the mixtures (15 mL)
were cast in different Petri dishes with a diameter of 9 cm and dried at 50 ◦C for 2 h. The
obtained films were stored at a constant temperature (25 ◦C) in a humidity chamber for
at least 2 days before characterization tests. A representation of the film preparation is
described in the Figure 1.
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Figure 1. Schematic representation of PVA film loaded with plant extract.

2.4. Determination of Total Polyphenol and Flavonoids Content

The total phenolic content (TPC) was made using some amount of plant extracts such
as Lavandula angustifolia/Verbena officinalis/Salvia officinalis/Hemp/Mentha piperita, which
were mixed with ethanol (2 mL) on a magnetic stirrer at 1500 rpm and room temperature. In
this regard, the Folin-Ciocalteu (FC) method was adapted to determine the total content of
phenolic compounds that was used [36]. The FC reagent was diluted with ethanol/distilled
water in a ratio of 1:10 (v/v). To prepare the sodium carbonate solution (20%), the sodium
carbonate (75 g/L) was dissolved with distilled water in a volumetric flask. Then, 1 mL
or standard sample was mixed with 10 mL of diluted solution of FC reagent. After 6 min,
1.5 mL of sodium carbonate (20%) was added, and the mixture was kept in the dark a
period of 90 min. At the end of this period, the absorbances were recorded at 760 nm with
a UV-VIS spectrophotometer (SPECORD 21 Plus Analytik, Jena, Germany). Gallic acid was
used to obtain a standard calibration curve (6–30 µg/mL). The results were calculated from
the obtained calibration curve being expressed as milligrams of gallic acid equivalents per
gram of dry weight (mg GAE /g extract). All experiments were performed in triplicate.

The colorimetric assay was used to determine the total flavonoid content described
by Prundeanu et al. [37] with some minor modifications. Thus, 0.5 mL of each extract was
mixed separately with 1.5 mL of ethanol (99.7–100% v/v), 0.1 mL of potassium acetate
(1 M), 0.1 mL of AlCl3 (10%) and an amount of 2.8 mL of distilled water. The resulting
mixture was incubated in the dark for 40 min. The absorbance of the mixture was recorded
at 415 nm by using a UV-VIS spectrophotometer. Quercetin was used to construct the
standard calibration curve (10–100 µg/mL). The results were expressed as milligrams of
quercetin equivalents per gram of dry weight (mg QE/g extract) [37].
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2.5. UV-VIS Spectra

Ultraviolet-visible (UV-VIS) spectra of extracts were recorded using a UV spectropho-
tometer (SPECORD 21 Plus Analytik, Jena, Germany). The interval for scans was in the
spectral range of 200–500 nm. The test was repeated three times for each sample.

2.6. Fourier-Transform Infrared Spectroscopy Analysis

The infrared spectra of the studied films were obtained using a Bruker LUMOS—FTIR
Microscope (BrukerOptik GmbH, Ettlingen, Germany) with the ATR reflection module
(attenuated total reflection) and a diamond crystal at a single reflection 45◦ angle equipped
with OPUS 8 software (Version 8, Ettlingen, Germany) for spectral processing. The surfaces
samples were scanned in the 600–4000 cm−1 range. The plant extracts were recorded in
a transmission module. All spectra were collected by cumulating 64 scans at a constant
temperature of 25 ◦C.

2.7. Contact Angle and Surface Free Energy

In order to record the surface free energy of the samples, the static contact angles were
measured with a static drop technique, which has a KSV CAM 101 goniometer equipped
with a special optical system and a CCD camera connected to a computer. A drop of
liquid (~1 µL) was placed on a specially prepared plate of substratum with a Hamilton
syringe, and the images were immediately sent via the CCD camera to the computer for
analysis. All the measurements were conducted in triplicate and the results were recorded
as mean ± standard deviation. The angle formed between the liquid/solid interface and
the liquid/vapor interface is the contact angle. Temperature and moisture were constant
during the experiment (25 ◦C and 65%, respectively). The results of the measurements
for each films and each testing liquid were recalculated by the Owens–Wendt–Rabel and
Kaelble (OWRK) method [38] into total surface free energy (γsv) with polar (γp

sv) and
dispersive (γd

sv) components.

2.8. Profilometry Analysis

A stylus profiler Tencor Alpha-Step D-500 was used for studying the surface topogra-
phy of the samples. The arithmetical mean surface roughness values (Ra) were estimated
from an average of five profiles (KLA Tencor Corporation, Milpitas, CA, USA). The mea-
sured heights of the steps have an accuracy ranging between 10 Å and 1.2 mm. The device
measures the roughness parameters with a recording speed of 0.10 mm/s and a filtration
interval of 0.060 mm. Five profiles were recorded for each sample and the surface roughness
was measured in nm.

2.9. Raman Microscopy Analysis

Confocal images were recorded using an inVia™ confocal Raman microscope spec-
trometer (Renishaw plc, Gloucestershire, UK) equipped with a 633 nm excitation laser
line and a Leica DM2700 microscope with 5×, 20×, 50× and 100× objectives and a Deep
Depletion Renishaw CCD Centrus array detector (Renishaw plc, Gloucestershire, UK).

2.10. Mechanical Properties

The mechanical measurements of stress–strain were performed on an Instron appara-
tus (INSTRON model 3365; Universal Testing Machine, INSTRON, Norwood, MA, USA). A
load cell of 500 N was used on dumbbell-shaped cut samples of 50 mm total length, 4 mm
active area width and 8.5 mm gripped width. The thickness was measured for each cut mat
with a digital micrometer. The tests were performed at an extension rate of 10 mm min−1

at room temperature (20–22 ◦C). For statistical significance, 3 specimens of each sample
were tested, and average values of strength and elongation at break were determined.
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2.11. Scanning Electron Microscopy (SEM)

The morphology of the surface was examined using a FEI Quanta 200 scanning
electron microscope (FEI Company, Brno, Czech Republic) in a high-vacuum microscope
chamber. The apparatus is equipped with an EDAX Si (Li) X-ray detector (FEI Company,
Brno, Czech Republic) and Gatan Alto Cyrostage (FEI Company, Brno, Czech Republic)
and uses an accelerating voltage of 20 k. The samples were mounted on different supports
being observed under different degrees of magnifications. Each sample was analyzed by
several measurements.

2.12. Antibacterial Analysis

The antibacterial properties of the obtained PVA films loaded with plant extracts were
evaluated by the Kirby–Bauer disk diffusion method [39]. Staphylococcus aureus ATCC
25923 (Gram-positive bacteria) (Thermo Fisher Scientific Inc., Dartford, UK) and Escherichia
coli ATCC 25922 (Gram-negative bacteria) (Thermo Fisher Scientific Inc, Dartford, UK) were
put in contact with the PVA film samples (6 mm). The protocol implied the preparation
of a bacterial inoculum with 0.9% NaCl dilution and a turbidity of 0.5 on the McFarland
scale (1.5 × 108 bacterial cells/mL) for 24 h of cultured cells. The bacterial cultures were
incorporated in a sterile Mueller–Hinton (Oxoid), melted and cooled to 45 ◦C. The PVA
films loaded with plant extracts and paper discs impregnated with extracts (80 µL) were
placed at a relatively equal distance between them onto one Petri dish with Mueller–Hinton
agar, inoculated with bacteria suspensions. The plates were prepared in duplicate and
incubated at 37 ◦C for 24 h. After the incubation, the area of the microbial inhibition zone
for each sample was measured.

2.13. Cytotoxicity Assay
2.13.1. Cell Culture Conditions

The used cells in the biocompatibility analysis were the rabbit primary fibroblasts,
stored at −86 ◦C. These cells were thawed by immersing the flask in a bath with heated
water at 37 ◦C under gentle stirring in order to accelerate the process of the ice melting and
uniformity of the suspension. After the complete melting of the ice, Dulbecco's Modified
Eagle Medium (DMEM) culture medium with 10% fetal calf serum and 1% mixture of
penicillin–streptomycin–neomycin antibiotics (all for in vitro use) was added to the thawed
cells. Then, 24-well culture plates were seeded with a number of 10,000 cells/well, over
which a fragment of our studied samples was added in inserts with porous membranes
(0.4 µm) using the indirect contact system. Before viability assay, the PVA film and PVA
film were loaded with a plant extracts disc of 6 mm in a hood with vertical sterile air flow
and immersed in DMEM culture medium with 10% fetal calf serum and 1% mixture of
penicillin–streptomycin–neomycin antibiotics.

2.13.2. MTT Assay

MTT assay is a method used to determine the activity of cellular metabolism by using
tetrazolium salts as an oxidized substrate for mitochondrial dehydrogenases [40]. The
principle of the method is based on the reduction of the yellow MTT compound into an
insoluble, purple (formazan) product. Briefly, after incubation of the films loaded with plant
extracts with the cells, the MTT solution (1 mg/mL) was added and it was incubated for 3 h
in the dark, at 37 ◦C. Then, the formazan crystals were solubilized by adding 0.5 mL/wall
of isopropanol, and after this a blue-violet coloration was achieved. The absorbance of
the colored obtained solution was quantified by the spectrophotometer measuring at
λ = 570 nm. The cell viability was normalized to that of rabbit primary fibroblasts cultured
in the media with the negative control (without material).
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3. Results and Discussion
3.1. ATR-FTIR Analysis

The objective of ATR-FTIR analysis was to investigate the registered peaks correspond-
ing to the functional groups (OH-, C-O and C-H) indicating the presence of the phenols
acid, terpenoids or flavonoids compounds and observing the influence of plant extracts on
each PVA formulation (Table S1, See Supplementary Information).

Regarding the ISO Standard 3515, the identification of individual components of
L. angustifolia are as follows: 1,8-cineole, 0–15%; limonene, 0–0.5%; trans-b-ocimene, 2–6%;
cis-b-ocimene, 4–10%; 3-octanone, 0–2%; camphor, 0–0.5%; linalool, 25–38%; linalyl acetate,
25–45%; terpinen-4-ol, 2–6%; lavandulol minimum, 0.3%; lavandulyl acetate minimum,
2.0% and α-terpineol, 0–1%. Thus, the major constituents are linalool, linalyl acetate,
terpinen-4-ol and camphor [13].

According to Beiji et al. [23], in fresh peppermint, 36 components were identified in
total that accounting for 93.84% of the total volatile. Nonetheless, the main components
generally reported of the Mentha piperita extracts were the phenolic acids, flavonoids,
terpenoids (menthol and carvone) or terpenes (1,8-cineole, menthone, menthyl acetate,
linalool, limonene and pinene), respectively.

Additionally, Elhendawy et al. [19] described the hemp (Cannabis sativa) extras as
classes with numerous active compounds such as amino acids, fatty acids and steroids,
which belong to primary metabolites, while cannabinoids, flavonoids, stilbenoids, lignans,
terpenoids and alkaloids belongs to secondary metabolites. The main important com-
pounds are the cannabinoids such as ∆9-trans-tetrahidrocanabinol (∆9-THC), Cannabidiol
(CBD), Cannabigerol (CBG) and Cannabinol (CBN), flavonoids (apigenin, luteolin), ter-
penoids, noncannabinoid phenols and steroids [19].

With respect to Verbena officinalis extract, Kubica et al. noted that it contains two phenyl-
propanoid glycosides (verbascoside and isoverbascoside), 6 phenolic acids (protocatechuic,
chlorogenic, vanillic, caffeic, ferulic and rosmarinic acids), iridoids (hastatoside, verbalin
and aucubin), flavonoids (luteolin, apigenin, pedalitin, scutellarein) and terpenoids [28].
The main components of Verbena officinalis extract are iridoids, phenols or flavonoids.

The Salvia officinalis extract is characterized by Pavlic et al. as presenting mainly
terpenoids (such as α- and β-thujone, camphor and 1,8-cineole) and a polyphenolic fraction
that includes phenolic acids (rosmarinic, ferulic and caffeic acid), flavonoids (luteolin,
apigenin and naringenin) and diterpenes (carnosic acid, carnosol, rosmanol, epirosmanol
and isorosmanol) [41].

The obtained FTIR spectra of plant extracts were analyzed by defining the regis-
tered peaks corresponding to the functional groups (OH-, C-O, C-H) and by indicating
the presence of the phenols acid, terpenoids or flavonoids compounds in their structure.
This spectrum is described in Figure 2. For all investigated extracts, a broad band that
corresponds to –OH groups of alcohols and phenols is registered in the range of 3500
to 3000 cm−1 [42]. The highest intensity was observed in hemp plant extracts (Cannabis
sativa L.). Toward 2970–2800 cm−1, we have found peaks with different intensity (2925
and 2853 cm−1 for Lavandula angustifolia, 2923 and 2850 cm−1 for Mentha piperita, 2919 and
2851 cm−1 for hemp plant (Cannabis sativa L.), 2920 and 2850 cm−1 for Verbena officinalis and
2922 and 2851 cm−1 for Salvia officinalis). Their presence was connected with the ν(C–H)
stretching vibration of symmetric and asymmetric aliphatic groups [43–45]. Moreover, the
band carbonyl groups ν(C=O) at different peaks (1733 cm−1 for CE, 1709 cm−1 for VE,
1712 cm−1 for ME, 1732 cm−1 for LE, 1728 cm−1 for SE) indicated the presence of monoter-
penes such as thujones, camphor, tannins or flavonoid structure [46–49]. The different
intensity peaks in the range of 1570 to 1230 cm−1 were assigned to the alkenes and methyl
groups [42]. Furthermore, the large peaks situated in the region 1164–1042 cm−1 (1140
and 1091 cm−1 for CE; 1169 and 1071 cm−1 for VE, 1073 and 1048 cm−1 for ME, 1167 and
1076 cm−1 for LE) emphasize the presence of ν(C-O-C) stretch vibration and ν(C-O) stretch
vibration from flavonoids [44,50,51]. The highest intensity was found in hemp plant extract
(Cannabis sativa L.). The obtained FTIR spectra identified different classes of compounds.
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Figure 3. ATR-FTIR spectra of PVA and PVA films loaded with plant extracts.

The analysis shows that the characteristic peaks of poly(vinyl alcohol) and plant
extracts have almost similar functional groups, but the intensities of the peaks are different.
Thus, the large band between 3500 and 3200 cm−1 was attributed to the stretching vibrations
ν(O-H) and intermolecular hydrogen bonding vibration [52,53]. Two bands with maxima
at 2938 cm−1 and 2858 cm−1 are the asymmetric and symmetric stretching vibrations
ν(C-H) of -CH2 groups. At 1733 cm−1, it was found the characteristic band of the residual
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acetate peak and the peaks from the region 1418–1236 cm−1 were attributed to the bending
vibrations δ(C-H) and δ(O-H) [53,54]. Furthermore, the stretching vibration ν(C-O-C)
was located at 1141 cm−1 [4,53,55], and the stretching vibration ν(C-O) was found at
1092 cm−1 [53]. The presence of plant extracts within the PVA films were evidenced by
different features, which proves the existence of intermolecular interactions between them
and poly(vinyl alcohol).

In the spectrum of films loaded with Lavandula angustifolia extract (PVA-LE), the broad
peak corresponding to stretching vibrations ν(O-H), shifts to 3322 cm−1 indicated the
presence of linalool and terpene-4-ol alcohols in the film [43,56]. The stretching vibration
ν(C-H) of methyl from the components terpene-4-ol, linalool and linalyl acetate are mani-
fested by changes in the peaks locations toward lower frequencies such as 2919 cm−1 and
2854 cm−1 [43].

The presence of carbonyl groups ν(C=O) of the ester components such as linalyl
acetate, camphor and lavandulyl acetate [43,46,56] are further confirmed by the band at
1733 cm−1 and the stretching vibration ν(C-O) of these esters at 1246 cm−1 or 1079 cm−1.
Additionally, the peak associated with ν(C=C) stretching vibrations in components such
as linalool, linalyl acetate and terpene-4-ol was found at 1602 cm−1 [14,43]. The bands at
858 and 658 cm−1 represent the bending vibration δ(C-H) such as that in camphor [46,56].
Moreover, different functional groups are presented in PVA film loaded with Mentha
piperita extract (PVA-ME). The peak that is attributed to phenols and hydrogen-bonded
alcohol was shifted toward 3315 cm−1, and those with a higher intensity corresponded
to the ν(C–H) stretching vibration of terpenoids such as menthol were shifted toward
2919, 2851 cm−1, respectively [44]. Different changes on the stretching vibration band of
carbonyl group ν(C=O) characteristic to the menthol esters and terpenes such as camphor,
limonene, carvone and pinene were observed [47]. The band is more defined at 1733 cm−1,
broadening the shoulder of stretching vibration ν(C=C) at 1644.1 cm−1. The observed
stretch vibration ν(C–O) peaks of alcohol, ethers and ester were founded at 1082 and
1048 cm−1, and the peak that went toward to 838 cm−1 highlighted the bending vibration
δ(C–H) of alkenes [44].

Regarding the PVA film loaded with hemp (Cannabis sativa L.) extract (PVA-CE), a
broad band of phenol ν(O-H) stretch vibration shifts to 3320 cm−1 and some sharp peaks
attributed to the asymmetric and symmetric ν(C-H) stretches were situated toward 2919
and 2851 cm−1 [45]. The spectra indicated the presence of cannabinoids components such as
∆9-trans-tetrahidrocanabinol (∆9-THC), Cannabidiol (CBD) and flavonoids such as luteolin
and apigenin, etc. The typical carbonyl band was at 1733 cm−1, and the pronounced
absorption peak of the stretching vibration ν(C=C) was defined at 1629 cm−1; they were
assigned to cannabinoids components [48]. The peaks from the region 1164–1042 cm−1,
characteristic to flavonoids, ν(C-O-C) asymmetric stretch vibration and ν(C-O) stretch
vibration were shifted to 1161 cm−1 and 1091 cm−1, respectively.

As respects the PVA film loaded with Verbena officinalis extract (PVA-VE), the band
of ν(O-H) stretch vibration attributed to phenols compounds such as phenols acids (pro-
tocatechuic, chlorogenic and vanillic) or verbascoside shifted to 3319 cm−1 [57]. Peaks of
different heights are situated at 2920 cm−1 and 2851 cm−1, respectively. Their presence was
connected with the asymmetric and symmetric stretching vibrations of ν(C–H) of alkanes.
The analysis highlighted the common wavenumber for carbonyl structure ν(C=O) bonds
at 1732 cm−1 from the flavonoid structure such as luteolin, while the stretching vibration
ν(C=C) was found at 1631 cm−1, respectively, and the stretching vibration ν(C-O) bond
shifted to 1086 cm−1 from the iridoids structure [50]. Additionally, the bending vibration
of δ(C-H) was situated to lower wavenumbers at 948 cm−1 [57].

Furthermore, the PVA film loaded with Salvia officinalis extract (PVA-SE) relates a broad
peak at 3359 cm−1 due to the presence of hydroxyl groups, from the phenolic compounds
such as rosmarinic acid [11,31]. The asymmetric and symmetric ν(C-H) stretch peaks
situated at 2920 cm−1 and 2851 cm−1 are narrower and better contoured, suggesting the
presence of interactions between the structures, whereas the bands within 1461–1366 cm−1
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were assigned to the symmetric, asymmetric bending of CH3 and CH2, respectively [49].
The sharp band of stretching vibration of ν(C=O) was shifted to 1735 cm−1. The authors
attributed this peak to camphor [49]. The peaks from the region 1164–1042 cm−1 had
different heights at 1169 cm−1 and 1082 cm−1 and were attributed to 1,8-cineole [58]. In
addition, the peak positioned at about 722 cm−1 was assigned to ν(C-C-O) symmetric ether
stretch [49]. In the literature, others authors [59] has also concluded that the sage species
contains mainly camphor and 1,8-cineole.

The ATR-FTIR spectrum of PVA films loaded with plant extracts confirms the presence
of functional groups such as phenols acids and flavonoids, which are widely reported for
their antibacterial property. The compatibility between the poly(vinyl alcohol) and the
plant extracts was mainly the result of some hydrogen bond formation. These bonds reveal
the probability of antibacterial activity.

3.2. UV-Vis Spectroscopy and the Phenols and Flavonoids Content of Extracts
3.2.1. UV-Vis Spectroscopy Analysis

The results of the UV-Vis spectra analysis is presented in Figure 4. The study revealed
the peaks of the phenolic compounds and terpenoids for each studied plant extracts in the
range of 250–350 nm where according to other researches [42,60–62] the identified classes
of the compounds generally display certain absorption peaks in the ultraviolet light range.
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From the UV-VIS spectra of the extracts, the presence of maximal absorbance for
the terpenoids and phenolic compounds such as flavonoids, phenolic acids or tannins
were confirmed by the peaks registered at the absorbances of 285 and 331 nm (VE), 286
and 332 nm (CE), 287 and 333 nm (SE), 274 and 312 nm (ME) and 278 and 318 nm (LE),
respectively [63]. Furthermore, a maximal absorbance peak was observed in the spectra
of hemp (Cannabis sativa L.) extract at 414 nm specifically for carotenoids such as lutein,
β-carotene and lycopene, whose absorption band was recorded in the range of 400 to
500 nm [64–66]. The UV-VIS spectrum of Lavandula angustifolia extract was characterized
by the lowest absorbance throughout the entire wavelength range.

The results of UV-Vis spectroscopy were correlated to the phytochemical analysis
spectra based on the identified classes of compounds.

3.2.2. Determination of Total Phenols and Flavonoids Content of Extracts

The secondary metabolites obtained by the plant during growth and reproduction are
the phenols. They are produced as a defense against different responses at the infection by
pathogens and to the conditions of the environment stress [67]. Flavonoids are compounds
responsible for health-promoting properties. A lot of clinical studies have confirmed the
safety effects of flavonoids against infections and diseases, such as cardiovascular disorders
or cancers [68].
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The measurements of the total phenolic content (TPC) and total flavonoid content
(TFC) are highlighted in the Table 1. All the studied plant extracts had a generally higher
and noticeable total of phenolic contents. The uppermost amounts of the total phenolic
and flavonoid contents, respectively, were recorded for Salvia officinalis (297.5 mg GAE/g,
46.22 mg QE/g), whereas the minimum ones were observed for Lavandula angustifolia (69.61
mg GAE/g, 14.1 mg QE/g). The total phenolic and flavonoid contents decreased in the
following order: Salvia officinalis (SE)> Menta piperita (ME) > Hemp (Cannabis sativa L.) (CE) >
Verbena officinalis (VE) > Lavandula angustifolia (LE). There is always in the phenolic extract of
different plants the presence of different classes of phenols that are exclusively dependent
on their solubility in a certain solvent. It is known that the use of ethanol solvent gives
a satisfied result to the extraction process for the most of the studied plant species [69].
Our results obtained in the study are consistent with the results of other authors who have
measured the TPC of S. officinalis at 274.73 mg GAE/g [70], TFC of hemp (Cannabis sativa T)
at 56 mg QE/g [71] or TFC of Mentha piperita at 18.20 mg QE/g [72]. Nevertheless, the total
of phenolic and flavonoid contents is significantly different among the used species.

Table 1. The total of phenols and flavonoids content and UV spectra from leaves and flowers of
studied plants.

Ethanolic Extract
UV TPC TFC

Absorbance (nm) (mg GAE/g) (mg QE/g)

Lavandula angustifolia-
(Flowers) 278/318 69.61 ± 1.23 14.1 ± 0.56

Verbena officinalis-(Leaves) 285/331 102 ± 1.75 30.9 ± 1.24
Salvia officinalis folium-(Leaves) 287/333 297.5 ± 0.67 46.22 ± 0.97

Hemp (Cannabis sativa L.)-(Leaves) 286/332 76.88 ± 0.98 37.25 ± 1.56
Mentha piperita-(Leaves) 274/312 107.05 ± 1.89 26.80 ± 1.78

3.3. Surface Morphology and Surface Roughness Analysis of Films

The application of different polymeric films in medicine (as a wound dressing ma-
terial) is strongly dependent on biofilm formation due to the adhesion of bacteria at the
surface [11,54]. The modifications that occurred in the polymeric films are responsible for
preventing the attachment of bacteria to the surface material, which afterwards prevents
the extension of the biofilm formation. Some polymeric films known to have antibacterial
surfaces are characterized by the mixing of different structures with their composition that
cause a disintegration of the bacteria cell membrane [73]. Thus, the surface topography
tolerates the bacterial attachment, so a lot of antibiofilm surfaces have been obtained very
successfully [74].

The arithmetic average of the absolute Ra values measured with the profiler of PVA-
based films loaded with plants extract was studied. The roughness parameter Ra revealed
an increase of the surface roughness due to the addition of plant extracts into the pris-
tine PVA film (Table 2). The obtained values of the roughness, Ra, are from 6.47 nm for
pristine PVA [43] to 48.82 nm for PVA-SE. From Table 2, the following trend can be seen:
PVA < PVA-VE < PVA-ME < PVA-LE <PVA-CE < PVA-SE. The highest roughness was ob-
tained for the PVA-SE and PVA-CE films. While the Raman confocal microscope image
of the pristine surface of PVA (Figure 5) appears almost homogeneous and smooth [75],
the films images with plant extracts PVA-VE, PVA-LE, PVA-ME, PVA-CE, or PVA-SE (Fig-
ure 5b–f) exhibit relatively rough surface morphology, as observed in the profilometry data
of the Figure 5. This is possibly due to the changes in the microstructural characteristics
introduced during the mixing between the components. Additionally, the SEM images
indicate that the surface of the film without the addition of plant extracts was smooth
and homogenous. The incorporation of the tested plant extracts films showed also a rela-
tively rough surface without cracks or any visible pores compared to the control PVA film
(Figure S1, Supplementary Information).
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Table 2. Roughness (Ra), contact angle (θW), surface free energy (γsv) and its dispersive (γd
sv) and

polar (γp
sv) components for PVA and PVA films loaded with plant extracts.

Samples Ra (nm) θW (◦)
Surface Free Energy (mN/m)

γp
sv

(mN/m)
γd

sv
(mN/m)

γsv
(mN/m)

PVA 6.47 ± 0.3 65.41 ± 0.7 22.89 16.72 39.61
PVA-LE 23.46 ± 0.5 57.67 ± 0.8 23.10 21.26 44.37
PVA-ME 22.81 ± 0.8 54.53 ± 0.2 27.42 18.56 45.99
PVA-CE 43.95 ± 0.6 44.01 ± 0.6 49.66 6.71 56.38
PVA-VE 12.27 ± 0.2 48.81 ± 0.4 38.07 12.26 50.33
PVA-SE 48.82 ± 0.4 36.76 ± 0.9 56.59 6.15 62.74

In general, it has been found that a higher surface roughness increases the adhesion of
bacteria cells [76]. To this end, it is more desirable to obtain a material surface that prevents
the bacterial adhesion than to eliminate the microorganisms after they are embedded in the
PVA film.

3.4. Surface Free Energy Analysis of Films

A first step in the process of development of infection is the attachment of the bacteria
to the surface so the physico-chemical properties of the surfaces have an important role in
this attachment. Different factors such as hydrophobic interactions, electrostatic attraction
and Van der Waals forces initiate the bacterial adhesion at the surface of materials [55].
The measurement of the contact angle is a method that allows the analysis of surface free
energy (SFE) and its specific components: polar and dispersive. It was shown in the work
of Kocijan [77] that surface free energy besides surface topography is one of the key factors
for microorganisms adhesion on surface materials. This technique also determines the
hydrophilicity or hydrophobicity of the material and thus helps to evaluate the bacterial
potential of the material surface when it is in contact with the biological environment.
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Figure 5. (A) Surface morphology analysis with Raman confocal microscope images PVA (a); PVA-VE
(b); PVA-ME (c); PVA-LE (d); PVA-CE (e); PVA-SE (f) and (B) Profiler roughness measurements.

In the Table 2, the polar and dispersive components with the values of surface free
energy are presented. It is evident that in the case of the films consisting of poly(vinyl
alcohol) with plant extracts, the value of surface free energy increased significantly than
in that of pristine PVA film. The same tendency was observed in other work, where the
additions of the selected plants enhanced the hydrophilicity of the newly obtained materials
due to the presence of different components such us -OH groups in their structure [13].
Both polar and dispersive components of the surface free energy were taken into account.
The obtained results suggest that in the mixture of PVA film loaded with plant extracts,
the polar groups present in the chains of the components were much higher than the
dispersive component values and could be redirected towards the inner layer during the
film formation [54]. This phenomenon appeared also on other study with polymers based
poly(vinyl alcohol) [54].

The mechanism of bacterial adhesion is not so well understood due to several factors,
such as different surface properties including roughness, wettability, cell types, protein
adsorption, charge and so on. However, most publications have indicated that the materials
with a hydrophilic surface are more resistant to the adhesion of bacteria than with a
hydrophobic surface [78,79]. Additionally, authors such as McAllister mentioned that the
irregularities founded at the polymer surface increase both the biofilm deposition and
bacterial adhesion [79]. Regarding the surface free energy, the strain of bacteria and the
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hydrophobicity surface properties of the polymer must be taken into account. The two
bacteria used in our study, E. coli and S. aureus, expose hydrophobic properties, and most
readily they attach to the hydrophobic polymers surface [54].

In order to discuss the results of our work, regarding the surface free energy (SFE),
contact angle and the roughness, the obtained results indicate that, in the case of all studied
materials, the polar component values were much higher than the dispersive component.
This justifies the assumption that our materials with PVA loaded with plant extracts had
a primarily hydrophilic surface. Additionally, the studied materials indicate different
levels of roughness. This behavior has been also founded in other studies with plant
extracts such as Metha piperita [80] and lavender [13]. Nevertheless, authors such as Chen
et al. [81] mentioned that the strain can expose an affinity to hydrophilic surfaces, which has
neutral or positive charges. Thus, the antibacterial activity of the PVA with plant extracts
presents a different diameter of inhibition on microorganism growth. Their mechanism of
action depends on the chosen plants. Some of them began with the destabilization of the
phospholipid structure, keeping on with the interaction of the membrane with the enzymes
or proteins and ending with the reduction of the pH gradient across the membrane [82].
Others follow the degradation of the cell wall where the cytoplasmic membrane and
the membrane of proteins are damaged, and the content of the cell is leaked [83]. So,
considering the obtained results and other information from the literature, it is reasonable
to affirm that roughness, contact angle and surface free energy properties have an important
role in the antibacterial behavior of PVA films loaded with plant extracts.

3.5. Mechanical Properties

The mechanical parameters have an important role in the performance of the biomate-
rial used in a potential application. The mechanical characteristics from Figure 6 show the
stress–strain curves of pristine PVA film and of PVA with plant extracts.
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The obtained films with plant extracts recorded the value of the tensile strength (TS)
and the Young’s modulus as being quite diverse. The tensile strength (MPa) defined the
capacity of the material to resist rupturing when it is submitted to pressure force. On the
other hand, the Young’s modulus defines the elastic inter- and intramolecular forces from
the matrix of polymers in order to resist to deformation. The parameters based on the
obtained curves are presented in Figure 7.
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The value of tensile strength for PVA was 56.07 MPa. This behavior has been also found
in PVA films reported in the literature where the value of tensile strength was 53.58 MPa [10].
Furthermore, the films with plant extracts PVA-SE, PVA-VE, PVA-ME, PVA-CE or PVA-LE
have tensile strengths 51.26, 50.28, 14.48, 14.31 and 15.61 MPa, respectively. The different
value of tensile strength for PVA films with plant extracts may be related to the possibility
of a structural rearrangement in the PVA matrix [84]. Some intermolecular interactions
such as hydrogen bonding caused by the addition of the extracts are formed [10].

The highest value of tensile strength and the initial modulus was recorded for PVA-SE
film and the minimum ones were for PVA-LE and PVA-CE film. The initial modulus
decreases from 21.14 MPa at PVA film to 10.72 and 7.31 MPa at PVA-LE and PVA-CE,
respectively, meaning that these films deform more easily than the pristine PVA film. This
behavior indicates an improvement of the elastomeric characteristics, which may be an
advantage for some biomedical applications. Thus, the addition of plant extracts changes
the mechanical properties of PVA films.

3.6. Antibacterial Activity Analysis

An amount of different plant extracts (Lavandula augustifolia, Mentha piperita, Cannabis
sativa L., Salvia officinalis and Verbena officinalis) was incorporated into PVA after the Soxhlet
extraction and the effect on bacterial growth inhibition was evaluated. Thus, using the
disk diffusion assay, the inhibition zone around each film was determined due to the
penetration of the extract components through the agar. The antibacterial activity was
tested again S. aureus (ATCC 25922) and E. coli (ATCC 25923) bacteria (Figure 8), two of
the most predominant species of Gram-positive and Gram-negative strains responsible for
severe bloodstream, moderate skin or urinary tract infections [1]. The obtained results are
presented in Table 3 and the image in Figure 8.

Table 3. Inhibition zone diameters of PVA and PVA films loaded with plant extracts.

Samples
(0.5 mm)

Activity against
+/-

Inhibition Zone
mm

S. aureus E. coli S. aureus E. coli

PVA - - 0 0
PVA-LE + + 8 ± 0.2 7 ± 0.2
PVA-VE ++ + 13 ± 0.3 9 ± 0.1
PVA-SE ++++ + 20 ± 0.1 7 ± 0.3
PVA-CE ++ +++ 10 ± 0.2 12 ± 0.4
PVA-ME ++ ++ 10 ± 0.1 9 ± 0.2

(–) No activity, (+) Weak activity, (++) Good activity, (+++ and ++++) Very good activity.
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The inhibitory effect of prepared films varied with different bacteria. The poly(vinyl
alcohol) film did not inhibit the growth of each strain, but the films with the plant ex-
tracts were very effective in suppressing the growth of the bacteria. The selected films
exhibited better bacterial inhibition toward S. aureus than E. coli. This behavior comes
from the differences between the cell wall structure of Gram-positive and Gram-negative
bacteria [33]. Gram-negative bacteria such as E. coli have a lipopolysaccharide layer on the
outer membrane, which prevents the penetration of antibacterial compounds [85,86]. The
obtained inhibition zones were within 7–12 mm against E. coli bacteria and within 8–20 mm
against S. aureus strain (Table 3). The highest antibacterial effect again S. aureus strain
was reported at the films with Salvia officinalis (20 mm) extract but for the Gram-negative
bacteria E. coli, the highest effect was related at the films with Cannabis sativa L. (12 mm)
extract. The differences in the antibacterial activity of films with plant extracts might be
explained by the different active compounds from the structure and also by their diffusivity
in the growth media. Thus, the selected plant extracts contain compounds such as phenols,
terpenoids and flavonoids, which have different impacts on the growth and metabolism
of the microorganisms [17]. The presence of their functional groups (OH-,C-O,C-H) was
confirmed by ATR-FTIR analysis (Figure 3).

Thereby, the Mentha piperita extract demonstrates its potent antimicrobial activity
against a variety of microorganisms because the leaf contains compounds such as phenolic
acids (-OH) [87], flavonoids (-CO) or volatile oil as menthol, menthone, menthyl acetate
and limonene, which have antibacterial, antifungal and anti-inflammatory properties and
interact with the cell membrane of the strains [88,89]. The antibacterial effect of PVA film
loaded with Mentha piperita extract against E. coli and S. aureus bacteria was confirmed
also by other authors [80], where the degree of antimicrobial activity varies between
the cultivars.

A number of studies demonstrated that Cannabis sativa L. has been regarded as
possessing an antibacterial activity attributed to individual phenolic compounds [13],
flavonoids [90] or mainly to cannabinoids oils including CBD [80].The results showed
that the film with Cannabis sativa L. extract have inhibitory effects on both Gram-positive
(S. aureus) and Gram-negative bacteria (E. coli). This effect was reported also by Wasim, who
tested ethanol cannabis extracts against both Gram-positive and Gram-negative strains [91].

Several scientific articles support the antibacterial effects of Salvia officinalis extract [33,92,93].
The antibacterial activity is related to phenolic compounds, such as phenolic diterpenoids or
phenolic acids, to flavonoids and also others constituents such as 1,8 cineole or camphor [93].
The effects of Salvia officinalis on a Gram-negative strain depend on the type of extract
used [83]. In contrast with the essential oil of Salvia officinalis, which has a significant
inhibitory effect on the growth of Gram-negative bacteria, the effect of the ethanol extracts
is weak [92,94]. Thus, for our PVA film loaded with Salvia officinalis extract, the bacteria
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growth was found to be very effective against S. aureus (20 mm), indicating its greatest
effectiveness against this bacterium and one much less for E. coli strains (7 mm), as the
other authors specified [33,92].

Furthermore, it is known that many antimicrobial compounds from Lavandula augusti-
folia extracts, such as 1,8-cineole, linalool, terpinen-4-ol, α- terpineol or linalyl acetate have
been shown to possess antibacterial characteristics against a wide range of microorgan-
isms [1,95,96]. Our film with lavender extract inhibited the growth of both tested bacterial
strains, as indicated by the formation of the inhibition zones from 7 mm (against E. coli) to
8 mm (against S. aureus). The inhibitory effect have been reported also by other authors in
their study [13,95], suggesting this important control over microbial growth.

Regarding the PVA film loaded with Verbena officinalis extract, it was reported that the
antibacterial effect was 13 mm against Gram-positive bacteria in contrast with the Gram-
negative strain, where it is showed an inhibition zone of 9 mm. The reason for this might
be the presence of compounds such as phenolic acids, flavonoids or phenylpropanoid
glycosides: verbascoside and isoverbascoside, known to have antibacterial or antioxidant
effect [97]. Several studies were made on Verbena officinalis extract showing its potential
efficacy on Gram-positive and Gram-negative bacteria [28,97].

These results report that the prepared films with plant extracts are effective in control-
ling microbial growth and could be a promising material for biomedical applications.

3.7. In Vitro Evaluation of Cytotoxicity—MTT Assay of the Films

Figure 9 presents the results obtained in the cell viability test of PVA and PVA films
loaded with plant extracts tested with fibroblastic cells from the rabbit. Compared to
the results of the MTT study of plant extracts, the PVA films loaded with plant extracts
are noncytotoxic for the used cells. More than 80% of the cell viability analyzed after 48
h has a very good biocompatibility, after the incubation with the cells (Figure 8). From
the data analysis presented in Figure 9, it results that after 48 h of incubation, the cell
viability is maintained at the level of growth control. Therefore, the cells are not affected
by the potential products released from our materials based on PVA loaded with plant
extracts. Thus, the nontoxic effect has been found on other studies with the selected
plants [13,71,98,99]. The obtained results certify the biocompatibility of these films.
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4. Conclusions

In this article, the obtained materials with PVA and different plant extracts were inves-
tigated in terms of antibacterial activity. The used plants growing in the flora of Romania
were determined by labeling their genus and species. Lavandula angustifolia, Mentha piperita,
hemp (Cannabis sativa L.), Verbena officinalis and Salvia officinalis folium extracts were obtained
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and subjected to some studies in order to determine their composition and their possible
activity as materials based on poli(vinyl alcohol) used in infection treatment. The total of
phenols and flavonoids content and the UV-Vis spectra confirm the presence of different
phenolic compounds in the studied plant extracts. The ATR-FTIR and Raman confocal
microscope images demonstrated the successful incorporation of plant extracts in the
polymer matrix, while the profilometry demonstrated the enhanced surface characteristics
for cell growth. Moreover, the ATR-FTIR spectra showed the characteristic components
for added plant extracts in the studied materials based on PVA. The hydrophilic nature
and roughness parameters of the PVA films loaded with plant extracts were determined
by the goniometric and profiler measurements. Diversity in the roughness parameters of
Lavandula angustifolia, Mentha piperita, hemp (Cannabis sativa L.), Verbena officinalis and Salvia
officinalis folium films was caused by the differences in their composition visible also at
Raman confocal microscope images.

The results showed that plant extracts conferred significant antibacterial effects to films
toward Staphylococcus aureus ATCC 25923 and Escherichia coli ATCC 25922. The prepared
films and plants extracts showed significant antibacterial activities, especially in the films
loaded with the hemp (Cannabis sativa L.) extract against E. Coli and in films loaded with
Salvia officinalis folium against S. aureus. The PVA films loaded with plant extracts are
noncytotoxic after the test with the used cells. The current study presents scientific news
in the field of biomaterials, as there is no literature description of the characterization
of Lavandula angustifolia, Mentha piperita, hemp (Cannabis sativa L.), Verbena officinalis and
Salvia officinalis folium as PVA film materials loaded with these plant extracts for being
used as antibacterial compounds for potential infection treatment. Moreover, the chemical
and synthetic antibacterial agents which are known to be harmful to the environment
and human health were avoided, and, instead, composite polymeric films were prepared
using completely environmentally friendly herbal extracts with PVA polymer, which is
frequently used in the biomedical field. By triggering morphological and antibacterial
properties of the composites by choosing proper compositions polymer-extract types, it can
be allowed to combine unique properties of polymeric materials with completely natural
herbal solutions to lead an innovative and eco-friendly approach with potential uses in
different pharmaceutical or medical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15072493/s1, Figure S1: PVA (a); PVA-VE (b); PVA-ME (c);
PVA-LE (d); PVA-CE (e); PVA-SE (f); Table S1: ATR-FTIR bands present in each films of neat PVA and
PVA loaded with plant extracts.
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with antioxidant activity of Agastache foeniculum, Lavandula angustifolia, Melissa officinalis and Nepeta cataria: Effect of harvest
time and plant species. Ind. Crops Prod. 2015, 77, 499–507. [CrossRef]

13. Sofi, H.S.; Akram, T.; Tamboli, A.H.; Majeed, A.; Shabir, N.; Sheikh, F.A. Novel lavender oil and silver nanoparticles simultaneously
loaded onto polyurethane nanofibers for wound-healing applications. Int. J. Pharm. 2019, 569, 118590. [CrossRef] [PubMed]

14. Vieira, S.F.; Ferreira, H.; Neves, N.M. Antioxidant and anti-inflammatory activities of cytocompatible Salvia officinalis extracts: A
comparison between traditional and Soxhlet extraction. Antioxidants 2020, 9, 1157. [CrossRef] [PubMed]

15. Alibi, S.; Crespo, D.; Navas, J. Plant-Derivatives Small Molecules with Antibacterial Activity. Antibiotics 2021, 10, 231. [CrossRef]
[PubMed]

16. Hirshfield, I.N.; Terzulli, S.; O’Byrne, C. Weak organic acids: A panoply of effects on bacteria. Sci. Prog. 2003, 86, 245–269.
[CrossRef]

17. Cowan, M.M. Plant products as antimicrobial agents. Clin. Microbiol. Rev. 1999, 12, 564. [CrossRef]
18. Araniti, F.; Landi, M.; Lupini, A.; Sunseri, F.; Guidi, L.; Abenavoli, M. Origanum vulgare essential oils inhibit glutamate and

aspartate metabolism altering the photorespiratory pathway in Arabidopsis thaliana seedlings. J. Plant Physiol. 2018, 231, 297–309.
[CrossRef]

19. Elhendawy, M.A.; Wanas, A.S.; Radwan, M.M.; Azzaz, N.A.; Toson, E.S.; ElSohly, M.A. Chemical and Biological Studies of
Cannabis sativa Roots. Med. Cannabis Cannabinoids 2018, 1, 104–111. [CrossRef]

20. Zaidi, S.; Dahiya, P. In vitro antimicrobial activity, phytochemical analysis and total phenolic content of essential oil from Mentha
spicata and Mentha piperita. Int. Food Res. J. 2015, 22, 2040–2445.

21. Giovannini, D.; Gismondi, A.; Basso, A.; Canuti, L.; Braglia, R.; Canini, A.; Mariani, F.; Cappelli, G. Lavandula angustifolia Mill.
essential oil exerts antibacterial and anti-inflammatory in macrophage mediated immune response to Staphylococcus aureus.
Immunol. Investig. 2016, 45, 11–28.

http://doi.org/10.3390/nano8050291
http://www.ncbi.nlm.nih.gov/pubmed/29710862
http://doi.org/10.3201/eid1009.040069
http://www.ncbi.nlm.nih.gov/pubmed/15498166
http://doi.org/10.33224/rrch.2021.66.1.10
http://doi.org/10.1016/j.eurpolymj.2016.09.006
http://doi.org/10.1016/j.foodhyd.2013.07.002
http://doi.org/10.1021/acsami.8b14238
http://doi.org/10.3390/ma13184138
http://doi.org/10.3390/ma13184189
http://doi.org/10.1039/C2SM26094H
http://doi.org/10.1007/s11356-016-6699-9
http://doi.org/10.1016/j.porgcoat.2018.01.006
http://doi.org/10.1016/j.indcrop.2015.09.045
http://doi.org/10.1016/j.ijpharm.2019.118590
http://www.ncbi.nlm.nih.gov/pubmed/31381988
http://doi.org/10.3390/antiox9111157
http://www.ncbi.nlm.nih.gov/pubmed/33233648
http://doi.org/10.3390/antibiotics10030231
http://www.ncbi.nlm.nih.gov/pubmed/33668943
http://doi.org/10.3184/003685003783238626
http://doi.org/10.1128/CMR.12.4.564
http://doi.org/10.1016/j.jplph.2018.10.006
http://doi.org/10.1159/000495582


Materials 2022, 15, 2493 20 of 22

22. Trevisan, S.C.C.; Menezes, A.P.P.; Barbalho, S.M.; Guiguer, E.L. Properties of Mentha piperita: A Brief Review. World, J. Pharm. Med.
Res. 2017, 3, 309–313.

23. Beigi, M.; Torki-Harchegani, M.; Pirbalouti, A.G. Quantity and chemical composition of essential oil of peppermint (Mentha
piperita L.) leaves under different drying methods. Int. J. Food Prop. 2018, 21, 267–276.

24. Chalchat, J.-C.; Garry, R.-P.; Michet, A. Variation of the Chemical Composition of Essential Oil of Mentha piperita L. during the
Growing Time. J. Essent. Oil Res. 1997, 9, 463–465. [CrossRef]

25. Lowe, H.; Toyang, N.; Steele, B.; Bryant, J.; Ngwa, W. The endocannabinoid system: A potential target for the treatment of various
diseases. Int. J. Mol. Sci. 2021, 22, 9472. [CrossRef] [PubMed]

26. Giuliano, C.; Francavilla, M.; Ongari, G.; Petese, A.; Ghezzi, C.; Rossini, N.; Blandini, F.; Cerri, S. Neuroprotective and Symptomatic
Effects of Cannabidiol in an Animal Model of Parkinson’s Disease. Int. J. Mol. Sci. 2021, 22, 8920. [CrossRef]

27. Khan, B.A.; Warner, P.; Wang, H. Antibacterial properties of hemp and other natural fibre plants: A review. BioRes. 2014, 9,
3642–3659. [CrossRef]

28. Kubica, P.; Szopa, A.; Dominiak, J.; Luczkiewicz, M.; Ekiert, H. Verbena officinalis (Common Vervain)–A Review on the Investiga-
tions of This Medicinally Important Plant Species. Planta Med. 2020, 17, 1241–1257. [CrossRef]

29. Deepak, M.; Handa, S.S. Quantitative determination of the major constituents of Verbena officinalis using high performance thin
layer chromatography and high pressure liquid chromatography. Phytochem. Anal. 2000, 11, 351–355. [CrossRef]

30. Casanova, E.; Garcia-Mina, J.; Calvo, M. Antioxidant and Antifungal Activity of Verbena officinalis L. leaves. Qual. Plant. Mater.
Veg. 2008, 63, 93–97. [CrossRef]

31. Martins, N.; Barros, L.; Santos-Buelga, C.; Henriques, M.; Silva, S.; Ferreira, I.C.F.R. Evaluation of bioactive properties and
phenolic compounds in different extracts prepared from Salvia officinalis L. Food. Chem. 2015, 170, 378–385. [CrossRef] [PubMed]

32. Ghorbanpour, M.; Hatami, M.; Kariman, K.; Dahaji, P.A. Phytochemical variations and enhanced efficiency of antioxidant and
antimicrobial ingredients in Salvia officinalis as inoculated with different rhizobacteria. Chem. Biodivers. 2016, 13, 319–330.
[CrossRef] [PubMed]
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40. Florkiewicz, W.; Pluta, C.; Dagmara, M.; Rudnicka, K.; Żywicka, A.; Guigou, M.D.; Tyliszczak, B.; Sobczak-Kupiec, A. Inves-

tigations on green synthesis, biocompatibility and antibacterial activity of silver nanoparticles prepared using Cistus incanus.
Materials 2021, 14, 5028. [CrossRef]

41. Pavlic, B.; Teslic, N.; Vidakovi, A.; Vidovic, S.; Velicanski, A.; Versari, A.; Radosavljevic, R.; Zekovic, Z. Sage processing from
by-product to high quality powder: I. Bioactive potential. Ind. Crop Prod. 2017, 107, 81–89. [CrossRef]

42. Masłowski, M.; Aleksieiev, A.; Miedzianowska, J.; Strzelec, K. Potential Application of Peppermint (Mentha piperita L.), German
Chamomile (Matricaria chamomilla L.) and Yarrow (Achillea millefolium L.) as Active Fillers in Natural Rubber Biocomposites. Int. J.
Mol. Sci. 2021, 22, 7530. [CrossRef] [PubMed]

43. Balasubramanian, K.; Kodam, K.M. Encapsulation of therapeutic lavender oil in an electrolyte assisted polyacrylonitrile nanofibres
for antibacterial applications. RSC Adv. 2014, 4, 54892–54901. [CrossRef]

44. Das, S.; Das, A.; Selvan, T.R.; Ananda, R.S.; Bindhu, J. The antibacterial and aroma finishing of cotton fabrics by Menthe pipertia
extract. J. Text. Inst. 2021, 112, 1180–1190. [CrossRef]

45. Fernandez-Tendero, E.; Day, A.; Legros, S.; Habrant, A.; Hawkins, S.; Chabbert, B. Changes in hemp secondary fiber production
related to technical fiber variability revealed by light microscopy and attenuated total reflectance Fourier transform infrared
spectroscopy. PLoS ONE 2017, 12, e0179794. [CrossRef]

46. Samfira, I.; Rodino, S.; Petrache, P.; Cristina, R.; Butu, M.; Butnariu, M. Characterization and identity confirmation of essential oils
by mid infrared absorption spectrophotometry. Digest. J. Nanomater. Biostruct. 2015, 10, 557–566.

47. Guillen, M.D.; Cabo, N. Infrared spectroscopy in the study of edible oils and fats. J. Sci. Food Agric. 1997, 75, 1–11. [CrossRef]

http://doi.org/10.1080/10412905.1997.9700750
http://doi.org/10.3390/ijms22179472
http://www.ncbi.nlm.nih.gov/pubmed/34502379
http://doi.org/10.3390/ijms22168920
http://doi.org/10.15376/biores.9.2.3642-3659
http://doi.org/10.1055/a-1232-5758
http://doi.org/10.1002/1099-1565(200011/12)11:6&lt;351::AID-PCA544&gt;3.0.CO;2-S
http://doi.org/10.1007/s11130-008-0073-0
http://doi.org/10.1016/j.foodchem.2014.08.096
http://www.ncbi.nlm.nih.gov/pubmed/25306360
http://doi.org/10.1002/cbdv.201500082
http://www.ncbi.nlm.nih.gov/pubmed/26916832
http://doi.org/10.3390/nano9020270
http://www.ncbi.nlm.nih.gov/pubmed/30781390
http://doi.org/10.1016/j.indcrop.2011.09.010
http://doi.org/10.1016/j.indcrop.2011.09.011
http://doi.org/10.3390/ma14206000
http://doi.org/10.3390/ma14216457
http://doi.org/10.1016/j.polymertesting.2006.08.005
http://doi.org/10.3390/ma14175028
http://doi.org/10.1016/j.indcrop.2017.05.031
http://doi.org/10.3390/ijms22147530
http://www.ncbi.nlm.nih.gov/pubmed/34299152
http://doi.org/10.1039/C4RA09425E
http://doi.org/10.1080/00405000.2020.1805194
http://doi.org/10.1371/journal.pone.0179794
http://doi.org/10.1002/(SICI)1097-0010(199709)75:1&lt;1::AID-JSFA842&gt;3.0.CO;2-R


Materials 2022, 15, 2493 21 of 22

48. Cirrincione, M.; Saladini, B.; Brighenti, V.; Salamone, S.; Mandrioli, R.; Pollastrio, F.; Pellati, F.; Protti, M.; Mercolini, L.
Discriminating different Cannabis sativa L. chemotypes using attenuated total reflectance-infrared (ATR-FTIR) spectroscopy: A
proof of concept. J. Pharm. Biomed. 2021, 204, 114270. [CrossRef]

49. Smith, B. Infrared Spectra Interpretation, A Systematic Approach, 1st ed.; CRC Press: Boca Raton, FL, USA, 1999; p. 304.
50. Schonbichler, S.A.; Bittner, L.K.H.; Pallua, J.D.; Popp, M.; Abel, G.; Bonn, G.K.; Huck, C.W. Simultaneous quantification of

verbenalin and verbascoside in Verbena officinalis by ATR-IR and NIR spectroscopy. J. Pharm. Biomed. 2013, 84, 97–102. [CrossRef]
51. Kucharska-Ambrozej, K.; Martyna, A.; Karpinska, J.; Kieltyka-Dadasiewicz, A.; Kubat-Sikorska, A. Quality control of mint species

based on UV-VIS and FTIR spectral data supported by chemometric tools. Food Control. 2021, 129, 108228. [CrossRef]
52. Wang, C.; Zheng, Y.; Qiao, K.; Xie, Y.; Zhou, X. An environmentally friendly preparation and characterization of waterborne

polyurethane hydrogels by polyvinyl alcohol physical cross-linking to improve water absorption. RSC Adv. 2015, 5, 73882–73891.
[CrossRef]

53. Lima, G.G.; de Souza, R.O.; Bozzi, A.D.; Poplawska, M.A.; Devine, D.M.; Nugent, M.J.D. Extraction method plays critical role in
antibacterial activity of propolis-loaded hydrogels. J. Pharm. Sci. 2016, 105, 1248–1257. [CrossRef] [PubMed]

54. Olewnik-Kruszkowska, E.; Gierszewska, M.; Jakubowska, E.; Tarach, I.; Sedlarik, V.; Pummerova, M. Antibacterial Films Based
on PVA and PVA–Chitosan Modified with Poly(Hexamethylene Guanidine). Polymers 2019, 11, 2093. [CrossRef] [PubMed]

55. Mandru, M.; Bercea, M.; Gradinaru, L.M.; Ciobanu, C.; Drobota, M.; Vlad, S.; Albulescu, R. Polyurethane/poly(vinyl alcohol)
hydrogels: Preparation, characterization and drug delivery. Eur. Polym. J. 2019, 118, 137–145. [CrossRef]

56. Daferera, D.J.; Tarantilis, P.A.; Polissiou, M.G. Characterization of essential oils from lamiaceae species by fourier transform
Raman spectroscopy. J. Agric. Food Chem. 2002, 50, 5503–5507. [CrossRef]

57. Noh, C.H.C.; Azmin, N.F.M.; Amid, A.J.A. Principal component analysis application on flavonoids characterization. Adv. Sci.
Technol. Eng. 2017, 2, 435–440. [CrossRef]

58. Ciko, L.; Andoni, A.; Ylli, F.; Plaku, E.; Taraj, K.; Çomo, A. Extraction of Essential Oil from Albanian Salvia officinalis L. and its
Characterization by FTIR Spectroscopy. Int. J. Ecosyst. Ecol. Sci. 2016, 28, 1401–1402. [CrossRef]

59. Barbin, D.F.; Felicio, A.L.d.S.M.; Sun, D.-W.; Nixdorf, S.L.; Hirooka, E.Y. Application of infrared spectral techniques on quality
and compositional attributes of coffee: An overview. Int. Fodd. Res. J. 2014, 61, 23–32. [CrossRef]

60. Mabry, T.J.; Markham, K.R.; Thomas, M.D. The Ultraviolet Spectra of Flavones and Flavonols. In The Systematic Identification of
Flavonoid, 1st ed.; Springer: Berlin/Heidelberg, Germany, 1970; pp. 41–164.

61. Parlinska-Wojtan, M.; Kus-Liskiewicz, M.; Depciuch, J.; Sadik, O. Green synthesis and antibacterial effects of aqueous colloidal
solutions of silver nanoparticles using camomile terpenoids as a combined reducing and capping agent. Bioprocess. Biosyst. Eng.
2016, 39, 1213–1223. [CrossRef]

62. Wyrostek, J.; Kowalski, R.; Pankiewicz, U.; Solarska, E. Estimation of the Content of Selected Active Substances in Primary and
Secondary Herbal Brews by UV-VIS and GC-MS Spectroscopic Analyses. J. Anal. Methods Chem. 2020, 11, 8891855. [CrossRef]

63. Musetti, B.; González-Ramos, H.; González, M.; Bahnson, E.M.; Varela, J.; Thomson, L. Cannabis sativa extracts protect LDL from
Cu2+-mediated oxidation. J. Cannabis Res. 2020, 2, 37. [CrossRef]

64. Atobe, S.; Saga, K.; Maeyama, H.; Fujiwara, K.; Okada, S.; Imou, K. Culture of the green microalga Botryococcus braunii Showa
with LED irradiation eliminating violet light enhances hydrocarbon production and recovery. Biosci. Biotechnol. Biochem. 2014, 78,
1765–1771. [CrossRef] [PubMed]

65. De Faria, A.F.; De Rosso, V.V.; Mercadante, A.Z. Carotenoid Composition of Jackfruit (Artocarpus heterophyllus), Determined by
HPLC-PDA-MS/MS. Plant Foods Hum. Nutr. 2009, 64, 108–115. [CrossRef] [PubMed]

66. Thrane, J.-E.; Kyle, M.; Striebel, M.; Haande, S.; Grung, M.; Rohrlack, T.; Andersen, T. Spectrophotometric analysis of pigments: A
critical assessment of a highthroughput method for analysis of algal pigment mixtures by spectral deconvolution. PLoS ONE
2015, 10, e0137645. [CrossRef] [PubMed]

67. Karakaya, S. Bioavailability of phenolic compounds. Crit. Rev. Food Sci. Nutr. 2004, 44, 453–464. [CrossRef]
68. Razna, K.; Sawinska, Z.; Ivanisova, E.; Vukovic, N.; Terentjeva, M.; Stricik, M.; Kowalczewski, P.L.; Hlavckova, L.; Rovna, K.;

Ziarovska, J.; et al. Properties of Ginkgo biloba L. Antioxidant Characterization, Antimicrobial Activities, and Genomic MicroRNA
Based Marker Fingerprints. Int. J. Mol. Sci. 2020, 21, 3087.

69. Zohra, M. Impact of solvent extraction type on total polyphenols content and biological activity from Tamarix aphylla (L). Int. J.
Pharm. Biol. 2011, 2, 609–615.

70. Cocan, I.; Alexa, E.; Danciu, C.; Radulov, I.; Galuscan, A.; Obistioiu, D.; Morvay, A.A.; Sumalan, R.M.; Poiana, M.A.; Pop, G.; et al.
Phytochemical screening and biological activity of Lamiaceae family plant extracts. Exp. Ther. Med. 2018, 15, 1863–1870. [CrossRef]

71. Zagorska-Dziok, M.; Bujak, T.; Ziemlewska, A.; Niziol-Lukaszewska, Z. Positive Effect of Cannabis sativa L. Herb Extracts on Skin
Cells and Assessment of Cannabinoid-Based Hydrogels Properties. Molecules 2021, 26, 802. [CrossRef]

72. Benabdallah, A.; Rahmoune, C.; Boumendjel, M.; Aissi, O.; Messaoud, C. Total phenolic content and antioxidant activity of six
wild Mentha species (Lamiaceae) from northeast of Algeria. Asian Pac. J. Trop. Biomed. 2016, 6, 760–766. [CrossRef]

73. Wu, S.; Zhang, B.; Liu, Y.; Suo, X.; Li, H. Influence of surface topography on bacterial adhesion: A review. Biointerphases 2018,
13, 060801. [CrossRef]

74. Hasan, J.; Chatterjee, K. Recent advances in engineering topography mediated antibacterial surfaces. Nanoscale 2015, 7,
15568–15575. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jpba.2021.114270
http://doi.org/10.1016/j.jpba.2013.04.038
http://doi.org/10.1016/j.foodcont.2021.108228
http://doi.org/10.1039/C5RA11109A
http://doi.org/10.1016/j.xphs.2015.12.027
http://www.ncbi.nlm.nih.gov/pubmed/26886307
http://doi.org/10.3390/polym11122093
http://www.ncbi.nlm.nih.gov/pubmed/31847274
http://doi.org/10.1016/j.eurpolymj.2019.05.049
http://doi.org/10.1021/jf0203489
http://doi.org/10.25046/aj020356
http://doi.org/10.14233/ajchem.2016.19658
http://doi.org/10.1016/j.foodres.2014.01.005
http://doi.org/10.1007/s00449-016-1599-4
http://doi.org/10.1155/2020/8891855
http://doi.org/10.1186/s42238-020-00042-0
http://doi.org/10.1080/09168451.2014.932663
http://www.ncbi.nlm.nih.gov/pubmed/25069809
http://doi.org/10.1007/s11130-009-0111-6
http://www.ncbi.nlm.nih.gov/pubmed/19437120
http://doi.org/10.1371/journal.pone.0137645
http://www.ncbi.nlm.nih.gov/pubmed/26359659
http://doi.org/10.1080/10408690490886683
http://doi.org/10.3892/etm.2017.5640
http://doi.org/10.3390/molecules26040802
http://doi.org/10.1016/j.apjtb.2016.06.016
http://doi.org/10.1116/1.5054057
http://doi.org/10.1039/C5NR04156B
http://www.ncbi.nlm.nih.gov/pubmed/26372264


Materials 2022, 15, 2493 22 of 22

75. Cano, A.; Fortunati, E.; Cháfer, M.; Kenny, J.M. Properties and ageing behavior of pea starch flms as afected by blend with
poly(vinyl alcohol). Food Hydrocoll. 2015, 48, 84–93. [CrossRef]

76. Preedy, E.; Perni, S.; Nipic, D.; Bohinc, K.; Prokopovich, P. Surface roughness mediated adhesion forces between borosilicate glass
and gram-positive bacteria. Langmuir 2014, 30, 9466–9476. [CrossRef] [PubMed]

77. Kocijan, A.; Conradi, M.; Hocevar, M. The Influence of Surface Wettability and Topography on the Bioactivity of TiO2/Epoxy
Coatings on AISI 316L Stainless Steel. Materials 2019, 12, 1877. [CrossRef]

78. An, Y.H.; Friedman, R.J. Concise review of mechanisms of bacterial adhesion to biomaterial surfaces. J. Biomed. Mater. Res. 1998,
43, 338–348. [CrossRef]

79. McAllister, E.W.; Carey, L.C.; Brady, P.G.; Heller, R.; Kovacs, S.G. The role of polymeric surface smoothness of biliary stents in
bacterial adherence, biofilm deposition, and stent occlusion. Gastrointest. Endosc. 1993, 39, 422–425. [CrossRef]

80. Unalan, I.; Slavik, B.; Buettner, A.; Goldmann, W.H.; Frank, G.; Boccaccini, A.R. Physical and Antibacterial Properties of
Peppermint Essential Oil Loaded Poly (ε-caprolactone) (PCL) Electrospun Fiber Mats for Wound Healing. Front. Bioeng.
Biotechnol. 2019, 7, 346. [CrossRef]

81. Chen, Y.; Busscher, H.J.; van der Mei, H.C.; Norde, W. Statistical Analysis of Long- and Short-Range Forces Involved in Bacterial
Adhesion to Substratum Surfaces as Measured Using Atomic Force Microscopy. Appl. Environ. Microbiol. 2011, 77, 5065–5070.
[CrossRef]

82. Aggarwal, K.K.; Khanuja, S.P.S.; Ahmad, A.; Kumar, T.R.S.; Gupta, V.K.; Kumar, S. Antimicrobial activity profiles of the two
enantiomers of limonene and carvone isolated from the oils of Mentha spicata and Anethum sowa. Flavour Fragr. J. 2002, 17, 59–63.
[CrossRef]

83. Cetin-Karaca, H.; Newman, C.M. Antimicrobial Efficacy of Natural Phenolic Compounds against Gram Positive Foodborne
Pathogens. J. Food Sci. 2015, 4, 6. [CrossRef]

84. Atar´es, L.; Chiralt, A. Essential oils as additives in biodegradable films and coatings for active food packaging. Trends Food Sci.
Technol. 2016, 48, 51–62. [CrossRef]

85. Hammer, K.A.; Carson, C.F.; Riley, T.V. Antimicrobial activity of essential oils and other plant extracts. J. Appl. Microbiol. 1999, 86,
985–990. [CrossRef] [PubMed]

86. Burt, S.A.; Reinders, R.D. Antibacterial activity of selected plant essential oils against Escherichia coli O157: H7. Lett. Appl.
Microbiol. 2003, 36, 162–167. [CrossRef] [PubMed]

87. Havsteen, B. Flavonoids, a class of natural products of high pharmacological potency. Biochem. Pharmacol. 1983, 7, 1141–1148.
[CrossRef]

88. McKay, D.L.; Blumberg, J.B. A review of the bioactivity and potential health benefits of peppermint tea (Mentha piperita L.).
Phytother. Res. 2006, 20, 619–633. [CrossRef] [PubMed]

89. Kligler, B.; Chaudhary, S. Peppermint oil. Am. Fam. Physician. 2007, 75, 1027–1030.
90. Bautista, J.L.; Yu, S.; Tian, L. Flavonoids in Cannabis sativa: Biosynthesis, Bioactivities, and Biotechnology. ACS Omega 2021, 6,

5119–5123. [CrossRef]
91. Wasim, K.; Haq, I.; Ashraf, M. Antimicrobial studies of the leaf of Cannabis sativa L. Pak J. Pharm. Sci. 1995, 8, 29–38.
92. Ghorbani, A.; Esmaeilizadeh, M. Pharmacological properties of Salvia officinalis and its components. J. Tradit. Complement. Med.

2017, 7, 433–440. [CrossRef]
93. Delamare, A.P.L.; Moschen-Pistorello, I.T.; Artico, L.; Atti-Serafini, L.; Echeverrigaray, S. Antibacterial activity of the essential oils

of Salvia officinalis L. and Salvia triloba L. cultivated in South Brazil. Food Chem. 2007, 100, 603–608. [CrossRef]
94. Liu, X.; Sun, Z.-L.; Jia, A.-R.; Shi, Y.-P.; Li, R.-H.; Yang, P.-M. Extraction, Preliminary Characterization and Evaluation of in Vitro

Antitumor and Antioxidant Activities of Polysaccharides from Mentha piperita. Int. J. Mol. Sci. 2014, 15, 16302–16319. [CrossRef]
[PubMed]

95. Cavanagh, H.M.A.; Wilkinson, J.M. Biological Activities of Lavender Essential Oil. Phytother. Res. 2002, 16, 301–308. [CrossRef]
[PubMed]

96. Sun, X.; Wang, J.; Zhang, H.; Dong, M.; Li, L.; Jia, P.; Bu, T.; Wang, X.; Wang, L. Development of functional gelatin-based composite
films incorporating oil-in-water lavender essential oil nano-emulsions: Effects on physicochemical properties and cherry tomatoes
preservation. LWT 2021, 142, 110987. [CrossRef]

97. Elshafie, H.S.; Sakr, S.; Mang, S.M.; Belviso, S.; Feo, V.D.; Camele, I. Antimicrobial Activity and Chemical Composition of Three
Essential Oils Extracted from Mediterranean Aromatic Plants. J. Med. Food 2016, 19, 1–8. [CrossRef]

98. De Oliveira, J.R.; Vilela, P.; Almeida, R.B.d.A.; De Oliveira, F.E.; Carvalho, C.A.T.; Camargo, S.E.A.; Jorge, A.O.C.; de Oliveira, L.D.
Antimicrobial activity of noncytotoxic concentrations of Salvia officinalis extract against bacterial and fungal species from the oral
cavity. Gen. Dent. 2019, 67, 22–26. [PubMed]

99. Jain, D.; Pathak, N.; Khan, S.; Raghuram, G.V.; Bhargava, A.; Samarth, R.; Mishra, P.K. Evaluation of cytotoxicity and anticarcino-
genic potential of Mentha leaf extracts. Int. J. Toxicol. 2011, 30, 225–236. [CrossRef] [PubMed]

http://doi.org/10.1016/j.foodhyd.2015.01.008
http://doi.org/10.1021/la501711t
http://www.ncbi.nlm.nih.gov/pubmed/25019516
http://doi.org/10.3390/ma12111877
http://doi.org/10.1002/(SICI)1097-4636(199823)43:3&lt;338::AID-JBM16&gt;3.0.CO;2-B
http://doi.org/10.1016/S0016-5107(93)70120-0
http://doi.org/10.3389/fbioe.2019.00346
http://doi.org/10.1128/AEM.00502-11
http://doi.org/10.1002/ffj.1040
http://doi.org/10.5539/jfr.v4n6p14
http://doi.org/10.1016/j.tifs.2015.12.001
http://doi.org/10.1046/j.1365-2672.1999.00780.x
http://www.ncbi.nlm.nih.gov/pubmed/10438227
http://doi.org/10.1046/j.1472-765X.2003.01285.x
http://www.ncbi.nlm.nih.gov/pubmed/12581376
http://doi.org/10.1016/0006-2952(83)90262-9
http://doi.org/10.1002/ptr.1936
http://www.ncbi.nlm.nih.gov/pubmed/16767798
http://doi.org/10.1021/acsomega.1c00318
http://doi.org/10.1016/j.jtcme.2016.12.014
http://doi.org/10.1016/j.foodchem.2005.09.078
http://doi.org/10.3390/ijms150916302
http://www.ncbi.nlm.nih.gov/pubmed/25226538
http://doi.org/10.1002/ptr.1103
http://www.ncbi.nlm.nih.gov/pubmed/12112282
http://doi.org/10.1016/j.lwt.2021.110987
http://doi.org/10.1089/jmf.2016.0066
http://www.ncbi.nlm.nih.gov/pubmed/30644826
http://doi.org/10.1177/1091581810390527
http://www.ncbi.nlm.nih.gov/pubmed/21300767

	Introduction 
	Materials and Methods 
	Materials 
	Obtainment of Plant Extracts 
	Films Preparation 
	Determination of Total Polyphenol and Flavonoids Content 
	UV-VIS Spectra 
	Fourier-Transform Infrared Spectroscopy Analysis 
	Contact Angle and Surface Free Energy 
	Profilometry Analysis 
	Raman Microscopy Analysis 
	Mechanical Properties 
	Scanning Electron Microscopy (SEM) 
	Antibacterial Analysis 
	Cytotoxicity Assay 
	Cell Culture Conditions 
	MTT Assay 


	Results and Discussion 
	ATR-FTIR Analysis 
	UV-Vis Spectroscopy and the Phenols and Flavonoids Content of Extracts 
	UV-Vis Spectroscopy Analysis 
	Determination of Total Phenols and Flavonoids Content of Extracts 

	Surface Morphology and Surface Roughness Analysis of Films 
	Surface Free Energy Analysis of Films 
	Mechanical Properties 
	Antibacterial Activity Analysis 
	In Vitro Evaluation of Cytotoxicity—MTT Assay of the Films 

	Conclusions 
	References

