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ABSTRACT
The development of multifunctional antimicrobial materials represents a promising strategy to address the growing challenge of 
antimicrobial resistance. In this study, polyvinyl alcohol (PVA) films incorporating Hypericum perforatum essential oil (HPEO) 
at different concentrations (0.1%–0.3%) were fabricated and systematically characterized. Structural interactions were analyzed 
by FTIR, while optical transparency and UV-barrier performance were evaluated using UV–Vis spectroscopy. Thermal and ther-
momechanical behavior were examined by DSC and DMA, respectively. The incorporation of HPEO induced slight modifications 
in hydrogen bonding interactions and produced moderate plasticization effects without introducing additional phase transitions. 
Shape memory analysis revealed enhanced shape fixity (up to 98.00%) and high recovery ratios (> 95%), indicating improved 
temporary shape stabilization while preserving elastic recovery. Antibacterial evaluation against Escherichia coli ATCC 25922 
demonstrated concentration-dependent inhibition, with the highest activity observed for the 0.3% formulation. To elucidate po-
tential molecular mechanisms, bioinformatics-guided molecular docking was performed against virulence-associated proteins 
(1WXR, 4MEE, 3EFY, 5WIO). Docking analysis (RMSD = 0.00 Å) revealed strong multi-target binding affinities, particularly for 
kielcorin, mangiferin, and chlorogenic acid (up to −9.8 kcal/mol). The integration of experimental and computational findings 
suggests that HPEO incorporation enables the development of structurally stable, UV-protective, shape-memory active films 
with antibacterial functionality supported by multi-target virulence modulation.

1   |   Introduction

Antimicrobial resistance (AMR), largely accelerated by the 
widespread and often inappropriate use of antibiotics, has be-
come one of the most urgent global health threats. Resistant 
bacterial infections reduce the effectiveness of existing thera-
pies, increase mortality rates, and impose a growing socioeco-
nomic burden worldwide. The World Health Organization has 
identified AMR as a critical priority requiring the development 

of alternative antimicrobial strategies beyond conventional 
antibiotics [1].

Among clinically significant pathogens, Gram-negative bacte-
ria such as Escherichia coli remain major contributors to both 
intestinal and extraintestinal infections. The pathogenicity 
of E. coli is closely associated with virulence determinants 
including adhesion mechanisms, toxin production, immune 
evasion, and biofilm formation, which collectively enhance 
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survival and persistence in host environments [2]. These chal-
lenges highlight the necessity for new antimicrobial agents 
that are effective, sustainable, and less prone to resistance 
development.

In recent years, naturally derived bioactive compounds have 
attracted increasing attention as promising alternatives due to 
their broad-spectrum antimicrobial potential and generally fa-
vorable safety profiles. Essential oils and plant secondary me-
tabolites have been widely reported as effective antimicrobial 
agents, offering multi-target mechanisms that may reduce the 
likelihood of resistance emergence [3].

Within this context, Hypericum perforatum L. (St. John's Wort) 
has been extensively studied as a medicinal plant with a rich 
phytochemical composition and diverse pharmacological prop-
erties. Its bioactive constituents include hypericin, hyperforin, 
flavonoids, tannins, and phenolic derivatives, which are asso-
ciated with antibacterial, antiviral, anti-inflammatory, and 
wound-healing activities [4, 5]. The therapeutic relevance of H. 
perforatum and its chemical diversity make it a strong candidate 
for incorporation into functional biomaterials.

However, the effective biomedical utilization of such plant-
derived compounds requires suitable carrier systems that ensure 
stability, controlled release, and localized activity. Polymeric 
films have emerged as versatile platforms for antimicrobial 
applications, particularly in wound dressings and infection-
preventive coatings. Polyvinyl alcohol (PVA) is one of the most 
widely used synthetic polymers in biomedical engineering due 
to its biocompatibility, non-toxicity, hydrophilicity, and excel-
lent film-forming ability [6]. Furthermore, the incorporation of 
natural antimicrobial agents into PVA matrices has been shown 
to enhance biological performance while maintaining desirable 
mechanical integrity.

Beyond antibacterial activity, the development of multifunc-
tional smart polymer systems is of growing interest for next-
generation biomedical materials. Shape memory polymers 
(SMPs), which can recover their original shape after deforma-
tion under external stimuli such as temperature, provide unique 
opportunities for responsive wound dressings and dynamic bio-
medical devices [7]. Semi-crystalline polymers such as PVA are 
particularly promising in this regard, as their hydrogen-bonding 
networks and crystalline domains can support thermally trig-
gered shape recovery behavior [8].

In parallel with experimental investigations, molecular docking 
has become an essential computational approach for predict-
ing ligand–protein interactions and supporting antimicrobial 
mechanism analysis. Docking simulations provide valuable 
insight into binding affinity and potential inhibitory pathways, 
strengthening the rational design of bioactive materials [9, 10].

In addition to docking, bioinformatics-based analyses have 
emerged as powerful tools for exploring bacterial resistance 
mechanisms and identifying potential molecular targets in-
volved in pathogenicity and drug susceptibility. By integrating 
genomic and protein-level information, bioinformatics enables 
the systematic screening of key bacterial genes, virulence fac-
tors, and essential enzymes that may serve as promising targets 

for plant-derived antimicrobial compounds. Such approaches 
not only enhance the mechanistic interpretation of experimen-
tal findings but also contribute to the development of more ef-
fective and targeted antibacterial strategies [11, 12]. Therefore, 
the combination of bioinformatics-informed insights with mo-
lecular docking offers a comprehensive framework for exploring 
ligand–target interactions and gaining a deeper understanding 
of the antibacterial potential of natural compounds.

In this study, multifunctional PVA films incorporating 
Hypericum perforatum essential oil at different concentrations 
(0.1%, 0.2%, and 0.3%) were successfully fabricated. The struc-
tural, optical, thermal, and mechanical characteristics of the 
films were systematically evaluated using Fourier transform 
infrared spectroscopy (FTIR), UV–Vis spectroscopy, differential 
scanning calorimetry (DSC), and dynamic mechanical analysis 
(DMA). Shape memory performance was investigated to assess 
the smart functional response of the materials. In addition, an-
tibacterial activity against E. coli was experimentally examined, 
while molecular docking analysis, supported by bioinformatics-
based insights, was employed to elucidate the interaction mech-
anisms of selected bioactive compounds with bacterial targets.

2   |   Materials and Methods

2.1   |   Materials

Polyvinyl alcohol (PVA) powder and glutaraldehyde solution 
(25 wt% in water) were purchased from Merck. The PVA used 
in this study had an average molecular weight in the range of 
30,000–70,000 g/mol and a degree of hydrolysis of 87%–90%. 
Hypericum perforatum L. essential oil (St. John's Wort essential 
oil, HPEO) was obtained from Sigma-Aldrich. For antibacterial 
activity assays, the Gram-negative bacterial strain Escherichia 
coli (ATCC 25922) was used. The bacterial cultures were main-
tained under appropriate laboratory conditions in our microbi-
ology facility.

2.2   |   Preparation of PVA Films Incorporating 
Hypericum perforatum Essential Oil

Polyvinyl alcohol-based films were prepared using the direct in-
corporation method, as previously described in our earlier work 
[13], with slight modifications regarding the type and concen-
tration of the essential oil incorporated into the polymer matrix.

Hypericum perforatum L. essential oil (HPEO) was incorporated 
into the homogeneous Polyvinyl alcohol solution at different 
concentrations of 0.1%, 0.2%, and 0.3% (v/v). The mixtures were 
stirred thoroughly to ensure uniform dispersion of the essential 
oil within the polymer matrix.

The resulting solutions were cast onto clean, leveled glass Petri 
dishes and dried under ambient conditions until complete sol-
vent evaporation. After drying, the films were stored in a desic-
cator to prevent moisture uptake prior to characterization.

The prepared film samples were coded according to their es-
sential oil content as PVA-HPEO0.1, PVA-HPEO0.2, and 
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PVA-HPEO0.3, while the film without essential oil (PVA) was 
used as the control sample.

2.3   |   Fourier-Transform Infrared (FTIR) 
Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was em-
ployed to investigate the chemical structure of neat polyvinyl 
alcohol (PVA) films and PVA composite films incorporating 
0.10%, 0.20%, and 0.30% (w/w) Hypericum perforatum essen-
tial oil. Prior to analysis, all film samples were conditioned at 
ambient temperature (~25°C) to ensure moisture equilibrium. 
FTIR spectra were recorded using a PE IR Subtech Spectrum 
spectrometer in the range of 4000–400 cm−1 at a spectral res-
olution of 4 cm−1. For each sample, eight consecutive scans 
were collected and averaged, and background spectra were 
obtained and subtracted under identical experimental condi-
tions. Spectra were reported in percent transmittance (% T), 
and film specimens were analyzed directly without further 
pretreatment, ensuring consistent contact within the mea-
surement area. The spectra were examined to identify the 
characteristic absorption bands of PVA and to evaluate poten-
tial band shifts or intensity changes indicative of molecular 
interactions between the polymer matrix and essential-oil 
constituents.

2.4   |   Optical Transmittance Analysis (UV–Vis 
Spectroscopy)

The optical properties of neat Polyvinyl alcohol (PVA) films and 
PVA composite films incorporating different concentrations 
of Hypericum perforatum essential oil were evaluated using 
UV–Vis spectroscopy. The light transmittance behavior of the 
films was examined in order to assess their transparency in the 
visible region as well as their potential ultraviolet (UV) barrier 
performance.

UV–Vis spectra were recorded over the wavelength range of 
190–900 nm. Film specimens were placed directly in the sam-
ple holder, and air was used as the reference. The percentage 
transmittance (% T) values were obtained and comparatively an-
alyzed to determine the influence of essential oil incorporation 
on the optical response of the PVA matrix.

2.5   |   Thermal Characterization (Differential 
Scanning Calorimetry, DSC)

The thermal behavior of neat PVA and essential oil–incorpo-
rated PVA films was investigated by differential scanning calo-
rimetry (DSC). Measurements were performed under a nitrogen 
atmosphere to minimize oxidative effects during heating.

Approximately 5–10 mg of each film sample was sealed in stan-
dard aluminum pans, while an empty pan was used as the 
reference. The samples were heated from −40°C to 100°C at a 
constant rate of 10°C min−1, and the thermal response was con-
tinuously recorded.

The glass transition temperature (Tg) was determined from the 
baseline shift observed in the DSC thermograms. The effect of 
essential oil addition on the thermal response and molecular 
mobility of the polymer matrix was evaluated through compari-
son with neat PVA films.

2.6   |   Thermomechanical Properties (Dynamic 
Mechanical Analysis, DMA)

The thermomechanical and viscoelastic properties of neat PVA 
films and Hypericum perforatum essential oil–loaded PVA com-
posite films were analyzed using dynamic mechanical analysis 
(DMA). The measurements were carried out to evaluate the 
temperature-dependent deformation and viscoelastic response 
of the prepared film samples.

Rectangular film specimens were mounted in tensile mode, 
and the temperature was gradually increased according to the 
selected heating program. During the analysis, strain (%) was 
recorded as a function of temperature to monitor the structural 
response of the films under thermal conditions.

The resulting thermomechanical curves provided insight into 
the influence of essential oil incorporation on the deforma-
tion characteristics and overall stability of the PVA matrix. All 
measurements were carried out under identical experimental 
parameters to ensure reliable comparison between neat and 
composite film formulations.

2.7   |   Shape Memory Performance Test

The shape memory behavior of the Polyvinyl alcohol–HPEO 
films was evaluated using a cyclic bending test, as described in 
our previous work [14]. Briefly, specimens (1 × 5 cm) were folded 
at 40°C, fixed by cooling to 5°C, and reheated to monitor shape 
recovery. The bending angles measured during the test (θmax, θf, 
and θr) are schematically illustrated in Figure 1. The shape fixity 
(Rf) and recovery (Rr) ratios were calculated using Equations (1) 
and (2).

FIGURE 1    |    Schematic illustration of the angles measured during 
the shape memory test [14]. [Color figure can be viewed at wileyon-
linelibrary.com]
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2.8   |   Antibacterial Activity Evaluation

The antibacterial activity of the prepared PVA–HPEO film 
samples against Escherichia coli ATCC 25922 was determined 
using the agar well-diffusion method [15]. Pure PVA film was 
used as the negative control. As a positive control for E. coli 
ATCC 25922, amoxicillin–clavulanate (AMC, 20/10 μg/mL) 
was employed.

The bacterial strain was grown in LB broth for 16 h. Subsequently, 
E. coli was cultured for 16 h at 37°C on Müller–Hinton agar 
(MHA). The density of the bacterial suspension was adjusted to 
the 0.5 McFarland standard (1.5 × 108 CFU/mL) by dilution with 
Müller–Hinton broth (MHB) at a 1:100 ratio, in accordance with 
CLSI guidelines [16].

Following standardization, 100 μL of the bacterial suspension 
was uniformly spread onto MHA Petri dishes using a sterile 
spreader. Wells with a diameter of 6.0 mm were then asepti-
cally created in the agar using sterile pipette tips. Subsequently, 
100 μL of the prepared samples containing Hypericum perfora-
tum essential oil at concentrations of 0.1%, 0.2%, and 0.3% were 
carefully transferred into the wells.

The plates were incubated at 37°C for 24 h, after which the diam-
eters of the inhibition zones were measured in millimeters. Each 
experimental trial was repeated three times.

2.9   |   Bioinformatics Analysis

The virulence-associated proteins of Escherichia coli and the 
corresponding amino acid sequences encoded by the selected 
virulence genes were retrieved from the NCBI Gene database 
(https://​www.​ncbi.​nlm.​nih.​gov/​gene/​) and the Protein Data 
Bank (PDB). All databases were accessed on August 04, 2025.

Information regarding the conserved domains of the virulence 
proteins was obtained using the NCBI Conserved Domain 
Database (CDD) (https://​www.​ncbi.​nlm.​nih.​gov/​guide/​​domai​
ns-​struc​tures/​​), accessed on August 04, 2025.

The predicted subcellular localization of the virulence pro-
teins was determined using the online server DeepLocPro-1.0 
(https://​servi​ces.​healt​htech.​dtu.​dk/​servi​ces/​DeepL​ocPro​-​1.0/​), 
accessed on August 04, 2025.

2.10   |   Molecular Docking Analysis

The three-dimensional structures of Escherichia coli virulence-
associated target proteins were retrieved from the RCSB Protein 
Data Bank (PDB). The selected protein structures included PDB 
IDs 1WXR, 4MEE, 3EFY, and 5WIO, which were chosen due to 

their relevance in bacterial pathogenicity and virulence-related 
mechanisms.

Prior to docking simulations, protein preparation was per-
formed using AutoDock's protein preparation tools. This opti-
mization process involved the removal of crystallographic water 
molecules and the correction of structural parameters to ensure 
suitability for molecular interaction analysis. The prepared pro-
tein structures were subsequently used as receptors in the dock-
ing experiments.

The ligand molecules investigated in this study were bioactive 
phytochemical constituents of Hypericum perforatum, selected 
based on their reported antibacterial and pharmacological po-
tential. Ligand structures, including hyperforin (PubChem CID: 
516569100), adhyperforin (PubChem CID: 505548769), hyperi-
cin (PubChem CID: 3663), mangiferin (PubChem CID: 5281647), 
norathyriol (PubChem CID: 5281656), kielcorin (PubChem CID: 
13834128), as well as several phenolic acids such as p-coumaric 
acid (PubChem CID: 637542), chlorogenic acid (PubChem CID: 
1794427), caffeic acid (PubChem CID: 689043), vanillic acid 
(PubChem CID: 8468), 4-hydroxybenzoic acid (PubChem CID: 
135), and ferulic acid (PubChem CID: 445858), were obtained 
from the NCBI PubChem database (https://​www.​ncbi.​nlm.​nih.​
gov/​).

All ligand structures were downloaded and processed for dock-
ing analysis. The molecular files were converted into the ap-
propriate docking format (PDBQT), and ligand optimization 
was carried out using the PyRx virtual screening tool (version 
0.8), enabling the generation of atomic coordinates and energy-
minimized conformations.

The prepared receptor proteins and optimized ligand struc-
tures were then employed in molecular docking simulations 
to evaluate binding affinities and explore potential interaction 
mechanisms between H. perforatum phytochemicals and E. coli 
virulence-related targets.

3   |   Results and Discussion

3.1   |   Structural Analysis (FTIR)

The FTIR transmittance spectra of neat PVA and PVA films in-
corporated with Hypericum perforatum essential oil (HPEO) at 
concentrations of 0.10%, 0.20%, and 0.30% (w/w) are presented 
in Figure 2. The main absorption bands and their tentative as-
signments are summarized in Table 1. All samples exhibit the 
characteristic vibrational features of PVA, while gradual spec-
tral variations are observed upon essential-oil incorporation, 
indicating molecular-level interactions between the polymer 
chains and the bioactive constituents of the oil.

The broad band located in the range of 3200–3500 cm−1 is at-
tributed to O–H stretching vibrations associated with extensive 
intra- and intermolecular hydrogen bonding within the PVA 
network [17]. With increasing HPEO content, this band shows 
a slight shift toward lower wavenumbers, suggesting enhanced 
hydrogen-bonding interactions between the hydroxyl groups 
of PVA and polar functional groups present in the essential oil. 

(1)Rf =
�f

�max

× 100

(2)Rr =
�f − �r

�f

× 100
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Similar behavior has been reported for PVA-based composite 
films containing natural additives [18, 19].

The absorption bands observed at 2940–2850 cm−1 correspond 
to C  H stretching vibrations of the   CH2   groups along the 
PVA backbone [17]. In the essential-oil-loaded films, a modest 
increase in intensity in this region may arise from additional 

aliphatic contributions originating from terpenoid components 
of the oil [20]. The absence of pronounced peak shifts suggests 
that these interactions remain primarily physical rather than in-
volving chemical modification of the polymer chains.

A weak band near 1730 cm−1, attributed to residual acetate 
groups in partially hydrolyzed PVA, remains essentially un-
changed after essential-oil incorporation, indicating limited 
involvement of carbonyl functionalities in the interaction 
mechanism [17, 18]. Minor variations in this region may result 
from overlapping absorptions of carbonyl-containing constit-
uents within the essential oil [20].

Further evidence for the incorporation of HPEO is observed in the 
fingerprint region (1500–800 cm−1). Oil-containing films display 
subtle shoulders and additional bands, particularly in the 1260–
1020 cm−1 range, which are associated with C  O and C  O  C 
stretching vibrations characteristic of oxygenated terpenes and 
phenolic compounds [20]. These spectral features, which are 
weak or absent in neat PVA, confirm the successful dispersion of 
essential-oil constituents within the polymer matrix.

Importantly, no new absorption bands indicative of covalent 
bond formation were detected. Therefore, the observed spectral 
changes are mainly attributed to non-covalent interactions, such 
as hydrogen bonding and physical entrapment, consistent with 
previous FTIR studies on PVA films containing functional bio-
active additives [18, 19].

3.2   |   Optical Properties (UV–Vis)

Figure  3 presents the UV–Vis transmittance spectra (200–
900 nm) of neat polyvinyl alcohol (PVA) and PVA composite films 
incorporated with Hypericum perforatum essential oil (HPEO) 
at concentrations of 0.10%, 0.20%, and 0.30% (w/w). All samples 
exhibit a wavelength-dependent increase in transmittance, with 

FIGURE 2    |    FTIR transmittance spectra of neat Polyvinyl alcohol 
(PVA) and PVA composite films incorporated with Hypericum perfor-
atum essential oil (HPEO) at concentrations of 0.10%, 0.20%, and 0.30% 
(w/w). [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 1    |    Main FTIR absorption bands and tentative assignments 
for neat PVA and HPEO-loaded PVA films.

Wavenumber 
(cm−1) Assignment Interpretation

3200–3500 O  H stretching Hydrogen bonding 
interactions 
(PVA–PVA/
PVA–HPEO)

2940–2850 C  H stretching 
(  CH2  )

Vibrations of the 
PVA polymer 

backbone

~1730 C  O stretching Residual acetate 
groups in partially 

hydrolyzed PVA

1420–1370 CH2 bending Changes in chain 
conformation 
and packing

1260–1020 C  O/C  O  C 
stretching

Contributions 
from oxygenated 

terpenes and 
phenolics in HPEO

840–850 C  H rocking 
vibration

Skeletal vibrations 
related to 

semicrystalline 
PVA domains

FIGURE 3    |    UV–Vis transmittance spectra of neat poly(vinyl al-
cohol) (PVA) and PVA composite films incorporated with Hypericum 
perforatum essential oil (HPEO) at concentrations of 0.10%, 0.20%, and 
0.30% (w/w). [Color figure can be viewed at wileyonlinelibrary.com]
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a pronounced rise near the UV–visible boundary followed by a 
relatively stable plateau across the visible region.

The neat PVA film displayed the highest optical transparency, 
reaching a high transmittance level throughout the visible 
range. This behavior is consistent with the well-established 
optical clarity of solution-cast PVA films reported in the liter-
ature [21].

Upon incorporation of HPEO, a gradual reduction in visible-light 
transmittance was observed, which became more pronounced 
with increasing essential-oil content. While the films contain-
ing 0.10%–0.20% HPEO retained considerable transparency, the 
0.30% formulation exhibited a stronger decrease, indicating that 
higher oil loadings reduce optical clarity. Nevertheless, the com-
posite films maintained appreciable transmittance, which may 
remain advantageous for applications requiring partial trans-
parency, such as active packaging materials.

In the ultraviolet region, all films exhibited markedly lower 
transmittance compared with the visible region, suggesting an 
inherent UV-blocking capability. Importantly, the addition of 
HPEO further suppressed UV transmittance, supporting the 
role of plant-derived compounds as effective UV-absorbing addi-
tives. Such enhancement is generally attributed to the presence 
of chromophoric phytochemicals, including hypericin-related 
constituents in H. perforatum, which contribute to absorption in 
the UV and near-UV ranges [22, 23].

The observed decrease in transmittance following essential-oil 
incorporation can be explained by a combination of increased 
absorption from UV-active components and enhanced light 
scattering arising from microstructural heterogeneity within 
the polymer matrix. Previous studies on essential-oil-loaded 
polymer films have reported that dispersed oil domains may 
scatter incident light, thereby reducing overall transmission, 
particularly at higher oil concentrations [24].

From an application perspective, these results indicate that the 
optical response of PVA films can be effectively tuned through 
HPEO loading, providing a balance between visible transpar-
ency and improved UV-shielding performance. Such tunable 
properties are particularly relevant for the development of func-
tional films designed to protect light-sensitive products from UV 
exposure [25].

3.3   |   Thermal Properties (DSC)

Figure  4 presents the DSC thermograms of neat polyvinyl al-
cohol and Hypericum perforatum essential oil–incorporated 
films recorded during the first heating scan. All samples ex-
hibit a broad thermal event in the low-temperature region 
(≈30°C–55°C). Such low-temperature features are typical for 
hydrated polyvinyl alcohol systems and are commonly associ-
ated with the thermal response of sorbed/bound water (includ-
ing non-freezing and freezing-bound fractions) and concurrent 
relaxation processes in the amorphous domains, which can 
appear as broad endothermic behavior in DSC. This moisture-
related behavior in polyvinyl alcohol has been demonstrated by 
DSC-based studies focusing specifically on bound/sorbed water 

states in polyvinyl alcohol matrices [26, 27]. Moreover, the over-
lap between moisture-related events and structural relaxations 
is especially expected in the first heating run when residual 
water has not yet been fully removed or redistributed [27].

A subtle baseline shift corresponding to the glass transition of 
the amorphous phase was detected within 37°C–40°C. The neat 
polyvinyl alcohol film exhibited Tg = 40.4°C, while essential oil 
incorporation produced slightly reduced Tg values at lower load-
ings (37.0°C and 37.4°C for 0.1% and 0.2%, respectively), followed 
by a moderate increase at 0.3% (39.2°C). The initial Tg reduction 
is consistent with a plasticization effect of low-molecular-weight 
additives, which increase segmental mobility by reducing 

FIGURE 4    |    DSC thermograms of neat polyvinyl alcohol and 
Hypericum perforatum essential oil–incorporated polyvinyl alcohol 
films at different oil concentrations (0.1–0.3 wt%). [Color figure can be 
viewed at wileyonlinelibrary.com]

FIGURE 5    |    Temperature-dependent strain response obtained from 
dynamic mechanical analysis (DMA) of neat Polyvinyl alcohol (PVA) 
and Hypericum perforatum essential oil (HPEO)-incorporated PVA 
films. [Color figure can be viewed at wileyonlinelibrary.com]
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effective intermolecular interactions; such plasticizer-driven 
Tg depression is widely documented for polymeric film systems 
[28, 29]. At higher loading, the partial recovery of Tg may reflect 
stronger secondary interactions and/or reduced free-volume ef-
fects within the amorphous phase, yielding a slightly more con-
strained network.

Importantly, Tg values reported for polyvinyl alcohol films 
can vary substantially because they depend on polymer grade 

(degree of hydrolysis and molecular weight), thermal history, 
crystallinity, and moisture content. For example, film studies 
using different polyvinyl alcohol types and DSC protocols re-
port Tg values spanning roughly the 40°C–55°C range, high-
lighting the sensitivity of Tg to formulation and structure [30]. 
In the present work, because DSC was performed as a single 
heating scan, residual moisture is expected to shift the ap-
parent Tg downward, consistent with the well-established 
plasticizing influence of sorbed water in polyvinyl alcohol 
systems [27].

No melting endotherm was detected up to 100°C for either neat 
or composite films. This is expected because polyvinyl alcohol 
melting typically occurs at much higher temperatures (com-
monly around ~200°C and above), and clear melting peaks near 
~229°C are routinely observed in DSC for polyvinyl alcohol and 
its plasticized composites under appropriate scan ranges [31]. 
Overall, the DSC results indicate that, within the investigated 
temperature window, the thermal behavior of the prepared films 
is dominated by moisture-related relaxation phenomena and the 
glass transition of the amorphous phase, while Hypericum perfo-
ratum essential oil produces only modest Tg shifts without intro-
ducing additional low-temperature phase transitions.

TABLE 2    |    Shape fixity (Rf) and shape recovery (Rr) ratios of neat PVA and HPEO-incorporated films over five thermomechanical cycles with 
statistical parameters.

Number of cycles

PVA PVA-HPEO0.1 PVA-HPEO0.2 PVA-HPEO0.3

Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%) Rf (%) Rr (%)

1 94.45 97.06 97.22 97.14 98.33 98.31 98.89 97.75

2 91.67 96.97 97.22 97.14 97.78 98.30 98.89 97.19

3 88.89 93.75 97.22 94.29 97.78 97.16 97.78 96.02

4 88.89 96.88 97.22 94.29 96.67 95.98 97.22 96.00

5 88.89 96.88 95.56 94.19 97.22 95.43 97.22 96.00

Average 90.56 96.31 96.89 95.41 97.56 97.04 98.00 96.59

Standard deviation 2.49 1.43 0.74 1.58 0.63 1.32 0.84 0.83

Standard error 1.11 0.64 0.33 0.71 0.28 0.59 0.38 0.37

FIGURE 6    |    Average shape fixity (Rf) and shape recovery (Rr) ratios of all prepared films with standard deviation error bars. [Color figure can be 
viewed at wileyonlinelibrary.com]

TABLE 3    |    Inhibition zone diameters (mm) of polyvinyl alcohol–
HPEO films against Escherichia coli ATCC 25922.

Treatments Inhibition zone (mm) on E. coli

PVA-HPEO0.1 11

PVA-HPEO0.2 12

PVA-HPEO0.3 12.3

PVA 0

AMCa 20
aAMC: amoxicillin-clavulanate (20/10 μg/mL).
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3.4   |   Thermomechanical Properties (DMA)

The thermomechanical behavior of neat Polyvinyl alcohol and 
HPEO-incorporated films was evaluated by dynamic mechani-
cal analysis. Figure 5 presents the temperature-dependent strain 

response of the samples, reflecting their deformation behavior 
under thermal loading.

Neat Polyvinyl alcohol exhibited the lowest strain values through-
out the analyzed temperature interval, indicating higher resistance 

FIGURE 7    |    Representative inhibition zones of Polyvinyl alcohol–HPEO films against Escherichia coli ATCC 25922. [Color figure can be viewed 
at wileyonlinelibrary.com]

TABLE 4    |    Structural and functional features of selected virulence-associated proteins in Escherichia coli.

Bacteria Protein ID UniProtKB ID Protein names CD

Proteins (aa) 
lengths from 
UniProtKB SL

E. coli 1WXR O88093 Hemoglobin-binding 
protease hbp 

autotransporter

53–803; 966–1377; 
828–1076

1337 EC

4MEE Q03155 Autotransporter 
adhesin AIDA-I

1–1286 1286 EC

3EFY Q7WRZ5 Cif (Cell cycle 
inhibiting factor)

105–215 282 EC

5WIO Q17U16 Conjugal transfer 
protein, TraE

1–232 232 CM

Abbreviations: CD: conserved domain; CM: cytoplasmic membrane; EC: extracellular; SL: sub-cellular location.

FIGURE 8    |    2D and 3D representation of the interaction between the amino acids in the binding region of the 1WXR, 4MEE, 3EFY, and 5WIO 
target macromolecules and the ligand kielcorin. [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 5    |    Docking results for 1WXR.

Protein–Ligand Interaction type Interacting amino acid
Binding energy/∆G 

(kcal/mol)

1WXR/Hyperforin Conventional Hydrogen Bond ALA558 −7.0

Alkyl ALA558

Pi-Alkyl TYR480, PHE555, 
TYR560, PHE698

1WXR/Adhyperforin Alkyl ALA558, ALA697 −6.7

Pi-Alkyl PHE555, PHE698

1WXR/P-Coumaric Acid Pi-Sigma LEU632 −5.6

Pi-Donor Hydrogen Bond SER637

1WXR/Chlorogenic Acid Conventional Hydrogen Bond PHE638, SER639, 
PRO635, GLN634

−7.0

Carbon Hydrogen Bond SER637

Unfavorable Donor-Donor GLN634

Pi-Sigma LEU632

Pi-Donor Hydrogen Bond SER637, HIS612

1WXR/Caffeic Acid Conventional Hydrogen Bond ASP642 −5.6

Pi-Donor Hydrogen Bond SER637

Pi-Sigma LEU632

1WXR/Vanillic Acid Conventional Hydrogen Bond HIS612 −5.3

Pi-Donor Hydrogen Bond SER637

Pi-Sigma LEU632

1WXR/4-Hydroxybenzoic acid Conventional Hydrogen Bond HIS612, ASP642, GLN634 −5.1

Pi-Donor Hydrogen Bond SER637

Pi-Sigma LEU632

1WXR/Ferulic Acid Conventional Hydrogen Bond ASP642 −5.7

Pi-Donor Hydrogen Bond SER637

Pi-Sigma LEU632

Alkyl LEU632

1WXR/Kielcorin Carbon Hydrogen Bond LEU519, VAL551, ALA500 −7.5

Pi-Donor Hydrogen Bond ASN502

Pi-Pi T-shaped PHE555

Alkyl ILE518

Pi-Alkyl LEU482, VAL487, ARG554

1WXR/Norathyriol Conventional Hydrogen Bond GLN634 −7.0

Pi-Donor Hydrogen Bond SER637

Pi-Alkyl LEU632

Pi-Sigma LEU632

Pi-Pi T-shaped HIS612

(Continues)
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Protein–Ligand Interaction type Interacting amino acid
Binding energy/∆G 

(kcal/mol)

1WXR/Mangiferin Carbon Hydrogen Bond HIS612, SER637, GLN634 −7.0

Unfavorable Donor-Donor THR633

Pi-Donor Hydrogen Bond SER637

Pi-Sigma LEU632

Pi-Pi T-shaped HIS612

1WXR/Hypericin Pi-Alkyl TRP492, TYR506, TYR526 −4.2

TABLE 5    |    (Continued)

TABLE 6    |    Docking results for 4MEE.

Protein–Ligand Interaction type Interacting amino acid

Binding 
energy/∆G 
(kcal/mol)

4MEE/Hyperforin Alkyl ALA1100, LEU1051 −6.4

Pi-Alkyl PHE1049, TRP1088

Conventional Hydrogen Bond THR1102

Pi-Sigma PHE1049, TRP1088

4MEE/Adhyperforin Pi-Alkyl TRP1088 −6.5

Pi-Sigma PHE1049, TRP1088

Alkyl ALA1132

4MEE/P-Coumaric Acid Unfavorable Donor-Donor GLN1243 −6.0

Conventional Hydrogen Bond THR972, THR975, ASN1274, SER1238

4MEE/Chlorogenic Acid Pi-Donor Hydrogen Bond ASN1222 −9.2

Conventional Hydrogen Bond THR975, ASN1186, HIS1224, 
SER1014, SER1238

4MEE/Caffeic Acid Pi-Donor Hydrogen Bond TYR1214 −6.7

Conventional Hydrogen Bond ARG1008, LYS1247, SER1277, LEU985

Pi-Anion GLU987

4MEE/Vanillic Acid Carbon Hydrogen Bond ARG1194, TYR1089 −6.1

Alkyl LYS989

Pi-Alkyl TYR1089

Conventional Hydrogen Bond SER1196, LYS1198, ASN986

Unfavorable Donor-Donor ASN1094

4MEE/4-Hydroxybenzoic acid Conventional Hydrogen Bond ASN1137, LYS1198 −6.0

Unfavorable Donor-Donor ASN1094

4MEE/Ferulic Acid Conventional Hydrogen Bond THR972, SER1238, SER1240, GLN1243, 
ALA971, THR975, ASN1274

−6.5

Carbon Hydrogen Bond GLN1243

(Continues)
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to thermally induced deformation. This behavior is attributed to 
the strong intermolecular hydrogen bonding interactions between 
hydroxyl groups of adjacent PVA chains, which promote physical 
crosslinking and semicrystalline domain formation. Such inter-
molecular interactions are well known to enhance the mechanical 
rigidity and dimensional stability of PVA-based materials [32].

As temperature increased, a gradual rise in strain was observed 
for all samples, corresponding to enhanced molecular mobility 
and softening of the amorphous regions. This thermally acti-
vated deformation is characteristic of semicrystalline Polyvinyl 
alcohol systems, where chain relaxation occurs progressively 
with increasing temperature.

Incorporation of Hypericum perforatum essential oil resulted in 
higher strain values compared to neat PVA, particularly at 0.2 and 
0.3 wt% loadings. This trend suggests a plasticization effect in-
duced by the essential oil components. Low-molecular-weight oil 
constituents can partially disrupt hydrogen bonding interactions 
between polymer chains, increase free volume, and enhance seg-
mental mobility. Similar plasticizing effects have been reported for 
essential oil–containing polysaccharide and PVA-based films [33].

At elevated temperatures, the increase in deformation became 
more pronounced in the composite films. This behavior may 
be associated with reduced cohesive forces within the polymer 
network and microstructural heterogeneity induced by the in-
corporation of low-molecular-weight essential oil components. 

In various studies, the addition of essential oils to polymeric ma-
trices has been reported to weaken intermolecular interactions, 
disturb chain packing, and consequently reduce mechanical 
resistance, particularly at elevated temperatures [33, 34]. Such 
effects are generally attributed to partial disruption of hydrogen 
bonding and increased free volume within the polymer network.

Overall, the results indicate that neat polyvinyl alcohol provides 
superior thermomechanical stability, whereas HPEO incor-
poration enhances flexibility and deformation capacity under 
thermal stress. Therefore, essential oil concentration can be con-
sidered an effective parameter for tailoring the balance between 
rigidity and flexibility depending on the targeted application.

3.5   |   Shape Memory Performance

The shape memory performance of the synthesized PVA and 
Hypericum perforatum essential oil (HPEO)-incorporated com-
posite films was evaluated using the shape fixity (Rf) and shape 
recovery (Rr) ratios calculated from Equations  (1) and (2). The 
average Rf and Rr values obtained over five consecutive thermo-
mechanical cycles, together with the corresponding standard 
deviation and standard error values, are presented in Table  2 
and Figure  6. These statistical parameters provide insight into 
the dispersion and reproducibility of the measurements. The 
relatively low standard deviation and standard error values ob-
tained for all sample groups indicate a narrow data distribution 

Protein–Ligand Interaction type Interacting amino acid

Binding 
energy/∆G 
(kcal/mol)

4MEE/Kielcorin Pi-Sigma THR975 −9.8

Alkyl ALA1265, ILE1220

Pi-Alkyl ALA1275

Conventional Hydrogen Bond SER1240, GLN1267, SER979

4MEE/Norathyriol Van der Waals — −8.7

Conventional Hydrogen Bond ASN1222, SER1238, SER1014, THR972

Unfavorable Donor-Donor GLN1243

Pi-Donor Hydrogen Bond SER1240

Pi-Sigma THR975

Amide-Pi Stacked SER1015, GLY1016

4MEE/Mangiferin Conventional Hydrogen Bond GLN1188, SER1240, GLN1267, 
SER1277, SER979, SER1238

−9.6

Carbon Hydrogen Bond GLN1267

Pi-Alkyl ALA1275

Unfavorable Donor-Donor GLN1029

Pi-Donor Hydrogen Bond SER979, SER1240

4MEE/Hypericin Pi-Alkyl TRP1154 −4.5

TABLE 6    |    (Continued)
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TABLE 7    |    Docking results for 3EFY.

Protein–Ligand Interaction type Interacting amino acid
Binding energy/∆G 

(kcal/mol)

3EFY/Hyperforin Alkyl PRO172, MET202, LEU207, 
ILE116, LEU119, ILE270

−7.1

Pi-Alkyl PHE120, PHE182

Conventional Hydrogen Bond TYR184

Pi-Sigma TYR184

3EFY/Adhyperforin Pi-Alkyl PHE120, TYR184 −7.1

Conventional Hydrogen Bond TYR184

Alkyl LEU207, ILE270, ILE274

3EFY/P-Coumaric Acid Unfavorable Aceptor-Aceptor GLN142 −5.4

Conventional Hydrogen Bond ASP256, ASN257, PHE258

Pi-Sigma LEU138

3EFY/Chlorogenic Acid Unfavorable Donor-Donor PHE258 −6.7

Carbon Hydrogen Bond HIS255

Conventional Hydrogen Bond GLU139, GLN142, 
SER220, HIS255, ASP256, 

ASN257, SER223

3EFY/Caffeic Acid Pi-Pi Stacked HIS255 −5.3

Conventional Hydrogen Bond ASP256, LYS254, ASN257

Unfavorable Donor-Donor ASN257

Pi-Alkyl LEU138

Pi-Sigma SER223

3EFY/Vanillic Acid Carbon Hydrogen Bond SER137, ASP256 −5.7

Unfavorable Aceptor-Aceptor SER223

Pi-Alkyl LEU138

Conventional Hydrogen Bond LEU138, HIS255, 
ASN257, PHE258

3EFY/4-Hydroxybenzoic acid Conventional Hydrogen Bond ASN257, PHE258 −4.9

Pi-Alkyl LEU138

Unfavorable Donor-Donor ASN257, ASP256

3EFY/Ferulic Acid Conventional Hydrogen Bond ASN257, PHE258 −5.5

Pi-Sigma LEU138

Carbon Hydrogen Bond SER220, SER223, GLN224

Unfavorable Donor-Donor ASP256

3EFY/Kielcorin Pi-Sigma GLY110 −7.4

Pi-Donor Hydrogen Bond CYS109

Pi-Alkyl ALA166

Pi-Anion GLU190

Carbon Hydrogen Bond ASP160

Conventional Hydrogen Bond ARG157, ASN159, HIS165

(Continues)
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and good cyclic stability, suggesting that the programmed and 
recovered shapes were consistently maintained during repeated 
testing [14, 35, 36].

For neat polyvinyl alcohol, the average Rf and Rr values were 
calculated as 90.56% and 96.31%, respectively. Upon incorpora-
tion of HPEO, both parameters showed a marked improvement. 
The average Rf values increased to 96.89%, 97.56%, and 98.00% 
for PVA-HPEO0.1, PVA-HPEO0.2, and PVA-HPEO0.3 films, 
respectively, while the corresponding Rr values were 95.41%, 
97.04%, and 96.59%. The increase in Rf suggests a more efficient 
temporary shape fixation capability in the presence of HPEO, 
whereas the high Rr values indicate that sufficient elastic restor-
ing forces were preserved within the polymer network to enable 
effective recovery.

The highest shape fixity ratio was observed for the 0.3% 
HPEO-containing film, whereas the 0.2% formulation exhib-
ited the highest shape recovery ratio. This behavior may re-
flect a balance between enhanced intermolecular interactions 
and maintained chain mobility. At moderate HPEO content, 
improved physical interactions—likely mediated by hydrogen 
bonding between hydroxyl groups of polyvinyl alcohol and 
functional groups present in the essential oil—may reinforce 
the temporary network structure without excessively restrict-
ing segmental motion required for recovery. Such behavior is 
consistent with the mechanistic framework of thermally trig-
gered shape memory polymers, where the interplay between 
network elasticity and switching segment mobility governs 
fixation and recovery efficiency [36, 37].

Cycle-dependent analysis revealed a slight decreasing trend in 
both Rf and Rr values with increasing cycle number for all sam-
ples. Such behavior is commonly reported in physically cross-
linked shape memory polymers and is generally attributed to 
partial chain relaxation, minor structural rearrangements, and 
gradual redistribution of physical interactions under repeated 

thermomechanical loading [7, 35, 38]. Nevertheless, the reduc-
tions observed here were limited, indicating that the network 
structure remained largely intact over 5 cycles.

Overall, the incorporation of HPEO appears to modify the in-
termolecular interaction landscape within the polyvinyl alcohol 
matrix, resulting in improved fixation efficiency while main-
taining high recovery performance and cyclic stability. The 
findings demonstrate that essential oil incorporation influences 
not only the magnitude of shape memory ratios but also the sta-
bility of the thermomechanical response during repeated pro-
gramming–recovery cycles.

3.6   |   Antibacterial Evuluation

The antibacterial activity of polyvinyl alcohol–HPEO compos-
ite films against Escherichia coli ATCC 25922 was evaluated, 
and the inhibition zone diameters are presented in Table  3. 
Representative inhibition halos are shown in Figure 7.

Neat Polyvinyl alcohol exhibited no inhibitory effect against E. 
coli, confirming the absence of intrinsic antibacterial activity. In 
contrast, all HPEO-incorporated films produced visible inhibi-
tion zones, indicating that antimicrobial functionality was im-
parted by the incorporation of Hypericum perforatum essential 
oil. A slight increase in inhibition zone diameter was observed 
with increasing essential oil concentration. The PVA-HPEO0.3 
film demonstrated the highest activity, with an inhibition zone 
of 12.3 mm.

Although the antibacterial effect remained lower than that of 
the positive control (amoxicillin–clavulanate, 20 mm), the re-
sults confirm a concentration-dependent inhibitory response 
against E. coli. The formation of inhibition halos suggests diffu-
sion of bioactive compounds from the film matrix into the sur-
rounding medium.

Protein–Ligand Interaction type Interacting amino acid
Binding energy/∆G 

(kcal/mol)

3EFY/Norathyriol Conventional Hydrogen Bond SER146, ASN176 −6.6

Carbon Hydrogen Bond SER146

Pi-Anion ASP213

Pi-Sulfur CYS216

Pi-Alkyl LEU145

3EFY/Mangiferin Conventional Hydrogen Bond SER220, PHE258, SER223 −6.6

Carbon Hydrogen Bond SER223

Pi-Alkyl LEU138

Unfavorable Donor-Donor ASN257, PHE258

Pi-Donor Hydrogen Bond GLN142

3EFY/Hypericin Pi-Alkyl ILE116, LEU119, ILE274 −4.6

Alkyl PHE120, TRY184

TABLE 7    |    (Continued)
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TABLE 8    |    Docking results for 5WIO.

Protein–Ligand Interaction type Interacting amino acid
Binding energy/∆G 

(kcal/mol)

5WIO/Hyperforin Alkyl LYS140, LEU147, VAL227 −7.7

Pi-Alkyl TYR113, PHE141, TRP195

Conventional Hydrogen Bond LYS140, THR157, GLU111

Pi-Sigma TRP195

5WIO/Adhyperforin Pi-Alkyl PHE177, TRP195 −7.0

Pi-Sigma TRP195

Conventional Hydrogen Bond THR157

Unfavorable Donor-Donor GLN193

Alkyl ARG181

5WIO/P-Coumaric Acid Conventional Hydrogen Bond VAL227 −5.6

Pi-Anion GLU111

Pi-Pi Stacked TRP195

Pi-Alkyl VAL227

5WIO/Chlorogenic Acid Conventional Hydrogen Bond LYS140, THR157, THR179 −7.2

5WIO/Caffeic Acid Pi-Anion GLU111 −5.5

Conventional Hydrogen Bond VAL227, THR179

Pi-Alkyl VAL227

Pi-Pi Stacked TRP195

5WIO/Vanillic Acid Conventional Hydrogen Bond THR179, TRP195, GLU111 −5.1

Pi-Anion GLU111

Pi-Alkyl TRP195, VAL227

Pi-Pi Stacked TRP195

5WIO/4-Hydroxybenzoic acid Conventional Hydrogen Bond THR179, TRP195, GLU111 −5.2

Pi-Anion GLU111

Pi-Pi Stacked TRP195

Pi-Alkyl VAL227

5WIO/Ferulic Acid Conventional Hydrogen Bond THR179, TRP195, GLU111 −5.5

Carbon Hydrogen Bond GLU111

Pi-Pi T-shaped TRP195

Pi-Alkyl TYR225, VAL227

5WIO/Kielcorin Pi-Anion GLU111 −7.8

Pi-Pi Stacked TRP195

Carbon Hydrogen Bond THR179, GLN193

Pi-Alkyl TRP195, LEU147, VAL227

Conventional Hydrogen Bond LYS140

(Continues)
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Foodborne diseases represent a significant global public health 
concern with implications for food safety, economic stability, 
and social development [39]. Since E. coli is a well-recognized 
foodborne pathogen, the demonstrated antibacterial perfor-
mance of the Polyvinyl alcohol–HPEO films suggests their 
potential application as active packaging materials aimed at re-
ducing microbial contamination risks in food systems.

3.7   |   Bioinformatic Analysis

Microbial pathogens possess specialized molecules, known as 
virulence factors, that enable colonization, survival, and infec-
tion within the host [40]. These factors include toxins, surface-
associated adhesins, secretion-associated proteins, and nutrient 
acquisition systems that collectively contribute to pathogenic-
ity [41].

Iron acquisition is a critical determinant of bacterial survival 
under host-imposed iron limitation. The hemoglobin-binding 
protease Hbp (PDB ID: 1WXR) plays a functional role in extract-
ing heme from hemoglobin and supplying it to the bacterium, 
thereby supporting growth during infection [42].

Autotransporter adhesins such as AIDA-I (PDB ID: 4MEE) 
mediate bacterial attachment to host epithelial cells and are as-
sociated with autoaggregation and biofilm formation, which en-
hance bacterial persistence and colonization efficiency [43, 44].

The cycle-inhibiting factor Cif (PDB ID: 3EFY), identified in 
pathogenic Escherichia coli strains, is known to induce host cell 
cycle arrest and cytopathic effects [45].

TraE (PDB ID: 5WIO), a conjugative transfer protein associated 
with the cytoplasmic membrane, participates in pilus assembly 
and contributes to bacterial adhesion and horizontal gene trans-
fer processes [46].

The structural characteristics, conserved domains (CD), and 
sequence features of these virulence-associated proteins are 
summarized in Table 4. The predicted subcellular localization 
analysis indicated that proteins 1WXR, 4MEE, and 3EFY are 
extracellular, whereas 5WIO is associated with the cytoplasmic 

membrane. Subcellular localization is closely linked to protein 
accessibility and biological function, and such information is 
important for evaluating potential ligand–protein interaction 
feasibility [47].

Based on their established roles in virulence and predicted 
structural accessibility, the selected proteins were considered 
suitable molecular targets for docking analysis. The docking re-
sults revealed that the interacting amino acid residues identified 
in Figure 8 are located within or in close proximity to conserved 
regions previously characterized for each protein (Tables 5–8). 
The alignment between conserved domain mapping and ligand 
interaction sites suggests that binding occurs in structurally 
relevant regions associated with functional activity. Although 
molecular docking provides theoretical insight into potential 
ligand–protein interactions, the observed consistency between 
bioinformatic characterization and docking findings strength-
ens the rationale for targeting these virulence-associated 
proteins.

3.8   |   Molecular Docking Analysis

Docking simulations were conducted to assess the interaction 
potential of Hypericum perforatum phytochemicals against 
Escherichia coli virulence-associated proteins (1WXR, 4MEE, 
3EFY, 5WIO). Only binding poses with RMSD = 0.00 Å were 
considered to ensure structural reliability and selection of the 
top-ranked energetically stable conformations [48, 49].

Binding energies ranged from −4.2 to −9.8 kcal/mol (Tables 5–8). 
Among all compounds, kielcorin exhibited the strongest and 
most consistent affinities, reaching −9.8 kcal/mol against 4MEE 
and maintaining favorable binding (≈−7.4 to −7.8 kcal/mol) 
across the remaining targets. Mangiferin and chlorogenic acid 
also demonstrated stable multi-target interaction profiles.

Interaction mapping revealed that high-affinity ligand predom-
inantly formed conventional hydrogen bonds, π–π stacking, 
π–anion, and hydrophobic π-alkyl contacts (Figure 8). The co-
operative contribution of hydrogen bonding (specificity) and π/
hydrophobic interactions (stabilization) is consistent with estab-
lished structure-based docking principles [50].

Protein–Ligand Interaction type Interacting amino acid
Binding energy/∆G 

(kcal/mol)

5WIO/Norathyriol Conventional Hydrogen Bond THR157, THR179, TRP195 −6.3

Pi-Anion GLU111

Pi-Pi Stacked TRP195

Pi-Alkyl VAL227

5WIO/Mangiferin Conventional Hydrogen Bond LYS140, THR157, 
VAL227, GLU111

−7.0

Pi-Anion GLU111

5WIO/Hypericin Alkyl LYS100, VAL164, LEU166 −3.7

TABLE 8    |    (Continued)
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Notably, 4MEE displayed the most favorable binding energies 
overall, suggesting a binding cavity particularly compatible with 
polyphenolic scaffolds. The repeated involvement of conserved 
residues across different targets supports structural complemen-
tarity between aromatic hydroxyl-rich ligands and virulence-
associated functional domains.

Binding energies below −7.0 kcal/mol are commonly reported 
in virtual screening studies as indicative of potentially favorable 
ligand–target interactions [50]. The convergence of low docking 
scores and RMSD = 0.00 Å poses strengthens the robustness of 
the predicted complexes.

Collectively, the consistent multi-target affinity—particularly 
for kielcorin, mangiferin, and chlorogenic acid—suggests that 
Hypericum perforatum phytochemicals may exert antibacterial 
activity through simultaneous modulation of virulence-related 
proteins.

4   |   Conclusion

This study demonstrates that incorporation of Hypericum per-
foratum essential oil enables the development of multifunc-
tional polyvinyl alcohol films combining structural stability, 
tunable optical behavior, enhanced shape memory perfor-
mance, and concentration-dependent antibacterial activity. 
Essential oil addition modulated intermolecular interactions 
within the polymer matrix without inducing detrimental ther-
mal instability, while simultaneously improving shape fixa-
tion efficiency. The observed inhibition against Escherichia 
coli was further supported by bioinformatics-guided molec-
ular docking, which revealed stable multi-target interactions 
of key phytochemicals with virulence-associated proteins. 
The convergence of experimental and computational findings 
highlights the potential of HPEO-incorporated polyvinyl al-
cohol films as promising candidates for active biomedical or 
antimicrobial packaging applications. Future studies focusing 
on release kinetics and in vivo validation will further clarify 
their translational potential.
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