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Abstract

Advancements in materials engineering, particularly in polymeric materials,
alongside the increasing demands of the medical industry, drive the search for new
alternative solutions, often based on biomaterials and/or biofillers. The selection of
polymeric materials and the modifications applied, including fillers, is conditioned by the
application area and the associated requirements. Such materials must exhibit
biocompatibility and often possess additional properties relevant to their application, such

as antibacterial, antifungal, or anti-allergic characteristics.

Various solutions utilizing inorganic and organic fillers are known, often
employing mechanisms of synergistic interaction that simultaneously influence the
biological and physicochemical properties required for potential applications. A thorough
literature review clearly indicates that it is possible to modify polymeric materials with
organic fillers for medical applications. Polymers are used in many areas, including as
components of medical equipment, implants, hygiene products, and dressings, which
determine their operational characteristics. Despite a range of different solutions, there is
a justified need to develop new materials that could serve as alternatives to currently used
dressings, particularly for long-term use on wounds while maintaining the required
antibacterial properties, which are crucial for the healing process. A promising response
to these defined needs could be biocomposites based on elastomeric materials modified

for antibacterial properties.

The research problem addressed in this work involved the development of an
elastomeric dressing material that combines both antibacterial activity and the required
physicochemical properties. The research focused on developing new materials with
bioactive properties based on polydimethylsiloxane (PDMS) modified with various forms
of plant-derived fillers. Polydimethylsiloxane is a synthetic elastomer from the siloxane
group. Its biocompatibility, high gas permeability, chemical inertness, and thermal
stability make PDMS highly desirable in applications requiring both flexibility and
durability. In the medical sector, PDMS is used in implants, contact lenses, scaffolds,
patches, and wound dressings, which serve to protect wounds from infection and facilitate
the healing process. Various types of dressings modified with inorganic additives are

known, but they involve time-consuming production processes, increased costs, and the



need to use various chemical substances. In this study, the developed materials address
these challenges by utilizing widely available organic additives. The preparation process
is characterized by reduced time and financial investment, as well as limited use of

chemical substances.

To improve the bioactive properties, herbal fillers were introduced into the matrix
selected based on criteria such as polyphenol content, availability, antimicrobial activity,
and health benefits. These included thyme, sage, and rosemary, which are rich in
polyphenols and exhibit antioxidant, anti-inflammatory, and antibacterial properties. The
study developed a technology for modifying the fillers and producing biocomposites

based on polydimethylsiloxane with herb content of 2.5%, 5%, 7.5%, and 10% by weight.

The obtained biocomposites were subjected to a series of tests to evaluate the
impact of the fillers, varied in form and material, on the physicochemical properties
(density, contact angle, absorbance, crystallinity degree), mechanical properties (rebound
resilience, hardness, abrasion, static tensile testing), and biological properties
(antibacterial activity, cell viability), as well as aging studies in an artificial plasma
environment. Based on FTIR spectra analysis, the influence of modification and aging on

structural changes in the material was determined.

The results indicate that introducing modified thyme, sage, and rosemary into
polydimethylsiloxane alters the antibacterial activity level depending on the filler's type
and content. The highest antibacterial activity was obtained for PDMS modified with sage;
however, it is noteworthy that all biocomposites exhibit bacteriostatic properties.
Considering the overall results, the best solution is the introduction of modified thyme at

a weight ratio of 2.5%.

Moreover, some materials exhibited high cell viability during fibroblast tests,
suggesting they promote cell proliferation. Although the functional properties of the
materials were altered, in many cases, these changes did not disqualify the materials from
external applications, such as wound dressings. The developed materials represent
a significant advancement in the field of medicine, particularly in wound dressing
applications. Furthermore, these composites, based on naturally derived additives, are
environmentally friendly and pose no threat during production, use, or disposal, in

accordance with the principles of sustainable development.



Streszczenie

Postgp w inzynierii materialowej, szczegolnie w materiatach polimerowych, oraz
coraz wyzsze wymagania stawiane przez przemyst medyczny, determinuje poszukiwanie
nowych alternatywnych rozwigzan, czesto opartych na biomateriatach i/lub
bionapetniaczach. Dobor materiatéw polimerowych, a takze stosowanych modyfikacji,
w tym napelniaczy, jest uwarunkowany obszarem aplikacji i zwigzanymi z nim
wymogami. Tego typu materialty musza wykazywac biokompatybilnos¢, a czgsto rowniez
inne wlasnosci wynikajace obszaru stosowania np. antybakteryjne, antygrzybiczne,

antyalergiczne itd.

Znane s3 rozne rozwigzania wykorzystujace napelniacze nieorganiczne i organiczne
czesto wykorzystujgce mechanizmy synergicznego oddziatywania, wptywajace jednocze$nie

na wilasnosci biologiczne i fizykochemiczne wymagane przez potencjalng aplikacje.

Przeprowadzona analiza literaturowa jednoznacznie wskazuje, ze mozliwa jest
modyfikacja materiatéw polimerowych napelniaczami organicznymi w aplikacjach
medycznych. Materiaty polimerowe sg stosowane w wielu obszarach m.in. jako elementy
sprzetu medycznego, implanty, S$rodki higieny, opatrunki, co determinuje ich
charakterystyki eksploatacyjne. Pomimo szeregu roznych rozwigzan, pojawia si¢
uzasadniona potrzeba opracowania nowych materiatow, ktore mogltyby stanowic
alternatywe dla obecnie stosowanych opatrunkow szczego6lnie w aspekcie dtugotrwatego
stosowania na rany przy zachowaniu wymaganej antybakteryjnos$ci, co ma istotny wptyw
na proces gojenia. Odpowiedziag na tak zdefiniowane potrzeby, moga stanowic
biokompozyty na bazie materiatow elastomerowych modyfikowane pod katem wtasnosci

antybakteryjnych.

Podjety w pracy problem badawczy dotyczyt opracowania elastomerowego
materiatu opatrunkowego, ktory taczyl w sobie zaréwno aktywno$¢ antybakteryjng jak
i wymagane wilasnosci fizykochemiczne. W ramach pracy, prowadzono badania
dotyczace opracowania nowych materialdéw o wlasnosciach bioaktywnych na osnowie
polidimetylosiloksanu  (PDMS) modyfikowanych 16zna postacia napetiaczy
pochodzenia roslinnego. Polidimetylosiloksan jest syntetycznym elastomerem z grupy

siloksanow. Jego biokompatybilno$¢, wysoka przepuszczalno$¢ gazéw, chemiczna



obojetnos$¢ oraz stabilno$¢ termiczna sprawiaja, ze PDMS jest niezwykle pozadany
w aplikacjach wymagajacych zarowno elastycznosci, jak 1 trwalosci. W sektorze
medycznym PDMS jest wykorzystywany w implantach, soczewkach kontaktowych,
rusztowaniach, plastrach oraz opatrunkach na rany, ktore stuzg do zabezpieczenia ran
przed zakazeniem 1 ulatwiajg proces gojenia. Znane s3 rozne rodzaje opatrunkow
modyfikowanych dodatkami nieorganicznymi jednak wigze si¢ z koniecznoscia
przeprowadzenia czasochlonnych proceséw produkcyjnych, zwigkszonymi kosztami
oraz potrzebg uzycia réznorodnych substancji chemicznych. W ramach niniejszej pracy
opracowano materiaty, ktore stanowig odpowiedZ na powyzsze wyzwania poprzez
zastosowanie szeroko dostgpnych dodatkéw organicznych. Proces ich przygotowania
charakteryzuje si¢ mniejszym naktadem czasowym i finansowym oraz ograniczonym

stosowaniem substancji chemicznych.

Celem poprawy wilasnosci bioaktywnych wprowadzono napelniacze ziolowe
wyselekcjonowane na podstawie przyjetych kryteriow tj. zawartosci zwigzkow
polifenolowych, dostgpnosci, aktywno$ci przeciwdrobnoustrojowa, a takze korzysci
zdrowotnych. Byly to tymianek, szalwia oraz rozmaryn, ktore sa bogate w polifenole oraz
wykazuja wlasciwosci przeciwutleniajace, przeciwzapalne 1 przeciwbakteryjne.
W ramach pracy opracowano technologi¢ modyfikacji napeliaczy i wytwarzania
biokompozytéw na osnowie polidimetylosiloksanu o zawartosci 2,5; 5; 7,5; 1 10% wag.

zi6t.

Uzyskane biokompozyty poddano serii testow majacych na celu oceng wptywu
zastosowanych, zroznicowanych pod katem postaci i materialu, napelniaczy na
wlasciwosci fizykochemiczne (gestos¢, kat zwilzania, chtonnosé, stopien krystalicznosci),
mechaniczne (odbojnos$¢, twardo$¢, S$cieralno$¢, statyczna proba rozciaggania)
i biologiczne (aktywno$¢ antybakteryjna, zywotno$¢ komorek), a takze badaniom
starzeniowym w $rodowisku sztucznego osocza. Na podstawie analizy widm FTIR

okreslono wptyw modyfikacji i starzenia na zmiany strukturalne zachodzace w materiale.

Wyniki wskazuja, ze wprowadzenie modyfikowanego tymianku, szatwii
irozmarynu do polidimetylosiloksanu zmienia poziom aktywnosci antybakteryjnej
w zaleznosci od rodzaju 1 zawarto$ci napetniacza. Najwyzsza aktywnos$¢ antybakteryjng
uzyskano dla PDMS modyfikowanego szatwia, lecz warto zaznaczy¢, ze wszystkie

biokompozyty wykazuja wlasciwosci bakteriostatyczne. Bioragc pod uwage caloksztatt



wynikow mozna stwierdzi¢, Ze najlepszym rozwigzaniem jest wprowadzenie

modyfikowanego tymianku w stosunku wagowym 2.5%.

Ponadto niektore materialy wykazywaty wysoka zywotnos¢ komoérek podczas
testow na fibroblastach, co sugeruje, ze sprzyjaja one proliferacji komoérek. Choé
wlasciwos$ci funkcjonalne materiatéw ulegly zmianie, w wielu przypadkach zmiany te
nie dyskwalifikowaty materiatow z zastosowan zewnetrznych, takich jak opatrunki na
rany. Opracowane materialy stanowig znaczacy postgp w dziedzinie medycyny,
zwlaszcza w zastosowaniach opatrunkéw na rany. Co wigcej, te kompozyty, bazujace na
dodatkach pochodzenia naturalnego, s3 przyjazne dla srodowiska. Ponadto nie stwarzaja
zagrozenia w trakcie produkcji, uzytkowania ani utylizacji, zgodnie z zasadami

zréwnowazonego rozwoju.
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1. Introduction

The development of biomaterials began in the early 20" century with pioneering
experiments conducted by figures such as Alexis Carrel, a renowned surgeon, yet
significant breakthroughs were achieved only in the latter half of the century [1]. The
ever-evolving demands of the medical field necessitate ongoing research and
development of novel material solutions that address the complex challenges of creating
biocompatible, durable, and functional materials for use within the human body. This
collaborative effort and interdisciplinary exchange of ideas have laid the foundation for
the modern field of biomaterials. Over the past 40 years, substantial attention has been
directed towards polymers, metals, and ceramics, resulting in major advancements in

medical science [2].

Polymeric materials are relatively facile to shape and modify, and their ability to
be controlled and designed with specific characteristics renders them an interesting
alternative to traditional materials. In medicine, a wide variety of polymers is applied,
from thermoplastics (e.g., polyethylene, polypropylene, polycarbonate) and thermosets

(e.g., epoxy and acrylic resins) to elastomers (e.g., natural rubber, silicone).

Due to their advantageous properties, elastomers are increasingly utilized across
various industrial sectors, including the medical industry. The application of polymeric
materials in these contexts opens up new possibilities but may also introduce several
adverse effects, such as allergies and intense immune responses. Furthermore, ensuring

the stability of these materials is crucial for their effective use in medical applications.

Elastomers are a class of polymeric materials known for their elasticity and
durability, which play a crucial role in medical applications. A statistical report from 2021
indicated that the global market demand for elastomeric materials surpassed
2,900 kilotons [3]. This demand is projected to continue increasing, as illustrated in

Figure 1.1.
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Figure 1.1. The compounded annual growth rate of medical elastomers

These viscoelastic polymers generally have long chains held together by weak
intermolecular forces, giving them high flexibility when stress is applied. Owing to their
low cross-linking degree, they can return to their original shape upon lifting the applied
stress [4]. Moreover, these materials are characterized by low glass transition
temperatures, hydrophobicity, and good adhesion. Depending on their origin, elastomers
can be categorized into two groups: natural materials derived from plants and synthetic
ones obtained from petroleum. Each group has distinct medical applications, determined

by the specific field and the required properties.

In terms of external applications such as wound dressings, polydimethylsiloxane
(PDMS) stands out as the most renowned. However, its resistance to microbes poses
a limitation in such applications. Current strategies involving inorganic additive
incorporation often necessitate chemical inputs during production, leading to by-product
waste and significant time and financial expenses. As a result of the advancements in
materials engineering, there is an increasing emphasis on organic-based fillers to enhance
specific properties, particularly antimicrobial efficacy and health-promoting attributes.
Nevertheless, the availability of works regarding organically modified
polydimethylsiloxane remains somewhat restricted, impeding the exploitation of its full
range of tailored properties for specific medical uses. While plant-derived additives, such
as essential oils and extracts, have been extensively studied, the direct incorporation of

plants in powder form remains underexplored.
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This work aims to explore novel modifications of polydimethylsiloxane to
enhance its suitability for external medical applications. Specifically, the research seeks
to improve properties such as antimicrobial activity while preserving operational
characteristics. Through systematic experimentation and analysis, the work endeavors to
develop advanced materials that fulfill the exacting demands of modern medical

applications.

The findings from this research could lead to the development of next-generation
medical materials with enhanced performance and broader application potential. By
advancing the understanding of how specific modifications influence the properties of
polydimethylsiloxane, this work will contribute to the design of more effective and
versatile medical devices, ultimately improving patient outcomes and advancing the field

of medical science.

The structure of this dissertation is organized into two main sections. The first
section comprises a literature review on the use of elastomers in medicine, with
a particular focus on current studies concerning polydimethylsiloxane and potential
strategies for enhancing the bioactivity of these materials (Chapters 2 and 3). The
conclusions drawn from the literature review form the basis for developing the thesis and
objectives of the research presented in Chapter 4. The second section encompasses the
experimental work (Chapters 5 and 6), which includes the characterization of materials
and fillers, the fabrication of composites, and the evaluation of their physicochemical,
mechanical, and biological properties. Finally, Chapters 7 provide a summary of the key
findings, discuss their implications, and offer recommendations for future research

directions.
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2. Literature review

2.1. Elastomers in medicine

A diverse range of elastomers has been utilized in the medical field for both
internal and external applications, owing to their unique properties and adaptability.
Depending on the specific application, required properties, and operating conditions,
different materials are employed, including thermoplastics, thermosets, rubbers, and
silicones that are vulcanized either chemically or thermally. This chapter will analyze

some of the most prevalent elastomers used in medical applications and their typical uses.

Natural rubber latex (NRL) is a biopolymer obtained mainly from Hevea
brasiliensis, native to the Amazon rubber tree, and it is found to be used in various
medical applications. Most common applications include gloves, tubes, pacifiers, and the
broad area of tissue engineering as membranes or wound dressings [5]. These particular
applications, besides biocompatibility, require excellent functional properties, such as
high tensile strength and elasticity, all of which NRL possesses [6]. In recent years,
researchers have been focusing on natural rubber derived from Eucommia ulmoides as an
alternative source due to the high demand for NRL. The flexible nature of Eucommia
ulmoides rubber (EUR) is attributed to its linear molecular chain, and its excellent
mechanical properties are ensured by its high molecular weight [7]. These properties,

among others, have enabled its use as root canal fillings and scaffolds.

Synthetic elastomers comprise thermoplastic (TPEs) and thermoset elastomers
(TSEs). Although these two subgroups share many properties, they differ in structure and
behavior under specific working conditions. The classification of polymers as
thermoplastic or thermoset is determined by their glass transition temperature (Tg). For
thermoset elastomers, heating the material above Ty results in irreversible solidification.
Conversely, thermoplastic elastomers, when heated above the glass transition temperature,
transform into a viscous liquid state, and upon cooling, they form semicrystalline or
glassy solids [8]. Thermoplastic elastomers are long-chained polymers, and their structure
contains soft segments that induce the elastomeric features and hard segments, mainly
glassy or semicrystalline domains [9]. Moreover, they exhibit high stretchability due to

the absence of crosslink junctions; however, they possess limited chemical resistance and

16



low stability at high temperatures. In contrast, TPEs, characterized by their three-
dimensional structure, can revert to their original shape after deformation. Additionally,
thermoset elastomers maintain their mechanical properties and stability under elevated

temperatures and in chemically aggressive environments [10],[11].

Polyesters are thermoplastic polymers extensively used in medicine. This group
of polymers comprises monomers bound together by ester bonds, which can be broken
down by hydrolysis, leading to the material's biodegradation [12]. This trait is essential
from a tissue engineering perspective as the functions shift from the degrading material
to the newly formed tissue. Numerous studies reported in the literature focus on tailoring
the properties of polyesters to adapt them for specific applications. One study reported
the favorable elasticity, biocompatibility, and biodegradability properties of poly(lactide)-
co-poly(B-methyl-3-valerolactone)-co-poly(lactide). The study demonstrated that these
properties were maintained regardless of the environment (dry or aqueous), with the strain
at break reaching almost 1000% and the material recovering to its initial state after the
load was removed. Furthermore, cytotoxicity tests confirmed the non-cytotoxic nature of
this material, indicating significant potential in the fields of tissue engineering and cell
cultivation [13]. Moreover, polyesters can be applied for wireless skin hydration
monitoring sensors, where the polyester-based material presents high mechanical strength
and reduced water vapor transmission, or as sutures to facilitate collagen formation for
ligament repair [14],[15]. Additionally, studies have explored the potential of 3D printing
polyester-based thermoplastic elastomers (TPEs) for drug-delivery applications. In one
study, researchers successfully created progesterone-filled 3D-printed polyester-based

implants and inserts, which is an important step toward personalized medicine [16].

Polyurethanes (TPU) are commonly used because of their excellent
biocompatibility and hemocompatibility. Their application in medicine dates back to the
latter half of the 20th century when they were used to develop heart valve leaflets
exhibiting good durability [17]. Innovative waterborne polyurethanes (WPUs) were
developed to provide eco-friendly alternatives to traditional solvent-based systems by
utilizing water as a dispersing solvent and minimizing the use of toxic solvents [18].
Recent advancements in creating polyurethane urea thermoplastic elastomers aim to
produce materials with controlled physical network density to enable the design of

adaptable materials with shape memory. Researchers can adjust these elastomers'
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morphology and mechanical properties by modifying the ratio and type of crystallizable
blocks, thereby improving their suitability for various medical devices [19]. Other studies
involved self-healing elastomers (SHEs) designed for in vivo use in different biomedical
applications, such as repairing tissues in aortic aneurysms, nerve coaptation, and bone
immobilization [20]. In another work, research has also concentrated on developing
durable, recyclable, and degradable elastomers. For instance, a polyurethane elastomer
based on polycaprolactone (PCL) has displayed high toughness and can be recycled at
least three times without compromising its mechanical integrity. This elastomer can
biologically degrade within a short period and has effectively promoted wound healing

in biomedical applications [21].

In addition to the materials discussed earlier, polyvinyl chloride (PVC) or
poly(styrene-block-isobutylene-block-styrene) (SIBS) are employed in the biomedical
field. PVC is mainly used to fabricate single-use gloves for patients with rubber allergies.
A test proved that allergens known to cause dermatitis were present in the PVC gloves,
and their level was very low [22]. SIBS was investigated for its potential application in
the production of heart valves. Comparative tests with the commercially used
polytetrafluoroethylene proved that SIBS exhibits reduced calcification levels while

demonstrating comparable hemocompatibility [23].

The second group of synthetic elastomers is thermoset elastomers. These
polymers possess chemically bonded crosslinks, forming a network-like structure that
imparts characteristic elastomeric recoverability. Additionally, these materials are

typically characterized by low glass transition and melting temperatures [24].

Polysiloxanes are among the most common semi-inorganic polymers used in the
medical field. They consist of a silicon-oxygen (Si—O) backbone with two monovalent
organic radicals attached to each silicon atom (—R,Si—O-) [25]-[27]. These materials
possess unique properties due to their hybrid structure, which includes a polar inorganic
backbone and nonpolar organic functional groups. Due to their dual-nature backbones,
they are frequently termed polyorganosiloxanes. This combination establishes a strong
link between the polymer’s molecular structure and its physicochemical properties.
Polysiloxanes can adopt five principal structures: linear (present in volatile and
nonvolatile fluids), cyclic ring polymer (volatile fluids), branched (resins and adhesives

— often used as crosslinkers), and cross-linked structure that can transform into a three-
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dimensional network (resins, rubbers, and elastomers). These structures utilize four types
of monomers: monofunctional (M), difunctional (D), trifunctional (T), and tetrafunctional

(Q) [28],[29] presented in Table 2.1 [30].

Table 2.1. Polysiloxane units [30]

Monomer Monofunctional Difunctional Trifunctional  Tetrafunctional
e l ‘!’
Structure HyC— | —0— —o— | —o0— o | o —O— I —o—
CH, CHs (|:H3 <|)
In linear In cross-linked In cross-linked
At the end of -
Occurrence hat polymers, silicone  polymers (soft polymers
chains

fluids or greases  or rigid resins)  (rigid resins)

Due to their wide variety, polysiloxanes have found numerous applications in
different fields of medicine, e.g., contact lenses [28], drug delivery systems [31],
prostheses [32],[33], artificial skin and organs [34], patches and wound dressings [35].
Moreover, an extensive study has been conducted on polysiloxane membranes modified
with various ratios of N-acetyl-l-cysteine cochlear implants to resist bacterial adherence
and biofilm formation. These membranes were tested for microbial adherence against
Streptococcus pneumoniae and implanted in rats for four weeks to assess in vivo
performance. Physical characterization confirmed the stability and integrity of the
membranes before and after exposure to microbial environments [36]. Furthermore, the
cytocompatibility of polysiloxane/bioactive glass (BG) composite films was evaluated
for use in biomedical coatings. These films demonstrated excellent homogeneity and
biocompatibility with osteoblast-like cells. The coatings showed no toxicity and
promoted cell growth, suggesting their potential for medical implant applications [37]. In
other studies, a newly developed siloxane poly(urethane-urea) was assessed for its
suitability in synthetic heart valve leaflets. The material exhibited desirable mechanical
properties and excellent biostability. Comprehensive biocompatibility testing proved no
observed cytotoxicity and systemic tissue response, with no adverse effects noted. The
material could be a promising candidate for flexible leaflets in synthetic heart valve

replacements [38].
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In the context of external medical applications, particularly wound dressings,
polydimethylsiloxane (PDMS) is the most commonly utilized elastomer. This is
attributed to several key factors. Firstly, PDMS is relatively easy to produce, thus
reducing manufacturing costs. This advantage makes it an attractive material for large-
scale medical applications. Moreover, the ease with which modifiers can be incorporated
into the polymeric matrix further enhances its appeal for applications requiring material-
specific properties. Additionally, PDMS possesses the necessary biocompatibility. This
is a crucial requirement for any material used in medical applications, particularly those

involving direct contact with wounds or skin.

The following chapters will provide a comprehensive exploration of PDMS. This
includes an in-depth literature analysis of its properties, contributing to its suitability for
medical applications. Moreover, the chapters will discuss the various ways PDMS is
currently employed within the medical field, with a particular focus on its role in wound
dressings. Finally, potential methods for enhancing the properties of PDMS will be
investigated. These enhancements aim to optimize PDMS for specific applications,

thereby broadening its utility and effectiveness in medical treatments.
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2.2. Polydimethylsiloxane as a biomaterial

2.2.1. Characterization and properties

Polydimethylsiloxane is considered the most common polysiloxane used in
medical applications. As the name suggests, this material, apart from the typical siloxane
(Si-O) bond for polysiloxanes, contains two methyl substituents (CH3) attached to the
silicon atom as a repetitive unit in the chemical structure, as illustrated in Figure 2.1.
These units define the molecular weight and the viscoelasticity of the material as well as
provide chemical and thermal stability [39]. Moreover, the methyl groups are prevalent
in PDMS’s chemical structure, imparting hydrophobic characteristics with a surface
tension of around 20.4 mN/m. Furthermore, crosslinking reactions involving groups such
as phenyl and vinyl can induce substantial modifications in the properties of PDMS for

various specialized applications [40].
:QH Hs SCHa H3\ CH,

\/\\/\
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Figure 2.1. PDMS chemical structure formula

Polydimethylsiloxane forms elastomers through cross-linking reactions like
condensation (moisture cure), addition (hydrosilylation), or radical reactions conducted
at higher temperatures. Condensation cross-linking is used in applications that utilize
environmental moisture to cure inward from the exterior surface. There are 1- and 2-part
systems, which share common features, e.g., the release of by-products and a shrinkage
of up to 1%. Addition cross-linking, such as hydrosilylation, eliminates shrinkage
problems associated with condensation systems and involves vinyl end-blocked polymers
reacting with SiH groups, though it requires careful handling of catalysts and
intermediates. Moreover, this type of cross-linking does not involve the release of by-

products, which is desirable for medical applications [26],[41].
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Polydimethylsiloxane exhibits numerous properties that render it an attractive
polymer across various fields. One notable characteristic is its exceptional flexibility,
attributed to the highly dynamic flexibility of its molecular chains. This flexibility
significantly influences the polymer's glass transition temperature, resulting in notably
low values. The glass transition temperature is particularly low for PDMS, recorded at
approximately —125 °C [42],[43]. Other main properties include transparency, chemical
and thermal stability, and gas permeability [44],[45].

Polydimethylsiloxane is highly valued in biomedical applications due to its
biocompatibility and biostability, meaning it does not cause adverse effects upon contact
with biological tissues. Although the exact mechanisms for biocompatibility are not fully
understood, interactions with water in proteins and physicochemical characteristics such
as surface free energy, stiffness, surface charge, and wettability are crucial factors.
Structural biocompatibility is also important, as a mismatch in mechanical properties
between an implant and surrounding tissues can cause inflammation or inadequate
support. However, PDMS does not possess inherent antibacterial properties, which makes

it susceptible to biofilm formation and bacterial infections [46].

Mechanically, pure PDMS typically exhibits an elastic modulus between 1.32 and
2.97 MPa and a tensile strength from 3.51 to 5.13 MPa, varying with the curing agent
ratio and temperature [47]. Tensile strength increases with temperature up to 125 °C,
beyond which it decreases, while Young’s modulus continues to increase linearly with
temperature. An increase in the curing agent ratio reduces PDMS’s flexibility and
consequently decreases Young’s modulus. Moreover, the hardness, in most cases, is

proportional to the material’s Young’s modulus [48].

Several key properties are essential for polydimethylsiloxane intended for
external medical applications on the skin, such as wound dressings, patches, and
transdermal delivery systems. These include biocompatibility, non-toxicity, high gas
permeability, UV radiation resistance, flexibility, low reactivity, durability against
atmospheric conditions, hydrophilic or hydrophobic characteristics tailored to specific
applications, adhesive or anti-adhesive properties as required, transparency, and

resilience to stretching and deformation [49].
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2.2.2. Applications in medicine

As stated in Section 2.2.1, polydimethylsiloxane finds wide applications in the
medical field owing to its unique properties. These applications can be classified into

three main groups: non-body-contacting, body-contacting, and implantable devices.

In the field of medical devices that do not involve direct body contact, PDMS has
been applied in blood-contacting devices. For such applications, polydimethylsiloxane
exhibits favorable properties, such as gas permeability, nontoxicity, and stability against
oxidative stress. One study explored the fabrication of PDMS-based polyurethane-urea
incorporating zwitterion sulfobetaine for conduits and microfluidic devices. The results
indicated that the obtained composites exhibit higher mechanical properties (tensile
strength — 8.7 MPa, strain at break — 330%) than the PDMS control samples (2.0 MPa
and 130%, respectively). Moreover, the deposition of fibrinogen (one of the coagulation
factors) was less for the composites, indicating the anti-fouling properties [50]. In another
research conducted by Dabaghi et al. [51], polydimethylsiloxane was utilized in the
creation of a microfluidic multilayer extracorporeal gas exchange device. The results
presented the potential of such structures as an alternative to hollow fiber membranes due

to their high gas transfer efficiency on a small scale,

For body-contacting medical devices, applications such as contact lenses, patches,
and wound dressings are among the most prevalent. Contact lenses were initially
manufactured using poly(methyl methacrylate) in the early 1930s. It was not until the
1980s that silicone lenses began to emerge [52]. Since their introduction, researchers have
continuously experimented with improving these lenses to enhance patient comfort.
Roostaei et al. [53] explored the fabrication of PDMS lenses designed for color blindness
correction, demonstrating the potential effectiveness of these lenses in addressing color
vision deficiencies (Figure 2.2). The stability of the fabricated plasmonic contact lenses
was examined in phosphate-buffered saline solution, demonstrating excellent stability in

this environment, all while correcting deuteranomaly color blindness.
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Figure 2.2. PDMS-based contact lens: fabrication process — a), the obtained PDMS lenses — b), and

incubation of lenses in gold solution — ¢) [53]

Another study of research on contact lenses has focused on the development of
smart contact lenses capable of monitoring intraocular pressure. This approach involves
fabricating a multilayer lens equipped with an ocular tonometer to continuously monitor
the pressure inside the eye. The results from these studies indicate that the developed
lenses positively impact glaucoma care, do not initiate cellular damage, and maintain the
required gas permeability level offering a non-invasive method for managing this

condition [54].

Polydimethylsiloxane is frequently utilized in body-contacting devices,
particularly in patches and dressings, due to its notable flexibility and durability. As
wound dressings will be specifically addressed in Section 2.2.3, the examples provided
here will focus solely on patch-related applications. PDMS-based patches are employed
in various applications, such as glucose monitoring [55], ultrasensitive flexible chemical
sensors [56], controlled drug release [57], body temperature regulation [58], and flexible
sensors integrated with microelectromechanical systems (MEMS) [59], tailored to the

intended application.

In the field of implantology, polydimethylsiloxane has been employed in heart
valve prostheses. The initial application of this material dates back to the early 1960s with
the development of the Starr-Edwards heart valve by Dr. Albert Starr and Lowell Edwards.
This innovative valve featured a cage-like design constructed from stainless steel,

a Teflon sewing ring, and a silicone ball, as depicted in Figure 2.3. Over 175,000 of these
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valves were implanted until production ceased in the early 2000s. Notably, these
prostheses demonstrated remarkable durability, with some lasting over 40 years post-
implantation. Subsequent modifications to the valve design involved adjustments in shape
and size to reduce thrombogenicity, enhancing the overall performance and safety of the

heart valve prostheses [60],[61].

Figure 2.3. Starr-Edwards heart valve [60]

Recent advancements in manufacturing synthetic heart valves have led
researchers to focus on bioinspired prostheses entirely made from silicone using additive
manufacturing technology, as presented in Figure 2.4. This innovative approach allows
customizing heart valves to fit the patient's anatomical structure. Additionally, the use of
3D printing technology significantly broadens the application scope, as it not only
accelerates the production process but also facilitates the individualization of each
prosthetic solution. This approach represents a significant step forward in enhancing the

adaptability and effectiveness of synthetic heart valves [62].

Figure 2.4. Bioinspired 3D-printed heart valve [62]
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2.2.3. Wound dressings and microbes adherence

The skin, as the largest organ by surface area, serves as the primary barrier of the
human body, safeguarding it against external environmental factors such as extreme
temperatures, mechanical damage to internal organs and tissues, ultraviolet radiation, and
microbial infections. These protective functions render the skin susceptible to injuries,
particularly wounds, which can be defined as disruptions of the epidermis—the outer
layer of the skin. Such disruptions can subsequently result in damage to muscles and even
organs [63]. Depending on the healing duration, they are classified as either acute or
chronic wounds. The wound healing process is categorized into four overlapping phases:
hemostasis, which occurs within several hours post-injury; inflammation, lasting up to
three days; proliferation, spanning from four to twenty-one days; and remodeling, which

can extend up to a year [64].

During hemostasis, muscle contractions and elevated calcium levels quickly close
arterial vessels, forming a blood clot that serves as a scaffold for cell infiltration [65].
Inflammation follows, marked by neutrophils and monocytes migrating to the injury site
to remove pathogens and debris while producing cytokines to amplify the response [66].
Macrophages arrive to secrete growth factors, transitioning the wound to the proliferative
phase, where new tissue forms through cell proliferation and migration, including
fibroblasts synthesizing fibrillar components and endothelial cells driving neo-
angiogenesis [67]. The remodeling phase, starting around three weeks post-injury and
lasting over a year, replaces type III collagen with type I collagen, enhancing tensile
strength. The wound becomes rich in collagen and extracellular matrix proteins,
achieving an avascular and acellular environment, with the healed skin attaining about
80% of its original tensile strength despite the non-regeneration of hair follicles and sweat

glands [681,[69].

Impaired healing often results from microbial contamination in chronic wounds,
which compromises the granulation tissue collagen. Approximately 40% of wound
infections are attributed to the Gram-positive bacterium Staphylococcus aureus, while
Escherichia coli, a Gram-negative bacterium, is responsible for more than 30% of cases
[70]. Other pathogens such as Pseudomonas aeruginosa, Proteus mirabilis,

Enterococcus spp., and Acinetobacter baumannii are also recognized for their propensity
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to infect wounds, thereby hindering the healing process [71],[72]. Untreated infected

wounds can lead to severe health problems or even, in some cases, patient mortality.

The wound infection continuum comprises three phases: contamination,
colonization, and infection. Contamination involves the presence of bacteria from the
surrounding environment, with their minimal presence in the wound not significantly
impacting the inflammatory response during the healing process. The second phase,
colonization, begins when proliferating bacteria are present without eliciting a noticeable
response from the host. In this phase, the presence of bacteria can influence the healing
process in two ways: it can either enhance healing by increasing wound bed perfusion
through local inflammation or impede it, depending on the bacterial load. The effect of
bacterial colonization varies among individuals and is influenced by their specific
physiological conditions. Wound infection occurs when microbial proliferation
penetrates deep into the wound bed, triggering a local or systemic immune reaction and

causing host tissue injury [73],[74].

Dressings are utilized to protect wounds from contamination and to reduce the
risk of infection. Wound dressings can be classified into three categories: passive
dressings that require frequent changes, skin substitutes that replace damaged skin, and
bioactive dressings, as illustrated in Figure 2.5 [75],[76]. These dressings may contain
agents that promote healing [77],[78] or antimicrobial agents that inhibit bacterial cell
proliferation and biofilm formation, thereby preventing infection. The literature
documents numerous dressings incorporated with active compounds such as drugs [79]
or antimicrobial/antiseptic compounds [80],[81] to protect wounds from potential

infections or to treat existing ones.

Wound dressings

Traditional or passive
dressings, such as gauzes,
plasters, bandages

Bioactive dressings in the

Skin subsititues, such as )
allograft, amnion, autografts form of gels, foams, sprays,
S ’ < films, hydrofibres

Figure 2.5. Wound dressings classification [75]
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In two similar studies, researchers successfully incorporated reduced graphene
oxide into polydimethylsiloxane PDMS, resulting in a composite material with significant
antibacterial activity. This composite not only effectively inhibited bacterial growth but
also promoted wound healing by enhancing re-epithelialization and granulation tissue
formation. The presence of reduced graphene oxide improved the overall performance of
PDMS in wound care applications, demonstrating its potential as an advanced wound

dressing material [82],[83].

Another innovative approach involved the creation of a sandwich structure
comprising three distinct layers: a superlyophobic PDMS layer, a superlyophilic gauze
layer, and another lyophobic PDMS layer. This configuration was designed to optimize
the wound dressing's performance by strategically combining the hydrophobic and
hydrophilic properties. The superlyophobic PDMS layer repels liquids due to low surface
energy, preventing external contamination, while the superlyophilic gauze layer ensures
optimal moisture management and adherence to the wound bed. The lyophobic PDMS
layer further protects the wound from external agents. This multilayered structure
significantly reduced wound infection rates, highlighting its effectiveness in wound

care [84].

Additionally, studies have explored the development of multifunctional PDMS-
based aerogel wound dressings incorporated with silver nanoparticles. These aerogels
demonstrated exceptional antibacterial properties, attributed to the well-known
antimicrobial effects of silver nanoparticles. The incorporation of silver nanoparticles not
only provided high antibacterial activity but also maintained the biocompatibility of the
aerogel, ensuring that it is safe for use on wounds. This multifunctional wound dressing
showed promise in both preventing infection and promoting healing, making it a valuable

addition to advanced wound care solutions [85].

The results presented in the literature indicate the favorable impact of inorganic
additives on materials' ability to combat microbes and promote wound healing. These
additives, such as metal oxides and nanoparticles, have shown significant potential in
enhancing the antimicrobial properties of wound dressings. However, the practical
application of these inorganic additives faces considerable challenges. The production
and incorporation of such compounds are often not financially efficient, involving high

costs and complex, time-consuming synthesis processes. Moreover, while the inorganic
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additives themselves are generally not harmful to the environment, the chemicals and

processes involved in their production can pose environmental risks.

As a result, scientific research is increasingly turning towards naturally derived
compounds as alternatives. These natural compounds, such as plant extracts, essential oils,
and biopolymers, offer several advantages. They can exhibit similar or even superior
antimicrobial activity compared to inorganic additives, often through mechanisms such
as disrupting bacterial cell walls or inhibiting enzyme activity. Additionally, naturally
derived compounds tend to be more biocompatible and less likely to cause adverse patient
reactions. Furthermore, the production of natural antimicrobial agents is typically more
environmentally friendly. These compounds can be extracted from renewable resources
using more sustainable methods that minimize the use of harmful chemicals and

reduce waste.
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2.3. Natural bioactive fillers — conventional and potentially novel

In recent years, there has been a significant increase in interest in naturally-
derived compounds, driven by consumer demand for healthier and more sustainable
products. These additives are sourced from natural origins and can be classified as either
animal- or plant-derived. In addition to their availability and renewability, these additives
are perceived as safer alternatives to synthetic inorganic fillers. However, despite their
advantages, several factors may limit their use. For instance, some of these additives may
trigger allergic reactions in specific individuals. Other limiting factors include variability
in quality, lack of uniformity due to variations in source materials, and limited shelf life
due to degradation. Furthermore, there are ethical issues related to animal welfare and

sourcing practices for animal-derived additives.

Overall, these compounds vary not only in their sources but also in their functions
and potential applications. This chapter explores selected types of natural additives
(animal- and plant-derived) and their applications in health and medicine, with a detailed

analysis of plant-based fillers.

2.3.1. Animal-derived additives

Animal-derived fillers have a substantial historical background and have played
essential roles in medical and cosmetic fields. Their significance arises from their
biocompatibility, efficacy, and the numerous advantages they present over synthetic
alternatives. The chemical structure and physical characteristics of these animal-derived
additives can vary depending on their source, influencing their properties and functions.

Such additives include chitosan, collagen, and hyaluronic acid.

Chitosan, recognized as one of the most prevalent additives in clinical medicine,
is derived from chitin, a ubiquitous biopolymer. The primary sources of chitin are marine
organisms, predominantly shrimps and crabs, though it can also be extracted from lobsters,
crayfish, and oysters. The quantity of chitin that can be extracted varies depending on the
organism, with some species containing up to 70% chitin [86]. Chitosan exhibits

inhibitory effects on certain bacteria, yeast, and fungi. However, this antimicrobial
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activity is highly dependent on its molecular weight. When the molecular weight falls
below a certain threshold, chitosan can instead promote the growth of bacteria such as
E. coli and S. aureus. Additionally, chitosan demonstrates antitumor activity by directly
inhibiting the proliferation of cancerous cells, either through the induction of apoptosis

or by enhancing immune responses [87],[88].

Moreover, chitosan and its derivatives play a vital role in wound healing due to
their beneficial biological properties. They promote the release of key growth factors
essential for tissue repair. Additionally, chitosan's antimicrobial and immunomodulatory

effects help control infection and regulate inflammation during the healing process [89].

In the context of dental applications, Tanaka et al. [90] developed a novel resin-
based dental composite containing chitosan, and were evaluated for their biological and
mechanical properties. The addition of chitosan particles to these composites did not
cause cytotoxicity or genotoxicity in fibroblast pulp cells. Furthermore, the obtained
composites exhibited antimicrobial properties against S. mutans, with no detectable
chitosan release from the composites. In addition, the composites’ mechanical properties
remained stable, demonstrating that including chitosan submicrometer filler did not

negatively impact these properties.

Collagen, a protein derived from marine animals, among other sources, is
renowned for its beneficial properties in medicine. It is a crucial material in the wound-
healing process and is extensively used in tissue engineering due to its capacity to
promote cell proliferation. Certain types of collagen, such as that extracted from
Rhopilema esculentum jellyfish, exhibit remarkable similarity to human collagen, making
them highly desirable for scaffold applications [91]. Collagen is also recognized for its
bone-repairing capabilities and is utilized in drug delivery systems. Depending on the
medical application, collagen can be formulated into various forms, including sponges,

spheres, membranes, or gels [92].

In a study by McGrath et al. [93], a bilayered scaffold consisting of
an antimicrobial collagen/chitosan film and a collagen—glycosaminoglycan scaffold
showed significant potential for enhancing diabetic wound healing. Its structural stability,

favorable mechanical properties, and resemblance to native skin, along with its ability to
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inhibit Staphylococcus aureus and support epidermal cell proliferation, make it

a promising candidate for this application.

Hyaluronic acid (HA), a prominent component of the extracellular matrix in
vertebrate connective tissue, exhibits intrinsic biocompatibility, hydrophilicity, and
bacteriostatic properties, making it an ideal biomaterial for wound dressings. Recent
advancements highlight HA-based dressings endowed with antimicrobial properties

[94],[95].

Zamboni et al. have demonstrated that HA and its derivatives effectively inhibit
bacterial adhesion and biofilm formation. For instance, crosslinked HA films show
greater bacteriostatic activity in high molecular weight forms compared to low molecular
weight variants. HA coatings on medical implants such as titanium have also shown
promise in reducing bacterial density and adhesion, suggesting potential applications in

orthopedics and dental surgery [96].

Moreover, HA particles conjugated with antibiotics have been developed for
sustained release, effectively inhibiting various bacteria, including Pseudomonas
aeruginosa and Staphylococcus aureus, without exhibiting cytotoxic effects on
eukaryotic cells. These findings highlight the potential of HA-based materials in

preventing infections and promoting effective wound healing in clinical settings [97].

Furthermore, Michalska-Sionkowska et al. [98] developed thin films from
collagen, chitosan, and hyaluronic acid with added gentamicin sulfate. Findings showed
these films inhibit both Gram-negative (E. coli, P. aeruginosa) and Gram-positive
bacteria (S. aureus), suggesting their potential as effective antimicrobial materials in

biomedical applications.

Although animal-derived substances possess a diverse range of properties that can
enhance the functionality of various medical applications, their use is often limited by
ethical concerns, supply chain stability, and, in some instances, cultural restrictions.
Consequently, research is increasingly focusing on sourcing bioactive substances from
plants. Plant-derived substances offer several advantages, including broad availability

and renewability, simpler and more scalable cultivation processes, and the absence of
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ethical issues associated with animal use. These factors make plant-derived substances

a more attractive and viable option for many applications, including medical ones.

2.3.2. Plant-derived additives

The utilization of plants in medicine for their therapeutic properties dates back
thousands of years, with ancient civilizations depending on herbal remedies to treat
various diseases. Nowadays, the emergence of antibiotic-resistant bacteria and the need
for more sustainable medical practices have sparked significant scientific interest in
exploring plant-based antibacterial substances. Plants synthesize a diverse array of
secondary metabolites as part of their defense mechanisms against pathogens.
Understanding these defensive mechanisms could be vital to developing new, effective

antibacterial therapies [99].

Plants are abundant in compounds that exhibit desirable bioactivity for the
medical field, including antimicrobial activity and promoting cell proliferation. These
compounds primarily include polyphenols, terpenoids, and alkaloids, often found in

commercially available extracts and essential oils.

Polyphenols are among the most well-known chemical compounds, characterized
by one or more aromatic ring structures naturally occurring in plants, as classified in
Figure 2.6. These compounds are primarily responsible for the organoleptic and
nutritional properties of plants. Their health benefits depend on their specific type and
level of bioactivity [100],[101].
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Figure 2.6. Classification of polyphenols [100]

Conversely, terpenoids are the primary constituents of volatile oils, with more
than 50,000 terpenoids isolated from plants. These compounds play crucial roles in plant
growth, development, and photosynthesis. Many terpenoids are utilized in cosmetics,
flavorings, and pesticides. In health applications, terpenoids are valued for their anti-
inflammatory and antimicrobial activities, as well as their anti-aging, antioxidant, and

neuroprotective properties [102],[103].

Lastly, alkaloids are heterocyclic nitrogen compounds commonly isolated from
plants, though they are also found in insects, animals, and microorganisms. The presence
of alkaloids in plants deters insects and chordate animals from consuming them. These
natural products have played a critical role in preventing and treating cancer and other
diseases. Alkaloids exhibit various biological activities, including antitumor,
antidepressant, anti-inflammatory, anti-angiogenic, and anti-dementia properties

[104]-[106].

The concentration of the aforementioned substances in various plants fluctuates
based on the plant's genus, the experimental methodology employed to determine the
content, the region of cultivation, and the harvesting period. This section will focus on
selected plants rich in these compounds, exploring their bioactivity and potential medical

applications.
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Thymus vulgaris L. (thyme) is the most extensively used and studied species
within the Thymus genus. This herbaceous, perennial aromatic, and medicinal plant is
widely consumed both as a herbal infusion and as a condiment. Thyme is cultivated for
use in the food, pharmaceutical, and cosmetic industries. It contains 0.8% to 2.6%
essential oil characterized by high chemical polymorphism and predominantly features
thymol and carvacrol chemotypes. The synergistic effects of thymol and carvacrol
significantly contribute to its antimicrobial properties. Notably, thyme exhibits
substantial antimicrobial activity against Gram-positive bacteria and yeasts, although
Gram-negative bacteria such as Escherichia coli and Klebsiella pneumoniae are less

sensitive to thyme’s bioactivity [107],[108].

Moreover, thyme is rich in bioactive compounds, including rosmarinic acid (avg.
amount 1.18 mg/g DW), luteolin (0.27 mg/g DW), thymol (3.34 mg/g DW), apigenin
(0.19 mg/g DW), cafteic acid (0.10 mg/g DW), and their derivatives, which demonstrate
antioxidant, antimicrobial, anti-inflammatory, and anti-tumoral properties [109]. The
content and type of active compounds vary among different plant parts, with the highest
concentration found in thyme leaves [110]. In traditional medicine, thyme is utilized for
treating asthma, serving as a disinfectant for the stomach and urinary tract, and
functioning as a diuretic and anti-inflammatory agent. Thymol found in thyme inhibits
platelet adhesion, potentially preventing thrombosis and atherosclerosis, and has shown

efficacy against antibiotic-resistant bacteria [111],[112].

A study by Mohammed et al. [113] on the effects of thyme alcoholic extract on
Staphylococcus aureus, a causative agent of acne, indicated that higher concentrations of
the extract and essential oil increased bacterial inhibition zones. The alcoholic extract
demonstrated superior antibacterial activity compared to thyme oil, suggesting that thyme
extracts could serve as effective antimicrobial agents against pathogenic bacteria,

particularly in treating acne.

Salvia officinalis L. (sage) belongs to the mint family Lamiaceae, subfamily
Nepetoideae, tribe Mentheae, and genus Salvia, and it can grow up to 60 cm in height. As
the largest genus in the Lamiaceae tamily, sage comprises approximately 1000 species,
distributed across Europe, particularly around the Mediterranean, as well as in Southeast
Asia, as well as Central and South America. Sage’s leaves have traditionally been used

for various medicinal purposes, including reducing perspiration, treating sore throats,
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treating seizures and ulcers, combating gastroenteritis and other infections, improving
lipid status and liver function, enhancing appetite and digestion, and boosting mental

capacity [114],[115].

The phytochemicals responsible for sage's antimicrobial, anti-inflammatory, and
antioxidant properties include rosmarinic (9.23 mg/g DW) and caffeic acids
(0.32 mg/g DW), luteolin-7-O-glucoside (0.26 mg/g DW), and terpenes such carnosic
acid (3.91 mg/g DW) and carnosol (8.40 mg/g DW) [116],[117]. Despite its traditional
and industrial applications, sage consumption must be moderated due to the presence of
chemical components such as thujone and camphor that can cause adverse effects (e.g.,
neurotoxicity) when ingested in high doses (above 5 mg/day) for a longer period, leading

some countries to regulate its usage [118],[119].

In addition, scientists investigated the impact of drying methods on the
concentration of phytochemical compounds found in thyme and sage. Results indicated
that for thyme, drying at 35 °C yields the highest phenolic compounds; however, the
differences between other drying methods (natural drying, freeze drying, and drying at
40 °C) were minimal. On the other hand, sage exhibited the highest yield of compounds
when freeze-dried, with concentrations twice as high as those obtained from the other
drying methods. This highlights the importance of the drying method prior to extraction,
which further influences the total polyphenols content [120].

In a study by Choukairi et al. [121], scientists discovered that the total extract of
Salvia officinalis exhibits cytotoxic effects on glioblastoma cells but not on cortical
neurons, indicating a selective action. The study also highlighted a dose-dependent
antioxidant activity correlated with high levels of phenols and flavonoids, which is highly
dependent on the extraction method and the state of the herb (fresh or dried). Additionally,
sage essential oil has been found to promote the healing process by shortening the
inflammatory stage by reducing pro-inflammatory cytokine expression and stimulating
cellular proliferation in the proliferation phase. S. officinalis also improves tissue

antioxidant status and angiogenesis, further supporting its therapeutic potential [122].

Rosmarinus officinalis L. (rosemary) is a woody perennial herb in the Lamiaceae
family, native to the Mediterranean region and cultivated worldwide; traditionally used

in folk medicine to treat ailments such as headaches, epilepsy, poor circulation, and
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muscle spasms. The phytochemicals responsible for rosemary's biological effects include
rosmarinic (11.60 mg/g DW) and caffeic acids (13.14 mg/g DW), luteolin
(8.09 mg/g DW), carnosol (21.50 mg/g DW), carnosic acid (177.30 mg/g DW), ursolic
acid. (186.70 mg/g DW), and oleanolic acid. (97.10. mg/g DW) [123]. These compounds,
found mainly in the leaves, acting synergistically, contribute to its anti-inflammatory,

antioxidant, and cytotoxic properties [124],[125].

Rosemary essential oil, obtained through steam distillation, contains numerous
bioactive compounds, notably 1,8-cineole, a-pinene, B-pinene, camphor, caryophyllene,
and D-limonene. These compounds contribute to its strong antioxidant and antimicrobial
properties, as well as its wound-healing activity [124],[126]. Studies have shown that
rosemary essential oil can promote healing by reducing pro-inflammatory cytokine
expression and enhancing cellular proliferation, tissue antioxidant status, and
angiogenesis. The essential oil’s antibacterial efficacy against Staphylococcus aureus and
Escherichia coli has been demonstrated, with minimum inhibitory concentrations and
minimum bactericidal concentrations, highlighting its potential as a natural alternative to

synthetic antibiotics [127].

Mentha piperita L. (peppermint) is a perennial aromatic herb belonging to the
Lamiaceae family. It is a naturally occurring hybrid between spearmint (Mentha spicata
L.) and water mint (Mentha aquatica L.), typically reaching a height of 30-90 cm [128].
Peppermint has a long history of safe use in medicinal preparations, particularly its leaves,
which are employed in the treatment of various diseases, including digestive disorders
and nervous system issues. This efficacy is due to its antitumor, antimicrobial properties,
chemopreventive potential, renal actions, and antiallergenic activities [129]. These
therapeutic properties are attributed to the bioactive chemical compounds present in
peppermint, such as rosmarinic acid (10.51 mg/g DW), caffeic acid (0.63 mg/g DW),
tannic acid (0.88 mg/g DW), and luteolin (0.56 mg/g DW) [130]. Much like the herbs
mentioned above, the extraction method used significantly influences the concentration
of these compounds. For instance, a study by Dorman et al. [131] demonstrated that
different solvents markedly impact the yield of detected polyphenolic compounds. In their
findings, the rosmarinic acid content in water extracts was approximately 12 mg/g DW,

while methanol extracts yielded nearly 180 mg/g DW, showing a 15-fold increase.
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Menthol, constituting approximately 45% of peppermint essential oil, along with
other compounds such as menthone and limonene, exhibits varying degrees of
antimicrobial activity [132]. A study by Camele et al. [133] tested the antimicrobial
efficacy of essential oil extracted from peppermint leaves against selected fungi and
bacteria. The results demonstrated that the essential oil exhibited significant antifungal
properties against Botrytis cinerea, Monilinia fructicola, Penicillium expansum, and
Aspergillus niger. However, it had minimal impact on Clavibacter michiganensis,

Xanthomonas campestris, Pseudomonas savastanoi, and P. syringae pv. phaseolicola.

Additionally, mixing two essential oils obtained from Mentha piperita and
Mentha pulegium achieved high antimicrobial activity against Staphylococcus aureus and
Escherichia coli. The study identified the optimal ratios for combating these microbes as
54%/46%, 55%/45%, and 56%/44% [134]. These findings highlight the potential of

specific combinations of essential oils in enhancing antimicrobial efficacy.

Melissa officinalis L. (lemon balm) is a perennial herb belonging to the Lamiaceae
family, naturally occurring in the Mediterranean region, Western Asia, Europe, and North
America [135]. The common name "lemon balm" derives from its distinctive lemon-like
flavor. The plant typically reaches a height of 1 meter, with leaves measuring 2-8 cm in
length, and is widely recognized as one of the most well-known medicinal herbs in
traditional medicine. Its medicinal use is primarily attributed to its efficacy in treating
depression, anxiety, insomnia, and stress [136]. In addition to its culinary use as
a flavoring agent, lemon balm possesses various bioactive properties, including
antimicrobial, antioxidant, anti-inflammatory, spasmolytic, antitumor, anti-
hyperlipidemic, hepatoprotective, and anti-Alzheimer effects [137]. Caleja et al. [138]
demonstrated the antimicrobial and antioxidant properties of the aerial parts of lemon

balm, highlighting its potential health benefits.

The bioactivity of lemon balm is linked to its chemical composition, which
includes compounds known for their antioxidant and antimicrobial activities, such as
rosmarinic acid (13.37 mg/g DW), caffeic acid (0.27 mg/g DW), quercetin (0.17 mg/g
DW), and coumaric acid (0.19 mg/g DW) [138],[139]. A study by Sic Zlabur et al. [140]
investigated the total polyphenolic content in lemon balm leaves, reporting a high

concentration of 1977.45+4.53 mg/L extract.
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In research assessing the antimicrobial activity of lemon balm, the plant exhibited
significant inhibition zones against Gram-negative bacteria (up to 14.21 mm with
4 mg/mL of lemon balm essential oil) and slightly smaller zones for Gram-positive
bacteria (10.72 mm for the same concentration of essential oil), indicating its antibacterial
efficacy against common pathogens [141]. However, Bouloumpasi et al. [142] found that,
although lemon balm demonstrates antibacterial activity, its effectiveness is considerably
lower than that of rosemary and sage, which can achieve up to 100% inhibition of
bacterial growth depending on the strain and herb concentration, compared to a maximum

of 30% for lemon balm.

Furthermore, the cytotoxic effects of lemon balm on human cells were evaluated,
revealing that the herb selectively targets tumor cells (melanoma) without affecting
healthy cells (keratinocytes). No vascular toxicity was observed even at concentrations
as high as 1000 pg/mL, suggesting that lemon balm leaf extract could be a promising
candidate for treating skin disorders characterized by impaired physiological skin

parameters [143].

Curcuma longa L. (turmeric) is a medicinal plant from the ginger family
Zingiberaceae cultivated throughout Asia. Its rhizome yields curcumin, a major
component responsible for a variety of pharmacological activities. Turmeric is used as
a spice, food preservative, and coloring agent. Its phytoconstituents include three
curcuminoids: curcumin (responsible for the yellow color of the rhizome),
desmethoxycurcumin, and bisdemethoxycurcumin, as well as volatile oils, proteins, sugar,

and resins [144].

In traditional medicine systems, turmeric has been used to treat liver obstruction,
ulcers, inflammation, dental issues, indigestion, blood purification, skin infections,
asthma, wounds, bronchitis, tumors, piles, and hepatic disorders. Modern research
emphasizes the need to explore the therapeutic potential of turmeric in comparison to
curcumin, especially through clinical trials. Both the plant and curcumin exhibit
antioxidant, antimicrobial, anti-inflammatory, neuroprotective, cardioprotective,
anticancer, hepatoprotective, immunomodulatory, antiallergic, and antidermatophytic

properties [145],[146].
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The chemical composition and antimicrobial properties of Curcuma longa
essential oil have been investigated by de Oliveira Filho et al. [147]. Significant
antibacterial activity against Staphylococcus aureus and Escherichia coli has been
revealed, suggesting its potential as a natural alternative to synthetic antibiotics. Scientists
also highlight the influence of drying temperature and solvent extraction on the bioactive
compound content and turmeric extracts' antioxidant, antimicrobial, and cytotoxic
activities. The results indicate that the most efficient conditions for phenolic compound
extraction involve using a methanol/water solvent from plants dried at 60 °C. Conversely,
the highest flavonoid content is yielded using the same solvent for turmeric dried at 40 °C.
Moreover, extracts prepared using an ethanol/water solvent exhibited higher
antimicrobial efficiency regardless of drying temperature compared to other extraction
solvents. In conclusion, turmeric's rich profile of secondary metabolites, including
flavonoids and terpenes, supports its extensive use in traditional medicine and potential

applications in medical and pharmaceutical industries [148].

Zingiber officinale Roscoe, known as ginger, is a perennial plant from the
Zingiberaceae family widely used as a spice and traditional medicine. Extensively
cultivated, ginger has been the subject of numerous studies focusing on its chemical
composition and biological activities. The rhizome contains a variety of bioactive
compounds, including 194 types of volatile oils, 85 types of gingerols, and 28 types of
diarylheptanoids. Key components like gingerols, shogaols, and paradols are responsible
for ginger’s antioxidant, antimicrobial, anti-inflammatory, and anticancer properties.
Ginger also shows promise in managing diseases such as cardiovascular and

neurodegenerative disorders, diabetes, obesity, and respiratory issues [149],[150].

Research by Gao et al. [151] has highlighted ginger’s gastrointestinal-protective,
anticancer, and obesity-preventive effects, with gingerol analogs being rapidly
metabolized. The composition of ginger essential oil, which is influenced by the
harvesting season, has been shown to yield the highest content of essential oil when
harvested at five months of maturity. Moreover, it exhibits various bioactive properties,
including antibacterial, antifungal, anti-ulcer, analgesic, and immunomodulatory
activities [152]. Clinical trials have demonstrated ginger’s efficacy in reducing early
pregnancy-related nausea and vomiting, although its long-term safety requires further

investigation [153].
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Moreover, compounds such as gingerol, geraniol, shogaol, zingiberene,
zingiberenol, and zingerone have shown potential as antiviral agents with good oral
bioavailability [ 154]. Studies have also revealed that phenolic extracts from ginger exhibit
significant anti-inflammatory and healing properties. Experiments with rats showed that
ginger extract substantially reduced edema and enhanced wound healing, underscoring
their therapeutic potential. These findings emphasize the need for additional research to
fully explore ginger's medicinal applications and optimize its bioactive compounds' use

in pharmaceuticals and cosmetics [151],[155].

Table 2.2 presents a summary of the aforementioned plants, categorizing them
based on their similarity in polyphenolic compounds, availability and cultivation
conditions, antimicrobial activity, and overall health benefits. This analysis served as the
basis for selecting fillers in the experimental part of the study. It should be noted that the
term "polyphenols similarity" refers to plants sharing a significant number of common
major constituents. "Cultivation conditions" encompass the requirements for growing and
harvesting the plants, as well as their year-round availability in Poland. The evaluation of
antimicrobial activity focused primarily on the efficacy of these plants against microbes
causing infections, such as those in wounds. Health benefits refer to properties that

promote overall patient health in addition to antimicrobial activity.

Table 2.2. A summary of selected plants

Property
Plant Polyphenolic  Cultivation and  Antimicrobial Health
compounds availability activity benefits
Thyme VAV VAV v vV
Sage VAV VAV VAV v
Rosemary vV vV vV vV
Peppermint vV VAV v v
Lemon balm vV VAV v v
Turmeric v v v VAV
Ginger v v VAV VAV

41



To summarize, plant-based compounds exhibit a wide array of bioactivities that
are essential for medical applications, particularly in wound healing and its protection.
Consequently, they can function as fillers that supply bioactive substances. A distinct
challenge is the effective dispersion of these compounds within the polymer matrix, with
the objective of enhancing the functional properties of the polymers while leveraging the
bioactive attributes of the plant-derived compounds. Such materials require specialized
research tailored to their specific application areas. This approach is anticipated to
significantly improve wound healing outcomes and provide more effective protection and

treatment in medical applications.
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2.4. Materials testing methods of polymers used in the medical industry

Before being utilized in any application, materials must undergo a series of tests
to confirm their suitability for the intended purpose. This process is especially rigorous
in the medical field, where materials require additional testing due to their potential
impact on the human body. Medical application testing protocols are supplemented with
extra precautions to ensure biocompatibility and safety. This includes conducting several
additional tests to assess the material’s interaction with biological systems, thus
guaranteeing that it does not pose any harm when in contact with human tissue.
Depending on the intended field and possible application, different tests are required,
however, for a material to be used in contact with the human body, biocompatibility is

the most essential property it needs to fulfill.

Biocompatibility refers to a specific set of properties a material must possess to
ensure safe use within a biological organism. These properties include being non-
carcinogenic, non-pyrogenic, non-toxic, non-allergenic, blood-compatible, and non-
inflammatory. Operationally, biocompatibility can be defined by the material's ability to
be used without causing harm to the patient; if the patient remains alive and unharmed,

the material can be considered biocompatible [156].

To determine a material's biocompatibility, it must undergo a series of tests
tailored to its intended application, whether it involves contact with skin, blood, or
internal tissues. One of the most fundamental tests is the cytotoxicity assay, which
involves exposing the material to cell lines relevant to its future application and evaluating
the ability of these cells to grow and propagate. For applications that involve direct or
indirect contact with blood, hemocompatibility assays are essential. These tests assess the
material's interaction with blood cells and plasma. Additional evaluations, such as
hypersensitivity and genotoxicity tests, are also conducted to ensure comprehensive

biocompatibility assessment [157].

Although biocompatibility is the most crucial characteristic of a biomaterial, it
must also meet basic functional properties and, depending on the application, additional
features such as broadly understood bioactivity. Mechanical properties, including

stiffness, strength, and hardness, are primarily evaluated using universal testing machines
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and durometers to determine whether the material can withstand the stresses encountered
during its function. Furthermore, environmental factors and loading conditions, such as
tension or compression, and whether the load is continuous or cyclic, must be considered
during testing to ensure the material's performance under realistic conditions. In addition,
tests such as wear resistance are important when friction is crucial in the intended

application.

The characterization of physical and chemical properties is crucial from both the
production standpoint and in terms of working conditions. For example, density and
permeability are critically important in drug release or gas exchange applications.
Chemical properties, on the other hand, are essential for assessing the material's
susceptibility to degradation, particularly during sterilization, which is a vital step to
ensure a contamination-free and safe application. Understanding these properties ensures

that the material will perform reliably and safely in its intended environment.

The bioactivity of a biomaterial is a feature that enhances its applicability in
medicine. Bioactivity refers to the interactions between the material and cellular
responses, which subsequently lead to specific cellular behaviors. For instance,
bioactivity refers to the material's ability to foster cell growth in applications where the
medical device is expected to promote cell proliferation, such as in scaffolds and tissue

engineering [158].

Conversely, antimicrobial activity becomes essential in applications where
microbial adherence and biofilm formation are inevitable or highly likely. For example,
assessments of antibacterial activity are carried out using various methods and protocols
tailored to the specific material and its intended application. These tests may involve

different bacterial strains based on the application's specific requirements.
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2.5. Organic fillers-enriched composites with enhanced antimicrobial

properties

Organic plant-derived fillers can be incorporated into a polymeric matrix in
various forms. Depending on the type of matrix, the intended application, and the desired
properties and outcomes, these additives may be introduced as essential oils, polyphenolic
extracts, or in powdered form without prior extraction. This chapter examines different
herbs and plant-derived fillers and their effects on modifying the bioactivity of polymers,

with a focus on enhancing antimicrobial activity.

2.5.1. Materials modified with essential oils

Essential oils, including black pepper and ginger, are known for their remarkable
antimicrobial, antioxidant, nutritional, and biomedical properties. Despite these benefits,
their clinical application is often limited due to their poor aqueous solubility and
instability, leading to reduced retention of their beneficial properties over time. To
address these limitations, one study developed biocomposite films incorporating chitosan,
gum arabic, and polyethylene glycol with aforementioned essential oils using a solution
casting method at 60 °C. The films, dried for 40 min at 50 °C, exhibited rough surfaces,
with essential oils droplets entrapped within the matrix, contributing to their structural
integrity. Mechanical testing revealed that the films possessed significant mechanical
strength, flexibility, and thermal stability. Notably, composites containing ginger oil
exhibited superior tensile strength (7.58 MPa) and elongation (79.44%) compared to
those based on black pepper oil. Additionally, the essential oil-incorporated films
demonstrated high antimicrobial activity against Bacillus cereus, Staphylococcus aureus,
Escherichia coli, and Salmonella typhimurium. The inhibition zones for composites with
essential oils were 3-4 times larger compared to reference composites, suggesting their

potential use in wound dressing materials. [159],[160].

In a similar study by Altaf et al. [161], hydrogel membranes were fabricated
through the esterification of polyvinyl alcohol with starch, incorporating essential oils
such as clove, oregano, and tea tree oil to enhance antibacterial activity and mechanical

strength. Moreover, it was observed that the higher the content of these oils, the higher
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the contact angle of the composites, indicating that the chemical composition of essential
oils alters the surface wettability. The 0.1 mL clove oil-incorporated hydrogel exhibited
optimal antibacterial activity against S. aureus and E. coli (39+0.57 mm and 37+0.29 mm,
respectively), tensile strength (19.36 MPa), and moisture retention (95.50%), marking it

suitable for wound dressing applications.

In situ electrospun zein/thyme essential oil (TEO) nanofibrous membranes were
developed to address the limitations of conventional wound dressings. The membranes
containing 6 wt.% of TEO exhibited high gas permeability, reaching 154+20.9 m?%/s,
superhydrophilicity with a 0° contact angle, and good antibacterial properties against
S. aureus and E. coli. In vivo studies on mice demonstrated enhanced wound healing
within 11 days, highlighting the efficacy of these membranes for wound

management [162].

Moreover, thyme essential oil encapsulated in sodium caseinate nanomicelles was
formulated into a gelatin nanocomposite hydrogel, which showed sustained release,
enhanced antibacterial effects presented as bacterial cell wall and membrane disruption,
and significant promotion of wound healing. This formulation is proposed as
a multifunctional delivery system for thyme essential oil in wound healing

applications [163].

In a similar work by Gheorghita et al. [164], researchers have succeeded in
developing enhanced polymer compositions based on polyvinyl alcohol/polyvinyl
pyrrolidone modified with 12 wt.% of essential oils, specifically mint, pine, fennel, and
thyme oils, which exhibit promising properties for treating open wounds such as pressure
ulcers. Moreover, these materials presented high antimicrobial activity against
Staphylococcus aureus, Enterococcus faecalis, Escherichia coli, Pseudomonas

aeruginosa, and Candida albicans.

Similarly, nanofibers based on collagen hydrolysate loaded with thyme or oregano
essential oils were produced using electrospinning. These nanofibers exhibited
antimicrobial properties and biocompatibility. Composites filled with thyme essential oil
did not exhibit cytotoxicity up to a concentration of 1000 pg/mL, whereas those with

oregano essential oil were non-cytotoxic up to 500 pg/mL. These properties make the
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nanofibers promising candidates for applications in wound dressings, tissue engineering,

and protective clothing [165].

Moreover, gelatin hydrogels loaded with Salvia officinalis essential oil were
prepared by mixing gelatin and glycerol in a weight ratio of 1.25:1 and adding 0.2 wt.%
of sage essential oil. This mixture was subjected to a microwave-assisted polymerization
method and left to air dry for 4 to 5 days at room temperature. The resulting material
demonstrated enhanced antibacterial activity and stability. The antibacterial activity of
the hydrogels, assessed through the agar diffusion method, was comparable to that of
silver nanoparticles and twice as effective as cinnamon essential oil against S. aureus and

E. coli [166].

Lastly, polyurethane and cellulose acetate electrospun fibers encapsulating 3%,
5%, or 7% by weight of rosemary essential oil and silver nanoparticles were fabricated.
These composites exhibited enhanced hydrophilicity, as indicated by a decrease in contact
angle to 62.8+0.9° at the beginning of testing with higher loads of additives. They also
showed increased PBS (phosphate buffered saline) absorption, reaching 12.434+0.49% for
the highest content of additives after 5 days of incubation, and demonstrated superior
antibacterial activity, with an increasing trend in activity correlating with higher contents
of rosemary essential oil and silver nanoparticles. These composites mimic the natural
extracellular matrix, promoting cell attachment and viability, indicating their potential

utility in biomedical applications [167].

In conclusion, integrating essential oils into various biocomposite and hydrogel
formulations offers promising advancements in antimicrobial and wound healing
applications. These innovative materials, characterized by their enhanced mechanical
properties, thermal stability, and significant antibacterial activity, present viable

alternatives to conventional wound dressings.
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2.5.2. Materials modified with polyphenolic extracts

Like essential oils, plant extracts are renowned for their significant bioactivity and
diverse applications across various fields, particularly medicine. Numerous studies have
investigated the effects of incorporating these extracts on the wound healing process and
their protective benefits. For instance, Moringa oleifera extracts obtained using various
water-to-methanol ratios were successfully incorporated into alginate films at
concentrations of 0.1%, 0.5%, and 1% w/v. The cell viability results indicated that these
extracts exhibited viability above 80%, deeming them non-toxic. Moreover, the wound
scratch test results showed that due to the high amounts of vicenin-2, chlorogenic acid,
and quercetin compounds present in the extracts, there was significant cell migration and
proliferation. This led to the conclusion that these compounds facilitate the wound-
healing process. Additionally, the tensile strength of the alginate films increased with
higher extract concentrations, further supporting their potential use in wound healing

applications. [168].

Sabando et al. [169] investigated pectin-based films for their biodegradable and
biocompatible nature, which makes them suitable for wound dressing applications.
A crosslinked pectin/starch blend loaded with bioactive extracts from Gunnera tinctoria
and Ugni molinae leaves was developed, showing a controlled release of bioactive
compounds and adequate water-uptake capacity (100-160%). Furthermore, it was
concluded that adding extracts did not alter the mechanical properties of the hydrocolloid
films. At the same time, they inhibited topical edematous responses and facilitated the
complete closure of pressure ulcers within 17 days without adverse reactions,

demonstrating their potential as effective wound dressings.

To address bacterial infections in wounds, Tridax procumbens extract was
immobilized on polycaprolactone electrospun nanofibers, chosen for their beneficial
surface properties and biocompatibility. The obtained nanofibers exhibited significant
antibacterial activity (notably increased inhibition zone compared to fibers without the
extract), enhancing wound healing and treating surfaces with pathogenic microorganisms,

particularly in hospital environments [170].

Combining traditional Chinese herbal medicine with modern technology, Li et al.

[171] fabricated an interactive and bioactive wound dressing using thyme extract
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incorporated into polymeric nanofibers through electrospinning. Hemolysis tests
demonstrated the dressing's hemocompatibility, with hemolysis rates remaining below
8%. In vitro studies further confirmed its cytocompatibility. The release kinetics analysis
revealed that approximately 80% of the thyme extract was released from the nanofibers
within the first 24 h. Additionally, animal studies indicated that the thyme extract-

enriched nanofibers significantly enhanced the wound healing process.

To enhance the treatment of infections in chronic wounds, a nanofibrous mat
composed of polyvinyl alcohol and chitosan, incorporating 10 wt.% thyme and ginger
extracts, was developed. This mat exhibited excellent wettability, porosity, and liquid
absorption capacity, with the latter increasing proportionally to the extract content,
reaching 674% after 24 h. The mat provided a continuous and sustained release of active
compounds for nearly 72 hours. It effectively inhibited the growth of both Gram-positive
S. aureus and Gram-negative E. coli strains. The mat significantly accelerated cutaneous
wound healing in bacterial-infected rats, reducing the wound area to 0.05+0.01 cm? by

the 14th day [172].

Another study explored the development of electrospun poly(caprolactone)
/poly(vinyl alcohol) core-shell nanofibers incorporated with 5% w/v thyme extract.
Fourier transform infrared analysis indicated that incorporating thyme extract into the
polymeric matrix did not alter its chemical backbone but affected certain peaks' intensity.
Additionally, the inclusion of thyme extract reduced the water contact angle from
approximately 83° to 76°, likely due to the presence of the polar compounds thymol and
carvacrol, which increase hydrophilicity. Tensile testing revealed that incorporating
thyme extract decreased the tensile strength of the matrix from 1.51 to 1.08 MPa but
significantly increased the tensile strain almost twofold, from 74.14% to 143%.
Cytotoxicity assays demonstrated that the thyme extract-enriched material was non-toxic
to fibroblast cells, and antibacterial assessments showed high efficacy against both Gram-
positive and Gram-negative bacteria. These findings suggest the potential application of

this composite material in wound healing [173].

A study by Vasile et al. [174] investigated poly(lactic acid)-based multifunctional
materials containing 3 and 6 wt.% chitosan and 0.5 wt.% rosemary extract. The
composites containing only rosemary extract exhibited a slight decrease in tensile

strength, around 27 MPa, which further decreased with the addition of 3 and 6 wt.%
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chitosan, dropping to 24 MPa and 14 MPa, respectively. Conversely, the elongation at
break for rosemary extract-enriched materials was higher than the reference, reaching
approximately 9%. In comparison, the composite containing 6 wt.% chitosan and
rosemary extract exhibited significantly higher elongation at break, exceeding 50%.
Impact strength tests showed that the addition of rosemary extract increased the impact
value of composites containing only 3 wt.% chitosan by 500%, highlighting the favorable
impact of incorporating rosemary extract on the mechanical properties. The antibacterial
evaluation revealed varied behaviors depending on the tested strain; however, after 48 h
of incubation, all modified composites exhibited 100% inhibition. Water contact angle
measurements indicated that composites containing only rosemary extracts had increased
angles for all tested solutions, suggesting an influence on the wettability. The obtained
materials demonstrated adequate properties, making them suitable for short-term

biomedical implants and innovative drug delivery systems.

Carbomer-based hydrogel dressings incorporating 10% ethanolic extracts of
Rosmarinus officinalis aerial parts and Achillea millefolium and Calendula officinalis
flowers were developed. The rosemary extract-enriched material exhibited a firmer
structure than the other extract-modified composites, reducing its stretchability by 10%
compared to the reference. Additionally, this composite was the only one to demonstrate
antibacterial activity against Staphylococcus aureus, Pseudomonas aeruginosa, and
Candida albicans. Despite a slight decrease in pH and texture due to the extracts, the
hydrogels proved effective as potential wound dressing materials, warranting further in

vivo studies [175].

In conclusion, the incorporation of plant and herbal extracts into polymeric
matrices has been extensively explored for various medical applications, both internal
and external. This approach highlights the potential to develop biocompatible medical
polymers with enhanced bioactivity while maintaining the required operational properties.
However, the procedure of obtaining extracts and essential oils mainly necessitates
chemical processes, leading to higher production costs and extended manufacturing times.
Consequently, researchers are increasingly investigating the direct incorporation of plant

parts into polymeric matrices to achieve materials with improved bioactivity.
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2.5.3. Materials modified with powdered plants

The novel approach of incorporating powdered plants and herbs has the potential
to yield composites with desirable properties and enhanced bioactivity, all while being
environmentally friendly and generating no by-product waste. Additionally, this method
facilitates the production of composites using off-the-shelf products, thereby accelerating

the process and reducing costs.

Hybrid cellulose nanocomposite films were developed using cellulose from cotton
as the matrix, with 5 to 25 wt.% of modified tamarind nut powder and copper
nanoparticles as fillers. The results demonstrated that the addition of tamarind nut powder
increased the crystallinity of the nanocomposites to 74.2% for those filled with 25 wt.%,
compared to the 61.1% crystallinity of the cellulose matrix, without altering the chemical
backbone of the matrix. The composites also exhibited enhanced antibacterial properties
against E.coli, P.aeruginosa, S.aureus, B. licheniformis pathogens due to the presence of

the phytochemicals found in tamarind nut powder and Cu” ions [176].

Bazan et al. [177] investigated the modification of thermoplastic elastomer,
specifically polyolefin (TPO), using various organic (horseradish root, ginger root, and
chicory) and inorganic antibacterial additives at a weight percentage of 3%. The materials
underwent injection molding, with a reduction of 10 °C in each zone's temperature for
composites containing natural additives to prevent thermal degradation. The tensile
testing results showed an overall increase in tensile strength for all modified TPO variants,
particularly with organic additives demonstrating higher values (up to approximately
14.7 MPa for TPE with ginger root). Similar trends were observed in Shore D hardness
measurements and flexural strength values. UV aging tests indicated that while only the
matrix exhibited increased tensile strength, organic-modified composites showed a slight
decrease after aging yet maintained higher or similar values compared to the reference.
Specifically, the strain in ginger root-enriched TPO dropped to 80% after aging, whereas
all materials achieved >300% strain both before and after aging. The study also assessed
antimicrobial efficacy, noting varying degrees of bacterial survival reduction across
different strains. Organic-modified composites exhibited greater effectiveness against

Gram-negative bacteria and fungi than inorganic additives.
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Furthermore, a study aimed to produce reinforced biocomposites using biomass-
derived polypropylene with antibacterial turmeric for orthoses and medical equipment.
Six hybrid composites with 5-15% basalt fibers, 5-15% microcellulose fibers, 2%
turmeric powder, and 2% anhydride maleic compatibilizer were manufactured using
injection molding. The resulting materials demonstrated increased tensile strength,
achieving 35 MPa in composites modified with 10% basalt fibers, with a notable decrease
in the strain at break by 94% compared to pure polypropylene. Similar trends were
observed in bending tests, where fiber-modified materials exhibited bending strengths
ranging from 40.2 to 54.2 MPa, surpassing the reference value of 34.6 MPa.
Hydrothermal degradation testing conducted at 40 °C over 6 weeks indicated that the
investigated materials retained their mechanical properties with minor deterioration. This
study underscores the feasibility of producing functional biocomposites with enhanced

strength and stiffness, thereby rendering them suitable for medical applications [178].

Chaaben et al. [179] developed a novel biocomposite for dental restorations
consisting of poly(methyl methacrylate) resin and 30 wt.% Salvadora persica powder,
commonly known as miswak. The filler was dried at room temperature and ground to
a size under 40 um. The mixture was cured in a pressure device at 60 °C for 10 minutes
under 0.5 MPa. Antibacterial assessments revealed that the filler exhibited high activity,
with an inhibition zone of approximately 22 mm against Haemophilus influenzae.
However, the composite demonstrated a reduced inhibition zone of around 8 mm,
suggesting that the incorporation of miswak limited its bioactivity due to the restricted
release of the filler from the matrix. Despite this limitation, the observed antibacterial
zone is still significant, indicating the composite's antibacterial characteristics.
Furthermore, the composite did not present residual monomers that could cause oral

inflammatory symptoms, highlighting its potential for dental applications.

In a similar study, a polylactic acid matrix composite reinforced with Salvadora
persica was developed to address mechanical issues due to filler incompatibility. Miswak
powder was added at concentrations of 5-20 wt.%. The addition of the filler increased the
material's density with increasing filler content while decreasing the tensile strength and
elongation at break values by 48% and 83%, respectively, for the maximum filler content.
Similar trends were observed for flexural strength, with the value dropping from 89.15 to

47.79 MPa. However, it was concluded that composites with 5% miswak exhibited
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excellent interlayer adhesion and mechanical strength, indicating their suitability for 3D
printing applications. This suggests the potential for developing sustainable materials

with antimicrobial benefits [180].

Moreover, chitosan-based biomaterials incorporating ginger, curcumin, and
cinnamon were fabricated for wound healing applications. The fillers were dried at 50 °C
and added to the chitosan mixture at 0.5 g each, forming thin films of 0.1 and 0.2 mm
thickness. Morphology analysis revealed the presence of agglomerates throughout the
matrix. Ginger-modified chitosan exhibited the highest surface roughness at 167.2 nm,
followed by the curcumin composite at 63.1 nm and the cinnamon composite at 53.5 nm,
with the lowest roughness observed for pure chitosan at 40.1 nm. Antimicrobial
characterization demonstrated high efficacy against various microorganisms. Specifically,
chitosan/ginger composites exhibited superior mechanical properties, with a tensile
strength reaching 38.3 MPa, an approximate increase of 17%, along with enhanced

antimicrobial activity, making them particularly suitable for wound dressings [181].

Lastly, Moopayak et al. [182] explored the use of Garcinia mangostana L.
(mangosteen) peel and seed as bio-fillers in natural rubber latex products, such as medical
gloves and transdermal patches. The peel and seed demonstrated excellent antibiotic
properties. Gloves incorporating mangosteen peel powder exhibited hydrophobicity, with
a water contact angle of 130.67+2.08°, and good mechanical properties, including high
tensile strength (64.59+13.54 MPa), elongation at break (815.72+54.67%), and stiffness
(296.50+48.32 N/m). These materials were also non-toxic to the skin, making them
suitable for medical applications. Furthermore, the organic-enriched composites showed
negligible cytotoxicity, whereas composites filled with higher concentrations of silver
nitrate were deemed toxic. Natural rubber patches containing mangosteen seed exhibited
high wettability, with a water contact angle of 81.47+1.27°, and mechanical properties
similar to those of mangosteen peel-modified composites. These findings suggest their

potential for antimicrobial and drug delivery applications.

In conclusion, this chapter focused on the outcomes of incorporating bioactive
plant-based compounds into polymeric matrices and explored their potential utilization
in the medical field, particularly for external applications. The primary emphasis was on
obtaining materials with enhanced antibacterial properties. However, compared to

materials enriched with essential oils and extracts, the direct incorporation of plant parts
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in powder form into polymers for medical applications is limited, and few studies address
the practical application of such materials. Although favorable results have been observed,
this process can be constrained by the sensitivity of natural materials to the high
temperatures often involved in production processes. This is particularly crucial because
polyphenolic compounds are temperature-sensitive and can undergo degradation at
elevated temperatures. Additionally, changes in crystallinity due to the cross-linking
process may hinder the utilization of these materials due to their low functional properties,
thereby limiting their use in applications where durability is required. Therefore,
properties such as degradation temperature and chemical composition should be carefully

considered when developing bio-based materials.
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3. Literature review conclusions

Based on the conducted literature review, the following was concluded:

e Among elastomeric polymers, polydimethylsiloxane (PDMS) is widely employed in
medical applications, both internal and external, due to its biocompatibility, high gas
permeability, flexibility, and low reactivity. However, a notable limitation is its lack
of antibacterial properties. The literature presents various methods for modifying
PDMS to meet the specific requirements of medical applications.

e Wound dressings are the most common extracorporeal application of PDMS in
medicine and can be classified as either passive or bioactive based on their intended
use. These dressings often incorporate bioactive substances, such as drugs,
nanoparticles, or monomers, to inhibit microbial adherence and biofilm formation
while promoting wound healing by delivering substances that enhance cell
proliferation.

e The rise of antibiotic-resistant bacteria necessitates the development of alternative
solutions. Moreover, the production and incorporation of inorganic additives are
often not financially efficient, involving complex and time-consuming synthesis
processes.

e Naturally-derived compounds, both animal- and plant-based, exhibit a wide variety
of bioactivities essential for medical applications, including antimicrobial properties
and the promotion of cell growth. The inclusion of plant-derived fillers, such as
essential oils and extracts, has been shown to be beneficial for the wound healing
process and in combating microbial infections. Nevertheless, the preparation of these
fillers can extend the biomaterial manufacturing process.

e The composition of plant additives is closely related to the conditions and
environment of their cultivation. The specific plant part (root, stem, leaf, flower, or
seeds) from which fillers are derived plays a significant role. Fillers from herbs are
particularly promising due to their bioactive properties.

e The direct incorporation of plant or herbal powders into a polymeric matrix enhances
the antibacterial activity and presents significant potential for creating bioactive
materials. However, this approach has not been extensively studied. The use of

organic fillers may be limited due to their thermal sensitivity, particularly the
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bioactive polyphenolic compounds, and their potential impact on the polymerization
process.

There is a gap in research concerning the modification of the bioactive properties of
PDMS while maintaining the performance characteristics of herbal powders. This

area requires further investigation, which is the focus of this study.
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4. PhD thesis and aims

Based on preliminary research and an extensive literature review, the thesis of this
work was developed. The introduction of specially prepared organic fillers, derived
from selected parts of bioactive herbs, into polydimethylsiloxane significantly
enhances its antibacterial activity while maintaining the necessary functional
properties for external medical applications, such as dressings, i.e., mechanical and
physicochemical properties, while at the same time ensuring long-term functionality

and reliability in medical contexts.

To address the put-forward thesis, this work aims to develop innovative
biocomposites based on polydimethylsiloxane that exhibit superior antimicrobial
properties. This research focuses on incorporating specific organic additives into the
polymeric matrix and assessing their impact on selected physicochemical, mechanical,
and biological properties. These additives are carefully selected for their ability to impart
bioactive properties, effectively combating various pathogenic microorganisms. The
work aims to ensure that, despite incorporating these bioactive fillers, the composites
retain their essential functional characteristics, such as physicochemical stability,
mechanical strength, and durability. This balance is crucial to meet the strict standards

required for potential applications in medical and healthcare.
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5. Methodology

The doctoral thesis required the development of biocomposites production
technology, specifically focusing on the proper preparation of the fillers. The
experimental part was divided into three phases, each followed by a multicriteria analysis
to assess the extent of alterations and identify the most promising materials. The research

methodology is delineated in Figure 5.1.
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Figure 5.1. Research methodology

The scope of work covers:

¢ Identification and characterization of fillers — this step facilitates the selection of
three promising herbal additives whose properties were tested to assess their
influence on the resulting biocomposites.

e Preparation of biocomposites — detailed in Section 5.1.4.

e Physiochemical and mechanical properties— the selected experiments assess the
impact of the fillers on the operational characteristics.

e Accelerated degradation tests in a simulated human body environment — this step
assesses the long-term performance of the acquired materials.

e Bioactivity assessment — evaluation of the materials’ antibacterial activity and
cytotoxicity.

e Validation of the results, considering their potential medical applications.
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Unless otherwise specified in individual studies, all experiments were performed
in a laboratory maintained at a constant temperature of 2142 °C and a relative humidity
of 40%. Furthermore, data curation and statistical analysis were conducted using
OriginLab software (OriginLab Corporation, Northampton, MA, USA), with results

reported as mean values with standard deviation.

5.1. Materials

5.1.1. Biocomposites’ matrix

The matrix was a two-component, addition cross-linking, medical-grade
polydimethylsiloxane (confirmed by infrared spectrum in Figure 5.2), where the linking
agent is platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane under the commercial
name Dragon Skin™ 30 (Smooth-On, Inc., Macungie, PA, USA). This material has a skin
safety certificate, the properties of which are presented in Table 5.1 [183].

Table 5.1. Selected properties of PDMS [183]

Property Value (unit)
Density 1.08 (g/cm?)
Viscosity 20 (mPa-s)
Hardness 30 (ShA)
Strain at break 3.45 (MPa)
Strain at break 364 (%)
Ref Si-(CHy),
- Si-0-Si O\
g
3t
g
O
2
=< CH,
\L
3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Figure 5.2. IR spectrum of the matrix
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The matrix's IR spectrum displayed characteristic peaks of PDMS at 786 cm™! and
1259 ¢m™!, corresponding to the CHs rocking and bending in Si-CH3, respectively;
1006 cm™! for Si-O-Si; and 2967 cm™! for C-H stretching in CHs bands.

5.1.2. Fillers’ preparation

Based on the literature review in Section 2.3.2, three herbs were selected as matrix
modifiers: thyme, sage, and rosemary — Figure 5.3. All of the selected fillers were derived

from herbal leaves.

Figure 5.3. Modifying fillers: thyme — a), sage — b), rosemary — c¢)

The leaves of the herbs were sourced from different regions: thyme from Turkey,
sage from Poland, and rosemary from Morocco. Notably, in the case of sage, woody-like
particles are visible, likely due to the presence of aged lignified petioles. The herbs were
initially obtained in a dried state; however, they were further dried to a constant weight

at 202 °C in SLW 53 STD forced air dryer (Pol-Eko, Wodzistaw Slaski, Poland). These
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conditions allowed for the elimination of any residual moisture without significantly
influencing the polyphenols, which are temperature-sensitive. Next, the fillers were
ground in a four-blade grinder and separated into three groups: unmodified material (raw,
ground herbs) — Figure 5.4.a,d,g, modified material (the proposed modification process

is explained afterward) — Figure 5.4.b,e,h, and polyphenolic extracts — Figure 5.4.c,f,i.

Thyme

g h) i)

Figure 5.4. The selected fillers: raw material — a), d), g), modified material — b), ), h),
polyphenolic extract — ¢), f), 1)
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The proposed modifications were implemented following a preliminary
assessment of the raw material-silicone biocomposites. The algorithm detailing the
selection process for these modifications is presented in Section 5.1.4. The second set of
herbs underwent sieving using meshes with a size of 100 um using a Mutliserw sieve
shaker (MULTISERW-Morek, Brzeznica, Poland). Next, rosemary and sage were wetted
with 90% ethanol for 4 h at room temperature and dried for 24 h at 3042 °C. This
procedure facilitated the elimination of the adverse effects of fatty compounds on silicone
polymerization, specifically the decrease in crosslinking density [184]. Furthermore,
given the elevated concentration of terpenes and fatty acids in rosemary, a further step
involved subjecting it to water vapor for 2 h, inducing the evaporation of these compounds.

The modified rosemary filler was subsequently dried for 24 h at 30+2 °C.

The last set of fillers constituted polyphenolic extracts obtained in cooperation
with the Department of Biochemistry and Crop Quality, Institute of Soil Science and Plant
Cultivation. The finely ground raw herbs (150 g of sage, 140 g of thyme, and 150 g of
rosemary) underwent two extractions with boiling MiliQ water (3.5 L + 1.5 L), each
lasting 5 min. Following the combination, the extracts underwent filtration using a Schott
funnel and centrifugation (4500 rpm, 5 °C; Sigma 3-26 KL, Osterode am Harz, Germany)
for 10 min. The aqueous extract contained significant levels of polar impurities, such as
carbohydrates and organic acids, as confirmed by liquid chromatography-mass

spectrometry (LC-MS) analysis.

The phenolic compounds were subsequently purified through solid-phase
extraction on a short column (12 cm % 5 cm) packed with Cosmosil C18-Prep bed
(140 um; Nacalai Tesque Inc., Kyoto, Japan). Methanol and formic acid were introduced
to the extract to achieve final concentrations of 2% and 0.1% (v/v), respectively. After
filtration and loading (in five separate portions) onto a column stabilized with
2% MeOH (v/v), the ballast components were washed with 2% MeOH (v/v) containing
formic acid. At the same time, the target compounds were eluted using 60% MeOH (v/v).
The resulting polyphenol fractions were consolidated and subsequently lyophilized
(Gamma 2-16 LSC, Christ, Osterode am Harz, Germany) following solvent evaporation
on a vacuum evaporator (Laborota 20, Heidolph, Schwabach, Germany) at 40 °C. This
process yielded 9.02 g, 9.19 g, and 16.67 g of thyme, sage, and rosemary polyphenolic
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extract, respectively. The abbreviations utilized to describe the fillers are presented in

Table 5.2.

Table 5.2. Fillers codes

Material Code
Unmodified uT
Thyme Modified MT
Extract ET
Unmodified UsS
Sage Modified MS
Extract ES
Unmodified UR
Rosemary Modified MR
Extract ER

5.1.3. Fillers’ characterization

A thorough investigation of the fillers enabled the assessment of their impact on
the resulting biocomposites. The morphology and size distribution of the grains
significantly affect the integration between the additives and the matrix, thereby
influencing the mechanical properties. Additionally, phytochemical analysis quantified
and identified the chemical compounds in the fillers that may affect the cross-linking

process of the matrix, subsequently impacting the tested properties.

The morphological characteristics of the selected fillers were examined utilizing
a Zeiss Supra 35 scanning electron microscope (SEM) (Carl Zeiss AG, Oberkochen,
Germany). Prior to analysis, the filler particles were coated with gold powder for 90 s to
enhance their conductivity and visualization under the microscope. The results are

presented in Figure 5.5.
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Figure 5.5. SEM micrographs of the tested fillers: raw material — a), d), g), modified material — b). ¢), h),
polyphenolic extract — ¢), f), 1)

The tested fillers exhibit uneven, variably shaped particles with visible stomas and
trichomes. For thyme, the trichomes are short, with multiple glands on their surface,
whereas for sage, they are long and smooth. Additionally, rosemary grains are noticeably
larger, with irregular shapes and larger open particles. As can be seen, modification of
the fillers does not visibly alter the morphology of the grains. On the other hand, the
extracts are characterized by thin yet large particles with irregular shapes and smooth
surfaces. Although the high surface roughness caused by the irregularity of the particles
and the presence of numerous open stomas and glands may adversely affect the wetting
of fillers by the polymer, the well-developed surface of the particles increases the contact

area between the matrix and the filler, thereby could enhance mechanical adhesion.

The particle size and distribution of the grains were assessed through laser

diffraction (LD) employing a Fritsch Analysette 22 Micro Tec Plus system (FRITSCH
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GmbH, Idar-Oberstein, Germany). The results are depicted in Figure 5.6 and Table 5.3,
in which the 10" (D), 50" (Dso), and 90" (Dyo) percentiles of the fillers size are presented.
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Figure 5.6. Fillers' particle size

Table 5.3. The average size of the fillers’ particles

Average Filler
particle
. UT MT ET usS MS ES UR MR ER
size, pm
Do 6.14 828 21.19  3.66 6.65 15.81 3.13 8.67  50.51

Dso 133.70 3948 239.01 2541 4133 24475 20.62 44.04 258.72
Dy 281.73 126.50 388.52 471.12 131.21 380.71 657.53 11621 398.44

Compared to all other fillers, the largest particles characterize unmodified
rosemary, followed by sage. For thyme, the largest particles are found in the extract,
whereas the smallest are in the modified herb. In general, all unmodified herbs exhibit
a bimodal distribution. Therefore, it can be deduced that the sieving made the distribution
more uniform. Extracts of the fillers are all characterized by a similar particle size
distribution. The results in Tabl 5.3 indicate that at the 90" percentile, unmodified
rosemary (UR) has the largest particles, while modified rosemary (MR) has the smallest

ones, demonstrating that the modifications had the greatest impact on rosemary.
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Measurements were performed using a gas pycnometer, specifically the AccuPyc
IT 1340 model (Micromeritics, Norcross, GA, USA), to determine the grains' density. This
analysis was repeated five times for each type of filler to ensure the accuracy and
reliability of the density data obtained. The results are presented as mean values with

standard deviation in Figure 5.7.

2.00
1.75 1

ens
o
“
W
1
UT
MT
E
S
MS
E!
R

0.00 T T
Thyme Sage Rosemary

Figure 5.7. Fillers' density

An unequivocal behavior emerges for the density of the fillers, indicating that the
modification of the filler leads to an increase in its density. This increase is attributed to
the exclusion of larger particles, allowing space for a greater number of smaller particles,
thereby enhancing the density. Additionally, the extracts are characterized by the highest
densities, with rosemary exhibiting the most significant increase in density following

extraction, approximately 16%.

The total phenolic content of the evaluated herbs (TPC) was quantified using the
Folin-Ciocalteu assay. The test involved adding 100 puL of Folin-Ciocalteu reagent to
1.6 mL of an appropriately diluted sample (0.2—-1.0 pg/mL) or Gallic acid standard
solution, which comprised six concentrations ranging from 1.0 to 10 pg/mL.
Subsequently, 0.3 mL of Na,COs (15% w/v) was introduced to the mixture, which was
then incubated in a water bath at 40 °C for 30 min. Absorbance was recorded at 765 nm
against a blank sample using an Evolution 260 Bio spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The TPC of the samples was derived from the linear
calibration curve of Gallic acid (R* > 0.998) and expressed as milligrams of Gallic acid
equivalents per gram of dry weight (mg GAE/g DW). The results are presented in
Table 5.4.
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Table 5.4. Total phenolic content of the tested fillers

Material TPC (mg GAE/g DW)

UT 69.71 £ 6.22"

Thyme MT 69.45 + 2.65"
ET 453.48 +10.65"

US 44.65 +£2.90"

Sage MS 59.05 + 4.36"
ES 381.87 +8.71%

UR 70.22 +4.81"

Rosemary MR 86.91 + 1.88"
ER 471.55+11.29*

*calculated on plant dry matter; *calculated on extract dry matter

The TPC results indicate that the modification of the fillers enhanced the
polyphenolic compound content in both sage and rosemary, with rosemary exhibiting
a higher TPC. This suggests that the proposed modification effectively facilitated the
extraction of phenolic compounds. As thyme underwent only sieving with no additional
chemical or thermal modification, the changes in TPC value are negligible, and the values
fall within the standard deviation range. Furthermore, for the extracts, rosemary

demonstrated the highest TPC, while sage exhibited the lowest.

The phytochemical compositions of the fillers were characterized using a Thermo
Ultimate 3000RS chromatography system (Thermo Fisher Scientific, Waltham, MA, USA)
with a corona-charged aerosol detector (CAD) and a Bruker Impact II HD quadrupole-time
of flight (Q-TOF) mass spectrometer (MS) (Bruker, Billerica, MA, USA). Both raw and
modified herbs were extracted with 80% methanol using an ultrasonic bath for 15 minutes,
yielding extracts with a final concentration of 20 mg/mL. Freeze-dried polyphenolic
extracts were reconstituted in 80% methanol to a 5 mg/mL concentration. After
centrifugation (12,000 rpm for 3 min), samples were separated on an HSS C18 column at
45 °C. A 30-minute linear gradient from 5% to 85% acetonitrile water (0.1% formic acid)
at a 0.4 mL/min flow rate was used for separation. Mass spectrometry analysis in ESI(—)
ion mode included a scanning range of 50—-1800 m/z, capillary voltage of 3.0 kV, dry gas
flow of 10 L/min at 220 °C, nebulizer pressure of 2.0 bar, collision RF at 750 Vpp, transfer
time at 100 ps, and prepulse storage time at 10 us. MS/MS spectra were acquired with
a collision energy of 35 eV, stepping at 60% and 120% of CE. Data was calibrated
internally using sodium formate. Data processing was done with DataAnalysis 4.4 software.
Figure 5.8 presents the chromatography of rosemary fillers, which proved to be the most

challenging herb to introduce into the PDMS matrix.
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The most essential identified compounds and their respective percentages are

presented in Tables 5.5 —5.7.

Table 5.5. Selected detected compounds in thyme, expressed as percentages (%)

Thyme
Compound UT NS UT
Apigenin 0.94 0.89 1.04
Caffeic acid 1.58 1.5 3.89
Gallocatechin 5.91 5.84 13.81
Luteolin 2.05 2.02 3.55
Quercetin 2.32 2.25 1.55
Rosmarinic acid 11.81 11.74 10.81
Tuberonic acid 4.33 4.29 5.99
Remaining polyphenolic compounds 47.03 47.27 55.46
Carnosic acid 2.62 2.57 2.31
Carnosol 0.87 0.77 -
Oxooctadecadienoic acid 1.85 2.01 —
Trihydroxyoctadecadienoic acid 2.37 2.23 —
Remaining terpenes and fatty acids 16.32 16.62 1.59
Table 5.6. Selected detected compounds in sage, expressed as percentages (%)
Sage
Compound US MS ES
Apigenin 0.98 1.52 0.66
Caffeic acid 0.29 0.61 0.64
Luteolin 1.57 3.86 6.98
Quinic acid 0.41 0.4 4.2
Quercetin 1.13 1.66 2.65
Rosmarinic acid 9.76 16.56 10.18
Salvianic acid 0.35 4.19 5.96
Salvianolic acid 2.14 3.96 1.4
Tuberonic acid 1.42 2.1 4.88
Remaining polyphenolic compounds 14.24 42.52 60.98
Carnosic acid 17.27 4.98 —
Carnosol 11.15 2.69 —
Oxooctadecadienoic acid 4.54 0.82 —
Remaining terpenes and fatty acids 35.73 15.65 2.13
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Table 5.7. Selected detected compounds in rosemary, expressed as percentages (%)

Rosemary
Compound UR MR ER
Apigenin 0.15 0.14 0.73
Caffeic acid 0.56 0.17 1.34
Gallocatechin 4.39 11.09 19.07
Luteolin 3.10 6.89 4.94
Rosmarinic acid 5.47 11.42 9.12
Tuberonic acid 0.50 4.56 2.01
Remaining polyphenolic compounds 15.05 37.25 55.59
Carnosic acid 2.35 1.96 -
Carnosol 2.78 0.38 -
Rosmadial 2.35 0.91 -
Rosmanol 13.89 8.00 1.06
Rosmanol methyl ether 1.39 1.46 —
Remaining terpenes and fatty acids 48.02 14.77 6.14

The analysis presents the varying concentrations of selected metabolites identified
in the tested fillers, indicating that the modification applied to sage and rosemary
significantly impacts the levels of these compounds. Notably, the modification facilitated
the dissolution of higher quantities of certain compounds, such as rosmarinic acid, with
its concentration increasing by approximately 70% in sage and 108% in rosemary.
Additionally, the modification led to a reduction in the overall content of fatty acids and
terpenes. These findings are consistent with the total phenolic content (TPC) results
presented in Table 5.4. In contrast, the alterations made to thyme resulted in minimal
differences, as it underwent only sieving without further modification. This approach was
chosen because additional modifications had a detrimental impact, leading to a reduction
in the tested properties. Furthermore, the analysis reveals that rosemary contains the
highest levels of fatty acids and terpenes, followed by sage and thyme. Trace amounts of
terpenes were detected in the extracts, though their total concentration did not

exceed 7.2%.
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5.1.4. Making of biocomposites

The biocomposites that were further tested were made according to the scheme
presented in Figure 5.9, which provided an algorithm describing the modification method
to achieve the assumed criteria. Three iterations were conducted. The first iteration
involved only sieving the filler; the second involved sieving and wetting with alcohol;
and the third involved sieving, wetting with alcohol, and subjecting to water vapor. After
each iteration, the obtained materials were tested. If the results were deemed satisfactory,
subsequent tests were conducted. It should be noted that the testing of biocomposites with
unmodified thyme and sage was preliminary, and only the materials with the highest
content of fillers (10 wt.%) were assessed for their antibacterial activity. This step was
made to evaluate the activity of the materials where the incorporation of the filler was

most challenging due to its large amount in the matrix.

Herbal filler
Sieving D
Grinding
Remaining properties
Wetting with alcohol —

Making of

. . . composites

Antibacterial properties
Water vapor
Satisfactory results — Mechanical properties
Unsatisfactory results - 3rd iteration
Unsatisfactory results - 2nd iteration J

Unsatisfactory results - 1st iteration

Figure 5.9. The algorithm employed for acquiring the biocomposites
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Given that the developed materials are composites in which the modifier is
a naturally derived filler, the term "biocomposites" was used to describe them. The
silicone base (part A) was combined with the modified herbs and extracts at weight
percentages of 2.5%, 5%, 7.5%, and 10%. Next, the catalyst (platinum(0)-1,3-divinyl-
1,1,3,3-tetramethyldisiloxane — part B) was added to the blend at a 1:1 ratio with the base.
Only two mass concentrations were prepared for unmodified thyme and sage: 5 wt.% and
10 wt.%. Due to the substantial influence of fatty acids and terpenoids in rosemary,
particularly rosmadial and rosmanol, as presented in Table 5.7, which may impede the
cross-linking process of PDMS by decreasing the crosslinking density, the fabrication of
biocomposites using raw, unmodified rosemary was deemed infeasible. In the case of
extracts, the amount of filler introduced into the matrix was determined based on the
quantity of polyphenolic compounds present in the raw herbs, with calculations
performed according to the extraction efficiency. This approach was chosen because the
primary focus of the work was to assess the influence of bioactive polyphenolic
compounds on the physicochemical and antibacterial properties, distinguishing these
effects from those of other compounds found in the herbs. The mixtures were processed
using a high-speed dis-solver Dispermat LC30 mixer (VMA-Getzmann GmbH,
Reichshof, Germany) at a speed of 150 rpm for 3 min, followed by vacuum degassing for
4 min to eliminate any air bubbles and ensure a homogenous structure. The prepared
biocomposites were gravity cast into 150 mm x 210 mm molds, on which a thin layer of

polyvinyl alcohol was applied to facilitate easy demolding of the materials (Figure 5.10).

a) b)

Figure 5.10. Making of biocomposites: rotary mixing — a), gravity casted material — b)
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The curing period lasted 24 h at room temperature, with an additional post-curing
phase of 2 h at 60+2 °C. Subsequently, the biocomposites, along with the reference
material, were thermally conditioned for 2 h at 80+2 °C following the manufacturer’s

specifications. The materials’ preparation process was conducted at a temperature of

2142 °C and a humidity of 40%

Table 5.8 outlines the classification of the materials produced, whereas

Figure 5.11 illustrates the prepared testing samples.

Table 5.8. Obtained materials abbreviations and fillers’ mass concentration

Filler Content (wt.%) Abbreviation
Reference material - Ref
. 5 UT5
unmodified 10 UT10
2.5 MT2.5
. 5 MT5
Thyme modified 7.5 MT7.5
10 MT10
2.5 ET2.5
5 ET5
extract 7.5 ET7.5
10 ET10
. 5 USs
unmodified 10 US10
2.5 MS2.5
. 5 MSS5
modified 7.5 MS7.5
Sage 10 MS10
2.5 ES2.5
extract > ESS
7.5 ES7.5
10 ES10
2.5 MR2.5
. 5 MRS5S
modified 7.5 MR7.5
10 MR10
Rosemary 25 ER2.5
extract > ERS
7.5 ER7.5
10 ER10
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Figure 5.11. The obtained materials in the shape adapted for tensile testing
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5.2. Biocomposites testing methods

5.2.1. Density

The density of the obtained materials was determined utilizing an analytical
balance equipped with a hydrostatic density measurement kit presented in Figure 5.11
(Ohaus Adventurer Pro, OHAUS Europe GmbH, Greifensee, Switzerland), adhering to
the protocols stipulated in the ISO 1183-1 standard [S1].

Figure 5.12. Density measurements apparatus

The evaluation was executed by employing the immersion method in distilled
water on five cubic-shaped specimens of each material, with each side measuring 4 mm
in length. The density p (g/cm?) of the materials was calculated based on the following

equation (6.1):
p=py—— (6.1)

where m; (g) is the sample mass in air, m, (g) is the sample mass in distilled water, and

Pw (g/cm?) is the density of distilled water taken as 0.998 g/cm’.
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5.2.2. Contact angle

The surface wettability of the samples was determined by measuring the contact
angle, utilizing Attension Theta Flex tensiometer in conjunction with OneAttension
software (Biolin Scientific, Gothenburg, Sweden). These measurements adhered to the
EN 828:2013 standard [S2] and were carried out employing the sessile drop method,
using distilled water as the medium (Figure 5.13). For each test sample, five droplets,
each with a volume of 2 pL, were deposited on the surface. The duration of each
measurement was 60 s, with a sampling frequency of 1 Hz. The test was conducted on

round samples with a diameter of 16 mm and a thickness of 4 mm.

a) b)

Figure 5.13. The post-test drops of reference — a) and MT2.5 — b)

5.2.3. In vitro absorption

Absorption assessment was conducted on samples submerged in an artificial plasma
solution, prepared following the ISO 10993-15 standard — Table 5.9 [S3], mimicking
human extracellular fluid and approximating operational conditions. The samples
underwent a 7-day incubation period at 35+1 °C in a laboratory incubator IMCI18
(Thermo Scientific, Waltham, MA, USA). Every 24 h, three samples of each material
were retrieved, weighed on the balance presented in Figure 5.12, and then returned to the
solution for further observation (Figure 5.14). The test was performed adhering to the
ISO 62 standard [S4]. Absorption A (%) was calculated based on the following equation
(6.2):

A="TET4 5100, (6.2)
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where my, (g) is the sample mass before incubation and mp (g) is the sample mass after

incubation.

Table 5.9. Artificial plasma composition [S3]

Chemical name Chemical formula Concentration (g/L)
Sodium chloride NaCl 6.800
Potassium chloride KClI 0.400
Calcium chloride CaClz 0.200
Magnesium sulphate MgSO4 0.100
Sodium hydrogen carbonate NaHCOs3 2.200
Sodium hydrogen phosphate NaxHPOq4 0.126
Sodium hypophosphite NaH>PO» 0.026

Figure 5.14. The setting of the in vitro absorption experiment: tested sample — a) and incubator — b)

5.2.4. Rebound resilience

The elasticity of the prepared biocomposites was assessed through a rebound
resilience test conducted on the Schob machine (Heckert, Chemnitz, Germany). Prior to
the evaluation, test samples underwent mechanical conditioning involving two impacts
from a pendulum-like mechanical oscillatory device striking at a speed of 2.0 m/s. The
indenter measured 15 mm in diameter and weighed 250 g. Subsequently, each sample
measuring 50 mm x 50 mm X 4 mm was subjected to testing thrice, in alignment with the

ISO 4662 standard [S5]. The measurements were conducted on the upper side of the
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samples (opposite to the side where the fillers sedimented), where the potential
application could interact with external factors. The results are expressed as the material’s
mean elasticity value in percentage. Figure 5.15 illustrates a representative sample

following testing.

Figure 5.15. MT2.5 test sample for rebound resilience

5.2.5. Hardness measurements

The hardness of the samples was evaluated using a Shore type A durometer (Zorn
Stendal, Stendal, Germany), with the hardened steel rod indenter measuring 1.25 mm in
diameter and applying a maximum force of 8.05 N. This assessment was conducted in
accordance with the ISO 7619-1 standard [S6] on samples measuring 50 mm x 50 mm x
4 mm and consisted of five measurements for each type of material. The tests were
conducted on both sides to assess whether the dispersion of results, particularly on the

side where filler sedimentation may have occurred, significantly affects this property.

5.2.6. Abrasion resistance

The abrasion resistance test was carried out employing the Schopper-Schlobach
apparatus (APG Germany GmbH, Friedberg, Germany). The device consists of a rotating,
150 mm in diameter cylindrical drum rotating at approximately 40 rpm. Three samples
measuring 16 mm in diameter and 10 mm thick of each material were pressed against
a 60-grain sandpaper with a 10 N load. This setup ensures uniform contact between the

sample and the abrasive. After completing the wear track measuring 40 m, the apparatus
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automatically lifts the sample. Figure 5.16 presents an exemplary sample before and after
the test conducted following the ISO 4649 standard [S7]. The measurements were
conducted on the upper side of the samples, and the abrasion resistance was calculated as

the volume loss AV (cm?) of the materials based on the following equation (6.3):

AV = % (6.3)
where m; (g) is the sample mass before abrasion, m;; (g) is the sample mass after

abrasion, and p,, (g/cm?) is the density of the test sample.

After
abrasion test

Before
abrasion test

Figure 5.16. MT2.5 samples for the abrasion test

5.2.7. Tensile testing

The static tensile test was conducted utilizing AGX kN10D testing machine
cooperating with Trapezium software (Shimadzu Corporation, Kyoto, Japan), in
accordance with the ISO 527-1 standard [S8]. The test employed a crosshead speed of
500 mm/min and a DSES-1000 contact extensometer with a gauge length of 10 mm. The
samples, adhering to ISO 527, type 5-B (as depicted in Figure 5.17), measured 60 mm in
length and 4 mm in width along the 10 mm measuring area. Each material was tested
5 times, as presented in Figure 5.18, and the results of the test included stress at break
(0p) and strain at break (&g) obtained from the course of stress-strain curve as shown in

Figure 5.19.

79



10=0.2 mm

—

\

]
4=0.2 mm
]

/

|

60=0.2 mm

Figure 5.17. Tensile testing sample

Figure 5.18. Tensile testing of MT2.5 sample: before — a) and during testing — b)
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Figure 5.19. Stress-strain curve of MT2.5
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5.2.8. Accelerated degradation

Accelerated degradation experiments were conducted under conditions
simulating a biologically active environment to assess the material changes occurring
during usage. The biocomposites underwent an accelerated degradation process through
immersion in an artificial plasma solution (prepared for absorption determination). Given
the materials’ potential application in wound dressings, the samples underwent incubation
for 2 and 7 days at 70+2 °C in SLW 53 STD forced air dryer (Pol-Eko, Wodzistaw Slaski,
Poland) in compliance with the ISO 10993-13 standard [S9]. These conditions fulfill the
criteria for testing short-term polymeric medical materials (used for less than 30 days).
Moreover, it should be noted that the samples were incubated in individual testing tubes
to ensure unrestricted solution flow in all directions surrounding the sample, as illustrated

in Figure 5.20.

Figure 5.20. Incubated MT2.5 samples for accelerated degradation test

Degradation progression was evaluated by comparing mechanical (stress at break,
strain at break, hardness) and chemical (chemical backbone — IR spectra) properties
between the aged samples and their native counterparts. Variations observed facilitated
qualitative and quantitative assessment of aging effects on the tested composites under

the specified conditions.
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5.2.9. Fourier transform infrared spectroscopy

FTIR spectra were acquired in attenuated total reflection (ATR) mode using the
IRSpirit FTIR spectrophotometer cooperating with LabSolutions IR software (Shimadzu
Corporation, Kyoto, Japan). The spectra were gathered over the mid-infrared range
(4000-400 cm™!) with a resolution of 4 cm™! and averaging 20 scans. Prior to testing,
a background spectrum against air was recorded. Following each test, the ATR diamond
crystal was cleaned with ethanol. Peaks corresponding to the characteristic features of
PDMS were analyzed (Si-O-Si, CHj3 rocking and bending in Si-CH3, and C-H stretching
in CH3). The obtained spectra represent the average of three individual spectra taken from

different material areas to ensure reliable results.

5.2.10. Differential scanning calorimetry

DSC analysis was conducted to determine the crystallinity degree of the obtained
materials using DSC 1 model differential scanning calorimeter with the supplied STARe
software (Mettler Toledo, Greifensee, Switzerland) in temperature scan mode. Specimens
weighing between 20 and 21 mg were measured using XS105DU analytical balance
(Mettler Toledo, Greifensee, Switzerland). Each sample was sealed hermetically in
aluminum pans (40 pL capacity), with a new pan utilized for every test. The samples
underwent heating from —90 °C to 220 °C at a rate of 20 °C/min, followed by cooling at
the same rate in a nitrogen atmosphere (60 mL min!). The entire procedure was carried

out according to the guidelines outlined in the ISO 11357-1 standard [S10].

5.2.11. Microscopic observations

The topography of the tested samples and the fracture surfaces following tensile
testing was examined using Leica DVM6 stereomicroscope (Leica microsystems,
Wetzlar, Germany) and ZEISS Evo MA 10 scanning electron microscope — SEM (Carl
Zeiss AG, Oberkochen, Germany) equipped with an X-ray energy dispersive
spectrometry (EDS) system. Before SEM analysis, the samples were coated with gold

particles for 90 s. EDS analysis was conducted to investigate whether compounds from
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the artificial plasma degradation environment had been deposited or incorporated into the

materials, as depicted in Figure 5.21.
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Figure 5.21. EDS analysis of MT2.5 performed after 7 days of incubation in artificial saliva under
accelerated degradation conditions

5.2.12. Antibacterial activity assessment

The antimicrobial efficacy was determined through an initial qualitative method
followed by a quantitative study in cooperation with the Department of Biomaterials and
Composites, AGH University of Science and Technology. This subsequent analysis was
exclusively conducted on materials that demonstrated antibacterial activity in the
qualitative assessment. It is important to note that the qualitative analysis was not

conducted during the preliminary testing phase for composites based on unmodified herbs.

The Kirby-Bauer disk diffusion method was conducted for the qualitative analysis,
adhering to the protocol established by the American Society for Microbiology. This
involved using two commercial bacterial strains: the Gram-positive Staphylococcus
aureus ATCC 6538P and the Gram-negative Escherichia coli ATCC 8739. Each bacterial
strain was suspended in a saline solution, adjusting the concentration of the bacterial
inoculum to match turbidity equivalent to 0.5 McFarland (~1.5 x 108 CFU/mL) using
DEN-1B Benchtop densitometer (Grant Instruments, Cambridge, United Kingdom). The
bacterial suspension was uniformly applied over the agar surface using a sterile swab.

Evaluations were conducted on Petri dishes containing Mueller-Hinton agar, chosen for
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its ability to promote consistent growth of the tested bacterial strains. After positioning
5 mm diameter samples on the agar, the dishes were incubated at 35+1 °C for 24 h in
a laboratory incubator IMC18 (Thermo Scientific, Waltham, MA, USA). Subsequently,
the diameter of any zones of inhibition surrounding the samples was measured using

colony counter Scan100 (Interscience, Saint Nom, France).

To further analyze the antibacterial effects of the developed materials, a detailed
examination was performed in accordance with the ISO 22196 standard [S11], with
modifications made to accommodate the size of the samples, as presented in Figure 5.22.
Specimens with a diameter of 16 mm were tested against the Staphylococcus aureus
ATCC 6538P strain. The initial step involved spreading the bacterial strain onto Mueller
Hinton agar and incubating at 351 °C for 24 h. Subsequently, the specimens were
sterilized using 70% ethanol and arranged in a multi-well plate. A bacterial suspension of
S. aureus at a concentration of ~1.5 x 108 CFU/mL was prepared, and 1 mL of this
suspension was applied to each sample. The specimens were then incubated at 35+1 °C
for another 24 h. Following incubation, the samples were washed with 1 mL of soybean
casein digest broth with lecithin and polyoxyethylene sorbitan monooleate (SCDLP
broth), followed by serial dilutions. 0.1 mL from each dilution and the control were spread
onto agar-filled Petri dishes — Figure 5.22. These dishes were then incubated at 35+1 °C
for 24 h, after which the colonies were counted. The reduction in bacterial count was
determined by comparing the colony counts from the materials tested to those of the
control, calculating the logarithmic reduction R in bacterial colonies number based on the

following equation (6.4):
R = (U, —Up)A; — Up) = U, — Aq, (6.4)

where U, (cells/cm?) is the log of viable bacteria recovered from the untreated sample
after inoculation immediately, U, (cells/cm?) is the log of viable bacteria recovered from
the untreated sample after 24 h of inoculation and A; (cells/cm?) is the log of viable

bacteria recovered from the treated sample after 24 h of inoculation.
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Figure 5.22. Inoculated samples for antibacterial activity assessment

5.2.13. Cell viability assay

The cell viability tests were conducted in cooperation with the Department of
Microbiology and Immunology, Medical University of Silesia. Following the
ISO 10993-5 standard [S12], extracts from selected biocomposites were prepared. Each
material sample was individually placed in a plate containing 2 mL of the same culture
medium employed for the L-929 fibroblast line (ATCC CCL-1). These plates were then
incubated at 37+1 °C in a 5% CO> environment for 2 and 10 days, yielding extracts of
these two durations. Identically, the culture medium was also incubated without
biocomposites samples to serve as control media. The extracts and control media were

preserved at —80 °C until further use for assessing L-929 cell viability.

The in vitro experiments utilized mouse fibroblasts from the L-929 line, sourced
from the American Type Culture Collection (Manassas, VA, USA). The L-929 line
originates from the subcutaneous connective tissue of C3H/An strain mice. The cells were
cultivated in Eagle’s Minimum Essential Medium (EMEM) supplemented with 10%
horse serum, penicillin (100 IU/mL), and streptomycin (100 pg/mL). Cultivation was
conducted in 25 ¢cm? polystyrene flasks (Nunc EasYFlasksTM NunclonTMDelta, Nunc
A/S, Roskilde, Denmark) in a controlled environment incubator (MCO-17 AIC, Sanyo,
Japan) at 37+1 °C, with 5% CO; and 100% humidity. The cells were passaged every
2-3 days, and a cell suspension was prepared at a density of 1 x 10° cells/mL for testing,

assessed using a Burker chamber.
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Following EN ISO 10993-5 guidelines, the cytotoxicity of the biocomposites was
evaluated. L-929 fibroblasts were exposed to undiluted biocomposite extracts for 24 h.
Cell viability was then assessed using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide) assay, which measures mitochondrial dehydrogenase
activity to determine the percentage of surviving cells, thereby assessing the cytotoxic
potential of the biocomposites. A viability reduction greater than 30% compared to

control cultures (viability under 70%) indicated cytotoxic effects.

For the assay, each well was filled with 100 pL of L-929 cell suspension at
a density of 10,000 cells per well in RPMI 1640 medium supplemented with 10% fetal
bovine serum (FBS), penicillin (100 [U/mL) and streptomycin (100 pg/mL). After
incubating for 24 hours at 37+1 °C in a 5% CO;, 100% humidity environment, the
supernatants were removed, and 100 pL of either the undiluted test extract or control
medium was added. Following another 24-hour incubation under the same conditions, the
wells received 1.1 mM of MTT solution in fresh medium. After 3 hours, the supernatants
were removed, 200 pL of DMSO was added to dissolve the MTT formazan, and after
20 min, 150 pL from each well was measured for absorbance at 550 nm using Eon
automatic plate reader (BioTek Instruments, Winooski, VT, USA). The resulting violet
color intensity, indicating the amount of formazan formed, was directly proportional to
the number of viable cells. The cell viability Viab. (%) was calculated based on the

following equation (6.5):

Viab.= -2t % 100, (6.5)

control

where A, 1s test sample absorbance and A.,p+r0; 1S the control sample absorbance.
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6. Results

6.1. Density measurements

The mean values of the density measurement results with the standard deviations

are illustrated in Figure 6.1.
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Figure 6.1. Density results

As can be seen, the addition of fillers marginally increased the density of the
material. Furthermore, the density increment is proportional to the filler content, ranging
between 1% and 3%. This is significant from a fabrication perspective, as the material's
density influences its flow and solidification processes. Additionally, high density affects
the gas permeability of the material by necessitating longer travel distances for gas
molecules, thereby increasing resistance and reducing permeability. The exchange of
gases, particularly oxygen, is essential for cell metabolism and tissue repair. Adequate
oxygen supply to the wound site promotes faster healing [185]. Statistical analysis
indicates the significant impact of filler incorporation on the tested property; however,
post-hoc analysis reveals no significant effect for biocomposites with 2.5 wt.% filler, only
for those with higher filler contents. Moreover, the modified herb-based biocomposites

exhibit the highest alteration in density compared to unmodified and extracted herbs. In
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addition, all extract-based materials present similar density values and fall within the

same range of standard deviation.

Additionally, extracts containing larger and higher-density fillers exhibit a lower
biocomposite density compared to those incorporating modified fillers. This phenomenon
may be attributed to the absence of terpenes and fatty acids found in herbal powders,
which could influence the density of the fillers and, consequently, affect the overall
density of the materials produced. Furthermore, the displacement of the matrix by these
larger and denser fillers, along with potential aggregation and poor dispersion, could
create regions of lower density, ultimately reducing the overall density of the composite

material.

6.2. Static tensile testing

The conducted static tensile test on the obtained materials allowed for the
determination of their stress at break and strain at break values, and their mean values,

along with the standard deviations, are presented in Figure 6.2 and Figure 6.3,

respectively.
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Figure 6.2. Stress at break results
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For the reference material, these values exceed those provided by the
manufacturer by approximately 12%, likely due to additional post-curing conditioning at
60 °C beyond the standard process. The addition of fillers generally reduces the stress at
break value to varying extents. The greatest decrease in value is observed for MR10, with
a reduction of 78%, while the smallest occurs for MT2.5, at just 15%. This phenomenon
could be attributed to the inadequate wetting of the fillers by the hydrophobic PDMS,
resulting in poor interfacial integrity between the filler and the matrix. This, in turn,
impacts the mechanical properties of the obtained biocomposites. However, for wound
dressing applications, biocomposites with modified thyme, modified sage, MR2.5, and

extract-based fillers meet the required values [82],[186],[187].

Biocomposites containing unmodified fillers exhibit the lowest stress at break
values, with reductions of over 50% compared to the reference sample. However, these
values improve following modification, resulting in decreases of 17%, 21%, 24%, and
35% for the corresponding fillers and their respective contents. Furthermore, for thyme-
based materials, the modification (sieving) resulted in a greater improvement in stress at
break value (approximately 40%) compared to sage-based materials (approximately 30%).
This suggests that the modifications positively impact this property, likely by reducing
the presence of larger particles, as illustrated in Figure 5.6, which may compromise the
filler’s integrity with the matrix. Additionally, for sage- and rosemary-based composites,
the performed modifications (wetting with ethanol and water vapor) may lessen the
adverse effects of fatty compounds, confirmed by the conducted phytochemical analysis
in Section 5.1.3. Unmodified thyme composites exhibit a decreasing trend with increasing
filler content, while modified thyme composites show a decreasing behavior until the

addition of 10 wt.%, where the stress at break minimally increases.

Similar trends are observed for both unmodified and modified sage composites.
When 7.5 wt.% of modified sage is incorporated into PDMS, the stress at break decreases
by over 50%, but this reduction diminishes to 35% with the addition of 10 wt.%. This
decrease is likely due to the agglomeration of sage particles wetted with ethanol, which
may detach during testing and create voids acting as notches, significantly affecting

tensile strength.

For rosemary, the stress at break value decreases with increasing filler content,

dropping by approximately 78% compared to the reference for the material with the
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highest filler content. Despite additional modifications intended to reduce the influence
of fatty compounds, the effect was limited. This could suggest that the presence and
concentration of rosmanol and rosmadial in rosemary (Table 5.7) may impair the
mechanical integrity between the filler and the matrix, further affected by the notable
larger particle size relative to the other fillers. The absence of these compounds in
rosemary extract resulted in higher stress at break values compared to the herb-based

composites.

All extract-based composites exhibit similar values, ranging from 2.39 MPa for
ER7.5 to 2.89 MPa for ET7.5. The addition of thyme extract results in a decrease of
approximately 30% in the stress at break value, followed by sage extract with a 33%
reduction and rosemary extract with a 35% decrease. This trend may be attributed to the
increasing Dso of the filler size, as presented in Table 5.3, where smaller particles
contribute to a more uniform filler distribution throughout the matrix. Moreover, it is
noteworthy that thyme extract exhibits the lowest concentration of terpenes and fatty

compounds, followed by sage and rosemary.

Similar to the modified thyme and sage composites, extract-based composites do
not exhibit a clear relationship between filler content and stress at break value. Moreover,
for sage and rosemary extract-based materials, the most significant decrease in stress at
break value occurs with the addition of 7.5 wt.% filler, which lessens when the filler
content is increased to 10 wt.%. This indicates that incorporating these extracts at levels
above 5 wt.% significantly impacts the mechanical properties, while higher filler
concentrations appear to improve structural integrity and stiffness. For ET7.5, higher
stress at break value is observed compared to less filled materials, but increasing the filler
concentration further leads to a decrease in this value. However, these changes remain
within a similar range. Nevertheless, it should be noted that although the extracts contain
mainly polyphenolic compounds, the stress at break value decreases compared to
reference material. This leads to the conclusion that polyphenols (such as rosmarinic acid
and gallocatechin — the main components of extracts) also significantly influence tensile
strength in addition to terpenes and fatty compounds. This finding paves the way for

future research in this area.

Furthermore, the standard deviation range for the obtained materials varies

depending on the type of filler and its content. These variations can be attributed to several
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factors, including the methods used to prepare the fillers and their incorporation into the
matrix, sedimentation, potential formation of agglomerates, and their subsequent
detachment during testing, which can lead to inconsistent tension behavior. Additionally,
the formation of concave sides along the measuring length during the punch-cutting of
samples for testing may have influenced the measured properties. These factors
underscore the significance of the manufacturing process on the tested properties.
However, no correlation is found between the conducted modifications and the range of

the standard deviation values.

Similar to the stress at break, the incorporation of fillers altered the strain at break

value to varying degrees depending on the filler type and content, as presented in

Figure 6.3.
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Figure 6.3. Strain at break results

The most significant decrease is observed in biocomposites with unmodified
herbs, indicating the beneficial impact of fillers’ modifications. Additionally, modified
thyme composites display higher strain at break values compared to the reference samples,
with an increase of up to 20%. This improvement trends upward with rising filler content,
accompanied by a decrease in the standard deviation range. This suggests that the
proposed modification and production technology resulted in improved distribution of

the filler. Furthermore, thyme is characterized by the smallest particles, which contribute
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to a more even distribution within the matrix. This could account for the higher stress at

break values observed compared to the other materials.

The behavior of the other modified herbs is less clear; however, a decrease in
strain at break value is observed after incorporating 7.5 wt.% of modified sage into PDMS,
similar to the trend seen with stress at break. Although the tests were repeated, the results
consistently exhibited similar behavior. Moreover, with the exception of MS7.5, all
modified sage composites show a decreasing range of standard deviation with increasing
filler content. On the other hand, a significant reduction in strain at break value is noted
for MR10 compared to MR7.5, exceeding 23%. This could be attributed to the increased
brittleness associated with higher filler concentrations. Although such materials can
endure greater stresses, their elongation capabilities are reduced. No correlation between

filler content and the standard deviation range is observed.

In the case of extract-based materials, a trend opposite to that of stress at break is
observed. This may be related to the behavior and structure of these materials during
tension, where large filler particles could detach, thereby reducing the tensile strength.
Concurrently, the matrix could be subjected to further tension without a corresponding
increase in stress value. Generally, rosemary extract composites exhibit higher values (by
7% for ERS) or only slightly decreases compared to PDMS. In contrast, sage extract
composites show reduced values, with. a further reduction observed in thyme extract
composites, decreasing by over 21% for ETS. In addition, thyme and sage extract
composites exhibit a similar pattern, with an initial decrease in strain at break value after
incorporating 5 wt.% of the filler, followed by an increase., Furthermore, no unequivocal
correlation between the filler type and content on the scatter of results is observed for all

extract-based materials

From a potential application perspective, the material’s flexibility is crucial for
ensuring patient comfort. Despite the incorporation of fillers, the strain at break values
are comparable to, or even exceed, those reported in the literature [82],[188].
Nevertheless, the performed statistical analysis unequivocally indicates the significant
impact of the filler’s type and content on the stress at break and strain at break value

(p < 0.05).
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6.3. Hardness measurements

The mean values and standard deviations of the measured hardness are presented

in Figure 6.4.
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Figure 6.4. Hardness measurements results

As observed, the behavior of all biocomposites is not unequivocal, and no clear
correlation is found between the filler content or type and the measured hardness. The
significance of the filler’s impact on the material’s hardness was confirmed
(p < 0.05). Among the tested materials, ER5 exhibits the highest hardness value, which
is slightly higher (by 1%) compared to the reference, while US10 shows the lowest
hardness, decreasing by over 10%. For thyme-based materials, the extracts generally
show the smallest decrease in hardness, followed by the unmodified herb, with the
modified thyme showing the greatest decrease. A similar pattern is observed for
rosemary-based composites, although the changes are more pronounced. In contrast, the
modification proves beneficial for sage-based materials, with the extracts displaying
similar hardness values. The varying range of the standard deviation is attributed to the
distribution of fillers in the matrix and the adopted testing method. It should be noted that
measurements were conducted on both sides of the samples, and the mean value was

calculated. Consequently, sedimentation of the filler increased the likelihood of
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encountering particles on one of the tested sides. Furthermore, modified sage- and
rosemary-based composites exhibit decreasing hardness and increasing standard
deviation with higher filler content. This phenomenon may be attributed to the
distribution of potential agglomerates throughout the matrix. Moreover, the harder the
additive, the broader the scatter of results, which is related to the dispersion of the filler
in the matrix. During measurements, stiffer particles can be encountered, while
subsequent measurements might be taken from a matrix with fewer large, rigid particles.
In materials with lower filler content, variability in the concentration and distribution of
the filler, as well as potential agglomerates, can lead to inconsistent measurements. As
filler content increases, this variability decreases, with higher concentrations on the
sedimented side leading to a more uniform distribution. For biocomposites containing
5 wt.% of thyme and sage, the modification of the filler did not result in a significant
change in hardness (p > 0.05). However, for biocomposites filled with 10 wt.%,
a significant change in hardness was observed (p < 0.05). This difference is likely due to
the higher concentration of the filler and its sedimentation compared to those with a lower

filler content.

Comparable hardness results are observed between the modified and extract fillers
of thyme and sage, as both types of fillers exhibit similar average particle sizes.
Conversely, rosemary extract-based composites show higher hardness values due to the
presence of larger particles. Compared to smaller particles, the likelihood of encountering
these larger particles contributes to increased material stiffness. From the perspective of
wound dressing applications, the results meet the requirements, as higher hardness is
preferable to prevent the dressing from adhering to the wound, thereby enhancing the

healing process [189],[190].
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6.4. Water contact angle measurements

The water contact angle (WCA) mean values and standard deviations are

presented in Figure 6.5.
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Figure 6.5. Water contact angle measurement results

The results unequivocally indicate that the incorporation of the selected fillers did
not alter the nature of PDMS from hydrophobic to hydrophilic. The hydrophobic
character of the surface is crucial for antifouling properties, specifically in limiting
bacterial adhesion. Literature reports indicate that silicone surfaces with a WCA up to
around 110° inhibit or limit the adhesion and biofilm formation of S. aureus, whereas

higher contact angles favor the proliferation of E. coli [191],[192].

In general, among the modified fillers, the highest WCA is exhibited by thyme
composites, followed by sage and rosemary. This suggests that the higher the polyphenols
content, as detailed in Table 5.4, the lower the contact angle values. This is mainly due
to the hydrophilic character of polyphenols. Moreover, the performed modifications of
the filler demonstrated their beneficial impact on the tested property. For thyme-based
composites, MT5 shows an increase of approximately 2.5% compared to UT5, while for
sage, MSS5 increased by almost 4% compared to USS. Additionally, extract-based

composites exhibit higher water contact angle values compared to those with unmodified
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and modified fillers. Although polyphenolic compounds are known for their
hydrophilicity, it is important to note that the actual mass of introduced extracts is
significantly lower than that of powdered fillers. As a result, their impact on the water
contact angle may not be as prominent. Furthermore, despite the fillers being highly
hygroscopic, this characteristic did not significantly affect the contact angle values, and

the observed changes fall within the standard deviation of the reference material.

A one-way ANOVA confirmed the significance of the tested property (p < 0.05);
however, post-hoc analysis revealed no significant differences between the
biocomposites and the reference. However, significant differences were observed among

the biocomposites themselves, particularly in the rosemary-based materials.

6.5. Antibacterial activity assessment

Preliminary antibacterial activity tests were conducted on biocomposites filled
with 10 wt.% of unmodified herbs, and the results are presented in Table 6.1. These tests
represent initial steps in assessing the potential antibacterial properties of the obtained

materials, facilitating the development of the algorithm shown in Figure 5.1.

Table 6.1. Antibacterial activity assessment results — part |

Reduction log

Material S. aureus E. coli
UT10 4.4 0.45
US10 4.4 0.75

According to the literature, a reduction log in bacterial cell viability above
2 indicates antibacterial activity, specifically bacteriostatic properties [193]. A log
reduction equal to or exceeding 3 is typically considered bactericidal [194]. However,
some studies suggest that a reduction log exceeding 5 is necessary for a material to be
deemed truly bactericidal [195]. Based on these criteria, both tested materials exhibit
significant antibacterial activity against the S. aureus strain but show negligible activity
against the E. coli strain. This discrepancy may be attributed to the morphology of the
Gram-negative bacteria, which possesses an additional outer layer that acts as a barrier,

impeding the penetration of bioactive substances [196].
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Following the initial tests, a qualitative assessment of the antibacterial activity of
the remaining materials was conducted. For powder herb-based composites, all filler
contents were tested, while for extract-based composites, only the maximum filler
contents were examined, similar to the unmodified herb-based samples. The results are

depicted in Figure 6.6.

Figure 6.6. Kirby-Bauer test results for S. aureus: thyme — a), sage — b), rosemary — c)
and E. coli: thyme — d), sage — e), rosemary — f)

The findings unequivocally demonstrate that herb-based materials exhibit
antibacterial activity against S. aureus but no activity against the E. coli strain. The
inhibition zone observed in thyme-based composites is very minimal; thus, these
materials require further testing to accurately determine their antibacterial behavior. In
contrast, extract-based composites did not show antimicrobial activity against either

tested strain.

Additionally, the same test was conducted on the extracts themselves, and the
results indicate that the tested fillers exhibit significant inhibition zones against both
Gram-negative and Gram-positive strains. This suggests that the filler content within the

matrix may be too low to affect the material's biological properties. These findings
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indicate that the applied modifications do not significantly decrease the antibacterial
activity of the herb-based composites. However, a comprehensive quantitative

examination was subsequently conducted to assess the modifications' impact on this

property.

For the second part of the test, only the modified herbs-based composites were

taken into account, and the results are presented in Table 6.2.

Table 6.2. Antibacterial activity assessment results — part 11

Material Reduction log

Ref 0.06
MT2.5 2.78

MT5 2.09
MT7.5 2.06
MT10 2.39
MS2.5 3.96

MS5 3.90
MS7.5 3.43
MS10 2.56
MR2.5 2.90
MRS5S 3.36
MR7.5 3.52
MR10 3.34

The test was conducted only on the Gram-positive strain, following the no-
exhibited activity against E. coli from the Kirby-Bauer test. As can be noticed, the highest
reduction is observed for MS2.5, reaching almost 4, while the lowest is observed for
MT7.5. Nevertheless, all tested biocomposites exhibit bacteriostatic activity against
S. aureus, while the reference material exhibits none. For sage composites, the higher the
filler content, the lower the antibacterial activity. On the contrary, for rosemary, the
relationship is reversed; however, when surpassing the content of 7.5 wt.%, the reduction
of bacteria decreases by only 5%. On the other hand, opposite to rosemary’s behavior,
thyme exhibits decreasing activity with increasing filler content, where after surpassing

the content of 7.5 wt.%, the antibacterial activity increases by 16%.
y y

Moreover, despite the modified fillers having higher total phenolic content
(Table 5.4), the results indicate that the modification of the fillers decreases the
antibacterial activity of the biocomposites due to the altered phytochemical composition

of the herbs. This suggests that the eliminated fatty compounds and terpenes possess
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significant antibacterial properties. However, these modifications were implemented
following preliminary tests, which ensured improved mechanical properties and
facilitated the successful crosslinking of rosemary-based materials. Nevertheless, the
modified herbs-based materials achieve the minimum reduction log required for

antibacterial properties.

Although literature reports that the water contact angle is an essential factor for
bacterial adhesion [197], many studies highlight the importance of surface roughness in

this phenomenon, impeding the correlation of the obtained results solely to WCA [198].

6.6. Biocomposites assessment — I analysis

After the first phase of the work, a multicriteria analysis was conducted to evaluate
the acquired materials, as detailed in Table 6.3 where 'C' refers to the criterion and 'V' to
the value. The evaluation was conducted by assigning values to properties deemed
significant from an application perspective on a scale from 1 to 6, reflecting the specific
requirements for materials intended for use as wound dressings. Each criterion was
evaluated by assigning a value on a scale from 1 to 9, with the outcome derived from
multiplying the criterion by the property weight. The assessment was based on the
analysis of the obtained results for density, stress at break, strain at break, hardness, water
contact angle, and antibacterial activity. The materials were categorized based on the
primary processes used to acquire the fillers. It was assumed that the biocomposites,

which will be further examined alongside the reference, should achieve a minimum score

of 100.

Following the multicriteria analysis, biocomposites based on modified herbs
emerged as the most promising group of materials. While antibacterial activity is the
primary focus of this work, it is essential to ensure that the appropriate operational
requirements are met. The selected materials demonstrated both satisfactory antibacterial
activity and adequate mechanical properties. Consequently, these materials were
subjected to further investigation to assess the influence of the fillers on specific
physicochemical and biological properties, as well as to evaluate their extended

mechanical characteristics.

99



Table 6.3. I multicriteria analysis results

Material
Property Weight Ref Thyme Sage Rosemary

Unmodified Modified Extract Unmodified Modified Extract Modified Extract

C V C \4 C \4 C V C \4 CcC v C v C VvV C V

Density 1 9 9 8 8 3 3 6 6 7 7 2 2 5 5 1 1 4 4
Stress at break 3 9 27 2 6 8 24 7 21 1 3 4 12 6 18 3 9 5 15
Strain at break 4 7 28 2 8 9 36 3 12 1 4 5 20 6 24 4 16 8 32
Hardness 2 9 18 4 8 2 4 4 8 1 2 7 14 6 12 5 10 8 16
Water contact angle 5 9 45 2 10 8 40 1 5 4 20 7 35 5 25 6 30 3 15
Antibacterial activity 6 1 6 8 48 i 30 4 24 9 54 7 42 3 18 6 36 2 12
x 124 80 134 70 83 123 97 101 90
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6.7. In vitro absorption

The obtained materials incubated in artificial plasma exhibit varying degrees of

absorption, as depicted in Figure 6.7.

13.2

| Ref* MT2.5 MT5 MT?7.5 MT10
9.9

6.6
33
S 132 - : : -
S Ref MS2.5 MS5 MS7.5 MSI10
= 99
.8
2 66
@]
£ 33
< 7
13.2 =

Incubation time (h)

Figure 6.7. Absorption results

All tested biocomposites are characterized by higher absorption compared to the
reference samples. After the first 24 h of incubation, the highest rate of absorption is
observed for all materials. The reference material displays an initial steep increase,
nearing a plateau but continuing to show a slight upward trend. Conversely, this behavior
is not seen in the biocomposites, which exhibit a steady increase in absorption at each
24-hour interval. This behavior is attributed to the highly hygroscopic nature of the filler,
leading to greater absorption of the artificial plasma solution. However, these changes
become less pronounced after 72 h for the lowest filler content. The absorption level
increases with higher filler content. Sage- and thyme-based materials demonstrate the
highest absorption rates among the biocomposites. After 168 hours of incubation, thyme-

based materials exhibit an increase in absorption ranging from 66% to 318%, while sage-
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based materials show an increase from 84% for MS2.5 to 318% for MS10. In contrast,
rosemary-based materials exhibit a smaller increase, ranging from 32% to 218%. This
difference is primarily related to the nature of the introduced herbs. Sage leaves are
covered with dense trichomes, enhancing their ability to retain water. A similar
characteristic is observed in thyme, while rosemary leaves are more rigid and have a waxy
surface, which reduces their water absorption capacity. Furthermore, thyme and sage
particles exhibit a highly porous structure (opened trichomes — Figure 5.5), significantly
enhancing the surface area for moisture retention. Moreover, the higher the filler content
and the longer the incubation period, the greater the scatter of results. This variability
could be attributed to the distribution of the filler within the matrix, as well as the fact
that samples for testing were obtained by cutting, which exposed the fillers to the
incubation solution. This exposure could lead to inconsistent absorption rates,

contributing to the observed scatter in the results.

Absorption is significant for the wound-healing process. Increased moisture
promotes even re-epithelialization, while dry wounds result in uneven repair due to
epithelial cells following moisture tracks. Wound exudate, containing essential healing
agents, is less present in dry wounds, delaying healing. Excessive moisture can cause skin
maceration and bacterial colonization. Therefore, an optimal moisture level is crucial,
requiring dressings that moisten the wound surface while absorbing excess exudate

[185],[199].

6.8. Rebound resilience

The rebound resilience mean values with the standard deviations, illustrated in

Figure 6.8, demonstrate the effect of incorporating fillers into the PDMS matrix.
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Figure 6.8. Rebound resilience measurement results

An increase in filler content for sage- and rosemary-based composites leads to
decreased rebound resilience. Specifically, for sage, the difference reaches 11% for MS10
compared to MS2.5, while for rosemary, the decrease is nearly 77%, with MR 10 showing
a reduction of more than 78% compared to the reference. In contrast, thyme-based
composites exhibit an increase in rebound resilience up to a filler content of 5 wt.%, with
arise of almost 18% compared to PDMS. Beyond this point, a decline is observed. Similar
rebound resilience values are noted for MT10, MS10, and MR2.5. This behavior may be
related to the stiffness of the fillers: thyme and sage have less rigid leaves, while stiffer
ones characterize rosemary. This leads to increased stiffness of the biocomposite and
consequently reduces its ability to return to its original shape [200]. Furthermore, the
higher rebound resilience values of thyme-based composites can be attributed to this
filler's smaller average particle size (Table 5.3), leading to a more uniform stress
distribution within the matrix. However, at higher filler contents, this relationship

reverses due to increased stiffness and, consequently, lower flexibility.

Durability is crucial for wound dressing applications to minimize the need for
frequent dressing changes, which can disrupt the wound-healing process. High rebound
resilience also enhances patient comfort by ensuring that the dressing adapts to the body's
movements without losing shape, thereby reducing irritation and pressure on the wound.
Therefore, the observed decrease in rebound resilience for rosemary-based materials
containing the filler above 5 wt.% may limit their potential application as wound

dressings.
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6.9. Abrasion resistance

As depicted in Figure 6.9, the incorporation of organic fillers results in a reduction

of abrasion resistance, which further decreases with increasing filler content.
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Figure 6.9. Abrasion resistance results

The most significant decrease in abrasion is observed in rosemary-based
composites (approximately 170% for MR10), whereas sage- and thyme-based materials
exhibit similar volume loss rates (approximately 70% higher than the reference for
MT?2.5). This reduction is attributed to the inadequate binding force between the filler
particles and the matrix, which adversely affects the mechanical properties and durability
of the biocomposites [201]. Moreover, during testing, all materials showed a tendency for
edge wear and detachment of material pieces, as depicted by the traces visible in
Figure 5.16, with this phenomenon being more pronounced in biocomposites containing
higher filler content. For rosemary-based materials, the highest increase in volume loss is
observed for MR 10, with an increase of approximately 48% compared to the lowest filler
content. This can be attributed to the potential presence of agglomerates, which, when
detached, leave voids and increase the mass loss of the samples. In addition, the lower
the hardness, as shown in Figure 6.4, the greater the volume loss. This occurs because
reduced deformation resistance makes the material more susceptible to wear when in
contact with a rigid surface. Additionally, the varying degree of result scatter can be
attributed to differences in particle size and distribution. Furthermore, it is observed that
the higher the terpene and fatty acid content, the greater the volume loss, suggesting their

potential influence on the integrity between the filler and the matrix.
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In the context of wound dressing applications, it is crucial that the dressing
protects the wound from external factors, including forces that could cause rapid wear of
the patch, necessitating frequent replacement. For long-short-term dressings, a very high
level of abrasion resistance would render the material unsuitable. On the other hand, in
short-term applications, such high values do not constitute grounds for material exclusion.
Additionally, the conditions specified by the ISO 4649 standard for abrasion resistance

are considerably more severe than those encountered in actual use.

6.10. FTIR analysis

The IR spectra obtained from the FTIR analysis are illustrated in Figure 6.10.
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Figure 6.10. FTIR analysis results

The incorporation of herbs into the PDMS matrix did not introduce new peaks;
however, it did alter the intensity of the characteristic peaks of polydimethylsiloxane.
Specifically, the peaks at 786 cm ™! and 1013 cm™! decreased with the addition of fillers.
This reduction in peak intensity for individual biocomposites corresponds to a decline in

the mechanical properties observed during tensile testing, as the siloxane bond is crucial
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for the material’s strength. Notably, this decrease is not proportional to the amount of

filler introduced.

A similar trend is observed for the asymmetric stretching of CHjs groups at

2962 cm™!, whereas the opposite is noted for the symmetric stretching of the same groups

at 2850 cm !, Increased intensity of CHj stretching correlates with higher hydrophobicity

of the material due to its contribution to lower surface energy. These findings are

consistent with the water contact angle results. Furthermore, the minimal changes

observed in the -OH band indicate that the biocomposites exhibit limited moisture

absorption from the surrounding environment.

6.11. DSC analysis

The results of the DSC analysis are presented in Figure 6.11.
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Figure 6.11. DSC analysis results
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Based on the obtained thermograms, polydimethylsiloxane exhibits an

endothermic peak around —40 °C, a temperature corresponding to a single crystalline

structure, which is consistent with reported literature findings [202],[203]. Moreover, the
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thermograms indicate that introducing herbal fillers into the PDMS matrix does not
change the thermal behavior of the material. Additionally, no significant alterations or
shifting of the melting temperatures are observed. Furthermore, no additional exo- or
endothermic peaks are noted. This indicates a similar crystalline structure of all obtained
materials.

The degree of crystallinity was calculated using the enthalpy of fusion for 100%
crystalline PDMS, which is 61.19 J/g and presented in Table 6.4.

Table 6.4. Crystallinity degree calculated based on the DSC thermograms

Material Crystallinity degree (%)

Ref 40.09
MT2.5 41.98

MT5 41.23
MT7.5 38.88
MT10 38.55
MS2.5 40.56

MS5 40.28
MS7.5 38.55
MS10 37.44
MR2.5 39.53
MRS5S 39.14
MR7.5 39.83
MR10 39.75

As can be noticed, the crystallinity of PDMS aligns with values reported in the
literature [204]. Additionally, the crystallinity varies depending on the type and content
of the filler. For thyme-based composites, the material filled with 2.5 wt.% exhibits the
highest recorded crystallinity degree, which decreases with increasing filler content.
Similar behavior is observed for sage-based composites. This suggests that the chemical
compounds present in thyme and sage may influence the chemical structure by enhancing
the nucleation process in the polysiloxane, leading to improved mechanical properties
and stiffness. However, this enhancement depends on the filler content, with the effect

diminishing when the amount surpasses a certain threshold.

In contrast, rosemary-based composites exhibit a lower degree of crystallinity,
which further decreases with the addition of 5 wt.% rosemary, increases after adding
7.5 wt.%, and then decreases again after adding 10 wt.%. This results in a material with

a more amorphous structure, contributing to higher gas permeability due to reduced
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resistance to molecular diffusion. It should be noted that filler distribution plays an
essential role in shaping the thermal properties and impacting the degree of crystallinity.
Moreover, the biocomposites’ results correlate with the siloxane peaks presented in

Figure 6.10, where high peak intensity corresponds to a high crystallinity degree.

6.12. Accelerated degradation

The degree of accelerated degradation impact is evaluated based on the changes
in the chemical backbone (Figures 6.12 — 6.15) and tensile properties
(Figures 6.16 — 6.21). For the purpose of this work, samples that underwent degradation
are referred to as aged samples. It should be noted that prior to testing, samples were

drained from excess water.
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Figure 6.12. FTIR spectra of aged reference samples

In the reference samples, the intensity of the characteristic peaks shows a slight
decrease after two days of incubation in artificial plasma at an elevated temperature
(70 °C), indicating minimal degradation of the polymer. After seven days of incubation,
the material exhibits higher peak intensities, including a notable increase in the broad
-OH group peak. This suggests the presence of water from the artificial plasma solution,

as confirmed by the in vitro absorption results in Section 6.7.

108



0 MT2.5——2 MT2.5 7 MT2.5 M\
N ; } ; A ] \

0 MT5 2 MT5 7 MT5

NAaca

0 MT7.5 2 MT7.5 7 MT7.5 M
NACA_
| T i 1 1 | L

Absorbance (a.u.)

1 1 1 1
0_MT10 2 MT10 7_MT10

I 1 1 1 I 1 - 1 1 1 |

3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Figure 6.13. FTIR spectra of aged thyme-based composite samples

The filler content influences the changes in the chemical backbone of thyme-
based composites. For MT2.5, as the incubation period increases, the intensity of the
peaks decreases, indicating material degradation and the dissolution of the siloxane bond,
resulting in lower mechanical properties. Additionally, no stretching of symmetric CH3
is observed, suggesting reduced flexibility of the material both before and after
accelerated degradation. MT5 and MT10 exhibit a similar trend, where the peaks increase
after 2 days of incubation but decrease after 7 days. In contrast, MT7.5 behaves similarly
to reference PDMS, with an initial decrease in peak intensity followed by an increase.
Furthermore, all materials showed the presence of the -OH group, with its amount
increasing with both the incubation period and filler content, consistent with the

absorption results.
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Figure 6.14. FTIR spectra of aged sage-based composite samples

In the case of sage-based composites, MS2.5, MS7.5, and MS10 behave similarly
to PDMS, while MS5 exhibits decreasing peak intensities with an increasing incubation
period. However, it should be noted that these changes are very negligible. Similar to
thyme-based composites, sage-based composites display a broad band of the -OH group,

indicating its incorporation into the polymeric chain.
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Figure 6.15. FTIR spectra of aged rosemary-based composite samples

Only in the case of rosemary-based materials do all biocomposites consistently
exhibit an increase in peak intensity after 2 days of incubation, followed by a decrease
after 7 days. Similar to the other biocomposites, rosemary-based materials also show

a peak indicating the incorporation of -OH due to incubation in a water-based solution.

Overall, the accelerated aging of the tested materials affects the intensities of the
characteristic polydimethylsiloxane peaks. However, no components from the artificial
plasma were incorporated into the polymeric chain, except for water, as indicated by the
presence of the -OH group. This suggests that the changes in the chemical backbone were
induced by high temperatures and the liquid solution rather than by the compounds

present in the solution.

To comprehensively characterize the changes in materials under tension, tests
were conducted on samples taken every 24 hours for up to 7 days. However, only data

from 2 and 7 days of incubation, following the ISO 10993-13 standard, are evaluated.
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Figure 6.17. Strain at break results for aged thyme samples
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For the reference material, there is an initial decrease in stress at break value,
followed by an increase after 7 days of incubation. This suggests minimal initial
degradation, with further incubation leading to increased cross-linking and higher values.
These findings are consistent with the IR spectra. For thyme-based composites, a similar
trend is observed across all samples except MT10, where prolonged incubation results in
a consistent decrease in stress at break value. This indicates that beyond a certain
threshold, above 7.5 wt.% of incorporated filler, the biocomposites' behavior changes due
to the increased amount of terpenoid compounds affecting the cross-linking of the
material. Furthermore, no direct correlation between stress at break value and the
chemical structure of these biocomposites is found, suggesting that changes are strictly
related to the filler content and its distribution within the matrix. In terms of strain at
break, the reference material (PDMS) shows an initial decrease followed by an increase.
For thyme-based composites, only MT2.5 shows a decreasing trend, while the others

show an increase. This could be associated with the increasing peak of symmetric CH3,

indicating higher material flexibility.
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Figure 6.18. Stress at break results for aged sage samples
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Figure 6.19. Strain at break results for aged sage samples

Sage-based composites exhibit different behaviors depending on the filler content.
MS2.5 shows an overall decreasing trend, while MS5 and MS7.5 demonstrate an
increasing one. Similar to MT10, MS10 displays a decreasing behavior, indicating that
a high filler content negatively impacts the degradation process. Additionally, no
correlation with chemical changes was observed in the IR spectra. MT2.5 and MT5
exhibit increasing trends for strain at break, whereas MT7.5 and MT10 show decreasing
trends. Sage-based composites display a higher range of standard deviation, likely due to
the behavior of the filler within the matrix, including its distribution and mechanical
adhesion. The release of bioactive compounds from the biocomposite may also affect the
integrity between the filler and the matrix, resulting in varied values. Despite these

changes, all measured values fall within the same standard deviation range.
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Figure 6.21. Strain at break results for aged rosemary samples
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Rosemary-based composites exhibit the lowest stress at break and strain at break
values. Specifically, MR2.5 and MR10 show increasing characteristics, while MRS and
MR?7.5 display a decreasing trend. This suggests that incorporating 10 wt.% of rosemary
into polydimethylsiloxane may induce further cross-linking due to the presence of some
bioactive compounds. However, similar to sage-based composites, these changes in
characteristics fall within the standard deviation range. Additionally, the higher the
rosemary content, the more pronounced the decrease in overall biocomposites
performance during tension, as evidenced by the declining stress at break values. This
indicates that while rosemary filler can affect the mechanical properties of the
biocomposites, its impact becomes detrimental at higher concentrations, reducing the

material's ability to withstand tensile stress.

In conclusion, accelerated degradation impacted the mechanical properties of the
materials to varying degrees, depending on the type and content of the filler. However,
from the perspective of wound dressing applications, the most critical feature is the
material's flexibility. This property remained at a satisfactory level even after degradation

at elevated temperatures, which do not occur under normal daily conditions.

6.13. Microscopic topography analysis

The micrographs shown in Figures 6.22 — 6.24 depict the fracture surfaces of
unaged modified thyme-, sage-, and rosemary-based materials after tensile testing. In
these figures, the SEM analysis is shown on the left, while those on the right show the
corresponding stereoscopic images. This comprehensive analysis enabled the
examination of fracture characteristics, the evaluation of filler integration with the matrix,
and the assessment of structural alterations under tensile stress. For biocomposites, the
microscopic images reveal the initiation zone of tensile stress, identified by the smoother
surface, as well as the direction of crack propagation, which is indicated by the presence
of white structure flaking, resulting in an interfacial peeling. Furthermore, it can be
observed that the biocomposites exhibit a ductile fracture mechanism, which becomes
more pronounced as the filler content increases. At the same time, the reference sample
displays a brittle fracture mechanism. This suggests that incorporating organic fillers

changes the crack propagation behavior under tensile stress. The results indicate that
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higher filler content results in more jagged fracture surfaces. Additionally, it is observed
that sage and rosemary particles tend to form agglomerates within the matrix (seen as
dark or bright areas in Figures 6.23a and 6.24, respectively), which notably influences the
fracture surface characteristics and consequently alters the mechanical properties of these
materials, as discussed in Section 6.1. With increasing filler content, larger particles tend
to detach from the matrix, creating voids that act like notches. This greatly influences the
tensile behavior of the materials, leading to variable results depending on the filler
distribution within the matrix. Despite protective measures during fabrication to prevent
contamination, some impurities were observed in the reference samples. Furthermore, the
presence of clusters within the matrix indicates uneven mixing of the base and catalyst.
This irregularity could be attributed to insufficient mixing time or inadequate mixing
speed, potentially resulting in greater variability in the testing outcomes. However, after
performing accelerated degradation, these clusters underwent further cross-linking,
leading to a more homogenous structure and increased stiffness, confirmed by the results

of tensile testing.

For aged samples, only selected examples are presented because of their unclear
behavior during testing. As illustrated in Figure 6.25, color changes indicate the release
of polyphenolic compounds responsible for the herbs’ color into the artificial plasma
solution. In the case of MT5, an even distribution of longer trichomes is visible,
explaining the increased tensile strength after aging. Conversely, MT10 exhibits the
formation of voids due to filler detachment, leading to decreased tensile strength. This
detachment is likely due to the hygroscopic nature of the filler, which absorbs the solution,
causing particle enlargement and subsequent detachment during tension. A similar trend
is observed for aged sage-based composites. Although the higher magnification of MS10
shows a more even surface, lower magnification reveals increased surface jagging and
enlarged particles due to absorption. The micrographs display a highly uneven fracture
surface for rosemary-based composites filled with 10 wt.% filler, which may account for
the varying tensile behavior during testing and decreased mechanical properties. The EDS
analysis confirmed the absence or negligible presence of artificial plasma components
adhered to or incorporated into the matrix, thereby eliminating their impact on the tested

properties.
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Figure 6.22. Fracture surface micrographs of modified thyme composites: MT2.5 — a), MT5 —b), MT7.5 —¢), MT10 —d)

118



Mag= 500X Signal A = SE1 3 R s . 7 ; Mag= 500X Signal A =SE1
EHT= 500KV __WD= 9.0mm = | — EHT= 500kV__WD=11.0mm

Mag= 500X Signal A= SE1 %Il - g e N Mag= 500X Signal A= SE1
EHT = 500kV WD =105 mm : | — EHT = 500kV WD =105 mm

Figure 6.23. Fracture surface micrographs of modified sage composites: MS2.5 — a), MS5 —b), MS7.5 — ¢), MS10 —d)
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Figure 6.24. Fracture surface micrographs of modified rosemary composites: MR2.5 — a), MR5 — b), MR7.5 — ¢), MR10 — d), reference — ¢)
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Figure 6.25. Fracture surface micrographs of selected 7-day aged samples: MT5 —a), MT10 —b), MS7.5 —c¢), MS10 — d), MR10 —¢)
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6.14. Biocomposites assessment — II analysis

Upon completion of the second phase of the work, another multicriteria analysis was
conducted to select the materials for the final phase, which involves assessing cell viability.
This analysis evaluated each modified filler-based material individually compared to PDMS.
However, for the subsequent phase, two herb-based composites were chosen. The assessment
was based on the analysis of the obtained results for absorption, rebound resilience, abrasion,
and accelerated aging. The results of the second multicriteria analysis are displayed in
Table 6.5. As with the first analysis, the evaluation was based on the significance of the
requirements for wound dressing materials, with values assigned on a scale from 1 to 13.
Although the materials were initially assessed individually, subsequent testing incorporated all
variations of the chosen biocomposites to evaluate the dependence of the results on filler

concentration.

Based on the results of the second analysis, thyme-based composites achieved the
highest score, followed by sage- and rosemary-based composites. Therefore, for the final phase,
testing was conducted on the materials with the greatest application potential: thyme- and sage-

based composites.
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Table 6.5. II multicriteria analysis results

Material
Property Weight Ref MT2.5 MT5 MT7.5 MT10 MS2.5 MS5 MS7.5 MS10 MR2.5 MRS5S MR7.5 MRI10
c vCv C vC v(CcCyvyCcCyVvycCcyvycyvYycyvycy vV C v C YV
Absorption 3 5 15 12 3 11 33 7 21 1 3 13 39 10 30 6 18 2 6 3 9 9 27 8 24 4 12
rel3(3und 2 8 16 13 26 12 24 11 22 4 8 10 20 9 18 7 14 5 10 6 12 3 6 2 4 1 2
resilience
Ab.rasmn 1 13 13 12 12 9 9 6 6 3 3 11 11 8 8 7 7 2 2 10 10 5 5 4 4 1 1
resistance
Accelera?ed 4 13 52 12 4 10 40 9 36 8 32 7 28 11 4 5 20 4 16 6 24 3 12 2 8 1 4
degradation . o . L L o . . . L L .
> 96 122 106 85 46 98 100 59 34 55 50 40 19
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6.15. Cell viability assay

The viability of L-929 line cells of the tested materials is depicted in Figure 6.26,

where the red line indicates the minimum required cell viability percentage — 70%.
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Figure 6.26. Cell viability results

As observed, the reference material demonstrates higher cell viability than the
required minimum of 70%, per the safety data provided by the reference material producer.
The impact of incorporating herbs into the PDMS matrix varies depending on the type and
content of the herbs. All thyme-based composites exhibit the minimal required cell viability,
or higher, for both 2-day and 10-day extracts. In contrast, while cell viability in sage-based
composites increases after 10 days of incubation, these materials do not achieve sufficient
cell viability, indicating limited cell proliferation in the wound bed [205]. Although the
literature acknowledges the positive impact of sage on wound healing, it also highlights
its antipoliferative and highly antimicrobial properties, as discussed in Section 6.5. It is
possible that the bioactive compounds in sage, which inhibit bacterial cell proliferation
and thereby accelerate wound healing, may also inhibit human cell proliferation.
Similarly, an increase in cell viability is observed in thyme-based composites, with the
highest increase noted for the lowest filler content. This increase can be attributed to the
presence of Thymus vulgaris, which is rich in compounds known to enhance cytokine
production, such as thymine and tannins, leading to higher cell proliferation [206].
However, when the filler content exceeds 2.5 wt.%, this effect is insignificant, resulting
in lower cell viability, although still above the minimal required level. This may be due
to the excessive concentration and diffusion of bioactive compounds at higher filler

contents, which could limit proliferative activity.
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7. Summary and conclusions

7.1. Summary

Materials must meet a range of stringent requirements in order to be utilized in
the medical field, whether for internal or external applications such as wound dressings.
Several key factors must be considered to address these demands, including the material
selection, properties, modifications, and processing technologies, all of which must be
tailored to the specific application. Particular attention must be paid to medical
applications that involve direct contact with patients, with biocompatibility being the
paramount criterion. However, the material often requires further modification to enhance

certain desirable properties, such as antibacterial activity.

This study explores the development of biocomposites based on
polydimethylsiloxane (PDMS), modified with thyme, sage, and rosemary, with the goal
of enhancing the polymer's bioactivity, particularly its antibacterial properties. The
approach combines the biocompatibility and unique characteristics of PDMS with the
health-promoting properties of these herbs, which include anti-inflammatory,
antibacterial, and other beneficial effects. To achieve this, a technology was developed to
modify the herbal fillers and incorporate them into the PDMS matrix. This processing
technology was designed to preserve the full potential of the herbs, particularly the
polyphenolic compounds, which are the primary constituents and the focus of this work,
as these compounds are sensitive to temperature. Subsequently, the modified materials
were subjected to a series of physicochemical, mechanical, and biological tests to evaluate
the impact of the herbal fillers on these properties. Initial tests revealed that modifications
of the fillers were necessary, as the mechanical properties obtained were unsatisfactory.
Furthermore, in the case of rosemary, the high content of terpenes and fatty acids

(Table 5.7) impeded the cross-linking process, necessitating further refinement.

Three groups of biocomposites were developed: those based on unmodified and
modified herbs, as well as their extracts. The incorporation of these additives into
polydimethylsiloxane significantly influenced the mechanical properties of the resulting
materials. For instance, biocomposites incorporating unmodified herbs exhibited

a notable decrease in both stress at break and strain at break properties. This reduction
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was primarily attributed to the presence of large particles within the unmodified herbs,
which tended to detach under tensile stress, creating voids that acted as notches and

consequently reduced tensile strength.

The modification of the herbs, as discussed in Section 5.1.2, proved beneficial in
enhancing the tensile properties of the biocomposites. This improvement is due to the
reduction in terpene and fatty acid content (Tables 5.5 through 5.7), as well as the
elimination of larger particles (Table 5.3). However, the mechanical properties of the
sage- and rosemary-based materials were still inferior to those of thyme-based composites.
Microscopic analysis of the fracture surfaces revealed that this disparity was primarily
due to the presence of agglomerates in the sage and rosemary composites. On the other
hand, biocomposites based on herbal extracts demonstrated relatively diminished
mechanical properties compared to those incorporating unmodified or modified herbs.
This finding suggests that both fatty compounds and polyphenolic compounds play
a significant role in determining the material properties. Although the stress at break
values were lower for the obtained biocomposites, the strain at break for several of these
materials, particularly the modified thyme composites, as well as MS10 and ERS,
exceeded that of the reference. This increased strain at break is desirable for potential
applications requiring flexibility to ensure patient comfort. The most significant impact
was observed in biocomposites containing unmodified herbs, followed by those with
modified sage and rosemary, while the extract-based composites generally exhibited
comparable results. Similar trends were observed in hardness measurements, although the
degree of change did not exceed 10%. It is noteworthy that the hardness of the fillers
themselves plays a crucial role in shaping these results, as well as explaining the
variability in measurements. The results represent an average hardness obtained from the
sedimented and opposite sides of the material. Additionally, it was observed that higher
filler content generally resulted in less variability in the measured properties due to higher
filler concentration on the sedimented side, leading to a more uniform distribution,
as seen in Figures 6.22 — 6.24. Several factors, including the methods used to prepare the
fillers and incorporate them into the matrix, as well as issues such as sedimentation,
agglomeration, and particle detachment, likely contributed to the observed scatter in the
test results. These findings are consistent with the results of FTIR analysis, which showed

a decrease in the peaks associated with the material's mechanical strength.
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It was demonstrated that the addition of herbal fillers did not alter the hydrophobic
nature of PDMS; the material remained hydrophobic regardless of the type or content of
the fillers, with the biocomposites' results aligning with the range of values observed in
the reference material. However, the minimal changes observed between the groups can
be attributed to the presence of polyphenolic compounds, known for their high water
solubility and hydrophilicity. Furthermore, the results confirmed the inhibition and
limitation of Staphylococcus aureus, a primary contributor to wound infections. This was
evidenced in the antibacterial activity assessment, where all tested materials, except for
the reference, exhibited bacteriostatic or nearly bactericidal properties against S. aureus.
However, it was found that the modifications performed on the fillers reduced the
antibacterial activity, highlighting the significance of terpene and fatty acid compounds

in limiting biofilm formation.

Given that the modified herb-based materials demonstrated more suitable
properties for the intended application in wound dressings, only these materials, along

with the reference, were subjected to further testing.

The in vitro absorption results clearly indicate the hygroscopic nature of the fillers
and the influence of the plant's morphology. Specifically, among the biocomposites,
rosemary, with its more waxy leaves, exhibited limited water retention, whereas sage and
thyme, characterized by a dense network of trichomes on their leaves, showed enhanced
moisture retention. It should be noted that the method of sample preparation, which
involved cutting and exposing the fillers to an artificial plasma solution, contributed to
significant variability in the results, with the scatter increasing as the incubation period
lengthened. Nonetheless, the biocomposites with the lowest filler content (2.5 wt.%)
demonstrated a stabilization of absorption after 72 hours. The presence of water from the
incubation solution was further confirmed by FTIR analysis, where these materials
displayed a broad peak corresponding to the hydroxyl group. In the context of wound
dressing applications, absorption is a critical property, as it effectively manages excess

exudate.

Another important set of properties includes rebound resilience and abrasion
resistance, both of which are crucial for ensuring patient comfort in wound dressings. In
terms of rebound resilience, all thyme-based composites, except those with the highest

filler concentration, showed increased values, as did MS2.5 and MS5. The remaining
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materials exhibited decreased resilience, with MR10 showing a reduction of nearly 80%
compared to pure PDMS. The characteristics of the fillers significantly influence these
results; for example, the higher stiffness of rosemary particles increases the material's
overall stiffness, thereby reducing its ability to return to its original shape. Additionally,
the small particle size of thyme and sage contributes to increased rebound resilience.
However, in sage and rosemary cases, agglomerates' formation disrupted the even
distribution of impacting energy, leading to decreased resilience at higher filler
concentrations. Furthermore, it is noteworthy that the test was conducted on the sample's
upper side, consisting of a thin layer of transparent PDMS opposite the sedimented side.
This choice was based on the fact that the side with a higher concentration of fillers was
intended to be in contact with the wound, while the opposite side would be exposed to
external factors, such as clothing. On the other hand, all biocomposites exhibited
decreased abrasion resistance as filler concentration increased, with MR10 experiencing
nearly 70% greater volume loss compared to the reference material. Similar to rebound
resilience, the formation of agglomerates influenced abrasion resistance, as did the
presence of fatty compounds, where a higher concentration resulted in greater volume
loss. Moreover, the results are influenced by the degree of crystallinity (Table 6.4), with
lower values indicating a more amorphous structure and reduced rigidity and stiffness of
the material. These findings also correlate with the hardness results, as reduced
deformation resistance makes the material more susceptible to wear when in contact with
a rigid surface. It is important to note that the testing conditions were significantly more
severe than those typically encountered in actual use. As with other mechanical properties,

these observations align with the findings from FTIR analysis.

An accelerated degradation test was performed using an artificial plasma solution
to evaluate the material behavior under simulated use conditions. The resulting changes
were assessed through tensile testing and FTIR analysis. The reference material initially
exhibited a decrease in stress at break, which subsequently increased after 7 days of
incubation, indicating enhanced cross-linking, as corroborated by higher peak intensities
in the IR spectra. Thyme-based composites generally followed this trend, except for
MT10, which consistently showed a decrease due to high filler content. Sage-based
composites displayed variable behaviors, with higher filler concentrations often leading
to reduced stress and strain at break. Rosemary-based composites exhibited the lowest

stress and strain values, with increasing filler concentrations further diminishing tensile
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performance. These changes were primarily influenced by filler content and distribution
rather than chemical structure and aligned with IR spectra findings. Notably, for wound
dressing applications, the material's flexibility remains a critical attribute, and this
property was maintained at satisfactory levels even after exposure to accelerated

degradation conditions, which are more severe than typical conditions.

Although the primary objective of this work was to develop bioactive materials with
antibacterial properties for use in wound dressings, a supplementary cell viability assay
was conducted to ensure their safety. Thyme-based composites consistently meet or
exceed the 70% cell viability threshold, with lower filler concentrations yielding optimal
results due to beneficial compounds such as thymine and tannins. Sage-based composites
initially show improved viability but fall short after 10 days, likely due to sage's
antimicrobial and antiproliferative effects resulting from its phytochemical compounds,
such as salvianolic acid and luteolin. High filler content in thyme-based composites
reduces cell viability, possibly due to excessive bioactive compounds limiting cell

proliferation, though values remain above the minimum required level.

This work does not address all aspects related to this type of application, such as
the long-term effectiveness of the materials, the duration of their antibacterial activity, or
their efficacy against fungal strains, which are also critical for wound infections. However,
the various approaches and findings presented in this study could significantly contribute

to future research on bioactive dressings.
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7.2. Conclusions

Based on the analysis and observations from the results, it can be conclusively stated
that the primary aim of this work — to evaluate and confirm the following proposed

thesis — has been accomplished:

“The introduction of specially prepared organic fillers, derived from selected parts
of bioactive herbs, into polydimethylsiloxane significantly enhances its
antibacterial activity while maintaining the necessary functional properties for
external medical applications, such as dressings, i.e., mechanical and
physicochemical properties, while at the same time ensuring long-term

functionality and reliability in medical contexts.”

Furthermore, the research conducted on polydimethylsiloxane-based biocomposites
modified with herbal fillers for external medical applications with enhanced antibacterial

properties allowed the following conclusions to be drawn:

1. The composition of herbal fillers influenced the crosslinking process of
polydimethylsiloxane and thereby impacts both its antibacterial and
physicochemical properties. Increased levels of fatty acids and terpenes led to
greater disruption of the cross-linking process. Composition analysis revealed that
the critical threshold for fatty acids and terpenes is approximately 24+2%
(Tables 5.5 —5.7). Specifically, in rosemary, along with the overall content of fatty
acids and terpenes, rosmadial and rosmanol played a particularly significant role
in cross-linking.

2. The density of the fillers and their total polyphenolic content are closely
associated with the method of filler modification. The highest values were
achieved by extracts, while the lowest by unmodified herbs. This suggests that the
modifications performed have a beneficial effect on both density and TPC values.

3. The developed technology for modifying fillers using alcohol and water vapor
treatment effectively reduced the terpenes and fatty acids levels in both sage and
rosemary. This reduction enhanced the physicochemical properties, such as tensile
strength and hardness, but led to a decrease in antibacterial activity. For

unmodified fillers, the log reduction of S. aureus was 4.4, whereas for modified
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fillers, it was above 2. The E. coli strain was not included in this evaluation.
Moreover, the use of herbal extracts at concentrations equivalent to the amount of
the polyphenol in the raw powder forms diminished their antibacterial
effectiveness.

The mechanical properties are influenced by the filler's geometry and its ability to
be wetted by the matrix, as extensively described in the literature. Due to their
regular shape (Figure 5.5), extract particles exhibited better wetting by the matrix
compared to particles from herbal powders. However, as shown in Figure 5.6,
their size significantly impacted the tested properties.

The density of the composites with modified herbs was slightly higher than that
of extract-based materials (by approximately 3%). However, the tensile strength
of the biocomposites decreased compared to PDMS by up to over 75%.
Nevertheless, modified herb- and extract-based materials exhibited higher values
compared to unmodified herbal composites. The hardness of the materials
remained similar for both unmodified and modified herbs as well as extract
composites. In the case of rosemary, ER2.5 and ERS5 exhibited comparable or
higher hardness than the reference.

The incorporation of herbal fillers did not alter the hydrophobic characteristics of
PDMS, which helps in preventing bacterial adherence and biofilm formation.
However, it affected abrasion resistance and rebound resilience, with higher filler
content generally leading to decreased properties, as indicated by the reduction in
crystallinity degree.

The impact of accelerated degradation in artificial plasma solution varied among
the materials tested, with thyme-based biocomposites exhibiting the highest stress
and strain at break, while rosemary-based composites showed the lowest. For
thyme and sage biocomposites, an initial decrease in these characteristics was
observed after two days of incubation, followed by an increase in values. However,
composites with higher filler content exhibited a decreasing trend, indicating that
high filler content accelerated material degradation, leading to a deterioration of
mechanical properties. In contrast, rosemary biocomposites, particularly MR10,
showed increasing characteristics, suggesting further cross-linking. Despite these
changes, the mechanical properties of all composites remained satisfactory after

seven days of incubation at elevated temperatures (7042 °C).
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8. Thyme-based composites demonstrated non-toxicity, achieving over 70% cell
viability. When incorporated at a 2.5 wt.% filler concentration, the biocomposite
provided enhanced beneficial health properties over an extended period (10 days).
In contrast, all sage biocomposites exhibited insufficient cell viability.
Additionally, all materials showed increasing cytotoxicity with higher filler
content, indicating that elevated herb content negatively impacts cell proliferation.

9. The methods used for preparing the fillers and incorporating them into the matrix,
including sedimentation of fillers and formation of agglomerates, as seen in
Figures 6.22 — 6.24, filler hardness and particle size, phytochemical composition,
and the specific characteristics of the herbal plants, particularly their leaves, all
played significant roles in shaping the properties, influencing test results, and

contributing to variability.
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7.3. Future research directions

The results of this work offer valuable insights into the development of
polydimethylsiloxane-based biocomposites modified with selected herbal additives. The
framework used allowed for the assessment of the impact of fillers on various
physicochemical, mechanical, and biological properties. The primary goal of creating
antibacterial materials for external applications was achieved. However, these materials

may prove inadequate for internal applications requiring high stiffness and durability.

Future research will focus on enhancing these characteristics. Specifically, one
approach will involve using lower concentrations of fillers. Preliminary findings suggest
that sage and thyme exhibit higher antibacterial properties at lower concentrations, which
decrease as filler content increases. Thus, exploring lower concentrations may yield
materials with comparable or improved antibacterial activity while enhancing mechanical
properties, given that higher filler concentrations generally reduce mechanical
performance. Additionally, it is crucial to refine the method of incorporating fillers into
the matrix, e.g., by using ultrasound. Improved dispersion of particles and the reduction

or elimination of agglomerates will be essential for enhancing mechanical properties.

Another avenue for future research is to incorporate higher quantities of
polyphenolic extracts, which may better leverage their substantial antibacterial potential.
Additionally, the research could involve testing the materials as coatings, conducting
clinical trials, and modifying the materials to exhibit antibacterial activity against

Gram-negative bacteria.
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