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ABSTRACT

Within the current Doctoral Thesis, synthesis and comprehensive characterisation of a novel
hydrogel matrix of two chemically crosslinked, naturally derived biopolymers, antimicrobial
polypeptide e-polylysine (e-PL) and biologically active hyaluronic acid (HA), have been
performed. The main aim of the study is to develop non-antibiotic, inherently antibacterial
hydrogel-based biomaterials for the repair and healing of infected tissue. The research has been
carried out two main stages, involving the synthesis of covalently crosslinked e-PL/HA
hydrogel matrix with further investigation of physicochemical properties such as molecular
structure, morphology, gel fraction, swelling behaviour, as well as viscoelastic properties via
rheological studies. Also, in the first stage, the effect of steam sterilisation on the
physicochemical properties of the developed hydrogels has been investigated. Moreover, the
in vitro antibacterial activity and cytotoxicity profile of the pure antimicrobial polypeptide -
PL and furtherly e-PL/HA hydrogels have been evaluated. Minimum inhibitory concentration
(MIC), minimum bactericidal concentration (MBC) values and resistance development studies
of pure e-PL, as well as antibacterial activity of the fabricated hydrogels have been evaluated
in both fast-acting (at 24 h) and sustained (up to 168 h) timeframes against widely known Gram-
negative and Gram-positive pathogenic bacterial strains, including ATCC reference
Escherichia coli and Staphylococcus aureus (E. coli and S. aureus), clinically isolated
Pseudomonas aeruginosa (P. aeruginosa), as well as multidrug-resistant hard-to-treat
methicillin-resistant S. aureus (MRSA) and extended spectrum B-lactamase E. coli (ESBL
E. coli). The cytotoxicity profile has been evaluated using Balb/c 3T3 mouse fibroblasts via a
direct contact assay, and Human dermal fibroblasts via an indirect (extract-based) assay. In the
second stage, the antibacterial e-PL/HA hydrogel matrix has been functionalised with bioactive
strontium-substituted hydroxyapatite (Sr-HAp) nanoparticles to develop antibacterial and
bioactive injectable hydrogels for bone tissue regeneration. To evaluate application-specific
performance, further physicochemical and biological characterisation has been performed,
including sustained (up to 168 h) antibacterial activity against E. coli, S. aureus, MRSA, and
ESBL E. coli.

The Doctoral Thesis has been elaborated as a summary of scientific articles. The summary
of scientific articles is written in Latvian and English. It includes four scientific publications
and one review article. Each summary contains 10 figures and one table, totalling 45 pages.



USED ABBREVIATIONS

AMP antimicrobial peptides

AMR antimicrobial resistance

ATCC American Type Culture Collection

Balb/c 3T3  fibroblast cells isolated from BALB/c mouse embryos
BSA bovine serum albumin

CLSI Clinical and Laboratory Standards Institute

CaP calcium phosphates

CDC Centers for Disease Control and Prevention

CRAB carbapenem-resistant Pseudomonas aeruginosa
CRPA carbapenem-resistant Acinetobacter baumannii

E’/E” compression storage/loss modulus

E. coli Escherichia coli

ECM extracellular matrix

EDC 1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide
e-PL e-polylysine

EPS exopolysaccharides

ESBL extended spectrum f-lactamase producing bacteria strain

EU MDR EU Medical Device Regulations
EUCAST European Committee on Antimicrobial Susceptibility Testing

FDA Food and Drug Administration

FTIR Fourier transform infrared spectroscopy

G’ /G” storage/loss modulus

GAG glycosaminoglycans

GEN gentamicin

HA hyaluronic acid

HAp hydroxyapatite

HCI hydrochloric acid

HDF human dermal fibroblasts

in vitro experimental studies outside a living organism
LVR linear viscoelastic region

M. tuberculosis Mpycobacterium tuberculosis

MBC minimum bactericidal concentration

MIC minimum inhibitory concentration

MRSA methicillin-resistant Staphylococcus aureus
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NaCl
NaOH
NDB
aNDB
NHS

sodium chloride

sodium hydroxide

naturally derived biopolymer

antibacterial naturally derived biopolymer

N-hydroxysuccinimide

P. aeruginosa Pseudomonas aeruginosa

PRSP
PVA
RGD

S. aureus

penicillin-resistant Streptococcus pneumoniae
polyvinyl alcohol
arginine-glycine-aspartic acid

Staphylococcus aureus

S. epidermidis Staphylococcus epidermidis

SAXS
SCI
SEM
Sr-HAp
USD
VAN
VRE
WHO

small-angle X-ray scattering
scientific

scanning electron microscopy
strontium-substituted hydroxyapatite
United States dollar

vancomycin

vancomycin-resistant Enterococci

World Health Organization
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GENERAL DESCRIPTION OF THE RESEARCH
Introduction to the State-of-the-Art

According to data from the World Health Organization (WHO), bacterial infections account
for 13.6 % of human mortality, equating to approximately one in every eight deaths
worldwide [1]. The only widely used strategy for treating and preventing bacterial infections in
healthcare remains antibiotics, with few non-antibiotic alternatives available, except for “last
resort” bacteriophage therapy. Such “last resort” use is closely linked to the growing problem
of antibiotic resistance among bacterial pathogens. The WHO and the Centers for Disease
Control and Prevention (CDC) recognise antimicrobial resistance (AMR) as a global crisis due
to the increased prevalence of pathogens resistant to last-resort antibiotics. For decades, a
growing list of AMR-associated pathogens has been responsible for hundreds of thousands of
deaths. These include penicillin-resistant Streptococcus pneumoniae (PRSP), carbapenem-
resistant Pseudomonas aeruginosa and Acinetobacter baumannii (CRPA and CRAB),
methicillin-resistant Staphylococcus aureus (MRSA), vancomycin-resistant Enterococci
(VRE), and extended-spectrum f-lactamase (ESBL) producing Escherichia coli (E. coli).
Moreover, it is estimated that by 2050, AMR-related deaths could exceed 10 million annually.
To combat this growing crisis, the WHO Global Action Plan has underlined the urgent need to
develop alternative non-antibiotic strategies [2].

Although naturally derived antibacterial biopolymers (aNDBs) [3]-[5] have long been used
in biomedical applications, their study has expanded significantly in recent years. Unlike the
others biopolymers that are used in biomedicine and could be both of natural (hyaluronic acid,
gelatin etc.) and synthetic (polyvinyl alcohol (PVA), polyethylene glycol (PEG), etc.) origin,
aNDBs are obtained from natural sources (plants, fungi, microorganisms, algae, and animals)
and exhibit biocompatability and intrinsic antibacterial activity without a need for additional
chemical modifications [4]. Interest in aNDBs as non-antibiotic antibacterial agents has surged,
with publications on their use increasing by nearly 400 % since 2015. This growing trend is
primarily driven by recognising aNDBs as promising antibacterial molecules for local delivery
applications, offering biocompatibility and antibacterial efficacy against pathogenic bacteria.
Furthermore, it has been highlighted that bacteria are less likely to develop resistance against
such material, as the antibacterial activity of aNDB differs from conventional antibiotics in both
target specificity and mechanism of action [4]. Several studies have demonstrated the
development of various biomaterials, such as drug delivery systems, ophthalmic contact lenses,
injectable cements, medical device and implant coatings, microneedle patches, wound
dressings, nanoparticles and nanofibers, and hydrogels based on aNDB with significant
antibacterial activity [2], [6]-[8]. These aNDB include chitosan, k-carrageenan, alginate,
pectin, o-pullulan, fucoidan, chondroitin sulphate, bacterial-produced exopolysaccharides, as
well as antimicrobial peptides (AMP) [2], [6]-12].

Hydrogels have emerged as a promising class of biomaterials in biomedicine due to their
high biocompatibility, tuneable mechanical properties, and ability to mimic the extracellular
matrix (ECM) of human tissues. These properties make hydrogels particularly advantageous
for tissue engineering and regenerative medicine, as they can support cell adhesion,
proliferation, and differentiation, thereby promoting tissue regeneration. Over the past decade,
research has increasingly focused on developing hydrogels with antibacterial functionality to
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address the critical clinical challenge of infected tissue repair and healing. One of the most
effective strategies involves the development of hydrogels based on aNDBs. These intrinsic
antibacterial hydrogels offer several advantages, including eliminating additional antibacterial
agents or antibiotics, a simplified composition, enhanced biocompatibility, and sustained
antibacterial efficacy [13]. Beyond infection control, hydrogels are also being explored for
applications in bone tissue regeneration. Bone defects and fractures resulting from diseases such
as osteoporosis, osteosarcoma, and high-impact injuries represent a significant global health
burden, affecting over 200 million people worldwide and incurring an economic cost exceeding
$100 million annually [14], [15]. These conditions are frequently complicated by a high risk of
infection, especially in cases of open fractures, surgical interventions, and
immunocompromised patients. Post-traumatic osteomyelitis, periprosthetic joint infections,
and implant-associated infections remain significant clinical challenges, often leading to
delayed bone healing, implant failure, and increased mortality rates. Consequently, developing
multifunctional, bone-targeted antibacterial biomaterials with regenerative potential has
become a key research focus to improve treatment outcomes and prevent infection-related
complications in bone healing and regeneration.

A promising approach in this field involves the biofunctionalisation of the hydrogel matrix
with bioactive and osteogenic inorganic components, such as calcium phosphate (CaP)
particles. CaP bone biomaterials, such as hydroxyapatite (HAp), demonstrate excellent
biocompatibility and bioactivity in physiological conditions, as they closely resemble the
primary mineral component of bone extracellular matrix (ECM) [16], [17]. This similarity
allows CaP-based biomaterials to form intimate functional interfaces with bone tissue,
enhancing osseointegration and bone remodelling. However, despite their advantages, CaP
biomaterials exhibit limitations such as low mechanical strength, uncertain biodegradation rate,
and lack of cohesiveness. Moreover, commercially available bone biomaterials still fail to fully
replicate the hierarchical composite structure of native bone tissue and exhibit limited
regenerative potential for the treatment bone-related diseases [18]. Combining CaP with a
hydrogel matrix enables the development of composite hydrogels with enhanced
functionalities, including superior biocompatibility and bioactivity, improved structural
integrity, optimised porosity, tuneable mechanical stiffness, and biodegradation rates. These
properties make the composite hydrogel a promising biomaterial for bone regeneration,
providing a bioactive and mechanically supportive environment for cell growth and tissue
integration [17]. The current clinical gold standard for infected bone tissue treatment includes
administration of systemic or local antibiotics, as well as a separate surgery to implant a bone
graft for the reconstruction of bone tissue [19]. For local antibiotic therapy, synthetic poly
(methyl methacrylate) (PMMA) bone cement beads and spacers are used to deliver a high
concentration of antibiotics, for example, vancomycin (VAN), gentamicin (GENTA) [20].
However, bioinert non-biodegradable PMMA biomaterials as antibiotic carriers have
substantial drawbacks, such as poor drug release kinetics [20], inducing the development of
antibiotic resistance, providing a site for pathogen colonisation and biofilm formation, causing
toxicity, and requiring additional surgery for removal. A one-step approach is demonstrated by
bioactive GENTA or VAN loaded hydroxyapatite (HAp)/calcium sulphate biomaterials, a new
commercially available injectable synthetic bone graft substitute, CERAMENT® G and
CERAMENT® V (BONESUPPORT, Lund, Sweden). These commercial products have a

significant advantage as they simultaneously provide local antibiotic therapy and promote new
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bone formation [21]. However, local wound complications, persistent infection, and residual
mature biofilm have been reported in treating chronic osteomyelitis. This is why naturally-
derived CaP-loaded inherently antibacterial composite hydrogels are a tremendously important
research direction to provide a potential solution for two common problems in the healthcare
sector — bacterial infections and bone disorders. To address the AMR crisis and the challenges
associated with bacterial infection treatment and bone reconstruction, the Doctoral Thesis
focuses on the development and investigation of antibacterial hydrogels based on antimicrobial
polypeptide e-polylysine (¢-PL) and biologically active hyaluronic acid (HA), and e-PL/HA
composite hydrogels. e-PL/HA composite hydrogels have been developed by functionalising
the antibacterial hydrogel matrix with bioactive Sr-HAp nanoparticles. This approach aims to
introduce specialised functional properties, such as supporting mesenchymal stem cell
differentiation, influencing ECM protein adsorption, and enhancing cell adhesion and tissue
formation, while mimicking the nanostructure and composition of native bone tissue to improve
bone regeneration capability.

Firstly, the most important parameters in designing antibacterial hydrogels include the
selection of suitable components and an appropriate crosslinking strategy. In this study, e-PL
and HA have been selected based on the superior functional properties, providing both
antibacterial activity and the ability to mimic the native ECM. HA is an essential polysaccharide
of the ECM in many tissues, which demonstrates excellent biocompatibility and plays an
important biochemical role in different physiological processes [22], [23]. Moreover, HA
contains multiple functional groups that allow for numerous subsequent chemical modifications
[13], [24]. Among typical short-chain antimicrobial peptides (AMPs), e-PL is classified as a
long-chain antimicrobial polypeptide, also known as a poly(amino acid). e-PL has many unique
characteristics and is generally recognised as safe by the Food and Drug Administration (FDA).
It has several advantages compared to other AMPs, including natural origin, simple structure,
low immunogenicity, low toxicity profile, biocompatibility, antibacterial mechanism through
membrane disruption, stability under a range of pH and temperature, and cost-effectiveness.
Until now, only a few studies have addressed the preparation and antibacterial evaluation of
antibacterial hydrogels containing e-PL, including chemically crosslinked polyglutamic acid/
e-PL composite hydrogels, bovine serum albumin (BSA) and polyvinyl alcohol (PVA) dual-
network hydrogels with embedded e-PL, photo crosslinkable silk fibroin/e-PL hydrogels,
polyacrylamide, gelatin, and e-PL hydrogels, e-PL-stabilized agarose/polydopamine hydrogels
and dynamic arginine-glycine-aspartic acid (RGD)/ e-PL hydrogels [2], [24].

To preserve properties of both components while combining them into a single integral
hydrogel matrix, a chemical crosslinking approach using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) and N-hydroxysuccinimide (NHS) has been selected. EDC/NHS
crosslinking offers mild reaction conditions, water solubility of both reagents, lower toxicity
compared to conventional crosslinkers, and improved mechanical properties of the resulting
hydrogel matrix due to the formation of stable covalent bonds [25].

Secondly, the development of composite hydrogels requires the selection of an appropriate
and well-justified CaP derivative. The main inorganic component of the bone extracellular
matrix (ECM) is nanosized carbonated calcium-deficient apatite containing trace elements such
as Mg, Zn, Sr, etc. Synthetic hydroxyapatite (HAp) nanoparticles have similarities to bone
apatite in terms of chemical composition, structure, and size. Therefore, synthetic

nanocrystalline HAp exhibits excellent osteoconductive properties. Various HAp-based
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biomaterials have been extensively explored as carriers for the delivery of biologically active
compounds due to their high specific surface area, unique bioactivity, and adsorption capacity
across biological barriers [26]. Recently, HAp-based carriers for targeted delivery of
antiosteoporotic drugs, anticancer drugs, antibiotics, proteins, genes, radionuclides, and
inorganic ions, such as Mg?", Zn*", and Sr**, have been investigated. Ion-substituted HAp
biomaterials are considered advantageous systems for the sustainable, local delivery of the
biomimetic bone ECM trace elements [27]-[29]. These functionalised HAp can be applied for
developing next-generation biomaterials to treat and reconstruct bone disorders (including
osteoporotic bone fractures) through the controlled delivery of biologically active inorganic
ions or drugs directly to bone defect sites [30]. Among different candidates for the development
of ion-substituted HAp, Sr** ions have been of wide interest since they act as a bone therapeutic
agent by a unique dual-acting mechanism, that is, simultaneously promoting bone formation by
activating Ca-sensing receptors and inhibiting bone resorption [31], [32]. Sr*" ions are
incorporated into bone by two main mechanisms: (1) a rapid uptake mechanism dependent on
osteoblast activity, whereby Sr** ions are absorbed via ion exchange processes with Ca?* ions
or binding to osteoid proteins, and (2) Sr** ions are incorporated into the crystal lattice of the
bone mineral. Sr** ions have osteogenic potential, and it has been reported that Sr-containing
HAp biomaterials can deliver Sr** jons to the site of a bone defect, where they assist in bone
regeneration by promoting osteoblasts’ proliferation and differentiation and suppressing
osteoclast activity.

Considering the demonstrated potential of the selected components and crosslinking
strategy, the Doctoral Thesis focuses on the development and comprehensive characterisation
of injectable hydrogels combining the inherent antibacterial properties of e-PL, the ECM-
mimicking and biocompatible properties of HA, and the osteogenic effect of Sr-HAp
nanoparticles. This multifunctional hydrogel system has been designed to simultaneously
combat bacterial infections and support bone tissue regeneration, addressing the
abovementioned critical healthcare challenges.

Aim and Tasks

The aim of the Doctoral Thesis is to use antimicrobial polypeptide e-PL to develop
covalently crosslinked antibacterial hydrogels for tissue engineering applications. To achieve
the set aim, the experimental plan of the Doctoral Thesis has been divided into four parts related
to the synthesis methodology development of the hydrogels and Sr-HAp functionalised
hydrogels and their further investigation. These parts correspond to the tasks set up in the
Doctoral Thesis:

1. to develop a synthesis methodology of the chemically crosslinked e-PL/HA hydrogel
matrix via EDC/NHS crosslinking agent-mediated reaction;

2. to investigate physicochemical and in vitro biological properties of prepared e-PL/HA
hydrogels;

3. to develop a synthesis methodology of Sr-HAp nanoparticles functionalised e-PL/HA (Sr-

HAp/e-PL/HA) hydrogels;

4. to investigate physicochemical and in vitro biological properties of the prepared Sr-HAp/e-

PL/HA composite hydrogels.

12



Thesis Statements to be Defended

. An EDC/NHS-mediated chemical crosslinking approach has been used for the
development of &-PL/HA hydrogels, enabling key physicochemical and biological
properties relevant to tissue engineering applications, including stiffness, injectability,
syringeability, self-recovery, sterilisation ability, antibacterial activity, and cell viability.
Covalently crosslinked &-PL/HA hydrogels can be sterilised using conventional steam
sterilisation with minimal impact on their physicochemical and in vitro antibacterial
performance.
e-PL/HA hydrogels demonstrate potent antibacterial activity against both Gram-negative
and Gram-positive bacterial strains, including ATCC reference strains and clinically
isolated hard-to-treat multidrug-resistant bacterial strains.

. Functionalisation of e-PL/HA hydrogel matrix with Sr-HAp nanoparticles preserves the
initial hydrogel matrix properties, including injectability and antibacterial activity, while
introducing a tuneable biodegradation profile essential for bone tissue regeneration
applications.

Scientific Novelty

. For the first time, a biocompatible and antibacterial hydrogel matrix has been developed
using a combination of two naturally derived biopolymers, e-PL and HA, via EDC/NHS-
mediated chemical crosslinking.

. The impact of steam sterilisation on physicochemical properties and in vitro antibacterial
activity of the developed &-PL/HA hydrogels has been systematically evaluated,
demonstrating minimal impact on their functional properties and potential for clinical
translation.

. The potential for bacterial resistance development against e-PL has been investigated using
both ATCC reference and clinically isolated multidrug-resistant Gram-negative and Gram-
positive bacterial strains.

. Injectable &-PL/HA hydrogels functionalised with Sr-HAp nanoparticles have been
developed and evaluated for their dual functionality — antibacterial activity and
osteogenesis capacity, highlighting their potential for application in bone infection
treatment.

. The time-dependent antibacterial activity of the &-PL/HA hydrogels and Sr-HAp
functionalised e-PL/HA hydrogels has been investigated over fast-acting (24 h) and
sustained (168 h) durations against a wide spectrum of bacterial strains, confirming a
prolonged and broad-spectrum antibacterial activity of the developed hydrogel systems.

Practical Significance

Within the Doctoral Thesis, the following practical outcomes have been achieved.

1. A robust and reproducible fabrication methodology has been developed for injectable,
antibacterial, and autoclavable hydrogels based on &-PL and HA, using EDC/NHS-
mediated chemical crosslinking for biomedical applications.

2. Standardised operating protocols have been developed for the investigation of
viscoelastic properties, in vitro antibacterial activity, and cytocompatibility of the prepared

13



hydrogels, including detailed post-synthesis sample preparation procedures and validation
of testing reproducibility.

3. An insitu functionalisation strategy has been developed to produce Sr-HAp
functionalised ¢-PL/HA hydrogels as dual-functionality biomaterials, combining
antibacterial activity with osteogenic capacity for the treatment of infected bone defects.

. The simplicity of synthesis, sterilisation and modification ability of the developed hydrogel
matrix suggest a strong translational potential for targeted antibacterial therapy, next-
generation implant coatings, drug delivery vehicles, or composite materials.

Structure and Volume of the Doctoral Thesis

The Doctoral Thesis has been elaborated as a summary of scientific publications dedicated

to research on the development and comprehensive investigation of chemically crosslinked &-
PL/HA hydrogel matrix and Sr-HAp functionalised e-PL/HA hydrogels. The Thesis includes
four original research publications, published in scientific (SCI) journals, and one review

article.

Publications and Approbation of the Doctoral Thesis

Results and achievements obtained within the Doctoral Thesis have been published in four

original scientific publications. In addition, a review article has been published, covering a

related topic of the Thesis. During the development period of the Doctoral Thesis, the main

results have been presented at 16 international scientific conferences.

SCI publications

Sceglovs, A., Skadins, I., Chitto, M., Kroica, J., Salma-Ancane, K. (2025). Failure or
Future? Exploring Alternative Antibacterials: A Comparative Analysis of Antibiotics and
Naturally-Derived Biopolymers. Front. Microbiol., 16, 1526250.
doi: 10.3389/fmicb.2025.1526250 (IF 4.5, Q1, CiteScore 8.5).

Contribution of A. Sceglovs (85/100 %): Conceptualisation, Writing — original draft,
Writing — review & editing.

Salma-Ancane, K., Sceglovs, A., Tracuma, E., Wychowaniec, J. K., Aunina, K., Ramata-
Stunda, A., Nikolajeva, V., Loca, D. (2022). Effect of Crosslinking Strategy on the
Biological, Antibacterial and Physicochemical Performance of Hyaluronic Acid and e-
Polylysine Based Hydrogels. Int. J  Biol. Macromol, 208, 995-1008.
https://doi.org/10.1016/J.1JBIOMAC.2022.03.207 (IF 8.5, Q1, CiteScore 10.3).
Contribution of A. Sceglovs (35/100 %): Methodology, Validation, Formal analysis,
Investigation.

Sceglovs, A., Wychowaniec, J. K., Skadins, 1., Reinis, A., Edwards-Gayle, C. J. C.,
D’Este, M., Salma-Ancane, K. (2023). Effect of Steam Sterilisation on Physico-Chemical
Properties of Antibacterial Covalently Cross-Linked &-Polylysine/Hyaluronic Acid
Hydrogels. Carbohydr. Polym. Technol. Appl., 6, 100363.
https://doi.org/10.1016/J.CARPTA.2023.100363 (/F 6.5, Q1, CiteScore 11.0).
Contribution of A. Sceglovs (70/100 %): Methodology, Validation, Formal analysis,
Investigation.
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4. Sceglovs, A., Siverino, C., Skadins, I., Pirsko, V., Sceglova, M., Kroica, J., Moriarty, F.
T., Salma-Ancane, K. (2025). Injectable e-Polylysine/Hyaluronic Acid Hydrogels with
Resistance-Preventing Antibacterial Activity for Treating Wound Infections. ACS Appl.
Bio Mater., 8 (11), 9916-9930. https://doi.org/10.1021/acsabm.5c01252.

Contribution of A. Sceglovs (75/100 %): Conceptualisation, Writing — original draft,
Visualisation, Methodology, Validation, Investigation, Writing — review & editing.

5. Rubina, A., Sceglovs, A., Ramata-Stunda, A., Pugajeva, 1., Boyd, A. R., Tumilovica, A.,
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MAIN RESULTS OF THE DOCTORAL THESIS
Potential of Naturally Derived Biopolymers (NDBs) as Alternative

Antibacterials for Tissue Engineering Applications (1st Publication)

Bacterial infections have been a significant problem throughout human history. Although
the development of antibiotics in the 20th century revolutionised the treatment of infections, it
also initiated an ongoing evolutionary struggle against pathogenic microorganisms. As a side
problem, the overuse and misuse of these lifesaving antibiotics have developed the top global
public health crisis named antimicrobial resistance (AMR) occurring worldwide [33]. The
dramatic report by WHO has shown that by 2050, antibiotic resistance could become as deadly
as cancer and cause substantial economic damage if no action is taken [34]. The decreasing
efficacy of antibiotics and the limited availability of alternative treatments underscore the
urgent need for new classes of antibacterial therapeutics. Ideal alternatives should include
mechanisms of action that lower the risk of resistance development.

In this context, antibacterial naturally-derived biopolymers (aNDBs) have attracted
significant attention due to their unique antibacterial properties. Approximately two decades
ago, aNDBs with intrinsic antibacterial activity were first proposed as alternatives to antibiotics
for treating bacterial infections [35]. Today, aNDB-based strategies show potential for
localized, non-antibiotic antibacterial applications that support the immune system and
minimise impact on the natural microbiota. Such approaches could represent a sustainable
innovation within modern healthcare.

Regarding aNDBs, it is crucial to reveal their antibacterial mechanism against bacteria
(Figure 1). Firstly, it is worth mentioning that bacterial cell wall outer structures (adhesion and
pathogenicity factors), for example, lipopolysaccharides and phospholipids of Gram-negative
bacteria and teichoic and lipoteichoic acids of Gram-positive bacteria, are negatively charged.
Secondly, aNDBs consist of molecules (chondroitin sulphate, o-pullulan, e-polylysine,
chitosan, antimicrobial peptides, for example, magainin-2, etc.), which contain cationic groups
like primary amines, quaternary ammonium, quaternary phosphonium, guanidinium or tertiary
sulfonium [36], contributing to their overall positive charge at physiological pH. As a result,
interaction between aNDB and bacteria begins with mutual attachment caused by electrostatic
forces [37] (Figure 1). The electrostatic interaction represents the first step towards the
bactericidal effect of aNDBs. Secondly, a specific concentration of cationicity of aNDBs must
be achieved to reach a multivalence effect [38] that results in the simultaneous binding of aNDB
molecules to the bacterial cell structures. Further mechanisms involve pore- or micelle-forming
steps (Figure 1) that describe bacteria structural integrity disruption, leading to increased
permeability, physical damages, and further entry into the cytoplasm and bacteria lysis.

Besides, several reports have shown that various aNDBs have antibiofilm activity as well.
Antibiofilm mechanisms rely on mechanisms of disrupting biofilm exopolysaccharides (EPS),
a crucial component for biofilm stability, leading to detachment of bacterial cells or preventing
bacterial adhesion at the initial stage [39], [40]. In addition, different aNDBs, for example,
lactoferrin-derived peptides, neutrophil peptides, antimicrobial peptides (protegrin-1), have
been found to have antibacterial activity against intracellular bacteria — M. tuberculosis.
Antibacterial mechanism is based on disrupting the mycobacterial cell wall and enhancing
membrane permeabilization [9]-[11].
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Figure 1. Biopolymer (aNDB) — bacteria cell interaction (left) and bactericidal mechanisms
(right) (Created by Biorender).

Another crucial consideration is the potential for bacteria to develop resistance against
aNDBs. Resistance mechanisms vary and are typically specific to the antibiotic class and its
mode of action. Still, common mechanisms involve the production of specific enzymes, loss or
modification of targeted molecules, activation of efflux pumps, mutations in the target sites,
and alterations in cell permeability [12], [41]-[43]. It has been conventionally assumed that the
development of resistance is exclusive to antibiotics, and that, theoretically, bacteria cannot
develop resistance against aNDBs. On the one hand, electrostatic attraction between aNDB and
bacterial outer structures seems inevitable. In addition, the aNDBs mechanism of action is not
explicitly targeted. Even after penetrating the intracellular environment, aNDBs may interfere
with multiple metabolic pathways [44]-[46]. Consequently, it is strongly believed that bacteria
encounter challenges in impeding electrostatic interaction and developing resistance, given the
biological expense associated with such a complex process.

Development of a Novel Inherently Antibacterial Chemically Crosslinked

Hydrogel Matrix (2nd Publication)

Hydrogels are innovative biomaterials for tissue engineering, regenerative medicine, and
drug delivery applications due to their unique characteristics, such as the ability to encapsulate
and release on demand the bioactive compounds (for example, drugs or growth factors) as well
as support the cell proliferation and growth [47]-[49]. In recent years, particularly aNDB-based
hydrogels with inherent antibacterial activity have been investigated as promising non-
antibiotic antibacterial therapeutics for infection treatment in various biomedical applications
such as wound healing and tissue infection prevention [24], [50], [S1]. Among short-chain
antimicrobial peptides (AMP), long-chain antimicrobial polypeptides or poly(amino acids)
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such as e-polylysine (e-PL) have been spotlighted as a high-performance aNDB for
antimicrobial biomaterial development [2], [52]-[54]. e-PL is a naturally occurring, linear
cationic antimicrobial polypeptide produced by Streptomyces albulus, classified as Generally
Recognised as Safe (GRAS No. 000135) by the U.S. Food and Drug Administration, and
provides broad-spectrum antimicrobial activity against both Gram-positive and Gram-negative
bacteria. Besides its antibacterial mechanism via membrane disruption, e-PL has several
advantages compared to other aNDBs, including a high abundance of free g-amino groups (-
NHz), simple structure, low immunogenicity, low toxicity profile, ease of production and cost-
effectiveness [2], [45], [55]-[57]. Until now, only a few studies have addressed the preparation
and antibacterial evaluation of e-PL-based antibacterial hydrogels. Conversely, hyaluronic
acid (HA) is an anionic and non-sulphated glycosaminoglycan (GAG) with unique
physicochemical properties and distinctive biological functions. As a critical component of the
native extracellular matrix (ECM), HA is an attractive building block for designing biomimetic,
cell-interactive hydrogels for tissue bioengineering applications [58]-[60]. Hydrogels are
mainly fabricated using a physical or chemical crosslinking approach or combining both
methods to build 3D crosslinked polymer networks [61]. While possessing biomedical safety
and ease of fabrication, physically crosslinked hydrogels present low mechanical properties and
limited tuneable biodegradation due to the formation of reversible intermolecular interactions
and weak secondary forces, such as ionic/electrostatic interaction, hydrogen bonding, etc. [61]—
[63]. However, chemically crosslinked hydrogels are usually formed by chemically stable
covalent crosslinking, resulting in better mechanical properties, stability in the physiological
environment, and more tuneable biodegradation dynamics than the physically crosslinked
hydrogels.

In the first part of the Doctoral Thesis, novel chemically crosslinked hydrogels based on e-
PL and HA were prepared via water-soluble 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC)/N-hydroxysuccinimide (NHS) mediated crosslinking between the carboxyl groups (-
COOH) of HA and the primary e-amino (-NH2) groups of e-PL, with constant EDC/NHS
crosslinker concentration (1:1). The EDC/NHS concentration used in this study (0.24 M) was
selected based on literature reports demonstrating its effectiveness in hydrogel crosslinking
while maintaining non-cytotoxicity in cell culture applications [64]. Hydrogels were
synthesized with varying e-PL to HA mass ratios of 40:60, 50:50 and 60:40 wt% to introduce
the non-crosslinked primary amino groups of e-PL (Figure 2). As previously described, the non-
crosslinked free amino groups of €-PL are primarily responsible for its antibacterial activity
through electrostatic attachment to the bacterial outer surface. However, an excessively high
concentration of free e-PL may increase the risk of cytotoxicity. Therefore, the main design
concept was to combine antimicrobial polypeptide e-PL with biologically active HA to develop
a covalently crosslinked hydrogel matrix that ensures not only structural stability, robust
mechanical properties, and viscoelastic features, but also inherent antibacterial activity while
maintaining cell viability [24]. To prevent premature gelation and to ensure efficient
EDC/NHS-mediated crosslinking, all reagents were pre-cooled to 0—4 °C prior to the synthesis
reaction (Figure 2).

The initial results on the physicochemical properties, in vitro cytotoxicity, and antibacterial
activity of the developed e-PL/HA hydrogels were published in the collaborative study by
Salma-Ancane et al. (2022) [24]. The aim of this study was to investigate the impact of varying

e-PL mass ratios in e-PL/HA hydrogels on their physicochemical (Figure 3) and in vitro
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biological properties. This included antibacterial activity against Gram-negative bacteria E. coli

MSCL 332 (Figure 4A), as well as direct contact cytotoxicity assay to assess the cytotoxicity
profile (ICso) of pure e-PL towards the Balb/c 3T3 cell line (Figure 4B—C).

vy

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide

/ 0-4°C )OQ«)N\%\

O-acylisourea

Rj 0" 'NH
s 9
)
z
7
c

o‘r % ©°
a\ 2
N Fﬁx N —— z
= H == ®
(@)
(@]
N =3800-4200
Sodium hyaluronate )I\ _N
My, 1,55 MD: R 0
w1, a o)
i
&5 NHS ester

A

: @ e

Figure 2. Schematic representation of the synthesis of chemically crosslinked e-PL/HA
hydrogels.

Physicochemical characterisation was performed to evaluate structural and functional
properties (Figure 3A-D) of the developed chemically crosslinked e-PL/HA hydrogels. X-ray
diffraction (XRD) patterns (Figure 3A) revealed an amorphous structure of all prepared e-
PL/HA hydrogels with a characteristic amorphous diffraction maximum in the range of 26 20—
23°. Additionally, diffraction peaks at 20 32°, 45° and 52° were observed and corresponded to
the characteristic NaCl peaks. NaCl formed during the neutralisation reaction between salts of
0.25M NaOH and 0.25M HC], in which synthesis was performed. Fourier transform infrared
spectroscopy (FTIR) spectra (Figure 3B) of prepared e-PL/HA hydrogels showed characteristic
absorbance maximums that were found in pure components — e-PL and HA. Thus, in FTIR

spectra of prepared e-PL/HA hydrogels, absorbance maximums at 1633 cm™, 1555 cm™' and
1377 cm! were referred to C=0O stretching vibration (Amide I), C=O-NH bond vibration
(Amide II), and C-N bond vibration (Amide III). Compared to the FTIR spectra of pure e-PL
and HA, slight shifts in the Amide I, Amide I and Amide III bands could be indicative evidence
of chemical interaction between the free e-amino groups of e-PL and the carboxylic groups of
HA, indicating the formation of covalent amide bonds during crosslinking. Furthermore, the

calculated Amide I/Amide II ratio from normalised spectra of e-PL/HA hydrogels and pure
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component curves also revealed higher values of this ratio compared to pure e-PL, as the values
of the three hydrogel compositions were found around 0.87, while the same band ratio for e-PL
was 0.69. The absorption bands at 3246 and 3081 cm™! corresponded to unprotonated -NH> and
protonated -NH;3" groups. As previously calculated, the NH3"/NH, ratios of 0.65, 0.73 and 0.89
for the 40:60, 50:50 and 60:40 wt% compositions, respectively, indicate the presence of free e-
amino groups of e-PL, which provide inherent antibacterial activity of the e-PL/HA hydrogels.
Gel fraction test results (Figure 3C) showed similar values of gel content (51-57 %) with no
statistically significant differences (p>0.05), indicating a consistent crosslinking density across
the prepared hydrogels. This consistency is attributed to the fixed HA content and constant
molar concentrations of EDC and NHS used during synthesis.
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Figure 3. Summary of the main results from the investigation of the physicochemical
properties of the e-PL/HA hydrogels [24]. (A) X-ray powder diffraction (XRD) patterns of the
&-PL/HA hydrogels obtained in the 20 range from 10 to 70. (B) Fourier transform infrared
spectroscopy (FTIR) spectra of the e-PL/HA hydrogels and the pure components used in their
preparation - &-PL, HA, EDC and NHS — recorded in a range of 400-4000 cm™'. (C) Gel
fraction values for three different e-PL/HA hydrogel compositions presented as a bar chart
(mean = SD). (D) Mechanical stiffness of the e-PL/HA hydrogel compositions, extracted
from amplitude sweep curves at 1 Hz and 0.2 strain%. Three replicates were used from each
experimental group.

From the in vitro evaluation of antibacterial activity, it was revealed that the chemically
crosslinked e-PL/HA hydrogels exhibited antibacterial effect against the Gram-negative E. coli
MSCL 332 (Figure 4A). Antibacterial activity was evaluated using both zone of inhibition test
(24 h exposure) and the broth dilution test (1 h exposure), suggesting a rapid antibacterial effect
upon direct contact and the release of a certain amount of free uncrosslinked e-PL molecules

22



into the agar medium, as observed in the diffusion study. Furthermore, in vitro direct cell studies
showed sustained cell viability and cell confluence after 24 h exposure (Figure 4B—C).
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£-PL/HA 40:60 wt% 11.5£0.6 1.8
e-PL/HA 50:50 wt% 13.0%1.2 2.7
£-PL/HA 60:40 wt% 15.0 £0.0 33
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* Zone inhibition test for 24 h against E.colf MSCL 332
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Figure 4. (A) Quantitative results from zone of inhibition test (24 h exposure) and broth
dilution test (1 h exposure) against Gram-negative E. coli MSCL 332. (B) Microscopic
images showing cell viability after 24 h of direct contact with the BALB/c 3T3 cell line.
(C) Quantitative results on cell viability (expressed as %) for the prepared e-PL/HA hydrogel
compositions after 24 h of direct contact with BALB/c 3T3 cells (right).

The first part of the Doctoral Thesis demonstrated that in situ-forming, chemically
crosslinked e-PL/HA hydrogels can be successfully synthesized using an EDC/NHS-mediated
polymerisation mechanism. The formation of new covalent bonds between e-PL and HA was
revealed from molecular structure analysis by characteristic FTIR spectra comparing
absorbance peaks, band shifts and intensity ratios of Amide I, Amide II and Amide III regions
relative to the spectra of pure components. The calculated NH3"/NH; ratios increased with
higher e-PL content I the hydrogels, indicating a higher presence of protonated e-amino groups,
which are associated with antibacterial activity. This trend was further supported by
antibacterial assays. The cytotoxicity profile of pure e-PL showed an IC50 concentration at
4.21 mg/mL, indicating potential cytotoxicity effects at higher concentrations. However, all
three hydrogel compositions demonstrated no cytotoxicity effect from direct exposure to
BALB/c 3T3 cell lines from direct exposure to BALB/c 3T3 cell lines, highlighting the safety
of the developed hydrogel systems. Chemical crosslinking was found to be an advantageous
strategy, resulting in e-PL/HA hydrogels with enhanced structural integrity and a stable
stiffness modulus in the range of 10-15 kPa, which is appropriate for musculoskeletal
regeneration applications (Figure 3D) [63]. The stable covalent network also contributed to a
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sustained antibacterial effect while maintaining low cytotoxicity. Furthermore, the preliminary
results indicated that the chemically crosslinked e-PL/HA hydrogels could be sterilised by
steam sterilisation (at 121 °C for 20 min) without compromising mechanical integrity.

In the second part of the Doctoral Thesis, the following research tasks were implemented:
(a) synthesis optimisation to reduce the risk of HA degradation; (b) optimisation of the &-PL to
HA mass ratio to achieve optimal mechanical features, high antibacterial activity, while
ensuring cell viability; (c) evaluation of the hydrogels topology; (d) evaluation of the hydrogels
viscoelastic properties; (e) investigation of the impact of steam sterilisation on physicochemical
characteristics; and (f) assessment of in vitro antibacterial activity and cell viability.

Optimisation of Synthesis Method, Evaluation of Topology and Impact of
Steam Sterilisation on physicochemical and Antibacterial Properties of

Chemically Crosslinked e-PL/HA Hydrogels (3rd Publication)

First, the in situ forming method for synthesizing e-PL/HA hydrogels via EDC/NHS-
mediated carboxyl-to-amine crosslinking was modified by using deionized water instead of
0.25M NaOH aq. (for HA) and 0.25M HCI aq. (for e-PL) (Figure 2). This modification aimed
to prevent the risk of HA degradation under alkaline conditions during synthesis. In addition,
the experimental design was expanded, and e-PL/HA hydrogels with e-PL to HA mass ratios
0f 40:60, 50:50, 60:40, 70:30 and 80:20 wt% were prepared.

Secondly, small-angle X-ray scattering (SAXS) analysis was performed to examine the
internal structure and network topology of all of the fabricated hydrogels [13]. Topological
features play a crucial role in their biomedical applications, as they influence viscoelastic
behaviour, mechanical integrity, swelling, and biological interactions. Specifically, internal
surface structure affects how biomaterial interfaces with living tissue, including cell adhesion,
migration, mechanotransduction, proliferation, and antibacterial activity. SAXS analysis was
performed over the g-range (0.045 nm—1-0.233 nm-—1), corresponding to real-space
dimensions of 27-140 nm. This range includes the Porod region of the hydrogel-like structures
(of real d space), thus primarily providing information about the surface features and interface
smoothness of the hydrogel network. The obtained scattering data were analysed using power-
law fitting to extract the decay exponent (n), which provides insight into surface topology.
Results of the examined chemically crosslinked e-PL/HA hydrogels are presented as double
logarithmic plots of q-decay (Figure 5A). A highly concentrated HA solution was used as the
control, and exhibited decreased scattering intensity ~q >~ q*, indicating typical smooth
surfaces formed by large polyelectrolyte complexes (Figure 5SB) [65]. The chemically
crosslinked &-PL/HA hydrogels showed similar decreased scattering intensities ~q >¢*%4
indicating smooth and robust network topologies, Porod surface (Figure 5B). This goes in line
with the expected topological results for chemically crosslinked networks with smooth
interfaces held by more robust covalent bonds. The exception, e-PL/HA hydrogel series with
40:60 wt% mass ratio, showed significantly different scattering intensity of ~q*? (Figure 5B),
mostly typical of physically crosslinked aggregated clusters with rough interfaces [13]. As an
outcome, e-PL/HA hydrogels with e-PL to HA mass ratios of 50:50, 60:40, 70:30 and 80:20
wt% were used in upcoming studies.
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The ability of biomaterials, especially hydrogels, to withstand conventional steam
sterilisation represents a significant advantage during early-stage development and clinical
translation. Steam sterilisation is a highly effective, easily used and widely available
sterilisation method. In the next step, the effect of steam sterilisation on the previously chosen
hydrogel series was investigated to reveal in-depth physicochemical features. Then, topological
evaluation was followed by scanning electron microscopy (SEM). SEM was used to observe
the morphology of prepared freeze-dried hydrogel samples (Figure 5C). Both non-sterilised and
sterilised samples showed a homogeneous three-dimensional network with interconnected
porosity, with minimal effects visible for all hydrogels after sterilisation. Furthermore, pore size
distribution after sterilisation for each ratio remained in a similar macrosize range of 66.7 + 34.2
—193.35 + 103.05 pm.

The gel fraction values for non-sterilised e-PL/HA hydrogel samples with e-PL to HA mass
ratios of 50:50, 60:40, 70:30 and 80:20 wt%, were 55.6+ 0.1, 56.2+ 0.2, 54.7+ 1.6 and 44.2+
2.9%, respectively (Figure 5D). These corresponded well to the first report values of
~55 % [24], except for the 80:20 wt% sample, which had significantly lower gel fraction. This
lower value was ascribed to the lower extent of crosslinking for this ratio. Evidently, larger
amounts of free, non-crosslinked e-PL were able to diffuse out during immersion in water,
resulting in a decreased gel fraction, as a greater proportion of e-PL dissolved relative to the
initial polymer mass in the hydrogel. No significant differences in gel fraction values were
observed between non-sterilised and sterilised hydrogel samples within the same e-PL to HA
mass ratio (p>0.05). This indicates that the steam sterilisation did not affect the overall extent
of crosslinking in the e-PL/HA hydrogel samples, thereby preserving the network topology
established during synthesis.

During swelling behaviour studies, both non-sterilised and sterilised e-PL/HA (ster e-
PL/HA) hydrogels demonstrated swelling capability (swelling degree >100 %) after 2 h of
incubation, and maintained plateau values over the entire study period (24 h, Figure SE). In
non-sterilised hydrogel samples, the swelling capacity increased with increasing e-PL mass
ratio at 2 h, ranging from 116 % for the 50:50 wt% composition to 340 % for 80:20 wt%
composition, respectively. For the 50:50, 60:40, and 80:20 wt% compositions, no significant
differences were observed by 24 h (p>0.05). In contrast, the swelling capacity of ster e-PL/HA
hydrogels with e-PL to HA mass ratio of 70:30 wt% increased from ~215 % to ~290 %
(»<0.05), possibly indicating a reduction in mechanically active crosslinks. Despite this
variation, all ster e-PL/HA hydrogels exhibited equilibrium swelling in the range of 116-350 %
(dependent on e-PL content), achieved after 4 h of incubation under physiological conditions
(37 °C), demonstrating acceptable structural stability and cohesive properties for potential
tissue engineering applications.
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Figure 5. Investigation of the physicochemical properties of the e-PL/HA hydrogels [13].
(A) SAXS curves of the e-PL/HA hydrogels with mass ratios of 40:60, 50:50, 60:40, 70:30
and 80:20 wt%. (B) Calculated values of power law fitting index n from the g-decay (q").

(C) SEM micrographs of non-sterilised (top) and sterilised (bottom) hydrogels; from left to
right: 60:40, 70:30 and 80:20 wt%, respectively. (D) Gel fraction values of non-sterilised and
sterilised e-PL/HA hydrogel samples. (E) Swelling behaviour curves of non-sterilised and

sterilised samples. (D—E) Data are presented as mean + SD (n = 3).
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Various rheological studies were obtained to investigate the e-PL/HA hydrogel viscoelastic
properties (Figure 6). Firstly, rheological features were observed as a function of hydrogel mass
ratios and sterilisation. Amplitude sweep studies (Figure 6A-B) were performed in oscillation
mode upon a strain range of 0.01 to 1000 strain% (¢), at a constant frequency of 1 Hz, equal to
physiological conditions and 25 °C temperature. From the obtained curves of non-sterilised
hydrogels (Figure 6A), it was concluded that hydrogels possessed soft solid-like behaviour with
storage modulus (G”) dominance prior to loss modulus (G’’) in the linear viscoelastic region
(LVR). However, e-PL/HA hydrogels exhibited limited LVR in the range of ~ 0.1-1 % strain.
In addition, observed G’” behaviour with respect to G’ showed the larger G’/G”’ ratio at lower
strains but decreasing quite rapidly to a crossover point G’ = G’’. For all compositions, the
crossover point remained as a € = 100 %, highlighting hydrogel matrix resilience towards
transition from solid to liquid mainly due to more stable and flexible chemical crosslinks. As
for sterilised samples (Figure 6B), some minor differences were observed: (i) the crossover
point (G’=G"’) of all compositions changed from previously identified € = 100 % to € = 70 %;
(i) G’ behaviour at lower strain values (~0.01-1 %) became identical for all the compositions
compared with non-sterilised samples in the same strain value range. This could be explained
as an outcome of sterilisation, resulting in partial loss of physical entanglements in the hydrogel
matrix raised by uncrosslinked e-PL molecules and negatively charged HA functional groups.
In the next step, storage modulus (G’) values were extracted from amplitude sweep curves of
both non-sterilised and sterilised hydrogel samples at € = 0.2 % within the LVR (Figure 4C).
Storage modulus values give insight into the mechanical stiffness of hydrogels. It was
concluded that stiffness modulus for hydrogel compositions of 50:50, 60:40 and 80:20 wt%
remained statistically insignificantly different (p>0.05) before and after sterilisation. However,
for 70:30 wt%, this difference was significant (p<0.05), indicating that sterilisation had a higher
effect on hydrogel structure and topology. Despite this finding, stiffness of e-PL/HA hydrogel
compositions of 50:50, 60:40 and 70:30 wt% before and after sterilisation remained around
10kPa, while 80:20 wt% composition showed a lower stiffness value of 8.6 kPa before
sterilisation and dropped to 6.9 kPa after treatment. To sum up, these stiffness values suggest
these hydrogels, after sterilisation, still address stiffness requirements (5—15 kPa) towards, for
exampe, combined antibacterial and musculoskeletal regeneration applications [24].

Further rheological investigation was performed in flow mode and aimed to assess the
injectability features of prepared hydrogel samples. From shear rate-dependent viscosity curves
(Figure 6D), it can be seen that in case of all prepared samples, viscosity rapidly drops down as
a function of increasing shear rate. This tendency suggests that prepared hydrogels are shear-
thinning and can possess injectability/printability features. To answer more precisely that
question, in the next step, recovery cycle studies were performed. The recovery cycles are
performed to simulate the shear rate stress caused during the extrusion from a syringe/needle
and to observe matrix recovery through viscosity values (Figure 6E).
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Figure 6. Rheological studies on prepared e-PL/HA hydrogels [2], [13]. (A—B) Amplitude
sweep test curves of non-sterilised (A) and sterilised (B) hydrogel samples with different
compositions. (C) Extracted storage modulus (G’) from amplitude sweep at -0.2 % strain
(LVR). (D) Shear rate-dependent viscosity graph. (E-H) Recovery cycle test performed over
five cycles (3+2), comprising three stress-free cycles at a shear rate of 0.1 s™! for 60 s, and 2
stress-induced cycles at 200 s~! for 10 s. All rheological measurements were performed in

triplicate to ensure reproducibility and data reliability.
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Overall, the curves showed recovery features of broken intermolecular sites after induced
stress conditions, that is, high shear rate values. It was found that compositions of 50:50 and
60:40 wt% were most suitable in terms of injectable biomaterials as they possessed a stable
recovery rate higher than 90 % after multiple stress-induced cycles. Lower recovery values
were found for 70:30 wt% composition, suggesting lower matrix integrity and flexible chain
presence. However, e-PL/HA hydrogels with 80:20 wt% composition showed dramatically low
recovery features, as only 13.4 % of the viscosity recovered compared to the initial viscosity
values and possibly only due to the presence of a separate cluster in the broken hydrogel sample.
As a result, three compositions of 50:50, 60:40 and 70:30 wt% were able to show recovery
features. Possible difference of values between them can be explained again by structural
integrity, as by increasing e-PL mass ratio, more uncrosslinked e-PL molecules interconnect
with HA functional groups during synthesis, thereby interrupting chemical crosslinking
network formation and organisation.

To sum up, physicochemical characterisation was performed for a series of e-PL/HA
hydrogels with varying e-PL to HA mass ratios. The hydrogels showed gel fraction values, as
well as swelling behaviour typical of hydrogels for tissue engineering applications.
Furthermore, it was confirmed that the hydrogels could undergo steam sterilisation without
significantly affecting these key properties. However, the rheological analysis revealed that
80:20 wt% composition did not meet the desired viscoelastic requirements for injectability and
mechanical stiffness. Based on these findings, only 50:50, 60:40 and 70:30 wt% e-PL/HA
hydrogel compositions were selected for further in vitro biological evaluation within the
Doctoral Thesis.

In Vitro Evaluation of Antibacterial Potential and Cytotoxicity of e-PL/HA
Hydrogels (4th Publication)

In the first part of the Doctoral Thesis, the preliminary studies confirmed the antibacterial
potential of the developed &-PL/HA hydrogels against E. coli MSCL 332, using zone of
inhibition and broth dilution assays at short (1 h) and extended (24 h) exposure times. However,
firstly, it was crucial to investigate the antibacterial profile of pure e-PL by determining its
minimum inhibitory and bactericidal concentrations (MIC/MBC), as well as assessing the
potential for bacterial resistance development. The antibacterial activity of pure e-PL and e-
PL/HA hydrogels was characterised by the broth dilution method via direct/indirect contact
according to modified CLSI and EU CAST standards [66]. Antibacterial studies were
performed against various Gram-negative and Gram-positive bacteria strains, including ATCC
reference Escherichia coli (E. coli), Staphylococcus aureus (S. aureus) and Staphylococcus
epidermidis (S. epidermidis), clinically isolated Pseudomonas aeruginosa (P. aeruginosa) and
hard-to-treat clinically isolated multidrug-resistant Methicillin-resistant Staphylococcus aureus
(MRSA), Extended spectrum B-lactamase Escherichia coli (ESBL E. coli) bacteria. MIC and
MBC values of pure e-PL are presented in Table 1. Results showed inhibitory (MIC) and
bactericidal (MBC) activity against all previously mentioned bacteria strains on a microgram
scale, while IC50, as previously found, was 4.21 mg/mL on the mouse fibroblast cell line
Balb/c 3T3. These results suggest that it is possible to moderate the e-PL mass ratio in hydrogel
samples to achieve a high antibacterial activity while ensuring cell viability.
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Table 1
The Obtained Values of MIC/MBC Concentrations of Pure e-PL

Bacterial strain MIC of e-PL, ug/mL | MBC of'e-PL, pg/mL
E. coli 37 75
P. aeruginosa 75 350
ESBL E. coli 18 37
S. aureus 37 75
S. epidermidis 18 37
MRSA 37 75

Furthermore, it was demonstrated that neither reference strains (E. coli and S. aureus) nor
clinically isolated multidrug-resistant strains (ESBL E. coli and MRSA) developed resistance
to e-PL over the experimental timeframe of 1 month (10 passages), highlighting the strong
potential of e-PL/HA hydrogels for future antibacterial applications (Figure 7).

The results for e-PL/HA hydrogels demonstrated a statistically significant inhibition of
bacterial colony growth after 24 h of contact (p<0.05) compared to control samples, across all
tested bacterial strains and hydrogel compositions (Figure 8A). However, several key findings
were observed: (i) the inhibition rate, presented as Logio reduction, was dependent on the &-PL
mass ratio in hydrogel compositions, that is, e-PL/HA of 70:30 wt% mass ratio showed the
highest inhibition rate.
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Figure 7. Bacterial resistance development studies of pure e-PL against E. coli, S. aureus,
MRSA, and ESBL E.coli bacteria. The experiment was performed over 10 passages, with
bacterial cultures re-cultivated from sub-MIC concentrations at each step.

In the case of S. epidermidis, P. aeruginosa, and MRSA, complete bacterial eradication was
achieved; (ii) for the 50:50 and 60:40 wt% hydrogel compositions, a clear trend of efficient
inhibition was observed against Gram-positive strains, including the reference S. aureus and
S. epidermidis, as well as the clinically isolated multidrug-resistant MRSA. In contrast, a lower
inhibition activity was achieved against Gram-negative strains (E. coli, P. aeruginosa and
ESBL E. coli). This difference may be attributed to the unique structural features of Gram-
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negative bacterial cell walls, such as the presence of an outer membrane that serves as an
additional barrier to penetration of polypeptide molecules, and the action of efflux systems that
can reduce intracellular accumulation of antibacterial agents.

The antibacterial potential of the e-PL/HA hydrogels over a sustained timeframe (up to
168 h) was investigated. The hydrogel samples were incubated for a week, with media
refreshing cycles performed after 1 h and 24 h of incubation. This approach aimed to evaluate
whether, following the initial rapid release of uncrosslinked e-PL, expected to occur within the
first 24 h, the e-PL/HA hydrogel matrix could still provide a sustained release of e-PL due to
gradual matrix degradation. After 168 h, both direct contact and indirect test (supernatant-
based) antibacterial assays were performed using 24 h exposure against Gram-negative E. coli
and Gram-positive S. aureus (Figure 8B). The results showed that all compositions of hydrogels
retained a statistically significant antibacterial activity (p<0.05) through both exposure routes:
direct bacteria contact with the hydrogel matrix and indirect contact with supernatants collected
at 168 h. Notably, the 50:50 wt% e-PL/HA hydrogel composition exhibited the lowest
inhibition rate compared to the other compositions in both exposure types against S. aureus,
suggesting that its denser, and more compact matrix may have resulted in reduced degradation
rate and limited availability of positively charged functional groups at the hydrogel surface.

Cytotoxicity was evaluated, using both direct and indirect contact approaches,
(Figure 8C-D). In the indirect assay (Figure 8D), using Human Dermal Fibroblasts (HDFs), all
e-PL/HA hydrogels formulations exhibited no cytotoxicity at extract concentrations up to
4.35 mg/mL, as cell viability remained above 70 % (the threshold for non-cytotoxicity defined
by ISO 10993-5:2009 [67]) after 48 h of exposure. Notably, at an extract concentration of
2.025 mg/mL, cell viability was significantly higher than the control, suggesting that e-PL may
promote cell proliferation when applied at appropriate concentrations. Interestingly, that
50:50 wt% e-PL/HA composition showed no cytotoxicity (cell viability > 70 %) toward HDFs
at concentrations up to 93.023 mg/mL [2]. This finding aligns with results from the long-term
antibacterial study, where the same composition exhibited lower antibacterial activity, possibly
due to its denser and more compact crosslinking matrix, resulting in reduced e-PL release and
lower surface charge. Furthermore, a cytotoxic effect was observed for the e-PL/HA 60:40 wt%
composition at 20.12 mg/mL, while for the 70:30 wt% composition at as low as 9.36 mg/mL,
indicating a correlation between increasing e-PL content in hydrogel samples and decreased
cell viability. At concentrations >93.023 mg/mL, all compositions exhibited significant
cytotoxicity [2]. Direct contact studies with Balb/c 3T3 cells (Figure 8C) after 24 h of exposure
indicated mild cytotoxicity across all e-PL/HA hydrogel series, with cell viability remaining
close to the acceptable threshold (~70 %), 69.5+16.8, 65.3+17.4, 71.5£7.9 for 50:50, 60:40, and
70:30 wt% hydrogel compositions, respectively. No statistically significant differences were
observed between the compositions.
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Figure 8. In vitro studies on prepared e-PL/HA hydrogels [2]. A unified colour palette was
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below Graph A. (A) Direct contact studies using the broth dilution method against various
Gram-negative and Gram-positive bacteria strains. Results of inhibition rate are presented as
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antibacterial studies after 168 h incubation, with media refreshening at 1 h and 24 h, provided
against E.coli and S. aureus. (C) Direct cell viability assay using the Balb/c cell line after 24 h
exposure. (D) Indirect cell viability assay using the HDF cell line after 48 h exposure to
various extract concentrations. Three replicates were used in each experiment, and results are
presented as mean + SD.
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To summarise, the investigation of antibacterial properties showed inhibitory activity of the
e-PL/HA hydrogels against a broad spectrum of Gram-positive and Gram-negative bacterial
strains, including clinically relevant and multidrug-resistant bacteria. Furthermore, the in vitro
indirect cytotoxicity assay (48 h) revealed dose-dependent of &-PL on cell viability. These
findings clearly demonstrate that the both antibacterial activity and cell viability of the e-PL/HA
hydrogels can be modulated by adjusting the e-PL concentration within the hydrogel matrix.
Among the tested compositions, the e-PL/HA 50:50 wt% composition emerged as the most
promising candidate, exhibiting a significant and sustained antibacterial activity across various
bacterial strains, while maintaining acceptable cell viability, achieving a favourable balance
between antibacterial performance and biocompatibility.

Synthesis and Characterisation of Antibacterial Sr-HAp Functionalised &-

PL/HA Hydrogels (Sth Publication)

Previously, the developed e-PL/HA hydrogel composition with a 50:50 wt% showed fast-
acting (up to 24 h) and sustained (up to 168 h) an antibacterial activity against a broad spectrum
of pathogens, while also demonstrating favourable cell viability, ability for steam sterilisation,
injectability, and smooth surface topology. Based on these properties, the 50:50 wt% e-PL/HA
hydrogel composition was selected for further development of the composite system by
functionalisation of e-PL/HA hydrogel matrix with strontium-substituted hydroxyapatite (Sr-
HAp) nanoparticles. This functionalisation aimed to unite the advantageous features of both
components: the viscoelastic and inherent antibacterial properties of the developed e-PL/HA
hydrogel matrix and the bone regeneration-promoting properties of Sr-HAp nanoparticles,
toward the development of antibacterial and bioactive hydrogels for bone tissue engineering
applications.

In this study, several compositions were developed, including a pure e-PL/HA hydrogel
matrix with 50:50 wt% composition, and Sr-HAp/e-PL/HA composite hydrogels with varying
inorganic (Sr-HAp): organic (e-PL/HA 50:50 wt%) mass ratios of 40 %, 50 % and 60 %
(Figure 9A).

As injectability is an advantageous feature for biomaterials, particularly in bone
regeneration applications, the injection force of the as-prepared hydrogels was investigated
(Figure 9B). The results showed that all compositions, including the pure e-PL/HA hydrogel
matrix, could be injected through a syringe with a tip inner diameter of 1.8 mm under an applied
injection force of 3N. According to literature, needle gauge sizes ranging from 10 (inner
diameter 2.69 mm) to 16 (inner diameter 1.19 mm) are considered suitable for orthopaedic
procedures such as filling bone defects and cracks [68]. Additionally, the injection force should
remain below 30 N, which is defined as the upper limit of manual injectability [69]. Based on
this criteria, the developed hydrogels can be classified as manually injectable and suitable for
potential clinical applications.

To investigate viscoelastic properties of the Sr-HAp/e-PL/HA hydrogels, compression
studies were provided as part of their rheological characterisation. The compression test results
(Figure 9C) revealed comparable behaviour across all tested compositions, with compression
storage modulus (E’) values of ~ 1000 kPa within the physiological frequency range
(0.1-10 Hz). According to the literature data, the compression storage modulus (E”) values of
composite platforms designed for bone tissue regeneration typically range from 100 kPa to
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several MPa [70], [71]. Thus, the compression storage modulus values of the Sr-HAp/e-PL/HA
hydrogels fall within the expected range for bone tissue regeneration applications. However, it
should be noted that these studies do not provide a comprehensive evaluation of the mechanical
properties, particularly under dynamic or load-bearing conditions. Therefore, Sr-HAp/e-PL/HA
hydrogels cannot be considered suitable for load-bearing applications. However, they may still
serve as promising biomaterials for providing favourable conditions for the natural bone
remodelling process by maintaining nutrition transport, possessing porosity for cell migration,
retaining structural integrity, and mimicking key features of the extracellular matrix [72].

To support the previously defined practical functionality, in further studies enzymatic
degradation and kinetic profiles of ion release (Ca*" and Sr**) were performed. Enzymatic
degradation curves (Figure 9D) showed that Sr-HAp/e-PL/HA degraded in hyaluronidase
enzyme-containing PBS media over 20 weeks. While 0% Sr-HAp compositions showed a
gradual degradation trend, reaching complete degradation after 20 weeks, the 40 %, 50 % and
60 % Sr-HAp compositions degraded more rapidly, achieving full degradation already after 5,
10 and 16 weeks, respectively. These results suggest that the biodegradation profile of Sr-
HAp/e-PL/HA hydrogels is a function of Sr-HAp content and could be tuned to match specific
application requirement in bone regeneration. Regarding ion release curves, it was observed
that Ca®" and Sr*" ions were released in a burst manner when loaded into hydrogels compared
with the pure Sr-HAp release profile (Figure 9E—F). A reason for that could lie in the acidic
nature of the e-PL/HA hydrogel matrix, which could result in Sr-HAp dissolution, causing burst
release observed within the first days of the experiments. Subsequently, the release of Ca** and
Sr?* ions from the Sr-HAp/e-PL/HA hydrogels proceeded in a slow and continuous manner
over three months of the experimental period. Importantly, the concentration of Sr** ions did
not exceed 20-30 uM, while Ca®" ions release ranged between 200 and 350 pM. Previous
studies have shown that Sr*" ion concentrations up to 40 uM are beneficial for the proliferation
of osteoblasts in the cell culture [73], and the elevated Ca®>" ion concentration level up to
900 uM can further enhance the bone regenerative effects of Sr** ions [73].

Finally, the antibacterial activity of the Sr-HAp/e-PL/HA hydrogels was evaluated in both
rapid (24 h) and sustained (168 h) timeframes (Figure 10). Experimental time points were set
as 24 h, 48 h, 72 h and 168 h, and studies were performed against Gram-positive bacteria:
S. aureus (Staphylococcus aureus, ATCC 25923, reference), MRSA (methicillin-resistant
Staphylococcus aureus, clinically isolated multidrug resistant strain), and Gram-negative
bacteria: E. coli (Escherichia coli, ATCC 25922, reference), ESBL E. coli (extended spectrum
B-lactamase Escherichia coli, clinically isolated multidrug-resistant strain). The obtained
results revealed that experimental series of Sr-HAp/e-PL/HA hydrogels were able to inhibit
both reference and clinically isolated multidrug-resistant Gram-negative and Gram-positive
bacterial strains. However, several tendencies and subtleties must be highlighted. First of all, a
higher inhibition rate was observed against Gram-positive bacteria, both reference and resistant
strains. These results are in agreement with previous results on pure &-PL/HA hydrogels
(Figure 8A) and were similarly re-observed in the case of 0% Sr-HAp. In general, a relatively
high inhibition rate was maintained for all Sr-HAp/e-PL/HA hydrogel series throughout the
entire experimental timeframe. Secondly, a sufficiently lower inhibition rate, compared to
Gram-positive bacteria, was achieved against Gram-negative bacteria (both reference and
clinical isolates). At the 24 h time point, the antibacterial activity of the 0% Sr-HAp
composition closely matched previously obtained results for 50:50 wt% e-PL/HA hydrogel
composition (Figure 8A). Furthermore, statistically significant inhibition of E. coli and ESBL
E. coli was observed for all experimental series only under short-term conditions (24 h).
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Figure 9. Physicochemical characterisation studies of the Sr-HAp/e-PL/HA hydrogels [72].
(A) Designation and composition of the Sr-HAp/e-PL/HA hydrogels used in subsequent
experimental studies. (B) Injection force studies. No statistically significant differences

(ns, p>0.05) in injection force values were found between the used compositions.

(C) Compression studies within rheological investigation of the hydrogels. Compression tests
were performed at 8 N axial force (axial force > dynamic force = 30 %), with 30 um axial
displacement, over a frequency range from 0.01 to 16 Hz. Compression storage modulus (E")
and compression loss modulus (E") were monitored. (D) Enzymatic degradation curves of the
Sr-HAp/e-PL/HA hydrogels in hyaluronidase enzyme-containing PBS media over a 20-week
period. (E) Sr** ion release studies. (F) Ca** ion release studies. (E-F) Ton release studies of
Sr-HAp/e-PL/HA hydrogels performed over a 90-day period, with results presented in puM
concentration. Three replicates were used in each experiment. Results are presented as
mean + SD.

35



== Control =—e— 0% Sr-HAp 40% Sr-HAp =—e— 50% Sr-HAp —e— 60% Sr-HAp

10, E.coli 104 S.aureus
9 9
- 87 - 87
£ 7 D £ 7—//’\‘
3 6] 5 6]
L L
B 5,/%? G 51 ]
o% 4] § 477/-2:"””'{
9 3 9 3
2 2
1 11
24 36 48 60 72 84 96 108120132144 156 168 24 36 48 60 72 84 96 108120132144 156 168
Time, h Time, h
10, ESBL E.coli 10, MRSA
9 ‘ . 9
¥ 8 ) N 84 .
E 7-%\ = BT 4+—
S 6 : = |
Tl
& 5 S 51 ’
&’é 4] mé 4]z 3
9 34 S 3¢ E
2 2] -
1 1]
24 36 48 60 72 84 96 108120132144 156 168 24 36 48 60 72 84 96 108120132144 156 168
Time, h Time, h

Figure 10. Antibacterial activity (24—168 h) of the as-prepared Sr-HAp/e-PL/HA hydrogels
against E. coli, S. aureus, ESBL E. coli, and MRSA (n = 3) [72].

As previously hypothesised, a possible explanation could rely on the unique cell wall
structure of Gram-negative bacteria and their more effective efflux systems. Thirdly, it was
clearly observed that 0% Sr-HAp hydrogel composition at several time points (E. coli: 24 h;
MRSA: 72 h), and in some cases, was the only composition showing statistically significant
inhibition (E. coli: 24 h; MRSA: 72 h; (E. coli: 48 h and 72 h; ESBL E. coli: 48 h and 72 h).
This may be explained by the presence of the Sr-HAp inorganic phase in the hydrogel matrix
of the 40 %, 50 % and 60 % Sr-HAp hydrogel compositions. The functionalisation with Sr-
HAp nanoparticles increases physical entanglements between the e-PL/HA hydrogel matrix and
positively charged Ca?"/Sr** ions, forms a physical barrier and provokes network reorganisation
into a more compact configuration. This negatively affects the release kinetics of antibacterial
molecules of e-PL and results in reduced antibacterial potential of hydrogels [74]. Finally, no
statistically significant difference (p>0.05) was observed between the 40 %, 50 % and 60 %
Sr-HAp hydrogels at any of the tested time points, suggesting that the presence of Sr-HAp did
not significantly influence the antibacterial activity of the developed Sr-HAp/e-PL/HA
hydrogels.
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CONCLUSIONS

A reproducible synthesis methodology has been developed to fabricate chemically
crosslinked, injectable e-PL/HA hydrogels using EDC/NHS (0.24:0.24 mol) chemistry,
with &-PL to HA mass ratios of 40:60, 50:50, 60:40, 70:30, and 80:20 wt%.

The developed e-PL/HA hydrogels exhibit key properties relevant for antibacterial
applications in tissue engineering, including tuneable free e-amino group content (via e-PL
mass ratio), gel fraction stability (50-60 %), mechanical stiffness within the 5-15 kPa,
smooth surface topology, injectability through a 19 G needle, high recovery after injection
(85-95 %), and autoclavability at 121 °C for 20 min. These features contribute to dose-
dependent antibacterial activity, achieving 2 3 Logio reduction in E. coli MSCL 332 after
1 h of contact.

Steam sterilisation at 121 °C for 20 min have not significantly affected gel fraction
(p > 0.05), pore size distribution (66—200 um), swelling (150-300 % within 2 h, swelling
equilibrium after 4 h) and mechanical stiffness, while maintaining an antibacterial activity
with 4-9 Logio bacterial reduction after sterilisation.

e-PL/HA hydrogels have demonstrated e-PL dose-dependent antibacterial activity in both
fast (up to 24 h) and sustained (up to 168 h) timeframes, via direct and indirect contact,
against E. coli, S. aureus, P. aeruginosa, as well as clinically relevant multidrug-resistant
strains MRSA, and ESBL E. coli. No bacterial resistance has been observed against e-PL
in reference or multidrug-resistant strains over 10 passages during a 1-month exposure
period.

Cytotoxicity assays have demonstrated 70-90% cell viability for e-PL/HA hydrogels in
Balb/c 3T3 mouse fibroblasts, with the ICso of pure e-PL determined as 4.21 mg/mL.
Indirect extract-based cytotoxicity assays on human dermal fibroblasts (HDFs) have
confirmed non-cytotoxicity at extract concentrations <4.35 mg/mL, supporting the e-PL
dose-dependent biocompatibility of the developed hydrogel systems.

Sr-HAp/e-PL/HA hydrogels have been successfully developed and demonstrated a
synergistic effect between e-PL/HA hydrogels and the Sr-HAp nanoparticles, resulting in
sustained release of Sr*" ions (20-30 uM) and Ca*" ions (200-350 pM) over 90 days,
retained injectability, tuneable enzymatic degradation depending on Sr-HAp content
(complete degradation within 5-20 weeks). The composite hydrogels have exhibited fast-
acting antibacterial activity (after 24 h) against both reference and multidrug-resistant
bacteria strains, and prolonged efficacy (up to 168 h), particularly against S. aureus and
clinically isolated multidrug-resistant MRSA.
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