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Abbreviations

Abbreviations

aPDT — antimicrobial photodynamic therapy

BHI — brain heart infusion broth

Ceo — fullerene Ceo

CCD - charge-coupled device

CFU - colony-forming unit

CITENI — Research Center for Naval and Industrial Technologies
DMF — N, N-dimethylformamide

DPA — 9,10-dimethylanthracene

DSC — differential scanning calorimetry

EPS — extracellular polymeric substance

FTMC — Center for Physical Sciences and Technology
HAI — healthcare-associated infection

LED - light-emitting diode

LSC — Life Sciences Center

MDR — multidrug-resistant

MRSA — methicillin-resistant Staphylococcus aureus
OD - optical density

PBS — phosphate-buffered saline

PEG — polyethylene glycol

PHBYV — poly(3-hydroxybutyrate-co-3-hydroxyvalerate)
PLA — poly (lactic acid)

PS — photosensitizer

ROS - reactive oxygen species

SE — secondary electron

SEM — scanning electron microscopy

Ta — tantalum

TBO — toluidine blue O

UV — ultraviolet

UV-Vis — ultraviolet—visible spectroscopy

VU - Vilnius University

Xc — degree of crystallinity

XRD — X-ray diffraction



Introduction

Introduction

Hospital-acquired infections (HAIs) remain a major global healthcare problem, contributing to
prolonged hospitalisation, increased treatment costs, and higher patient morbidity and mortality rates.
Biofilms are estimated to be associated with approximately 60—70% of nosocomial infections, par-
ticularly those involving indwelling medical devices (Bouhrour et al., 2024). They are structured mi-
crobial communities embedded in a self-produced extracellular polymeric matrix that protects cells
from antimicrobial agents, host immune response, and environmental stressors (Flemming et al.,
2016). Staphylococcus aureus, especially methicillin-resistant S. aureus (MRSA), is a major contrib-
utor to HAIs because of its antibiotic resistance, clinical persistence, and ability to colonise surfaces
involved in the formation of biofilms (Otto, 2018). Thus, new strategies are needed to target biofilm-
associated microorganisms, and antimicrobial photodynamic therapy (aPDT) has emerged as a prom-
ising approach.

Antimicrobial photodynamic therapy (aPDT) relies on photosensitizers that generate reactive
oxygen species (ROS) under illumination in the presence of oxygen, causing oxidative damage to
microbial cells (Hamblin, 2016). These ROS damage multiple cellular targets simultaneously, reduc-
ing the likelihood of resistance development and enabling spatial control of antimicrobial activity
(Tegos et al., 2005). Fullerene Ceo is an attractive photosensitizer because of its photostability, long-
lived excited states, and ability to generate ROS through both Type I and Type II photochemical
pathways (Heredia et al., 2022). However, its hydrophobicity and tendency to aggregate in solutions
limit its direct application (Heredia et al., 2022). Incorporation into polymer matrices can improve its
dispersion, reduce leaching, and support the development of stable photoactive surfaces. Polymer
combinations with Ceo offer a route toward scalable, solvent-free fabrication of photoactive antimi-
crobial films using thermomechanical processing (Soon et al., 2013).

Despite the potential of Ceo-based aPDT, its use in stable antimicrobial surfaces is still limited
by poor fullerene dispersion, aggregation, and the lack of scalable methods for producing solid pho-
toactive films. Therefore, this thesis addresses the need for non-leaching, light-activated antimicrobial
surfaces by incorporating Ceo into biopolymer matrices through thermomechanical processing. This
work focuses on PLA-, PHBV-, and chitosan-based Cso composite films and evaluates their structure,
ROS generation, and antibacterial activity against S. aureus. In this way, this thesis examines whether
thermomechanically processed biopolymer—Cseo films can provide a basis for biofouling-resistant pho-

toactive surfaces.



Work aim and objectives

Work aim and objectives

Aim:
To fabricate biopolymer—fullerene composite films and evaluate their antimicrobial photody-

namic activity against Staphylococcus aureus

Objectives:
1. To prepare PLA-, PHBV-, and chitosan-based films containing fullerene Ceo
2. To characterize the structure and Ceo incorporation in the composite films
3. To evaluate ROS generation by the Ceo-containing films under light irradiation
4. To assess the antimicrobial photodynamic activity of the composite films against Staphylo-

coccus aureus
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1. Literature review

1.1. Introduction to Biofilms and Their Clinical Relevance

1.1.1.  What are biofilms?

Biofilms are structured communities of microorganisms that attach to surfaces and become em-
bedded within a self-produced extracellular polymeric substance (EPS) matrix (Flemming et al.,
2016). The EPS matrix mainly comprises polysaccharides, proteins, extracellular DNA, and lipids,
and is essential for maintaining biofilm structure and function. By providing mechanical stability and
protection, the matrix helps resident cells withstand environmental stress, host immune responses,

antimicrobial exposure, and physical disruption (Almatroudi, 2025).

1.1.2.  Biofilm formation

Biofilm formation is a complex and highly regulated process in which microorganisms transi-
tion from free-living (planktonic) cells to surface-associated multicellular communities. This process
involves five stages: reversible attachment, irreversible attachment, early maturation, late maturation,
and dispersion (Tolker-Nielsen, 2015). A schematic overview of this developmental process is shown
in Figure 1.

The first stage of biofilm formation is the reversible adhesion of planktonic cells to surfaces.
This initial contact is regulated by physicochemical interactions between microorganisms and sur-
faces (Sauer et al., 2023). Long-range forces, such as van der Waals forces, electrostatic forces, and
hydrophobic effects, help position cells near the surface. However, short-range interactions, including
hydrogen bonding and other adhesive interactions, stabilise this contact (Sauer et al., 2023). At this
stage, attachment is weak, and cells can be relatively easily removed or inactivated by antimicrobial

agents (X. Wang et al., 2023).
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Figure 1. Developmental stages of microbial biofilm formation. This schematic illustrates biofilm
development in Pseudomonas aeruginosa, including reversible attachment, irreversible at-
tachment, early maturation (maturation I), late maturation (3D architecture with matrix-
enclosed structures and maturation II), and active dispersion of the biofilm. Adapted from
(Sauer et al., 2023)

In the second stage, attachment becomes permanent, and microbial cells begin to produce EPS,
which forms the structural basis of the biofilm matrix. EPS may account for 50%—-90% of the organic
carbon in a biofilm (Donlan, 2002). EPS components create a hydrated, gel-like matrix that promotes
adhesion, cohesion, and retention on surfaces (Flemming et al., 2016). The matrix also provides pro-
tection to cells against a range of external stresses, including desiccation, UV radiation, predation,
host immune responses, and antimicrobial exposure. The close spatial arrangement of cells within the
matrix facilitates horizontal gene transfer between microorganisms, thereby enabling the spread of
antimicrobial resistance determinants (Almatroudi, 2025).

Following irreversible attachment, the maturation phase commences. During this stage, cells
start to proliferate, and the biofilm begins to grow, giving rise to microcolonies and forming a com-
plex three-dimensional structure (X. Wang et al., 2023). Altered metabolic activity allows cells to
evade antimicrobial agent uptake or evade their effects (Jo et al., 2022). Thus, even if most of the
biofilm is removed from the surface, the remaining persister and dormant cells will quickly proliferate
and renew biofilm formation.

The final stage of the biofilm life cycle is dispersion, during which cells are released from
mature biofilms and can colonise new surfaces (Sauer et al., 2023). Dispersion plays an important
role in the spread of biofilm-related contamination and infection, as released cells can initiate biofilm

formation at new sites and contribute to persistent or recurrent diseases (Sharma et al., 2023).

1.1.3.  Biofilms in healthcare settings and the importance of Staphylococcus au-

reus

Biofilms are a major concern in healthcare settings because they act as persistent reservoirs of
healthcare-associated infections (HAI). According to a 2024 report by the European Centre for Dis-
ease Prevention and Control, approximately 4.3 million patients in the EU/EEA acquire at least one
HAI during hospitalisation each year (Point Prevalence Survey of Healthcare-Associated Infections
and Antimicrobial Use in European Acute Care Hospitals — 2022-2023, 2024). These infections
emerge > 48 h after admission, leading to increased morbidity and mortality, extended hospital stays,
and a significant burden on healthcare systems (Bouhrour et al., 2024). Biofilms play a direct role in
this issue by establishing themselves, persisting, and continuously releasing microorganisms from

both patient-associated and environmental sources.
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In clinical settings, biofilms form on biotic and abiotic surfaces, and implanted and indwelling
medical devices are particularly vulnerable (Figure 2) (Lindsay & von Holy, 2006). Device-associated
biofilms are implicated in approximately 60%-70% of nosocomial infections, affecting catheters,
prostheses, pacemakers, endotracheal tubes, contact lenses, and reusable semi-critical instruments
(Bouhrour et al., 2024). These devices favour biofilm persistence by providing stable surfaces, pro-
longed exposure, and a continuous nutrient supply from body fluids, making infections difficult to
eradicate and often requiring device removal or replacement (De-la-Pinta et al., 2019; Ul Haq et al.,
2024).

High-touch environmental surfaces also act as biofilm reservoirs (Lindsay & von Holy, 2006).
Dry-surface biofilms are especially relevant because they tolerate routine cleaning and disinfection
(Ledwoch et al., 2018). A multicentre UK study detected multispecies dry biofilms on 95% of disin-
fected high-touch items, with 58% positive for MRSA (Ledwoch et al., 2018).

Biofilms on medical devices Human infections involving biofilms
Q ‘R Orthopedicimplants Cystic Fibrosis
i S. epidermidis S. haemolyticus P. aeruginosa
S. aureus P. aeruginosa \ S. maltophilia
S. hominis E. faecalis Y N B. cepacia
@) Central venous catheters - Wounds
\> CoNS K. pneumoniae S. aureus
S. aureus E. faecalis ' P. aeruginosa
P. geruginosa C. albicans
Urinary catheters v Otitis Media
ZIR Nép ; . " .
@3)’ ~1 ) S.epidermidis K. pneumonice S. pneumonice  S. aureus
1’«\’ E. faecalis M. morganii H. influenzae  S. epidermidis
! 7 E. coli A. calcoaceticus \ M. catarrhalis  P. aeruginosa
Proteus spp. E. aerogenes

P. geruginosa

Endocarditis

5}_\ Cardiovascular implants
\% S. epidermidis Enterococcispp.
S. aureus Candida spp.
Streptococcus spp.
Gram-negative bacilli

Streptococcispp.  Candida spp.
Staphylococcispp. Aspergillus spp.

p— Contact lenses Periodontitis
/\ P.aeruginosa ¢ .o
Y . coli .
£ ! i Fusobacterium spp.
4 \ S. aureus  protousspp. F. nucleatum usobacterium spp
oA S. epidermidis -, it P. micros S. sputigena
Serratia spp. angiaa3pe: Lactobacillus spp. Eubacterium spp.
A. naeslundii H. aphrophilus

P. anaerobius
B. intermedius

Figure 2. Schematic overview of common clinical contexts in which biofilms are formed, including
biofilms on medical devices and biofilm-driven human infections. Representative bacterial
and fungal species frequently associated with each condition are shown. Adapted from
(Pinto et al., 2020)

Staphylococcus aureus is a key pathogen in this context and is one of the most widespread

bacterial pathogens associated with clinical infection (Cheung et al., 2021). It is a primary causative
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agent of numerous device- and procedure-associated infections, including bacteraemia, sepsis, cath-
eter-associated bloodstream infections, ventilator-associated pneumonia, surgical site infections, and
infections involving prosthetic materials and other implanted devices (Cheung et al., 2021; Tong et
al., 2015). Its clinical significance is further increased by its capacity for antimicrobial resistance and
robust biofilm formation (Cheung et al., 2021; Otto, 2018). In particular, methicillin-resistant S. au-
reus (MRSA) has been identified as a leading cause of antimicrobial resistance-related deaths (Samia
et al., 2022). Currently, MRSA accounts for ten times as many infections as all multidrug-resistant
(MDR) gram-negative pathogens (Craft et al., 2019). Furthermore, recent findings indicate that bio-
film formation is strongly associated with multi-drug resistance in S. aureus infections (Gonzalez-
Vazquez et al., 2024). From a clinical perspective, surface samples suggest that biofilm formation
serves as a reliable indicator of antibiotic-tolerant S. aureus populations, supporting chronic infection
and environmental survival (Odoyo et al., 2023). The combination of antibiotic resistance and bio-
film-related durability allows S. aureus to survive treatment and persist in healthcare settings.

These features make biofilms a critical healthcare problem, as they are widespread, persistent,
resistant to antimicrobial treatment and disinfection, and can drive recurrent infection from devices
and surfaces. S. aureus is a significant biofilm-forming pathogen because of its prevalence, clinical
severity, resistance, and ability to colonise sites such as catheters, implants, and intensive care equip-
ment. These insights highlight the need for effective surface-based strategies to reduce biofouling and

infection risks in healthcare.
1.2. Current antibiofilm surface strategies and their limitations

1.2.1.  Conventional strategies: Disinfectants

Chemical disinfection is a routine component of hospital infection control and is applied to
surfaces, instruments, and the skin (Exner et al., 2020). The main classes of disinfectants, including
oxidising agents, alkylating agents, alcohols, and membrane-active compounds, act by damaging mi-
crobial cell membranes, proteins, or nucleic acids (Maillard & Pascoe, 2024). However, their effec-
tiveness in real clinical settings depends strongly on factors, such as contact time, organic load, sur-
face type, and application frequency (Otter et al., 2015). Traditional infection control models focus
on planktonic bacteria and short exposure testing. However, hospital contamination often involves
biofilms that are structurally protected and more tolerant to antimicrobials (Maillard & Centeleghe,
2023). Several studies have shown that disinfectants are generally less effective against biofilm-as-
sociated bacteria than against planktonic cells (Naves et al., 2010; Todori¢ et al., 2023). This reduced
susceptibility is mainly related to restricted disinfectant penetration, protection by the extracellular
matrix, slow-growing or dormant cells, and stress-response mechanisms within the biofilm (Pallds et

al., 2024). In addition, sublethal exposure could promote stronger biofilm formation and increased

10
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antibiotic resistance (Maillard & Pascoe, 2024). Therefore, the use of disinfectants alone may not
reliably ensure effective protection of surfaces against biofilm growth in clinical environments. In
turn, the suboptimal use of disinfectants to treat biofilms may result in the spread of more tolerant
and persistent biofilm communities and phenotypes. Because treatment of established biofilms is
structurally disadvantaged, increasing attention has shifted toward preventative surface strategies de-

signed to interfere with attachment and early colonisation before mature biofilms develop.

1.2.2.  Preventive surface modification approaches
Surface modification strategies reduce microbial colonisation by altering material chemistry or
structure to prevent adhesion, release antimicrobial agents, kill cells on contact, or activate antimi-
crobial effects in response to stimuli (Mu et al., 2023). In this review, these approaches are discussed

according to their mechanism of action and summarised in Figure 3.

Anti-adhesive surfaces

Anti-adhesive surfaces target the earliest stage of biofilm formation by making attachment en-
ergetically or physically less favourable. These strategies operate through steric and electrostatic re-
pulsion or reduced surface energy, which together limit initial microbial contact with the surface
(Uneputty et al., 2022).

Polymer brush coatings, such as polyethylene glycol (PEG) and zwitterionic materials, have
been widely studied. PEG forms a hydrated layer that reduces protein adsorption and microbial ad-
hesion (Gon et al., 2012). However, PEG is susceptible to oxidative degradation and shows limited
stability under biological conditions, thus constraining long-term performance (P. Zhang et al., 2016).
In contrast, zwitterionic polymers, which retain large amounts of water through strong electrostatic
interactions, generally show improved resistance to oxidants and sterilisation procedures (Moayedi
et al., 2024). However, their synthesis is more complex, their mechanical robustness can be limited,
and their sustained antifouling performance under routine use conditions remains uncertain (Amoako
et al., 2025). Both systems rely on maintaining a dense, continuously hydrated polymer layer, which
is difficult to preserve on frequently handled and cleaned clinical surfaces. Abrasion, drying, and
exposure to cleaning agents can rapidly disrupt these coatings, compromising their protective func-

tion (S. Liu et al., 2022).

11
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Figure 3. Schematic representation of classical antibacterial surface strategies: (A) anti-adhe-
sive surfaces that prevent bacterial attachment, (B) contact-killing surfaces that inactivate bacteria
upon direct contact, and (C) release-based surfaces that deliver antimicrobial agents to the surround-
ing environment. Red cells indicate viable bacteria; grey cells indicate dead bacteria

Release-based antibacterial surfaces

Release-based antibacterial surfaces embed antimicrobial agents into a coating and gradually
release them into the surrounding environment (Uneputty et al., 2022). Depending on the system,
these agents may include antibiotics, metal ions, antimicrobial peptides, nitric oxide donors, gas trans-
mitters, and other bioactive compounds (Cloutier et al., 2015). The released agents disrupt the mem-
branes, metabolism, or DNA of organisms, such as S. aureus and E. coli (Tomi¢ & Vukovi¢, 2022).
However, their main limitation is that the antimicrobial effect is finite. Activity decreases as the res-
ervoir is depleted, and surface fouling may further restrict the release (Pereira-Silva et al., 2025). In
addition, mature and polymicrobial biofilms frequently show tolerance to released agents, reducing
their long-term effectiveness (Nnaji et al., 2024). In contrast to stimuli-responsive systems, which can
be repeatedly reactivated without consuming the active component, release-based approaches depend

on continuous material depletion, making them less suitable for long-term surface applications.

Contact-killing antimicrobial surfaces

Contact-killing surfaces are designed to kill microorganisms upon direct contact without releas-
ing antimicrobial agents into the surrounding environment (Kaur & Liu, 2016). Cationic surfaces are
the most widely studied examples and typically act through electrostatic interactions with negatively
charged microbial membranes, leading to membrane disruption and cell death. These surfaces are
functionalized with positively charged chemical groups or molecules, such as amines, guanidinium,
phosphonium salts, quaternary ammonium compounds, and polycations (Yang et al., 2018). Among
these, quaternary ammonium compounds are among the best established (Santoro & 1zzo, 2024).
Although contact-killing strategies avoid the depletion problem associated with release-based coat-

ings, their activity depends on the continuous accessibility of the active surface groups. In practice,
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these groups may become masked by proteins, organic matter, dead cells, or other surface contami-

nants, resulting in reduced antimicrobial performance (Wilkinson et al., 2025).

Stimuli-responsive surfaces

Stimuli-responsive antimicrobial surfaces become active only after exposure to a specific trig-
ger, such as light, temperature, pH, enzymes, or redox conditions (Guo et al., 2025; T. Zhang et al.,
2024). This distinguishes them from static coatings, the antimicrobial function of which is continu-
ously present and may decrease as the active agents are depleted or the surface groups are masked.

Light-responsive systems are particularly relevant for antimicrobial surface applications be-
cause their activity can be externally controlled in space and time. In these materials, illumination
can activate photodynamic reactions, photothermal effects, or light-triggered release mechanisms (X.
Wang, Shan, et al., 2022). Among them, photodynamic systems are particularly attractive because
light activation of an incorporated photosensitizer generates reactive oxygen species (ROS), which
can damage multiple microbial targets and reduce reliance on single-target antimicrobial mechanisms
(X. Li et al., 2017). This makes antimicrobial photodynamic therapy (aPDT) a relevant approach for

developing non-leaching, light-activated antimicrobial surfaces.

1.3. Antimicrobial photodynamic therapy (aPDT)

Antimicrobial photodynamic therapy (aPDT) uses light, a photosensitizer (PS), and oxygen to
generate reactive oxygen species (ROS) that damage microbial cells. For surface applications, aPDT
1s attractive because antimicrobial activity is produced locally and only upon illumination, enabling

spatial and temporal control without the continuous release of active agents.

1.3.1.  Principles of aPDT and the basis of ROS-mediated killing

aPDT employs visible light of a specific wavelength to excite the PS in the presence of oxygen
(Hamblin, 2016). Upon illumination, the photosensitizer transitions from its lowest energy level
(ground-state singlet 'PS) to an excited singlet state ('PS”) and then to a longer-lived excited triplet
state (*PS*). From here, it can react with the surrounding molecules via two major pathways. The
Type I mechanism involves electron or hydrogen transfer from one molecule to another to produce
toxic reactive oxygen species, such as superoxide (Oz¢") and hydroxyl (*OH) radicals. In Type 11
reactions, the PS transfers its energy directly to molecular oxygen, producing singlet oxygen (10z)
with oxidising properties (Klausen et al., 2020). These two reactions can occur simultaneously and
are dependent on factors, such as oxygen availability, PS structure, pH, and the surrounding micro-
environment (Kwiatkowski et al., 2018). These processes occur within microseconds, and the result-
ing oxidants damage lipids, proteins, nucleic acids, and membrane systems (Hamblin, 2016). Figure

4 illustrates these photophysical transitions and the Type I and Type II ROS generation pathways that

13
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underlie aPDT. The breadth of potential damage is central to aPDT’s antimicrobial performance,
which does not rely on the inhibition of a single biochemical pathway but instead produces oxidative

stress across several essential cellular components simultaneously (Klausen et al., 2020).
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Figure 4. Jablonski diagram illustrating the Type I and Type II ROS generation mechanisms
central to aPDT. Adapted from (Hu et al., 2018)

Because ROS damages multiple cellular targets, aPDT is generally associated with a lower risk
of resistance development than single-target antimicrobials (Rapacka-Zdonczyk et al., 2021). Some
studies have used aPDT in combination with conventional antibiotics to increase MRS A susceptibility
(Gongalves et al., 2024). However, repeated sublethal exposure can promote tolerance, making uni-
form photosensitizer distribution and sufficient light penetration important design parameters for sur-

face-based systems (Rapacka-Zdonczyk et al., 2021).

1.3.2.  Effectiveness of aPDT against biofilm formation
aPDT can act at several stages of microbial-mediated surface colonisation. Photoactivated sur-
faces may inactivate planktonic cells during initial contact and damage newly attached cells before a
mature biofilm develops. Before stable attachment, planktonic microorganisms encountering a pho-
toactivated surface experience a localised burst of oxidative stress. A schematic representation of the

antimicrobial mechanisms of ROS against biofilms and microbial cells is shown in Figure 5.
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Figure 5. Schematic illustration of reactive oxygen species (ROS)-mediated antimicrobial mecha-
nisms during antimicrobial photodynamic therapy (aPDT) against mature biofilms and in-
dividual microbial cells. Adapted from (Y. Li et al., 2023)

ROS-induced biocidal effects can reduce cell viability and limit the number of organisms avail-
able to initiate colonisation. Surface-based aPDT has consistently demonstrated antimicrobial activity
against planktonic populations in experimental settings (Lavaee et al., 2022; Luke-Marshall et al.,

2020; Reynoso et al., 2019).

1.3.3.  Photosensitizers

Photosensitizers are light-responsive components of aPDT, and their behaviour under illumina-
tion determines the effectiveness of ROS generation at the material-microbe interface. The molecular
properties of individual photosensitizers dictate whether these processes can be reliably sustained in
practical antimicrobial settings (Klausen et al., 2020).

Photosensitizers used in aPDT can be broadly classified according to their chemical structure,
which also predicts many of their functional properties (Escudero et al., 2021). Three major structural
groups are commonly distinguished in the literature: (i) tetrapyrrolic macrocycles, such as porphyrins,
chlorins, and phthalocyanines, which have been extensively used in both antimicrobial and clinical
photodynamic applications (Bunin et al., 2023); (ii) organic dyes, including phenothiazinium, xan-
thene, and cyanine derivatives, which offer strong visible-light absorption but often lack long-term
photostability (Moneira et al., 2012); and (iii) nanomaterial-based photosensitizers, in which the light-
absorbing unit is a nanoscale scaffold rather than a classical dye (X. Wang, Zhu, et al., 2022). Fuller-
enes (Ceo and related derivatives) fall within this third group and represent one of the best-character-
ized carbon-based systems capable of mediating ROS formation (Hamblin, 2018).

Because immobilised photosensitizers must function without replenishment or redistribution,

their operational requirements change. Surface-bound molecules cannot diffuse freely and are not
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replenished during treatment. Therefore, their performance depends strongly on their photostability,
aggregation behaviour, and compatibility with the host material (Dube, 2024). Immobilised photo-
sensitizers must remain chemically intact during storage and use, resist photobleaching under re-
peated illumination, and avoid aggregation within the coating or matrix, as aggregation can drastically
shorten excited-state lifetimes and reduce reactive oxygen species (ROS) yields (Spagnul et al., 2015).
Structural features, such as overall charge, hydrophobicity, and rigidity, play a crucial role in the
association of photosensitizers with microbial cells, their dispersion in polymeric or inorganic matri-
ces, and the preservation of their photochemical activity when confined to a surface (Pucelik et al.,
2024). Fullerenes, known for their high triplet yield, function through both Type I and II pathways
and resist photobleaching. However, their hydrophobic nature necessitates chemical modification for
use in aqueous environments (Hamblin, 2018). These characteristics make them ideal for antimicro-
bial surfaces, where immobilised photosensitizers must remain active over numerous light cycles,

thus justifying a focus on Ceo-based systems in the next section.
1.3.4.  Fullerene-Based Photosensitizers

Photophysical properties of Ceo relevant to aPDT

Fullerenes form a distinctive family of all-carbon nanomaterials, with buckminsterfullerene
(Ceo) being the most widely studied. Structurally, Cso comprises a rigid spherical cage composed of
fused aromatic rings arranged in a highly symmetric fashion (Figure 6). This architecture creates an
extended m-conjugated system that allows Ceo to absorb UV and visible light efficiently and facilitates
the rapid population of a long-lived triplet state after photoexcitation (Pan et al., 2020). Unlike many
organic dyes, Ceo 1s exceptionally resistant to photodegradation, allowing repeated illumination cycles
without loss of activity. Long-lived triplet states and photostability are major advantages of fullerenes
for repeated use in surface coatings, where photosensitizers cannot be replenished or redistributed

(Hamblin, 2018).

Carbon atom

Covalent bond

Figure 6. Structure of Ceo fullerene (Buckminsterfullerene). Adapted from (Rondags et al., 2017)

Once excited to the triplet state, Ceo can generate ROS via both Type I and Type Il mechanisms.

As a strong electron acceptor, it readily participates in electron-transfer reactions that give rise to
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radical species, such as superoxide, hydrogen peroxide, and hydroxyl radicals; in contrast, energy
transfer from the triplet state to molecular oxygen produces singlet oxygen. The balance between
these pathways depends on the surrounding microenvironment. Ceo often produces more Type I radi-
cals under polar or reducing conditions, which may be advantageous on hospital surfaces, where ox-
ygen concentration and hydration levels vary (Quinones et al., 2014). The ability to operate efficiently
through both mechanisms expands the functional range of fullerenes compared to photosensitizers

that rely on either singlet-oxygen production or radical pathways.

Safety and selectivity in clinical environments

Fullerenes exhibit advantageous safety profiles when employed as surface-bound photosensi-
tizers in clinical settings. Pristine Ceo displays very low dark toxicity, an important feature for hospital
surfaces that are frequently touched but not continuously illuminated (Back et al., 2007). In addition,
fullerene-based systems demonstrate selective microbial killing with low phototoxicity toward mam-
malian cells under selected experimental conditions (Bolshakova et al., 2023), a property attributed
to differences in cell wall structure and ROS susceptibility. However, dose, composition, and expo-
sure time can affect the toxicity of fullerene-based compounds, whereas incorporation into composite
systems, for example, polymer carriers, can stabilise the dispersion and improve biological compati-

bility (Bolshakova et al., 2023).

Overcoming Ceo limitations for surface-based aPDT

The main limitation of pristine Cso is its hydrophobicity, which promotes aggregation in aque-
ous environments and reduces ROS production by shortening the excited-state lifetimes (Lee et al.,
2008). To overcome this limitation, extensive studies have focused on the functionalization of Cso to
introduce hydrophilic, cationic, or amphiphilic groups that improve dispersion and enhance microbial
association. An alternative approach, which is highly relevant to surface-based systems and the pre-
sent work, relies on incorporating unmodified Cso into polymer matrices rather than in solution. Pol-
ymers can separate individual fullerene molecules, prevent aggregation, and maintain access to oxy-
gen without altering the photophysical properties of C s (Hou et al., 2022). Several studies have
shown that polymer-supported Ceo retains strong photodynamic activity: polymer nanoparticles con-
taining unmodified Ceo generate ROS efficiently under illumination and exhibit photodynamic effects
in biological assays (D. Wang et al., 2023); polymer films embedding Ceo units can photoinactivate
S. aureus upon irradiation (Ballatore et al., 2015); and polymer-stabilized Ceo dispersions maintain
fullerene reactivity in aqueous environments by preventing aggregation (Samoilova et al., 2024). This
evidence suggests that a combination of Ceso and a polymer carrier is a viable and effective strategy

for using pristine Ceo in photodynamic applications. Therefore, this work will focus on the incorpo-
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ration of pristine Ceo into biocompatible polymer matrices using a thermomechanical processing ap-
proach to produce solid composite films for antimicrobial surface applications. The following section

highlights the evidence supporting this experimental approach.

1.3.5.  Polymer—fullerene systems for antimicrobial coatings

Polymer—fullerene films provide several advantages over solution-based or nanoparticle fuller-
ene formulations when used as antimicrobial coatings. Embedding Ceo within a solid polymer matrix
physically immobilises the photosensitizer, preventing leaching or particle migration during use and
cleaning, while ensuring stable and reproducible photoactivity upon illumination (Gonzalez et al.,
2023; Reynoso et al., 2021). A solid film also provides a mechanically robust framework capable of
withstanding abrasion and routine disinfection, both critical for maintaining performance on high-
contact clinical or public surfaces (Savagatrup et al., 2014). Moreover, immobilisation allows for a
defined spatial distribution of the fullerene, producing predictable reactive oxygen species (ROS)
generation under light exposure, unlike dispersive systems that may suffer from aggregation, sedi-
mentation, or aging effects (Prylutskyy et al., 2013). A study conducted by Alekseeva et al. (2017) on
the structural properties and biological activity of polystyrene-fullerene composite films is a good
example of such systems. The authors reported that antibacterial activity against E. coli and S. aureus
increased after fullerene incorporation (Alekseeva et al., 2018). However, this effect was not light-
activated and was attributed mainly to interactions between fullerenes and microbial cell components.

The choice of polymer matrix is as important as that of the photosensitizer. Polymers, such as
polylactic acid (PLA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and chitosan, offer a
combination of biocompatibility, optical transparency in the visible range, and mechanical durability,
making them suitable for antimicrobial photodynamic therapy (aPDT) applications. PLA and PHBV
are widely used in biomedical and food-contact materials owing to their recognised safety and pro-
cessability (Hussain et al., 2024; Ibrahim et al., 2021; Moll & Chiralt, 2026; Z. Naser et al., 2021),
whereas chitosan contributes additional intrinsic antimicrobial effects and biodegradability (Dash et
al., 2011; Yadav et al., 2024). These biopolymers have been approved for indirect and direct biological
contact, emphasising their translatability for antimicrobial coatings in clinical or environmental set-

tings (Y. Liu et al., 2021; Navarro et al., 2004; Sultana Phd Ceng Csci & Wang, 2011).

1.3.6. ' Thermomechanical Processing of Polymer—Fullerene Composites
Despite the promise of polymer-fullerene photodynamic systems, their fabrication methods pri-
marily rely on chemical synthesis and solution casting. These techniques can produce uniform lab-
scale films. However, they often involve hazardous solvents, complex chemistry, and limited scala-
bility. (Fawaz & Mittal, 2014; Tran et al., 2025). In contrast, thermomechanical processing methods,

including extrusion, compression moulding, and injection moulding - represent mature industrial
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technologies capable of producing durable polymer composites at scale with high reproducibility and
solvent-free operation (Botta et al., 2014; El Moumen et al., 2019).

Melt processing allows for the solvent-free integration of photoactive fullerenes into thermo-
plastic matrices, ensuring the stable immobilisation and mechanical integrity of the photosensitizer
(Wylie et al., 2021). Previous studies have demonstrated the successful dispersion of fullerene Cso
into thermoplastics for electronic, mechanical reinforcement, and thermal stability applications, con-
firming its compatibility with melt-based techniques (Penkova et al., 2017; Pereira et al., 2015). How-
ever, the use of these methods to create photoactive antimicrobial films remains unexplored. The few
existing reports on photodynamic antimicrobial coatings, such as PEDOT—Ceo electropolymeric films
(Reynoso et al., 2019) or fullerene-modified PLA composites (Sauléniené et al., 2024), underscore
the potential of fullerenes as stable and light-responsive additives. However, they rely on electro-
chemical or solution-based synthesis approaches rather than scalable industrial processing.

The present work addresses this methodological gap by applying conventional thermomechan-
ical polymer processing techniques to fabricate polymer—fullerene films designed for antimicrobial
photodynamic surface applications. The suitability of biopolymers for thermomechanical processing
depends strongly on their chemical structure (Figure 7). PLA and PHBV are thermoplastic aliphatic
polyesters that can therefore be processed using conventional melt-based methods. In contrast, chi-
tosan is a polysaccharide containing hydroxyl and amino groups, with strong intermolecular interac-
tions and limited melt processability under conventional conditions. These structural differences are

important for understanding why different fabrication routes were required in the present work.

1. Polylactic acid (PLA)

0
I
0— (|:H —
CH, n

2. PHBV
3HB unit 3HV unit

I
O—CH—CHZ—C% %O—CH—CHZ—C
CoHs

3. Chitosan CH,0H
% @/ % B-(1-4) glycosidic bond

Figure 7. Representative structural fragments of the biopolymers used in this work: poly (lactic
acid) (PLA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), and chitosan. PHBV is shown
as a copolymer composed of 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) repeating units
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Thus, although all three materials were selected as biopolymer matrices for Ceo incorporation,
their structural differences required adaptation of the processing strategy. This consideration underlies

the experimental design used in the present study.

2. Materials and Methods

2.1. Film fabrication

Neat and fullerene-incorporated biopolymer films were fabricated at the Research Center for
Naval and Industrial Technologies (CITENI), University of A Corufia, Spain, during a research in-
ternship. A thermomechanical processing approach was employed to produce biopolymer films.
Three polymer systems were investigated: poly(lactic acid) (PLA; PLA-Premium pellets, AD Bio-
plastics, Paterna, Valencia, Spain), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV; 12 wt %
hydroxyvalerate (3HV), Mw = 240,000, plasticized with 10 wt% citric acid, Goodfellow Ltd., Cam-
bridge, UK), and chitosan (low molecular weight, viscosity 30—100 cps, Mw = 250,000 g-mol™', CAS:
9012-76-4, Glentham Life Sciences Ltd., Corsham, UK). From each polymer, neat and composite
films containing 0.5 wt% fullerene-Cso (=98% purity, Sigma-Aldrich; CAS: 99685-96-8) were pre-
pared. Due to differences in thermal processability, two fabrication routes were used. Thermoplastic
polymers (PLA and PHBV) were processed through a three-step processing route involving extru-
sion, injection moulding, and hot pressing. In contrast, chitosan films were produced by hot pressing

only.

2.1.1.  Thermoplastic polymer film (PLA and PHBYV) fabrication

Prior to processing, PLA and PHBYV pellets were dried at 70 °C for 24 h to remove residual moisture.
Extrusion was carried out using a twin-screw extruder (Haake Force Feeder Minilab II, UK) equipped
with conical counter-rotating screws and an integrated backflow channel. The extrusion parameters

for both polymer systems are listed in Table 1.

Table 1. Extrusion parameters used for PLA and PHBV processing

Polymer Temperature Screw speed Processing time
PLA 170 °C 100 rpm 5 min
PHBV 165 °C 60 rpm 5 min

Following extrusion, the materials were injection moulded into uniform circular samples using

a mini-injection moulding device (Thermo Fisher Scientific HAAKE MiniJet II, Karlsruhe, Ger-

many). The injection parameters are summarized in Table 2.
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Table 2. Injection moulding parameters

Polymer Cylinder temperature | Mold temperature Injection conditions
PLA 165 °C 60 °C 6 s at 800 bar + 3 s at 500 bars
PHBV 160 °C 50°C 6 s at 800 bar + 3 s at 500 bars

Finally, films of approximately 0.2 mm were produced by a heating press IQAP-LAB PL-15
(IQAP Masterbatch Group S.L., Barcelona, Spain). The processing parameters used for film for-
mation are presented in Table 3. Neat PLA and PHBYV films were processed under identical conditions

with their composite films to enable direct comparison.

2.1.2. Chitosan film fabrication

To prepare neat and composite films, chitosan powder was first premixed with Ceso powder
(0.5% wt). Glycerol (vegetable glycerine, cosmetic/technical grade, Plantawa, Spain) was added to
chitosan or chitosan-Cgo powder mix dropwise until a homogeneous paste was obtained, maintaining
a chitosan: glycerol ratio of 2:1 (w/w). In the following step, 3% (v/v) aqueous acetic acid solution
was gradually added to the samples under manual mixing to obtain a uniform dispersion. The chi-
tosan: acetic acid aqueous solution ratio was maintained at 25:75 (w/w). The mixture was manually
mixed for 15 min to obtain a homogeneous material. Chitosan films were produced by hot pressing
(processing parameters presented in Table 3). The prepared formulation was placed into circular cav-
ities of a metal mould plate with a diameter of 1 cm and a thickness of 0.2 cm (2 mm). The mould
was then subjected to hot pressing to form films with uniform geometry. After pressing, the mould

was allowed to cool before the solidified films were removed.

Table 3. Hot pressing parameters used for the fabrication of PLA, PHBYV, and chitosan films

Polymer Temperature Pressure Time
PLA 165 °C 20 bars 5 min
PHBV 160 °C 10 bars 3 min
Chitosan 105 °C 40 bars 7 min
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2.2. Physical and Chemical Characterization of Films

2.2.1. Raman spectrophotometry

The Raman spectra were acquired at the Center for Physical Sciences and Technology, Depart-
ment of Organic Chemistry in collaboration with Dr. Martynas Talaikis using Raman microscope
(Renishaw, UK) equipped with a thermoelectrically cooled CCD detector (=70 °C). Excitation was
provided by a 785 nm laser, and spectra were recorded using a 1200 lines/mm grating. The laser
power was set to 50 mW, and the beam was shaped into a line focus of approximately 50 um x 10
um on the sample using a 20x/0.40 NA objective lens. Hyperspectral maps were acquired with 1 s
integration per spectrum using a spatial step size of 13.5 x 20.0 um. Each map comprised approxi-
mately 500 spectra collected on a 33 x 15 grid. The Raman wavenumber axis was calibrated using

the silicon standard peak at 520.7 cm™'.

2.2.2.  X-ray diffraction

XRD patterns of studied raw polymer material, neat polymer films and composite films were
measured at the Center for Physical Sciences and Technology, Department of Characterisation of
Materials Structure in collaboration with Dr. Vidas PakStas. Measurements were performed using an
X-ray diffractometer Smart Lab (Rigaku) equipped with an X-ray tube with a 9-kW rotating Cu anode.
Furthermore, Bragg—Brentano geometry with a graphite monochromator on the diffracted beam and
a step scan mode with a step size of 0.02° (in 20 scale) and counting time of 1s per step was applied.
The measurements were conducted in the 20 range of 5-75°. Phase identification was performed
using the software package PDXL (Rigaku) and the ICDD powder diffraction database PDF4+ (2024
release). The size of the crystallites was calculated based on the broadening of XRD peaks using the

graphical Halder—Wagner method implemented into PDXL software.

2.2.3.  Differential Scanning Calorimetry (DSC)

The thermal behaviour of studied raw polymer material and composite films was analysed at
the Research Center for Naval and Industrial Technologies (CITENI), University of A Coruiia, Spain,
in collaboration with Dr. Maria Belén Montero Rodriguez. Measurements were performed using a
PerkinElmer Pyris Diamond DSC 7 differential scanning calorimeter (PerkinElmer Spain SL, Ma-
drid, Spain) operating under the power compensation principle. Experiments were conducted under
a nitrogen atmosphere with a flow rate of 80 mL min™!, using liquid nitrogen—controlled cooling.
Samples were sealed in aluminium pans prior to analysis.

A heat—cool-heat thermal program was applied. The temperature ranges were selected accord-
ing to the polymer system:

1) PLA:30-240 °C
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2) PHBV:30-210 °C
3) Chitosan: 30-250 °C
Samples were cycled between 30 °C and the upper limit at 10 °C min in heat—cool-heat mode,
with 1 min isothermal holds. The program concluded with a final cooling segment to 30 °C at 10 °C
min~'. Although both heating cycles were recorded, only the first heating scan was used for analysis
and presentation of results, as it reflected the processing-induced thermal behaviour of the materials.
DSC raw heat-flow data were processed using OriginPro (2026), where the thermograms were
plotted and thermal transitions were analysed. Peak temperatures were determined from the corre-
sponding transition maxima or midpoints, depending on the type of transition. Enthalpy values were
obtained by integrating the relevant peak areas after baseline correction. The enthalpy relaxation as-
sociated with the glass transition was reported as AH relax. Cold crystallization enthalpy was re-
ported as AHcc, while the exothermic event assigned to crystal reorganization/recrystallization was
reported separately as AHreorg. Melting enthalpies were reported as AHm, and the total melting en-

thalpy, AHm, total, was calculated as the sum of all detected melting endotherms.

The degree of crystallinity, Xc, was calculated using:

_ AHm,totral - AHcc - AHreorg

5 x 100
AHy X Wppa

c

where AH2, = 93 J/g is the melting enthalpy of 100% crystalline PLA, and wp 4is the PLA mass
fraction in the analysed sample. For raw PLA, wp; 4 = 1, while for PLA-Cgo composite films,

wpawas corrected according to the PLA content in the composite formulation.

2.3. Photochemical Analysis

Reactive oxygen species (ROS) generation by the Ceo-containing films was evaluated using
9,10-dimethylanthracene (DPA, CAS: 1499-10-1, MW: 330.43 g-mol*; Fluorochem Ltd.) as a chem-
ical probe for singlet oxygen. DPA reacts selectively with singlet oxygen to form an endoperoxide,
resulting in a decrease in its characteristic absorbance band at 395 nm (Steinbeck et al., 1992), which
was used to monitor ROS production. N, N-dimethylformamide (DMF, ACS Reagent grade) was used
as the solvent for all measurements.

A calibration curve was established using DPA solutions in DMF over the concentration range
of 0—185 uM. The optical density in the final volume did not exceed 1.5. The relationship between
absorbance at 395 nm and DPA concentration was described by a linear equation (A = 0.0067C —

0.0022, R?=0.9959), enabling conversion of absorbance values to DPA concentration.
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For ROS measurements, DPA solutions with an initial concentration of 184.8 uM were pre-
pared. Polymer films containing Ceo were immersed in the DPA solution and irradiated with a blue
LED source (450 nm, 10 mW; FTMC) for 2 h. The illuminated area corresponded to the sample
diameter (0.5 cm), yielding a total light dose of approximately 367 J cm™2, calculated as the product
of light power and exposure time divided by the irradiated area. A control sample containing only
DPA in DMF (184.8 uM) was irradiated under identical conditions to account for photobleaching of
the probe.

After irradiation, the absorbance of each sample at 395 nm was recorded and converted to the

corresponding DPA concentration using the calibration equation:

ROS (mol) = initial DPA (mol) - measurement DPA (mol)

To correct for photobleaching, the decrease observed in the control sample (6.7 uM) was sub-
tracted. The ROS equivalents generated by each sample were calculated as the difference between
the control-corrected DPA concentration and that of the irradiated sample.

All measurements were performed in replicate, and ROS values were calculated individually
for each replicate prior to averaging. The assay volume was 4.2 mL. For comparative analysis, ROS
production was further normalized either to the mass of the polymer film and to the mass of Ceo

present in each system, as described in the Results section.
2.4. Microbiological analysis

2.4.1.  Preparation and Standardization of Bacterial Inoculum

To prepare the bacterial suspension used in subsequent assays (CFU enumeration, XTT assay
and SEM analysis), 5 mL of Brain Heart Infusion broth (BHI, Biolab, Budapest, Hungary) was inoc-
ulated with 500 pL of Staphylococcus aureus (NCTC 11963) stock culture. The culture was incubated
in a shaking incubator at 37 °C and 150 rpm for 18 h to obtain an overnight culture.

After incubation, the culture was centrifuged at 5000 rpm for 5 min, and the supernatant was
discarded. The pellet was then resuspended in phosphate-buffered saline (PBS) and vortexed to obtain
a uniform suspension, followed by centrifugation under the same conditions. This washing proce-
dure—resuspension in PBS, vortexing, and centrifugation - was repeated two additional times, result-
ing in a total of three washing cycles to remove residual growth medium.

After the final wash, the pellet was resuspended in 5 mL of PBS and vortexed until a homoge-
neous suspension was obtained. The optical density (OD) of the suspension was measured at 600 nm
using UV—Vis spectrophotometer (HALO RB-10, Dynamica GmbH, Salzburg, Austria).

The bacterial concentration was standardized to 107 cells/mL using the following equation:
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Vo = (Abso x V) / (5 x Abs)

Where:

Vo — volume of stock suspension required for dilution (mL);

Abso — reference absorbance corresponding to a concentration of 107 cells/mL (0.427 for S. aureus);
V — final volume of the diluted suspension (mL);

5 — volume of the primary stock suspension (mL);

Abs — measured absorbance of the sample.

2.4.2.  Colony-forming unit (CFU) assay

Colony-forming unit (CFU) assays were performed to evaluate whether light-activated Ceo-
containing films reduce the number of viable bacteria capable of persisting on the material surface.
Therefore, the assay was designed to quantify recoverable surface-associated bacteria rather than the
total bacterial population present in the well. Two experimental conditions were investigated: imme-
diate surface-associated photoinactivation and photoinactivation of pre-attached cells. In each exper-
iment, identical sets of samples were processed in parallel under light and dark conditions to serve as
treated and control groups:

1) Composite polymer-Cey film + light as experimental treatment

2) Composite polymer-Csy film + dark as dark control

3) Neat polymer film + dark as baseline/negative control

Prior to assay, all samples were sterilized in 70% ethanol for 20 min and washed with PBS
afterwards to remove the residual alcohol.

CFU assays were performed in three independent experiments on separate days. In each exper-
iment, each condition was tested using three film discs, and suspensions containing recovered at-
tached cells were plated in technical duplicate. Colony counts from technical duplicates were aver-
aged before calculating log 10 CFU/mL values.

Circular film samples (0.5 cm diameter) composed of biopolymer—fullerene composites and
corresponding neat biopolymer controls without fullerene were placed into wells of sterile 24-well
tissue culture plates. 1 mL S. aureus suspension was added to each well. For each assay, two plates
were prepared simultaneously:

e one plate to be exposed to blue light

e one plate to be maintained in the dark as a control
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Photoirradiation during bacterial attachment

To evaluate the effect of light-activated films during the initial contact between bacteria and the
material surface, samples were immediately exposed to blue light for 2 h following the addition of
the bacterial suspension. A second, dark control, plate containing samples was kept in the dark for the
same duration at 37 °C.

After treatment, the samples were washed three times with PBS to remove non-adherent and
weakly associated cells. The PBS wash fractions were discarded because this assay specifically aimed
to quantify bacteria that remained associated with the film surface after treatment and washing. The
remaining surface-associated cells were detached by transferring the samples into 2 mL microcentri-
fuge tubes containing 1 mL PBS and sterile 4 mm glass beads, followed by vortexing for 2 min. The
resulting bacterial suspensions were serially diluted up to 1073, and 20 pL aliquots were spread onto
brain heart infusion (BHI) agar plates. Plates were incubated overnight at 37°C, and the number of
colonies was counted to determine the number of surviving bacteria.

This assay quantified the number of viable surface-associated bacteria remaining after imme-

diate light exposure and washing.

Photoirradiation of pre-attached surface-associated cells

To evaluate the bactericidal activity against already attached bacterial populations, both treat-
ment and control group samples were first incubated with bacterial suspension at 37 °C for 90 min in
the dark to allow bacterial attachment. After this attachment period, the bacterial suspension was
removed, and the samples were gently washed three times with PBS to eliminate non-adherent cells.
The PBS wash fractions were discarded because the assay was focused on the bacterial population
that remained attached to the film surface after the 90 min attachment period.

Cso-containing dark controls and corresponding neat polymer dark controls were processed im-
mediately after the 90 min attachment period to determine the number of viable bacteria recoverable
from the film surface. For the treatment group, fresh PBS was added to each well, and the samples
were exposed to blue light for 2 h at room temperature. After irradiation, the samples were washed
again with PBS to remove cells that were no longer firmly associated with the surface. Surface-asso-
ciated cells remaining on the films were then recovered by vortexing the samples in PBS with sterile
glass beads, followed by serial dilution and plating for CFU enumeration.

This assay therefore quantified the number of viable bacteria recoverable from the film surface
after 90 min of attachment and compared it with the number remaining after subsequent blue-light
treatment. The endpoint reflects photoinactivation and/or light-induced weakening of bacterial sur-

face association, rather than total bacterial survival in the well.
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2.4.3. XTT metabolic activity assay

The XTT metabolic activity assay was performed on the same recovered bacterial suspensions
used for CFU enumeration. The assay was carried out for samples from both experimental set-ups
after the corresponding light-exposed and dark control treatments. Following recovery of the attached
bacterial cells from the film samples, an aliquot of each undiluted suspension was used directly for
metabolic activity analysis.

For each sample, 100 pL of the recovered bacterial suspension was transferred into a well of a
96-well tissue culture plate. Blank wells and control wells were prepared in parallel. Neat polymer
films kept in the dark were used as the 100% metabolic activity reference for each corresponding
polymer system. Ceo-containing films kept in the dark were used to evaluate the effect of fullerene
incorporation without light activation, while illuminated Cso-containing films were used to evaluate
the combined effect of fullerene incorporation and photoirradiation. The XTT labelling mixture from
the Cell Proliferation Kit II (XTT; Roche) was prepared according to the manufacturer’s instructions
to a final XTT concentration of 0.3 mg/mL and added to the wells containing the bacterial suspensions.
The plate was incubated at 37 °C for 24 h, after which absorbance was measured at 450 nm using a
microplate reader. Absorbance values were used as an indicator of the metabolic activity of bacterial
cells recovered from the film samples, with higher absorbance corresponding to greater metabolic
activity.

Relative metabolic activity was calculated after blank correction using the following equation:

oD - 0D
Relative metabolic activity (%) = sample blank x 100
ODneat polymer dark — ODbIank

For each polymer system, the corresponding neat polymer dark control was set as 100%. Values
above 100% indicate that the recovered XTT signal was higher than that of the corresponding neat
polymer dark control. Results were calculated from three independent experimental days and are pre-

sented as mean + SD.

2.4.4. Scanning electron microscopy
SEM analysis was performed at the Faculty of Electronics, Vilnius Gediminas Technical Uni-
versity, with technical assistance from senior engineer Andrius Maneikis. Composite and neat film
discs (0.5 cm diameter) of PHBV, PLA, and chitosan were sterilized in ethanol for 20 min and sub-
sequently washed with phosphate-buffered saline (PBS) to remove residual ethanol. The films were
placed in 24-well tissue culture plates and incubated with 1 mL of Staphylococcus aureus suspension

(107 CFU/mL) for 90 min at 37 °C to allow bacterial attachment.

27



Results

After incubation, the samples were washed three times with PBS to remove unattached cells.
Subsequently, 1 mL of PBS was added to each well and the samples were exposed to blue light for 2
h. Following irradiation, PBS was removed and samples were thoroughly washed with PBS using
vortex for 1 min, the procedure was repeated three times. The PBS from the last wash was replaced
with 2.5% glutaraldehyde solution, and the samples were fixed for 2 h at 4 °C. The glutaraldehyde
solution was then removed, and the samples were dehydrated through a graded ethanol series (30%,
50%, 70%, 90%, and 100%) for 10 min at each step. The samples were allowed to dry at room tem-
perature in a laminar flow cabinet and stored at 4 °C until SEM analysis.

To mitigate surface charging and enhance secondary electron emission, all samples were coated
with a tantalum (Ta) layer of 10—15 nm thickness. Metal layer was deposited using direct current
magnetron sputter (manufacturer Vacuum System Technologies V.S.T. (SERVICES) LTD.) at room
temperature using a 2-inch high-purity Ta target under an argon atmosphere at a working pressure of
15 mTorr. Surface morphology was subsequently characterized via scanning electron microscopy
(SEM) using a Tescan Vega 3 system. Digital micrographs were acquired using a secondary electron

(SE) detector to provide high-resolution topographical contrast.

3. Results

3.1. Fabrication of neat and Cso-containing biopolymer films

Neat and Cgo-containing biopolymer films based on PLA, PHBYV, and chitosan were success-
fully prepared under the optimized conditions described in the Materials and Methods section. Two
fabrication routes were applied, depending on the processing behaviour of each polymer.

PLA and PHBY, which are thermoplastic polymers, were processed using a three-step thermo-
mechanical route: extrusion, injection moulding, and hot pressing. In contrast, chitosan samples were
produced by hot pressing in a mould plate after manual premixing with fullerene and plasticizers.

The multistep route produced uniform circular films of both neat and Ceo-containing PLA and
PHBYV, with an approximate thickness of 0.2 mm. A general processing scheme and representative
PLA and PHBYV films are shown in Figure 8A. The neat films were light in colour and appeared
macroscopically uniform. The corresponding composite films were darker and greyish, with fine vis-
ible speckling, indicating the presence of dispersed Cso within the polymer matrix (Figure 8 B,C).

For chitosan, the starting material was first manually premixed into a paste-like mass. This
mixture was then placed into a metal mould and hot pressed to obtain smaller circular samples with
an approximate thickness of 0.2 cm. Representative images of the premixed material, the mould, and

the final chitosan sample are also shown in Figure 8D. These results show that film formation was
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achieved for all three polymer systems, although the fabrication route depended on the type of poly-

mer.

S
N

Premix Final sample

Figure 8. Fabrication routes and representative neat and Cso-containing biopolymer films. (A)Three-
step thermomechanical processing route used for PLA and PHBYV films, consisting of ex-
trusion, injection moulding, and hot pressing. (B) Representative neat and 0.5 wt% Ceo-
containing PLA films. (C) Representative neat and 0.5 wt% Cso-containing PHBV films.
(D) Chitosan fabrication route, showing premixed starting material, metal mould used for
shaping, and representative hot-pressed chitosan sample

Overall, neat and composite samples were successfully obtained for all investigated biopolymer
systems. The processing method, however, had to be adjusted according to the thermal and rheologi-

cal properties of each polymer.
3.2. Structural confirmation of Ce incorporation in biopolymer films

3.2.1. Raman analysis of Cgo incorporation and distribution in biopolymer films
The incorporation of fullerene into the polymer matrices was examined via Raman spectros-

copy using 785 nm laser excitation. Figure 9A compares the Raman spectra of neat PLA, chitosan,
and PHBYV films with the films modified with fullerene. The modified samples exhibit distinct vibra-
tional bands characteristic of fullerene. Most notably, all composite spectra exhibited the dominant
Raman-active Ag (2) mode at approximately 1467 cm—". Additional fullerene markers are visible at
1575 (Hg (8)), 1249 (Hg (6)), and 772 cm—' (Hg (4)), showing good agreement with the reference
spectrum of pure fullerene (Figure 9B). The preservation of the Ag (2) mode position in the films
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demonstrates that the fullerene structure was unaffected by either the polymer integration or the laser

excitation.
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Figure 9. (A) Raman spectra of PLA, chitosan, and PHBV films with and without fullerene. Spectra
were collected by averaging the Raman mapping data of ~500 individual spectra. (B) Ra-
man spectrum of pristine fullerene Ceso

Figure 10 displays the optical microscopy images alongside the corresponding Raman intensity
maps, constructed by plotting the intensity at 1467 cm—". All polymer films exhibited a highly heter-
ogeneous distribution of fullerene characterized by discrete regions of intense Raman scattering.
Analysis of the mapping data indicates that the fullerene phase occupies approximately 10—-15% of
the scanned area. Moreover, the maximum intensity of Ag (2) mode recorded for PLA was 10500
counts, which is nearly an order of magnitude higher than that observed in the other matrices. This
high signal intensity concentrated in specific domains suggests the formation of significant fullerene

agglomerates or phase-segregated islands within the PLA matrix.
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Figure 10. Optical microscopy images (left) and Raman intensity maps (right) based on the 1467
cm—1 band of fullerene incorporated into PLA, chitosan, and PHBV matrices. Raman maps
were acquired with a spatial step size of 13.5 x 20.0 um. The maximum intensity (white)
corresponds to 10500 counts for PLA, 1450 counts for chitosan, and 1000 counts for PHBV

Overall, Raman spectroscopy confirmed the successful incorporation of Ceo into all three bi-
opolymer matrices, while Raman mapping showed that its distribution was heterogeneous and de-

pended on the polymer system.

3.2.2.  XRD analysis of crystalline structure and Ceo reflections

XRD analysis was performed to evaluate the crystalline structure of the raw polymer materials,
the thermally processed neat films, and the corresponding Ceo-containing composite films of PLA,
PHBY, and chitosan. The diffraction patterns of all systems are shown in Figure 11.

For PLA, the untreated raw polymer material exhibited diffraction peaks characteristic of crys-
talline PLA (ICDD#00-064-1624), with an average crystallite size of about 22.3 nm. In addition,
reflections were observed at 20 = 14.79, 16.64, 19.02, and 22.30°, corresponding to the (104), (200),
(203), and (211) crystallo-graphic planes, respectively. In the thermally processed PLA film, these
characteristic reflections were no longer clearly visible indicating that the crystallinity of the material

strongly decreased after processing. In the PLA-Cso composite film, additional reflections assignable
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to cubic Ceo became visible, including the main peaks corresponding to the (111), (220), and (311)

planes.
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Figure 11. XRD patterns of untreated raw materials of PLA (a), PHBV (b), and chitosan (c) polymers,
as well as of thermally processed films and composite films obtained by mechanical incor-
poration of Ceo. (d) XRD pattern of buckminsterfullerene (Cso) powder mechanically in-

corporated into PLA, PHBYV, and chitosan polymer films.

For PHBYV, the raw polymer granules displayed diffraction peaks consistent with a crystalline
P3HB-type structure (ICDD#00-068-1411), with the most intense reflections observed at 20 = 13.43,
16.84, 19.98, and 25.32°, corresponding to the (020), (110), (021), and (031) crystallographic planes.

After thermal processing and film formation, the neat PHBV film retained the same main crys-
talline reflections. In the PHBV-Cgo composite, these peaks remained present, while the (020) and
(110) reflections shifted slightly toward higher 20 values. The shift of the main PHBV reflections
toward higher 20 values corresponded to small decreases in the calculated a and b lattice parameters,
from 5.767 to 5.747 A and from 13.213 to 13.168 A, respectively, while the ¢ parameter remained

constant at 5.958 A. The crystallite size increased from 7.6 nm in the neat film to 9.2 nm in the

composite. Characteristic Ceo reflections were also present.
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For chitosan, the raw material exhibited the characteristic diffraction pattern of semi-crystalline
chitosan, whereas the processed neat film showed a substantial reduction in crystallinity, with only
the most intense reflection at 20 = 20.04°, assigned to the (110) plane, remaining clearly visible. In
the chitosan-Cso composite, multiple characteristic Ceo reflections were observed, and these were
more numerous and more intense than in the corresponding PLA-C¢o and PHBV-Ceo films. Phase
identification assigned the raw chitosan material to chitosan (ICDD#00-039-1894) and the fullerene-
related reflections in the composite films to buckminsterfullerene C60 (ICDD#00-044-0558).

Overall, thermal processing reduced crystallinity in PLA and chitosan, while PHBV retained its

crystalline structure. Ceo-related reflections were observed in all composite films.

3.3. Effect of Ce incorporation on the thermal behaviour of biopolymer

films

The DSC thermograms of the first heating cycle of neat polymers and their Cgo-containing com-
posite films are shown in Figure 12. Additional DSC data are provided in Appendix A. Distinct dif-
ferences between neat and composite samples were observed for chitosan, PHBV, and PLA, indicat-
ing that Ceo incorporation affected the thermal behaviour of all three polymer systems.

In PLA thermograms, (Figure 12a), neat PLA film exhibited an enthalpy relaxation peak asso-
ciated with the glass transition at 59 °C, which has decreased in the PLA-Ceo film, appearing at 55 °C
as a sharper peak with larger peak area. In the composite, a pronounced cold-crystallisation peak was
observed at 105 °C. Both neat PLA and PLA-Ceo also displayed a crystal reorganization-related event
at approximately 112 °C. In the melting region, neat PLA exhibited three melting peaks at 141 °C,
151 °C, and 161 °C, while the PLA-C¢o film showed two main melting peaks at 144 °C and 153 °C.
Compared with neat PLA, the thermal events in the composite appeared sharper and the highest-
temperature melting peak was no longer observed.

In the PHBV thermograms, (Figure 12b), neat PHBV film exhibited two main melting peaks at
142 °C and 155 °C. In the PHBV-Cg film, the corresponding melting peaks had shifted to 148 °C
and 156 °C, respectively. In addition, the composite film showed an extra melting-related peak at
167 °C, which was absent in neat PHBV. The melting region of the composite also appeared to have
a larger total peak area than that of the neat polymer. Detailed thermal parameters are shown in Table
Al.

In the chitosan thermograms, (Figure 12c), both samples exhibited a broad low-temperature
endothermic event. For neat chitosan, the maximum of this event occurred at 109.5 °C, whereas in
the chitosan-Ceo film the corresponding peak maximum shifted to 123 °C. The broad endothermic

event observed for chitosan-based films is likely associated with water loss and/or residual solvent
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evaporation. The shift to higher temperature in the chitosan-Ceo film may indicate altered water bind-
ing or changes in the hydrogen-bonding network. The endothermic event in the composite film also
appeared broader and more intense than in neat chitosan. At higher temperatures, the thermogram of
chitosan-Ceo also differed from that of neat chitosan, showing an earlier deviation in the final part of

the scan. Detailed thermal parameters are shown in Table A2.
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Figure 12. Differential scanning calorimetry (DSC) thermograms from the first heating cycle of neat
polymer films and their Ceo-based composite films: (a) PLA and PLA-Ceo films, (b) PHBV
and PHBV-Ceo films, and chitosan and chitosan-Ceo films (c). Endothermic heat flow is
plotted upward.

Overall, the DSC results showed that incorporation of Ceo altered the thermal response of all
three polymer matrices, with matrix-dependent effects on the position and profile of the main thermal

transitions.

3.4. Study of light-induced ROS generation by Cso-containing films

Reactive oxygen species generation by the prepared Ceo-containing polymer films was quanti-

fied after 2 h of visible light irradiation using the DPA probe assay described in the Methods section.
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All tested composite films produced measurable amounts of ROS. To compare the ROS-generating
capacity of the materials, ROS production was normalized to the amount of Ceo present in each sample.
This normalization showed clear polymer-dependent differences in photoactivity, with ROS yields of
710.8 pmol g™! Ceo for PLA-Ceo, 344.9 pmol g™' Ceo for PHBV-Cso, and 86.8 pmol g Ceo for chitosan-
Ceo (Figure 13). These results indicate that ROS generation followed the order PLA-Ceo > PHBV-Ceo >

chitosan-Ceo under the applied irradiation conditions.
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Figure 13. Relative efficiency of ROS generation per gram of C60 for C60-containing polymer films.
Values are presented as mean =+ standard deviation (n = 3).

In summary, all Ceo-containing films generated measurable ROS under visible light irradiation,

with PLA—Cso showing the highest photoactivity under the applied conditions.

3.5. Study of antimicrobial photodynamic activity of Ceo-containing films

against S. aureus

CFU results from both assay designs are presented in Figure 14 to allow comparison between

photoirradiation during bacterial attachment and photoirradiation after bacterial attachment.

3.5.1.  Photoirradiation during bacterial attachment
This assay evaluated the viability of attached S. aureus cells recovered from film surfaces after
blue light exposure during the bacterial attachment phase (Figure 14). CFU analysis showed a marked
decrease in viable S. aureus counts on Cso-containing composite films exposed to blue light compared

with their corresponding dark controls.
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The greatest reduction was observed for PLA-Ceo, where bacterial counts decreased from 6.76
logio CFU/mL under dark conditions to 4.10 logiec CFU/mL following light exposure. This corre-
sponded to a 2.66 -logio reduction. PHBV-Ceo showed a comparable response, with viable counts
decreasing from 6.51 to 4.22 logio CFU/mL after illumination, equivalent to a 2.29 -logio reduction.
A similar trend was observed for chitosan-Ceo films, where light exposure reduced bacterial recovery

from 6.73 to 4.19 logio CFU/mL, corresponding to a 2.54 -logio reduction.
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Figure 14. Attached viable S. aureus recovered from neat and Cso-containing polymer films
under light and dark conditions. Green bars represent photoirradiation during the attachment phase,
while blue bars represent photoirradiation after 90 min of bacterial attachment. Results are expressed
as logio CFU/mL. Error bars represent standard deviation

The neat polymer films also supported high bacterial recovery under dark conditions, with
counts 0f 6.73, 6.83, and 6.73 logio CFU/mL for PLA, PHBYV, and chitosan, respectively. These values
were comparable to those observed for the Cso-containing films under dark conditions, indicating that
neither the polymer matrices nor the composites substantially reduced attached S. aureus in the ab-

sence of light activation.
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Overall, the results show that Cso-containing films, particularly PLA-Cso, were able to reduce
viable S. aureus persistence on the surface when illumination was applied during the initial bacteria—

material contact period.

3.5.2.  Photoirradiation of pre-attached surface-associated cells

This assay evaluated whether blue light activation of Ceo-containing films could reduce the vi-
ability of S. aureus cells that had already attached to the film surface during a 90 min attachment
period (Figure 14). Compared with the corresponding dark controls, all illuminated Cso-containing
composites showed a pronounced decrease in recoverable viable cells, indicating effective photoin-
activation of pre-attached bacteria.

The strongest reduction was observed for PHBV-Ceo. Viable bacterial counts decreased from
6.89 logio CFU/mL under dark conditions to 3.34 logio CFU/mL after light exposure, corresponding
to a 3.55 -logio reduction. PLA-Ceo also showed substantial antibacterial activity, with counts decreas-
ing from 6.75 to 3.54 logio CFU/mL, equivalent to a 3.21 -logio reduction. For chitosan-Ceo films,
light exposure reduced bacterial recovery from 6.55 to 4.35 logio CFU/mL, corresponding to a 2.2 -
logio reduction.

The neat polymer films maintained high bacterial counts under dark conditions, with values of
6.77, 6.63, and 6.94 logio CFU/mL for PLA, PHBYV, and chitosan, respectively. These values were
comparable to those observed for the Cso-containing films kept in the dark, indicating that neither the
polymer matrices nor the fullerene-containing composites substantially reduced attached S. aureus in
the absence of light activation. Overall, these results suggest that blue light exposure effectively re-
duced the viability of pre-attached S. aureus on Ceo-containing composite films, with the strongest
effect observed for PHBV-Cso under these assay conditions.

Overall, the results indicate that Cso-mediated photoactivation also affected pre-attached S. au-
reus populations, with PHBV-Ceo showing the strongest reduction in recoverable surface-associated

cells under the tested conditions.

3.5.3.  Metabolic activity of recovered surface-attached cells
The metabolic activity of surface-associated S. aureus recovered from the film surfaces was
evaluated using the XTT assay (Figure 15). After treatment, the films were washed to remove non-
attached cells, and the remaining surface-associated bacteria were recovered into PBS before XTT
analysis. Therefore, the assay reflects the metabolic activity of bacteria that remained attached to the
film after the respective light or dark treatment, rather than the activity of the initial planktonic inoc-

ulum.
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XTT absorbance values were blank-corrected and normalized separately for each polymer sys-
tem and assay design. The corresponding neat polymer film kept in the dark was set as 100% meta-
bolic activity. This normalization was used to compare the Cso-containing films with the same poly-
mer matrix without fullerene. Therefore, Cso-containing films kept in the dark indicate the effect of
fullerene incorporation without light activation, while illuminated Ceo-containing films indicate the

combined effect of fullerene and photoirradiation.
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Figure 15. Relative metabolic activity of recovered S. aureus after XTT assay following pho-
toirradiation during bacterial attachment and photoirradiation after 90 min pre-attachment. Values
were blank-corrected and normalized to the corresponding neat polymer film kept in the dark, which
was set as 100% metabolic activity. Ceo-containing films kept in the dark were used to assess the
effect of fullerene incorporation without light activation, while illuminated Ceo-containing films were
used to assess the combined effect of fullerene and photoirradiation. Error bars represent SD from
three independent experimental days. Values above 100% indicate higher metabolic activity relative
to the corresponding neat polymer control

During photoirradiation applied immediately during bacterial attachment, all illuminated Ceo-
containing films showed strongly reduced metabolic activity compared with the corresponding neat
polymer controls. PLA-Cso light showed the lowest metabolic activity, decreasing to 5.33 + 1.33%.
PHBV-Ceo light and chitosan-Ceo light showed relative metabolic activities of 12.04 + 0.59% and

13.35 + 3.43%, respectively. In contrast, Ceo-containing films kept in the dark remained close to the
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neat polymer controls, with relative metabolic activity values of 104.12 + 11.68% for PLA-Cso,
101.66 + 2.27% for PHBV-Ceo, and 99.55 £ 0.81% for chitosan-Ceo.

A similar pattern was observed when photoirradiation was applied after 90 min of bacterial
attachment. PLA-Ceo light and PHBV-Ceo light showed strong reductions in metabolic activity, de-
creasing to 4.76 = 2.97% and 5.85 £ 2.95%, respectively. Chitosan-Ceo light showed a weaker but still
clear reduction, with relative metabolic activity of 15.46 + 2.30%. Cso-containing films kept in the
dark showed substantially higher metabolic activity than illuminated samples, with values of 84.17 +
1.59% for PLA-Ceo, 116.35 £ 8.47% for PHBV-Ceo, and 100.52 + 3.75% for chitosan-Ceo.

Overall, the XTT results support the CFU findings by showing that blue light activation of Ceo-
containing films strongly reduced the metabolic activity of recovered surface-associated S. aureus.
The Ceo-containing dark controls remained close to the corresponding neat polymer controls, indicat-
ing that fullerene incorporation alone did not cause a consistent decrease in metabolic activity in the
absence of light. Therefore, the reduction observed in illuminated Ceo-containing films was mainly

associated with light activation of incorporated Ceo.

3.5.4. Scanning Electron Microscopy (SEM)

SEM analysis was performed to qualitatively assess the presence and distribution of S. aureus
cells remaining on the film surfaces after bacterial attachment, blue-light irradiation, and repeated
PBS washing. Representative SEM micrographs are shown in Appendix B.

Neat PLA, PHBY, and chitosan films showed visible retention of coccoid bacterial cells after
the treatment procedure. The cells were observed either as isolated cells or as small surface-associated
clusters. Among the neat materials, chitosan showed the most extensive visible bacterial coverage,
with dense areas of retained cells and aggregates. PLA and PHBV also showed retained cells, alt-
hough the distribution was more dispersed.

In contrast, the corresponding films containing 0.5% Cso showed a visibly lower number of
retained bacterial cells. This reduction was particularly evident for PLA +0.5% Ceo and PHBV +0.5%
C60, where only sparse individual cells or small residues were observed across the imaged areas.
Chitosan + 0.5% Ceo also showed reduced bacterial coverage compared with neat chitosan, although
scattered cells and irregular surface-associated residues remained visible.

Overall, the SEM images indicate that incorporation of 0.5% Ceo was associated with reduced
visible bacterial retention on all three polymer films following blue-light exposure and washing.
These observations support the use of SEM as qualitative morphological evidence of differences in

surface-associated bacterial presence between neat and fullerene-containing films.
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4. Discussion

The aim of this work was to fabricate fullerene Ceso-containing biopolymer films and evaluate
whether these materials could function as light-activated antimicrobial surfaces against Staphylococ-
cus aureus. The work addressed four linked objectives: 1) preparation of PLA, PHBV, and chitosan
films containing Ceo; 2) confirmation of Cso incorporation and its effects on polymer structure; 3)
assessment of light-induced reactive oxygen species (ROS) generation by composite films; and 4)
evaluation of antimicrobial photodynamic activity against S. aureus. Overall, the findings support the
central hypothesis that Cso can be incorporated into biopolymer matrices by thermomechanical or
hot-pressing routes while retaining photoactive functionality. Additionally, the results show that the
polymer matrix strongly determines Ceo distribution, thermal behaviour, ROS output, and biological
performance. Therefore, the antimicrobial activity observed in this study should not be interpreted as

a property of Ceo alone, but as an outcome of the combined Ceo-polymer-light-bacteria interface.

4.1. Fabrication feasibility and material integrity

All three biopolymer systems (PLA, PHBYV, chitosan) were successfully processed into neat
and Ceo-containing films, although the processing parameters required adjustment according to poly-
mer-specific thermal and rheological behaviour. This suggests that the selected fabrication approaches
are compatible with fullerene incorporation across chemically distinct biopolymer matrices, fulfilling
the first objective of this work. The need for system-specific processing conditions indicates that
matrix-dependent chain mobility and thermal stability govern film formation, which is consistent with
established differences in melt-processable polyesters versus solution-processed polysaccharides
(e.g., PLA/PHBYV vs chitosan). For example, PLA has a relatively stable processing window com-
pared to other biopolyesters. It softens and flows at moderate temperatures (typically 160—190 °C),
allowing conventional extrusion, injection moulding and thermoforming (Tao et al., 2024). However,
when exposed to high temperatures or long residence times, PLA undergoes chain scission and hy-
drolysis that reduce its molecular weight and viscosity (Velghe et al., 2023). In contrast, PHBV pre-
sents a much narrower thermal processing window. Its melting temperature (165—175 °C) nearly co-
incides with the onset of thermal degradation, so small deviations in processing conditions can trigger
chain rupture and viscosity loss (Zembouai et al., 2013). Although processing remains sensitive due
to the narrow thermal stability range and risk of degradation, the extensive prior research on these
polymers provided established guidelines, making parameter selection more controlled and manage-
able.

Chitosan, on the other hand, is generally not melt-processable by itself due to its low thermal

stability and poor melt flow (Merijs-Meri et al., 2024). This means that pure chitosan tends to degrade
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and lose molecular weight when subjected to typical melt-processing conditions, leading to poor pro-
cessability and deteriorated mechanical properties if processed alone (Merijs-Meri et al., 2024). How-
ever, when plasticizers, such as glycerol, sorbitol or water are added, the melting temperature can be
substantially reduced (Matet et al., 2013). For this reason, glycerol and water were selected as plasti-
cizers in this work, as their ability to reduce effective processing temperature is well-documented,
especially in chitosan systems for films and biodegradable materials (Epure et al., 2011; Leceta et al.,
2013; Matet et al., 2013). Melt-processed chitosan is surprisingly widely investigated for functional
food packaging and biomedical applications, such as composites for tissue regeneration (Correlo et
al., 2010, 2016; Janik et al., 2021).

Together, these differences show that tuning processing to each polymer’s nature is key to pro-

ducing stable, Cso-based biopolymer films suited for antimicrobial coatings.

4.2. Fullerene incorporation and structural preservation

Raman spectroscopy confirmed the presence of Ceo in all composite films through characteristic
vibrational modes, including the Ag (2) band at ~1467 cm™" and additional Hg modes (Dorner-Reisel
et al., 2022; Qin et al., 2025). The absence of peak shifts indicates that the fullerene molecular struc-
ture remained intact during both processing and laser exposure (Yao et al., 2013; Yun-Chong & Yun-
Fan, 2010). This is a critical result, as preservation of the n-conjugated structure of Ceo is directly
linked to its ability to generate reactive oxygen species (ROS) under light irradiation (Mroz et al.,
2007).

This observation aligns with previous reports showing that fullerene retains its photophysical
properties when embedded in polymer matrices, provided no strong covalent interactions occur.
Philips et al. studied non-covalently blended Cso-polymer adhesive nanocomposites, where Cso was
physically incorporated into polystyrene-block-polybutadiene-block-polystyrene (SBS) and polysty-
rene-block-polyisoprene-block-polystyrene (SIS) PSA films (Phillips et al., 2008). They showed that
Ceo retained photosensitizing activity in the films, as demonstrated by oxygen-dependent, light-in-
duced adhesive loss that was suppressed by the singlet oxygen quencher B-carotene (Phillips et al.,
2008). Another study suggested that in addition to ROS generation, such photoactive fullerene-con-
taining polymer materials can also induce damage to biological systems (McCluskey et al., 2009).

While photoactive antimicrobial polymers containing Ceso have not yet been extensively devel-
oped through melt processing, related research suggests that this method is viable. Wylie et al. demon-
strated that antimicrobial polymer surfaces containing the photosensitizer toluidine blue O (TBO)
could be produced by hot-melt extrusion (Wylie et al., 2021). TBO remained stable up to 230 °C,
could be incorporated into several medical polymer classes, and produced a statistically significant

reduction in S. aureus viability after 4 h of irradiation (Wylie et al., 2021). In view of this, pristine
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Ceo has been reported to withstand temperatures up to approximately 714 °C under inert atmosphere,
supporting its thermal robustness during melt processing (Nikonova et al., 2021). Pereira et al.
demonstrated that Ceo could be integrated into polyethylene through melt processing, and even at
loadings as low as 1.0 wt%, the thermo-oxidative stability of the resulting nanocomposites was sig-
nificantly enhanced (Pereira et al., 2015).

Collectively, these findings demonstrate that Ceo retained its characteristic molecular structure
after composite processing, supporting the interpretation that the developed biopolymer-Ceo films

preserved the structural basis required for photodynamic activity.

4.3. Dispersion and spatial distribution of Cso

Optical microscopy and Raman mapping revealed that Ceo was not molecularly or uniformly
dispersed in any of the investigated polymer matrices. Instead, the Raman maps constructed from the
1467 cm™ fullerene band showed discrete Cso-rich domains, with the fullerene phase occupying ap-
proximately 10—15% of the scanned area. This result suggests that while melt processing may have
lessened the dependence on solvent-mediated incorporation, it did not entirely eliminate the inherent
tendency of pristine Ceo to self-associate within polymer matrices.

The extent of heterogeneity was matrix-dependent. PLA showed the highest local Raman in-
tensity, with a maximum Ag (2) signal of 10,500 counts, almost one order of magnitude higher than
chitosan and PHBV. This suggests that Cso was likely concentrated into fewer, highly enriched do-
mains in PLA, consistent with the formation of fullerene agglomerates or phase-segregated islands
(Falke et al., 2011; Qin et al., 2025). In contrast, chitosan and PHBV showed lower maximum inten-
sities of 1450 and 1000 counts, respectively, suggesting less severe local enrichment of Ceo. Although
such heterogeneity is undesirable from a dispersion perspective, it may enhance apparent ROS gen-
eration by increasing local photon absorption in fullerene-rich regions (Kang et al., 2021). Such local
photon concentration increases the likelihood of fullerene photoexcitation and might boost ROS gen-
eration. This effect is similar in principle to the enhanced photogeneration of ROS observed in other
heterostructured nanomaterials, where spatial separation and structuring lead to improved light har-
vesting and charge carrier dynamics (Kang et al., 2021).

In this context, the high ROS yield observed for PLA-Cso may be partly related to the presence
of fullerene-rich domains, as this composite showed an almost 1.6-fold higher ROS yield than Ceo in
solution under the same assay conditions. A similar trend was reported by Soon et al., who found that
polymer/fullerene blend films generated significantly more singlet oxygen than the corresponding
solution-only control (Soon et al., 2013). For photosensitizers, aggregation often reduces activity be-
cause it can promote self-quenching (Speller et al., 2017). However, fullerene photochemistry is more

morphology dependent, and a lot depends on aggregate size, packing, oxygen accessibility, and film
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morphology. Speller et al. showed that fullerene film photochemistry depends strongly on nanomor-
phology (Speller et al., 2017). More dispersed fullerene/polymer blends were more susceptible to
oxygen quenching and photobleaching than more aggregated fullerene films (Speller et al., 2017).
This might help explain why PHBV and chitosan composite films showed lower ROS generation

capacity than PLA and Ceo in a solution, despite the less severe fullerene aggregation in the matrix.

4.4. Polymer-dependent structural interactions (XRD and DSC integration)

The matrix-dependent behaviour observed in Raman mapping was also reflected in the XRD
and DSC results. Together, these analyses suggest that PLA, PHBYV, and chitosan created different
structural environments for Cso incorporation, influencing crystallinity, thermal transitions, and over-
all composite organization.

For PLA, both XRD and DSC indicated reduced crystallinity and the presence of cold crystal-
lization. DSC data suggested that Ceo likely acts as a nucleating agent that promotes cold crystalliza-
tion. The disappearance of the highest-temperature melting peak (~160 °C) in the PLA-Cgo film, com-
bined with sharper and more defined melting events, indicates suppression of large, well-developed
a crystals and preferential formation of smaller, more uniform o' crystallites. The appearance of a
cold-crystallization peak in PLA-Ceo suggests that Ceo modifies the crystallization behaviour of PLA,
possibly by acting as a heterogeneous nucleation site during heating. However, because the calculated
initial crystallinity remains low, this effect should be interpreted as a change in crystallization kinetics
rather than as a clear increase in the final crystalline fraction. These thermal observations are con-
sistent with the XRD results, which showed reduced long-range order indicative of smaller and less
perfect crystallites rather than a fully amorphous structure. Studies on PLA nanocomposites show that
refined crystal structures can improve surface uniformity and reduce localized wear, especially under
mild abrasion conditions (Gao & Masato, 2024; Tang et al., 2012).

For PHBYV, the XRD and DSC results suggest a different response to Ceo incorporation. Unlike
PLA, PHBYV retained its main crystalline structure after processing. The slight lattice contraction,
increase in crystallite size, higher melting temperatures, and small increase in crystallinity all point
towards a more ordered crystalline structure in the composite. Therefore, Cso may have contributed
to the formation or stabilization of more stable PHBV crystalline regions. The additional melting peak
at 167 °C supports this interpretation, as it may be related to thicker or more stable lamellae. Func-
tionally, these properties could be associated with increased stiffness, strength and modulus
(Dusunceli & Colak, 2008) which in turn means that the resulting composite films are more wear-
resistant and durable (T6th et al., 2019).

For chitosan, XRD indicates reduced crystallinity after processing and strong, distinct Ceo re-

flections, suggesting that fullerene remains as a separate crystalline phase with limited dispersion.
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Although DSC data are dominated by water-related transitions rather than classical melting behaviour,
the observed shift of the endothermic peak to higher temperature indicates stronger water binding and
altered hydrogen-bonding interactions.

A plausible interpretation of these results is that the processing disrupted the native hydrogen-
bonded structure of chitosan, while Cso was not fully integrated into the polymer matrix and primarily
remained as separate crystalline domains. Because of this, Ceo is unlikely to act as a reinforcing com-
ponent in chitosan films. Instead, it appears to increase structural heterogeneity, which may contribute
to lower mechanical strength and reduced resistance to abrasion or surface wear. At the same time,
the high flexibility of chitosan-Ceo films may be beneficial for applications on soft or irregularly
shaped surfaces, where more rigid PLA- or PHBV-based films may be less suitable. However, be-
cause the thermal behaviour of these films is strongly affected by bound water, their mechanical and
thermal stability is expected to depend strongly on humidity, which could limit their reliability under
variable environmental conditions.

Antimicrobial coatings for long-term use on clinical or high-touch surfaces must retain function
after repeated cleaning, abrasion, and handling. Durability depends on formulation, substrate condi-
tion, and wear exposure, and some coatings lose coverage or activity after limited abrasion cy-
cles(Buhl et al., 2020). In healthcare, repeated cleaning is unavoidable; thus, antimicrobial coatings
should complement standard hygiene practices, not replace them(Béumler et al., 2022).

Considering these requirements, PHBV-Ceo appears to be the strongest candidate for mechani-
cally demanding antimicrobial surfaces, as its structural response suggests a relatively stable crystal-
line matrix that may better withstand deformation and surface wear. PLA-Cso also shows potential,
particularly for less demanding surfaces where improved homogeneity may help reduce localized
wear. However, its lower crystallinity and cold-crystallization behaviour make its long-term durabil-
ity less predictable. Considering all, chitosan-Cso shows the least potential for such application be-
cause its heterogeneous, water-sensitive structure is likely to be more vulnerable to abrasion and hu-
midity changes. Nevertheless, its flexibility may make it relevant for soft, curved, or irregular inter-
faces where conformability is more important than mechanical durability.

Overall, these matrix-dependent structural differences provide an important basis for interpret-
ing the antimicrobial results. In solid Cso-containing films, antibacterial activity is not determined
only by the amount of fullerene present, but also by how the polymer matrix affects fullerene distri-
bution, exposure to light and oxygen, and contact with surface-associated bacteria. Thus, the different
antimicrobial responses of PLA-Ces, PHBV-Ceo, and chitosan-Ceo are likely linked to the distinct

structural environments created by each polymer matrix.
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4.5. Photochemical and antimicrobial activity

4.5.1.  Capacity of biopolymer-Cg composite films to generate ROS

The photochemical and microbiological results show that incorporating Ceo into the biopolymer
films produced light-activated antibacterial surfaces, but the strength of this effect depended strongly
on the polymer matrix. Fullerene-based photosensitizers can generate singlet oxygen through a Type
IT photodynamic pathway and other reactive species through Type I electron-transfer processes, both
of which may contribute to antimicrobial photodynamic inactivation (Hou et al., 2022). Under blue-
light irradiation, Ceo is generally associated mainly with singlet oxygen formation, although the bal-
ance between different ROS pathways depends on the surrounding medium, oxygen availability, ag-
gregation state, and matrix interactions (Mroz et al., 2007). Since DPA was the only probe used in
this study, the assay supports singlet oxygen generation but does not define the full ROS profile.
Therefore, possible contributions from Type I ROS to the antibacterial effect cannot be excluded.

All Ceo-containing films generated detectable singlet oxygen under irradiation, indicating that
thermomechanical incorporation did not eliminate fullerene photoactivity in PLA, PHBYV, or chitosan.
However, the response differed strongly between the matrices. PLA-Ceo produced the highest signal
(711.7 pmol g Ceo), exceeding the fullerene solution reference tested under the same conditions
(428.4 umol g ! Ceo). PHBV-Ceo still generated a clear signal, although lower than PLA-Ceo, whereas
chitosan-Ceso showed only weak singlet oxygen production. Because these values were normalized to
fullerene content, the differences cannot be explained by Cso loading alone. They more likely reflect
how each matrix affected fullerene exposure, oxygen access, and interaction with the DPA probe.

The high signal of PLA-Cso s particularly interesting because Raman mapping and optical mi-
croscopy showed that this system had the strongest fullerene heterogeneity. PLA-Ceso contained in-
tense Ceo-rich regions, suggesting stronger aggregation or phase separation than in the other films. At
first, this seems inconsistent with the high ROS yield, since aggregation is often associated with self-
quenching and reduced photosensitizer efficiency (Speller et al., 2017). However, in solid films this
relationship is not necessarily straightforward. If fullerene-rich regions remain exposed to light and
oxygen, they may still act as active photodynamic sites despite poor overall dispersion (Nyga et al.,
2022). Previous studies on polymer/fullerene films also show that singlet oxygen generation depends
strongly on blend morphology and excited-state behaviour, rather than on fullerene content alone
(Soon et al., 2013). In addition, better-dispersed, less aggregated fullerene domains are more suscep-
tible to oxygen quenching of triplet states and photooxidation, whereas stronger aggregation can

partly shield some fullerene molecules from oxygen and reduce this interaction (Speller et al., 2017).
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Therefore, the high DPA-detectable singlet oxygen signal in PLA-Cso may reflect not uniform disper-
sion, but the presence of accessible Cso-rich domains that remained sufficiently exposed to light and
oxygen to act as active photodynamic sites.

The lower singlet oxygen generation in PHBV-Ceo and chitosan-Ceo suggests a different matrix
effect. In PHBYV, the more crystalline matrix may have restricted oxygen diffusion or reduced contact
between Ceo and the DPA probe, even though fullerene remained photoactive. In chitosan, the weak
signal may be related to phase-separated Cso domains, water-dependent matrix structure, and poorer
effective contact between fullerene, oxygen, and the probe. Thus, DPA-detectable singlet oxygen
generation was not controlled simply by Ceo content or apparent aggregation, but by how accessible
and photochemically active the fullerene-rich regions were within each matrix.

Overall, the results suggest that thermomechanical processing preserved Ceo photoactivity in all
three biopolymer films, but the efficiency of singlet oxygen generation appeared to be dependent on
matrix-controlled fullerene exposure. Although PLA-Cgo generated the highest singlet oxygen equiv-
alents in the chemical probe assay, ROS generation measured in solution does not necessarily directly
reflect ROS availability at the bacteria-film interface. Therefore, antimicrobial performance likely
also depended on factors such as fullerene accessibility, oxygen diffusion within the polymer matrix,

bacterial contact with photoactive domains, and surface-associated ROS transport.

4.5.2.  Photoactivity of biopolymer-Ces composite films against S. aureus

The microbiological assays confirmed that Cso-containing biopolymer films acted as light-acti-
vated antibacterial surfaces against S. aureus. In both assay designs, illuminated composites showed
markedly lower viable cell recovery and reduced metabolic activity compared with their correspond-
ing dark controls, whereas neat polymer films and Ceo-containing films kept in the dark supported
high bacterial recovery. This suggests that the antibacterial effect was mainly caused by light activa-
tion of incorporated Ceo rather than by the polymer matrices alone or by dark toxicity of fullerene.

The CFU data showed activity both during the initial bacteria—surface contact period and after
90 min of attachment. Since early adhesion is the first step in biofilm development (Donlan, 2002),
the reduction of recoverable attached cells suggests that these films may interfere with early biofilm
establishment. This is consistent with antimicrobial photodynamic therapy, where ROS generated
after photoactivation may contribute to damage of microbial cells and biofilm-associated components,
including proteins, lipids, nucleic acids, and matrix material (Hu et al., 2018).

A key finding is that the two assay designs did not give the same ranking of the materials.
During bacterial attachment, PLA-Cso showed the strongest CFU reduction, followed closely by chi-
tosan-Ceo and PHBV-Ceo. After 90 min of attachment, PHBV-Ceso showed the greatest reduction, fol-
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lowed by PLA-Cseo, while chitosan-Ceo remained the least effective. This difference suggests that an-
tibacterial performance was not determined by ROS generation alone. During the attachment phase,
bacterial contact with the material, local ROS generation, and early adhesion processes occurred sim-
ultaneously. In the post-attachment assay, cells had already interacted with the surface before light
activation, so the outcome likely depended more strongly on adhesion strength, local ROS availability
at the cell-film interface, and the removal of damaged cells during washing.

The ROS and Raman mapping results may help explain these differences. PLA-Ceso generated
the highest amount of DPA-detectable singlet oxygen, which agrees with its strong antibacterial ac-
tivity during the attachment-phase assay. PHBV-Ceo produced a lower singlet oxygen signal than
PLA-Ceo yet showed the strongest CFU reduction against pre-attached cells. This suggests that the
chemical DPA assay does not fully predict antibacterial performance at the cell-material interface:
the more crystalline PHBV matrix may have influenced oxygen or DPA diffusion in solution, while
still allowing effective local ROS action near attached bacteria. Chitosan-Cso showed the lowest sin-
glet oxygen generation and the weakest antibacterial performance, suggesting that its lower ROS
output, water-sensitive structure, and stronger bacterial retention limited its overall efficiency despite
retained photoactivity.

The XTT assay supported the CFU results by showing that the reduction in recoverable bacteria
was accompanied by a strong loss of metabolic activity. This is important because CFU enumeration
reflects the ability of recovered cells to form colonies, whereas XTT provides an additional indication
of metabolic impairment in the surface-associated bacterial population. Under dark conditions, the
Cso-containing films showed metabolic activity close to the corresponding neat polymer controls,
indicating that fullerene incorporation alone did not produce a consistent antibacterial effect. In con-
trast, illuminated Ceo-containing films showed low residual metabolic activity in both assay designs,
supporting a light-dependent mechanism. This agrees with the expected mode of antimicrobial pho-
todynamic therapy, where photoactivated photosensitizers generate ROS that damage several cellular
targets and impair bacterial viability and metabolism. The higher metabolic activity observed for
PHBV-Cso in the dark after 90 min attachment likely reflects material- and day-dependent variation
in bacterial recovery or XTT signal rather than a biologically meaningful stimulatory effect, espe-
cially because the corresponding illuminated PHBV-Cso samples showed one of the strongest reduc-
tions in metabolic activity. Thus, the XTT data reinforce the interpretation that Cso-mediated photo-
activation, rather than dark toxicity, was responsible for the antibacterial response.

SEM observations provided qualitative support for the microbiological findings. Neat films
showed visible retention of coccoid S. aureus cells after washing, while illuminated Cso-containing

films showed fewer retained cells, especially PLA-Cso and PHBV-Ceo. This supports the interpretation

47



Discussion

that photoactivation reduced viable surface-associated bacteria and may have weakened bacterial re-
tention.

Previous fullerene-based antimicrobial coatings have shown that immobilized Cso can retain
photodynamic activity and generate ROS under irradiation (Reynoso et al., 2019). However, many
reported systems rely on chemical functionalization, electrochemical deposition, or solution-based
coating methods. In contrast, the present work shows that Ceo-mediated photoactivity can be pre-

served after thermomechanical processing in biodegradable polymer matrices.

4.6. Limitations and future perspectives

The main limitations of this study should also be acknowledged. ROS generation was measured
using a chemical probe in solution, which may not fully reflect how much ROS is available directly
at the bacteria—film interface. In addition, the cells removed during washing were not quantified sep-
arately, so the assays mainly describe the bacteria that remained associated with the film surface after
treatment. SEM observations were also qualitative, and the long-term stability of the films, repeated
irradiation cycles, and possible Ceo leaching were not evaluated. Therefore, although the results show
clear light-dependent antibacterial activity, further studies are needed to assess the durability, reusa-
bility, and performance of these films under more clinically relevant conditions.

From an application perspective, PLA-Cso and PHBV-Ceo appear to be the more suitable candi-
dates for further development as solid surface-based antimicrobial coatings. Both matrices showed
better thermomechanical processability than chitosan and retained clearer film integrity after pro-
cessing, while PHBV-Ceo also showed favourable structural stability in XRD and DSC analysis. These
properties make PLA- and PHBV-based systems more relevant for future development of durable
photoactive coatings for medical-device or food-contact surface applications. In contrast, chitosan-
Cso remained photoactive but showed weaker antimicrobial performance and lower structural stability
as a solid pressed film. Therefore, chitosan may be more suitable for future solution-based or spray
deposited coating strategies, where its film-forming ability, biodegradability, and antimicrobial back-
ground can be combined with improved photosensitizer dispersion. This direction is consistent with
further work aimed at developing electrosprayed photoactive nanoparticle coatings, such as fullerene-
based particles functionalized with 5-aminolevulinic acid and embedded in a sustainable chitosan
matrix.

In summary, this study demonstrates that unmodified Ceo can retain light-activated antimicro-
bial function after thermomechanical incorporation into biodegradable polymer films. The antibacte-
rial performance of the films was material-dependent and could not be predicted solely from total
ROS generation, indicating that fullerene distribution, polymer morphology, and bacterial-surface

interactions jointly control the efficiency of surface-based aPDT.
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Conclusions

PLA-, PHBV-, and chitosan-based films containing 0.5 wt% Ceso were successfully prepared.
PLA and PHBYV were processed by extrusion, injection moulding, and hot pressing, whereas chitosan
films were obtained by hot pressing after manual premixing.

Raman spectroscopy confirmed Ceo incorporation in all three biopolymer matrices, whereas
Raman mapping showed a heterogeneous, matrix-dependent fullerene distribution. XRD and DSC
analyses further showed that Ceo affected the polymer structures differently: PHBV-Ceo retained the
most stable crystalline structure, PLA-Cs showed reduced crystallinity and strong fullerene hetero-
geneity, and chitosan-Ceo showed pronounced Ceo-related phase separation and water-dependent ther-
mal behaviour.

All Ceo-containing films generated detectable ROS under 450 nm blue-light irradiation, indi-
cating that Ceo retained its photoactivity after processing. ROS generation depended on the polymer
matrix and followed the order PLA-Cso > PHBV-Cso > chitosan-Ceo.

Microbiological assay results have indicated light-dependent antibacterial activity against sur-
face-associated S. aureus. Illuminated Ceo-containing films reduced both recoverable viable bacteria
and metabolic activity, whereas neat films and Cso-containing films kept in the dark supported high
bacterial recovery. PLA-Ceso was the most effective during bacterial attachment, PHBV-Ceso showed
the strongest activity against pre-attached cells, and chitosan-Ceo remained photoactive but was the
least efficient system.

Overall, this work demonstrates that unmodified Ceo can retain light-activated antimicrobial
function after thermomechanical incorporation into biodegradable polymer films. PHBV-Cso showed
the most favourable balance between structural stability and antibacterial performance, whereas the
differences between the three systems show that fullerene distribution, ROS generation, and bacte-

rial-surface interactions jointly determine antimicrobial efficiency.
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SANTRAUKA

Su biopléveliy susidarymu susijusios infekcijos iSlieka svarbia sveikatos prieziiiros problema,
ypaé¢ mikroorganizmams kolonizuojant medicinos prietaisy ar daznai lie¢iamus pavirsius. Sviesa ak-
tyvuojami antimikrobiniai pavirSiai gali padéti kontroliuoti bakterijy prisitvirtinima, nes reaktyvio-
sios deguonies formos susidaro tik ap3vietus fotoaktyvig medziaga. Siame darbe fullerenas Cso buvo
iterptas 1 poli(pieno riigsties) (PLA), poli(3-hidroksibutirato-ko-3-hidroksivalerato) (PHBV) ir chito-
zano pléveles, siekiant sukurti Sviesa aktyvuojamus antimikrobinius biopolimerinius pavir§ius prie§
Staphylococcus aureus.

PLA ir PHBV kompozitai buvo pagaminti termomechaninio apdorojimo biidu, o chitozano
pléveleés - kar§tu presavimu. Ramano spektroskopija patvirtino Ceo jterpimg i visas kompozitines
pléveles, ta¢iau Ramano zemélapiai parodé netolygy, nuo polimerinés matricos priklausantj fulereno
pasiskirstyma. XRD ir DSC analizés parodé¢, kad Ceo skirtingai veiké polimery struktirg: PHBV-Ceo
pasizyméjo didziausiu strukturiniu stabilumu, PLA-Ceo - ryskiausiu fulereno heterogeniSkumu ir su-
mazejusiu kristaliSkumu, o chitozano-Ceo plévelése nustatytos atskiros Ceo fazés ir nuo vandens prik-
lausoma Silumin¢ elgsena.

Visos Ceo turincios plévelés generavo singletin] deguonj veikiant 450 nm mélynai Sviesai, todél
buvo patvirtinta, kad fullerenas po apdorojimo iSlaiké fotodinaminj aktyvuma. DidZiausias ROS sig-
nalas nustatytas PLA-Cso plévelése, mazesnis - PHBV-Cso, 0 silpniausias — chitozano-Ceo plévelése.
Mikrobiologiniai tyrimai parodé nuo Sviesos priklausoma antibakterinj poveikj pavirSiuje prisitvirti-
nusioms S. aureus lgsteléms: PLA-Cso buvo veiksmingiausia bakterijy prisitvirtinimo metu, PHBV-
Ceo labiausiai sumazino jau prisitvirtinusiy lasteliy kiekj, o chitozano-Cso poveikis buvo silpniausias.

Apibendrinant, termofiziSkai apdorotos Ceo turin€ios biopolimerinés pléveles gali veikti kaip
Sviesa aktyvuojami antimikrobiniai pavir$iai, taciau jy veiksmingumas priklauso nuo polimerinés

matricos, fulereno pasiskirstymo, ROS generacijos ir bakterijy sgveikos su pavir§iumi.
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ABSTRACT

Biofilm-associated infections remain a major healthcare problem, particularly in medical de-
vices and high-touch surfaces. Antimicrobial photodynamic surfaces offer a potential strategy for
controlling bacterial attachment because they generate reactive oxygen species only after light acti-
vation. In this study, fullerene Cso was incorporated into poly (lactic acid) (PLA), poly(3-hydroxy-
butyrate-co-3-hydroxyvalerate) (PHBV), and chitosan films to develop light-activated antimicrobial
biopolymer surfaces against Staphylococcus aureus.

PLA and PHBV composites were prepared by thermomechanical processing, whereas chitosan
films were fabricated by hot pressing after manual premixing with Ceo and plasticisers. Raman spec-
troscopy confirmed Ceo incorporation in all films; however, Raman mapping showed that fullerene
was not uniformly dispersed and instead formed matrix-dependent Ceo-rich domains. XRD and DSC
analyses further showed that Ceo affected each polymer differently: PHBV-Ceo exhibited the most
structurally stable response, PLA-Cso showed strong fullerene heterogeneity and reduced crystallinity,
and chitosan-Cso showed phase-separated Ceo domains and water-dependent thermal behaviour.

All Ceo-containing films generated singlet oxygen under 450 nm blue-light irradiation, confirm-
ing that the fullerene retained its photodynamic activity after processing. PLA-Cso produced the high-
est ROS signal, followed by PHBV-Ceo and chitosan-Ceo. Microbiological assays confirmed the light-
dependent antibacterial activity against surface-associated S. aureus. PLA-Ceso was the most effective
during bacterial attachment, whereas PHBV-Ceso showed the strongest reduction in pre-attached cells.
Chitosan-Cso remained photoactive but exhibited the weakest antibacterial performance.

Overall, the results demonstrate that thermophysically processed Cso-containing biopolymer
films can function as light-activated antimicrobial surfaces. The effectiveness of these materials de-
pends strongly on the polymer matrix, indicating that fullerene distribution, ROS generation, and
bacterial interaction with the surface must be considered together when designing photoactive anti-

microbial coatings.
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Appendixes

Appendix A

Supplementary DSC Data

Table Al. DSC thermal parameters of PLA, PLA-C60, PHBV, and PHBV-C60 films

Tg / re-
laxation | AH_re- o AHcce Treorg | AHreorg Tml AHm1 Tm?2 AHm2 Tm3 AHm3 | AHm,to- o
Sample | Cpeak [ lax@ig) | TCCO | wr | co | W | co | e | cO | om | cO | g |y | O
O
I;Ei 59.19 0.613 - - 112.24 0.236 141.28 0.254 151.96 1.805 160.46 0.268 2.327 2.25
PLA-
C60 55.5 0.696 105 2.409 112.57 0.1617 144.61 1.266 153.96 1.655 - - 2.921 0.58
Neat 142,57 | 4757 155.2 3.807 8.565 5.84
PHBV = = = = = . . . . = = . .
P%]ZOV_ - - - - - 148.39 4.625 156.99 4.303 167.09 0.388 9.316 6.69
Note. Note: Enthalpy values were obtained from integrated peak areas after baseline correction in OriginPro 2026. “—” indicates the absence of a clearly
defined peak.
Table A2. DSC thermal events of chitosan and chitosan—C60 films
Tdehydration | AHdehydration
Sample Trelax (°C AHrelax (J/
Neat Chitosan 67.99 2.688 109.52 33.733
Chitosan — C60 85.25 7.865 123.05 33.393

Note. Enthalpy values were obtained from integrated peak areas after baseline correction in OriginPro 2026. “—” indicates that no clearly defined peak

was detected
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Appendix B
SEM images

PLA + 0.5% C60

SEM HV: 5.0 kV WD: 10.52 mm . | VEGASTESCAN| SEMHV:5.0kV WD: 10.51 mm VEGAS TESCAN
View field: 69.2 ym Det: SE 20 pm View field: 69.2 ym Det: SE 20 pm
SEM MAG: 2.00 kx  Date(m/dly): 04/02/26 Performance in nanospace SEM MAG: 2.00 kx  Date(m/dly): 04102126 Performance in nanospace

PHBV + 0.5% C60

SEMHV: 5.0 kV WOD:9.08 mm 1 VEGA3 TESCAN|  SEMHV: 5.0 kv WD: 8.97 mm Lo lyigg] vecasTescan
View field: 69.2 pm Det: SE 20 ym View field: 69.2 ym Det: SE 20 pm
SEM MAG: 2.00 kx | Date(midy): 04/02/26 Performance in nanospace SEM MAG: 2.00 kx | Date(midy): 040226 Performance in nanospace

Chitosan Chitosan + 0.5% C60

SEMHV: 5.0 kV WD: 10.33 mm ! | VEGA3TESCAN|  SEMHV:5.0kV WO: 10.50 mm VEGAS TESCAN|
View field: 69.2 pm Det: SE 20 pm View field: 69.2 ym Det: SE 20 pm
SEM MAG: 2.00 kx | Date(midy): 0402126 Performance in nanospace SEM MAG: 2.00 kx | Date(m/dly): 04/02/26 Performance in nanospace

Figure B1. SEM micrographs of S. aureus on neat and 0.5% C60-containing PLA, PHBYV, and chi-
tosan films after 90 min of bacterial attachment, 2 h of blue-light exposure, washing, fixa-
tion, dehydration, and Ta sputter coating. All samples were processed under identical con-
ditions. Images were acquired using SE detection at 2.00 kx magnification. Scale bar = 20
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