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Novel polyhydroxyalkanoate—
graphene oxide composites with
potential for clinical application
against bacterial
implant-associated infections in
septic surgery

A. Paxinou™?3, R. Nigmatullin®, G. Paterakis?, L. Sygellou?,
R. Viebahn?, C. Galiotis?, J. Salber®*** and |. Roy>°*

'Faculty of Science and Technology, College of Liberal Arts, University of Westminster, London,
United Kingdom, ?Foundation of Research and Technology Hellas, Institute of Chemical Engineering and
High Temperature Chemical Processes (FORTH/ICE-HT), Patras, Greece, *Department of Surgery,
Knappschaft Kliniken Universitatsklinikum Bochum, Ruhr University Bochum, Bochum, Germany,
“Experimental Surgery, Ruhr University Bochum, Bochum, Germany, *School of Chemical, Materials and
Biological Engineering, Faculty of Engineering, University of Sheffield, Sheffield, United Kingdom,
®Insigneo Research Institute, University of Sheffield, Sheffield, United Kingdom

Introduction: Implant-associated infections are a major clinical challenge, often
leading to implant failure, revision surgeries, and increased healthcare costs. The
development of advanced biomaterials with inherent antimicrobial properties is
critical to address this issue. In this study, we present novel two-dimensional (2D)
composite films based on polyhydroxyalkanoates (PHAs) combined with
graphene oxide (GO) to confer both antimicrobial activity and tailored
mechanical properties.

Methods: Composites with varying GO concentrations (0.5, 2, and 5 wt%) were
fabricated using the solvent casting method, using both a short-chain-length PHA,
P(3HB) and a medium-chain-length PHA, P(3HO-co-3HD). Physicochemical
characterization (scanning electron microscopy (SEM), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, X-ray diffraction (XRD), differential
scanning calorimetry (DSC), and mechanical testing) confirmed successful GO
incorporation, changes in surface morphology, and modifications in thermal and
mechanical properties.

Results: Notably, the incorporation of 2 wt% GO into P(3HB) increased the Young's
modulus from 776 + 15 MPa to 1,055 + 28 MPa, indicating enhanced stiffness.
Antibacterial testing using ISO 22196 against Staphylococcus aureus and Escherichia
coli revealed that P(3HB)/2 wt% GO exhibited the highest antibacterial efficacy. In
contrast, the 5 wt% GO composite showed reduced antibacterial activity, likely due
to GO agglomeration. Moreover, in vitro cytocompatibility assays using L929
fibroblasts and NG108-15 neuronal cells demonstrated high cell viability across all
composites, indicating high cytocompatibility.

Discussion/Conclusion: These findings highlight the potential of PHA/GO
composites as sustainable, antimicrobial biomaterials for future use in
implantable devices for septic surgical applications.

polyhydroxyalkanoates, graphene oxide, composites, antibacterial, neuronal
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1 Introduction

In modern medicine, biofilm-associated implant-related
infections pose a major problem. Bacteria adhere to implant
surfaces and evade the immune response and antibiotic therapy
by forming biofilms (Kuilla et al., 2010; Zou et al., 2016). The
frequent and widespread antibiotic resistance of certain microbes
limits the effectiveness of conventional treatments (Mohammed
et al., 2020; Er et al., 2022). Bacterial colonization and biofilm
formation represent a major challenge in chronic disease
management and  surgical interventions, contributing
significantly to morbidity in conditions such as chronic
(COPD)
susceptibility to opportunistic infections (Li et al, 2025).

Despite extensive research, conventional biomaterials often

obstructive pulmonary disease and increasing

lack antibacterial properties, increasing the risk of implant
failure and revision surgeries (Perreault et al., 2013; Kumar
et al, 2019). Although peri-operative or intra-operative
bacterial contamination of implants is possible, bacterial
colonization via bodily fluids is a more common cause of
infection, leading to biofilm formation on medical devices
such as catheters and joint prostheses (Wang et al., 2022; Qin
et al., 2020). This contributes to high revision surgery rates,
affecting pacemakers, heart valves, and stents (Perreault et al,,
2013; de Moraes et al., 2015). Implant removal is often necessary,
even if only one of multiple implants is affected, which not only
increases healthcare expenses and prolongs patient recovery time
but also has significant socio-economic consequences
(Mohammed et al.,, 2020; Malisz and Swieczko-Zurek, 2023).
To address this, research focuses on developing antimicrobial
biomaterials to prevent bacterial adhesion and reduce infection
risks (Er et al., 2022; Sundar et al., 2014). An alternative to
different
compounds that can provide antibacterial efficacy via different

conventional antibiotics involves searching for

or multiple mechanisms of action.
Graphene-based (GBMs)

significant attention due to their unique physicochemical

materials have garnered
properties, particularly in nanoscience and biomedicine
(Kuilla et al., 2010). Their antibacterial and biocompatible
properties make them promising for biosensors, tissue
engineering, drug delivery, and cancer therapy. Among these,
graphene oxide (GO) stands out due to its high surface area and
oxygen functional groups, which enhance dispersibility and
bioactivity (Bellier et al., 2022; Malisz and Swieczko-Zurek,
2023; Arabinda et al., 2024).

GO exhibits potent antibacterial activities, particularly for
Staphylococcus  aureus and  Escherichia  coli, through
mechanisms such as membrane disruption, oxidative stress,
and bacterial entrapment (Zou et al., 2016; Rojas-Andrade
et al,, 2017; Kumar et al., 2019). Studies have confirmed GO’s
superior antibacterial efficiency compared to other GBMs, with
its effectiveness attributed to several factors, such as sheet size,
concentration, and dispersion (Liu et al., 2011; 2012; Hu et al.,
2010). GO-polyamide and GO-Ag composites further enhance
antibacterial activity against multi-drug-resistant strains such as
MRSA (Perreault et al.,, 2013; de Moraes et al., 2015). More
recently, GO has also been shown to confer both bactericidal and
osteogenic properties when applied to biomedical substrates. For
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example, a self-assembling GO coating on polyetheretherketone
(PEEK) improved antibacterial efficacy while simultaneously
promoting osteoblast differentiation and proliferation (Huang
et al.,, 2024). This dual functionality underscores the potential of
GO-modified polymer surfaces to prevent bacterial colonization
while supporting tissue integration, a combination particularly
relevant for long-term implant performance.

Beyond antimicrobial applications, GBMs support osteogenic
differentiation, stem cell adhesion, and nerve regeneration (Hoda
et al,, 2015; Vera-Sanchez et al., 2016; Henriques et al., 2020). Their
biocompatibility has been validated in vitro and in vivo, with
minimal toxicity in various models (Pinto et al., 2013; Mohan
et al, 2018; Williams et al., 2023). GBM-based scaffolds show
potential for spinal repair and peripheral
regeneration, with studies suggesting that their effectiveness may
rival that of autologous grafts (Wang et al., 2022; Qian et al.,, 2021).
With their versatility and promising biomedical applications,

cord nerve

GBMs continue to be explored as next-generation materials
for antibacterial treatments, tissue engineering, and neural
repair (Hoda et al., 2015; Vera-Sanchez et al., 2016; Henriques
et al., 2020).

Polyhydroxyalkanoates (PHAs) have been used as matrices in
biomedical applications for several years. These are promising
biopolymers for biomedical composites due to their favorable
physicochemical and biological properties (Rai et al., 2008;
Mozejko-Ciesielska and Kiewisz, 2016). They are produced
naturally by bacterial fermentation utilizing renewable
resources, offering a sustainable alternative to petroleum-based
plastics. They are classified into short-chain-length PHAs (scl-
PHAs) and medium-chain-length PHAs (mcl-PHAs), with scl-
PHAs being stiff and brittle (melting temperature: 160 °C-180 °C,
glass transition ~0 °C), while mcl-PHAs are more flexible, with
lower melting (40 “C-60 °C) and glass transition temperatures
(=50 °C to 25 °C) (Mozejko-Ciesielska and Kiewisz, 2016; Puppi
et al, 2019; Basnett et al, 2018). These biopolymers have
demonstrated significant potential in drug delivery, bone and
nerve tissue engineering, and wound healing. For example,
poly(3-hydroxybutyrate) (P(3HB)) microspheres have been
used to encapsulate rifampicin and tetracycline, ensuring
prolonged release with minimal side effects (Kassab et al,
1999; Sendil et al., 1999). P(3HB) composites reinforced with
hydroxyapatite promoted rapid bone formation and integration
(Doyle et al., 1991; Luklinska and Bonfield, 1997), while
antibiotic-free antibacterial scaffolds incorporating thioester
groups or selenium- and strontium-doped hydroxyapatite have
shown promise for bone tissue engineering (Marcello et al,
2021). Moreover, in soft tissue engineering, P(3HB)-based
scaffolds supported keratinocyte attachment and proliferation,
aiding wound healing (Rai et al, 2008). In nerve tissue
engineering, P(3HB) was used for successfully bridging 2 mm
nerve gaps in cats and 10 mm gaps in rats, showing results
comparable to those of autografts (Misra et al., 2006; Chen, 2009;
Rai et al., 2008; Masood, 2016). More recently, mcl-PHA blends,
such as  poly(3-hydroxyoctanoate-co-3-hydroxydecanoate)
(P(3HO-co-3HD)),
supporting neuronal cell proliferation and promoting neurite

have been wused in nerve conduits,
growth due to their favorable mechanical properties (Lizarraga-

Valderrama et al.,, 2015). Recent reviews further highlight that
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FIGURE 1
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Pre-
oxidized
material

(A) SEM images of GO material and (B) schematic representation of the two-step oxidation process used for graphene oxide (GO) synthesis.

blending PHAs with other polymers or incorporating nanofillers
their
morphology, and performance (Eesaee et al, 2022). Such

can significantly modify crystallization  behavior,
modifications can be tailored to improve stiffness, ductility, or
barrier properties, thereby enhancing their suitability for
implantable devices and antimicrobial materials.

Despite the increase in biomedical studies with GBMs, there are
only a few reports on the correlations between GBM concentration
and its effectiveness against bacterial strains without simultaneously
negatively affecting eukaryotic cells.

This study investigates the physicochemical and biological
aspects of the developed two-dimensional (2D) composites, based
on the combination of PHAs with GO, evaluating their in vitro
biocompatibility and antibacterial activity with respect to various
eukaryotic and prokaryotic cells. The present study explores
the feasibility of developing biomedical devices containing
effective antibacterial

agents that can combat widespread

bacterial infections while exhibiting no toxicity toward

mammalian cells.

Frontiers in Bioengineering and Biotechnology

2 Materials and methods
2.1 Materials and chemicals

Chemicals, reagents, and materials for the production and
characterization of PHAs and its composites were purchased
from Sigma-Aldrich Company Ltd. (United Kingdom and
Germany), VWR International (United Kingdom), Thermo
Fisher Scientific (United Kingdom and Germany), and FORTH/
ICE-HT Institute, Patras (Greece).

2.2 Synthesis of graphene oxide-
antibacterial compound

GO was synthesized from natural graphite flakes (NGS
Naturgraphit GmbH, Germany) using a modified Hummers
method (Hummers and Offeman, 1958), as previously reported
(Paterakis et al., 2021). The exact synthetic protocol used was as
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follows: 10 g of natural graphite flakes were added to a solution of
6.5 g potassium persulfate (K,S,0g) and 8.8 g of phosphorus
pentoxide (P,Os) in 37.5 mL concentrated sulfuric acid (H,SO.,
96%). The mixture was then placed in an oil bath and heated at 80 °C
for 1 h with constant stirring. After 1 h, the mixture was stirred and
allowed to cool to room temperature for 5 h. Deionized water was
carefully added to the mixture, which was then filtered and washed
using a PTFE membrane filter with a 0.45 pm pore size (Sigma-
Aldrich) until the pH was neutralized (7.0). Finally, the pre-oxidized
graphite powder was air-dried at ambient conditions overnight.
Subsequently, the powder was added to an ice-cold flask containing
230 mL of H,SO, (96%), with constant stirring, and 32 g of
potassium permanganate (KMnO,) was added. The ice bath was
removed, and the mixture was stirred at 35 °C for 2 h (Figure 1B).
The reaction was quenched by careful addition of 2 L of deionized
water and 25 mL of hydrogen peroxide (H,0O,, 30%). The mixture
was then filtered and washed with a 1:10 aqueous HCI solution. The
solid material was dispersed in deionized water and dialyzed, using a
flat cellulose membrane dialysis tubing with a width of 25 mm
(Sigma-Aldrich), until the pH was 7.0. Finally, monolayers of the
GO material were collected by a combination of sonication and
centrifugation with an average lateral size below 1 um, as shown in
the scanning electron microscopy (SEM) image in Figure 1A.

2.3 Bacterial strains and culture conditions

Bacillus subtilis OK2 and Pseudomonas mendocina CH50 were
obtained from the University of Westminster culture collection. The
strains were cultured at 30 °C for 16 h in a shaking
incubator (200 rpm).

The antibacterial studies were carried out using Gram-positive
Staphylococcus aureus ATCC® 29213™ and Gram-negative
Escherichia coli ATCC® 25922™. The bacterial culture was
revived either from glycerol stock at —20 °C or glycerol stock
at —80 °C. The strains were recovered by culturing them on
blood agar plates at 37 °C overnight for 16 h. A single colony
from the grown bacteria on the blood agar plates was collected with a
sterile loop and re-suspended in a tube containing 2 mL of sterile,
isotonic, aqueous saline (NaCl) solution (0.9%, w/v). A densitometer
was used to obtain a bacterial suspension of 0.5 McFarland, which
corresponds to a turbidity equivalent to approximately 1.5 x
10° CFU/mL.

2.3.1 Production of polyhydroxyalkanoates from
Bacillus subtilis OK2 and Pseudomonas
mendocina CH50

The linear polyesters were produced using glycose as the sole
carbon source under nitrogen-limiting conditions. For the
fabrication of the P(3HB), B. subtilis OK2 was used as the
producer microorganism, using a glucose concentration of 35 g/
L, whereas for the copolymer of P(3HO-co-3HD), P. mendocina
CH50 with a glucose concentration of 20 g/L was used as described
by Basnett et al. (2018) and Lukasiewicz et al. (2018) The
fermentation process for obtaining the different biopolymers
was carried out in batch-mode fermenters at the Department
of Life Sciences, University
United Kingdom.

of Westminster, London,
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2.4 Preparation of composite film samples

Polymer solutions of neat P(3HB) and P(3HO-co-3HD) were
prepared by dissolving them in chloroform (5% w/v) at room
temperature and stirring for 24 h. For the PHA/GO composites,
the desired amount of the filler (0.5, 2, and 5 wt%) was
simultaneously dispersed into the same solvent (chloroform) and
sonicated for 30 min. Both solutions were then mixed and stirred
constantly for 24 h. Prior to solvent casting, the solution containing
the polymer and the filler was sonicated for a further 45 min to
ensure the optimal dispersion of GO.

2.5 Physicochemical characterization
of films

2.5.1 Scanning electron microscopy

The surface topography of the samples was studied via scanning
electron microscopy (SEM) (Philips XL30 Scanning Electron
Microscope). Samples were mounted on aluminum stubs, coated
with gold using an EMITECH-K550 gold-sputtering device for
2 min, and then examined under a scanning electron microscope.
The scanning electron microscope was operated at an acceleration
voltage of 10 kV with a working distance of 10 cm. The analysis was
carried out at the Department of Biomaterials and Tissue
Engineering, Eastman Dental
London, United Kingdom.

Institute, University ~College

2.5.2 Water contact angle measurements

Static water contact angle (WCA) studies were carried out to
investigate the wettability of the PHA films and their GO
composites. The studies were carried out using a Theta Lite
Optical (Biolin
United Kingdom) operated with OneAttension software. An

Tensiometer Scientific, Manchester,
amount of 200 uL of deionized water was dropped on the surface
of the films using a gas-tight micro-syringe. The contact angle of the
droplet on the specimen surface was recorded from 10 images
captured at various surface points, with a frame interval of 1 s.
All experiments were carried out in triplicate, and the mean value

was calculated.

2.5.3 Raman spectroscopy

A MicroRaman (inVia Reflex, Renishaw,
United Kingdom) equipped with an Olympus MPLN100x
objective (NA = 0.90) was used to focus the beam on the
samples at a wavelength of 785 nm. The laser power was kept
below 1.5 mW on the sample to avoid laser-induced local heating.

setup

Raman measurements were carried out at the Foundation for
Hellas/Institute of Chemical
Engineering Sciences, Patra, Greece, and data analysis was carried

Research and  Technology,

out at the University of Westminster.

2.5.4 X-ray diffraction

X-ray diffraction (XRD) diffractograms were obtained from a
Bruker D8 Advance Diffractometer in flat plate geometry, equipped
with Cu K, radiation and a Ni filter. Data were collected from 5° to
100° (angle) with a primary beam slit size of 0.6 mm. The XRD
measurements were carried out at the Foundation for Research and

frontiersin.org
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Technology, Hellas/Institute of Chemical Engineering Sciences,
Patra, Greece, and data analysis was carried out at the University
of Westminster.

2.5.5 X-ray photoelectron spectroscopy

The photoemission experiments were carried out in an ultra-
high vacuum (UHV) system equipped with a dual anode Mg/Al
X-Ray gun. The unmonochromatized AlKa line at 1,486.6 €V and an
analyzer pass energy of 97 eV were utilized, which resulted in a full
width at half maximum (FWHM) of 1.7 eV for the Ag3ds,, peak.
The X-ray photoelectron spectroscopy (XPS) core-level spectra were
analyzed using a fitting routine that decomposes each spectrum into
individual mixed Gaussian-Lorentzian peaks following Shirley
background subtraction. The samples were pressed into pellets.
The analyzer’s kinetic energy scale was calibrated according to
ASTM-E 902-88. Survey Scans and O 1s and C 1s core-level
spectra were recorded in detail.

2.5.6 Differential scanning calorimetry

The thermal properties of the samples were analyzed using a
DSC 214 Polyma (Netzsch, Germany) equipped with an Intracooler
IC 70 cooling system, enabling measurements from -70 °‘C. A
sample mass of approximately 5 mg was exposed to cooling and
heating ramps to allow manifestation of the glass transition and
sample melting. The thermograms were used for the determination
of the melting temperature (T,,) and glass transition temperature
(T,) and calculation of melting enthalpy. The encapsulated samples
in aluminum crucibles were heated at a rate of 10 ‘C per min
from —70 °C to 170 °C (mcl-PHAs) or 200 °C (scl-PHAs) and held at
these temperatures for 2 min to remove the thermal history of the
samples. The samples were then cooled to —70 °C at a rate of 20 °C
per min and heated again at a rate of 10 °C per min. The
thermograms of the second cycle were used for analysis using
Proteus 7.0 software.

For the P(3HB) samples, the percentage of crystallinity (X %)
was calculated from the

melting peak areas using the

following equation:

AH,,
AH®

X, = *100,
where AH,, is the melting enthalpy of the material/composite and
AH’ is the melting enthalpy of fully crystallized P(3HB), which is
146.6 J/g for P(3HB) (Barham et al., 1984; Ho et al., 2014).

The enthalpy of fusion (AH,,) of the composite samples was
normalized (AH",,) to account for the weight fraction of the filler
(wy) in the corresponding composites:

AH,,

(1 —wf)'

AH", =

2.5.7 Mechanical analysis

Tensile testing was conducted using the Instron 5940 testing
system. Polymer strips were cut out from films previously made by
the solvent casting technique with a pre-defined size of 5 mm wide
and 35 mm long. The thickness and width of each specimen were
measured at several locations, and the average values were used to
calculate the cross-sectional area. The samples were subjected to
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tensile testing until fracture. The deformation rate was set at 5 mm
per minute for the scl and 10 mm per minute for the mcl samples,
and the stress—strain curve was used to calculate the Young’s
modulus (E), elongation at break (g,), and ultimate tensile
strength (UTS) following ASTM D882-10 (Lukasiewicz et al,
2018; Marcello et al., 2021).

2.6 Biological characterization of films

2.6.1 Direct contact test—ISO 22196 (Japanese test
method JISZ 2801)

The antibacterial properties of the composites were assessed
using ISO 22196 (Japanese test method JISZ 2801) against S. aureus
(ATCC" 29213™) and E. coli (ATCC" 25922™) using non-modified
PHAs—P(3HB) (scl-PHA) and P(3HO-co-3HD) (mcl-PHA)—as
control samples. The samples were tested in the form of discs, and all
tests were performed in triplicate. UV sterilization was done for
15 min before the inoculation of the samples with 10 puL of the
bacterial culture adjusted to a concentration of 3-5 x 10° CFU/mL.
The samples were placed into agar plates and incubated under static
conditions at 37 °C for 24 h. Phosphate-buffered saline (PBS) was
used to recover the viable bacterial cells and plated on agar plates
using the drop plate technique. After 24 h of static incubation, the
number of viable cells was determined through the colony-forming
unit method, and antibacterial activity was expressed using the
following formula:

R =log(a) [control]-log (a) [modi fied],

where a is the average of the viable bacterial cells recovered after 24 h
expressed as CFU/(ml*cm?).

2.6.2 In vitro direct cytotoxicity evaluation

The 1929 murine fibroblasts were purchased from DSMZ
(German Collection of Microorganisms and Cell Cultures
GmbH), and NG108-15 neuronal cells (Cat. No. 88112302) were
purchased from the European Collection of Authenticated Cell
Cultures (ECACC). Cell culture materials were purchased from
Sigma-Aldrich (Dusseldorf, Germany). Live/Dead Staining Kit II
for mammalian cells (Invitrogen, Thermo Fisher Scientific, Paisley,
United Kingdom) was purchased from PromoCell (Heidelberg,
Germany). CytoTox-ONE™ Homogeneous Membrane Integrity
Assay and CellTiter-Blue” Cell Viability Assay were purchased
from Promega Corporation, Madison, United States.

1929 murine fibroblasts were grown in RPMI medium under a
humidified atmosphere of 5% CO, at 37 “C. The RPMI medium was
supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% (w/v)
penicillin/streptomycin. Experiments were carried out only when
confluency of 70%-80% was achieved. After trypsinization, 3 x 10*
cells were seeded per sample. The experiments were carried out in
triplicate. The L929 cells were used between passages 2-9.

NG108-15 neuronal cells were grown in Dulbecco’s modified
Eagle medium (DMEM) under a humidified atmosphere of 5% CO,
at 37 °C. The DMEM was supplemented with 10% (v/v) fetal calf
serum (FCS), 1% (w/v) glutamine, 1% (w/v) penicillin/streptomycin,
and 0.5% (w/v) amphotericin B. Cells were used in the experiments
only after reaching 70%-80% confluence. Cells were trypsinized, and
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FIGURE 2

Composites of P(3HB) and P(3HO-co-3HD) with different weight
concentrations of GO. (A) P(3HB)/0.5 wt% GO, (B) P(3HB)/2 wt% GO,
(C) P(3HB)/5 wt% GO, (D) P(3HO-co-3HD)/0.5 wt% GO, (E) P (3HO-
co-3HD)/2 wt% GO, and (F) P(3HO-co-3HD)/5 wt% GO.

3 x 10* cells were seeded directly on the samples. All the cell culture
experiments were performed at Bochum University in Germany.

The CellTiter-Blue Cell Viability Assay was used to evaluate the
cytocompatibility of the samples. In brief, after the seeding period of the
samples with the respective cell line, the supernatant was removed and
100 pL of CellTiter-Blue reagent was added to the samples and incubated
for 2 h in a humidified atmosphere of 5% CO; in air at 37 “C. Triton X-
100, which caused cell lysis, was used as a negative control solution, while
the tissue culture polystyrene (TCPS) and pristine polymers were
considered positive controls. To quantify cell viability, after 2 h of
incubation, aliquots of the reagent were transferred to a black 96-well
plate, and fluorescence was measured at 560 nm. This experimental
process was adapted from the International Organization for
Standardization (ISO) norm 10993-5:2009 (International Organization
for Standardization, 2009). Finally, the staining solution containing 1 pL/
mL ethidium homodimer-III (red) and 0.25 uL/mL calcein AM (green)
was added to the cells. The images were acquired using an inverted
fluorescence microscope (Olympus IX51).

2.7 Statistical analysis

All the experiments were conducted in triplicate and reported as the
mean value + standard deviation. Statistical analysis was performed using
GraphPad Prism 8 software, applying one-way analysis of variance
(ANOVA) followed by Tukeys post hoc test for comparisons
between data groups. Differences were considered significant when
p-values than 0.05 (). Statistical significance
determination is represented as *p < 0.05, **p < 0.01, and **p < 0.001.

were lower

3 Results

3.1 Physicochemical characterization of 2D
antibacterial PHA/GO composites

The fabrication of the 2D antibacterial PHA/GO composite
substrates was conducted via the solvent casting technique as
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described above. Samples for both scl P(3HB) and mcl P(3HO-
co-3HD) polymer matrices were prepared with GO loadings of 0.5,
2, and 5 wt% with respect to polymer mass. The visual appearance of
the fabricated composite films is shown in Figure 2. In the case of the
homopolymer P(3HB), the composite film with 0.5 wt% GO
appeared whitish with relatively homogeneously distributed, black
speckles. With increasing mass fraction of GO from 2.0 wt% to
5.0 wt%, the amount of optically visible particles, presumably
consisting of GO aggregates, increased, changing the optical
impression from greyish to anthracite. In the case of the
copolymer P(3HO-co-3HD), the composite film still appeared
almost transparent after the addition of 0.5 wt% GO, while the
composite films appeared deep black with 2.0 wt% GO and higher
concentrations of GO (Figures 2D-F).

3.1.1 Scanning electron microscopy of the PHA and
PHA/GO composite films

SEM investigations were carried out to morphologically
verify the GO nanoparticle aggregation during composite film
preparation and their distribution in the two PHA polymer
matrices P(3HB) and P(3HO-co-3HD). Figure 3 shows the
effect of the addition of GO on the surface morphology of the
composite films prepared using P(3HB) and P(3HO-co-3HD) as
the polymer matrix, compared with the neat films. The neat
P(3HB) film (Figure 3A) displayed a smooth and homogenous
surface, which was noticeably altered by the addition of a low GO
load (0.5 wt%). With the addition of the different loadings of GO
into the P(3HB) matrix, the SEM micrographs revealed the
presence of dispersed GO aggregates randomly distributed on
the polymer surface. The images indicate that P(3HB) composites
exhibit significant differences in surface morphology compared
to the neat polymer, with randomly distributed irregular
GO particles.

The SEM micrograph of neat P(3HO-co-3HD) showed an intact,
smooth-surface without any apparent defects on the substrate. The
lower concentration of GO (0.5 wt%) did not cause alterations on the
polymer surface. With an increase in GO content, irregularly
distributed GO particles were observed on the surface of the
composites, as shown in Figures 3G,H.

3.1.2 Surface wettability of the PHA and PHA/GO
composite films

The surface wettability of the PHA films and their respective
PHA/GO composites was evaluated using the static WCA method.

The addition of 0.5, 2, and 5 wt% GO resulted in WCA of 67.9° +
0.4, 78.2° + 0.4, and 73.1° * 0.8, respectively (Figure 4A, C), while
neat P(3HB) exhibited a WCA of 86.9° + 0.6°. Statistical analyses
showed that the differences in water contact angle between all the
composite P(3HB)/GO films and the neat P(3HB) were significant
(p-value < 0.05). Given that the WCA values of the composites were
lower than 90° and lower than that of the neat homopolymer,
P(3HB) composites are considered hydrophilic substrates.

The water contact angle of P(3HO-co-3HD) was 104°, where the
addition of 0.5, 2, and 5 wt% GO resulted in a reduction of the water
contact angle values of 17.3%, 13.5%, and 19.8%, respectively
(Figure 4B). Statistical analysis of the P(3HO-co-3HD)/GO
composites showed significant differences compared to the neat
P(3HO-co-3HD) (***p < 0.001).
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SEM images of (A) neat P(3HB), (B—D) P(3HB) composites containing 0.5, 2, and 5 wt% GO (from left to right), (E) neat P(3HO-co-3HD), and (F=H)
P(3HO-co-3HD) composites containing 0.5, 2, and 5 wt% GO (from left to right).

3.1.3 X-ray photoelectron spectroscopy analysis of
the PHA and PHA/GO composite films

XPS measurements and analysis were performed to determine
the relative atomic composition and the molecular bonding ratios
between different atoms within a surface voxel with an angle-
dependent penetration depth of approximately 10 nm. The
surface functional groups and the electron transition states of
carbon and oxygen in the neat PHAs and their composites with
5 wt% GO composites were analyzed.

The graphene oxide has been previously investigated by the
FORTH group (Sygellou et al., 2015), and the C 1s XPS spectrum
consisted of five components attributed to carbon-carbon bonds in
C-C sp2 and defective (C-C) sp3 configuration and to
carbon-oxygen bonds, namely, hydroxyl/epoxides (C-OH and
C-0-C), (C=0), and (O=C-OH).
Furthermore, the relative atomic concentrations (at%) of carbon
and oxygen in the graphene oxide film were quantified from the C 1s

carbonyls carboxyls

and O 1s peak areas, revealing an oxygen concentration of
approximately 35%. In the present study, an analogous analysis
for the C 1s was performed. In the neat P(3HB) sample (Figure 5A),
the C 1s consists of carbon in graphitic type (C-C), carbon oxygen
single bonds, hydroxides or epoxides, and carboxyls (-COOH) as
indicated from the P(3HB) chemical structure. In the P(3HB)/5 wt%
GO composite (Figure 5B), the intensity of the aforementioned
carbon-oxygen components (hydroxyls and carboxyls) increased
considerably, accompanied by the appearance of a new component
assigned to the carbonyl group (C=0), confirming the presence of
GO in the composite. Similar results are depicted from the C 1s XPS
peak of P(3HO-co-3HD) neat and P(3HO-co-3HD)/5 wt% GO
composite (Figures 5C,D, respectively). In the neat material, the
C 1s spectrum is mainly composed of the C-C component with a
low-intensity C-O signal, whereas carbonyl and carboxyl peaks
appeared in the composite, indicating the presence of GO.
Finally, the relative atomic concentration (at%) of carbon and
oxygen was calculated from the total peak area of the O 1s and
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C 1s peaks in each sample, divided by the appropriate sensitivity
factors (based on Wagner’s collection and adjusted to the
transmission characteristics of the analyzer EA10) (within
experimental error ~10%). The results are summarized in Table 1
along with the relative component concentration derived from the C
1s peak deconvolution.

As demonstrated in Table 1, an increase in the concentration of
C 1s components related to oxygen-containing moieties, including
hydroxyls/epoxides, carboxyls, and carbonyls, is evident in both the
P(3HB) and P(3HO-co-3HD) composites with 5 wt% GO. This
observation serves to confirm the presence of graphene oxide.
However, it is notable that the total oxygen concentration
increases only in the P(3HO-co-3HD)/5 wt% GO composite,
while it remains constant in the P(3HB)/5 wt% GO composite,
equivalent to the neat material. One hypothesis to explain this is
that, in the neat P(3HB) polymer, the oxygen atoms are replaced by
the oxygen moieties from the GO content in the composite.

3.1.4 Raman spectroscopic characterization of the
PHA and PHA/GO composite films

The structural fingerprint of the neat P(3HB) and P(3HO-co-
3HD) matrix and their respective composites was investigated using
Raman spectroscopy. The vibrational spectra of GO include the G
band (1,318 cm™) and D band (1,588 cm™), which are assigned to
the in-plane vibrations of bonded carbon atoms and the out-of-
plane vibrations (disorder) associated with structural defects such as
vacancies, grain boundaries, and amorphous carbon species,
respectively (Qin et al., 2016; Strankowski et al., 2016).

The characteristic G and D peaks of the GO observed for the GO
powder at 1,318 and 1,588 cm’', respectively, confirm the successful
synthesis of GO, and the ratio of these peaks (Ip/Ig) expresses the
extent of disorder of the graphite materials. GO produced in this
study was characterized as D-band dominant over the G-band,
confirming the amorphization of graphite due to chemical
modification.
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FIGURE 4

Water contact angle measurements for neat PHA films and their GO composites (n = 3). (A) WCA values of P(3HB) and its composites; (B) WCA values
of P(B3HO-co-3HD) and its composites; (C) side-view images of water droplets on film surfaces with labeled WCA values. Left: P(3HB) series; right: P(3HO-

co-3HD) series. Statistical significance was determined for neat vs. composite films (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 5
Deconvoluted C 1s XPS spectra of samples: (A) P(3HB) neat, (B) P(3HB)/5 wt% GO, (C), neat P(3HO-co-3HD), and (D) P(3HO-co-3HD)/5 wt% GO.

TABLE 1 Relative atomic concentrations (at.%) of carbon and oxygen and percentages of epoxide—hydroxide (C—O-C, C—O(H)), carbonyl and carboxyl
components in the raw and composites materials, as determined from XPS analysis (deconvolution of the C 1s XPS peak).

Atomic concentration C 1s component concentration

% atomic O % atomic C % C-C % C—0-C, C-0O(H)) Cc=0 O=C-OH

P(3HB) neat 36 64 73 15 0 12
P(3HB) 5 wt% GO 36 ‘ 64 ‘ 56 26 5 ‘ 12
P(3HO-co-3HD) neat 37 ‘ 63 ‘ 91 9 0 ‘ 0
P(3HO-co-3HD)/5 wt% GO 40 ‘ 60 ‘ 82 12 1 ‘ 4
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Raman spectra of (A) GO, P(3HB), and its composites containing 0.5 wt%, 2 wt%, and 5 wt% GO and (B) P(3HO-co-3HD) and its composites

containing 0.5 wt%, 2 wt%, and 5 wt% GO.

TABLE 2 D and G band position and ratio of Ip/lg for different composites containing GO.

Sample D peak (cm™) G peak (cm™) Ip/lg ratio
GO 1,318 1,588 12

P(3HB)

P(3HB)/0.5 W% GO 1,315 1,597 12

P(3HB)/2 wt% GO 1,300 1,589 12

P(3HB)/5 wt% GO 1,311 1,585 12
P(3HO-co-3HD)

P(3HO-co-3HD)/0.5 wt% GO

P(3HO-co-3HD)/2 wt% GO 1,306 1,603 12
P(3HO-co-3HD)/5 wi% GO 1,320 1,588 12

Figure 6A shows the Raman spectra recorded for pure GO (in
powder form) and the surfaces of the film samples (Figure 2) of
P(3HB) and the corresponding P(3HB)/GO composites containing
0.5, 2, and 5 wt% GO. The Raman spectrum of pure GO shows, in
addition to two sharp peaks at 646 and 1,771 cm’, two broader
bands of higher intensity at 1,315 and 1,597 cm™. In the Raman
spectrum of the P(3HB) film, 19 signals are visible in the
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wavenumber range from 500 to 3,000 cm™” The peak
characteristics of the repeat unit of this polymer are marked with
asterisks in Figure 6A. The values of the intensity ratio (Ip/Ig) of the
P(3HB)/GO composites were close to those of pristine GO, as shown
in Table 2.

Similarly, for the P(3HO-co-3HD) composites, the asterisk on

the Raman spectra is ascribed to the characteristic peaks of the co-
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XRD diffractograms of (A) GO, P(3HB), and its composites containing 0.5 wt%, 2 wt%, and 5 wt% GO and (B) P(

containing 0.5 wt%, 2 wt%, and 5 wt% GO.

polymer, where the detection of the G and D bands was feasible only
for the composites containing 2 and 5 wt% GO (Figure 6B).

3.1.5 X-ray diffraction analysis of the PHA and PHA/
GO composite films

X-ray diffraction studies have been carried out on the pristine
GO, PHAs, and their respective composites, as shown in Figure 7.

The crystalline lattice of P(3HB) is reflected with the diffracted
peaks shown in Figure 7A.

The XRD spectra revealed peaks located at 13.6°, 17°, 20, 22°, 25°,
27°, and 44° for the neat P(3HB) film. The obtained peak positions
for the homopolymer are in agreement with previously published
studies (Mohapatra et al., 2017; Anbukarasu et al., 2015). The two
characteristic peaks of the GO diffraction pattern are located at 20 =
12° and 44°. The P(3HB) composites loaded with 0.5, 2, and 5 wt%
GO revealed diffraction peaks assigned only to the P(3HB) matrix.
The 2 and 5 wt% P(3HB)/GO composites exhibited broader
characteristic peaks of the P(3HB). Similarly, in the case of the
P(3HO-co-3HD) composites with the different ratios of GO loading
(0.5, 2, and 5 wt%), no diffraction peaks corresponding to GO were
detected (Figure 7B).

In addition to the surface structure analysis of the film
surfaces made of the homopolymer P(3HB) and the copolymer
P(3HO-co-3HD) and the corresponding PHA/GO composite
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films, the results of the DSC measurements are given below in
order to obtain thermodynamic information on the material
bulk structure.

3.1.6 Differential scanning calorimetry analysis of
the PHA and PHA/GO composite films

DSC was used to investigate the thermal properties of the bio-
polyesters and their respective composites. The effects of the
different GO fractions (0.5, 2, and 5 wt%) on the P(3HB) and
P(3HO-co-3HD) structure of the respective PHA/GO composite
films compared to the pure polymer films are characterized by
means of the thermodynamic parameters of glass transition
temperature (Tg), the melting temperature (T,), and enthalpy of
fusion (AH,,) (Table 3).

The second heating cycle of the DSC thermograms was used to
determine Ty and Ty, values of the neat PHAs and their respective
composites. The T, value of P(3HB) is at 174 °C, while the P(3HB)/
GO composites exhibited lower T, values of 172.6 °C, 172.3 °C, and
172.7 °C and higher Tg values of —1.8, 0.5, and —0.5 for the 0.5, 2, and
5 wt% GO content, respectively. In the case of P(3HO-co-3HD), the
T,, value is 54 °C, and the composites containing 0.5, 2, and 5 wt%
GO had T, values of 61.3 °C, 60 °C, and 59 °C. On the other hand, T,
values are —45 for the neat P(3HO-co-3HD) and -49.3, —51.3,
and -48.6 for the respective composites of 0.5, 2, and 5 wt% GO.
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TABLE 3 Thermal properties of P(3HB) and P(3HO-co-3HD) composites, which contain different amounts of graphene oxide.

Sample Ty (C) Tm (°C) AH (J/g)
P(3HB) -4 174 67.4
P(3HB)/0.5 wt% GO 18 172.6 616
P(3HB)/2 wt% GO 05 1723 815
P(3HB)/5 wt% GO 0.1 172.7 719
P(3HO-co-3HD) —45 54 1.1
P(3HO-c0-3HD)/0.5 wt% GO -49.3 613 03
P(3HO-co-3HD)/2 wt% GO 513 60 L3
P(3HO-co-3HD)/5 wt% GO -48.6 59 17

Ty, is the melting peak, Ty is the glass transition, and AH", is the enthalpy of fusion normalized to the mass fraction of the polymer.

TABLE 4 Mechanical properties of PHA/GO composites.

Sample Tensile strength (o) (MPa) Elongation at break (e, %) Young's modulus (E) (MPa)
P(3HB) 20 +33 213+ 18 776 + 15.2
P(3HB)/0.5 wt% GO 157 + 4.8 18 +03 968 + 26.7
P(3HB)/2 wt% GO 18.4 + 2.9 17 £03 1,055 + 28
P(3HB)/5 wt% GO 13 £2.0 23+0.1 839 + 0.144
P(3HO-co-3HD) 9.8 + 2.4 543 + 69 7423
P(3HO-co-3HD)/0.5 wt% GO 7+12 370 + 42 91+1
P(3HO-co-3HD)/2 Wt% GO 45+03 332 + 60 101 + 1.5
P(3HO-co-3HD)/5 wt% GO 38+ 06 287 + 34 12+23

The melting enthalpies of the specimens of the normalized
values based on a mass fraction of the corresponding polymer
are shown in Table 3.

The addition of 0.5 wt% of the antimicrobial filler into the
polymer reduced AH,, to 61.6 compared with 67.4 J/g for pure
P(3HB). On the other hand, further increases in GO content to
2 and 5 wt% GO resulted in melting enthalpies of 81.5 and 71.9 J/
g, respectively, representing a substantial increase compared with
pure P(3HB). At the highest GO loading (5 wt%), a lower AH,,
value was observed than for the 2 wt% composite. The highest
AH,, value was detected in the composite of P(3HB) containing
2 wt% GO.

Similarly to P(3HB), the P(3HO-co-3HD) composites
containing the lowest GO fraction (0.5 wt.%) exhibited a
decrease in the AH,, value of the composite by 68.6%
compared to the neat polymer matrix. Further addition of the
GO content (2 and 5 wt%) increased the melting enthalpy of the
fabricated composites by 27% and 58%, respectively. The highest
crystallinity for the P(3HO-co-3HD) composites was achieved
with the addition of 5 wt% of GO.

The addition of the antibacterial agent has led to changes in
crystallinity due to molecular structural changes, which can affect
the mechanical properties of the samples. The results of the
mechanical evaluation are shown below.
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3.1.7 Mechanical characterization of the PHA and
PHA/GO composite films

The mechanical properties of the bio-polyesters and their
respective composites were obtained in tensile testing. Film strips
of the composites and their respective matrices were subjected to
tensile testing in order to acquire the tensile strength, elongation at
break, and Young’s modulus of the samples (Table 4).

The addition of GO into the polymer matrix of P(3HB)
increased the Young’s modulus, which reached a maximum value
of 1,055 MPa for the composite containing 2 wt% GO. Amongst the
P(3HB) composites, the highest value of the tensile strength was also
observed for the 2 wt% GO P(3HB) composite (18 MPa) (2 MPa less
than the neat polymer). The composite with higher GO loading (5 wt
%) exhibited decreased Young’s modulus and tensile strength values
compared with the 2 wt% composite (29% and 20.5%, respectively).

In the case of P(3HO-co-3HD) composites, the addition of the
GO particles resulted in a decrease in elongation at break and an
increase in Young’s modulus values compared with the P(3HO-co-
3HD) copolymer. The lower GO loading level (0.5 wt%) decreased
the tensile strength by 28.5%; however, the Young’s modulus was
increased by 30% compared to the neat copolymer. Furthermore, the
addition of GO (2 and 5 wt%) resulted in tensile strengths of 4.5 and
3.8 MPa and Young’s modulus values of 10.1 and 12 MPa,
respectively. These values indicate a proportional correlation
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Antibacterial activity of (A) P(3HB) and (B) P(3HO-co-3HD) composites against Staphylococcus aureus ATCC® 29213™. (Calculation of the resulting R

values according to 15022196/ JISZ 2801.

between the GO content and Young’s modulus; the higher the
loading of the GO into the P(3HO-co-3HD) matrix, the higher
the Young’s modulus values. Conversely, the elongation at break
decreased with an increase in the GO content within the
polymer (Table 4).

3.2 Biological characterization

3.2.1 In vitro antibacterial evaluation of graphene
oxide composites

The evaluation of the antibacterial properties of the composites
was conducted by performing a direct contact test (DCT) for a time
period of 24 h, adapted from the ISO 22196 (Japanese test method
JISZ 2801) standard. Two types of bacterial strains, Gram-positive
Staphylococcus aureus ATCC® 29213™ and Gram-negative
Escherichia coli ATCC® 25922™, were incubated in direct contact
with the composites and their respective neat matrices. The test
provides quantitative results of the antibacterial activity of the
composites with respect to the neat polymers.

The results of the antibacterial activity of the composites against
S. aureus ATCC® 29213™ are shown in Figure 8. The obtained
results indicated that an increase in the GO content resulted in a
reduction in the bacterial cell growth on the surface of the
composites (Figure 8A). Similar to the P(3HB) composites, the
P(3HO-co-3HD) the
increase in GO loading conferred higher antibacterial efficacy of
the  composites
(ATCC® 29213™).

The same test was performed using Gram-negative Escherichia
coli ATCC” 25922™. After 24 h of incubation with the bacterial cells,
the antibacterial activity of the P(3HB) composites was found to be
higher for the composite with 2 wt% GO content (Figure 9A).

composites revealed the same trend;

against  sessile  Staphylococcus — aureus
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However, in the case of the P(3HO-co-3HD) composites, a
concentration-dependent correlation in antibacterial activity was
observed. The higher the amount of GO in the polymer matrix, the
higher the antibacterial activity (Figure 9B). The growth reduction
for both the Gram-positive and Gram-negative bacterial cells upon
their incubation with the PHA composites indicated that the
resulted antibacterial activity conferred with the GO addition.

3.2.2 In vitro direct cytotoxicity evaluation of PHA
and composites

The cytotoxicity of the PHA/GO composites was assessed with
direct in vitro seeding with respect to two different cell types,
1929 murine fibroblasts and NG108-15 neuronal cells.

First, the well-established 1929 cell line was seeded on the
surface of the neat biopolymers and their fabricated composites
for a period of 24 h (Figure 10). The cytocompatibility was expressed
as a percentage of cell viability relative to the positive control tissue
culture polystyrene (TCPS).

The P(3HB) composites containing 0.5, 2, and 5 wt% showed
cell viabilities of 89, 74, and 80%, respectively. Statistical analysis
showed significant differences (*p < 0.05) between the P(3HB)/
0.5 wt% GO sample and the positive control (TCP) after 24 h of
incubation (Figure 10A).

Statistical analysis of the composites of P(3HO-co-3HD)
containing GO showed significant differences (**p < 0.01) only
between the TCPS and the samples of P(3HO-co-3HD)/2 wt% and
P(3HO-co-3HD)/5 wt% for the first 24 h of incubation, as shown in
Figure 10B. The addition of 0.5, 2, and 5 wt% GO to the polymer
matrix resulted in a cell viability of 88%, 72%, and 75%, respectively.

To further investigate the cytocompatibility behavior of the
fabricated composites, the samples were tested with respect to the
NG108-15 cell line. The direct contact test was performed for a time
period of 24 h. The assessment of cytocompatibility was expressed as
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Direct cytocompatibility evaluation of (A) P(3HB) and (B) P(3HO-co-3HD) composites containing different loadings of graphene oxide with respect
to L929 cells (mean + SEM, n = 9 independent experiments). Statistical significance is represented as *p < 0.05, **p < 0.01, and ***p < 0.001 for

comparisons of cells on TCPS vs. GO composites.

cell viability percentage relative to the positive control
TCPS (Figure 11).

After the first 24 h, the P(3HB) composites containing 2 and 5 wt
% GO exhibited neural cell viability of 90%. Statistical analysis
showed that there were significant differences (**p < 0.01) between
the P(3HB)/0.5 wt% composite and TCPS. The P(3HO-co-3HD)
composites (0.5, 2, and 5 wt%) showed cell viability values of 85%,
86%, and 90%, respectively. Statistical analysis showed significant
differences (**p < 0.01) between the TCPS and 0.5 and 2 wt%
composites.

The fluorescent micrographs showed the presence of live cells

(green) on the different PHA/GO composites. Additionally, the
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micrographs (Figure 12) revealed similar cell morphology on TCPS
and PHA/GO composites.

4 Discussion

The modern way of living is accompanied by highly mobile
populations across countries, which in turn aggravate the global
antimicrobial resistance (AMR) problem. Despite technological
the
colonization of bacteria on implants remain a major cause of

advances in regenerative medicine, proliferation and

rejection and can result in increased post-surgery mortality. The
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on TCPS vs. PHA/GO composites.

multidisciplinary era of modern tissue engineering requires
exploration of alternative approaches to prevent bacterial
colonization and, consequently, biofilm formation on sensitive
surfaces such as medical implants. Thus, there is an emerging
need to develop implants that inhibit bacterial adhesion while
simultaneously allowing eukaryotic cells to proliferate.

In this study, eco-friendly, non-toxic antibacterial materials
were developed using a polymer matrix containing two different
types of PHAs, scl and mcl PHAs, with antibacterial activity
imparted by the addition of the inorganic compound, GO. Only
a few studies have investigated the antibacterial properties and, at
the same time, the cytotoxicity of PHA/GO composites on
mammalian cells. Several mechanisms have been suggested in
regard to the antibacterial actions of GO, including oxidative
stress by reactive oxygen species (ROS) (Zhang N. et al, 2016;
Panda et al., 2018; Wu et al., 2018), “sharp” edges of GO platelets,
which cause damage to cell membranes, leading to leakage and death
(Nanda et al., 2015; Ervina et al., 2016; Ji et al., 2016; Gao et al., 2017;
Liu et al,, 2018), and electron transfer interaction from microbial
membranes to GO (Li et al., 2014; Ji et al., 2016). At the same time,
there is a contradiction in the literature, as in some studies, the
antibacterial activity of GO has not been observed (Bianco, 2013).

PHAs, the bio-polyesters with proven biocompatibility and
biodegradability, were produced via bacterial fermentation
(Mukherjee and Koller, 2023; Koller, 2018). With the aim of
developing materials for tissue engineering with a wide range of
mechanical properties and intrinsic antimicrobial activity,
composites of P(3HB) and P(3HO-co-3HD) were prepared by
introducing GO as a particulate filler at loading levels of 0.5, 2,
and 5 wt%. The composites were produced by the solvent casting
method, with the samples being produced as films with a thickness
of approximately 200 pm. The crystallinity of GO used to make the
composites drastically degraded, as shown by Raman spectroscopy
with a D to G ratio of 1.2. Furthermore, intensities of peaks in GO
XRD diffractograms decreased, indicating preservation of only a
small fraction of ordered structures. For this ordered structure, the
interlayer distance between GO platelets significantly increased.
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Both visual inspection and SEM imaging demonstrated
aggregation of GO particles within the polymer matrix. It needs
to be noted that the solvent casting technique used in sample
preparation is not in favor of GO platelet delamination and
dispersion in the polymer matrix. Chloroform, one of the best
solvents for PHAs, disperses GO only sparingly (Konios et al.,
2014). Despite this poor GO dispersibility, its aggregates were
uniformly distributed in the composites.

The SEM micrographs revealed the differences in the
topography between the P(3HB) and P(3HO-co-3HD) films. The
mcl-PHA samples exhibited a smoother surface than the scl-PHA
samples, which showed an uneven morphology. The differences of
the neat films most probably originated from the different degrees of
crystallinity and flexibility of polymer chains between the scl and
mcl-PHA. Due to a higher degree of crystallinity and faster
crystallization of P(3HB) (Kai et al, 2003; Anbukarasu et al,
2015; Li et al., 2016), it solidifies in patches, resulting in uneven
surfaces of the scl-PHA films. The surface morphology of the
composites was analyzed following the addition of GO and
compared with that of the neat polymers. The addition of
different amounts of GO resulted in different effects on the
polymer matrix of neat P(3HB) and P(3HO-co-3HD) films. The
P(3HO-co-3HD) composites showed the least affected topography,
whereas the P(3HB) composites exhibited various-sized pin-holes
that were visible even with the lowest GO (0.5 wt%) loading.
Analysis of the surface morphology evidenced differences
between the P(3HB)-based and P(3HO-co-3HD-co-3HDD)-based
samples. Mcl-PHA films obtained by solvent evaporation are usually
characterized by a smooth surface, while scl-PHA films usually show
a rougher surface with protrusions and pores (Rai et al., 2008;
Anbukarasu et al.,, 2015; Kai et al., 2003; Li et al., 2016).

Surface morphology, along with molecular composition, defines
the wettability of the surface, which is very often considered in the
hydrophobicity. The hydrophobicity/
hydrophilicity of the samples was determined based on the

evaluation of surface

contact angle: surfaces with a contact angle greater than 90° were
considered hydrophobic (water repellent), whereas surfaces with a

frontiersin.org


mailto:Image of FBIOE_fbioe-2025-1671682_wc_f11|tif
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1671682

Paxinou et al.

Cell Lysis

P(3HO-co-3HD)/0.5Wt%GO

FIGURE 12

10.3389/fbioe.2025.1671682

P(3HB)/2wt%GO

B
M
2

«

Fluorescence micrographs of NG108-15 neuronal cells stained with ethidium homodimer-IIl (red) and calcein AM (green) after 24 h in culture on the

respective samples

contact angle less than 90° were considered hydrophilic (Forch et al.,
2009; Peschel et al., 2008; Basnett (2014). The water contact angle for
the neat P(3HO-co-3HD) sample was higher than for P(3HB). This
indicates that mcl-PHA is more hydrophobic, and this feature is
ascribed to the long aliphatic chain of P(3HO-co-3HD), which
demonstrates its hydrophobic feature. For both polyesters,
incorporating hydrophilic GO caused a decrease in water contact
angles. This indicates an exposure of the GO platelet at the
composite surface. In the case of the P(3HB) composites, the
larger decrease in water contact angle was observed for the
composite with the 2 wt% filler content. An increase in the water
contact angle with a further increase in GO content above 2 wt% is
likely to be caused by surface roughening and GO aggregation. A
similar trend was observed for P(3HO-co-3HD) composites.
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XPS analysis revealed the enrichment of carbonaceous species
on the surface of the composites. The deconvolution of the C 1s and
O 1s peaks allowed the calculation of the percentage of the average
relative atomic concentration for the neat polymers and their
composites containing the highest amount of the filler (5 wt%
GO). An increase in the presence of carbonyl (C=O) and
carboxyl (O-C=OH) groups, attributed to the incorporation of
GO in the polymer matrix, was observed only in the P(3HB)/
5 wt% composite.

The Raman spectra of the nanocomposites and their respective
neat matrices of PHAs were used to investigate the presence of GO,
revealing the characteristic peaks of D and G. The presence of the
carbonaceous component is more pronounced in the P(3HB)/GO
composite than in the P(3HO-co-3HD)/GO composite although the
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amount of GO was exactly the same in both nanocomposites (0.5 wt
%). The P(3HB) composite containing 0.5 wt% of the filler seems to
exhibit a stronger resonance Raman effect, indicating that the short
aliphatic chains did not disrupt the hydrogen bonds and other non-
covalent interactions of the polymer with the oxygen molecules of
GO (Bhawal et al.,, 2016; Keyte et al., 2019). In addition, the close
values for the Ip/Ig ratio of the composites compared with the value
of GO indicated the well-preserved structure of GO. The P(3HO-co-
3HD) composites containing 2 and 5 wt% of GO revealed both the
characteristic peaks of D and G bands with a broader shape
compared with pristine GO, indicating the incorporation of GO
into the polymer host, which forms a much more disordered and
defective structure than pure GO (Strankowski et al., 2016). For the
2 wt% composite, the upshift of the G band at 1,603 cm™ may result
from an enhanced and more efficient dispersion of the GO in the
polymer due to the presence of oxygen-containing groups that can
form bonds with the ester groups of the polymer and, hence, reduce
the GO-GO interactions The intensity ratio (Ip/Ig) of the 2 wt%
composite was higher than that of pristine GO, indicating a higher
degree of defects in the composite material.

The XRD patterns revealed the solid-state structural properties
of the polymers and their respective composites. The XRD peaks of
the crystalline P(3HB) are indexed to the orthorhombic crystal
planes (020), (110), (021), (111), (121), (040), and (222) of the
P(3HB) film. Located at 20 = 12° and 44° are the two characteristic
peaks of GO, which are assigned to (001) and (100) planes with
d-spacings of 7.3 A and 2.1 A respectively, confirming the successful
synthesis of GO (Johra et al., 2014; Ameer and Gul, 2016; Ain et al.,
2019). A well-formed network of the GO with polymer matrices of
P(3HB) and P(3HO-co-3HD) is indicated by the absence of the
characteristic XRD peak of GO located at 20 = 12°, even for
composites containing 5 wt.% GO. Moreover, the shifts of the
XRD characteristic peaks of the PHA indicated a change in the
crystallinity of the final composites compared with the respective
neat matrices. In the case of the P(3HB)/GO composites, a more
disordered structure was revealed since the characteristic peaks of
the polymer matrix decreased in intensity compared with the
respective PHA matrix. With the higher filler content of 5 wt%, a
higher peak intensity was observed than the other composites,
implying stacking of the graphene oxide layers within the
P(3HB) matrix. In the 0.5 and 2 wt% composites of the same
biopolymer (P(3HB)), the presence of low-intensity peaks
indicates a more amorphous structure and the presence of
defects on the final composites (Larsson et al., 2017). Similar
findings have been reported in the literature when high
molecular weight polyurethanes and ethylene methyl acrylate
hybrid nanocomposites were developed with the addition of GO
(Bhawal et al., 2016; Strankowski et al., 2016; Larsson et al., 2017).

The DSC analysis revealed the changes in the thermal properties
and the crystallinity of the final composites upon the addition of
different ratios of GO. The obtained composites showed
insignificant changes in their thermal values (T; and Ty,)
compared to their respective neat matrices, indicating that
compounding with GO has little effect on the thermal properties
of the polymer matrices. There are no reported values in the
literature for the heat of fusion for 100% crystalline P(3HO-co-
3HD). Hence, the degree of crystallinity for P(3HO-co-3HD) could
not be evaluated from the DSC results. Nevertheless, the degree of
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crystallinity is proportional to the enthalpy of fusion; thus, the
change in crystallinity from the GO addition to the polymer matrices
was considered in terms of the enthalpy of fusion (AHy) or the
melting enthalpy (AH,,), determined from the area under the
melting endotherm. The higher values of AH,, indicate higher
degrees of crystallinity of the samples. The addition of 2 and
5 wt% into the polymer matrix of P(3HB) enhanced the
crystallinity of the composites, indicating that the GO particles
acted as nucleation sites. The lower crystallinity observed for the
5 wt% composite, compared with the 2 wt% sample, is attributed to
the barrier effect of the GO particles obstructing the growth of the
crystals (Larsson et al., 2017). Similarly, the P(3HO-co-3HD)
composites with 2 and 5 wt% GO showed an increase in the
crystallinity of the polymer matrix. This phenomenon might be
attributed to the decrease in free volume in the amorphous phase of
the co-polyester due to the presence of GO, suggesting affinity
between the filler and the polymer matrix via hydrogen bonds.

At the same time, the addition of GO increased both the
crystallinity and rigidity of the respective matrices. For both
types of PHAs, the introduction of GO improved the strength of
the materials. The hydrogen bonding interactions between the ester
groups of the bio-polyesters and the hydroxyl groups of GO
enhanced Young’s modulus but reduced the elasticity compared
with the neat matrices. The reinforcing effect of the GO on the
polymer matrix has also been reported in other studies (Abdala et al.,
2013; Sridhar et al., 2013; R. Mahendran et al., 2016; Larsson et al.,
2017; Smith et al., 2019; Diez-Pascual, 2021).

More specifically, the P(3HB) composites exhibited greater
Young’s modulus values compared with the neat polymer. This
indicates that GO acts as a reinforcing filler, promoting more
entanglements between the filler and the polymer matrix of the
composite and enabling load transfer to the interphase. The
composite containing the highest amount of the GO (5 wt%)
showed a lower Young’s modulus compared with the 2 wt%
composite. Such behavior can be ascribed to the increase in the
filler interaction, more likely the restacking of GO, which reduces the
Therefore, this
agglomeration limits the load transfer from the matrix to GO

reinforcement of the composite structure.
particles, causing cracks that are easy to propagate. These cracks
are reported to be responsible for the reduction in the strength of the
developed composites (Ervina et al., 2016). Moreover, at higher GO
loading, the bulk structure might have more defects due to GO
aggregation in the polymer matrix. These findings are in agreement
with the literature. Barrett et al. also mentioned that the addition of
GO particles promoted additional entanglements between the
polymer chain and the particles, enhancing the stiffness of the
polymer matrix compared to the neat PHAs (Barrett et al,, 2014;
Mahendran et al., 2016; Smith et al., 2019). The elongation at break
values in Table 4 show a marked decrease with increasing GO
content for both P(3HB) and P(3HO-co-3HD) composites. This
reduction in ductility can be attributed to the inherent stiffness of
GO nanosheets, which act as rigid fillers that restrict polymer chain
mobility. As the GO content increases, strong interfacial interactions
between GO’s oxygen-containing functional groups and the
polymer chains limit plastic deformation, leading to premature
fracture under tensile load. Additionally, at higher loadings, GO
aggregation can introduce stress concentration sites that act as crack
initiation points, further reducing the material’s capacity to elongate
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before breaking. These effects explain the inverse relationship
between GO content and elongation at break observed in this
study. However, the final mechanical properties can further be
the application,
improving/weakening the interface between the polymeric matrix
and the filler (Misra et al., 2006; Rai et al., 2008). This can be
achieved by improving composite processing compared with the

optimized/tailored according to required

solvent-cast method, for example, through melt processing.

The fabrication of the composites aimed at developing 2D
structures with antibacterial efficacy against pathogens found in
the human body and nosocomial environments. Thus, they could be
used as scaffolds for the prevention and reduction of bacterial
colonization. The 2D composites were investigated for their
antibacterial efficacy using the DCT—ISO 22196/JISZ 2801
(established for measuring antibacterial activity on plastics). Both
types of composites containing the different fractions of GO
exhibited high antibacterial activity on contact with the bacterial
strains. The composites of P(3HB) and P(3HO-co-3HD) showed
antibacterial activity against both Gram-positive and Gram-negative
bacteria. Antimicrobial activity was concentration-dependent,
increasing with the increase in GO content in the case of the
P(3HO-co-3HD) 9B). The
enhancement in antibacterial activity at higher GO loadings can

composite  (Figure observed
be attributed to several factors. The increase in GO concentration
enhances the number of exposed nanosheets on the composite
surface, thereby increasing the available active surface area for
bacterial contact. GO’s sharp edges can physically disrupt
bacterial membranes, while its abundant oxygen-containing
functional groups can induce oxidative stress via ROS generation.
These mechanisms act synergistically to damage bacterial cells, and
the probability of such interactions increases as GO content
increases. This dose-dependent behavior is consistent with
previous findings on graphene-based materials against both .
aureus and E. coli.

These results are in agreement with those of other studies
reporting antibacterial activity of GO against both Gram-positive
and Gram-negative species (Akhavan and Ghaderi, 2010; Mejias
Carpio et al., 2012; Perreault et al., 2015; Panda et al., 2018; Diez-
Pascual, 2021).

The addition of the GO particles into the bio-polyesters
resulted in the development of inherently antibacterial
composites. A comparison of the antibacterial activity of the
P(3HB) and P(3HO-co-3HD) composites indicated that the
samples showed greater antibacterial activity against Gram-
positive S. aureus (ATCC” 29213™) than the Gram-negative
E. coli (ATCC" 25922™). Other studies have previously
reported that GO is toxic to bacteria and Gram-positive
species are more susceptible than Gram-negative species
(Akhavan and Ghaderi, 2010; Perreault et al., 2013; Perreault
et al., 2015; Diez-Pascual, 2021). Interestingly, the antibacterial
activity results showed that P(3HB)/2 wt% GO exhibited the
highest antibacterial effectiveness, with an R value approaching
1.0, whereas the P(3HB)/5 wt% GO showed a lower antibacterial
effect than both 2 wt% and 0.5 wt% GO composites. This
observation suggests that while the addition of GO enhances
antibacterial activity, excessive GO loading (5 wt%) may lead to
agglomeration, reducing the effective surface area and limiting
the contact between GO and bacterial cells. Consequently, 2 wt%
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GO appears to be the optimal concentration, balancing
dispersion and activity to achieve maximum antibacterial
performance.

Diez-Pascual (2021) tested the antibacterial activity of the
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) composites
containing a range of GO loading (0.5, 1, 2, and 5 wt%). The
fabricated solvent casted films were successfully tested for their
antibacterial activity against Gram-positive (S. aureus ATCC"
12600 and Bacillus subtilis ATCC" 23857™) and Gram-negative
(E. coli, ATCC" 25922™ and B. cepacia, ATCC" 25416™). The
superior antibacterial activity of the composites toward the Gram-
positive species was ascribed to the different bacterial membrane
Additionally, and Ghaderi (2010)
investigated the antibacterial effect of graphene nanosheets
against both E. coli and Staphylococcus aureus bacteria and

composition. Akhavan

reported that E. coli was more resistant to GO than S. aureus. In
another study, Gao et al. (2017) observed that when S. aureus and
E. coli bacteria were exposed to the same concentration of GO
(40 mg/L), the antibacterial inactivation of the S. aureus strain was
completed in a shorter period (12 h) than the E. coli (168 h). The
different toxicity is mainly attributed to the different form and
structure of the cell membrane of the S. aureus (spherical in shape
(840 nm)) and E. coli (rhabdoid in shape (approximately
1,230-3,538 nm)) strains. The different composition of the cell
membrane can affect how GO interacts with and disrupts the
This difference evaluated by
the RNA the
supernatant of the bacterial strain samples. It was shown that the

membrane. in damage was

comparing concentration obtained from
RNA released from the S. aureus samples was greater than that of the
E. coli samples (Gao et al, 2017). Other suggested chemical and
physical mechanisms of the antimicrobial action of GO include
electron transfer and oxidative stress resulting from the generation
of ROS, membrane stress, and the wrapping/entrapment of bacteria,
facilitated by physical contact. Bacterial respiration is essential for
the growth and metabolism of bacterial cells based on electron
transport to extracellular electron acceptors. When bacterial cells
interact with GO, surface proteins exhibiting n-type semiconducting
behavior facilitate the formation of a Schottky barrier. This leads to
electron transfer from the cell membranes to the graphene materials,
which are effective electron acceptors, driven by Fermi level
alignment (Prasad et al., 2017; Diez-Pascual, 2021).

The difference in surface electron states of the Gram-positive
and Gram-negative bacterial membranes might be a reason for the
differences in the antibacterial efficacy of the graphene materials
against the two categories of bacterial species.

The ROS species generated from GO as hydroxyl radicals can
attack the carbonyl groups of the peptide linkages of the bacterial cell
wall and damage the cellular components. More specifically, they are
responsible for the oxidation of the cellular components of the
bacterial strains, causing peroxidation of lipids, enzyme inhibition,
oxidation of proteins, and damage to nucleic acids, which results in
microbial death (Prasad et al., 2017; Sharma et al., 2018; Diez-
Pascual, 2021; Seifi and Ali, 2021). The physical mechanisms include
the wrapping/entrapment of bacterial cells, lipid extraction, and the
direct contact of sharp GO edges with bacterial membranes,
inducing membrane stress and leading to membrane disruption
and subsequent leakage of intracellular material (Akhavan and
Ghaderi, 2010; Prasad et al., 2017; Diez-Pascual, 2021; Seifi and
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Ali, 2021). Hence, the presence of the outer membrane in the Gram-
negative E. coli could act as protection against GO damage, while
Gram-positive S. aureus lacks an outer membrane, thereby
increasing the chances of cell death.

Nevertheless, further studies should be conducted to standardize
the media, reagents, and methods, along with ensuring the process of
GO origin, size, and other vital physicochemical features prior to
antibacterial testing of such materials, so a more comparative
correlation would be of most use for the future. Additionally,
systematic studies are required for graphene and its derivatives
before their incorporation with other constituents.

In vitro direct cell culture experiments were carried out in the
presence of the PHA-based composites using 1929 murine
fibroblasts and NG-10815 neuronal cells. The results showed that
the fabricated composites of both polymer types exhibited
cytocompatibility toward both cell lines. The quantitative
assessment of the samples over period of 24 h revealed that the
fabricated composites favor the attachment and the proliferation of
1929 murine fibroblasts and NG108-15 neuronal cells.

Chitosan composites loaded with different ratios of GO showed
an enhanced bioactivity of the scaffold material when tested with
respect to VERO from the African green monkey cell line and
murine preosteoblasts MC3T3-Elcells. This behavior appeared to be
proportional to the GO concentration (Dinescu et al., 2014). In
another study, composites of polyvinyl-N-carbazole with GO
exhibited a tolerable cytotoxic effect toward NIH 3T3 fibroblast
cells (Mejias Carpio et al., 2012). Akhavan et al. (2014) conducted
in vitro viability tests on ginseng-reduced graphene oxide sheets
using human neural stem cells (hNSCs). The study showed that the
ginseng-reduced graphene oxide showed better proliferation of the
hNSCs compared to the rest of the samples. Hybrid nanofibrous
scaffolds of PCL-GO were fabricated to guide rat neural stem cell
(NSC) differentiation into oligodendrocytes. The authors reported
that the selective differentiation of NSCs to mature oligodendrocytes
occurred in the absence of inductive factors in the culture medium
(Shah et al, 2014). Moreover, proliferation and osteogenic
differentiation of adult MSCs isolated from goat bone marrow
aspirates were successfully observed after coating culture plates
with GO (0.1 mg/mL) (Hoda et al,, 2015). Additionally, aligned
PLLA nanofibrous scaffolds coated with graphene oxide promoted
Schwann cell (SC) growth by regulating cell orientation and induced
the differentiation and neurite outgrowth of rat pheochromocytoma
12 (PC12) cells (Zhang K. et al, 2016). When scaffolds of 2D
graphene films and nanostructured rGO microfibers were seeded
with NSCs, it was shown that the rGO microfibers exhibited superior
proliferation and differentiation of the cells compared with the tissue
culture plate and 2D graphene films. Over a time period of 5 days,
the rGO scaffolds were able to regulate the NSC differentiation into
neurons, forming a dense neural network similar to a functional
nerve graft (Guo et al., 2017). The ability of pristine graphene to
promote cell adhesion and proliferation of monkey renal fibroblast
(Cos-7), as well as on primary E18 rat hippocampal neurons, was
reported by Rastogi et al. (2017). They found that graphene does not
induce any cell stress since no alteration of the mitochondrial
membrane potential (MMP), mitochondrial morphology, and
autophagy levels was observed after 9 days of incubation.

Despite these promising findings and the favorable attachment and
proliferation of cells reported in the literature, some studies have reported
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that graphene-based materials exert significant toxic effects on PC12 cells
in a dose- and time-dependent manner (Kang et al,, 2017).

Interestingly, the antibacterial trends were not identical for the two
polymer systems. In the case of P(3HB), the 2 wt% GO composites
showed the strongest antibacterial activity, while higher loading (5 wt%)
seemed to reduce activity, most likely because of GO agglomeration that
limited the effective contact with bacterial cells. In contrast, for the
P(3HO-co-3HD) composites (Figure 9B), antibacterial activity kept
increasing with higher GO content. This difference suggests that the
polymer matrix itself plays an important role in how well GO is
dispersed. In P(3HO-co-3HD), the GO appears to remain better
distributed even at higher concentrations, allowing its antibacterial
mechanisms to scale with loading. These results highlight that GO’s
antibacterial effect is not only related to concentration, but it also
depends strongly on the surrounding polymer environment, which is
consistent with other studies reporting GO activity against both Gram-
positive and Gram-negative species (Akhavan and Ghaderi, 2010;
Mejias Carpio et al., 2012; Perreault et al., 2015; Panda et al., 2018;
Diez-Pascual, 2021).

5 Conclusion

In this research, two types of bio-polyesters served as matrices
for creating GO composites. The study investigated both the
physicochemical and biological characterization of the resulting
scaffolds, aiming to address the global issue of antibacterial
resistance in biomedical applications. The introduction of varying
GO ratios (0.5, 2, and 5 wt%) had distinct impacts on the
physicochemical attributes of the two different types of bio-
polyesters (P(3HB) and P(3HO-co-3HD)). Physicochemical
analyses confirmed uniform GO incorporation and surface
morphological changes, while mechanical testing demonstrated
that the addition of 2 wt% GO to P(3HB) increased the Young’s
modulus from 776 + 15 MPa to 1,055 + 28 MPa, indicating
enhanced stiffness. Both types of composites demonstrated
antibacterial effectiveness against both Gram-positive and Gram-
negative bacterial strains. According to ISO 22196 testing, GO
demonstrated a concentration-dependent activity against S.
aureus and E. coli, with P(3HB)/2 wt% GO achieving the highest
antibacterial  efficacy. ~ Cytocompatibility ~ testing  using
1929 fibroblasts and NG108-15 neuronal cells in direct contact
with the specimens showed no adverse effects on cell viability, even
in specimens with the highest concentration of GO. The
processability of these composites offers a versatile platform for
scaffold formulation, allowing adjustment of mechanical and
thermal properties by modifying the GO content to meet specific
application requirements. Furthermore, the developed drug-free
composites exhibited targeted toxicity against bacterial cells
without displaying any harm to mammalian cells. Overall, this
study underscores the potential of these innovative antibacterial,
biodegradable, highly biocompatible, and customizable composites
for various medical applications. Future research will focus on
3D PHA/GO scaffolds their
physicochemical and biological properties for potential use in

fabricating and  exploring
nerve tissue engineering. In addition, in vivo evaluations, long-
term antibacterial studies, and optimization of GO dispersion will

be included to maximize efficacy and safety in clinical applications.

frontiersin.org


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1671682

Paxinou et al.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

Ethical approval was not required for the studies on animals
in accordance with the local legislation and institutional
requirements because only commercially available established
cell lines were used.

Author contributions

Data
Investigation,

AP:  Conceptualization, curation,
draft,

Writing - review and editing. RN: Writing - review and editing,

Methodology,

Writing - original Formal analysis,
Data curation. GP: Investigation, Writing — review and editing. LS:
Investigation, Writing - review and editing. RV: Writing - review
and editing. CG: Supervision, Writing - review and editing. JS:
Conceptualization, Supervision, Writing - review and editing,
Funding acquisition, Project administration, Visualization. IR:
Writing - review and editing, Supervision, Funding acquisition,
Conceptualization, Resources, Project administration.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. This work was funded by
the European Union’s Horizon 2020 research and innovation
program under the Marie Sklodowska-Curie Scheme, grant
agreement no 643050, HyMedPoly, Drug-Free Antibacterial
Hybrid Biopolymers for Medical Applications. IR would also like

References

Abdala, A., Barrett, J., and Srienc, F. (2013). Synthesis of Poly-(R)-3 hydroxyoctanoate
(PHO) and its graphene nanocomposites. Green Polym. Chem. Biocatal. Mater. II,
199-209. doi:10.1021/bk-2013-1144.ch014

Ain, Q. T., Hagq, S. H., Alshammari, A., Al-Mutlag, M. A., and Anjum, M. N. (2019).
The systemic effect of PEG-nGO-induced oxidative stress in vivo in a rodent model.
Beilstein ]. Nanotechnol. 10, 901-911. doi:10.3762/bjnano.10.91

Akhavan, O., and Ghaderi, E. (2010). Toxicity of graphene and graphene oxide
nanowalls against bacteria. ACS Nano 4 (10), 5731-5736. doi:10.1021/nn101390x

Akhavan, O., Ghaderi, E., Abouei, E., Hatamie, S., and Ghasemi, E. (2014).
Accelerated differentiation of neural stem cells into neurons on ginseng-reduced
graphene oxide sheets. Carbon 66, 395-406. doi:10.1016/j.carbon.2013.09.015

Ameer, S., and Gul, I. H. (2016). Influence of reduced graphene oxide on effective
absorption bandwidth shift of hybrid absorbers. PLOS ONE 11 (6), e0153544. doi:10.
1371/journal.pone.0153544

Anbukarasu, P., Sauvageau, D., and Elias, A. (2015). Tuning the properties of
polyhydroxybutyrate films using acetic acid via solvent casting. Sci. Rep. 5 (1),
17884. doi:10.1038/srep17884

Arabinda, B., Rachita, N,, Das, S., Kalita, N., Nath, M., Ghosh, P., et al. (2024). Biomedical
applications of graphene-based nanomaterials: recent progress, challenges, and prospects in
highly sensitive biosensors. Discov. Nano 19 (1), 103. doi:10.1186/s11671-024-04032-6

Barham, P. ], Keller, A., Otun, E. L., and Holmes, P. A. (1984). Crystallization and
morphology of a bacterial thermoplastic: poly-3-hydroxybutyrate. J. Mater. Sci. 19 (9),
2781-2794. doi:10.1007/bf01026954

Frontiers in Bioengineering and Biotechnology

10.3389/fbioe.2025.1671682

to acknowledge the EPSRC for funding this research, grant no:
EP/X026108/1.

Conflict of interest

IR is the Director of PHAST Limited that develops biomedical
grade polyhydroxyalkanoates (PHAs) for a variety of applications
including healthcare and biomedical applications. The polymers
used in this work were produced in the Roylab and not by PHAST.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Barrett, J. S. F., Abdala, A. A, and Srienc, F. (2014). Poly(hydroxyalkanoate)
elastomers and their graphene nanocomposites. Macromolecules 47 (12), 3926-3941.
doi:10.1021/ma500022x

Basnett, P. (2014). Biosynthesis of polyhydroxyalkanoates, their novel blends and
composites for biomedical applications. Available online at: https://
westminsterresearch.westminster.ac.uk/item/8y9yx/biosynthesis-of-
polyhydroxyalkanoates-their-novel-blends-and-composites-for-biomedical-
applications.

Basnett, P., Marcello, E., Lukasiewicz, B., Panchal, B., Nigmatullin, R., Knowles, J. C.,
et al. (2018). Biosynthesis and characterization of a novel, biocompatible medium chain
length polyhydroxyalkanoate by Pseudomonas mendocina CH50 using coconut oil as
the carbon source. . Mater. Sci. Mater. Med. 29 (12), 179. do0i:10.1007/s10856-018-
6183-9

Bellier, N., Baipaywad, P., Ryu, N, Lee, J. Y., and Park, H. (2022). Recent biomedical
advancements in graphene oxide- and reduced graphene oxide-based nanocomposite
nanocarriers. Biomaterials Res. 26 (1), 65. doi:10.1186/s40824-022-00313-2

Bhawal, P., Ganguly, S., Chaki, T. K, and Das, N. C. (2016). Synthesis and
characterization of graphene oxide filled ethylene methyl acrylate hybrid
nanocomposites. RSC Adv. 6 (25), 20781-20790. doi:10.1039/c5ra24914g

Bianco, A. (2013). Graphene: safe or toxic? The two faces of the medal. Angew. Chem.
Int. Ed. 52 (19), 4986-4997. doi:10.1002/anie.201209099

Chen, G.-Q. (2009). Plastics completely synthesized by bacteria:
polyhydroxyalkanoates. Microbiol. Monogr., 17-37. doi:10.1007/978-3-642-03287-5_2

frontiersin.org


https://doi.org/10.1021/bk-2013-1144.ch014
https://doi.org/10.3762/bjnano.10.91
https://doi.org/10.1021/nn101390x
https://doi.org/10.1016/j.carbon.2013.09.015
https://doi.org/10.1371/journal.pone.0153544
https://doi.org/10.1371/journal.pone.0153544
https://doi.org/10.1038/srep17884
https://doi.org/10.1186/s11671-024-04032-6
https://doi.org/10.1007/bf01026954
https://doi.org/10.1021/ma500022x
https://westminsterresearch.westminster.ac.uk/item/8y9yx/biosynthesis-of-polyhydroxyalkanoates-their-novel-blends-and-composites-for-biomedical-applications
https://westminsterresearch.westminster.ac.uk/item/8y9yx/biosynthesis-of-polyhydroxyalkanoates-their-novel-blends-and-composites-for-biomedical-applications
https://westminsterresearch.westminster.ac.uk/item/8y9yx/biosynthesis-of-polyhydroxyalkanoates-their-novel-blends-and-composites-for-biomedical-applications
https://westminsterresearch.westminster.ac.uk/item/8y9yx/biosynthesis-of-polyhydroxyalkanoates-their-novel-blends-and-composites-for-biomedical-applications
https://doi.org/10.1007/s10856-018-6183-9
https://doi.org/10.1007/s10856-018-6183-9
https://doi.org/10.1186/s40824-022-00313-2
https://doi.org/10.1039/c5ra24914g
https://doi.org/10.1002/anie.201209099
https://doi.org/10.1007/978-3-642-03287-5_2
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1671682

Paxinou et al.

de Moraes, A. C. M., Lima, B. A., de Faria, A. F., Brocchi, M., and Alves, O. L. (2015).
Graphene oxide-silver nanocomposite as a promising biocidal agent against methicillin-
resistant Staphylococcus aureus. Int. J. Nanomedicine 10 (1), 6847-6861. doi:10.2147/
IJN.S90660

Diez-Pascual, A. M. (2021). Effect of graphene oxide on the properties of Poly(3-
Hydroxybutyrate-co-3-Hydroxyhexanoate). Polymers 13 (14), 2233. doi:10.3390/
polym13142233

Dinescu, S., Ionita, M., Pandele, A. M., Galateanu, B., Iovu, H., Ardelean, A., et al.
(2014). In vitro cytocompatibility evaluation of chitosan/graphene oxide 3D scaffold
composites designed for bone tissue engineering. Bio-Medical Mater. Eng. 24 (6),
2249-2256. doi:10.3233/bme-141037

Doyle, C., Tanner, E. T., and Bonfield, W. (1991). In vitro and in vivo evaluation of
polyhydroxybutyrate and of polyhydroxybutyrate reinforced with hydroxyapatite.
Biomaterials 12 (9), 841-847. doi:10.1016/0142-9612(91)90072-1

Eesaee, M., Payman, G., Dinh, D. N,, Sabu, T., Said, E., and Phuong, N. (2022).
Morphology and crystallization behaviour of polyhydroxyalkanoates-based blends and
composites: a review. Biochem. Eng. J. 187 (11), 108588. doi:10.1016/j.bej.2022.108588

Er, S. G, Edirisinghe, M., and Tabish, T. A. (2022). Graphene-based nanocomposites
as antibacterial, antiviral, and antifungal agents. Adv. Healthc. Mater. 12 (6), 2201523.
doi:10.1002/adhm.202201523

Ervina, J., Mariatti, M., and Hamdan, S. (2016). Effect of filler loading on the tensile
properties of multi-walled carbon nanotube and graphene nanopowder filled epoxy
composites. Procedia Chem. 19, 897-905. doi:10.1016/j.proche.2016.03.132

Forch, R, Schonherr, H., and Jenkins, A. (2009). Surface design: applications in
bioscience and nanotechnology. Wiley eBooks. doi:10.1002/9783527628599

Gao, Y., Wu, J,, Ren, X, Tan, X,, Hayat, T., Alsaedi, A., et al. (2017). Impact of
graphene oxide on the antibacterial activity of antibiotics against bacteria. Environ. Sci.
Nano 4 (5), 1016-1024. doi:10.1039/c7en00052a

Guo, W,, Qiu, J,, Liu, J,, and Liu, H. (2017). Graphene microfiber as a scaffold for
regulation of neural stem cells differentiation. Sci. Rep. 7 (1), 5678. doi:10.1038/s41598-
017-06051-z

Henriques, P. C., Pereira, A. T., Pires, A. L., Pereira, A. M., Magalhies, FE. D, and
Gongalves, I. C. (2020). Graphene surfaces interaction with proteins, bacteria,
mammalian cells, and blood constituents: the impact of graphene platelet oxidation
and thickness. ACS Appl. Mater. and Interfaces 12 (18), 21020-21035. doi:10.1021/
acsami.9b21841

Ho, M.-H,, Li, S.-Y,, Ciou, C.-Y., and Wu, T.-M. (2014). The morphology and
degradation behavior of electrospun Poly(3-Hydroxybutyrate)/Magnetite and Poly(3-
Hydroxybutyrate-Co-3-Hydroxyvalerate)/Magnetite composites. J. Appl. Polym. Sci.
131 (22), app.41070. doi:10.1002/app.41070

Hoda, E., Amelse, L., Lafont, A., Bourdo, S. E., Caldwell, M., Neilsen, N, et al. (2015).
Graphene Supportsin Vitroproliferation and osteogenic differentiation of goat adult
mesenchymal stem cells: potential for bone tissue engineering. J. Appl. Toxicol. 35 (4),
367-374. doi:10.1002/jat.3024

Hu, W,, Peng, C, Luo, W,, Lv, M,, Li, X,, Li, D, et al. (2010). Graphene-based
antibacterial paper. ACS Nano 4 (7), 4317-4323. doi:10.1021/nn101097v

Huang, R, Yingjian, G., Yeju, Y., Yunxiao, W., Yusong, P., Li, B., et al. (2024). A self-
assembling graphene oxide coating for enhanced bactericidal and osteogenic properties
of poly-ether-ether-ketone. Front. Bioeng. Biotechnol. 12 (5), 1378681. doi:10.3389/
fbioe.2024.1378681

Hummers, W. S., and Offeman, R. E. (1958). Preparation of graphitic oxide. J. Am.
Chem. Soc. 80 (6), 1339. d0i:10.1021/ja01539a017

Ji, H,, Sun, H,, and Qu, X. (2016). Antibacterial applications of graphene-based
nanomaterials: recent achievements and challenges. Adv. Drug Deliv. Rev. 105, 176-189.
doi:10.1016/j.addr.2016.04.009

Johra, F. T., Lee, J.-W., and Jung, W.-G. (2014). Facile and safe graphene preparation
on solution based platform. J. Industrial Eng. Chem. 20 (5), 2883-2887. doi:10.1016/j.
jiec.2013.11.022

Kai, Z., Ying, D., and Guo-Qiang, C. (2003). Effects of surface morphology on the
biocompatibility of polyhydroxyalkanoates. Biochem. Eng. J. 16 (2), 115-123. doi:10.
1016/S1369-703X(03)00029-9

Kang, Y., Liu, J., Wu, J,, Yin, Q,, Liang, H., Chen, A,, et al. (2017). Graphene oxide and
reduced graphene oxide induced neural pheochromocytoma-derived PC12 cell lines
apoptosis and cell cycle alterations via the ERK signaling pathways. Int. J. Nanomedicine
12 (August), 5501-5510. doi:10.2147/ijn.s141032

Kassab, A. C,, Piskin, E., Bilgig, S., Denkbas, E. B., and Xu, K. (1999). Embolization
with polyhydroxybutyrate (PHB) microspheres: in-vivo studies. J. Bioact. Compatible
Polym. 14 (4), 291-303. doi:10.1177/088391159901400401

Keyte, J., Pancholi, K., and Njuguna, J. (2019). Recent developments in graphene

oxide/epoxy carbon fiber-reinforced composites. Front. Mater. 6, 224. doi:10.3389/
fmats.2019.00224

Koller, M. (2018). Biodegradable and biocompatible polyhydroxy-alkanoates (PHA):
auspicious microbial macromolecules for pharmaceutical and therapeutic applications.
Molecules 23 (2), 362. doi:10.3390/molecules23020362

Frontiers in Bioengineering and Biotechnology

21

10.3389/fbioe.2025.1671682

Konios, D., Stylianakis, M. M., Stratakis, E., and Kymakis, E. (2014). Dispersion
behaviour of graphene oxide and reduced graphene oxide. J. Colloid Interface Sci. 430,
108-112. doi:10.1016/j.jcis.2014.05.033

Kuilla, T., Bhadra, S., Yao, D., Kim, N. H., Bose, S., and Lee, J. H. (2010). Recent
advances in graphene based polymer composites. Prog. Polym. Sci. 35 (11), 1350-1375.
doi:10.1016/j.progpolymsci.2010.07.005

Kumar, P., Huo, P., Zhang, R, and Liu, B. (2019). Antibacterial properties of
graphene-based nanomaterials. Nanomaterials 9 (5), 737. doi:10.3390/nan09050737

Larsson, M., Hetherington, C. J. D., Wallenberg, R., and Jannasch, P. (2017). Effect of
hydrophobically modified graphene oxide on the properties of poly(3-hydroxybutyrate-
co-4-hydroxybutyrate). Polymer 108, 66-77. doi:10.1016/j.polymer.2016.11.042

Li, ], Wang, G., Zhu, H., Zhang, M., Zheng, X,, Di, Z,, et al. (2014). Antibacterial
activity of large-area monolayer graphene film manipulated by charge transfer. Sci. Rep.
4 (1), 4359. doi:10.1038/srep04359

Li, Z., Yang, J., and Loh, X. J. (2016). Polyhydroxyalkanoates: opening doors for a
sustainable future. NPG Asia Mater. 8 (4), €265. doi:10.1038/am.2016.48

Li, X,, Yuyang, X., Meng, Y., Xupeng, Z., Zhangchi, Y., Zaiqiu, Z., et al. (2025).
Identifying common diagnostic biomarkers and therapeutic targets between COPD and
sepsis: a bioinformatics and machine learning approach. Int. J. COPD 20, 1761-1786.
doi:10.2147/copd.s510846

Liu, S., Zeng, T. H., Hofmann, M., Burcombe, E., Wei, J., Jiang, R., et al. (2011).
Antibacterial activity of graphite, graphite oxide, graphene oxide, and reduced graphene
oxide: membrane and oxidative stress. ACS Nano 5 (9), 6971-6980. doi:10.1021/
nn202451x

Liu, J,, Yang, S.-T., Wang, H., Chang, Y.-W., Cao, A., and Liu, Y. (2012). Effect of size
and dose on the biodistribution of graphene oxide in mice. Nanomedicine 7 (12),
1801-1812. doi:10.2217/nnm.12.60

Liu, Y., Wen, J., Gao, Y., Li, T., Wang, H., Yan, H,, et al. (2018). Antibacterial graphene
oxide coatings on polymer substrate. Appl. Surf. Sci. 436, 624-630. doi:10.1016/j.apsusc.
2017.12.006

Lizarraga-Valderrama, L. R,, Nigmatullin, R., Taylor, C., Haycock, ]. W., Claeyssens,
F., Knowles, J. C,, et al. (2015). Nerve tissue engineering using blends of Poly(3-
Hydroxyalkanoates) for peripheral nerve regeneration. Eng. Life Sci. 15 (6), 612-621.
doi:10.1002/elsc.201400151

Lukasiewicz, B., Basnett, P., Nigmatullin, R,, Matharu, R, Knowles, J. C., and Roy, L.
(2018). Binary polyhydroxyalkanoate systems for soft tissue engineering. Acta Biomater.
71, 225-234. doi:10.1016/j.actbio.2018.02.027

Luklinska, Z. B., and Bonfield, W. (1997). Morphology and ultrastructure of the
interface between hydroxyapatite-polyhydroxybutyrate composite implant and bone.
J. Mater. Sci. Mater. Med. 8 (6), 379-383. d0i:10.1023/a:1018589018205

Mahendran, R,, Sridharan, D., Santhakumar, K., and Gnanasekaran, G. (2016). Green
route fabrication of graphene oxide reinforced polymer composites with enhanced
mechanical properties. J. Nanosci. 2016, 1-8. doi:10.1155/2016/6410295

Malisz, K., and Swieczko-Zurek, B. (2023). Graphene production and biomedical
applications: a review. Crystals 13 (10), 1413. doi:10.3390/cryst13101413

Marcello, E., Muhammad, S. M., Rinat, N., Cresswell, M., Jackson, P., Basnett, P., et al.
(2021). Antibacterial composite materials based on the combination of
polyhydroxyalkanoates with selenium and strontium Co-substituted hydroxyapatite
for bone regeneration. Front. Bioeng. Biotechnol. 9, 647007. doi:10.3389/fbioe.2021.
647007

Masood, F. (2016). Polymeric nanoparticles for targeted drug delivery system for
cancer therapy. Mater. Sci. Eng. C 60 (March), 569-578. doi:10.1016/j.msec.2015.11.067

Mejias Carpio, L. E., Santos, C. M., Wei, X., and Rodrigues, D. F. (2012). Toxicity of a
polymer-graphene oxide composite against bacterial planktonic cells, biofilms, and
mammalian cells. Nanoscale 4 (15), 4746. doi:10.1039/c2nr30774j

Misra, S. K., Valappil, S. P, Roy, L, and Boccaccini, A. R. (2006).
Polyhydroxyalkanoate (PHA)/Inorganic phase composites for tissue engineering
applications. Biomacromolecules 7 (8), 2249-2258. doi:10.1021/bm060317¢

Mohammed, H., Kumar, A., Bekyarova, E., Al-Hadeethi, Y., Zhang, X., Chen, M., et al.
(2020). Antimicrobial mechanisms and effectiveness of graphene and graphene-
functionalized biomaterials. A scope review. Front. Bioeng. Biotechnol. 8, 465.
doi:10.3389/fbioe.2020.00465

Mohan, V. B,, Lau, K,, Hui, D., and Bhattacharyya, D. (2018). Graphene-based
materials and their composites: a review on production, applications and product
limitations. Compos. Part B Eng. 142, 200-220. doi:10.1016/j.compositesb.2018.01.013

Mohapatra, S., Sarkar, B., Samantaray, D. P., Daware, A., Maity, S., Pattnaik, S., et al.
(2017). Bioconversion of fish solid waste into PHB using Bacillus subtilis based
submerged fermentation process. Environ. Technol. 38 (24), 3201-3208. doi:10.1080/
09593330.2017.1291759

Mozejko-Ciesielska, J., and Kiewisz, R. (2016). Bacterial polyhydroxyalkanoates: still
fabulous? Microbiol. Res. 192, 271-282. doi:10.1016/j.micres.2016.07.010

Mukherjee, A., and Koller, M. (2023). Microbial PolyHydroxyAlkanoate (PHA)
biopolymers—intrinsically ~natural. ~Bioengineering 10 (7), 855. doi:10.3390/
bioengineering10070855

frontiersin.org


https://doi.org/10.2147/IJN.S90660
https://doi.org/10.2147/IJN.S90660
https://doi.org/10.3390/polym13142233
https://doi.org/10.3390/polym13142233
https://doi.org/10.3233/bme-141037
https://doi.org/10.1016/0142-9612(91)90072-i
https://doi.org/10.1016/j.bej.2022.108588
https://doi.org/10.1002/adhm.202201523
https://doi.org/10.1016/j.proche.2016.03.132
https://doi.org/10.1002/9783527628599
https://doi.org/10.1039/c7en00052a
https://doi.org/10.1038/s41598-017-06051-z
https://doi.org/10.1038/s41598-017-06051-z
https://doi.org/10.1021/acsami.9b21841
https://doi.org/10.1021/acsami.9b21841
https://doi.org/10.1002/app.41070
https://doi.org/10.1002/jat.3024
https://doi.org/10.1021/nn101097v
https://doi.org/10.3389/fbioe.2024.1378681
https://doi.org/10.3389/fbioe.2024.1378681
https://doi.org/10.1021/ja01539a017
https://doi.org/10.1016/j.addr.2016.04.009
https://doi.org/10.1016/j.jiec.2013.11.022
https://doi.org/10.1016/j.jiec.2013.11.022
https://doi.org/10.1016/S1369-703X(03)00029-9
https://doi.org/10.1016/S1369-703X(03)00029-9
https://doi.org/10.2147/ijn.s141032
https://doi.org/10.1177/088391159901400401
https://doi.org/10.3389/fmats.2019.00224
https://doi.org/10.3389/fmats.2019.00224
https://doi.org/10.3390/molecules23020362
https://doi.org/10.1016/j.jcis.2014.05.033
https://doi.org/10.1016/j.progpolymsci.2010.07.005
https://doi.org/10.3390/nano9050737
https://doi.org/10.1016/j.polymer.2016.11.042
https://doi.org/10.1038/srep04359
https://doi.org/10.1038/am.2016.48
https://doi.org/10.2147/copd.s510846
https://doi.org/10.1021/nn202451x
https://doi.org/10.1021/nn202451x
https://doi.org/10.2217/nnm.12.60
https://doi.org/10.1016/j.apsusc.2017.12.006
https://doi.org/10.1016/j.apsusc.2017.12.006
https://doi.org/10.1002/elsc.201400151
https://doi.org/10.1016/j.actbio.2018.02.027
https://doi.org/10.1023/a:1018589018205
https://doi.org/10.1155/2016/6410295
https://doi.org/10.3390/cryst13101413
https://doi.org/10.3389/fbioe.2021.647007
https://doi.org/10.3389/fbioe.2021.647007
https://doi.org/10.1016/j.msec.2015.11.067
https://doi.org/10.1039/c2nr30774j
https://doi.org/10.1021/bm060317c
https://doi.org/10.3389/fbioe.2020.00465
https://doi.org/10.1016/j.compositesb.2018.01.013
https://doi.org/10.1080/09593330.2017.1291759
https://doi.org/10.1080/09593330.2017.1291759
https://doi.org/10.1016/j.micres.2016.07.010
https://doi.org/10.3390/bioengineering10070855
https://doi.org/10.3390/bioengineering10070855
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1671682

Paxinou et al.

Nanda, S. S., Papaefthymiou, G. C,, and Yi, D. K. (2015). Functionalization of
graphene oxide and its biomedical applications. Crit. Rev. Solid State Mater. Sci. 40
(5), 291-315. doi:10.1080/10408436.2014.1002604

Panda, S., Tapan, K. R,, Agnish, D. P., Ajayan, P. M., and Nayak, S. (2018). Electron
transfer directed antibacterial properties of graphene oxide on metals. Adv. Mater. 30
(7), 1702149. doi:10.1002/adma.201702149

Paterakis, G., Anagnostopoulos, G., Sygellou, L., and Galiotis, C. (2021). Protection of
aluminum foils against environmental corrosion with graphene-based coatings. J. Coat.
Sci. Technol. 8, 18-28. doi:10.6000/2369-3355.2021.08.02

Perreault, F., Tousley, M. E., and Elimelech, M. (2013). Thin-film composite
polyamide membranes functionalized with biocidal graphene oxide nanosheets.
Environ. Sci. and Technol. Lett. 1 (1), 71-76. doi:10.1021/ez4001356

Perreault, F., de Faria, A. F,, Nejati, S., and Elimelech, M. (2015). Antimicrobial
properties of graphene oxide nanosheets: why size matters. ACS Nano 9 (7), 7226-7236.
doi:10.1021/acsnano.5b02067

Peschel, G., Dahse, H.-M., Konrad, A., Wieland, G. D., Mueller, P.-J., Martin, D. P.,
et al. (2008). Growth of keratinocytes on porous films of poly(3-hydroxybutyrate) and
poly(4-hydroxybutyrate) blended with hyaluronic acid and chitosan. J. Biomed. Mater.
Res. Part A 85A (4), 1072-1081. doi:10.1002/jbm.a.31666

Pinto, A. M., Gongalves, I. C., and Magalhaes, F. D. (2013). Graphene-based materials
biocompatibility: a review. Colloids Surfaces B Biointerfaces 111, 188-202. doi:10.1016/j.
colsurfb.2013.05.022

Prasad, K., Lekshmi, G. S., Ostrikov, K., Lussini, V., Blinco, J., Mohandas, M., et al.
(2017). Synergic bactericidal effects of reduced graphene oxide and silver nanoparticles
against Gram-positive and Gram-negative bacteria. Sci. Rep. 7 (1), 1591. doi:10.1038/
541598-017-01669-5

Puppi, D., Pecorini, G., and Chiellini, F. (2019). Biomedical processing of
polyhydroxyalkanoates. Bioengineering 6 (4), 108. doi:10.3390/bioengineering6040108

Qian, Y., Wang, X, Song, J., Chen, W., Chen, S, Jin, Y., et al. (2021). Preclinical
assessment on neuronal regeneration in the injury-related microenvironment of
graphene-based scaffolds. npj Regen. Med. 6 (1), 31. doi:10.1038/s41536-021-00142-2

Qin, H,, Sun, Y., Jeffernson, Z. L., and Liu, Y. (2016). Mechanical properties of
wrinkled graphene generated by topological defects. Carbon 108, 204-214. doi:10.1016/
j.carbon.2016.07.014

Qin, W,, Li, Y., Ma, J,, Liang, Q., Cui, X,, Jia, H., et al. (2020). Osseointegration and
biosafety of graphene oxide wrapped porous CF/PEEK composites as implantable
materials: the role of surface structure and chemistry. Dent. Mater. 36 (10), 1289-1302.
doi:10.1016/j.dental.2020.06.004

Rai, B., Wadcharawadee, N., Kithva, P. H., Grondahl, L., and Trau, M. (2008).
Bionanohydroxyapatite/Poly(3-hydroxybutyrate-co-3-hydroxyvalerate) ~ composites
with improved particle dispersion and superior mechanical properties. Chem. Mater.
20 (8), 2802-2808. doi:10.1021/cm703045u

Rastogi, S. K., Raghavan, G., Yang, G., and Cohen-Karni, T. (2017). Effect of graphene
on nonneuronal and neuronal cell viability and stress. Nano Lett. 17 (5), 3297-3301.
doi:10.1021/acs.nanolett.7b01215

Rojas-Andrade, M. D., Chata, G., Rouholiman, D., Liu, J., Saltikov, C., and Chen, S.
(2017). Antibacterial mechanisms of graphene-based composite nanomaterials.
Nanoscale 9 (3), 994-1006. doi:10.1039/c6nr08733g

Seifi, T., and Ali, R. K. (2021). Enhanced dispersion and antibacterial activity of
mechanically exfoliated graphite flakes in the presence of N-Hexane and NaCl. Mater.
Lett. 304 (August), 130730. doi:10.1016/j.matlet.2021.130730

Frontiers in Bioengineering and Biotechnology

22

10.3389/fbioe.2025.1671682

Sendil, D., Giirsel, I, L. Wise, D., and Hasirci, V. (1999). Antibiotic release from
biodegradable PHBV microparticles. J. Control. Release 59 (2), 207-217. doi:10.1016/
50168-3659(98)00195-3

Shah, S., Yin, P. T., Uehara, T. M., Chueng, S.-T. D., Yang, L., and Lee, K.-B.
(2014). Guiding stem cell differentiation into oligodendrocytes using graphene-
nanofiber hybrid scaffolds. Adv. Mater. 26 (22), 3673-3680. doi:10.1002/adma.
201400523

Sharma, A., Varshney, M., Nanda, S. S., Shin, H. J., Kim, N, Yi, D. K,, et al. (2018).
Structural, electronic structure and antibacterial properties of graphene-oxide nano-
sheets. Chem. Phys. Lett. 698, 85-92. doi:10.1016/j.cplett.2018.03.010

Smith, A. T., LaChance, A. M., Zeng, S., Liu, B., and Sun, L. (2019). Synthesis,
properties, and applications of graphene oxide/reduced graphene oxide and
their nanocomposites. Nano Mater. Sci. 1 (1), 31-47. doi:10.1016/j.nanoms.
2019.02.004

Sridhar, V., Lee, I, Chun, H. H., and Park, H. (2013). Graphene reinforced
biodegradable  poly(3-hydroxybutyrate-co-4-hydroxybutyrate) ~ nano-composites.
Express Polym. Lett. 7 (4), 320-328. doi:10.3144/expresspolymlett.2013.29

Strankowski, M., Wlodarczyk, D., Piszczyk, L., and Strankowska, J. (2016).
Polyurethane nanocomposites containing reduced graphene oxide, FTIR, raman,
and XRD studies. J. Spectrosc. 2016, 1-6. doi:10.1155/2016/7520741

Sundar, K., Harikarthick, V., Karthika, V. S., and Ravindran, A. (2014). Preparation of
chitosan-graphene oxide nanocomposite and evaluation of its antimicrobial activity.
J. Bionanoscience 8 (3), 207-212. doi:10.1166/jbns.2014.1223

Sygellou, L., Paterakis, G., Galiotis, C., and Tasis, D. (2015). Work function tuning of
reduced graphene oxide thin films. J. Phys. Chem. C 120 (1), 281-290. doi:10.1021/acs.
jpce.5b09234

Vera-Sanchez, M., Aznar-Cervantes, S. D., Jover, E., Garcia-Bernal, D., Elias, R,,
Hernandez-Romero, D., et al. (2016). Silk-fibroin and graphene oxide composites
promote human periodontal ligament stem cell spontaneous differentiation into
Osteo/cementoblast-like cells. Stem Cells Dev. 25 (22), 1742-1754. doi:10.1089/scd.
2016.0028

Wang, X.-X., Wang, S.-X,, Lu, Y.-B., Wang, Y., Song, Y.-J., Wang, X, et al. (2022).
Graphene and graphene-based materials in axonal repair of spinal cord injury. Neural
Regen. Res. 17 (10), 2117. doi:10.4103/1673-5374.335822

Williams, A. G., Moore, E., Thomas, A., and Johnson, J. A. (2023). Graphene-
based materials in dental applications: antibacterial, biocompatible, and bone
regenerative properties. Int. J. Biomaterials 2023, 1-18. doi:10.1155/2023/
8803283

Wu, P.-C,, Chen, H.-H., Chen, S.-Y., Wang, W.-L., Yang, K.-L., Huang, C.-H,, et al.
(2018). Graphene oxide conjugated with polymers: a study of culture condition to
determine whether a bacterial growth stimulant or an antimicrobial agent?
J. Nanobiotechnology 16 (1), 1. doi:10.1186/s12951-017-0328-8

Zhang, K., Zheng, H., Liang, S., and Gao, C. (2016a). Aligned PLLA nanofibrous
scaffolds coated with graphene oxide for promoting neural cell growth. Acta Biomater.
37, 131-142. doi:10.1016/j.actbio.2016.04.008

Zhang, N., Hou, J., Chen, S., Xiong, C., Liu, H,, Jin, Y., et al. (2016b). Rapidly probing
antibacterial activity of graphene oxide by mass spectrometry-based metabolite
fingerprinting. Sci. Rep. 6 (1), 28045. doi:10.1038/srep28045

Zou, X., Zhang, L., Wang, Z., and Luo, Y. (2016). Mechanisms of the antimicrobial
activities of graphene materials. J. Am. Chem. Soc. 138 (7), 2064-2077. doi:10.1021/
jacs.5b11411

frontiersin.org


https://doi.org/10.1080/10408436.2014.1002604
https://doi.org/10.1002/adma.201702149
https://doi.org/10.6000/2369-3355.2021.08.02
https://doi.org/10.1021/ez4001356
https://doi.org/10.1021/acsnano.5b02067
https://doi.org/10.1002/jbm.a.31666
https://doi.org/10.1016/j.colsurfb.2013.05.022
https://doi.org/10.1016/j.colsurfb.2013.05.022
https://doi.org/10.1038/s41598-017-01669-5
https://doi.org/10.1038/s41598-017-01669-5
https://doi.org/10.3390/bioengineering6040108
https://doi.org/10.1038/s41536-021-00142-2
https://doi.org/10.1016/j.carbon.2016.07.014
https://doi.org/10.1016/j.carbon.2016.07.014
https://doi.org/10.1016/j.dental.2020.06.004
https://doi.org/10.1021/cm703045u
https://doi.org/10.1021/acs.nanolett.7b01215
https://doi.org/10.1039/c6nr08733g
https://doi.org/10.1016/j.matlet.2021.130730
https://doi.org/10.1016/s0168-3659(98)00195-3
https://doi.org/10.1016/s0168-3659(98)00195-3
https://doi.org/10.1002/adma.201400523
https://doi.org/10.1002/adma.201400523
https://doi.org/10.1016/j.cplett.2018.03.010
https://doi.org/10.1016/j.nanoms.2019.02.004
https://doi.org/10.1016/j.nanoms.2019.02.004
https://doi.org/10.3144/expresspolymlett.2013.29
https://doi.org/10.1155/2016/7520741
https://doi.org/10.1166/jbns.2014.1223
https://doi.org/10.1021/acs.jpcc.5b09234
https://doi.org/10.1021/acs.jpcc.5b09234
https://doi.org/10.1089/scd.2016.0028
https://doi.org/10.1089/scd.2016.0028
https://doi.org/10.4103/1673-5374.335822
https://doi.org/10.1155/2023/8803283
https://doi.org/10.1155/2023/8803283
https://doi.org/10.1186/s12951-017-0328-8
https://doi.org/10.1016/j.actbio.2016.04.008
https://doi.org/10.1038/srep28045
https://doi.org/10.1021/jacs.5b11411
https://doi.org/10.1021/jacs.5b11411
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2025.1671682

	Novel polyhydroxyalkanoate–graphene oxide composites with potential for clinical application against bacterial implant-asso ...
	1 Introduction
	2 Materials and methods
	2.1 Materials and chemicals
	2.2 Synthesis of graphene oxide-antibacterial compound
	2.3 Bacterial strains and culture conditions
	2.3.1 Production of polyhydroxyalkanoates from Bacillus subtilis OK2 and Pseudomonas mendocina CH50

	2.4 Preparation of composite film samples
	2.5 Physicochemical characterization of films
	2.5.1 Scanning electron microscopy
	2.5.2 Water contact angle measurements
	2.5.3 Raman spectroscopy
	2.5.4 X-ray diffraction
	2.5.5 X-ray photoelectron spectroscopy
	2.5.6 Differential scanning calorimetry
	2.5.7 Mechanical analysis

	2.6 Biological characterization of films
	2.6.1 Direct contact test—ISO 22196 (Japanese test method JISZ 2801)
	2.6.2 In vitro direct cytotoxicity evaluation

	2.7 Statistical analysis

	3 Results
	3.1 Physicochemical characterization of 2D antibacterial PHA/GO composites
	3.1.1 Scanning electron microscopy of the PHA and PHA/GO composite films
	3.1.2 Surface wettability of the PHA and PHA/GO composite films
	3.1.3 X-ray photoelectron spectroscopy analysis of the PHA and PHA/GO composite films
	3.1.4 Raman spectroscopic characterization of the PHA and PHA/GO composite films
	3.1.5 X-ray diffraction analysis of the PHA and PHA/GO composite films
	3.1.6 Differential scanning calorimetry analysis of the PHA and PHA/GO composite films
	3.1.7 Mechanical characterization of the PHA and PHA/GO composite films

	3.2 Biological characterization
	3.2.1 In vitro antibacterial evaluation of graphene oxide composites
	3.2.2 In vitro direct cytotoxicity evaluation of PHA and composites


	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


