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Haloarchaeal poly[(3-hydroxybutyrate)-co-(3-
hydroxyvalerate)] composite films reinforced with
graphene nanoplatelets as a biomaterial for skin
tissue engineeringt
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Halophilic archaea are an untapped source for a wide range of applications. This study explores the
potential of a copolymer poly[(3-hydroxybutyrate)-co-(3-hydroxyvalerate) (PHBV), naturally synthesized
by the halophilic archaeon, Halogeometricum borinquense E3, as a potential candidate for a tissue
engineering biomaterial. Composites and blends from natural PHBV were fabricated with poly(L-lactic
acid) (PLLA), poly(e-caprolactone) (PCL) and graphene nanoplatelets (GNP) to enhance the properties of
the material. This significantly improved the tensile strength of the blend to 4.729 MPa (359%). The
reinforcement with 0.3% w/v of GNP further increased the tensile strength to 13.268 MPa (981%).
Characterization of the films was done using ATR-FTIR, XRD, TGA, and SEM. The haloarchaeal PHBV
exhibited the highest porosity ergo the highest swelling percentage while the PHBV/GNP showed the
least. All the films showed good biocompatibility compared to tissue culture plastic (TCP). The viability of
HaCaT cells and L929 fibroblast cells was maximum on the PHBV/PLLA/PCL blend albeit no significant
change in the cell viability was observed in the graphene-reinforced nanocomposite. The films were also
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1 Introduction

The field of regenerative medicine and tissue engineering
depends on the selection of an appropriate biomaterial to be
used as a scaffold, cells of the tissue to be engineered and the
factors required for growth and differentiation of the cells.
Natural-origin polymers are often preferred to be used as
a biomaterial.»*> Any polymer to be used as a biomaterial should
be non-toxic, biocompatible, and biodegradable. It should be
porous and have a wide surface area to promote cell-cell
interaction and facilitate the transport of nutrients and waste
products. It should possess suitable mechanical strength to
withhold the developing tissue and thus promote cell adhesion,
growth, and differentiation.**

Polyhydroxyalkanoates (PHAs) are a group of naturally
occurring polyesters synthesized by microorganisms due to an
imbalance in essential nutrients with excessive carbon and
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highly hemocompatible (<5% hemolysis).

stored as insoluble cytoplasmic inclusions or “carbonosomes”.
These granules can be enzymatically depolymerized and used as
a source of carbon.>® PHAs are versatile and their properties
change according to the number of carbon atoms present in the
polymer chain. PHAs with 3-5 carbon atoms are classified as
short chain length polymers (scl); 6-14 carbon atoms are clas-
sified under medium chain length (mcl) and more than 14
carbon atoms are grouped as long chain length (lcl). Based on
the available carbon source, the microorganisms can synthesize
either a homopolymer containing the same repeating unit e.g.,
poly(3-hydroxybutyrate) or copolymers e.g., poly[(3-hydrox-
ybutyrate)-co-(3-hydroxyvalerate)].”*

In this study, we explored the application of intrinsically
produced copolymer, poly[(3-hydroxybutyrate)-co-(3-hydrox-
yvalerate)] by haloarchaeon, Halogeometricum borinquense E3, as
a potential biomaterial for skin tissue engineering. Haloarchaea
belong to the family Halobacteriaceae, within the third Domain
of Life, Archaea. These are extremely halophilic organisms
requiring about 100-300 g L™ of NaCl for their growth.>'®
Haloarchaea are advantageous to be used for PHA production as
they are non-pathogenic and do not contain lipopolysaccharide
(LPS) as in Gram negative bacteria. LPS endotoxin gets co-
extracted with the polymer thereby causing immunogenic and
pyrogenic reactions.**

© 2024 The Author(s). Published by the Royal Society of Chemistry
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PHAs are an intriguing option for biomaterial owing to their
lack of toxicity towards cells and blood, capacity for biodegra-
dation, and non-carcinogenicity. A lot of research is being done
investigating the applications of PHA in hard tissue engineering
(bone," cartilage,” and tendon), wound healing,”* nerve
tissue,” vascular tissue repair'*” and as bio-absorbable
sutures.” Due to its lower degree of crystallinity, PHBV is
preferred over PHB for medical applications. The degradation
of heteropolymers is also higher than homopolymers in the
human body." PHBV as calcium silicate composites have been
studied for cartilage tissue engineering®® while blends of PHBV
with PCL, pullulan, chitosan or hydroxyapatite based scaffolds
have been explored for bone tissue engineering
applications.”® Besides some studies have explored the use of
PHBV composites with fibronectin or collagen in wound healing
and vascular tissue engineering.>**

Despite its remarkable properties, PHAs (especially scl's)
have drawbacks like high fragility, low impact resistance,
reduced elongation at break, and poor mechanical strength. In
this study, we have blended PHBV with 1 wt% poly(r-lactic acid)
(PLLA) and 1 wt% poly(e-caprolactone) (PCL). PLLA is a homo-
polymer obtained from natural resources like sugarcane and
corn starch using sustainable catalysts like sorbitol. It provides
improved mechanical properties to the blend for effective
support in prolonged regenerative processes. PLLA is also non-
toxic, it degrades to form lactic acid which is a natural metab-
olite and is excreted as carbon dioxide and water.*>** Jamal et al.
2024 (ref. 24) used PHBV and PLLA to develop a bilayer
composite membrane for growth and proliferation of MC3T3
pre-osteoblastic cells. PCL is an aliphatic polyester synthesized
by the ring-opening polymerization of e-caprolactone. Its
porous nature provides an increased surface area for cell-cell
interaction. It is also known to enhance the growth and differ-
entiation of fibroblasts.*

Graphene has a sp” hybridized carbon in a 2D honeycomb
lattice structure. This along with electronic distribution gives
rise to a large surface area, unique electrical conductivity, and
excellent mechanical properties. The availability of a large
surface area facilitates the adsorption of proteins and growth
factors thereby promoting cell adhesion and growth.***” It is
critical to assess the cytotoxicity and biocompatibility of any
material before its use in biomedical applications. The cyto-
toxicity of graphene is directly related to its concentration used,
the length of incubation and the structure and type of graphene
used.”® Salesa et al. 2022 (ref. 29) reported that graphene
nanoplatelets (GNPs) at non-cytotoxic levels showed significant
proliferative activity of HaCaT cells. Moreover GNPs were
capable of upregulating almost half of the thirteen genes which
were required for wound healing and skin tissue engineering.

The use of graphene for various biomedical applications is
gaining momentum. Suvarnaphaet et al. 2019 (ref. 30) devel-
oped a biodegradable electrode patch made of graphene and
PHA which could detect an electrocardiogram signal triggered
by electrical activity through the heart. Moschetta et al. 2021
(ref. 31) made a biocompatible neuronal interface using P(3HB)
and GNP which showed potential for interfacing with primary
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neurons in order to target disorders of the central nervous
system.

This study is the first report to analyse archaeal derived
PHBV/PLLA/PCL-graphene nanoplatelets composite for the
proliferation of keratinocytes and fibroblasts with potential for
skin tissue engineering. Haloarcheal PHBV (1% w/v), PLLA (1%
w/v), PCL (1% w/v), and GNP (0.3% w/v) were used to prepare
a blend/nanocomposite using the solvent casting method. The
synthesised blends and graphene nanocomposites were further
characterised to assess their ultrastructure, chemical composi-
tion, functional group analysis, thermal and mechanical prop-
erties. Concomitantly, their biological characterisation was
aimed to analyse the hemocompatibility, biocompatibility and
proliferative capacity of human skin keratinocytes HaCaT cells
and mouse fibroblast L929 cells for potential applications in
skin tissue engineering.

2 Materials

The polymer, PCL of practical grade having molecular weight
9000-11 000 g mol " with melt flow index of 22-24 g/10 min was
purchased from Otto Chemie Pvt. Ltd. Mumbai, India, and
medical grade PLLA of molecular weight 100-140 kDa was
purchased from Nomisma Healthcare Pvt. Ltd. Gujarat, India.
The graphene nanoplatelets of particle size 5 pm were
purchased from Sigma-Aldrich. Stains used for confocal
microscopy were Fluoroshield with DAPI from Sigma-Aldrich;
and Acti-stain™ 555 Fluorescent Phalloidin from Cytoskel-
eton, Inc. Analytical grades of chloroform and diethyl ether
from Thomas Baker were used. Sodium cacodylate and osmium
tetroxide were purchased from Sigma-Aldrich. The haloarchaeal
strain Halogeometricum borinquense E3 (AB904833) was isolated
previously in our laboratory.** All cell culture materials, media
components and sodium hypochlorite were purchased from
Himedia, India unless mentioned otherwise. The HaCaT cell
line was a kind gift from NBIL, Bengaluru, India while the L929
fibroblasts were purchased from NCCS Pune, India.

3 Methods

3.1 Production of PHBV polymer and preparation of blends

3.1.1 Growth of Halogeometricum borinquense E3. Hal-
ogeometricum borinquense E3 was maintained on Extremely
Halophilic agar Medium (EHM). A loopful of culture was inoc-
ulated in 100 mL of EHM broth (per litre: NaCl 250 g; MgSO,-
-7H,0 20 g; KCI 2 g; yeast extract 10 g; CaCl,-2H,0 0.36 g; NaBr
0.23 g; NaHCO; 0.06 g; peptone 5 g; FeCl; trace amounts; pH 7-
7.4) and incubated at 37 °C, 120 rpm, for 4 days in an incubator
shaker (Scigenics Biotech ORBITEK). 5% of the culture inoc-
ulum was then transferred into 1 L of NaCl-Glucose Synthetic
Medium (NGSM) for polymer production: [per litre: NaCl 200 g;
MgCl,-6H,0 13 g; KCl1 4 g; CaCl,-2H,0 1 g; NaHCO; 0.2 g; FeCl;
0.005 g; KH,PO, 0.5 g; dextrose 2%; pH 7-7.4). The culture was
incubated for 8-10 days at 37 °C, 120 rpm.

3.1.2 Polymer recovery and film synthesis. Halogeome-
tricum borinquense E3 grown in NGSM with 2% glucose was
centrifuged at 10 000 rpm for 15 min at 4 °C (Thermo Scientific

RSC Adv, 2024, 14, 24398-24412 | 24399
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Heraeus Multifuge X3 FR Centrifuge) to obtain the biomass. 4%
NaOCl was added to the biomass and incubated on a rocker for
2-3 h. The mixture was centrifuged again using the same
conditions. The supernatant was discarded, and the pellet was
washed with distilled water and diethyl ether followed by reflux
with hot chloroform. The chloroform-polymer mixture was
poured into a clean glass Petri dish and kept in the cold room
for the evaporation of the solvent to obtain the polymer film.

3.2 Preparation of PHBV derived blend and composite

Halogeometricum borinquense E3 derived PHBV, was blended by
using 1% (w/v) of the polymer with 1% (w/v) PLLA, 1% (w/v) PCL,
and 0.3% (w/v) GNP. The polymers were dissolved in chloroform
at 60 °C till homogenous using a vortex mixer. The mixture was
poured into a clean dry glass Petri dish. The composite con-
taining the GNPs was sonicated for 5 minutes before pouring to
obtain a uniform dispersion of the GNPs in the solution. The
dispersions were left undisturbed for 24 hours in the cold room
for the solvent to evaporate and form a film. The average thick-
ness of each film was measured using a micrometer screw gauge.

3.3 Physicochemical characterization

3.3.1 Field emission scanning electron microscopy
(FESEM). The surface morphology of the polymer film was
examined by scanning electron microscope (Quanta FEG 250).
The samples were coated with a 4 nm coating of Au-Pd (LEICA
EM ACE 200 sputter coater) before imaging.

3.3.2 X-ray diffraction (XRD). The X-ray diffraction of the
films was performed using Bruker D-8 Advance X-ray diffrac-
tometer. The samples were analyzed from 10-30° with a scan-
ning speed of 5° min".

3.3.3 Fourier transform infrared spectroscopy (FTIR). The
FT-IR spectra of the haloarchaeal polymer and the films were
obtained using Spectrum 2 ATR-FTIR, PerkinElmer. The scans
were recorded from 400 cm™" to 4000 cm ™.

3.3.4 Mechanical properties. The ultimate tensile strength
(UTS), Young's modulus, and elongation at break were assessed
using a Dynamic Mechanical Analyzer (DMA Q 800) supplied by
TA Instruments, USA. The polymer films with a dimension of
35 mm x 12 mm were mounted using tension film clamps to
calculate the stress vs. strain behavior. 1.0 N min~" was the rate
of ramp force. Calibration of the device and clamps was carried
out before use.

3.3.5 DSC-TGA. The DSC-TGA analysis of the films were
performed on SDT 600 TA Instruments Trios V5.2.2.47561 at
a heating rate of 10 °C min~' from room temperature up to
800 °C under nitrogen. For DSC, the samples were first heated
up to 150 °C at a rate of 10 °C min ', cooled and then reheated
to 300 °C under a flowing nitrogen atmosphere.

3.3.6 Swelling percentage and porosity. Pre-weighed films
of PHBYV, its blend and composite were soaked in phosphate-
buffered saline (PBS). The films were taken out after 1 hour
and 24 hours and excess PBS was removed. The films were
weighed again (Sartorius Secura Milligram Balance). The
swelling percentage was calculated using the formula:

24400 | RSC Adv, 2024, 14, 24398-24412
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% swelling =

(W% y (A1)

d
where W, = weight of swollen films, Wy = weight of dry films.

To calculate the porosity of the films, the films of known
weight were immersed in absolute ethanol for 1 h and incu-
bated at 30 °C. After incubation, the films were taken out and
the excess ethanol was removed using a blotting paper. The
films were weighed again. Porosity was calculated in terms of
percentage using the formula below:*

(Ww - Wd) %
pv

% porosity = 100 (A2)
where Wy = dry weight of the films, W,, = wet weight of the
films, p = density of ethanol at 30 °C, v = volume of swollen

scaffolds.

3.4 Biological characterisation

3.4.1 Assessment of in vitro biocompatibility. The
biocompatibility of the Halogeometricum borinquense E3 derived
PHBV polymer, its blend and composite were evaluated on
human keratinocyte cell line (HaCaT) and mouse fibroblast cell
line (L929).

The cell lines were maintained in Dulbecco's Minimal
Essential Medium (DMEM) supplemented with 10% Fetal Bovine
Serum (FBS) and 0.1% antibiotic-antimycotic solution. The
polymer films were sterilized by immersing in 70% ethanol and
UV irradiated for 1 h on each side. Two washings with sterile PBS
were given and the films were placed inside a tissue culture grade
48-well plate. A 70% confluent flask of each cell line was trypsi-
nized. The cells were counted using a cell counter (Bio-Rad TC-
20). 1 x 10" cells were seeded on the sterile films. The plate
was incubated in a humidified environment of 5% CO, at 37 °C.
Media change was given every alternate day. The cell viability was
evaluated spectrophotometrically by (3-[4,5-dimethylthiazol-2-yl]-
2,5 diphenyl tetrazolium bromide) (MTT) assay after day 1, day 2,
day 5, and day 7. A concentration of 5 mg per ml MTT was added
to the wells and incubated for 4 h. The purple formazan crystals
were solubilized using dimethyl sulfoxide (DMSO). The plate was
shaken for 5 min and the contents were transferred to a 96-well
microtiter dish. The absorbance was read at 575 nm. Cells grown
in a tissue culture grade 48 well were considered as control.***

3.4.2 Microscopy. The HaCaT and L929 cells were cultured
on the films for 2 days. After incubation, the medium was
removed, and the films were washed gently with sterile PBS. For
fixation, 2.5% glutaraldehyde in 0.1 M sodium cacodylate was
added to the films and kept at 4 °C overnight. The films were
washed 2-3 times with PBS and post-fixed in 1% osmium tetroxide
in the dark. This was followed by dehydration with an increasing
series of ethanol-20%, 30%, 50%, 70%, 90%, and 100%. The
samples were later sputter-coated with a 4 nm coating of Au-Pd
and visualized under a scanning electron microscope.'>*

For confocal microscopy, the films containing the cells were
fixed in 4% paraformaldehyde (pH 7.0) in PBS. The samples
were washed 2-3 times with PBS. The cells were permeabilized
with 0.1% Triton-X-100 followed by another round of washing.
The samples were stained with Acti-stain 555 Fluorescent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Phalloidin in the dark for 30 min at room temperature. 2-3
washes of PBS were given, and the samples were counterstained
with DAPI and observed under a confocal microscope (Olympus
Corporation FV3000).*73*

3.4.3 Adsorption of proteins on the surface of the films.
The films were incubated in PBS containing 1% v/v FBS for 1 h
at 37 °C. After incubation, the films were then immersed in
2.0 wt% sodium dodecyl sulfate (SDS) in PBS for 20 hours. The
proteins adsorbed on the surface of the films were estimated by
bicinchoninic acid assay (BCA) and expressed as the mean of
adsorbed proteins in pug per mm?® of the film. Bovine serum
albumin (BSA) was used to plot the standard calibration curve.*

3.4.4 Degradation of the films in vitro. The study of in vitro
degradation of the films was performed using the protocol
described by Aghmiuni et al. 2020 (ref. 33) with slight modifi-
cation. Pre-weighed films were immersed into PBS containing
lysozyme and incubated at 37 °C for 7, 14, 21 and 28 days. At the
end of the incubation period, the films were carefully taken out
and rinsed with deionised water. The films were dried in the
oven at 40 °C and weighed again till a constant weight was
obtained. The percentage degradation was calculated using the
formula given below:

W)

Ui

i

% degradation = x 100 (A3)
where W; = initial weight of the films, W; = final weight of the
films.

The ultrastructure of the degraded films was observed by
SEM (ESI data S37).

3.4.5 Evaluation of hemocompatibility of the films. 5 mL
blood was withdrawn using standard ethical procedures from
the participating volunteer at the Institute medical center with
the help of the medical staff. An 8: 10 dilution of the blood was
made with sterile normal saline (0.85% NaCl). The films were
incubated in normal saline for 30 min at 37 °C. The saline was
carefully decanted out and diluted blood was added to the films.
The films were incubated at 37 °C for 60 min. After the incu-
bation, the mixture was centrifuged at 2000 rpm for 10 min. The
absorbance of the supernatant was read at 545 nm. Blood
incubated with sodium carbonate and normal saline was
considered a positive and negative control respectively. The
degree of hemolysis was evaluated as follows:

Ast — AbSNC

ADSs — AbSNe
Absrc — Absae < 100

% hemolysis = (A4)
where Absg is the absorbance of sample, Abspc is the absor-
bance of positive control and Absyc is the absorbance of

negative control.*

4 Statistics

All experiments were conducted in triplicates. The quantitative
data is expressed as mean =+ standard error of mean. Statistical
analysis was done using Two-way ANOVA with Tukey's multiple
comparisons test in GraphPad Prism 6 (GraphPad Software Inc)
and Origin Pro 2023b (Origin Lab Corporation). Values of p <
0.05 were considered significant.

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

5 Results and discussions

5.1 Production of PHBV polymer and preparation of blends
and composites

5.1.1 Growth of Halogeometricum borinquense E3. Hal-
ogeometricum borinquense E3 was grown in EHM broth for 4 days
(ODggp = 1.8) and 5% of this was used as inoculum for 1 L of
NGSM medium for polymer production. 20 mL of the sample
was withdrawn from NGSM during each time point for the
determination of absorbance (4ponm), Cell Dry Weight (CDW),
and polymer production. The maximum accumulation of the
polymer was observed on day 4 i.e., 78.51% of CDW. A consis-
tent drop in the pH was observed and on the day of harvest, the
pH was recorded to be 5.6. This is attributed to the formation of
acidic metabolites. A gradual decline in the polymer accumu-
lation was noticed after day 4 and on the day of harvest, it was
recorded to be 69.01% of CDW. A graphical representation of
the growth profile is given in Fig. 1. The use of halophilic
archaea to produce polyhydroxyalkanoates (PHA) is extremely
advantageous. Halophilic archaea thrive when the salinity is
greater than 15%. This itself retards the growth of other
contaminating organisms. The intracellular polymer can be
recovered from the culture by lysing the microbial cells in
distilled water, thereby reducing the downstream costs. Besides
they can utilize cheap carbon substrates for synthesizing PHA.

5.1.2 Polymer recovery and film synthesis. The PHBV
polymer obtained after the hypochlorite treatment of the cell
pellet was dissolved in chloroform at 60 °C. The solvent from
the mixture evaporated leaving behind a pale orange film with
a rough upper surface and a smooth bottom surface (Fig. 2).
Hgm. borinquense E3 produces an intracellular carotenoid
pigment, bacterioruberin.** However, treatment with NaOCI led
to bleaching of the pigment, producing a cream-colored film
(Fig. 2a). The average thickness of the film was observed to be 77
um. Hgm. borinquense E3 innately produced a copolymer poly
[(3-hydroxybutyrate)-co-(3-hydroxyvalerate)] (PHBV)  with
30 mol% 3-HV units (ESI data S11). Limited studies are available
on the synthesis of PHBV by Halogeometricum spp. A report by
Mahansaria et al. (2020) evaluated the production of PHBV from
Halogeometricum borinquense RM-G1 using various carbon
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Fig. 1 The growth profile of Halogeometricum borinquense E3 was
studied for 8 days in NaCl-Glucose Synthetic Medium (NGSM) with 2%
glucose as the carbon source. Cell Dry Weight (CDW), PHBV
production, and the pH of the medium was measured every 24 h.
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Fig. 2

(a) PHBV polymer film derived from haloarchaea Halogeometricum borinquense E3 (b) PHBV/PLLA/PCL blend of 1% w/v haloarchaeal

PHBV, 1% w/v PLLA and 1% w/v PCL (c) PHBV/PLLA/PCL/GNP composite of 1% w/v haloarchaeal PHBV, 1% w/v of PLLA, 1% w/v of PCL, and 0.3%
w/v of GNP. Scanning electron microscopic images of (d) Halogeometricum borinquense E3 derived PHBYV, (e) PHBV/PLLA/PCL and (f) PHBV/
PLLA/PCL/GNP composite. The pore size of haloarchaeal PHBV and its composites was calculated and reported as mean + SEM. Statistical

analysis was done using the Student's t-test.

sources with a maximum PHBV accumulation of 66.80% =+ 1.69
of cell dry mass within 72 hours of production when 1.6%
glycerol was used as a carbon source.”” The 3-HV content re-
ported was 10.21 mol%. Previous studies on Hgm. borinquense
E3 conducted in our laboratory reported the maximum PHBV
accumulation of 50.4 + 0.1 and 45.7 = 0.19% on the 7th day
when the carbon source was sugarcane bagasse hydrolysate of
25% and 50% respectively.** When 2% glucose was used as
a carbon source, the accumulated PHBV was 73.51% =+ 1.7%.%*
The results of this study also showed a consistent accumulation
of 78.51% PHBV.

5.1.3 Preparation of PHBV derived blends. Haloarchaeal
PHBV was blended with PLLA and PCL polymers to give PHBV/
PLLA/PCL blends (Fig. 2b) and with graphene nanoplatelets to
give PHBV/PLLA/PCL/GNP nanocomposite films (Fig. 2c) (Table
1). The average thickness of each film was measured using
a micrometer screw gauge and was observed to be 110 pm and
120 um respectively as compared to the native haloarchaeal
polymer which was 77 pm. There was no phase separation
observed. Inorder to create a robust architectural structure and
functionality that is necessary for skin tissue engineering, the

composite needs to meet certain conditions. Mechanical attri-
butes like Young's modulus, ultimate tensile strength and
elongation at break are crucial specifications that endow the
scaffold with its structural property and longevity.** PHBV as
a biopolymer has poor mechanical strength and hence can be
supplemented with fillers like PLLA and PCL to improve its
mechanical properties. PCL and PHBV when blended in
concentrations of 5-10% with PLLA improved the Young's
modulus by up to 25%, the tensile strength increased by almost
50% and the elongation at break by 4000%.*

5.2 Physicochemical characterisation

5.2.1 FESEM. The surface morphology of the Halogeome-
tricum borinquense E3 derived PHBV was observed to be rough
and undulating with a random arrangement of pores on the
surface (Fig. 2d). The average pore size was observed to be 3.58
+ 0.18 um (95% confidence interval). A slight reduction in the
range of pore size was noticed in the PHBV/PLLA/PCL blend.
The average pore size was found to be 2.05 + 0.28 pm (Fig. 2e).
The PHBV/PLLA/PCL/GNP composite film appeared dense. The
pores in this case appeared like “hollow depressions” in which

Table 1 Halogeometricum borinquense E3 derived PHBV and preparation of its blend and/or nanocomposite films

Sr. no Blend Composition Average thickness (um)
1 Native polymer Halogeometricum borinquense E3 derived polymer 77
2 PHBV/PLLA/PCL 1% w/v Halogeometricum borinquense E3 derived polymer + 1% w/v 110
poly-L-Lactic acid + 1% w/v poly-e-caprolactone (PCL)
3 PHBV/PLLA/PCL/GNP 1% w/v Halogeometricum borinquense E3 derived polymer + 1% w/v 120

poly-t-Lactic acid + 1% w/v poly-e-caprolactone (PCL) + 0.3% w/v
graphene nanoplatelets (GNP)

24402 | RSC Adv, 2024, 14, 24398-24412
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tricum borinquense E3 derived PHBV and its blend and composite.

the GNPs were embedded (Fig. 2f). The average pore size was
calculated to 2.08 £+ 0.23 um. Ideal skin tissue composites
should posess a porous architecture to resemble the extracel-
lular matrix of the skin thus promoting adhesion and prolifer-
ation of the cells. Composites also improve hydrophilicity and
function as a channel for movement of metabolites and nutri-
ents which eventually helps in tissue development.*®*

5.2.2 XRD. The XRD pattern of haloarchaeal PHBV, its
blends/composite is given in Fig. 3a. The X-ray diffraction
pattern of Halogeometricum borinquense E3 derived PHBV
recorded prominent peaks at 260 = 13.5°, 16.88°, 27.44° and
29.48°. These values correspond to the (020), (110), (121), and
(002) reflections of the crystalline planes.*® In PHBV/PLLA/PCL
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(a) X-ray diffractogram of Halogeometricum borinquense E3 derived PHBV and its blend/composite. (b) FT-IR spectra of Halogeome-

blend, the main peaks were obtained at 26 = 13.5°,17.0°,
21.58°, 23.58° and 27.24°. The main characteristic peak of the
haloarcheal PHBV at 13.5° was also expressed in the PHBV/
PLLA/PCL blend and PHBV/PLLA/PCL/GNP composite. Broad-
ening of the peaks in the blend suggest decrease in crystallinity
and point towards semi-crystalline nature of the polymer. The
peaks for PLLA and PCL are also exhibited in the blend. PCL
showed diffraction peaks at 21.62°, 23.95° corresponding to
(110) and (200) planes of orthorhombic crystalline phase.* The
intense peak at 21.58° in the blend could be attributed to the
PCL component. Pure PLLA exhibited a characteristic peak at
16.6° corresponding to (200) (100) planes which had a shift to
17.0° in the blend.* These shifts in the positions of the peaks

b) ——— Hgm boringuense E3 derived PHBV
1 —— PHBV/PLLAPCL
100 < —— PHBV/PLLAPCL/GNP
—— PLLA
—— PCL
80
§ 60 -
=
K=
g 40 -
204
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0 100 200 300 400 500 600 700 800

Temperature (°C)

(a) Stress vs. strain curve of PHBV derived from Halogeometricum borinquense E3 and its blend/composite. (b) Thermogravimetric curve

of the haloarchaeal PHBV and its blend/composite*® from 25 °C to 800 °C.
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and the intensities are attributed to interactions between the
individual polymers in the blend. In the PHBV/PLLA/PCL/GNP
composite film, the intense crystalline peak of graphene was
noticed at 26 = 26.5° signifying increased crystallinity.

5.2.3 FT-IR. The FT-IR spectrum of haloarchaeal PHBV,
blend and nanocomposite is given in Fig. 3b. Characteristic
peaks at 2995 cm ™' corresponds to C-H anti-symmetric stretch,
2952 cm ™' to C-H symmetric stretch and 1720 cm ™" correspond
to C=0 of ester bonds. The characteristic peak for symmetrical
wagging of CH; group and C-O stretch were observed at
1386 cm ' and in the region 1283 to 980 cm ', respectively.**

In the FT-IR spectra of PHBV/PLLA/PCL/GNP nanocomposite
the intense peak of C=0 of ester group at 1726 cm™ * shows the
presence of PHBV. The medium intensity C-O stretching peaks
are broadened due to interaction with GNP and are observed in
the region 980-1350 cm™'. Multiple small peaks were obtained
in the region of 1500 cm™' contributed by GNP. This is in
agreement with the findings of Ahmed J. et al. (2021).>> The
changes in the peak intensity of the PHBV/PLLA/PCL/GNP could
be related to the action of weak van der Waals forces.*

The FT-IR spectra of PLLA shows the characteristic broad
peak corresponding to O-H stretch at 3400 cm ™. The C=0 of
ester and C-O stretching peaks were observed in the region
1757 em™ " and 1200-1069 cm ™, respectively and the charac-
teristic peak for symmetrical wagging of CH; group with
medium intensity was observed at 1374 em™". Similarly for PCL
the C=0 of ester and C-O stretching peaks were observed in the
region 1725 cm™ ' and 1246-1050 cm ™' respectively. In FT-IR
spectra, the C-H stretching peaks were observed in the region
2975-2865 cm™ ' with the characteristic asymmetric and
symmetric stretch of C-H corresponding to CH; at 2931 em ™"
and 2865 cm ™' respectively. The C=0 of PHBV, PLLA and PCL
merged together and gave an intense peak at 1723 cm ™'
showing the highly ordered crystalline structure. The peak for
symmetrical wagging of CH; group with medium intensity was
observed at 1374 cm™ ' and the medium intensity C-O stretch
were observed in the region 1282-982 cm™".

5.2.4 Mechanical properties. The stress vs. strain curve of
haloarchaeal PHBV, its blend and composite is shown in Fig. 4a
and the respective values are tabulated in Table 2. The ultimate
tensile strength of the haloarchaeal PHBV was recorded as 1.42
=+ 0.3 MPa with 1.03 £ 0.2% elongation at break. The Young's
modulus was 148.25 & 2.1 MPa. These results are in coherence
with the study conducted by Kuppan et al. (2011) where the
tensile strength of solvent-cast 2D PHBV film was reported as
1.57 MPa.* Blending the PHBV with PLLA and PCL significantly
increased the ultimate tensile strength by 359% to 5.1 +
0.5 MPa with a 4.11 £ 2.2% elongation at break and Young's
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modulus was 352.75 + 30 MPa. Reinforcement with GNP
further increased the ultimate tensile strength of native PHBV
by 981% to 13.94 + 1.2 MPa and Young's modulus was observed
to be 396.25 + 42 MPa. However, the elongation at break was
seen to reduce to 0.88 = 0.1%. The immense improvement in
the tensile strength and the elastic modulus could be due to the
strong covalent ¢ bonds in graphene.”® The mechanical
strength of a scaffold should be consistent with the target
tissue. Scaffolds should be able to withstand the wear and tear
at the site of implantation and also support the developing neo-
tissue. However, according to Alsafadi and colleagues (2020),
the tensile strength of the polymer is influenced by the 3-
HV mol% which is in turn influenced by the carbon/nitrogen
ratio and the type of nitrogen source used.* Inorder to facili-
tate angiogenesis and development of other structures like
nerve bundles and lymphatic system, the composite should
have similar mechanical properties as that of skin. For skin
tissue engineering, the tensile strength varies between 5 to
30 MPa with young modulus and elongation at break above
4.6 MPa and 35% respectively.*® The tensile strength of human
skin lies in the range of 1-32 MPa. This variation is due to age,
genetics, and skin color.”” The tensile strength of haloarchaeal
PHBYV, its blend/composite lies within this range.

5.2.5 DSC-TGA. TG/DTG curves for haloarchaeal PHBV and
its blend and composite are shown in Fig. 4b and ESI data S2.
All the films were stable up to 200 °C. The weight loss in
the region from room temperature to 200 °C could be attrib-
uted to loss of moisture. The thermal degradation of PHBV
showed a two step degradation in the regions 219-243 °C and
425-481 °C respectively. The weight loss is due to random
chain scission. The depolymerisation may be induced by
B-elimination and a-protonation. A slow degradation for PCL
starts at 277 °C, continues to 360 °C and a major weight loss in
the region 360 °C to 490 °C is observed due to complete
breakdown of the polymer backbone due to pyrolysis. On the
other hand a single step degradation was observed for PLLA in
the temperature range 300-400 °C due to random scission of
polymer chain. The PHBV/PLLA/PCL/GNP nanocomposite
showed a three step degradation, Step-I of the three-step
degradation of the nanocomposite occurred from 196.62 °C
to 242.36 °C. Step-1I from 277.24 °C to 298.08 °C and Step-III
from 431.85 °C to 465.79 °C. Step I and Step III can be attrib-
uted to weight loss due to PHBV, whereas Step II may be due to
the presence of GNPs.*® A significant increase in char yield was
observed on incorporation of GNP for PHBV/GNP composites.*
Usually a high inorganic residue is often obtained in bacterial
synthesis of PHAs due to presence of inorganic salts and other
media components.

Table 2 Mechanical properties of Halogeometricum borinquense E3 derived PHBV and its blend/composite

Ultimate tensile strength (UTS) (MPa) Elongation at break (%)

Sample ID Young's modulus (MPa)
Halogeometricum borinquense E3 derived PHBV ~ 148.25 + 2.1
PHBV/PLLA/PCL 352.75 + 30
PHBV/PLLA/PCL/GNP 396.25 + 42

24404 | RSC Adv, 2024, 14, 24398-24412

1.42 £ 0.3 1.03 £ 0.2
5.1 £ 0.5 411 £2.2
13.94 £ 1.2 0.88 £ 0.1
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The DSC curves for PHBV and its blends are shown in ESI
data S2.7 PCL shows an endothermic peak corresponding to its
melting point (7,,) at 68 °C. For PLLA glass transition temper-
ature (Ty) is observed at 49 °C and Ty, at 156 °C. The absence of
cold crystallization peak shows the absence of less stable
o state in PLLA. The presence of an endothermic peak at 73 °C
may be due to vaporization of solvent molecule which is sup-
ported by ~13% wt loss in TGA curve below 100 °C. The DSC
scan of PHBV shows Tc at 64 °C and a premelting peak near
133 °C which is just before the T;,, at 144 °C. For PHBV/PLLA/
PCL blend a shift in baseline corresponding to its T, is
observed at 57 °C and a flow temperature at 157 °C. The absence
of a sharp peak corresponding to the melting shows an increase
in the amorphous nature of the blend. Similarly for PHBV/PLLA/
PCL/GNP composites Ty is observed at a higher temperature i.e.
at 59 °C as compared to PHBV which is usually between —5 to
5 °C. This shows the more ordered state of polymeric chains.
The flow temperature is observed at 157 °C.

5.2.6 Swelling percentage and porosity. The swelling % of
the polymer and its blend/composite is shown in Fig. 5a. The
Hgm. borinquense E3 derived PHBV film demonstrated swelling
of 173.79% after 1 hour. The PHBV/PLLA/PCL showed a reduc-
tion in the swelling percentage down to 98.24% while the PHBV/
PLLA/PCL/GNP swelled to only 60.91% in 1 hour. The
percentage porosity of the material was calculated by the solvent
displacement method and was found to be 47.67%. The
porosity % of the PHBV/PLLA/PCL was found to be 28.60%. The
PHBV/PLLA/PCL/GNP composite showed a porosity percentage
of 9.78%. After 24 hours, the pores were saturated with water
and no more swelling occurred. The swelling percentage of
haloarchaeal PHBV stabilized at 157.7%. The swelling
percentages of PHBV/PLLA/PCL and PHBV/PLLA/PCL/GNP
composites after 24 hours were observed to be 58.65% and
48.64% respectively. The assessment of the degree of swelling
and water uptake of the biomaterial is important in deter-
mining its application. Swelling ability provides hydration,
allows diffusion of serum proteins and growth factors, aids in
controlled release of bioactive agents etc. Excessive swelling may
be detrimental to the cells and could also compromise
mechanical stability.®® The higher swelling percentage of the
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haloarchaeal PHBV film can be attributed to its semi-crystalline
nature where the amorphous regions interact more with the
water molecules. The % porosity of the films is shown in Fig. 5b.
The presence of numerous pores of random sizes formed due to
the evaporation of chloroform after solvent casting, and the
amount of the hydroxyvalerate (HV) units in the polymer chain
also influence the swelling behavior. The pore size in the PHBV/
PLLA/PCL blend was less than that of the Hgm. borinquense E3
derived native PHBV film and there was an increase in the
crystalline behavior. This could be the reason for a reduced
swelling ability. In the case of the PHBV/PLLA/PCL/GNP
composite, the GNPs occupy the pores and the surface of the
film further reducing the swelling. GNPs integrate within the
polymer matrix forming a barrier, leading to improved
mechanical strength and restricting the swelling.®*

5.3 Biological characterisation

5.3.1 Assessment of in vitro biocompatibility. The PHBV/
PLLA/PCL blend showed maximum viability of both the
HaCaT cells as well as the L929 cells, right from day 1
throughout the experiment compared to the tissue culture
grade control. This is a synergistic effect seen as neat PCL and
PLLA did not yield good results.®>** The PHBV/PLLA/PCL/GNP
nanocomposite was a close second followed by the hal-
oarchaeal PHBV film. The cell viability showed a temporary
decline on day 2. A possible explanation for this phenomenon
could be the stress due to the introduction into a new growth
environment. The cells overcome the initial stress and activate
the mechanism for repair, growth, and metabolism thereby
leading to an increase in the viability on day 5. The addition of
GNP to the PHBV/PLLA/PCL blend reduces the cell viability
albeit not significantly (Fig. 6a and b). The haloarchaeal PHBV
film showed lower cell viability than the blend/composite.
However, it was higher than the control. Human skin fibro-
blast (CCD-986Sk) cells grown on electrospun poly vinyl alcohol/
glucose/reduced graphene oxide exhibited excellent growth of
the fibroblasts and greatly increased the metabolic activity of
the cells.** In vitro evaluation of human fibroblast cells on
chitosan/polyvinylpyrrolidone/graphene oxide (GO) nanosheets
showed improved cell viability in the presence of GO. In vivo

Hgm. boringuense. PHBV/PLLAPCL PHBV/PLLAPCL
E3 derived PHBV GNP
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Fig. 5

(a) Percentage swelling ratio of PHBV film derived from Halogeometricum borinquense E3 and its blend/ composite after 1 hour and 24

hours. (b) Percentage porosity of PHBV film derived from Halogeometricum borinquense E3 and its composites by solvent displacement

method.
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Fig. 6 Assessment of in vitro biocompatibility of the Hgm. borinquense E3 derived PHBV film and its blend/composite using (a) HaCaT cells and
(b) L929 cells. Differences were analyzed with Two-way ANOVA with Tukey's multiple comparisons test. ****(p < 0.0001), ***(p = 0.001), **(p =

0.01), *(p = 0.05). p > 0.05 was considered non-significant.

studies using the same nanosheet confirmed faster wound
healing with the incorporation of GO.*®* Human dermal fibro-
blast cells showed accelerated attachment and proliferation
when grown on GO decorated poly(lactic-co-glycolic acid)/
collagen scaffold than on the scaffold without GO.

5.3.2 Microscopy. The confocal (Fig. 7a and b) and the SEM
(Fig. 8a and b) images demonstrate the attachment of HaCaT
and L929 not only on the surface of the films but also inside the
pores. The large HaCaT cells are observed to be growing in the
form of clusters while the fibroblast cells are seen extending
their filopodia to interact with the adjacent cells. In vitro studies
reported by Kalva et al. 2023 (ref. 66) using 3T3 fibroblast cells
showed that addition of PHBV to PCL in an air-spun scaffold
improved initial cell attachment and faster cell proliferation
than in the PCL scaffold alone. In vivo studies on rat model
showed incorporation of the scaffold in the tissue without
adverse inflammatory reaction.

5.3.3 Adsorption of proteins on the surface of the films.
The haloarchaeal PHBV showed the maximum adsorption of
proteins with an average of 9.88 ng of proteins adsorbed per
mm?® of the scaffold. This was followed by the PHBV/PLLA/PCL/
GNP composite which adsorbed 7.46 pg mm™>. The PHBV/
PLLA/PCL adsorbed 6.56 pg mm > of protein (Fig. 9a). The
surface adsorption of proteins is influenced by the physico-
chemical properties of the biomaterial, protein affinity, and
diffusion. There is an immediate interaction of the biomaterial
with proteins forming a dynamic monolayer on the surface.
This is followed by the interaction between the cells and the
biomaterial. The haloarchaeal PHBV was observed to adsorb
maximum proteins. This could be due to the chemical compo-
sition of the native polymer and the nature of the surface
topography facilitating a stronger interaction and adsorption of
proteins. PHBV/PLLA/PCL/GNP composite was expected to
show higher adsorption of proteins owing to its larger surface
area. However, the slight reduction in the adsorption of
proteins could be due to the presence of some hindering
components.®” The binding of the proteins reveal the biocom-
patible characteristics of the films for tissue engineering.

24406 | RSC Adv, 2024, 14, 24398-24412

5.3.4 Degradation of the films in vitro. The native PHBV
polymer derived from Halogeometricum borinquense E3 showed
maximum degradation followed by the PHBV/PLLA/PCL blend
and lastly the PHBV/PLAA/PCL/GNP nanocomposite (Fig. 9b).
The haloarchaeal PHBV polymer fragmented into smaller pieces
indicating its weak structural integrity. This is confirmed by the
ultrastructure of the polymer which shows wider pores and deep
cracks on the polymer (ESI data S3t). At the end of 28 days, the
PHBV polymer showed an average 62.07% of degradation. The
rate of degradation in the blend was slow with an average
13.07% in PHBV/PLLA/PCL and 8.62% degradation in PHBV/
PLLA/PCL/GNP respectively. In the inflammatory stage of
wound healing, polymorphonuclear leucocytes are responsible
for the secretion of lysozyme which acts on the macromolecules
degrading them to smaller units. The native PHBV film showed
a higher weight loss than the blend or composite. The low
tensile strength of the polymer caused it to fragment into
smaller pieces. This could have exposed the sites for lysozyme
action ultimately leading to weight loss.*® The rate of degrada-
tion of the scaffolds should go hand-in-hand with the rate of the
formation of the neo-tissue and allow the cells to secrete the
extracellular matrix.

5.3.5 Evaluation of hemocompatibility of the films. Excel-
lent hemocompatibility of haloarchaeal PHBYV, its blends and
composite was seen. The PHBV derived from Hgm. borinquense
E3 resulted in a percentage hemolysis of 0.039%. The PHBV/
PLLA/PCL blend demonstrated 0.352% hemolysis while the
PHBV/PLLA/PCL/GNP composite caused 1.095% hemolysis.
Scaffolds that cause hemolysis of less than 5% are classified as
highly hemocompatible; between 5-10% as hemocompatible
and greater than that as non-hemocompatible® (Table 3). The
graphene nanocomposite provoked a higher hemolysis albeit
less than 5%. The erythrocytes could have encountered the
sharper edges of the GNPs ergo causing the damage.” The
greater the degree of hemolysis, the lower the compatibility.””>
Lysis of the membrane of the erythrocytes releases hemoglobin
in the supernatant which is correlated with the rate of hemo-
lysis.” The haloarchaeal PHBV derived blends and composite

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) HaCaT cells and (b) L929 cells cultured on Halogeomtericum borinquense E3 derived PHBV, PHBV/PLLA/PCL and PHBV/PLLA/PCL/
GNP films, stained with phalloidin and counterstained with DAPI visualized under confocal microscope (magnification 40 x; scale bar: 50 um).
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Fig. 8 FESEM images of (a) HaCaT cells and (b) L929 cells cultured on Halogeomtericum borinquense E3 derived PHBV, PHBV/PLLA/PCL and

PHBV/PLLA/PCL/GNP films (magnification 4000x; scale bar 30 pum).
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days.

Table 3 Hemocompatibility of Halogeometricum borinquense E3 derived PHBV and its blends/composite

Sample Absorbance % hemolysis Remarks

Hgm. borinquense E3 derived PHBV 0.01 0.0391 Highly hemocompatible
PHBV/PLLA/PCL 0.018 0.3522 Highly hemocompatible
PHBV/PLLA/PCL/GNP 0.037 1.0958 Highly hemocompatible
Positive control 2.564 NA

Negative control 0.009 NA

showed less than 5% hemolysis and are therefore highly
hemocompatible materials.

6 Conclusion

The current study focussed on the development of a blend/
nanocomposite using an innately synthesized copolymer PHBV
by Halogeometricum borinquense E3. The mechanical strength of
the haloarchaeal PHBV was successfully improved by blending
with PLLA, PCL and/or reinforcing it with 0.3% w/v of GNP. A

24408 | RSC Adv, 2024, 14, 24398-24412

comparative study of its physicochemical and biological prop-
erties was carried out. The haloarchaeal PHBV had a higher
porosity (47.67%) and demonstrated greater swelling than the
PHBV/PLLA/PCL blend, followed by the PHBV/GNP composite.
Halogeometricum borinquense E3 derived PHBV also adsorbed
the maximum proteins per mm? of its surface area. The trend
that was seen in the case of protein adsorption is native PHBV >
PHBV/PLLA/PCL/GNP composite > PHBV/PLLA/PCL. The cell
viability of the PHBV/PLLA/PCL was significantly higher than
the tissue culture grade control and even native PHBV. The
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incorporation of GNP into the composite did not cause any
significant change in the viability of the cells or hemocompat-
ibility. Therefore, this nanocomposite can be used as potential
novel biomaterial in skin tissue regeneration.
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