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ABSTRACT

Polyhydroxyalkanoates (PHAs) are bacteria-derived polymers that are being actively explored for their potential in biomedical engineering applications. These
polymers are not only highly biocompatible in nature but also sustainable, produced using renewable substrates, and hence considered future biomaterials. In
addition to normal fermentation, PHAs can also be produced through a synthetic biology approach. This study explores a medium chain-length PHA (mcl-PHA)
produced by Pseudomonas mendocina CH50 by batch fermentation, fed with glucose as the sole carbon source. The polymer was extensively characterised, and it
exhibited an elastomeric property of a typical mcl-PHA with 215 + 52 % elongation at break. The mcl-PHA also had a low melting point, Tp,, of around 55 °C, making
it processable with various fabrication methods. The extracted mcl-PHA was prepared as a solvent-cast film and tested as a potential cell culture substrate for human
glomerular cells, the conditionally immortalised human podocytes (CiHP) and conditionally immortalised human glomerular endothelial cells (CiGEnC). Initial
resazurin assay under proliferative conditions showed promising cell metabolic activities of the cells cultured on the mcl-PHA film, comparable with those cultured
on tissue culture plastic (TCP). Despite the decreased expression of collagen IV under proliferative conditions, the differentiated co-cultured cells on mcl-PHA had
comparable values with cells those grown on TCP. These promising results verified the biocompatibility of the mcl-PHA produced by P. mendocina CH50 and
established its potential as a bio-based sustainable alternative in biomedical applications including glomerular tissue engineering.

1. Introduction

Polyhydroxyalkanoates, widely known as PHAs, are a family of
natural sustainable polyesters which are mainly produced by fermen-
tation and synthetic biology approach [1], using aerobic bacteria with
many known wild-type or genetically modified strains, including Pseu-
domonas [2]. Pseudomonas is one of many Gram-negative bacterial
genera with vast potential in producing PHAs due to their versatile
metabolic capabilities of converting a range of different carbon sources,
including waste materials into PHAs. They mainly produce medium
chain-length PHA, or mcl-PHA, with side chains of more than two car-
bons (Fig. 1) via the phaCl and phaC2 genes which code for the PHA
synthase [3]. They are typically produced intracellularly within the
phasin protein envelope in the cytosol of the cells that act as a cellular

carbon reserve [4,5]. These polymers are non-toxic, biodegradable,
environmentally friendly, and innately biocompatible; hence they are
sought after for their sustainability value and huge range of applications,
including in the biomedical area.

Pseudomonas-derived PHAs are currently being actively explored to
unlock their massive potential in many applications [2]. Notable spe-
cies, such as Pseudomonas putida [6], Pseudomonas oleovorans [71],
Pseudomonas aeruginosa [8,9], and Pseudomonas mendocina [10-12]
have been subjected to bioprocess optimisation to determine the best
conditions for achieving high yield and productivity of PHAs. Some
other lesser-known species, such as Pseudomonas citronellolis [13],
Pseudomonas monteilii [14], Pseudomonas umsogensis [15], Pseudomonas
chloroaphis [16,17], and Pseudomonas stutzeri [10,18], to name a few; on
the other hand, are also actively being investigated to understand their
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Fig. 1. The general chemical structure of PHAs.

biosynthetic pathways and factors that favour PHA production,
including substrate preference, media composition and culture condi-
tions. Furthermore, genetic modification has also been undertaken to
introduce and maximise PHA accumulation capability in comparison to
wild-type strains, especially using P. putida [19].

Due to the robustness of Pseudomonas species, there have been at-
tempts to scale up the production of PHAs in order to obtain a higher
quantity of the polymer as compared to the conventional shaken-flask.
Commonly adopted techniques include batch, fed-batch, and contin-
uous fermentations with a stirred tank bioreactor [2]. For example, a
large-scale mcl-PHA production using a 500 L fermentation vessel has
been carried out using P. citronellolis DSMZ 50332, fed solely with acetic
acid as a batch fermentation. The runs yielded 15.0 + 0.3 g L™! dry
biomass concentration with 3.5 + 0.5 g L™! of mcl-PHA concentration
from two fermentation runs totalling 1,207 L of working volume [20].
Another upscale attempt to produce mcl-PHA with unsaturated side
chains has been carried out using a 100 L bioreactor with a single vessel
two-step strategy; step one was batch (Gewiirztraminer grape pomace as
the substrate in the growth phase), and step two was a fed-batch
fermentation (1:1 octanoic acid and 10-undecenoic acid as substrates
in the polymer accumulation phase) by P. putida KT2440. This run
produced 7.9 + 0.4 g L™! final residual biomass, with 5.8 g L™! of
mcl-PHA with a terminal olefin group, simultaneously proving the sus-
tainability in PHA production using waste materials as feedstock in
large-scale runs [21]. Another example of successful large-scale
fermentation was in a 400 L vessel, using P. putida GPol, utilising so-
dium octanoate as a carbon source, which led to the production of poly
(3-hydroxyoctanoate) polymer. The fed-batch fermentation led to the
production of 17.8 & 0.3 g L™! cell dry mass at the end of the fermen-
tation, with 48.0 + 2.6 % of polymer content [22].

P. mendocina has also been utilised as a potential PHA producer and
is gaining significant attention in sustainable biopolymer production
using renewable carbon sources [23,24]. Mcl-PHA, for instance, can be
produced from sugar, especially glucose, which P. mendocina strains can
use to undergo fatty acid de novo synthesis and hence to promote the
elongation of the PHA side chain [25]. However, there are few reports
describing a scaled-up fermentation using P. mendocina; most describe
shaken-flask experiments. A study using P. mendocina PSU cultivation
utilising biodiesel liquid waste led to the production of a high polymer
content of PHA, up to 77 % dry cell weight (dew) of mcl-PHA from 3.7 g
L7! dry cell mass in shaken 250 ml Erlenmeyer flasks [12]. Using a
similar cultivation technique but with P. mendocina strain 0806,
culturing with glucose led to the production of around 2.1 g L1 of dew
with less polymer content, only 32 % dcw [26]. Another batch of
shaken-flask culture using P. mendocina CH50, using sodium octanoate,
led to the production of poly(3-hydroxyoctanoate). 0.6 g L™ dew was
obtained at the end of the fermentation after 54 h, with 22.5 % dcw of
polymer content [27]. Using this strain, a relatively larger scale of
fermentation was carried out in a 20 L stirred tank bioreactor, unrav-
elling the potential of scaled-up PHA production using P. mendocina. The
run used coconut oil as a sustainable carbon source, producing a
terpolymer of mcl-PHA with up to 58 % dcw polymer content with 2.5 g
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L~! of biomass concentration after 48 h of fermentation [11]. The se-
lection of sustainable carbon sources, as mentioned, indeed confirmed
the green nature of PHA production using P. mendocina strains in pro-
ducing PHA, not limited to conventional shaken-flask techniques but
also scaled-up production using bioreactors with larger fermentation
volume.

In addition, P. mendocina NK-01 has been extensively subjected to
metabolic engineering to enhance the accumulation of PHAs, including
inhibition of p-oxidation by deleting six genes involved in this process,
leading to the increased mcl-PHAs titre by 10 folds. Deletion of the phaZ
gene also led to the preservation of the dominant monomer of mcl-PHA
by avoiding depolymerisation [28]. In addition, morphology engineer-
ing has been carried out to promote cell elongation by knocking out the
cell fission ring gene, minCD, allowing the cells to accumulate higher
PHA content [29].

PHAs are known to be versatile for many applications and interest in
using them in the pharmaceutical and biomedical sectors is increasing.
They are known for their biocompatibility with mammalian cells; hence,
cell and tissue engineering research has showcased PHAs as prospective
materials replacing synthetic ones. For P. mendocina, only PHAs pro-
duced by the P. mendocina strain CH50 has been reported to demonstrate
biocompatibility for tissue engineering applications. One of the studies
reported that the mcl-PHA produced by, P. mendocina, promoted
neuronal cell attachment and proliferation, 40 % higher than standard
tissue culture plastic [11]. Meanwhile, other work validated the
biocompatibility of surface-coated mcl-PHA with polydopamine by in
vivo subcutaneous implantation in a rat model, which after four weeks
post-implantation displayed no inflammatory response and exhibited
tissue integration with the promotion of neovascularisation compared to
uncoated samples [30]. PHAs also have potential in delivering active
compounds for therapeutic purposes, such as injectable microspheres
using a type of mcl-PHA, poly(3-hydroxybutyrate-co-3-hydroxyvaler-
ate-co-3-hydroxyhexanoate), in delivering neurogenic drugs [31,32] for
androgenetic alopecia treatment [33], and delivering bone morphoge-
netic protein (BMP) to promote directed osteogenic differentiation of
human bone marrow mesenchymal cells (hBMSCs) [34].

This study aimed to study the production of mcl-PHA by P. mendocina
CH50 using a scaled-up batch fermentation of 10 L working volume,
utilising glucose as the sole carbon source, and eventually testing its
biocompatibility, for the first time, using glomerular cells, for future
kidney tissue engineering representing a soft tissue engineering appli-
cation. The polymer produced was thoroughly characterised to obtain
information regarding its chemical, thermal and mechanical properties.
Later, the resulting polymer was explored for its suitability for kidney
tissue engineering using two types of unique renal cells, conditionally
immortalised human glomerular cells; podocytes [35] and endothelial
cells [36]. This study confirmed, for the first time, the potential of the
mcl-PHA produced using P. mendocina CH50, in kidney tissue engi-
neering and for an in vitro 3D kidney model development.

2. Materials and methods

All chemicals were purchased from Merck (Sigma-Aldrich) (Darm-
stadt, Germany), VWR International (Pennsylvania, USA), Lonza (Basel,
Switzerland) and Thermo Fisher Scientific (Massachusetts, USA).

The setup for the fermentation used in this study was a 15 L jacketed
single-wall bioreactor vessel equipped with a dual Rushton turbine with
constant stirring at 574 rpm. Temperature, pH, dissolved oxygen tension
and stirring were monitored and regulated in real-time using Applikon
Biotechnology 7310110011 EZ Control Bioreactor (Delft, The
Netherlands). All equipment for the cultivation was purchased from
Getinge (Derby, UK).

2.1. Polymer production and preparation

The P. mendocina strain CH50 was used as the producer of the PHA. It
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was activated before inoculation using a two-stage shaken flask growth:
nutrient broth as the first stage and mineral salt media as the second
stage, as established [11,27,37-40]. The bioreactor fermentation run
utilised 10 L of fermentation working volume, with 20 g L™ of glucose
as a sole carbon source in a batch mode for 48 h [11].

Temperature, pH and dissolved oxygen tension were acquired
continuously in real-time throughout the fermentation by the bioreactor
control. The cell density was measured by optical density at 600 nm via
sampling. The temporal sampling provided information regarding tem-
poral biomass concentration and other information for the temporal
profile, including residual nitrogen concentration by phenol
nitroprusside-sodium hypochlorite method [41] and glucose assay by 3,
5-dinitrosalisylic acid (DNS) reagent to detect reducing sugar from the
supernatant [42].

The polymer was extracted using the two-step Soxhlet extraction by
placing the freeze-dried biomass in a paper thimble: the first step used
methanol to wash dissolvable lipid and protein impurities, and the
second was chloroform extraction. The polymer was later precipitated
using cold methanol under stirred conditions, collected and dried until
constant weight was obtained. The solvent-cast film was produced by
dissolving the polymer into chloroform to obtain a 10 % w/v solution
and pouring it into a glass petri dish to be dried under a fume hood at
room temperature [11].

2.2. Polymer characterisation

The chemical structure of the polymer was identified by proton nu-
clear magnetic resonance (*H NMR) spectroscopy using Bruker AVIII
400 MHz “Marmaduke” 5 mm solution state double resonance broad-
band probes. Functional group validation has been carried out by
Fourier-Transform Infrared-Attenuated Total Reflection (FTIR-ATR)
spectroscopy using a Perkin Elmer Frontier FT-IR spectrometer by
putting a solid sample on a diamond probe.

For polymer quantification, the gas chromatography (GC) method
was used. The biomass samples were subjected to methanolysis to
extract and methanolyse the polymer into quantifiable monomeric
components. Standard curves were used using the relevant commercial
3-hydroxy methyl esters [43,44]. This was used to determine the poly-
mer content, polymer titre, and polymer productivity in correspondence
with other temporal data.

Further monomer determination was carried out using the gas
chromatography-mass spectroscopy (GC-MS) method by Agilent 7200
Accurate Mass Q-ToF GC-MS, using the same samples from the meth-
anolysis. The detected peaks are analysed and compared with the Na-
tional Institute of Science and Technology (NIST) database, depending
on the matching factor.

Thermal characteristics of the polymer were determined with the
Differential Scanning Calorimetry (DSC) method using the Perkin Elmer
DSC4000 instrument to detect the glass transition (Tg) and melting (Ty,)
temperatures by scanning the sample at 20 °C per minute. Meanwhile,
the degradation temperature (T4q) was obtained with thermogravimetric
analysis (TGA) using the Perkin Elmer Pyris 1 TGA instrument with a
similar scan rate.

Molecular weight quantification was conducted using the gel
permeation chromatography (GPC) method with Viscotek GPCmax
VE2001 GPC solvent/sample module equipped with PLgel 5 pm Mixed C
heated in a Gilson column oven with a column set length of 650 mm, and
Waters 410 Differential Refractometer as the Differential Refractive
Index detector with an injection volume of 100 pL. Peaks were detected
using Cirrus software, set for manual analysis. The values were calcu-
lated against the polystyrene 9-point standard curve with the equation
as follows:

y=16.8 — 1.73x + 0.0895x> — 0.00208x°

Where y is the molecular weight, M,, and x is the retention time in
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minutes, using narrow standard calibration with a curve fit of three. This
analysis was conducted at the Department of Chemistry, University of
Sheffield.

The bulk mechanical property of the polymer was measured using a
MultiTest-dV Motorised force tester (Mecmesin) instrument with a 25 N
load cell. Pre-cut polymer films into a dog-bone shape following the ISO
standard ASTM D638 Type V, and were loaded between two vertical
metal grips. Five similar samples were used as replicates.

2.3. Cell work and cytocompatibility

Bristol Renal, University of Bristol, has developed the two condi-
tionally immortalised human glomerular cell lines used for this study
[35,36]. Conditionally immortalised human podocytes (CiHP) were
maintained using RPMI-1640 media with the addition of
insulin-transferrin-selenium (ITS) solution to make up 1 % v/v and
foetal bovine serum (FBS) to make up 10 % v/v [35]. Conditionally
immortalised glomerular endothelial cells (CiGEnC) were maintained
using EBM™:-2 basal medium (CC-3156) equipped with EGM™-2 MV
Microvascular Endothelial Cell Growth Medium SingleQuots™ supple-
ments (CC-4147) [36]. CiHP was transduced to overexpress green
fluorescent protein (GFP-actin), and mCherry-actin for CiGEnC [45].
Both cell types were incubated at 33 °C for proliferation for seven days
and switched to 37 °C to arrest cell division and start cell differentiation
for 14 days. The viability assay used a resazurin assay over seven days
under proliferative conditions at 33 °C. A 10 % v/v solution of 1 mM
sodium resazurin salt was prepared with culture media. The media was
removed and resazurin solution was introduced to the cell culture and
incubated for 4 h before being read using a plate reader for fluorescence,
using a 530-570 nm excitation wavelength and 585-590 nm emission
wavelength [46]. All cell cultures used 10,000 cells per mL as the
seeding density in 96-well plates with 200 pL working volume per well.

2.3.1. Staining and imaging

Initially, all cell culture samples are fixed using 4 % methanol-free
formaldehyde for 15 min. The formaldehyde is then removed and
immediately they were blocked using a blocking buffer consisting of 5 %
normal serum and 0.3 % Triton™ X-100 in phosphate buffer saline for
an hour. Next, antibody staining was introduced, using 0.5 % of the
primary antibody solution Invitrogen Collagen IV Monoclonal Antibody
(1042) (1:200 dilution), eBioscience™ to stain collagen, with 1 %
normal serum and 0.3 % Triton™ X-100 in phosphate buffer saline, and
let incubated overnight at 4 °C. After that, 4 pM of 4',6-diamidino-2-
phenylindole or DAPI staining as nuclei stain was introduced into the
cells for 15 min. All images were acquired using Zeiss LSM880 Airyscan
Confocal utilising a Z-stack setting and processed using Fiji Image J
software, scanning 0.7 mm? area for at least three locations on a sample
to acquire information for mean fluorescent intensity and number of
cells.

The neat polymer underwent Scanning Electron Microscopy (SEM)
analysis to assess its surface qualitatively. The samples were coated with
gold using a Quorum Q150RSplus instrument, resulting in a gold
deposition thickness of 5 nm. Image capture was performed using an FEI
Inspect F microscope, a general-purpose Field Emission Gun-Scanning
Electron Microscope (FEG-SEM) equipped with Secondary Electron (SE)
and Backscattered Electron (BE) image detectors, as well as Energy
Dispersive Spectrometry (EDS). The SEM facility is at Sorby Centre,
University of Sheffield.

2.3.2. Statistical analysis

All analyses were done using two-way ANOVA statistical analysis
using Sidak’s multiple comparisons test by comparing the data from mcl-
PHA to TCP, through GraphPad Prism software.
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Fig. 2. Fermentation profile for mcl-PHA production by P. mendocina CH50 using glucose. Temperature, pH, and dissolved oxygen tension were acquired in real-
time. Cell concentration and optical density were acquired at selected time points by manual samplings; each point is n = 2, with gaps (dotted lines) between

4-18 h and 26-42 h due to out-of-hours access limitations. All error bars are standard deviations.
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Fig. 3. Temporal nitrogen (red curve) and glucose (green curve) residue esti-
mation plots of P. mendocina CH50 using glucose. Each point is n = 4 with error
bars representing standard deviation, with gaps (dotted lines) between 4-18 and
26-42 h due to out-of-hour access limitations.
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Fig. 4. Temporal polymer content of % dry cell weight (decw) (red), polymer
titre (green), productivity (blue) plots of P. mendocina CH50 using glucose. Each
point is n = 2 with an error bar representing standard deviation, with gaps
(dotted lines) between 4-18 and 26-42 h due to out-of-hour access limitations.

3. Results and discussion
3.1. Production of mcl-PHA by P. mendocina CH50

P. mendocina CH50 has been selected to produce the mcl-PHA in this
study. It was fed by glucose for over 48 h of fermentation, conducted

with temporal monitoring to understand the growth pattern. The abiotic
temporal parameters in the fermentation included the temperature, pH,

and percentage of dissolved oxygen tension.

The temperature and pH of the 15 L bioreactor with 10 L working
volume were stable throughout the fermentation, respectively, at 29.99
=+ 0.05°C and pH 6.99 + 0.01. The fermentation had a high oxygen level
throughout, starting with almost 100 % dissolved oxygen tension and
gradually decreasing to 77.8 + 2.3 % after 9 h. The oxygen level was
eventually maintained until the end of the fermentation, indicating that
the bacterial culture was maintained at a certain level of growth. Unlike
a similar fermentation utilising coconut oil as the sole carbon source, in
which the run experienced an abrupt decrease of oxygen level from 100
% to around 0 % within the first hour [11], the run from this study was in
oxygen-sufficient conditions, maintained at 80.4 + 0.5 % (minimum
value observed) and 87.1 & 0.3 % (maximum value observed), intro-
duced by a balance of stirring speed and air inflow rate. The cell con-
centration also increased over time, reaching a maximum of 2.3 £ 0.1 g
L1 at the 45th hour. The optical density increased, and the highest
reading of 25.6 + 1.4 was observed at the end of fermentation at the
48th hour (Fig. 2).

The nitrogen component is a limiting factor in this study. Despite this
run being conducted in batch mode, a restrictive amount of 0.5 g L™" of
ammonium sulphate was introduced. This gradually decreased and
reached a plateau at 18 h at a value lesser than 0.1 g L ™! and remained so
until the end of fermentation (Fig. 3). This observation slightly differs
from the previous studies; one that used coconut oil observed a plateau
of the nitrogen concentration after 27 h [11], and another study using
glucose and fructose as the carbon source observed the plateau after
around 12-13 h [47]. This plateauing occurs when the limited supply of
nitrogen available in the media has been used up during the run in
supporting the growth of the bacteria and no further growth can hence
occur in the absence of nitrogen.

Meanwhile, glucose consumption was intensive during the first 20 h
of the run. When the glucose began to get depleted, less oxygen was
consumed, indicating a lack of growth of the bacteria. This is consistent
with the increment of the oxygen concentration after 10 h (Figs. 2 and
3). The fed-batch run producing mcl-PHA using P. putida IPT 046 is the
most similar fermentation in which a complete glucose depletion was
observed around 12-15 h of fermentation similar to the 18 h observed in
this work [47].

For information regarding the temporal polymer production, hourly
samples were taken and subjected to methanolysis. Methanolysed
samples were then eventually subjected to gas chromatography analysis,
and data acquired were used to calculate the polymer content, titre, and
productivity.

The initial maximum polymer content was observed around halfway
through the fermentation run, at 22 h, with a 10.8 % dry cell weight
(dew) content corresponding with the polymer titre value of around
0.23 g L1, However, the highest polymer titre was observed at around
46 h with a value of around 0.24 g L' and 9.2 % dew of polymer
content. These parameters experienced a slight decrease at the end of the
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Table 1
Yield parameters for mcl-PHA production by P. mendocina CH50 at 48 h.
Yield Parameters Values
Cell yield Cell mass per volume of fermentation broth 231+0.05¢g
-t
Polymer Polymer percentage in the context of dry cell 21.03 + 2.08 %
yield weight (dew) dew
Polymer per unit mass of dry cell weight 0.37 £ 0.03 g
-1
8
Polymer per unit mass of substrate 24.38 + 2.27 mg
-1
Titre Polymer per volume of fermentation broth 0.49 +£0.05¢g
-1
Productivity Polymer per volume of fermentation broth per ~ 10.16 + 0.95 mg
unit of fermentation time L'h!

fermentation with values around 8.7 % dcw and 0.22 g L7} titre.
Meanwhile, the polymer productivity trend was consistent with the
polymer content and titre. It peaked at 22 h with around 10.5 mg L™}
h~!. As time progressed, the productivity decreased, with a value of only
around 4.6 mg L™! h™! at the end of the fermentation. Overall, the
fermentation experienced polymer production fluctuation trends, with a
sharp increment between 15 and 22 h, a decrease afterwards, and an
increase between 40 and 46 h, slightly decreasing until the end of the
run (Fig. 4). Ultimately, at the end of the fermentation, the mcl-PHA
produced exhibited a polymer titre of 0.49 + 0.05 g L' and 10.16 +
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0.95 mg L' h™! productivity (Table 1).

The fermentation process was carried out in batch mode. PHA-
producing bacteria are well-known to accumulate PHA under nutrient-
limiting conditions, such as when carbon, nitrogen, or phosphorus
sources become scarce. These stresses trigger the biosynthesis of PHA as
an intracellular energy reserve to support survival during periods of
starvation [48]. Although detailed reports specifically documenting this
behaviour are limited, it can often be inferred indirectly through key
indicators. In this study, for example, the depletion of nitrogen and
glucose at approximately the 20 h (Fig. 3) coincided with a noticeable
increase in PHA accumulation over the subsequent 5 h window (Fig. 4).
However, this upward trend gradually reversed over the next 16 h, likely
due to the bacteria metabolising the stored PHA to sustain themselves.
While this trend has not been extensively described in literature, Basnett
et al. observed a comparable pattern with a similar bacterial strain
cultured using coconut oil, where nitrogen depletion around 27 h trig-
gered a 20 % increase in PHA accumulation [49]. This fermentation run
was especially distinctive due to the unexpected increase of PHA accu-
mulation around the 42 h point, marked by a further 15 % increase over
the following few hours (Fig. 4). This increase could be due to a second
phase of PHA accumulation after the bacterial growth reached a high
value of cell concentration of around 0.125 g L™! as seen in Fig. 2.

This fermentation run successfully produced mcl-PHA from glucose
by utilising P. mendocina CH50, with a promising yield of 0.49 & 0.05 g
L7! for batch fermentation within a 10 L working volume bioreactor.

4106 [+E1 TIC Scan Frag=70.0v 2311_AgilentGC_MSE10.0 o
7.5
7.25
>
6751
6.5
6.25
6
5.75 4—-3HD
55
5.251
5
4.757
L 45
é 4.25
S 4
£ 375
© 35
£ 3.251
T 3
& 275 ‘
- 3-3HO
2 1 - 3HHx
1751
L5 2-MB 5- HDD
1.25 l 6 - 3HTD
0.751 \ | L |
0.51 {' \ “ |
025 | I \ \ [\ Lo
pd B AU ;, N Pp— W \J L
15 2 25 3 35 4 45 5 55 6 65 7 75 8 9 95 10 105 11 115 12 125 13 135 14 145 15 155
Counts vs. Acquisition Time (min)

Fig. 5. GC-MS chromatogram detecting 3-hydroxymethyl ester monomers from mcl-PHA produced by P. mendocina CH50 when fed with glucose.

Fig. 6. Monomer composition in terms of molar percentage across the fermentation run for 3HO, 3HD, and 3HDD in the main graph and 3HHx and 3HTD in the inset

Fermentation time, hours

graph. The 3HD composed most of the monomer with 71.5 mol% of the polymer.

2 L I —
R el e —
2 60- —— 3HHix %
) —=— 3HO S 6
g — o =
g‘ 40 —— 3HDD E 44
3HTD 2
8 M £
= e 2 ~ S ~ e
gzo- e s et Y e
o) 0 5 10 15 20 25 30 35 40 45 50
g . Fermentation time, hours
S O -
TTTIT T T[T T[T I T[T T T[T T I TT T[T TTII TTT
0 5 10 15 20 25 30 35 40 45 50



S.M.D. Syed Mohamed et al.

v
.

Acetyl-CoA

ACC

Melonyl-CoA

FabD

Melonyl-ACP

Acyl-ACP

FabB

Fabl
FabK

Materials Today Bio 33 (2025) 101932

Acyl-CoA

3-Keto-
acyl-CoA

trans-2-
Enoyl-CoA

Fatty acid
B-Oxidation

" FadB(NAD* FadB
trans-2- 3-Keto- RAES \ == )
Enoyl-ACP acyl-ACP e S-3-hydroxy-
" acyl-CoA
FabA FabG \\\ | Epimerase
Fabz A ;
R-3-hydroxy- @ ) A RCehidiony-
acyl-ACP » acyl-CoA
PhaC
PHA
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Adopting a fed-batch fermentation strategy in the future, further
enabling the potential of optimising and eventually increasing produc-
tivity, could further improve the yield.

3.2. Characterisation of mcl-PHA by P. mendocina CH50

3.2.1. Monomer confirmation

The polymer produced by P. mendocina CH50 was subjected to GC-
MS to validate the monomer composition of the mcl-PHA. Five
different monomer methyl esters were detected from the analysis,
namely 3-hydroxyhexanoate (3HHx), 3-hydroxyoctanoate (3HO) 3-
hydroxydecanoate (3HD), 3-hydroxydodecanoate (3HDD), and 3-
hydroxytetradecanoate (3HTD) (Fig. 5). The MS spectra compare the
signal from the corresponding component’s sample and the NIST data-
base. All MS spectra showed the presence of m/z = 103 signal, the total
molecular weight of the hydroxyl group, a and p carbon, and the ester
bond as the main component for 3-hydroxyalkanoate esters (Fig. 5) [18,
50].

The temporal variation of the monomer percentage was quantified
using the GC method by considering the flame ionisation detector (FID)
signal to obtain the mole percentage. Initially, there were no 3HHXx,
3HDD, or 3HTD detected from the samples within the first 4 h of the
fermentation. However, 3HHx and 3HDD monomers were detected later
at 18 h of fermentation, and the 3HTD monomer only appeared after 44
h. The highest monomer content was 3HD, averaging 71.5 + 2.4 mol%,
followed by 3HO with 24.4 + 3.6 mol% throughout the fermentation,
making the polymer principally a medium chain-length PHA or mcl-PHA
(Fig. 6). The temporal variation in the monomer content of the PHA
reflects the temporal variation in the substrate pool available to the PHA
synthase enzyme during the biosynthesis of the polymer. To the best of
our knowledge, this is the first time such an in-depth study has been
carried out with respect to the temporal variation of the monomer
content of the PHA. In future this can be exploited to produce mcl-PHA
of bespoke monomer content and hence, with related specific material
properties.

The utilisation of glucose in producing PHA is common, given its
renewable nature. In PHA-producing bacteria, several pathways related
to sugar metabolism, especially glucose, promote the biosynthesis of the
bio-polyester. The product may differ due to the metabolic capacity of

the bacterial strain. For both short chain-length or medium chain-length
PHA biosynthesis, glucose is first subjected to glycolysis to produce two
pyruvate molecules and later converted via pyruvate oxidation into
acetyl-CoA, a significant precursor of most cellular metabolic pathways,
including PHA biosynthesis. Lu et al. reviewed possible 3-hydroxyalkyl-
CoA monomers produced to produce scl-PHA, such as 3-hydroxybutyryl-
CoA for P(3HB) production, 3-hydroxyvaleryl-CoA for P(3HV), and 4-
hydroxybutyryl-CoA for P(4HB) [51], the polymerisation of which ul-
timately takes place by the action of the enzyme PHA synthase [52]. For
mcl-PHA biosynthesis, the acetyl-CoA would be introduced into specific
pathways to elongate the side chain, known as dissociated fatty acid
biosynthesis, or de novo fatty acid synthesis, or de novo lipogenesis, to
produce 3-hydroxyacyl-ACP, which later would undergo trans-
esterification to produce 3-hydroxyacyl-CoA for PHA biosynthesis by the
relevant PHA synthase (Fig. 7) [25,51,53].

P. mendocina is known to produce mcl-PHA, especially when fed with
fatty acids [11,12]; limited reports mentioned glucose as a carbon source
[24]. This study confirmed that P. mendocina, specifically strain CH50, can
biosynthesise mcl-PHA from glucose by undergoing de novo lipogenesis,
which is consistent with assessment of the production of 3-hydroxyacy-
I-ACP and eventually 3-hydroxyacyl-CoA in the PHA biosynthetic
pathways by Kroumova et al. [23] One study reported that P. mendocina
NK-01 produced mcl-PHA from glucose with mcl-monomers including
3HO and a significantly higher 3HD monomer composition [54], com-
parable to the result from this study. Similar to a study using
P. mendocina 0806, the fermentation that utilised glucose produced a
higher 3HD composition and was tailorable up to 97-99 mol% when the
media had a carbon:nitrogen (C:N) ratio of >40, and around 80 mol%
for <40 [24,55].

The monomer composition of the mcl-PHA produced from this study
is not widely reported, and is hence novel; only one study demonstrated
a similar monomer composition of the mcl-PHA produced using
P. stutzeri 1317 using glucose as substrate, with a monomer content of
2.4 mol% for 3HHX, 21.3 mol% for 3HO, 63.2 mol% for 3HD, 4.2 mol%
for 3HDD, and 1.0 mol% for 3HTD, having lower 3HD content compared
to this study [18]. It is also worth mentioning that a study produced
mcl-PHA from P. mendocina NK-01 grown using glucose as the carbon
source, including an 18-carbon monomer of 3HOD (3-hydrox-
yoctadecanoate); 17.8 mol% for 3HO, a higher content of 3HD with
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Table 2

Monomer composition, mol% comparison with studies with P. mendocina using different substrates and other Pseudomonas sp. using glucose as substrate.
Bacterial (Substrate) Monomer composition, mol% Ref.

3HB 3HV 3HHx 3HO 3HD 3HDD 3HTD Cc=C"

P. mendocina strains on different substrate
P. mendocina CH50 (glucose) - - 0.7 24.4 71.5 3.1 0.4 - This study
P. mendocina CH50 (coconut oil) - - - 30.4 48.4 21.2 - - [11]
P. mendocina CH50 (sodium octanoate) - - - 100.0 - - - - [27]
P. mendocina CH50 (biodiesel waste) - - 2.3 27.8 55.7 14.2 - - [38]
P. mendocina CH50 (sodium gluconate) - - - ~20 ~70 ~10 - - [23]
P. mendocina PSU (biodiesel liquid waste) ~85 - - ~10 ~5 - - - [12]
P. mendocina 0806 (glucose) - - 5 17 71 1 - - [24]
Pseudomonas on glucose as substrate
P. stutzeri 1317 (glucose) - - 2.4 21.3 63.2 4.2 1.0 - [18]
P. aeruginosa ATCC 9027 (glucose) - — - — 74.4 15.2 - - [59]
P. guezennei CNCM-I-3358 (glucose) - - 1.0 24.0 66.0 7.0 4.0 [60]

# C=C = unsaturated side chain.
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Fig. 8. (a) FTIR spectrum, and (b) 'H NMR spectrum, and (c) proposed mo-
lecular structure for mcl-PHA produced by Pseudomonas mendocina CH50.

73.1 mol%, and the rest totalling of 9.2 mol% consists of 3HHx, 3HDD,
3HTD, 3HHxD, and including the 3HOD monomers, with no specified
percentage mentioned [56]. Meanwhile, P. mendocina CH50 grown with
coconut oil as the main carbon source, produced P(3HO-co-3HD--
co-3HDD) with 30.4 + 2.1 mol%, 48.4 £+ 0.8 mol% and 21.2 4 2.0 mol
%, respectively (Table 2) [11]. Other Pseudomonas sp. that produce

mcl-PHAs are mainly grown on fatty acid and oil and can also produce
unsaturated side chains, which are attractive for chemical functionali-
sation [57]; they are abundant within the repertoire of academia and are
also industrially attractive [2,58].

As mentioned, Pseudomonas sp. generally yielded mcl-PHAs when fed
with fatty acids due to the process of fatty acid p-oxidation. Meanwhile,
when sugar, such as glucose was used as the carbon source, they undergo
fatty acid de novo synthesis when chain elongation occurs, resulting in
longer side chains as in a typical mcl-PHA (Fig. 7). Between different
P. mendocina strains, is the main consistency is that they all produce mcl-
PHAs regardless of using sugar or fatty acid as a carbon source, as dis-
played in Table 2. The monomer composition was widely known to be
affected by the type of carbon source; however, the duration of the
fermentation was hypothesised to play an important role here. For
instance, for glucose-fed strains, P. stutzeri 1317 was run for 48 h [18],
similar to P. mendocina CH50 from this study; both yielded similar
monomer types. Meanwhile, P. mendocina 0806 had the same fermen-
tation duration, which resulted in almost similar monomers, apart from
the absence of 3HTD [24]. On the other hand, P. aeruginosa ATCC 9027
and P. guezennei CNCM-I-3358 had significantly different compositions,
though also fed with glucose, both cultivated only for 8 h [59,60].

3.2.2. Molecular structure

The structure of the mcl-PHA was further validated using Fourier-
Transform Infrared (FTIR) spectroscopy and proton nuclear magnetic
resonance ({H NMR) spectroscopy.

The key functional group on the polymer produced by the
P. mendocina CH50 was detected through FTIR analysis. The side chain
terminal methyl group -CH; is detected as the alkane stretching at
wavenumber 2854 cm ™', Meanwhile, the asymmetrical stretching of the
saturated -CH,- chain was detected at 2924 cm ™. The innate carbonyl
group that makes up the ester bond is found at 1726 em ! as carbonyl
vibration of the ester bond in the polymer, along with the polymer
signature signal between 1500 cm™! and 500 cm™! corresponding to
work by Guo et al. (Fig. 8(a)) [56].

H NMR, confirmed the PHA structure, with five distinct peaks
representing typical signals for mcl-PHA samples. A peak at 0.8 ppm was
assigned to the terminal methyl group and at 1.2 ppm, represented the
hydrogens from the repeated methylene groups on the monomer side
chains. The peak at 1.5 ppm indicated the presence of a couple of hy-
drogens from a methylene group, slightly de-shielded due to its close
vicinity with the ester bond containing an oxygen molecule. At 2.4-2.5
ppm, significantly more de-shielded hydrogen atoms were detected as
the peaks from the methylene a-carbon of the monomer. Finally, the
most de-shielded single hydrogen was detected at 5.1 ppm, representing
p-chiral carbon from the monomer and directly linked to the oxygen of
the ester bond (Fig. 8(b)). The integration values that predict the
number of hydrogen available in the polymer derived from the analysis
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Fig. 9. Thermographs from (A) DSC analysis, and (B) TGA for mcl-PHA produced by Pseudomonas mendocina CH50.
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Fig. 10. SEM micrograph of the surface of the mcl-PHA solvent-cast film produced by P. mendocina CH50 grown with glucose as the sole carbon source at two
different magnifications, 500 times (left) and 5000 times (right), showing a very smooth topography.
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Fig. 11. Resazurin reduction assay plot of the glomerular cell culture on mcl-PHA from P. mendocina CH50, (A) CiHP monoculture, (B) CiGEnC monoculture, and (C)
CiHP and CiGEnC co-culture. The experiment setup was conducted using three independent cell passages, with triplicates of each (N = 3, n = 3), analysed with
statistical assessment using 2-way ANOVA analysis, all are not significant with p > 0.5. Error bars are standard deviation.

also correspond with the monomer found from GC-MS analysis
(Table S2).

These analyses ultimately demonstrated unique features of the mcl-
PHA produced by P. mendocina CH50 with batch fermentation fed by
glucose, compared to previous work (Table 2). This information sum-
marises the varied repertoire of mcl-PHA species produced with novel
attributes and distinct properties.

3.2.3. Thermal, tensile and surface properties

The mcl-PHA was also subjected to differential scanning calorimetry
analysis and thermogravimetric analysis to obtain the glass transition
temperature (Tg), melting temperature (Ty,), and degradation tempera-
ture (Tg).

Through DSC, the polymer was scanned twice between —70 and
100 °C temperatures; the first scan removed the thermal history, which
enabled clearer Ty acquisition later in the second scanning. The first scan
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exhibited the T, as a sharp endothermal peak at 54.6 °C and a possible
Tg at around —40.9 °C. The second scan later generated a much higher
resolution signal for the Ty at —38.4 °C (Fig. 9(A)). Meanwhile, the TGA
thermogram showed that the polymer started losing mass around
279.2 °C and experienced an abrupt mass drop until 308.0 °C with a
maximum degradation rate at 296.7 °C based on the weight derivative
curve. As the scan continued, the polymer completely degraded beyond
500 °C (Fig. 9(B)). These data exhibited typical thermal properties for
thermoplastic and elastomeric polymers, especially among mcl-PHAs
from Pseudomonas species due to the presence of a class II PHA syn-
thase found in them, responsible for using medium chain-length
monomers during PHA biosynthesis [2].

Following this, the mechanical properties of the polymer were
quantified. From the DSC data, the mcl-PHA was determined to be a

Collagen IV Merged

Fig. 13(A). Fluorescent cell assay of CiHP monoculture expressing GFP on TCP (top row) and mcl-PHA film from P. mendocina (bottom row). The cells were cultured
over seven days under 33 °C for proliferative condition. Scale bar of 200 pm represented in the merged images.
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Fig. 13(B). Fluorescent cell assay of CiGEnC monoculture expressing mCherry on TCP (top row) and mcl-PHA film from P. mendocina (bottom row). The cells were
cultured over seven days under 33 °C for proliferative conditions. Scale bar of 200 pm represented in the merged images.
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Fig. 13(C). Fluorescent cell assay of CiHP and CiGEnC co-culture on TCP (top row) and mcl-PHA film from P. mendocina (bottom row). The cells were cultured over
seven days under 33 °C for proliferative conditions. Scale bar of 200 pm represented in the merged images.
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Fig. 14. Mean fluorescence plots for the fluorophore intensity of glomerular cells, (A) separate monocultures of CiHP and CiGEnC, and (B) co-culture of CiHP and
CiGEnC. The CiHP and CiGEnC in (B) were cultured together, but the fluorescence was assessed separately through two different confocal channels. Meanwhile, the
third plot is (C) the numerical data of cell count obtained from the DAPI nuclei stain. All data represent n = 3 analysed with statistical assessment using 2-way

%

ANOVA analysis (* represents p < 0.05, ** represents p < 0.01,

* represents p < 0.001 ***

* represents p < 0.0001; pairs without comparison are not signifi-

cant with p > 0.5 The cells were cultured over seven days under 33 °C for proliferative conditions. Error bars are standard deviation.

highly amorphous polymer with a degree of crystallinity, Ay, of only 5.8
%. Hence, the polymer is highly elastomeric, with 215 + 52 % elonga-
tion at break determined through tensile testing. The Young’s modulus
of the polymer was 15 + 5 MPa, along with ultimate tensile strength of 6
+ 1 MPa. This is comparable to the homopolymer mcl-PHA, poly-
hydroxyoctanoate (PHO) produced using the same strain fed with so-
dium octanoate with a Young’s modulus of 11.6 MPa [27], which means
this material is physically and mechanically suitable for soft tissue en-
gineering, in addition to the high 3HD monomer content by more than
70 mol%, may contribute more to its elastomeric property.

Additionally, the surface of the polymer was assessed through SEM to
understand its topography, which was incredibly smooth (Fig. 10). The
sample was a solvent-cast polymer film. Due to mcl-PHA being known to
possess a low degree of crystallinity and an amorphous nature, the
polymeric chains are relatively more mobile and tend to pack and
rearrange post-volatilisation of the solvent neatly. Polymer drying via
solvent evaporation was carried out in a controlled manner to avoid
rapid drying that may introduce surface irregularities [11].

3.2.4. Molecular weight analysis
The weight average molecular mass, M, for the mcl-PHA was

quantified to be 461 kDa, the number average molecular mass, M, of
223 kDa, with a polydispersity index, PDI of 2.1. This value is hugely
influenced by the type of strain used, the carbon substrate and the
fermentation conditions used. The mcl-PHA produced with P. mendocina
CH50 grown using coconut oil as a carbon source had an My, of 333 kDa,
M, of 139 kDa with 2.4 PDI [11], and 496 kDa, M,, of 282 kDa with 1.76
PDI when sodium octanoate was used as the carbon source [27]. Hence,
the mcl-PHA produced in this study was on the higher side of the
mcl-PHA polymer M,, spectrum produced by P. mendocina CH50.

3.3. Glomerular cell assessment with mcl-PHA by P. mendocina CH50

The polymer performance as a potential scaffold was assessed using
two established glomerular cells, conditionally immortalised human
podocytes, CiHP, and conditionally immortalised glomerular endothe-
lial cells (CiGEnC). The experimental setup involved two monocultures
of the cells and a co-culture of both cells to assess the metabolic per-
formance when cellular crosstalk occurs. The elastomeric nature of the
mcl-PHA, seemed to be highly suitable for regeneration of glomerular
soft tissue, hence the choice of the application.
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Fig. 15. Mean fluorescence plots for the collagen IV expression across samples,
stained by immunohistochemical method. All data represent n = 3 analysed
with statistical assessment using 2-way ANOVA analysis (* represents p < 0.05,
** represents p < 0.01, *** represents p < 0.001 **** represents p < 0.0001;
pairs without comparison are not significant with p > 0.5). The cells were
cultured over seven days at 33 °C for proliferative conditions. Error bars are
standard deviation.

3.3.1. Metabolic activity test

The assessment for the attachment and later the proliferation of the
cells was conducted by the resazurin reduction assay to assess the
metabolic activity of viable cells at 33 °C which allows proliferation.
Viable cells reduce the blue resazurin dye into pink resorufin, and
fluorescence measurements were used to detect the change. All samples
were compared with control cell culture seeded on tissue culture plastic
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TCP

mcl-PHA
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(TCP). On Day 1, all cultures conducted on mcl-PHAs were comparable
to those on TCP without any distinct difference. The performance of
CiHP and the co-culture was slightly better than TCP on Day 4, unlike
the monoculture of CiGEnC, with a slightly lesser value than the TCP.
Ultimately, Day 7 of proliferation revealed the best performance of CiHP
on mcl-PHA, followed by the co-culture, and finally, the CiGEnC. The
CiGEnC growth remained the same on the mcl-PHA between Day 4 and
Day 7 as compared to TCP. Generally, all cell cultures resulted in posi-
tive proliferation across one week of incubation (Fig. 11). Two-way
ANOVA statistical analysis demonstrated that the difference in prolif-
eration between the cell culture on mcl-PHA and that on TCP as control
was insignificant, with p values of Day 1 between 0.85 and 0.98, Day 4
between 0.89 and 0.97, and Day 7 between 0.11 and 0.85. This is a
highly promising result, considering that glomerular cells do not
generally attach and grow well on many biomaterials. For instance, in
work by Tuffin et al., polyglycolic acid (PGA), as a widely used bioma-
terial, had to be modified with fibrin gel to make it more bioactive and
allow glomerular cell attachment [61].

Both cell types are equipped with the SV40-T gene that allows pro-
liferation at 33 °C and halts proliferation at 37 °C to induce differenti-
ation, which allows for further assessments [35,36]. The cells grown at
33 °C were subjected to immunohistostaining to assess the production of
collagen IV, which is prominent in differentiated glomerular cells. In
kidney physiology, glomerular cells produce a layer of protein called the
glomerular basement membrane (GBM) sandwiched by the podocytes
and endothelial cells (Fig. 12). Collagen IV is one of the protein building
blocks of the GBM, including others such as laminin, nidogens, and
heparin sulphate proteoglycans [62].

Since both cells are over-expressing fluorophores, green fluorescent
protein (GFP) for CiHP and mCherry for CiGEnC, fluorescence assay was
conducted. The cells were also subjected to DAPI for nuclear staining to
enable cell counting for the number of cells and immunohistochemical
staining for collagen IV expression. Later, the signal intensity was
measured by confocal microscopy.

3.3.2. Proliferative condition

Under proliferative conditions at 33 °C incubation, the cells increase
in number since the temperature is permissive for cell division. At this
stage, these cell lines are undeveloped and non-functional, and further
differentiation is crucial to understand proper glomerular cell behaviour

Collagen IV Merged
F ' »

Fig. 16(A). Fluorescent cell assay of CiIHP monoculture expressing GFP on TCP (top row) and mcl-PHA film from P. mendocina (bottom row). The cells were cultured
over seven days at 33 °C for proliferative conditions and later for ten days under 37 °C for differentiative conditions (scale bar of 200 pm).
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Fig. 16(B). Fluorescent cell assay of CiGEnC monoculture expressing mCherry on TCP (top row) and mcl-PHA film from P. mendocina (bottom row). The cells were
cultured over seven days under 33 °C for proliferative conditions and later for ten days under 37 °C for differentiative conditions (scale bar of 200 pm).
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Fig. 16(C). Fluorescent cell assay of CiHP and CiGEnC co-culture on TCP (top row) and mcl-PHA film from P. mendocina (bottom row). The cells were cultured over
seven days under 33 °C for proliferative conditions and later for ten days under 37 °C for differentiative conditions (scale bar of 200 pm).

akin to in vivo. Nevertheless, it is also necessary that the cells can pro-
liferate before they are subjected to differentiative conditions, which
prepares the cells to form a confluent monolayer beforehand.

Cell proliferation over seven days demonstrated visually comparable
results between the TCP control and mcl-PHA film as cell culture sub-
strate (Fig. 13). For monoculture conditions, both CiHP and CiGEnC
have similar growth based on the fluorophore intensity compared to TCP
(Fig. 14(A)). Meanwhile, for the co-culture, a similar observation was
demonstrated for the CiHP cultured on the mcl-PHA film, which is
comparable to the TCP; however, a slight decrease was observed for
CiGEnC over seven days of culture (Fig. 14(B)).

The number of cells observed when cultured on TCP and mcl-PHA
was quantified. The CiHP monoculture exhibited the most significant
change, with 191 % growth compared to TCP per unit area when
cultured across seven days on the mcl-PHA. Meanwhile, the CiGEnC
monoculture exhibited no significant difference when grown on mcl-
PHA compared to TCP. In contrast, the cell number on mcl-PHA for
the co-culture was higher (110 %) compared to TCP (Fig. 14(C)). These

12

results indicate that CiHP exhibited a high proliferation on the mcl-PHA
and led to better propagation in co-culture conditions with CiGEnC,
either on TCP or mcl-PHA as a culture substrate.

The collagen IV expression indicated a consistent result across sam-
ples, especially for CiHP monoculture and co-culture on mcl-PHA,
almost half of that observed on TCP. CiGEnC monoculture displayed
statistically no significant difference; however, based on the results from
the metabolic activity assessment, CiIGEnC monoculture may exhibit
similar metabolic performance to the CiHP monoculture and co-culture
(Fig. 15).

Hence, it was confirmed that the mcl-PHA had a positive effect on the
glomerular cell proliferation process and supported the production of
collagen IV. Mcl-PHA is hence deemed to be a biocompatible substrate
for the first step of the proliferation of the cells before differentiation.

3.3.3. Differentiating condition
After proliferative conditions at 33 °C incubation, the cells are
thermoswitched into 37 °C incubation to allow differentiation. Both cell
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Fig. 17. Mean fluorescence plots for the fluorophore intensity of glomerular cells, (A) separate monocultures of CiHP and CiGEnC, and (B) co-culture of CiHP and
CiGEnC. The CiHP and CiGEnC in (B) were cultured together, but the fluorescence was assessed separately through two different confocal channels. Meanwhile, the
third plot is (C) the numerical data of cell count obtained from the DAPI nuclei stain. All data represent n = 3 analysed with statistical assessment using 2-way
ANOVA analysis (* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001 **** represents p < 0.0001; pairs without comparison are not signifi-
cant with p > 0.5). The cells were cultured over seven days under 33 °C for proliferative conditions and later for ten days under 37 °C for differentiative conditions.

Error bars are standard deviation.
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Fig. 18. Mean fluorescence plots for the collagen IV expression across samples,
stained by immunohistochemical method. All data represent n = 3 analysed
with statistical assessment using 2-way ANOVA analysis (* represents p < 0.05,
** represents p < 0.01, *** represents p < 0.001 **** represents p < 0.0001;
pairs without comparison are not significant with p > 0.5). The cells were
cultured over seven days at 33 °C for proliferative conditions and later for ten
days under 37 °C for differentiative conditions. Error bars are stan-

dard deviation.

lines contain SV40 T antigen, which halts the cell division and induces
differentiation when exposed to 37 °C temperature [35,36]. When
differentiated, the cells exhibit a proper physiological expression anal-
ogous to in vivo podocytes and glomerular endothelial cells, which em-
bodies an accurate representation and enables further precise
assessment. Like the proliferative condition, in this assessment, the cells
were cultured on TCP and mcl-PHA, where TCP served as a control
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culture substrate. The cells were incubated for seven days under pro-
liferative temperature and then differentiated for ten days, hence a total
of 17 days of culture.

The differentiated cell lines were morphologically different from the
proliferative conditions; they are more elongated and stretched for
monocultures and co-culture (Fig. 16). Unlike the proliferative condi-
tions, both monocultures on the mcl-PHA experienced reduced cell
fluorescence compared to the TCP cultures (Fig. 17(A)). The case was
different for co-culture on mcl-PHA, revealing a comparable value of the
mean fluorescent intensity of cells on TCP. Upon differentiation, the
monocultures appear to express less fluorophores even though more
cells were present. On the other hand, the co-cultures were observed to
express more fluorophore, resulting in equivalent fluorescent intensity
to the TCP (Fig. 17(B)).

The cell count assay was carried out as complementary information
on the fluorescence intensity. CiHP exhibited lesser fluorescent intensity
on mcl-PHA than on TCP; the number of cells on mcl-PHA was 60 %
more than TCP. The cells on the TCP also individually appeared to be
much more spread out, resulting in a higher fluorescent signal with
wider cell area. In contrast, CiGEnC showed a direct relationship be-
tween the fluorophore intensity and the cell number, with 58 % fewer
cells on the mcl-PHA than TCP. The co-cultures had comparable cell
number between the mcl-PHA and TCP, consistent with the fluorescent
assay results (Fig. 17(C)).

The collagen IV production demonstrated comparable expression
between TCP and mcl-PHA for CiHP monoculture and co-cultures.
CiGEnC monoculture on mcl-PHA, on the other hand, exhibited 62 %
less collagen IV when compared to TCP. This is consistent with the
fluorophore intensity results regarding the enhanced growth of CiHP
compared to CiGEnC monocultures for the mcl-PHA substrate. Mean-
while, the co-culture on mcl-PHA again demonstrated the highly
promising result of having a comparable collagen IV expression as
cultured on the TCP (Fig. 18). In summary, the glomerular cells perform
relatively better in a co-culture condition, upon differentiating, to sus-
tain their growth progression possibly due to efficient cellular crosstalk
between the two cell lines.

4. Conclusion and Future Perspective
The mcl-PHA produced using a batch fermentation process of

P. mendocina CH50 was thoroughly characterised and found to contain a
range of monomers, from Cg to C;4, when cultured up to 48 h, making it
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one of the most unique mcl-PHAs ever produced. The polymer was found
to be an elastomeric polymer with thermal properties that enable its
utilisation for soft tissue engineering in biomedical applications. This
new biomaterial thus has a huge potential in future, and can be used to
develop biomedical devices, addressing the need for regenerative
medicine and, at the same time, introducing the highly important sus-
tainability in the context of biomedical materials and devices, an aspect
that PHAs as a, environmentally friendly family of polymers can offer.

In addition to the novel type of mcl-PHA produced in this study, it
has also been proven to support both proliferation and differentiation of
glomerular cells, especially podocytes and glomerular endothelial cells.
The data obtained confirmed the suitability of the mcl-PHA as an ideal
cell culture substrate, comparable to the standard TCP, that supports
proliferation, differentiation and the production of the main component
of GBM, collagen IV, a highly positive outcome. The differentiated cul-
ture proved that the cells performed well and were self-sustaining in
enabling a proper maturation on mcl-PHA, especially the co-culture
condition, demonstrating the requirement for crosstalk between the
cells. The results are consistent with the need for further development of
the in vitro glomerular model that necessitates the co-culture over
monocultures. This study substantiates that the mcl-PHA produced in
this work is an excellent sustainable material alternative in sourcing
environmentally friendly bio-based materials in the biomedical area,
especially in kidney tissue engineering as well as successfully served as a
proof of concept and easily be used for other cell types in soft tissue
engineering application.

In the future, the fermentation of P. mendocina CH50 can be further
optimised to produce a higher yield of mcl-PHA. This can be done by
introducing a higher initial feed concentration to the fermentation vessel
or implementing the fed-batch technique [63]. Since PHAs are gaining
attention on an industrial scale, especially mcl-PHAs, for their versa-
tility, the development of a higher production scale is becoming
increasingly in demand in the food industry for packaging and additives
[64], also in medical sectors [65,66], given their highly biocompatible
properties for biomedical application. The mcl-PHA produced in this
work is an elastomeric variant of PHA with unique physical properties
that make it suitable for biomedical applications. The mcl-PHA could
also be blended with different types of PHAs to create polymers with
even more versatile properties that can be tailored for specific applica-
tions. Furthermore, the processibility of mcl-PHAs has been well
established in the Roy Lab and it is amenable to a huge array of fabri-
cation techniques, including 3D printing, melt electrowriting, electro-
spinning. Hence, this work showcases a highly biocompatible and
versatile polymer that has huge potential in a range of applications in
the medical sector. In addition, the production of the polymer being
sustainable, in this case using glucose as a renewable carbon source,
provides a better solution for the future of medical materials and
devices.
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