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Preface to "Microbial Biopolymers: Trends in
Synthesis, Modification, and Applications”

This is a reprint of the Special Issue, “Microbial Biopolymers: Trends in Synthesis, Modification,
and Applications”. The reprint provides information on recent technological advancements in
the area of the production, functionalization, and applications of polyhydroxyalkanoates (PHAs).
There are ten chapters in this reprint that discuss the production of polyhydroxyalkanoates,
feedstock studies, functionalization, and their applications. Chapter 1 is an introduction to
microbial polyhydroxyalkanoates and current research scenarios around the globe, and it also
provides information about the various chapters published in this reprint. Chapter 2 provides
information about cheap and alternate carbon sources for PHA production and strategies to search
for microbes for galactose-enriched algal biomass utilization. Chapter 3 is about the utilization
of Bacillus mycoides for PHA production using cardboard as a feedstock. Chapter 4 discusses the
possibility of alkanes as a source for PHA copolymer production using Pseudomonas sp. Chapter
5 reports on PHA recovery and downstream processing using a novel detergent-based PHA
extraction method. Chapter 6 discusses a technology for PHA and hydrogen production from
spent coffee grounds using Pseudomonas resinovorans and Clostridium butyricum. Chapter 7 provides
information about improving the properties of polyhydroxyalkanoates by preparing copolymers
or mixing and blending them with other natural and synthetic polymers. Chapter 8 provides
information about polyhydroxyalkanoate applications in the packaging industry. Chapter 9 discusses
the preparation of the poly(3-hydroxybutyrate-co-3-hydroxyvalerate) P(3HB-co-3HV) scaffold and
its application in periodontal tissue engineering. Chapter 10 is about PHA blending with other
plasticizers and its effect on the biodegradability of Microbulbifer sp. SOL66. Chapter 11 is about
exopolysaccharide production by the Bacillus amyloliquefaciens RT7 strain isolated from an extreme
acidic environment using a combination of glucose-Tween 80 as feedstock. Chapter 12 provides
information about the identification of a thermostable levansucrase from Pseudomonas orientalis and
its application in levan production. Chapter 13 discusses Phormidium ambiguum and Leptolyngbya
ohadii exopolysaccharide production under low water availability. Chapter 14 provides information
about microbial exopolysaccharide production, the preparation of their composite materials, and their

applications in the health sector.

Shashi Kant Bhatia
Editor
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Microbes can act as a factory for the conversion of a variety of carbon and nitro-
gen sources into diverse kinds of intracellular and extracellular biopolymers, including
polyhydroxyalkanoates (PHA) and exopolysaccharides (EPS), under different stress condi-
tions [1,2]. Polyhydroxyalkanoates are intracellularly stored and serve as carbon and energy
storage reserves. Almost 150 types of monomeric units have been reported and involved
in the regulation of the physicochemical properties of the PHA [3]. A variety of microbes
have recently been reported to produce PHA, such as Bacillus mycoides, Halomonas cerina,
Pseudomonas resinovorans, etc. [4-6]. These biopolymers are biocompatible, biodegradable,
and have different chemical and morphological properties that make them suitable for
drug delivery, tissue engineering, packaging industry, and environmental applications [7].
Recent advances in molecular biology, transcriptomics, and metabolomics techniques have
improved the understanding related to mechanisms and regulations involved in biopoly-
mer synthesis [8,9]. A microbial system can be easily engineered and cultured under
controlled conditions to produce different polymers. Biopolymers produced by microbial
systems are rich in various functional groups that can be exploited further to modify the
polymers for a variety of applications [10]. The production cost of biopolymers is the main
challenge for their applicability on a commercial scale. Researchers are working on the
utilization of diverse kinds of organic wastes, such as lignocellulosic waste, municipal
waste, whey, paper, pulp industry waste, etc., as feedstocks for microbial fermentation.
Biopolymer production from a microbial system is a clean and green approach that has
recently become a popular topic worldwide, and it is considered a possible way to deal with
plastic-based wastes, with extensive applications in the biotechnology sector. According to
the Scopus database, approximately 1849 research and review articles have been published
in the last few years (2018-2023). The top five countries involved in microbial biopolymer
research are India (382), China (274), the United States (214), South Korea (122), and Brazil
(135) (Figure 1).

To make biopolymer production economic, searching for microbes able to utilize
cheap and abundantly available raw material is an important step. Galactose is a sugar
found in marine algal biomass. Jung et al. screened 16 different Halomonas strains and
reported a high PHB production (5.2 g/L) in Halomonas cerina with Eucheuma spinosum
hydrolysate as a carbon source. H. cerina can survive in high-saline conditions and is
able to accumulate PHA up to 72.41% w/w under unsterilized conditions [6]. In another
study, researchers used cardboard hydrolysate as a carbon source for Bacillus mycoides and
reported 56% w/w PHA accumulation [5]. Polyhydroxybutyrate (PHB) polymers have
limited applications due to their brittle nature. To overcome this issue, researchers are
working on the production of various copolymers of PHB. Pseudomonas sp. has the ability
to produce medium-chain-length PHA (mcl-PHA) with improved properties. Jeon et al.
used three different alkanes—n-octane, n-decane, and n-dodecane—as carbon sources, and
the process resulted in mcl-PHA productionof 0.48 g/L, 0.27 g/L, or 0.07 g/L, respectively.
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The optimization of cultural conditions using statistical design, and the use of mixed alkane
under optimized conditions at a 7 L fermentation scale produces 2.1 g/L mcl-PHA [4].
PHA recovery and downstream processing are also expensive processes. To make the
PHA recovery process more economic, Novakova et al. developed a detergent-based PHA
extraction method. This method includes the exposition of PHA-accumulating microbial
biomass to hypotonic conditions at elevated temperatures in the presence of sodium
dodecyl sulfate (SDS). This process resulted in a high PHA recovery with 99% purity [11].
The use of SDS is able to remove hydrophobic impurities and the further removal of
SDS can be easily achieved using KCl as a precipitation method. To efficiently utilize
feedstocks, Kang et al. developed a technology for PHA and hydrogen production, where
oil was first extracted from spent coffee grounds and used as a feedstock for Pseudomonas
resinovorans to produce PHA (1.6 g/L). Further, oil extracted residual spent coffee biomass
was hydrolyzed to produce sugars and used as a carbon source for Clostridium butyricum
DSM10702 to produce hydrogen (181.19 mL) [12]. Polyhydroxyalkanoates properties can
be further improved by preparing copolymers or mixing and blending them with other
natural and synthetic polymers. Jo et al. reported that copolymers with a 4HB content
greater than 16% are non-crystalline in nature, while P(3HB-co-4HB) mixtures with the same
4HB content are crystalline. Due to this effect, the mixture has a higher melt viscosity and a
lower tangent with better melt processing properties [13]. Polyhydroxyalkanoates have
applications in the packaging industry, and PHA must be prepared as a foamed material
with a porous structure. Zhang et al. used supercritical CO, to prepare the foaming
material of P(3HB-co-4HB) and reported that 4HB concentration plays an important role in
foaming, while no foaming occurs beyond 50% 4HB content [14]. Phuegyod et al. prepared
a poly(3-hydroxybutyrate-co-3-hydroxyvalerate) P(3HB-co-3HV) scaffold and compared
its properties with other polymers for use in periodontal tissue engineering. The human
gingival fibroblasts and periodontal ligament stem cells had a higher proliferation, healthy
morphology, and better compatibility when cultured with P(3HB-co-3HV) as compared
to other polymers [15]. To improve the mechanical strength of PHA, these polymers
are blended with other materials such as plasticizers, which affect their biodegradability.
Cho et al. prepared PHB blends with various plasticizers and studied the degradation
of the blended materials. It was reported that a PHB blend with 10-20% tributyl citrate
improves its mechanical properties as well as speeds up its degradation by Microbulbifer sp.
SOL66 [16].

As the editor of this Special Issue, I have observed that the utilization of waste mate-
rials as feedstocks, the development of eco-friendly methods for PHA recovery, and the
improvement of PHA properties by mixing are the current areas of interest among the
published research and review articles. I am sure that this Special Issue will pique the
interest of researchers in this area and provide readers with a broad and updated overview
of this topic.
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Figure 1. Co-occurrence mapping of publications related to microbial biopolymers (min. number of
occurrence 5).

Acknowledgments: I acknowledge all the authors and reviewers who have contributed to achieving
this Special Issue. In addition, I would like to thank the technical support team at MDPI for their
assistance in preparing this Issue. The author acknowledge the KU Research Professor Program of
Konkuk University, Seoul, South Korea.

Conflicts of Interest: The author declares no conflict of interest.

References

1.

Bhatia, S.; Gurav, R.; Choi, Y.-K.; Choi, T.-R.; Kim, H.-j.; Song, H.-S.; Mi Lee, S.; Lee Park, S.; Soo Lee, H.; Kim, Y.-G.; et al.
Bioprospecting of exopolysaccharide from marine Sphingobium yanoikuyae BBLO1: Production, characterization, and metal
chelation activity. Bioresour. Technol. 2021, 324, 124674. [CrossRef] [PubMed]

Jung, H.-R.; Choi, T-R.; Han, Y.H.; Park, Y.-L.; Park, ].Y.; Song, H.-S.; Yang, S.-Y.; Bhatia, S.K.; Gurav, R.; Park, H.; et al. Production
of blue-colored polyhydroxybutyrate (PHB) by one-pot production and coextraction of indigo and PHB from recombinant
Escherichia coli. Dyes. Pigments. 2020, 173, 107889. [CrossRef]

Vu, D.H.; Wainaina, S.; Taherzadeh, M.].; Akesson, D.; Ferreira, J.A. Production of polyhydroxyalkanoates (PHAs) by Bacillus
megaterium using food waste acidogenic fermentation-derived volatile fatty acids. Bioengineered 2021, 12, 2480-2498. [CrossRef]
[PubMed]

Jeon, J.-M,; Park, S.-J.; Son, Y.-S.; Yang, Y.-H.; Yoon, J.-]. Bioconversion of Mixed Alkanes to Polyhydroxyalkanoate by Pseudomonas
resinovornas: Upcycling of Pyrolysis Oil from Waste-Plastic. Polymers 2022, 14, 2624. [CrossRef] [PubMed]

Abdelmalek, E; Steinbtichel, A.; Rofeal, M. The Hyperproduction of Polyhydroxybutyrate Using Bacillus mycoides ICRI89 through
Enzymatic Hydrolysis of Affordable Cardboard. Polymers 2022, 14, 2810. [CrossRef] [PubMed]

Jung, H.J.; Kim, S.H.; Cho, D.H.; Kim, B.C.; Bhatia, S.K; Lee, J.; Jeon, ].-M.; Yoon, J.-].; Yang, Y.-H. Finding of Novel Galactose
Utilizing Halomonas sp. YK44 for Polyhydroxybutyrate (PHB) Production. Polymers 2022, 14, 5407. [CrossRef] [PubMed]
Bhatia, S.K.; Otari, S.V.; Jeon, ].-M.; Gurav, R.; Choi, Y.-K; Bhatia, R.K.; Pugazhendhi, A.; Kumar, V.; Rajesh Banu, J.; Yoon, J.-J.;
et al. Biowaste-to-bioplastic (polyhydroxyalkanoates): Conversion technologies, strategies, challenges, and perspective. Bioresour.
Technol. 2021, 326, 124733. [CrossRef] [PubMed]

Lee, H.S.; Lee, S.M.; Park, S.L.; Choi, T.-R.; Song, H.-S.; Kim, H.-].; Bhatia, S.K.; Gurav, R.; Kim, Y.-G.; Kim, J.-H.; et al. Tung
Oil-Based Production of High 3-Hydroxyhexanoate-Containing Terpolymer Poly(3-Hydroxybutyrate-co-3-Hydroxyvalerate-co-3-
Hydroxyhexanoate) Using Engineered Ralstonia eutropha. Polymers 2021, 13, 1084. [CrossRef] [PubMed]

Jung, H.-R,; Yang, S.-Y.; Moon, Y.-M.; Choi, T.-R.; Song, H.-S.; Bhatia, SK.; Gurav, R.; Kim, E.-J.; Kim, B.-G.; Yang, Y.-H.
Construction of Efficient Platform Escherichia coli Strains for Polyhydroxyalkanoate Production by Engineering Branched
Pathway. Polymers 2019, 11, 509. [CrossRef] [PubMed]



Polymers 2023, 15, 1364

10.

11.

12.

13.

14.

15.

16.

Emaimo, A.J.; Olkhov, A.A.; Iordanskii, A.L.; Vetcher, A.A. Polyhydroxyalkanoates Composites and Blends: Improved Properties
and New Applications. J. Compos. Sci. 2022, 6, 206. [CrossRef]

Novackova, I.; Kourilova, X.; Mrazova, K.; Sedlacek, P.; Kalina, M.; Krzyzanek, V.; Koller, M.; Obruca, S. Combination of
Hypotonic Lysis and Application of Detergent for Isolation of Polyhydroxyalkanoates from Extremophiles. Polymers 2022, 14,
1761. [CrossRef] [PubMed]

Kang, B.-J.; Jeon, ].-M.; Bhatia, S.K.; Kim, D.-H.; Yang, Y.-H.; Jung, S.; Yoon, J.-J. Two-Stage Bio-Hydrogen and Polyhydroxyalka-
noate Production: Upcycling of Spent Coffee Grounds. Polymers 2023, 15, 681. [CrossRef] [PubMed]

Jo,M.; Jang, Y.; Lee, E.; Shin, S.; Kang, H.-J. The Modification of Poly(3-hydroxybutyrate-co-4-hydroxybutyrate) by Melt Blending.
Polymers 2022, 14, 1725. [CrossRef] [PubMed]

Zhang, T.; Jang, Y.; Lee, E.; Shin, S.; Kang, H.-]. Supercritical CO, Foaming of Poly(3-hydroxybutyrate-co-4-hydroxybutyrate).
Polymers 2022, 14, 2018. [CrossRef] [PubMed]

Phuegyod, S.; Pramual, S.; Wattanavichean, N.; Assawajaruwan, S.; Amornsakchai, T.; Sukho, P.; Svasti, J.; Surarit, R.; Niamsiri,
N. Microbial Poly(hydroxybutyrate-co-hydroxyvalerate) Scaffold for Periodontal Tissue Engineering. Polymers 2023, 15, 855.
[CrossRef] [PubMed]

Cho, J.Y,; Kim, S.H.; Jung, H.J.; Cho, D.H.; Kim, B.C.; Bhatia, S.K.; Ahn, J.; Jeon, ].-M.; Yoon, J.-J.; Lee, ].; et al. Finding a Benign
Plasticizer to Enhance the Microbial Degradation of Polyhydroxybutyrate (PHB) Evaluated by PHB Degrader Microbulbifer sp.
SOL66. Polymers 2022, 14, 3625. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



o9 polymers

Article

Finding of Novel Galactose Utilizing Halomonas sp. YK44 for
Polyhydroxybutyrate (PHB) Production

Hee Ju Jung !, Su Hyun Kim !, Do Hyun Cho !, Byung Chan Kim !, Shashi Kant Bhatia 2@, Jongbok Lee 3,

Jong-Min Jeon *

Citation: Jung, H.J.; Kim, S.H.; Cho,
D.H.; Kim, B.C.; Bhatia, S.K.; Lee, J.;
Jeon, J.-M.; Yoon, J.-J.; Yang, Y.-H.
Finding of Novel Galactose Utilizing
Halomonas sp. YK44 for
Polyhydroxybutyrate (PHB)
Production. Polymers 2022, 14, 5407.
https://doi.org/10.3390/
polym14245407

Academic Editor: Luigi Botta

Received: 3 November 2022
Accepted: 8 December 2022
Published: 10 December 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Jeong-Jun Yoon *

and Yung-Hun Yang 1/%*

Department of Biological Engineering, College of Engineering, Konkuk University,

Seoul 05029, Republic of Korea

Institute for Ubiquitous Information Technology and Applications, Konkuk University,

Seoul 05029, Republic of Korea

Department of Biological and Chemical Engineering, Hongik University, Sejong 30016, Republic of Korea
Green & Sustainable Materials R&D Department, Research Institute of Clean Manufacturing System,
Korea Institute of Industrial Technology (KITECH), Cheonan 31056, Republic of Korea

*  Correspondence: seokor@konkuk.ac.kr; Tel.: +82-2-450-2-3936

Abstract: Polyhydroxybutyrate (PHB) is a biodegradable bioplastic with potential applications as an
alternative to petroleum-based plastics. However, efficient PHB production remains difficult. The
main cost of PHB production is attributed to carbon sources; hence, finding inexpensive sources is
important. Galactose is a possible substrate for polyhydroxyalkanoate production as it is abundant
in marine environments. Marine bacteria that produce PHB from galactose could be an effective
resource that can be used for efficient PHB production. In this study, to identify a galactose utilizing
PHB producer, we examined 16 Halomonas strains. We demonstrated that Halomonas cerina (Halomonas
sp. YK44) has the highest growth and PHB production using a culture media containing 2% galactose,
final 4% NaCl, and 0.1% yeast extract. These culture conditions yielded 8.98 g/L PHB (78.1% PHB
content (w/w)). When galactose-containing red algae (Eucheuma spinosum) hydrolysates were used as
a carbon source, 5.2 g/L PHB was produced with 1.425% galactose after treatment with activated
carbon. Since high salt conditions can be used to avoid sterilization, we examined whether Halomonas
sp. YK44 could produce PHB in non-sterilized conditions. Culture media in these conditions yielded
72.41% PHB content. Thus, Halomonas sp. YK44 is robust against contamination, allowing for
long-term culture and economical PHB production.

Keywords: polyhydroxybutyrate 1; Halomonas sp. YK44 2; galactose 3

1. Introduction

Plastic products are convenient in various fields such as food packaging, sterile med-
ical uses, and construction. However, widespread plastic use leads to a huge amount
of waste, which adversely affects the environment and humanity worldwide [1-3]. In
particular, petroleum-based, non-degradable plastics cause environmental pollution, thus
demonstrating the need for degradable plastic alternatives [4,5].

Polyhydroxyalkanoates (PHAs) are bioplastics that are potential alternatives to ar-
tificially synthesized plastics [6]. PHAs can be used for multiple applications such as
biomedical devices, packaging, and coating materials. Poly(3-hydroxybutyrate) (PHB) is
a PHA with properties similar to synthetic polymers [7]. PHB is produced by many mi-
croorganisms (Halomonas sp., Ralstonia eutropha, Bacillus sp., and Pseudomonas sp., etc.) [8,9],
and several PHAs are produced by bacteria using commercial sugars [10,11]. PHB has a
higher production cost than petrochemical plastics; hence, several researchers are studying
low-cost PHA production by investigating readily available alternative and inexpensive
carbon sources [12-14].
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Marine biomasses such as large green algae, red algae, and brown macroalgae are
promising because they present fast growth, large growth areas, and have low land, fertil-
izer, and water requirements [15]. In addition, these algae contain a large number of polysac-
charides; hence, abundant monosaccharides can be derived from these species [16,17].
Among these, Eucheuma spinosum, red algae, grows in Southeast area and is used to pro-
duce agar and carrageenan [18]. Agar is a viscous complex polysaccharide constituting the
cell wall of red algae and is a galactose polymer. Carrageenan is a linear polysaccharide
composed of galactan with connected galactose residues [19]; 3,6-anhydrogalactose and
sulfate ester groups are connected to the galactose unit, which cause structural deforma-
tion during acid treatment or heat treatment [20]. The ratio of 3,6-anhydrogalactose in E.
spinosum is 56.2% galactose and 43.8% 3,6-anhydrogalactose [21-24].

The marine environment contains several strains that use galactose, suggesting that
these could be used to generate galactose for PHB production [25-28]. Halomonas strains
are present in salt-rich environments such as salt lakes, salt sand, salt soil, saline wells,
solar salterns, saline wetlands, and marine environments [29,30]. Halomonas spp. can
survive under high salinity [31,32], and their PHB production utilizing galactose has been
organized into a table for comparison (Table 1) [25-28].

Table 1. PHA synthesis using galactose.

DCW PHB Content PHB

Microorganism Carbon Source (g/L) (WE%) (g/L) Culture Reference
Halomonas halophila Galactose 4.22 +0.10 80.7 £2.0 341 4+0.12 Batch [27]
Halomonas salina Galactose 0.97 +£0.03 12.3 +0.48 0.12 £ 0.01 Batch [25]
Halomonas organivorans Galactose 5.80 4+ 0.22 90.55 + 4.08 5.61 4+ 0.01 Batch [25]
Bacillus sp. 112A Galactose 1.02 35.50 0.879 Batch [26]
Halomonas sp. SF2003 Galactose 3.16 39 1.23 Batch [28]

Many researchers examined PHB production using galactose in many marine strains
(Table 1) [25-28], however, previous strains did not give significant titer for PHB produc-
tion. As a result we tried to find out PHB producers with higher production capabilities
from galactose and hypothesized that halotolerant bacteria could be applied to seaweed
hydrolysates that have high salinity.

To realize this in this study, we identified Halomonas sp. YK44 as a potential PHB-
producing species through utilizing galactose. Then, we examined the optimal culture
media conditions for Halomonas sp. YK44 and tested its viability during PHB production.
In addition, the E.spinosum hydrolysates were used to see if Halomonas could produce PHB
using red algae that is abundant in marine environments [18].

2. Materials and Methods
2.1. Chemical Reagents

All chemicals used for cell culture were purchased from BD Difco Laboratories (Becton-
Dickinson Franklin Lakes, NJ, USA). Reagents used for GC (Gas chromatography) and
HPLC (High Performance Liquid Chromatography) analysis (chloroform, methanol, and
other derivatization reagents) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Red seaweed hydrolysate was prepared from E. spinosum, which was procured from the
Korea Institute of Industrial Technology (Cheonan, KITECH, Korea). The lysate was
prepared using dilute H,SO, and an acid catalyst.

2.2. Sample Collection, Strain Isolation, and Phylogenetic Analysis

All sixteen strains were obtained from the National Marine Biodiversity Institute of
Korea (Seochun, NMBIK, Korea). Each stock sample was suspended with distilled water
and was spread on marine agar (MA; Difco Laboratories, Detroit, MI, USA) for isolation.
The plates were incubated for two days at 30 °C. Colonies were isolated from each plate
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and cultured for one day in marine broth (MB; Difco Laboratories, Detroit, MI, USA). Stocks
were prepared with 20% (w/v) glycerol and were stored at —81 °C until use.

The strain was identified at the species level using 165 rRNA. 16s rRNA was acquired
from NMBIK, compared to those in the GenBank database of the NCBI using BLASTN
tools, and used for making a phylogenetic tree utilizing MEGA 11 software, Molecular
Evolutionary Genetics Analysis version 11 (Tamura, Stecher, and Kumar 2021).

2.3. Plate Assay for Strain Characterization

Plate assays were used to test the characteristics of the isolated strains [33]. An an-
tibiotic susceptibility test was also performed via plate assay. The isolated strains were
cultured for 2 days on MA with each antibiotic (100 ug/mL ampicillin, 25 pg/mL gentam-
icin, 50 ug/mL kanamycin, 100 pg/mL spectinomycin, and 25 pug/mL chloramphenicol).
Colonies present after selection were considered resistant to the antibiotic.

2.4. Culture Conditions for PHA Synthesis

To identify which of the 16 Halomonas strains produces PHB, we cultivated 16 strains
using MB containing 2% fructose. To optimize PHB production, Halomonas sp. YK44
was cultivated in the presence of various carbon and nitrogen sources. To determine
which carbon source Halomonas uses, we added 2% glucose, xylose, galactose, glycerol,
sucrose, fructose, or lactose to MB. Then, 0.1% yeast extract, NH4sNO3, NH4CL, (NH4)HSOy,
NH4NOj3, and (NHy),SO4 were used to determine the optimal nitrogen source. In addition,
galactose (1-5% w/v) and yeast extract (0.1-1% w/v) were added to MB to optimize
galactose and yeast extract concentrations. All experiments were performed in a shaking
incubator at 30 °C (200 rpm) for 48 h. To determine optimal growth conditions, Halomonas
sp. YK44 was cultured in MB with different concentrations of final NaCl (2-10% w/v) with
2% galactose and cultivated at 16 °C, 20 °C, 25 °C, 30 °C, 37 °C, and 42 °C. To confirm
the optimal cultivation time for PHA production, Halomonas sp. YK44 was cultured in
MB containing 2% galactose, final 4% NaCl, and 0.1% yeast extract at 25 °C for 96 h. The
residual carbon source concentration was evaluated by HPLC using a PerkinElmer system
equipped with a refractive index detector (Waltham, MA, USA) and an Aminex HPX-87H
column (300 x 7.8 mm internal diameter)(Dublin, Ireland). The flow rate of the mobile
phase containing 0.008 N sulfuric acid was constantly maintained at 0.6 mL/min. The oven
temperature was set at 60 °C [34].

2.5. Analytical Methods

Using GC, PHB were quantified and characterized as previously described [34,35].
After culturing, the broth was centrifuged to collect cell pellets, which were subsequently
washed twice with deionized water. After adjusting the amount of water to match the
culture volume, 1 mL samples were collected in a glass vial for lyophilization. The dry
weight of the lyophilized pellet was measured. Then, 1 mL chloroform and 1 mL 15%
(v/v) HySO4/85% methanol solution were added to the dried cell pellet. Methanolysis
was conducted while heating for 2 h at 100 °C. After cooling to room temperature (25 °C),
1 mL of deionized water was added to the methyl ester solution, which was vortexed
for approximately 5 s. The chloroform layer was carefully extracted and transferred to a
microtube containing sodium sulfate anhydrous to remove any remaining water. Samples
were filtered through a 0.22-um Millex-GP syringe filter unit and 1 uL aliquots were injected
into a gas chromatograph with split mode (1/10) (Young-lin 6500, Seoul, Korea), equipped
with a fused silica capillary column (Agilent HP-FFAP, 30 m x 0.32 mm, i.d. 0.25 pm film)
and a flame ionization detector (FID). The inlet temperature was 210 °C and helium carrier
gas was supplied at 3 mL/min. The oven temperature was controlled following a gradient
program of 0-5 min at 80 °C and 12-17 min at 220 °C. The FID temperature was maintained
at 230 °C throughout the operation [34,36,37].
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2.6. TEM Analysis

To conduct TEM analysis, 1 mL of cultured sample was collected, centrifuged, and
mixed with Karnovsky’s fixative solution containing 2% glutaraldehyde. The sample
was fixed with 1% osmium tetroxide in 0.05 M sodium cacodylate buffer. The cells were
gradually dehydrated using an ascending ethanol gradient (50%, 70%, 95%, and 100% v/v).
Propylene was used for the transition step. The sample was settled in different ratios of
propylene oxide and Spurr’s resin (v/v) (1:1 and 1:2). After mixing with 100% Spurr’s resin,
the sample solidified overnight at 70 °C in a dry oven. Then, the samples were cut with an
ultramicrotome (LEICA, EM UC7, Wetzlar, Germany). The slices were placed on a grid for
EF-TEM (Carl Zeiss, LIBRA 120, Oberkochen, Germany) with an accelerating voltage of
120 kV [34].

2.7. Polymer Extraction and Characterization

Halomonas sp. YK44 cells were cultivated in 40 mL MB medium with 2% galactose for
48 h at 25 °C. The cells were pelleted, washed twice with deionized water, and lyophilized.
Approximately 20 mL chloroform was added to the lyophilized cells and PHB was ex-
tracted for 16 h at 60 °C. The chloroform layer with dissolved polymer was collected by
centrifugation and filtered using Whatman No. 1 filter paper to remove cell debris. The
chloroform was evaporated at room temperature, to make a PHB film. The film was an-
alyzed by differential scanning calorimetry (DSC) and gel permeation chromatography
(GPC) [35,38].

DSC was used to analyze the extracted PHB film. Analysis was conducted with a
Discovery DSC instrument (TA Instrument, Delaware, USA) from —60 °C to 180 °C. The
heating and cooling rate was 10 °C/min in an N atmosphere. PHB powder (Sigma-Aldrich)
was used as a standard.

GPC analysis was performed using a GPC instrument (YL Chromass, Anyang, Korea)
with a loop injector (Rheodyne 7725i), dual-head isocratic pump (YL9112), column oven
(YL9131), column (Shodex, K-805, 8.0 I.D. x 300 mm), and RI detector (YL9170). For GPC
analysis, 0.1 g PHB film was dissolved in chloroform and passed through a 0.2-pum syringe
filter (Chromdisc, Hwaseong, Korea). Here, 60 UL of this solution (without air bubbles) was
used as the injection volume. The flow rate of the chloroform mobile phase was 1 mL/min
and was maintained at 35 °C. The molecular masses of 5000-2,000,000 Da were compared
to polystyrene standards using YL-Clarity software (YL Chromass, Anyang, Korea).

2.8. PHB Production in E. spinosum Hydrolysate

Halomonas sp. YK44 was cultured with E. spinosum hydrolysate in MB. To determine the
optimal culture growth conditions, Halomonas sp. YK44 was cultured in MB with different
concentrations of E. spinosum hydrolysate (final galactose concentration: 0.475-1.9% w/v)
and pH 6-10. DCW and PHB were measured after 2 days of cultivation at 30 °C while
shaking at 200 rpm. The salinity of E. spinosum hydrolysate was analyzed using a digital
salinity tester (ATAGO, Tokyo, Japan).

The E. spinosum hydrolysate was treated with 1 g/L activated carbon. Activated
carbon treatment was performed by shaking for 5 min and centrifuging at 3700 rpm for
15 min. The treated hydrolysate was filtered using a 0.2-um syringe filter (Chromdisc,
Hwaseong, Korea).

2.9. PHB Production Reusing Non-Sterilized and Sterilized Medium for Comparison

With or without sterilization, Halomonas sp. YK44 was cultured in a high salinity MB
medium with final 6% NaCl, 2% galactose and 0.1% yeast extract for 2 days at 25 °C and
200 rpm for comparing non-sterilized and sterilized media.

Culture medium reuse experiments were conducted by comparing culture media in
sterilized medium with that in non-sterilized media. After centrifugation, the supernatant
was collected and reused. We added 2% galactose and 0.1% yeast extract to the reused
culture medium each cycle. It was done 10 cycles in total.
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3. Results
3.1. Isolation and Characterization of Marine Strains for PHA Production

16 Halomonas strains were cultured in MB containing 2% fructose and analyzed for
PHB production using GC. Among them, we found that Halomonas sp. YK44 produces the
highest amount of PHB (11.5 g/L of DCW, 6.8 g/L w/w PHB; 58.8% PHB content) (Table 2,
Figure 1A). Strain YK44 showed high 16s rRNA sequence similarity (97.93%) with H. cerina
SP4 (red box) (Figure 1B) according to phylogenetic analysis. Given the high PHB peak,
Halomonas sp. YK44 was selected for further study.

Table 2. Halomonas strains used in this study.

Similar Species Strain Isolated Temperature Resource Number
1 Halomonas alkalicola DH-10 25°C MABIK MI00000003
2 Halomonas cerina YK44 20°C MABIK MI00000284
3 Halomonas sulfidaeris J05-14M-11R 20°C MABIK MI00000306
4 Halomonas fontilapidosi 012 25°C MABIK MI00000338
5 Halomonas gomseomensis CJCal07 25°C MABIK MI00000370
6 Halomonas arcis CJCbjo78 25°C MABIK MI00000396
7 Halomonas janggokensis CJCbj082 25°C MABIK MI00000412
8 Halomonas salicampi CJCbjo41 25°C MABIK MI00000417
9 Halomonas lutescens CJCbj058 25°C MABIK MI00000427
10 Halomonas fontilapidosi MEBiC12169 25°C MABIK MI00005505
11 Halomonas campaniensis 5510 25°C MABIK MI00005561
12 Halomonas saccharevitans MJ005 25°C MABIK MI00005664
13 Halomonas shengliensis MEBiC12098 25°C MABIK MI00005446
14 Halomonas denitrificans MEBiC13328 25°C MABIK MI00005839
15 Halomonas aestuarii MEBiC13369 25°C MABIK MI00005871
16 Halomonas lutea 15A021 27 °C MABIK MI00005926

Halomonas sp. YK44 was assessed for hydrolase activity, antibiotic resistance, car-
bon and nitrogen source utility, growth temperature, and salt resistance. Halomonas sp.
YK44 did not show any hydrolase activity. To evaluate antibiotic resistance, the isolated
strain was cultured in MB containing each 100 pg/mL ampicillin, 25 ug/mL gentam-
icin, 50 pg/mL kanamycin, 100 pg/mL spectinomycin, and 25 pg/mL chloramphenicol.
Strain YK44 showed the highest resistance on the ampicillin plate. The strain was also
resistant to spectinomycin (Supplementary Table S1). When YK44 was tested for poly(3-
hydroxybutyrate-co-3-hydroxyvalerate) (P(3HB-co-3HV) production from propionate, it
produced only 0.43% 3HV.

To visualize PHA accumulation in Halomonas sp. YK44, the strain was cultured for
48 h at 25 °C in MB with 2% galactose, final 4% NaCl, and 0.1% yeast extract. Then,
TEM analysis was conducted. TEM showed PHB granule accumulation in the cells after
48 h cultivation (Figure 1C). The PHB granules completely filled the cytoplasm showing
Halomonas sp. YK44 produces PHB.

3.2. Evaluating Carbon and Nitrogen Sources for PHB Production

Among the tested carbon sources (2% glucose, xylose, fructose, galactose, sucrose,
glycerol), Halomonas sp. YK44 showed the best growth with sucrose but showed higher
PHB production in the presence of galactose (Figure 2A; Table 1). To optimize the galactose
concentration, we compared PHB production with different galactose concentrations (1-5%
w/v). Growth and PHB production were the highest at 2% galactose; hence, this percentage
was used for further analysis (Figure 2B).
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Figure 1. Identification of PHB-producing strains that produce PHB. (A) GC analysis comparison
of DCW and PHB production in 16 Halomonas strains. (B) Phylogenetic analysis using 165 rRNA
sequencing of Halomonas sp. YK44. (C) TEM image of Halomonas sp. YK44 after being cultured for
48 h at 25 °C in MB medium with 2% galactose, final 4% NaCl, and 0.1% yeast extract (Magnification:

Right—16,300x, Left—25,000 x ).
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Multiple nitrogen sources, such as 0.1% yeast extract, NH;NO3, NH4CL, (NH4)HSO4,
NH4NO3, and (NHy4)»SO4, were added to MB to determine the optimal nitrogen source.
Halomonas sp. YK44 showed the most growth and PHB production with 0.1% yeast extract,
followed by (NH4),SO, (Figure 2C). To optimize the concentration of yeast extract, we
compared PHB production in MB with different yeast extract concentrations (0.1-1% w/v).
However, additional yeast extract did not change PHB production. Since PHB production
was similar in MB containing 0.1% and 1% yeast extract, we decided to use 0.1% yeast
extract to facilitate economical PHB production (Figure 2D).

3.3. Examination of Culture Temperature, Time, and NaCl Concentration

To determine the optimum culture conditions, we first examined different culture
temperatures. When cultured at 16, 20, 25, 30, 37, and 42 °C, YK44 showed the best
growth and PHB production at 25 °C (Figure 3A). Other studies mainly cultured Halomonas
strains at 30 °C and 37 °C [39-41]. YK44 can grow and produce PHB at 25 °C similar to

room temperature.
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Figure 2. Optimized carbon and nitrogen sources for PHB production. (A) Comparison of PHB pro-
duction in MB medium with 2% (w/v) additional carbon sources. (B) Effect of galactose concentration
on PHB production. (C) Comparison of PHB production in MB medium with 0.1% (w/v) additional
nitrogen sources. (D) Effect of yeast extract concentration on PHB production in MB.

Since Halomonas sp. YK44 is halotolerant and can grow under high NaCl conditions,
we examined how various salt concentrations affected PHB production (Figure 3B). Growth
and PHB production were highest under final 4% NaCl, though there was no difference of
more than 2 g/L from 2% to final 8% NaCl.

To determine the optimal Halomonas sp. YK44 culture time, growth in the optimized
medium was monitored every 24 h for 4 days. The highest growth and PHB production
were observed after 48 h (Figure 3C), with PHB production reaching 8.98 g/L PHB (75.11%
PHB content w/w) and 11.6 g/L DCW. Culturing for more than 48 h did not increase PHB
production, likely because most of the sugar was consumed. Finally, 20 g/L of galactose
was completely consumed after 72 h.

12



Polymers 2022, 14, 5407

12 100
.
10 T T
{ } PY = - 80
% ’ 60 g
2 5
o 6 ‘g
g o
L o
8 E 40 g
4 o
- 20
2 4
0 | | || _ﬁ__ 0
16 20 25 30 37 42
[ DCW(g/L) Temperature(T)
E=zm PHB(g/L)
® PHBcontent(%)
(A)
14 100
12 1 T } } E
+ r 80
10 [
— X —
) X
(=] L
8 .| 60 =
1] ]
I =
o o
g o :
s o
(%] 10 b
a o
4
20
2 4
0 0
2 4 6 8 10
1 DCW(g/L) Final NaCl conc.(%)
=23 PHB (g/L)
® PHB content(%)
(B)
14 100
12 4 T
== - 80
‘:,', o ) o
a ¢ 5
o~
g L) Leo T
s 81 S
= -
] 8
g 5 -
L o
g 9 o
] o
m 47
- T
o - 20
24
0 E— 0
1d 2d 3d 4d
[ DCW(g/L) Time dependant

Z=Za PHB(g/L)
& PHB content(%)
—g— Residual galactose{g/L)

©

Figure 3. Optimized culture conditions for PHB production. (A) Effect of NaCl on PHB production in
MB containing 2% (w/v) galactose. (B) Effect of temperature on PHB production in MB with 2% (w/v)
galactose. (C) Optimized cultivation time for PHB production at 25 °C in MB with 2% galactose, final
4% NaCl, and 0.1% yeast extract.
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3.4. Chemical Properties and Molecular Weight of PHB from Halomonas sp. YK44

PHB film was extracted from 40 mL of optimized cultivation media after 48 h cultiva-
tion at optimal culture conditions (25 °C in MB containing 2% galactose, final 4% NaCl, and
0.1% yeast extract) (Supplementary Figure S2). The melting and crystallization tempera-
tures of the extracted PHB film were Ty, = 170.57 °C and T, = 126.60 °C, respectively. These
values were similar to those of authentic PHB film: Ty, = 176.55 °C and T. = 126.29 °C
(Supplementary Figure S1). Further, the Ty, and T, values were similar to those of authentic
films and PHB films derived from other PHB producer strains [42—44].

To characterize the number average molecular weight (My,), the weight average molec-
ular weight (M), and the polydispersity index (PDI = My, /M,) of PHB extracted from
Halomonas sp. YK44, we performed a GPC analysis. The My, My, and PDI of extracted PHB
were 7.92 x 10°,6.90 x 10°, and 1.48, respectively. GPC analysis revealed that strain YK44
produced higher molecular weight polymers than authentic PHB films (M, = 4.29 x 105,
M, =3.19 x 10°, PDI = 1.34) (Supplementary Table S2). A high molecular weight polymer
indicates high PHB quality, which is advantageous for industrial applications. Reduced mo-
lar masses during extraction are likely caused by damage to the granules. Compared with
authentic PHB, intracellular PHB has low polydispersity; PDI is narrower than authentic
PHB film. The narrow dispersity means homogeneous polymers [45,46].

3.5. PHB Production using E. spinosum Hydrolysates

To determine possible applications of Halomonas sp. YK44, cells were cultured in
MB containing E. spinosum hydrolysate. The salinity of E. spinosum hydrolysates was
approximately 2.6% and contained 3.8% galactose. To optimize the pH of E. spinosum
hydrolysate, we compared PHB production capacity in the MB medium at different pH
values. Growth and PHB production were the highest at pH 10 (Figure 4A). Further, growth
was suppressed at galactose concentrations higher than 0.95%, possibly due to the influence
of inhibitors. The highest cell growth and PHB production were obtained with 0.95%
galactose concentration from E. spinosum hydrolysate in MB. Culturing in these conditions
returned 4.9 g/L DCW and 27.2% PHB content (Figure 4B).

Activated carbon was used to remove impurities from the hydrolysate as activated
carbon treatment removes toxic substances that may be released during hydrolysis [47,48].
Halomonas sp. YK44 showed optimal growth with 0.95% galactose but activated carbon
treatment led to growth in media containing 1.9% galactose. Moreover, 5.2 g/L PHB was
produced under 1.425% galactose culture condition (Figure 4C), which was 3.92-fold higher
than the culture without activated carbon. These results suggest that activated carbon
treatment increases hydrolysate utilization.

3.6. PHB Production in Reusing High Saline Non-Sterilized Medium and Sterilized Medium

To examine possible applications of Halomonas sp. YK44, we investigated whether
this strain could be cultured in non-sterilized high-salt media without contamination and
whether these culture conditions would change PHB production [49,50]. In sterilized or
non-sterilized MB with final 6% NaCl and 2% galactose, Halomonas sp. YK44 produced PHB
with or without sterilization. In non-sterilized samples, the highest amount of PHB was
7.24 g/L from 10.00 g/L DCW (72.41% PHB content w/w) in non-sterilized samples. This
was comparable with results for sterilized media, which yielded 7.13 g/L PHB from 9.50 g /L
DCW (75.02% PHB content w/w) (Figure 5). Overall, these results indicate that Halomonas
sp. YK44 produces PHB under non-sterilized conditions like sterilized conditions.

When comparing sterilized and non-sterile media for reperirive use of media, there
is no significant difference in growth or PHB production, indicating that Halomonas sp.
YK44 could be cultured in non-sterilized medium without contamination. Accumulated
data over 10 cycles indicated that PHB production showed a difference of approximately
1.8 g/L, but this difference was not significant considering that it is an accumulation of PHB
production (Figure 5). Thus, Halomonas sp. YK44 shows high robustness to contamination,
which will facilitate PHB production for industrial applications.
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Figure 4. PHB production with E. spinosum hydrolysate and optimal pH. (A) Effect of pH on PHB
production in MB with 1% galactose in E. spinosum hydrolysate. (B) DCW and PHB production after
culture with E. spinosum hydrolysate (C) DCW and PHB production after culture with E. spinosum
hydrolysate and activated carbon.
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4. Discussion

As Halomonas spp. can usually survive and produce PHB at high salinity, it is possible
to utilize open non-sterile fermentation in a high salinity medium without antibiotics
treatment or sterilization [31,32]. In addition, as this Halomonas strain is a benign native
PHB producer, it is free of any environmental issues such as the law of genetically modified
objects or pathogen issues. Since Halomonas sp. YK44 is salt-tolerant and uses galactose,
this strain can be used to produce PHB by utilizing seaweed hydrolysate like Euchenoma
spinosum hydrolysate resulting in reduced PHB production cost. Our results suggest that
not only can red algae be used to produce PHB, but also that it allows microorganisms
to grow better when hydrolysates are treated with activated carbon, as shown in other
papers [51,52].

In conclusion, we determined that Halomonas sp. YK44 strain produces more PHB
using galactose as a carbon source among 16 Halomonas strains. According to Figure 3B,
as Halomonas sp. YK44 is salt-tolerant and uses galactose, it can be used to produce PHB
utilizing seaweed hydrolysate. PHB was produced using E. spinosum hydrolysates that
have abundant galactose with a salinity of 2.6% and production increased after activated
carbon treatment. Furthermore, we reused the media to compare PHB productivity with
sterilized and non-sterilized high-salt media to determine that Halomonas is resistant to
contamination in high salinity conditions. Total PHB production showed no significant
difference between cultures in sterilized or non-sterilized high-salinity culture media. Thus,
cost-effective application will be possible even if PHB is produced using by-products
without sterilization.

In Halomonas sp. YK44, PHB was effectively produced using various sugar compo-
nents, especially galactose. We optimized culture media conditions to produce PHB in MB
media with 2% galactose, 0.1% yeast extract, and final 4% NaCl concentration under 25 °C
for 48 h. Under optimized PHB production conditions, the strain produced 8.98 g/L PHB
from 11.6 g/L DCW (78.11% PHB content). Halomonas sp. YK44 showed about 50% more
production than the maximum amount of the previously reported paper [25-28]. Similar
PHB content was produced in MB medium containing final 2-8% NaCl. This suggests that
Halomonas sp. YK44 is salt-tolerant similar to other Halomonas spp. [53,54]. Since PHB was
produced at a low temperature (25 °C), it may be possible to produce only by shaking at
room temperature. For PHB production and cultivation using E. spinosum hydrolysate,
1.425 g/L galactose, and activated carbon, the yield was 5.2 g/L PHB, which was the largest
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amount we produced using E. spinosum hydrolysates. In MB media with final 6% NaCl
and 2% galactose without antibiotics and sterilization, PHB production was 4.2 g/L PHB
from 7.3 g/L DCW.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ polym14245407/s1, Figure S1: DSC analysis of PHB from Halomonas
sp. YK44; Table S1: Species identification using 165 rRNA sequencing and antibiotic resistance the
identified strain.; Figure S2: GPC analysis of PHB from Halomonas sp. YK44; Table S2: Comparison of
GPC analysis result Halomonas sp. YK44 film and Authentic PHB film; Figure S2; PHB film extracted
from Halomonas sp. YK44.
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Abstract: Bioplastics are contemplated as remarkable substitutes for conventional plastics to accom-
modate green technological advancements. However, their industrial production has not been fully
implemented owing to the cost of carbon resources. From another perspective, valorizing different
paper mill wastes has become a prominent research topic. These materials may serve as an affording
sustainable feedstock for bioplastic production. Adjustment of cardboard waste hydrolysate as
suitable fermentation media for production of bacterial polyhydroxyalkanoates (PHAs) has been
investigated. Cardboard samples were defibered and dried before enzymatic hydrolysis. The enzy-
matic degradation of commercial cellulase was monitored over 15 days. Interestingly, 18.2 + 0.2 g/L
glucose yield was obtained from 50 g cardboard samples using a 1.5% (v/v) enzyme concentration.
The samples exhibited maximum weight loss values of 69-73%. Meanwhile, five soil samples were
collected from local sites in Lodz, Poland. A total of 31 bacterial isolates were screened and cultured
on Nile blue plates. Analysis of the 165 rRNA gene sequence of the most potent producer revealed
100% similarity to Bacillus mycoides. Cardboard hydrolysates whole medium, modified MSM with
cardboard hydrolysate and nitrogen depleted MSM with cardboard hydrolysate were utilized for
PHA production, followed by PHA productivity and cell dry weight (CDW) estimation compared to
glucose as a standard carbon source. An impressive PHA accumulation of 56% CDW was attained
when the waste hydrolysate was used as a carbon source. FTIR and NMR analysis of the isolated
PHA indicated that functional groups of the polymer were related to PHB (polyhydroxybutyrate).
Thermal analysis demonstrates that PHB and PHB-CB (PHB produced from cardboard hydrolysate)
have degradation temperatures of 380 and 369 °C, respectively, which reflect the high thermal sta-
bility and heat resistance compared to the same properties for a standard polymer. This is the first
demonstration of full saccharification of corrugated cardboard paper waste for high-level production
of PHA. In addition, the attained PHB productivity is one of the highest levels achieved from a real
lignocellulosic waste.

Keywords: polyhydroxyalkanoates; poly(3-hydroxybutrate); enzymatic hydrolysis; lignocellulosic
waste; cardboard waste; waste management; Bacillus sp.

1. Introduction

It is acknowledged that there has been a growing need for bioplastics and biodegrad-
able polymers in numerous fields owing to their diversified merits [1]. Polyesters are in
high demanded in several sectors, such as pharmaceutical nanodelivery, food safety, and
biomedical applications [2,3]. PHAs are efficient substitutes for petrochemical plastics from
fossil fuels. They have been exploited in 3D printing inks, tissue engineering scaffolds,
smart packaging materials, and biocompatible implants [4]. Moreover, modified PHA
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variants have become potent components as antimicrobial and antiviral agents, as well
as targeting anticancer ligands [5,6]. Nevertheless, elevated production costs continue to
inhibit scale-up. From an environmental perspective, various nations have urgent policies
to turn to natural plastics manufacturing to mitigate the widespread usage of synthetic
plastics [7]. Almost 4.8-12.7 million tons of plastic wastes are expected to enter the ocean by
2025, with no expected measures to manage this situation. PHAs are microbial polyesters
accumulated inside bacterial cells under nitrogen limitations and excess carbon supplemen-
tation. The bioprocess technology for these polymers is still facing significant hindrance
due to the negative effect of high-level production economics [8].

In this context, the usage of raw and waste materials has often been investigated in
an attempt to identify economical strategies for bioplastic production. A strong example
of this is a recent project which valorized marine algal biomass hydrolysate as promising
feed stock for sustainable PHA synthesis. A simple acid pre-treatment for three marine
algal biomass was performed in search of affordable sources of carbon to support microbial
metabolism. A reasonable content of PHA was successfully produced using 3 different algal
hydrolysates media from Halomonas pacifica ASL10 and Halomonas salifodiane ASL11 [9].
Since the issue of PHA commercialization has not been resolved, affordable alternative
carbon sources, such as the use of agricultural waste [10], household waste [11], fats, oils,
industrial by-products [12], glycerol, sugars, wastewater, and lignocellulosic materials [13],
have been considered.

One of the most promising sustainable feedstocks for microbial polymer synthe-
sis is lignocellulosic materials. Recently, a 70% yield of CDW (cell dry weight) poly(3-
hydroxybutyrate) (P(3HB)) was obtained using Burkholderia sacchari DSM 17165 to promote
enzymatically hydrolyzed wheat straw as a substitute medium [14]. Pretreatment of rice
straw with dilute aqueous acid as an abundant sugar resource to provide a carbon source
for producing high-value products, such as PHB using B. megaterium [15]. Mechanical
conversion of biomass into smaller particles and fibers is commonly used to disrupt the
lignocellulosic matrix and to gain access to the carbohydrates. Chemical pretreatment is
frequently used to assist lignin decomposition and removal [16]. These procedures can be
expensive, and they constitute a major impediment to broad carbohydrate production from
lignocellulosic sources. These simple sugars can be used for biofuel production or other
goods, such as biodegradable and compostable plastics, after the carbohydrate polymers
are broken down to monomers [14].

Among these materials, cardboard is a yet undiscovered substance for affordable
glucose supplementation. It is mainly composed of cellulose 56.1%, hemicellulose 10.4%,
and lignin 12.8% [17]. They have been successfully used to obtain fermentable sugars, such
as glucose [18,19]. Cardboard and other lignocellulosic stocks might undergo pretreat-
ment, such as alkaline or paper hydrolysis, to ameliorate the efficiency of the enzymatic
hydrolysis of cellulose. However, owing to the potential risks related to the formation of
toxic compounds in alkaline or acidic hydrolysis, commercial cellulases digestion could be
the optimum and most economical approach for the generation of glucose or fermentable
sugars [15].

Bacillus sp. Has been widely used in industry and in academia due to the stability
of its replication and plasmid maintenance, as well as its importance and supremacy in
PHA production [20]. Furthermore, Bacillus sp. has a significant advantage over other
bacterial species to produce PHAs due to the absence of a lipopolysaccharide layer, which
makes extraction easier, as well as its ability to grow in low-cost raw materials and a high
growth rate compared to other bacteria [21]. Bacillus sp. metabolism has proven to be rich,
generating high-value products, such as lipopeptides, biosurfactants, antiviral proteins,
and enzymes [22,23]. Thus, thorough screening of possible Bacillus strains from stress-
prone environments, improved PHA synthesis methodologies, and the addition of low-cost
carbon sources may all contribute to make the entire process more cost-effective [20].

This study investigates a successful bioconversion of cardboard to one of the most
important polyesters, PHB. The saccharification of cardboard samples was conducted via
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enzymatic hydrolysis. A set of experiments was performed to optimize the fermentation
process of cardboard hydrolysate as a feedstock for a locally isolated Bacillus strain. This
represents the first attempt to valorize cardboard as a reliable source of glucose for microbial
PHAs synthesis.

2. Materials and Methods
2.1. Materials and Chemicals

A commercial cellulase enzyme NewCell Conc L (NewEnzymes, Portugal) was kindly
provided by Professor Stanislaw Bielecki, Lodz University of Technology, Poland. The
enzyme preparation was composed of Cellulase and, 2-Benzisothiazolin-3(2H)-one (>1%).
Dinitrosalicylic acid (DNS) was purchased from Sigma-Aldrich, Germany. The glucose
detecting kit was obtained from Biomaxima, Poland. All other chemicals and media
components were purchased from Pol-Aura, Poland.

2.2. Cardboard Sample Preparation

Corrugated cardboard specimens were obtained from local public solid waste con-
tainers. The contents of cellulose, hemicellulose, and lignin were detected according to the
Van Soest and Robertson method [24]. The specimens were cut into pieces before being
suspended in water at 60 °C for 24 h at a solid concentration of 50 g/L and defibered for
1 min using an IKA T50 Ultra Turrax Mixer. Samples that had been defibered were filtered
and air dried for further examination [25].

2.3. Enzymatic Degradation of Cardboard Samples

Enzymatic hydrolysis tests were conducted using a commercial cellulase enzyme
preparation. The specific activity of 65 4= 0.3 FPU/mL and enzyme protein concentration of
122 £ 0.3 mg/mL were determined using filter paper activity and Bradford methods [26,27].
The hydrolysis process took place in Erlenmeyer flasks at 55 °C, 150 rpm. The pH was
preserved at 5.5 using 0.05 N citric acid—sodium citrate buffer.

(a) Determination of optimum incubation time

To determine the optimum incubation time for the enzyme activity, 50 g samples of de-
fibered cardboard were incubated with 1.5% (v/v) cellulase enzyme in 1 L at different time
intervals (1-15 days). The released glucose concentrations were determined by calorimetric
kit at 540 nm.

(b) Weight loss

Different sample weights (20, 50, 80, and 100 g) were used for enzyme activity assess-
ment using different enzyme concentrations at 55 °C, 150 rpm for 7 days incubation. The
remaining cardboard was filtrated, dried at 70 °C for 24 h and weighed [25]. The following
equation was used to calculate the proportion of cardboard consumption:

(W0 — Wt) x 100/WO
where WO is the sample’s dry weight at zero time and Wt is the sample’s dry weight after
7 days incubation.

(c) Determination of reducing sugars

The quantity of reducing sugars released in the enzyme-cardboard mixture was deter-
mined by DNS reagent technique [28,29]. A total of 1 g dinitro salicylic acid was mixed
with 10 mL distilled water and agitated for 10 min. A volume of 500 uL supernatant was
mixed with 500 pL dinitrosalicylic acid reagent, left for 15 min at 28 °C, boiled for 5 min,
then rapidly cooled, and the optical density was measured at 540 nm.

(d) Determination of liberated glucose

The enzymatic hydrolysis processes were stopped after enzymatic hydrolysis by
keeping the solution at 4 °C for 2 h. The supernatants were recovered by centrifugation at
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4 °C for 10 min at 8000 g. The glucose colorimetric kit (Biomaxima, Poland) was used to
determine the glucose content of the hydrolysis liquors [30].

2.4. Collection of Samples, Growth Conditions, and Screening of PHA Producing Isolates

Soil samples were collected from several places in Lodz, Poland. In brief, samples were
collected in sterile containers and transported directly to the lab, where they were serially
diluted and inoculated on PHA screening plates. The screening medium is a Linko medium
containing 2% glucose and 0.02 mg/L Nile blue stain as an indicator (Sigma-Aldrich-
Darmstadt, Germany). Under UV light, the PHA synthesizing colonies appear orange [31].
Pure cultures of PHA-producing bacteria were then grown on Nutrient agar plates (pH 7.0
at 37 °C for 24 h) for future usage. Sudan black-B (SBB) stain (Sigma-Aldrich-Darmstadt,
Germany) was used to perform a confirmatory screening test for PHA generating isolates.
The accessibility of the C/N ratio in the medium plays a key role in PHA production. The
use of a high carbon-containing medium promotes PHA accumulation. Thus, the medium
employed was previously reported by [31] with minor adjustments. The production
medium contained (in g/L) glucose (20), (NH4)2SO4 (0.5), KH,PO4 (2.0), Nap,HPOy4 (2.0),
MgSO,-7H,0 (0.5), Na,HCO3 (0.5), and CaCl, (0.01) and a 100 mL trace element solution
containing ZnSOy4-7H,0O (0.01), MnCl,-4H,0 (0.003), H3BO4 (0.003), CuCl,-2H,0 (0.001),
and NICI,-6H,0 (0.002). The incubation was carried out at 37 °C, pH 7 and 160 rpm.

2.5. Identification and Characterization of PHA Producing Isolates

The Genomic Mini kit (A&A biotechnology, Pomeranian Voivodeship, Poland) was
used to extract genomic DNA from the selected bacterial strain, with minor adjustments to
the first step: bacterial cells were treated with lysozyme and incubated at 37 °C for 20 min.
The PCR was carried out using a MJ Mini Gradient Thermal Cycler (Bio-Rad, Hercules,
CA, USA). The 16S rRNA gene was amplified using universal primers 27F and 1492R (5'-
AGAGTTTGATCCTGGCTCAG-3' 5-GGTTACCTTGTTACGACTT-3'). Each PCR reaction
contained 40 pmol of each primer, 1.5 U of RedTaq ReadyMix DNA polymerase (Sigma-
Aldrich, St. Louis, MO, USA) and 20 ng of template DNA, and it was built up to 50 pL
with PCR grade water. A 1.0% (w/v) agarose gel electrophoresis in 0.5 TBE buffer was used
to identify PCR products (Sigma-Aldrich). The Big Dye Terminator Ready Reaction Cycle
Sequencing kit was used to purify PCR products and extract gene nucleotide sequences
(Applied Biosystems, Foster City, CA, USA). The PCR products were examined using an
Applied Biosystems model 3730 Genetic Analyzer. The nucleotide sequences of the 165
rRNA gene were proofread, assembled, and aligned in Vector NTI Express Software (Life
Technologies, Thermo Fisher Scientific Inc., Waltham, MA, USA), and they were compared
with sequences available in the National Center for Biotechnology Information (NCBI,
Bethesda, MD, USA), using the BLASTN algorithm (Version 2.2.30+) [31].

2.6. PHA Production Extraction and Purification

(@) MSM supplemented with glucose as a carbon source

The isolated PHA producer was cultured in Nutrient broth overnight at 37 °C and
160 rpm before being transferred to Mineral Salt Medium (MSM) to produce PHA [9]. The
medium was supplemented with 20 g (2% w/v) glucose and 0.5 g (0.05% (w/v) (NH4)2SO4
to maintain a higher C/N ratio. The production cultures were incubated at 37 °C, 160 rpm
for 7 days.

(b) Cardboard hydrolysate as a whole medium

The production media were prepared by filtrating 1 L of the cardboard hydrolysate
medium to remove the cardboard residues. The filtrate was then kept at 4 °C for 2 h to stop
the enzyme activity. The filtrate medium was sterilized by filtration using 200 nm bacterial
filters (Alchem, Poland), then inoculated with the PHA producing strain and incubated at
37 °C, 160 rpm for 7 days.
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(c) Modified MSM with cardboard hydrolysate

PHA production was studied in a synthetic medium in which 1 L filtrate of cardboard
hydrolysate was supplied with all components of MSM except glucose, where the cardboard
hydrolysate would be the carbon source. The concentration of carbon source was adjusted
to be almost 2% (v/v).

(d) Nitrogen depleted MSM with cardboard hydrolysate

The filtrate of cardboard hydrolysate (1 L) was supplied with all components of MSM
except glucose and (NHy)2SOy4, where the cardboard hydrolysate would be the source of
carbon and nitrogen. The concentration of carbon source was adjusted to be almost 2%
(v/v), as previously mentioned.

(e) Extraction of PHA

The whole volume of the fermentation medium was centrifuged at 4 °C in a cooling
centrifuge (4500 rpm for 15 min), and the cell pellets were freeze dried. The dry pellet
weight was measured, and the bacterial cell wall was disrupted by treating it with hot
acetone (50 °C) for 20 min. The suspension was centrifuged at 4500 rpm for 15 min before
being dried to eliminate excess acetone. PHA was dissolved with chloroform at 37 °C for
48 h, while shaking at 160 rpm. The precipitation of PHA was done using cold methanol and
water (7:3) [31]. The percentage of PHA yield was determined by the following equation:

PHA yield% = Wppa/Wceps * 100

where Wppa resembles the weight of the polymer recovered from the freeze-dried cells
weight (Wcels)-

2.7. Characterization of the Produced Polymer
(a) Fourier Transform Infrared (FTIR)

The refined polymers were subjected to FTIR analysis. The study was carried out in a
range of 400-4000 cm ! using an FTIR Nicolet 6700 spectrophotometer and OMNIC 3.2
software (Thermo Scientific Products: Riviera Beach, FL, USA) [9].

(b) 1Hand 13C NMR

Polymer samples (25 mg) were diluted in 1 mL deuterated chloroform (CDCl3) and
analyzed using NMR. The investigation was carried out using a JEOL J]NM ECA 500 MHz
(JEOL, Japan) to determine the chemical structure of the produced polymers [31].

(c) TGA, DTG, and DTA

Thermal analysis was performed on the purified polymers using the DSC Q20 and
TGA Q50 analyzers. The analysis was carried out in the presence of a 20 mL/min N
flow. Using a sequential heating system (heating rate 10 °C/min, temperature range 0 to
600 °C), 10 mg of moisture-free distilled PHAs were heated. Following that, the polymer’s
degradation temperature (Td), glass transition temperature (Tg), enthalpy of fusion (DHy,),
and melting temperature (Tm) were measured [31].

(d) XRD

The diffractograms were used to investigate the crystalline structure of the polyesters.
A copper tube with a wavelength of 1.5418 A° was used to record the spectrum, which was
operated at 30 kV and 10 mA. A 2 mm diameter capillary tube was employed, each scan
was recorded in step-by-step mode from 0 to 100° (20) with 5° intervals, and the intensities
were recorded [5].

2.8. Statistical Analysis

The statistically significant differences across the studies were examined using a one-
way ANOVA with the Tukey test (p < 0.05 confidence). The process monitoring assays were
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performed in triplicate, and the results were reported as the mean value and its standard
deviation. The data was analyzed using Prism 7 (GraphPad, Inc. San Diego, CA, USA).

3. Results and Discussion
3.1. Enzymatic Degradation of Cardboard Samples

Owing to the high percentage of cellulose in cardboard, which can reach up to 59% [25],
it could be a promising source of carbon to produce value-added products. The complexity
of polysaccharides in such waste (mainly cellulose and hemicellulose) has made cellulase
systems paramount in liberating fermentable sugars. From an environmental perspec-
tive, the industrial implementation of the current study could assist in tackling waste
accumulation issues in Europe, especially Poland. Paper and cardboard waste comprised
approximately 15% of municipal solid waste from 2012 to 2017, whereas plastics resamples
were 18%, and this data is expected to witness a considerable rise in the next years [32]. The
chemical composition of corrugated cardboard showed that our samples contained 58.2%
cellulose, 9.6% hemicellulose, 10.0% lignin, and 22.2% other components, which were in
good line with another investigation [33]. Enzyme-assisted cardboard hydrolysis seems
to be an appropriate approach for supplying PHA producers with sufficient amounts of
carbon source in an economic manner. To assess cellulase activity on cardboard digestion,
representative experimental concentration profiles of glucose and reducing sugars obtained
in this set of experiments are shown in Figure 1.

(a) (b)

Glucose (g/1)

0 2 4 6 8 10

Incubation time (days)

P Glucose

B Reducing sugars

)
0
R

Concentration of released sugars (g/1)

02 04 06 08 1.0 12 14 L6
Enzyme concentration % (v/v)

Figure 1. Enzymatic hydrolysis of cardboard, (a) Incubation time effect on the hydrolysis process, (b)
presentation of the enzymatic hydrolysis process on cardboard fibers on the 1st and the 7th day and
(c) colorimetric analysis of the enzymatic hydrolysis products, including reducing sugars and glucose.

Regarding the liberated glucose profile, the glucose concentration was directly pro-
portional to incubation time till day 7 at pH 5.5 and 55 °C. Moreover, the highest released
glucose concentration was reported to be 18.3 £ 0.2 g/L on day 7, which comprises approx-
imately 62% of the total cellulose content in the investigated cardboard samples (Figure 1a),
whereas it exhibited almost constant values from days 8 to 15 (data not shown). The reason
for the positive correlation between the released glucose and incubation days could be
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attributed to cellulase activity on the cellulosic portion of cardboard [34]. Cellulases work
synergistically to hydrolyze cellulose as it is degraded from crystalline or amorphous cellu-
lose to small, soluble cellobiose fragments and finally to glucose [35]. The constant glucose
records after day 7 demonstrated a complete saccharification of cellulose and hemicellulose
contents, where the major morphological changes in the fiber structure took place. It might
also be attributed to the depletion of cellulosic components in cardboard as well as the
generation of metabolic by-products. (Figure 1b) [33]. Therefore, the incubation period of
7 days has been selected as the enzyme incubation time in the following experiments.

The effect of different enzyme concentrations was assessed on different samples’
weights in terms of cardboard degradation. Maximum weight loss values for all samples
were observed at an enzyme concentration of 1.5% (v/v), which was found to be in the
range of 69 to 73% (Table 1). The maximum weight loss values that resulted from the
highest enzyme concentration supports the fact that cellulase catalyzes the polysaccharide
decomposition by simply cleaving 3-1,4-glycosidic linkages [36]. The enzymatic action of
cellulase could be seen in Figure 1b, where the firm fibers of cardboard were transformed
to powder-like structures after 7 days incubation at 55 °C.

Table 1. Weight loss (%) of different cardboard samples after enzymatic hydrolysis. Mean and
standard deviations were used to show the values. The presence of different superscript letters within
the same column indicates significance (p < 0.05).

Cardboard Samples Weights (g) 100 80 50 20
Enzyme Concentration (%) Weight Loss (%)

0.25 20+ 052 23+0.32 26+ 0.52 30+0.12
0.5 32+02P 33+09P 36+ 050 39 +0.3P
0.75 51+0.1¢ 50 +0.5¢ 50+ 0.3¢ 52+09¢

1 60+ 0249 61+044d 64 +0.14 66+ 0149
1.25 65+ 03¢ 67 +014d 68 +0.14 70+ 0.6¢
1.5 69 +0.3¢ 69 +024d 70+ 0349 734+ 03¢

The hydrolysis products, such as released glucose and reducing sugars, were deter-
mined in 50 g cardboard samples. The highest enzyme concentration (1.5% (v/v)) released
18.3 £ 0.3 g glucose, which was the maximum value compared with the lower cellulase con-
centrations. Moreover, the glucose percentage per 50 g cardboard sample was determined
to be 36.5 £ 0.4%, which represents 18.3 £ 0.3 g glucose produced from a 50 g cardboard
sample. This glucose content was estimated to be approximately 85.1 £ 0.1% of reducing
sugars per 50 g sample (Figure 1c). Such data were consistent with the obtained glucose
values measured at 36-63% (g/g of cellulose sample) using commercial enzymes cellulase
CTec2 and hemicellulase HTec [33]. These results support the fact that the yielded carbon
source would provide a sufficient supplement for PHA production.

3.2. Molecular Identification of the PHA Producer and Phylogenetic Analysis

The screened soil bacterial isolates resulted in 9 PHA producers, which were confirmed
by orange color fluorescence on Nile blue plates and Sudan black staining. The bacterial
isolate with the highest PHA productivity was selected for further molecular identification.
The 16S rRNA study of the PHA producing strain exhibited a significant degree of similarity
to the Bacillus sp. genera. A sequence comparison using BLAST showed strain ICRI89’s
close relationship to Bacillus mycoides (formerly known as Bacillus weihenstephanensis UT11)
with 100% similarity. The 165 rRNA sequence of the newly isolated strain was submitted
to GenBank, NCBI as Bacillus mycoides ICRI89. A neighbor-joining dendrogram with
several Bacillus sp. as an outer group shows the phylogentic position of B. mycoides ICRI89
(Figure 2).
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Figure 2. Neighbor-joining phylogenetic analysis based on 165 rRNA gene sequences showing the
position of strain B. mycoides ICRI89. These phylogenetic relationships were identified by MEGA 11
sequence alignment editor (version 11.0.11).

3.3. Nucleotides Accession Numbers

Consensus sequences were generated with the MEGA 11 sequence alignment editor
(version 11.0.11), and the sequences were then evaluated with the BLASTN software
(NCBI) [37]. The 16S sequence was submitted to GenBank with the accession number
ON231789.

3.4. MSM Supplemented with Glucose as a Carbon Source

B. mycoides ICRI89 was cultivated in 1 L MSM in 2 L flasks with 2% (w/v) glucose
and 0.05% (w/v) (NH4)2SO4 at 37 °C, pH =7, 160 rpm for 7 days. The biomasses from
PHA production were collected, lyophilized, and weighed [31]. The lyophilized mass
of B. mycoides ICRI89 was 4.27 g/L, and the generated polyester was recovered from the
cells. The pure polymers produced were 2.63 & 0.1 g/L, corresponding to 61.7% CDW
(Figure 3). These results are highly similar to those of a previous investigation [38] in which
B. megaterium accumulated a maximum PHA weight of 2.74 g /L with glucose as the sole
carbon source. When compared to other carbon sources, such as arabinose, starch, lactose,
lactic acid, glycerol, or sodium acetate, Bacillus sp. can efficiently metabolize glucose for
greater PHA synthesis. As a result, when glucose was added as a carbon source, it produced
the highest PHA content when compared to other carbon sources [38]. The maximum
PHA yield in the current study was detected upon using (NH4),SO4 as a nitrogen source.
PHA synthesis was comparable when various nitrogen sources were used, including, with
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a minor difference, protease peptone, glycine, potassium nitrate, urea, and ammonium
chloride. Previously, ammonium sulphate was shown to be the optimum nitrogen source
for B. mycoides RL] B017 [39] and B. Megaterium [40]. On the other hand, the current findings
showed a higher PHA productivity than those of Bacillus sp. AZR-1, which used glucose
for PHA production. Bacillus sp. AZR-1 produced CDW of 1.88 g/L with a PHA content up
to 40%. It was shown to be extremely effective in exploiting soluble starch as a precursor for
PHA accumulation, having a CDW of 0.87 g/L and a PHA content of 0.19 g/L, resembling
22% CDW. This amount is approximately half that when glucose was utilized as a carbon
source, which is logical given that the starch hydrolysis process makes starch less useful
when compared to simple monosaccharides, such as glucose [41]. This suggests that for
growth and subsequent PHA synthesis, in general, these bacteria prefer simple monomers,
such as glucose. Our isolate B. mycoides ICRI89 appears to have the most active metabolic
machinery for synthesis of PHA. In many studies, there has been a positive correlation
between the amount of glucose used as a carbon source and PHA production [42].
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Figure 3. PHA content (g/L), cell dry weight (CDW) (g/L), and PHA productivity (%) in four
different models.

3.5. Cardboard Hydrolysate as a Whole Medium

Enzymatically hydrolyzed cardboard was employed as a complete medium to evaluate
our new strain’s potential to accumulate PHA. When hydrolyzed cardboard was utilized
as a PHA production medium for B. mycoides ICRI89, the highest PHA concentration
was 0.4 £ 0.1 g/L, with 33.3% CDW PHA productivity (Figure 3). The PHA content
witnessed an 84% reduction in comparison with that of glucose as a carbon source. In the
same manner, there was an apparent decline in the yielded CDW to be 1.2 g/L compared
to 4.27 g/L for the glucose standard medium. The major explanation for the low PHA
concentration might be the lack of certain minerals and salts. Furthermore, the existence of
KH,POy in the production medium at concentrations less than 0.1 g/L could reduce cellular
proliferation, whilst concentrations higher than 0.1 g/L might improve PHA productivity.
Thus, phosphate limitation (KH,PO,4 and K,HPO,) was discovered to have an essential
role in PHA build-up [43]. Enzymatically hydrolyzed waste paper was recently used as a
sustainable feed stock for PHA synthesis by B. Sacchari. The bacterial strain accumulated
3.63 g/L PHA, which comprises approximately 44.2% CDW. The relatively higher yield
compared to our study could be reasoned to performing enzymatic digestion for paper
waste using an enzyme mixture of cellulase, 3-glucosidase, and hemicellulose [44]. Such a
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mixture may have played a critical role in having a better saccharification of lignocellulosic
biomass, including paper waste. That’s why it is recommended to examine the effect of
different enzyme cocktails on the saccharification of different kinds of cardboard in future
studies.

3.6. Modified MSM with Cardboard Hydrolysate

The filtrate of cardboard hydrolysate (1 L) was supplied with all components of
MSM except glucose, where the cardboard hydrolysate would be the carbon source. The
concentration of carbon source was adjusted to be almost 2% (v/v), which represents
the content of reducing sugar in cardboard hydrolysate. The PHA generating isolate B.
mycoides ICRI89 had a maximum PHA concentration of 2.1 £ 0.1 g/L, which corresponds
to 65.6% CDW (Figure 3). This experiment yielded almost the same PHA weights of that
when glucose was used as the only carbon source. These findings are consistent with a
previous study aiming at increasing PHA bioproduction using wheat straw lignocellulosic
hydrolysates [14]. Since B. sacchari DSM 17165 can metabolize its primary carbohydrates,
such as glucose, xylose, and arabinose, it was employed to generate PHA from wheat straw
hydrolysates. When grown on a mixture of commercial C6 and C5 sugars as a control
production medium, the B. sacchari cell weight of 6.0 g/L accumulated approximately
4.4 g/L PHA, resembling 70% CDW with a polymer on sugar yield of 0.18 g/g, whereas
when wheat straw hydrolysates were used as the carbon source, these values reached
approximately 4.4 g/L PHA, presenting 60% CDW [14]. Even though PHAs offer several
environmental benefits, their high production costs limit their widespread application.
One of the grand challenges facing these polymers scale-up is the high-cost feed stock,
especially carbon sources, which comprise nearly the majority of the final cost [45,46].
Paper rejects, including cardboard, could be promising sources for essential and simple
sugars for bacterial metabolism supporting polyester accumulation. Different cardboard
rejects treatment procedures may provide more glucose and xylose per kilogram. For
example, sodium hydroxide treatment of cardboard yielded approximately 373 g glucose
and 61 g xylose per kilogram of rejects, which is regarded as an economical technique for
PHA scale-up [47].

3.7. Nitrogen Depleted MSM with Cardboard Hydrolysate

Under nutrient-restricted environments, microbial polyesters accumulate with surplus
carbon and polymerize as inclusion bodies [48]. To mimic such conditions, 1 L filtrate
of cardboard hydrolysate was supplied with all components of MSM except glucose and
(NH4)2504, where the cardboard hydrolysate would be the carbon and nitrogen sources.
The concentration of carbon source was adjusted to be almost 2% (v/v), which represents
the content of reducing sugar in cardboard hydrolysate. After 7 days of incubation at
37 °C and 160 rpm, B. mycoides ICRI89 used this hydrolysate to generate a PHA content of
0.3 £ 0.1 g/L (30% CDW) (Figure 3). The hydrolysate contains not only carbon but also
nitrogen. The amount of nitrogen in the hydrolysate is insufficient to support biomass
growth. A recent study [49] reported a low 0.003% nitrogen content in corrugated carboard
acidic hydrolysate. Since high nitrogen concentrations directly increase cell biomass rather
than PHA formation [50], PHA generation and cell proliferation were severely hindered.

When all the preceding data are compared, it is clear that the PHA concentration
achieved by employing modified MSM with cardboard hydrolysate was extremely near to
that obtained when glucose was used as the only carbon source. Sugar consumption in the
cardboard hydrolysate medium was the primary cause of PHA production and build-up.
Thus, polymers extracted from cells grown on glucose and cardboard hydrolysate medium
as a carbon source were used for further characterization.
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3.8. Analysis and Characterisation of the Purified Polymer
3.8.1. FTIR

The chemical structure of the purified biopolymers was determined using FTIR. The IR
spectra of polymer generated in a medium containing glucose as a carbon source revealed
three prominent absorption bands at 1730, 765, and 710 cm ™! due to ester, CH group,
and carbonyl group, respectively. These bands also appeared in the IR spectra of the
polyester produced from cardboard hydrolysate medium as a carbon source at 1733, 769,
and 708 cm !, respectively (Figure 4). The existence of -CH bonding is shown by the typical
bands at 2955 and 2965 cm ™!, while the C=0 and ester groups are represented by the bands
at 1730 and 1733 cm~!. The bands found at 1080 and 1090 cm ! correspond to the C-O
bonding for PHB derived from glucose and cardboard, respectively. The bands of the
aforementioned polyester samples are quite similar to the bands of standard PHB, which
affirms the high purity of the generated polymer. These findings are consistent with those
reported by a recent study of PHB produced by B. megaterium MTCC 453 [51]. Because of
the FTIR data, it is apparent both polymers produced from glucose (PHB) and cardboard
hydrolysate (PHB-CB) as carbon sources are PHB, which is the common homopolymer
of PHAs.
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Figure 4. FTIR spectra of polymers isolated from B. mycoides ICRI89 grown in MSM containing either
glucose (PHB) or cardboard hydrolysate (PHB-CB) as carbon sources.

3.8.2. NMR

PHB samples were characterized using 'H NMR and '3C NMR spectroscopic methods.
The 'H and '*C NMR spectra of PHB produced from B. mycoides ICRI89 by microbial fer-
mentation of glucose and cardboard hydrolysate are shown in Figure 5. PHB characteristic
peaks were detected in both PHB and PHB-CB, such as 6 = 5.21 and 5.23 ppm, which
correspond to -CH doublet, § = 2.50 and 2.51 ppm for -CH; multiplet, and 6 = 1.21 and
1.22 of -CHj3 doublet for the PHB and PHB-CB, respectively. The large peaks at 6 = 7.3 ppm
(Figure 5a,c) indicate the solvent (CD3Cl), while the small peaks at 5 = 1.61 and 1.63 ppm are
due to the minor H.O contamination of the solvent. These findings were identical to those
obtained using the PHB standard. Hence, we determined that the polyesters produced by
B. mycoides ICRI89 strain cultivated in glucose and cardboard hydrolysate as the carbon
source were PHBs [52]. 1*C NMR analysis also confirmed these findings. The functional
groups C=0 (170.5 and 170.3), CH (65.9 and 65.7 ppm), CH, (42.55 and 41.9 ppm), and CHj3
(19.5 and 19.6 ppm) peaks were assigned for PHB and PHB-CB, and they were similar to
the PHB previously obtained from Bacillus sp. [53].
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Figure 5. "HNMR and '*CNMR analysis of PHB and PHB-CB, (a) 'HNMR for PHB, (b) > CNMR for
PHB, (c) 'HNMR for PHB-CB and (d) 3 CNMR for PHB-CB.

3.8.3. TGA and DTG

TGA profiles of PHB and PHB-CB synthesized by B. mycoides ICRI89 are depicted in
Figure 6a. The TGA curve represents the weight loss of the synthesized PHB in two phases
for the two generated polyesters generated. The first step of mass loss occurred at tempera-
tures ranging from 100 to 180 °C. For PHB and PHB-CB, the mass loss was approximately
1.5 and 1.3% of total mass, respectively. This loss is caused by the evaporation of physically
adsorbed solvents, such as methanol, chloroform, and others that have formed on the poly-
mer surface. Furthermore, the second or major step of polymer degradation started after
200 °C, which occurs after the melting point of PHB. The decomposition process involves
a molecular weight decrease, which includes chain scission and hydrolysis. The random
chain scission process, which involves the breakage of C=0O and C-O bonds in ester moieties
by B-scission, destruction of crystalline areas, and depolymerization, is responsible for the
rapid heat breakdown of PHB at this stage [54]. The second stage of weight loss occurred
when the temperature increased further, as hydrolysis, chain scission, and the synthesis
of crotonic acid all contribute to the deterioration process. From the analysis of the initial
and the maximum degradation temperatures of main step weight loss and residual mass
percentage for PHB and PHB-CB, the maximum degradation temperatures for PHB and
PHB-CB were found to be 380 and 369 °C, respectively. As a result, it can be inferred that
both forms of PHB exhibited greater thermal stability when compared to standard PHB,
which was found to have a decomposition temperature of 285 °C [55]. Furthermore, the
residual mass of PHB and PHB-CB is less than 1.5%. The second stage of degradation for
PHB produced from Bacillus sp. ranges between 237 and 320 °C which is lower than our
records. This implies that the synthesized PHBs have higher degrees of thermal stability
than the PHB produced by Bacillus sp. N-2 [56].
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Figure 6. Characterization of PHB and PHB-CB demonstrating (a) TGA, (b) DTG, (c) DTA, and
(d) XRD.

The rate of mass loss of a polymer sample with relation to temperature was investi-
gated using differential thermogravimetric (DTG) analysis (Figure 6b). The DTG curve
peaks reflect the thermal stability of PHB in relation to the temperature at which the highest
breakdown rate of the polymer matrix occurs. The DTG characteristic curves, as the TGA
curves, revealed three distinct phases. The mass loss rate in the first phase was approxi-
mately 0.16 to 0.20 mass%/min until 190 to 200 °C, and the amount of residue is quite high
in both PHB and PHB-CB samples. The maximum degradation temperature for PHB in the
second stage of degradation was approximately 266 °C, with a maximum mass loss rate
of 34%/min. PHB-CB’s maximum degradation temperature was approximately 268 °C,
with a maximum mass loss rate of 32%/min. It has previously been reported that PHB
standard has a degradation temperature of roughly 236 °C, with a maximum mass loss
rate of 30%/min [51]. According to the results of the foregoing investigation, the PHB and
PHB-CB produced by B. mycoides ICRI89 indicate strong thermal stability or resistance to
heat deterioration.

3.8.4. DTA

Differential Thermal Analysis (DTA) aids in determining breakdown heat (Figure 6c).
This experiment was carried out to assess the cross-linking capabilities and the heat stability
of the generated polymer. Due to the existence of cross-linking events during PHB degrada-
tion, an exothermic peak is found in the DTA thermogram. The curing temperatures, which
are 331 and 325 °C for both PHB and PHB-CB, are the temperatures at which cross-linkage
occurs. It is the most essential attribute that appears to be a major impediment to the
commercial application of PHB, generating thermal instability due to a lack of cross-link
capacity [57].

3.8.5. XRD

The XRD spectra (Figure 6d) presents X-ray diffraction of PHB samples from both pure
polyesters, PHB and PHB-CB. The observed peaks in XRD spectra for PHB are 26 = 3.69°,
13.26°,16.22°,22.91°, and 25.14°, while the observed peaks in XRD spectra for PHB-CB are
20 = 3.61°,13.49°, 16.35°, 22.01°, and 25.22°. The peaks at 20 = 13.26°,13.49°,16.22°, and
16.35°, which are the most intense and scattering peaks, each indicate an orthorhombic
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unit cell. The relatively weaker peaks observed at 20 = 22.91° and 22.01° correspond to
«-PHB crystal, while the minor spectra observed at 20 = 25.14° and 25.22° denote PHB’s
partly crystalline nature. The polymer matrix adopts a regular helicoidal shape with two
antiparallel chains in the rhombic unit cell inside the crystalline domain [51-58]. Pradhan
et al. [44] showed that the diffractogram of the produced PHBs in the current study is
nearly equivalent to that of PHB produced from Bacillus sp. [51] Collectively, more efforts
should be made to recycle environmental waste [59].

4. Conclusions

The current study proposes corrugated cardboard waste hydrolyzed by commercial
cellulase as a cheap and readily available substrate for microbial PHB synthesis. This
would remove one of the major barriers facing PHB scaling-up. The enzyme concentration
affected the reducing sugars, reaching a satisfactory yield of 21.3 £ 0.1 g/L at an enzyme
concentration of 1.5% (v/v) at 55 °C. Moreover, the newly isolated B. mycoides ICRI89
accumulated 2.1 4 0.2 g/L of PHAs when grown on modified MSM containing cardboard
hydrolysate, which was highly close to that produced when grown on MSM supplemented
with glucose. It is important to note that the polymers purified from B. mycoides ICRI89
cells were almost entirely composed of PHB, according to FTIR, NMR, and XRD findings.

5. Future Prospects

The present research has several future prospects, including the industrial fermentation
of cardboard and paper waste in humongous bioreactors, using several enzyme mixtures
for promoting polyester synthesis. In addition, the methods of PHB purification from
bacterial cells have to be improved to obtain pure polymer batches at a large scale.
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Abstract: Polyhydroxyalkanoate (PHA) is a biodegradable plastic that can be used to replace
petroleum-based plastic. In addition, as a medium-chain-length PHA (mcl-PHA), it can be used to
provide elastomeric properties in specific applications. Because of these characteristics, recently, there
has been much research on mcl-PHA production using inexpensive biomass materials as substrates.
In this study, mcl-PHA producers were screened using alkanes (n-octane, n-decane, and n-dodecane)
as sources of carbon. The amount of PHA produced by Pseudomonas resinovorans using sole n-octane,
n-decane, or n-dodecane was 0.48 g/L, 0.27 g/L, or 0.07 g/L, respectively, while that produced using
mixed alkane was 0.74 g/L. As a larger amount of PHA was produced using mixed alkane compared
with sole alkane, a statistical mixture analysis was used to determine the optimal ratio of alkanes
in the mixture. The optimal ratio predicted by the analysis was a medium with 9.15% n-octane,
6.44% n-decane, and 4.29% n-dodecane. In addition, through several concentration-specific exper-
iments, the optimum concentrations of nitrogen and phosphorus for cell growth and maximum
PHA production were determined as 0.05% and 1.0%, respectively. Finally, under the determined
optimal conditions, 2.1 g/L of mcl-PHA and 60% PHA content were obtained using P. resinovorans in
a7 L fermenter.

Keywords: polyhydroxyalkanoate; mcl-PHA; Pseudomonas resinovorans; mixed alkane

1. Introduction

World plastic production has been increasing every year and reached 368 million
tons in 2019 [1]. Among this plastic, 79% is dumped in landfills or the environment,
where it takes from around 20 to 600 years to degrade [2]. In addition, the incineration
of plastic waste causes serious emissions of greenhouse gases, which accelerates global
warming and abnormal climate change [3]. According to the sixth assessment report of
the Intergovernmental Panel on Climate Change (IPCC), the usage of petroleum-based
plastic materials is still increasing, and the report warned that this will lead to irreversible
climate change within around 10 years [4]. As a result, much attention is being paid to the
development and use of alternative eco-friendly plastic materials, such as biodegradable
plastic from renewable resources.

Polyhydroxyalkanoate (PHA) is a biodegradable plastic that is regarded as a source
of alternative materials because it has similar physical properties to petroleum-based
plastic [5]. PHA is biosynthesized and accumulated by many bacteria in their cytoplasm as
carbon storage materials when they encounter harsh growth conditions in the presence of
excess carbon sources, which are classified into two groups, based on the numbers of carbon
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atoms composed of monomers, with different material properties: short-chain-length PHA
(scl-PHA) composed of monomers with 3 to 5 carbon atoms and medium-chain-length
PHA (mcl-PHA) composed of 6 to 14 carbon atoms [6]. Among such materials, mcl-PHA
has numerous industrial applications, such as coating materials, pressure-delicate glues,
and polymer-binding agents in organic solvent-free paints, and also it can be used in a
series of biomedical applications [7]. It is produced by PHA-accumulating bacteria such
as Pseudomonas species, and it has various physicochemical properties depending on the
monomer composition and ratio [8,9]. The overall cost of the PHA production process
is still expensive; therefore, there have been many studies that have attempted to use
various carbon materials such as organic waste, seaweed biomass, animal fat, chitin, and
oil waste [5,10]. Among them, pyrolysis oil based on plastic waste also has the potential
for use as a carbon source for the production of PHA by micro-organisms. Pyrolysis oil
contains aliphatic and aromatic hydrocarbon compounds depending on the catalyst type,
plastic waste type, and cracking conditions [11]. The aliphatic hydrocarbon compounds
from pyrolysis of plastic waste are predominantly composed of olefins (C20+), and these
can be converted to low-carbon alkane or alkene compounds via hydrocracking [12].

PHA production based on alkanes has been studied since the 1980s, and it was
discovered that many hydrocarbon-degrading bacteria can degrade and utilize various
alkanes as a carbon source to grow and accumulate PHA in vivo [13]. Most alkanes can be
utilized through the 3-oxidation pathway with conversion to the carboxylic acid formed by
alkane monooxygenase and then utilized to acyl-CoA, which can be used as a monomer for
PHA accumulation [14]. Therefore, numerous studies have demonstrated the production
of PHA from single alkanes by various Pseudomonas species, and n-octane was shown
to be an economical carbon source for the production of mcl-PHA by P. oleovorans [15].
Since then, the maturation of plastic-waste-based pyrolysis oil conversion technology
has drawn attention to the use of organic resources containing large amounts of alkane
compounds. However, its uses have been limited to applications such as heating oil due to
problems such as the fact that it must be additionally purified with a single compound for
use in the chemical process. In the case of conversion to biodegradable plastic materials,
polyethylene (PE) pyrolysis wax contains a low level of n-octane, and it was demonstrated
that P. oleovorans is not suitable for producing mcl-PHA from PE pyrolysis wax as a sole
carbon source [16]. There are differences in the efficiency of conversion of various alkanes to
PHA monomers depending on the affinity with polymerase, and the portion of each alkane
in the monomer composition of the produced PHA may be different. Consequently, each
alkane affects the monomer composition of the produced PHA, which is an important factor
for determining its physical properties [16]. Therefore, if waste oil or plastic pyrolysis oil,
which contain mixtures of alkanes, are used for PHA production, it is necessary to find and
evaluate a suitable PHA-producing strain for application to the alkane mixture resources.

In this study, Pseudomonas species were evaluated for production of mcl-PHA using
alkane mixtures containing n-octane, n-decane, and n-dodecane as a sole carbon source,
and the optimal condition for increasing PHA production was determined. In addition,
the relationship between the ratio of various alkanes and the composition of the produced
PHA monomer was determined.

2. Materials and Methods
2.1. Micro-Organism and Culture Conditions

P. fluorescens (ATCC 42821), P. putida (ATCC 1751), P. resinovorans (ATCC 12498), and
P. stutzeri (ATCC 1066) were used to screen for producers of mcl-PHA from alkanes as
a carbon source. All the strains and cultures were incubated with a working volume of
50 mL in a 250 mL flask at 30 °C for 48 h, and the initial pH was set to 7. Cell growth was
monitored by measuring optical density at 600 nm (ODggp). All the strains used in this
study were precultured in LB medium at 30 °C for 24 h; then, 1% (v/v) of cultured cells
were used for inoculation for further study. All components were sterilized via autoclaving
for at least 20 min at 121 °C. As a preculture, 1% (v/v) frozen stock was incubated overnight
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at 30 °C in a shaking incubator in 14 mL round bottom tubes with 5 mL of Luria—Bertani
medium broth (LB) (Difco, Detroit, MI, USA). To screen for the optimal strain, each strain
was cultured in glucose-free M9 media containing either 10% n-octane, 10% n-decane, or
10% n-dodecane as a sole carbon source at 30 °C for 48 h. To compare cell growth and
mcl-PHA production, P. resinovorans was cultured in LB medium, cultured in glucose free
M9 media with various carbon sources, including 2% (w/w) of glucose, 10% (v/v) of mixed
alkane (n-octane, n-decane, and n-dodecane of the same volume), and 10% of each alkane.

The amount of nitrogen and phosphorus needed to maximize PHA production was
determined using various concentrations in the medium and the determined mixed alkane.
The effect of nitrogen and phosphorus concentration (0 to 1.0% and 0 to 5%, respectively)
on P. resinovorans growth, PHA accumulation, and its monomer composition was studied.
Finally, P. resinovorans was cultured in a 7 L bioreactor (GF Fermentech, Cheongju, Korea)
with a working volume of 3 L at the optimized culture condition. It was operated at 30 °C
for 72 h, with a stirring speed of 300 rpm and 3 V/min of gas flow for aeration.

2.2. mcl-PHA Recovery from Biomass

Methyl ethyl ketone (MEK), methanol, and chloroform were used as extraction and
purification solvents for mcl-PHA recovery. MEK was added to the lyophilized cell and
the mixture maintained at 60 °C for 6 h in sealed screw-top test tubes. Then, the tubes
were briefly vortexed and incubated at room temperature. After mixing, the tubes were
centrifuged for 10 min at 2500 x g. The supernatant was transferred to a sealed screw-top
tube, and then 3 volumes of methanol were added to remove the lipids remaining in the
solvent. The PHA was dissolved with chloroform by heating at 100 °C in a heat block for
4 h. The tubes were incubated at room temperature until the solvent evaporated.

2.3. Design of Experiments and Mixture Analysis

To develop a strategy for optimizing cell growth and PHA production, a mixture
analysis model of three alkanes (n-octane, n-decane, and n-dodecane) was developed and
populated using a standard mixture-analysis methodology and the Minitab V19 program.
For the design of mixture-analysis experiments to populate the model, we used a simplex
lattice method. The degree of the lattice for this mixture analysis was 2; therefore, the exper-
imental design contained the set of all 10 combinations. All experiments were performed
using 50 mL cultures with 20% total alkane content, and the cultures were cultured at 30 °C
for 48 h in duplicate. To plot mixture contours, a mixture regression using the model-fitting
method was applied with full quadratic component terms initially included. In the data
analysis, the coefficients with p value below 0.1 were used as parameters.

2.4. Characterization of Obtained mcl-PHA

The quantity and composition of PHA were determined by gas chromatography (GC)
and gas chromatography-mass spectrometry (GC-MS), using a slight modification of a
method described previously [17]. For analysis, the microbial culture after the comple-
tion of growth was centrifuged at 10,000 x g for 30 min, washed with deionized water
two times, and suspended in 1 mL of water. The suspended samples were subjected to
lyophilization, and the freeze-dried cells from each experiment were subjected to methanol-
ysis. A weighed sample was placed in a Teflon-stoppered glass vial, and 1 mL chloroform
and 1 mL methanol/sulfuric acid (85:15 v/v) were added to the vial. The samples were
incubated at 100 °C for 2 h, cooled to room temperature, and incubated on ice for 10 min.
After adding 1 mL of ice-cold water, the samples were mixed thoroughly using a vortex
for 1 min and then centrifuged at 2000x g. The organic phase (bottom) was carefully
extracted using a pipette and was moved to clean borosilicate glass tubes. A 2 pL portion
of the organic phase of these samples was then injected into a gas chromatograph (6090N,
Agilent Technologies, Santa Clara, CA, USA) using a flame ionization detector (FID) and a
30 m x 250 pm DB-FFAP capillary column with hydrogen as the carrier gas. The inlet of
the gas chromatograph was maintained at 250 °C, and the oven was held at 80 °C for 5 min,
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heated to 220 °C at 20 °C min !, and then held at 220 °C for 5 min. Peak detection was
performed using a flame ionization detector, which was maintained at 300 °C. The fatty
acid content was analyzed via GC-MS chromatography (Perkin Elmer Clarus 500, Waltham,
MA, USA) according to the modified method previously reported in [17]. About 1 uL of
methanolized sample was injected into the Clarus 680 GC-MS equipped with triple axis
detector carrying Elite 5 ms column (30 mm length x 0.25 mm internal diameter x 0.25 mm
film) at a split ratio of 10:1 with column flow 1.0 mL min~?. The injector temperature was
set at 280 °C while the oven and column temperatures were programmed as 10 °C for
1 min, then increased to 130 °C at 11 °C min~!, held for 2 min, and increased to 310 °C at
10 °C min~!, and held for 10 min. Helium was used as carrier gas at 47.3 mL min~! and
0.40 bar pressure. Mass spectra were acquired at 1250 scan speed using electron-impact en-
ergy of 70 eV at 200Uc ion source and 280 °C interface temperatures, respectively. Complete
instrument control was available through TurboMass™ driver. NIST/EPA /NIH library
was used to predict the methylated PHAs and their corresponding mass ion. Statistical
analysis was carried out through one-way ANOVA, where p < 0.05 was considered to be
statistically significant.

To study the melting behavior of synthesized polymer, differential scanning calorime-
try (DSC) analysis were performed by Discovery DSC (TA Instruments, Bellefonte, PA,
USA) in the temperature range from —80 to +100 °C. The glass transition temperature (Tg)
was determined at a heating rate of 20 °C/min. In this study, Tg was taken as the mid-
point of the step-transition. The weight-average molecular weight (Mw), number-average
molecular weight (Mn), and polydispersity (Mw/Mn) were determined by gel permeation
chromatography (GPC) conducted in THF solution at 35 °C and a flow rate of 1 mL/min.
A 10 pL sample in THF at a concentration of 1% w/v was injected. Polystyrene standards
with narrow molecular-mass distribution were used to generate a calibration curve.

3. Results and Discussion
3.1. Screening of Alkane-Based PHA-Producing Strains

After the discovery in 1983 that P. oleovorans could produce mcl-PHA using n-octane,
various Pseudomonas species were found to be capable of PHA production using alkane
compounds [18-20]. However, few studies have reported on the use of various alkane
compounds as a carbon source because most studies were focused on the use of n-octane.
The composition of pyrolysis oil from polyethylene-based waste plastics is determined by
its process conditions, and C8- to C22-saturated hydrocarbons are predominantly included
in the case of pyrolysis 0il received from the Korea Institute of Industrial Technology
(Supplementary Figure S1). To find a suitable strain that is capable of mcl-PHA production
using alkanes, P. fluorescens, P. resinovorans, P. stutzeri, and P. putida were selected and
cultured in minimal media with 10 (v/v)% of either n-octane, n-decane, or n-dodecane as
the sole carbon source. Each species showed different growth activity, and P. resinovorans
showed better growth than the others (Figure 1). In addition, P. resinovorans was cultured
in range of 1 to 50% of n-octane to investigate the relationship between the concentration
of alkane and growth. The highest cell growth (1.34 g/L), PHA production (0.31 g/L),
and PHA content (approximately 20 (w/w)%) were produced with 20 (v/v)% of n-octane
(Figure 2). Meanwhile, with more than 30% n-octane in the medium, the cell dry weight
(CDW), PHA amount, and PHA content decreased sharply to 0.68 g/L, 0.09 g/L, and
13.45%, respectively, which is attributed to the oxygen rate being rapidly reduced as the oil
and liquid ratio increased [21].
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Figure 1. Cell growth of Pseudononas species using n-octane, n-decane, and n-dodecane as a sole
carbon source. Each alkane is present as 10% (v/v) in minimal medium.
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Figure 2. Cell growth and PHA production by P. resinovorans in the range of n-octane.

P. resinovorans was selected for the recycling of pyrolysis oil, which contains various
olefin compounds, because it is able to utilize alkanes and produces more mcl-PHA than the
other Pseudomonas species, including P. oleovorans. In addition, to maximize the production
of mcl-PHA, the optimum concentration of alkanes in the medium was determined to
be 20%.

3.2. PHA Production by P. resinovorans Using Various Types of Carbon

Microbial metabolism for the accumulation of PHA occurs in two different ways:
(1) short-chain carbon sources are usually utilized by biosynthesis for accumulation of
PHA by the phaABC pathway, through acetyl-CoA to acetoacetyl-CoA by phaA (thiolase),
while phaB (oxidoreductase) and phaC (polymerase) are mainly involved in intracellular
processes; and (2) long-chain carbon sources, such as fatty acids or alkanes, are utilized
through the 3-oxidation pathway, and various acyl-CoA transferases convert to inter-
metabolites, including the mcl-PHA precursor [17]. P. resinovorans has both metabolisms
for PHA accumulation; therefore, there is a need to evaluate the PHA production of
different carbon sources. P. resinovorans was cultured using 2% of glucose, 20 (v/v)%
of each alkane (n-octane, n-decane, or n-dodecane), and 20 (v/v)% of mixed alkane to
compare PHA production and the monomer composition in accordance with the carbon
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source (Table 1). With glucose as the carbon source, 1.56 g/L of PHA was produced that
contained 1.47% 3-hydroxyhexanoate (3HHXx), 10.60% 3-hydroxyoctanoate (3HO), and
87% 3-hydroxyoctanoate (3HD). Among the carbon sources with 20% of a single alkane
(n-octane/n-decane/n-docane), the best cell growth and PHA production were found using
n-octane as the sole carbon source. This produced a CDW of 1.74 g/L, PHA of 0.37 g/L, and
PHA content of 22.4% that contained 4.59% of 3HHX, 86.05% of 3HO, and 9.36% of 3HD.
When the mixed alkane was used, 0.69 g/L of PHA was produced that contained 11.77% of
3HHX, 74.39% of 3HO, and 13.84% of 3HD. Although cell growth was not the highest, the
mixed alkane showed an approximately 50% increase in PHA production compared with
using n-octane.

Table 1. Cell growth, PHA production, and monomer composition by P. resinovorans in various
carbon sources.

Substrates mol% of 3BHHx  mol% of 3HO mol% of 3HD CDW (g/L) PHA (g/L)  PHA Content (%)
2% of glucose 1.47 +£0.03 10.60 £ 1.76 87.93 +3.22 2.68+0.09  1.5640.04 57.76 £ 2.35
20% of mixed alkane 11.77 + 0.26 74.39 +3.15 13.84 +2.12 146 +0.03  0.69 £+ 0.09 47.46 £1.12
20% of n-octane 4.59 £0.12 86.05 £4.33 9.36 = 0.06 1.74+0.07 037 £0.01 22.35 £ 0.08
20% of n-decane - 4042 +1.43 61.18 £ 6.34 123 +011  0.24+0.01 12.99 £ 0.06
20% of n-dodecane - - 97.50 £ 0.05 0.39+0.09  0.08 4 0.04 22.66 £ 0.02

3HHx: 3-hydroxyhexanoate, 3HO: 3-hydroxyoctanoate, 3HD: 3-hydroxydecanoate.

3.3. Mixture Analysis of Alkanes (n-octane, n-decane, and n-dodecane) as a Carbon Source for
mcl-PHA Production

To investigate the effect of the three alkanes on cell growth, PHA production, and
PHA content, P. resinovorans was grown as 10 culture compositions based on the mixture
analysis model, as described in “Materials and methods” (Table 2). For each culture, we
measured the cell growth, amount of PHA, and PHA content. The results of the statistical
analysis were shown by contour plots and the predicted highest cell growth, PHA titer, and
PHA content using P. resinovorans were determined (Figure 3).

Table 2. Monomer composition of 10 conditions by mixture analysis.

n-octane n-decane n-dodecane mol% mol% mol% PHA
D # (v/v%) (0/v%) (0/v%) of 3HHx of 3HO of 3HD PHA (g/L) Content (%)

1 20 0 0 3.55 69.44 27.01 0.42 21.69
2 10 10 0 5.43 59.41 35.16 1.25 34.72
3 10 0 10 4.14 67.09 28.81 0.63 26.53
4 0 20 0 - - 100 0.03 2.21
5 0 10 10 - 44.88 55.12 0.21 14.26
6 0 0 20 - - - - -
7 6.66 6.66 6.66 6.02 84.32 9.67 1.68 41.78
8 13.33 3.33 3.33 10.28 80.18 9.54 2.86 50.46
9 3.33 13.33 3.33 41.03 32.21 47.28 1.64 40.69
10 3.33 3.33 13.33 443 80.99 14.58 1.17 29.33

3HHx: 3-hydroxyhexanoate, 3HO: 3-hydroxyoctanoate, 3HD: 3-hydroxydecanoate.

Contour plots for cell growth predicted the best ratio to be when n-octane, n-decane,
and n-dodecane are 10.36%, 5.48%, and 4.5%, respectively, which produced CDW of
5.28 g/L (Figure 3A). In the case of 9.15% of n-octane, 6.44% of n-decane, and 4.29% of
n-dodecane, the PHA titer was 2.39 g/L of PHA (Figure 3B). In addition, the PHA content
calculated by the amount of PHA contained in the cell was predicted to be a maximum
of 52.33% content (w/v) when n-octane, n-decane, and n-dodecane are 8.63%, 6.86%, and
4.50%, respectively (Figure 3C). The optimal alkane composition for total PHA production
predicted by the model is a combination of n-octane, n-decane, and n-dodecane, rather
than pure alkane or a combination of two different alkanes [16,22,23]. The reason why a
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combination of alkane compounds in the medium is beneficial is not currently clarified,
but is estimated to be due to the better activities of alkane hydroxylase of P. resinovorans
when the mixed alkane exists [24,25].
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Figure 3. Mixture contour plots of mixed alkane composition for PHA production. The optimal
composition ratio between n-octane, n-decane, and n-dodecane was determined as 20% (v/v) as a
total concentration. (A): CDW (g/L), (B): PHA (g/L), and (C): PHA content (%) of different mixed
alkane compositions.
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3.4. Jar-Scale Fermentation for mcl-PHA Production in Media-Optimized Conditions

Carbon, nitrogen, and phosphorus are essential nutrients for growth, and their limita-
tion can trigger mcl-PHA production in micro-organisms. However, the specific molecular
mechanisms that drive this synthesis in Pseudomonas species under unfavorable growth
conditions remain poorly understood. Therefore, it is necessary to determine the optimal
concentration of nitrogen and phosphorus, because mcl-PHA production is related to
their concentration when alkanes are used as carbon sources. To determine the optimal
conditions, nitrogen concentrations were observed from 0% to 1.0% and phosphorus con-
centrations from 0% to 3.0% (Figure 4). When the concentration of nitrogen in the culture
medium increased from 0 to 0.05%, PHA production tended to increase accordingly. The
maximized PHA produced in 0.05% nitrogen was 1.31 g/L, but in the medium where the
nitrogen concentration was more than 0.1%, PHA production decreased (Figure 4A). When
the concentration of phosphorus in the medium increased from 0 to 1%, the production
of PHA increased as well (Figure 4B). The maximum PHA production was 1.14 g/L ata
concentration of 1% phosphorus. However, PHA production tended to decrease when the
concentration of phosphorus was more than 2%. These results suggest that the optimal
phosphorus concentration in the medium is 1.0%.

Using the optimized alkane combination and nitrogen and phosphorus concentration,
P. resinovorans was cultured in a 7 L jar fermenter (3 L of working volume). The CDW,
amount of PHA, and PHA content reached 3.5 g/L, 2.1 g/L, and 60%, respectively (Figure 5).
Previous reports focused on P. oleovorans for the production of mcl-PHA with n-octane, and
these show production of up to 16.8 g/L of PHA by fed-batch culture, while n-decane and
n-dodecane were not considered because of low PHA production (Table 3). Compared with
other Pseudomonas species, it was proven that use of P. resinovorans is more effective for
production of mcl-PHA when mixed alkane is used as a carbon source.

Table 3. mcl-PHA production using various alkanes by Pseudomonas species.

Monomer Cultivation

Organism Carbon Source CDW Amt of PHA Composition Mode Reference
13.4¢g/100 g
P. oleovorans n-octane - of CDW 3HHx, 3HO Batch [22]
51g/100g
P. oleovorans n-decane - of CDW 3HO, 3HD Batch [22]
P. oleovorans n-dodecane - - - Batch [22]
P. aeruginosa Pyrolysis oil 3HHx, 3HO, 3HN,
: GL? | 8 t{) C2y7 lane) 03 @/D) 0.07 (g/L) 3HD, 3HUD, Batch [16]
3HDD, 3HTD
Pyrolysis oil
P oleovorans (C8 to C27 alkane) ) ) ) [16]
P. resinovorans octanoic acid 4.6(g/L) 0.4 (g/L) 33%]30’3?1_%( ! Continuous [23]
P. resinovorans ~ Octane, n-decane 5 5 g 2.1 (g/L) 3HHx, 3HO, 3HD Batch In this
- resmovorans and n-dodecane ~ 18 ) X ’ ate study

CDW: final cell dry weight, PHA formed: final concentration of PHA, 3HB: 3-hydroxybutyrate, 3HHx:
3-hydroxyhexanoate, 3HO: 3-hydroxyoctanoate, 3HN: 3-hydroxynonanoate, 3HD: 3-hydroxydecanoate, 3BHUD:
3-hydroxyundecanoate, 3HDD: 3-hydroxydodecanoate and 3HTD: 3-hydroxytetradecanoate.

3.5. Physical Properties of Produced mcl-PHA by P. resinovorans

The thermal properties of the produced mcl-PHA were determined by means of DSC
(Table 4 and Supplementary Figure S2). The Tg of the samples ranged from —43.44 to —34.29,
which can be regarded as values typical for this type of PHA. The sample also showed a
Tm in the range of 39.62 with a AHm of 13.2 J/g. In addition, these values are typical for
mcl-PHAs and indicate classical rubber- to latex-like characteristics [26]. The Mw, Mn, and
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polydispersity (Mw/Mn) were similar for the copolyesters, despite the differences in their
monomer compositions. The Mn and Mw were 267,649 and 630,526 Da, respectively.

Table 4. Physical properties of mcl-PHA from P. resinovorans using mixed alkane.

Tg (°C) Tm CO) AHm (J/g) Mw (Da) Mn (Da) PDI
—38.9 48.2 13.2 267,649 630,526 2.36

In addition, Z average (Mz) and Z + 1 average (Mz + 1) molar mass were determined
as 1,110,977 and 1,729,603 Da, respectively. The polydispersity index (PDI) was calculated
(PDI = Mw/Mn) as 2.36, more or less similar to that of the PHA value of mcl-PHAs
biosynthesized by other known Pseudomonas species.
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Figure 4. Effects of nitrogen and phosphorus limitation on PHA production. (A): CDW, PHA titer,
and PHA content (%) in range of 0 to 1% nitrogen concentration. (B): CDW, PHA titer, and PHA
content (%) in range of 0 to 3% phosphate concentration.
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Figure 5. PHA production by P. resinovorans in optimized condition. Batch culture was performed in
7 L scale jar fermenter (3 L as working volume) with optimized culture medium.

4. Conclusions

Recent studies have shown that the use of renewable carbon sources can produce a
significant reduction in actual production costs. A very interesting research topic would
be for industrially produced waste oil or oil produced by pyrolysis of waste plastics to be
used as a fermentation substrate for production of PHA, which is a promising bioplastic.
Therefore, it is important to find PHA-producing micro-organisms and establish culture
conditions in accordance with the carbon composition of waste oil or oil from waste plastics.

In this study, the ability of P. resinovorans to produce PHA from alkanes (n-octane,
n-decane, and n-dodecane), especially mixed alkane, was identified, and a model was built
to improve mcl-PHA production. Compared with other Pseudomonas species, P. resinovorans
was much more effective in utilizing mixed alkane, and it can be an attractive microbial
host for production of PHA. Although the regulation of PHA production based on alkane
utilization has not been discovered, the results of this study are meaningful for use as basic
data for the application of various renewable carbon resources containing alkanes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym14132624/s1, Figure S1: Pyrolysis oil of waste-plastic
and its composition, Figure S2: DSC analysis of purified PHA produced by P. resinovorans using
mixed alkane.
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Abstract: Production of polyhydroxyalkanoates (PHA), microbial biopolyesters, employing ex-
tremophilic microorganisms is a very promising concept relying on robustness of such organisms
against microbial contamination, which provides numerous economic and technological benefits.
In this work, we took advantage of the natural susceptibility of halophilic and thermophilic PHA
producers to hypotonic lysis and we developed a simple and robust approach enabling effective
isolation of PHA materials from microbial cells. The method is based on the exposition of microbial
cells to hypotonic conditions induced by the diluted solution of sodium dodecyl sulfate (SDS) at
elevated temperatures. Such conditions lead to disruption of the cells and release of PHA granules.
Moreover, SDS, apart from its cell-disruptive function, also solubilizes hydrophobic components,
which would otherwise contaminate PHA materials. The purity of obtained materials, as well as
the yields of recovery, reach high values (values of purity higher than 99 wt.%, yields close to 1).
Furthermore, we also focused on the removal of SDS from wastewater. The simple, inexpensive, and
safe technique is based on the precipitation of SDS in the presence of KCl. The precipitate can be
simply removed by decantation or centrifugation. Moreover, there is also the possibility to regenerate
the SDS, which would substantially improve the economic feasibility of the process.

Keywords: polyhydroxyalkanoate (PHA); sodium dodecyl sulfate (SDS); PHA isolation; extremophiles;
halophiles; thermophiles; Halomonas halophila; Schlegelella thermodepolymerans

1. Introduction

Polyhydroxyalkanoates (PHAs) are microbial storage polyesters, which are accumu-
lated by various prokaryotic microorganisms. Apart from their primary storage function
for carbon, energy, and reduction equivalents, PHAs also significantly enhance the stress
robustness of microorganisms and accumulation of them is probably a part of adaptation to
some extreme conditions such as high salinity [1]. PHAs are, therefore, widespread metabo-
lites among extremophilic prokaryotes [2]. Moreover, they represent a very promising
ecologically friendly alternative to traditional petrochemical polymers-PHAs are com-
pletely biodegradable and compostable materials, which can be produced from totally
renewable resources including also waste products stemming from food production and
other industries. Their properties and application fields are very similar to petrochemical
plastics such as polypropylene [3].
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Nevertheless, the main problem prohibitive for large-scale production of PHAs is their
high production cost. There are several strategies how to overcome this limitation. One of
them is the employment of extremophiles as PHA-producing chassis. The main advantage
of extremophiles is their capability of growth and production of various metabolites includ-
ing but not limited to PHA under conditions, which reduce or even eliminate the risk of
contamination of the process by common mesophilic microflora, e.g., high or low temper-
ature, high salinity, extreme pH-values, etc. Due to their robustness against unfavorable
microbial contamination, which can destroy whole fermentation batches, biotechnological
processes using extremophilic microorganisms can be operated under reduced require-
ments for sterility, or eventually even completely without sterilization of the cultivation
media or equipment. Consequently, it has a significantly positive impact on the energy
and economic balance of these processes. Moreover, high tolerance of the process against
contamination allows running the cultivation process in highly productive continuous or
semi-continuous mode. Therefore, employing extremophilic microorganisms in biotechnol-
ogy is nowadays a modern trend, which is called the concept of industrial biotechnology of
the next-generation (“Next-Generation Industrial Biotechnology”, NGIB) [4].

In this context, the employment of extremophilic microorganisms can significantly
reduce the price of PHA. It can take advantage of the ability of numerous extremophiles to
produce PHA natively. Predominantly many halophilic microorganisms (microorganisms
adapted to the high salinity of environments) belong among promising PHA producers—
PHA production ability was described for several representatives of genus Halomonas such
as Halomonas boliviensis [5], Halomonas neptunia and Halomonas hydrothermalis [6], Halomonas
bluephagenesis [7], Halomonas halophila [8], or extremely halophilic representatives of the
Archaea domain, such as Haloferax mediterranei [9]. As mentioned above, the accumulation
of PHA is a part of the adaptation strategy of halophiles to hyperosmotic environment;
however, the main adaptation strategy is usually the accumulation of either organic (os-
molytes) or inorganic (K* ions) substances, which compensate for the osmotic pressure of
the surrounding, as observed especially for extreme haloarchea [10].

Instead of halophiles, the production of PHAs was also observed in a restricted num-
ber of thermophilic bacteria, which are adapted to high temperature condions [2]. The most
studied strains belong to the genera Caldimonas [11], Tepidimonas [12], in addition to the
very promising PHA producer Schlegelella thermodepolymerans, which showed expedient
potential for PHA production using lignocellulose-based substrates with high xylose con-
tent [13]. For thermophiles, PHA most likely does not directly take the role in the adaptation
to high temperature, since the adaptation is usually connected with changes of protein
structure, enhancement of the activity of chaperones and other heat-shock proteins, and
also accumulation of organic compatible molecules similarly to halophilic prokaryotes [14].

Apart from the microbial biosynthesis of PHA, also the expenses associated with the
isolation of PHA, an intracellular product, from microbial biomass contribute to the high
cost of PHA. Extraction of the polymer from the microbial cells is often performed by
organic solvents; however, considering limited polymer solubility, the extraction is limited
to selected, predominantly chlorinated, solvents such as chloroform or dichloromethane.
Alternatively, compounds typically described as “PHA anti-solvents”, such as acetone,
can be employed for PHA extraction under conditions of highly elevated temperature
(120 °C) and pressure (7 bar) [15]. Nevertheless, the approaches based on organic solvents
are technologically difficult, and the use of toxic and hazardous solvents eliminates the
positive ecological impact of final materials [16]. The other possibility is the utilization of
supercritical CO, for PHA extraction. Despite a very positive ecological connotation, due
to the low solubility of PHA in supercritical CO;, and the need for additional compounds
acting as solubility mediators (“modifiers”), such as methanol, the process shows low
efficiency [17,18]. Also, an alternative PHA isolation approach based on the removal of
other components of biomass can be used, when PHA granules remain in the intact, solid
state and can be further separated by centrifugation or filtration. Form an economical
viewpoint, this approach makes definitely sense: Considering the fact that the PHA fraction
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in biomass can exceed 90 wt.%, it appears cumbersome to recover these 90 wt.% instead
of simply removing the minor (10%) fraction of biomass. Indeed, many reagents and
strategies can be used to remove other cell components instead of PHA. For instance, in
literature the use of hydrolytic enzymes (predominantly commercially available proteases—
Protease L330, Esparase, Alcalase, Neutrase, Allprotease, etc.) is described [19], but in
practice, these approaches are limited by the high cost of enzymes. An alternative way is
the digestion of biomass using various chemical reagents such as sodium hydroxide [20],
sodium hypochlorite [21], EDTA, and detergents such as SDS [22] or ammonium laurate [23].
Individual approaches can be combined as was mentioned in Kathiraser et al., who used
enzymes together with detergents and EDTA for PHA isolation [24].

Hypotonic lysis is an additional tool that can be used for the simple disruption of
microbial cells. This approach is based on the exposition of cells to surrounding with
significantly lower osmotic strength than osmolarity of cultivation medium. During sudden
exposition to a hypotonic environment, water begins to penetrate into cells, which leads to
disruption of their integrity, rupture of cells, and release of the intracellular cell content.
This hypoosmotic cell lysis approach was described predominantly for extreme halophilic
prokaryotes such as Hfx. mediterrenei, which are cultivated in media with salt contents of
more than 200 g/L and are, therefore, extremely sensitive to hypotonic treatment. During
exposure to distilled water, cells disruption and release of PHA granules into the solution
occur immediately. After centrifugation, there are two phases generated—the bottom
pinkish phase represents cell mass residues (colorized by carotenoid pigments), while the
upper white phase consists of PHA granules [25]. However, the purity of PHA isolated in
the described way is not too high due to the PHA granules being covered by a proteinaceous
membrane; therefore, the following purification using for instance hypochlorite, H,O,, or
other reagents is usually necessary [8,26].

In this work, we decided to investigate the possibility of utilization of hypotonic lysis
to isolate PHA from moderately extremophilic microorganisms—halophilic Halomonas
halophila and also thermophilic Schlegelella thermodepolymerans. We hypothesized that both
microorganisms could be partially sensitive to hypotonic lysis due to the accumulation
of compatible solutes as a strategy of their adaptation to extreme conditions. To further
support the process of cell disruption and increase the purity of the isolated materials, we
have also introduced a low concentration of 10 g/L of sodium dodecyl sulfate (SDS). Since
SDS might reduce the positive environmental impact of the process by serious contamina-
tion of wastewater, we introduced a step in which SDS leftovers after PHA isolation are
precipitated with KCl and can be easily removed from wastewater and potentially even
regenerated for repeated use.

2. Materials and Methods
2.1. Cultivation of Microorganisms

For experimental work, two extremophilic strains were used, the moderately halophilic
strain Halomonas halophila (CCM 3662) obtained from Czech Collection of Microorganisms,
Brno, Czech Republic, and the moderately thermophilic strain Schlegelella thermodepoly-
merans (DSM 15344) purchased from Leibnitz Institute DSMZ—German Collection of
Microorganisms and Cell Cultures, Braunschweig, Germany.

The first cultivation step, preparation of inoculum, was performed in 100 mL Erlen-
meyer flasks with 50 mL of media. Inoculum culture of H. halophila was prepared in a
medium consisting of yeast extract (3 g/L), peptone (15 g/L), glucose (1 g/L), and sodium
chloride (66 g/L) during 24 h in 30 °C, permanent shaking 180 rpm. Inoculum of S. ther-
modepolymerans was prepared in 25 g/L Nutrient Broth medium (10 g/L peptone, 10 g/L
beef extract and 5 g/L NaCl) during 24 h in 50 °C, permanent shaking 180 rpm.

After 24 h lasting cultivation, mineral salts media were inoculated by 10% (v/v)
of inoculum, cultivations were performed in 250 mL Erlenmeyer flasks with 100 mL of
medium. The basic mineral salt medium for H. halophila cultivation consisted of (NH4),SO4
(3.0 g/L), KH,PO4 (1.02 g/L), NapHPO,4-12H,0 (11.1 g /L), MgSO,-7H,0 (0.2 g/L), NaCl
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(66 g/L), glucose (20 g/L) and 1mL/L of microelements solution (FeCl; (9.7 g/L), CaCl,
(7.8 g/L), CuSO4 (0.156 g/L),CoCl;, (0.119 g/L), NiCl, (0.118 g/L) and CrCl, (0.062 g/L)
dissolved in 0.1 M HCI) and 20 g/L of glucose. The mineral salt medium for cultivations of
S. thermodepolymerans consisted of Na,HPO,-12 H,O (9.0 g/L), KH,PO4 (1.5 g/L), NH4Cl
(1.0 g/L), MgS04-7 H,O (0.2 g/L), CaCl,-2 H,O (0.02 g/L), Fe(Il[)NHycitrate (0.0012 g/L),
yeast extract (0.5 g/L), 20 g/L xylose and 1 mL/L of microelements solution (EDTA
(50.0 g/L), FeCls-6 H,O (13.8 g/L), ZnCl, (0.84 g/L), CuCl,-2 H,O (0.13 g/L), CoCl,-6 H,O
(0.1 g/L), MnCl,-6 HyO (0.016 g/L), H3BO;3 (0.1 g/L), dissolved in distilled water) (all
used chemicals including hydrochloric acid, salts, glucose and xylose were purchased from
LachNer, Neratovice, CZE; yeast extract, peptone and Nutrient Broth were purchased from
HiMedia, Brno, CZE). Inoculated media were cultivated during 72 h under permanent
shaking at 180 rpm at the optimal growth temperature, 30 °C for H. halophila and 50 °C for
S. thermodepolymerans, respectively.

2.2. Basic Characterization of Cultures

After 72 h, cultivations were finished. For determination of growth of culture, optical
density of cultures was measured using a spectrophotometer (P300, Implen, Munich,
Germany) at 630 nm against distilled water as a blank. Gravimetrical determination of
cell dry matter (CDM) was performed by centrifugation of 10 mL of culture at 3460x g,
5 min (EBA 200, Hettich, Spenge, Germany). The generated supernatant was discarded
and the pellet was washed with distilled water and centrifuged again. The pellet was
dried to constant weight at 70 °C in drying chamber (IP60, LTE Scientific, Oldham, UK)
and then the amount of biomass (g/L) was obtained by weighing on an analytical scale
(Pioneer PA224C, Ohaus, Parsippany, NJ, USA). Moreover, the content of PHA in dried
biomass was measured by gas chromatography with flame ionization detection (GC-FID;
gas chromatograph Trace 1300, Thermo Scientific, column: DB-WAX 30 m by 0.25 mm,
Thermo Scientific, Waltham, MA, USA) as reported previously in Brandtl et al. (1988) [27].
All determinations were performed in dublicate.

2.3. Isolation of PHA from Bacterial Biomass

Right after cultivation, the isolation of PHA from wet bacterial biomass is performed.
Predominantly for halophilic strain H. halophila, but also for S. thermodepolymerans, a very
important strategy is the hypotonic environment, which induces disruption of cells leading
to release of the intracellular cell content including PHA granules. The main idea of iso-
lation is based on the use of hypotonic conditions together with SDS (TCI, Zwijndrecht,
Belgium) applied in low but still sufficient concentration along with the elevated tempera-
ture. These factors should lead to cell disruption and the release of water-insoluble PHA
granules. For both microorganisms, we focused at the beginning on the optimization of
SDS concentration (in range 1 to 10 g/L), temperature treatment (higher and lower than
cultivation temperature), and the ratio of microbial biomass vs. volume of SDS solution.

The first optimized parameter was the most efficient concentration of SDS. The experi-
ment was performed in this way: 10 mL of the culture after cultivation was centrifuged in
a plastic test tube with a screw cap (3460x g, 10 min), the supernatant was discarded and
replaced by prepared aqueous solution of SDS (1; 2.5; 5 and 10 g/L), in replicates for each
SDS concentration. Pellets were resuspended and suspensions were incubated in a water
bath at 70 °C for 120 min. After incubation, test tubes with suspensions were centrifuged
again (3460x g, 5 min), supernatants were discarded and preserved for further use, the
pellets containing predominantly isolated PHA granules were washed with distilled water
and then dried to constant weight at 70 °C. The amount of the product was determined
gravimetrically and the purity of obtained PHA was determined by GC-FID as the same as
described above.

The second, optimized parameter was the temperature of isolation or combination of
different temperatures, i.e., temperature treatment. For both strains, the same treatments
were tested: 50 °C (120 min), 70 °C (120 min), 90 °C (120 min) and a combination of cooling-
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down and heating-up; 4 °C (120 min) followed by 70 °C (120 min). SDS was applied at
a concentration of 5 g/L, otherwise, the experiment was performed in the same way as
described above for optimization of SDS concentration.

To reduce the amount of detergent (SDS) using a higher biomass amount, the third
series of optimization experiments was based on a comparison of the effectivity of isolation
with different ratios of initial biomass concentration and 10 mL of aqueous SDS (5 g/L)
solution in the most to verify the purity of obtained material and compare product yield.
Also, the purpose of this experiment was to verify the robustness of the isolation process
concerning different initial biomass concentrations—using a higher ratio of biomass to
SDS solution can significantly reduce the cost of the isolation process (amount of SDS per
biomass) and also significantly reduce environmental burden caused by SDS in wastewater.
In practice, different amounts of biomass were obtained by centrifugation of a larger volume
of cell culture when the volume of SDS solution was still 10 mL. However, the approach
was the same as previous ones, using optimal SDS solution concentration of 5 g/L for
both strains and optimal “heat treatment”: 70 °C for 2 h for H. halophila and keeping at
temperature 90 °C for 2 h for S. thermodepolymerans. All isolation experiments based on
long-term exposition to elevated temperatures were performed in a water bath (BL 4/150,
WSL, Czestochowa, Poland).

2.4. Characterization of Isolated PHA Polymer

In this work, we produced a homopolymer of 3-hydroxybutyrate-poly(3-hydroxybutyrate)
(PHB), the most common representative of PHA. Quantification of the polymer in bacterial
biomass and determination of purity of the isolated samples were performed by GC-FID as
described above.

Further, we used Fourier transform infrared spectroscopy (FI-IR, Nicolet iS50, Thermo
Scientific, Waltham, MA, USA) with the built-in single-reflection diamond attenuated total
reflectance (ATR) crystal to collect infrared spectra of the original biomass, polymer isolates,
and the reference material, commercially available P(3HB) (Biomer, Schwalbach am Taunus,
Germany). Each spectrum was collected in the range of 4000-400 cm ! as an average of
16 scans with a resolution of 4 cm ™! (data spacing 0.5 cm™1).

For determination of molecular weight and its distribution (polydispersity index PDI)
of the polymer, we used size-exclusion chromatography with multi-angle light scattering
detector (SEC-MALS) (SEC chromatography, column PLgel mixed-C 5 pm, 300 x 7.5 mm,
Agilent Technologies, Wilmington, DE, USA; detectors: MALS-DAWN HELEOS 11, dif-
ferential refractometer OPTILAB T-REX, Wyatt Technology, Dernbach, Germany). Using
this method, we compared polymers isolated by different approaches, which were the
most promising based on results from GC connected with the highest material purity.
Approximately 200 mg of sample (biomass, isolated material) was weighed into glass pyrex
test tubes, 10 mL of chloroform was added, then test tubes were tightly screwed with
caps and during 12 h incubated at 70 °C in a thermoblock. After 12 h, the mixture was
filtered through a paper filter on Petri dishes, and chloroform was freely evaporated. Then
1.5 mg of foil was weighed to the vial (volume 4 mL) and 1.5 mL of chloroform (LachNer,
Neratovice, CZE) was added. The mixture was incubated at 50 °C in the thermoblock till
all foil was dissolved, then the solution was filtered using nylon filters with 0.45 um pore
size into small vials, and the samples were analyzed.

Selected samples were also analyzed by electron microscopy. Bacterial cultures and
isolated PHA samples were fixed using the high-pressure freezing method (EM ICE, Leica
Microsystems, Wetzlar, Germany). Samples were centrifuged for 3 min at 4000 rpm and
the generated pellet was pipetted on the 0.2 mm side of the 6 mm Al carrier type A and
closed with the flat side of carrier type B (without using any cryo-protectant) for further
processing for observation in the cryogenic scanning electron microscope (cryo-SEM).
For freeze-substitution procedure followed by observation in the transmission electron
microscope (TEM), samples were frozen in 0.2 mm side of the 3 mm Au carrier type A
and closed with the flat side of carrier B. Both of the carriers were pre-treated with 1%
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aqueous solution of lecithin (Sigma-Aldrich, Darmstadt, Germany) in chloroform. For
cryo-SEM, high-pressure-frozen samples were transferred into a cryo vacuum preparation
chamber (ACE 600, Leica Microsystems, Wetzlar, Germany), where they underwent freeze-
fracture followed by sublimation for 7 min at —95 °C. Samples were then transferred into a
scanning electron microscope equipped with a cryo stage (Magellan 400/L, FEI, Hillsboro,
OR, USA) and observed using 1 keV electron beam at —120 °C. For TEM, high-pressure-
frozen samples were transferred into a freeze substitution unit (AFS2, Leica Microsystems,
Wetzlar, Germany) containing a freeze-substitution solution of 1.5% OsOj in acetone.
The freeze-substitution protocol was set as previously described in Kourilova et al. [28].
Thus prepared freeze-substitution samples were washed in pure acetone (3 x 15 min)
and gradually infiltrated with epoxy resin (Epoxy Embedding Medium, Sigma-Aldrich,
Darmstadt, Germany), mixtures with acetone 1:2, 1:1, 2:1 and pure resin for 1 h each.
After the final exchange of pure resin, samples were left overnight under vacuum, then
embedded in fresh resin and cured at 62 °C heat for 48 h. Cured blocks of samples were
cut to ultrathin sections using a diamond knife with cutting angle 45° (Diatome, Nidau,
Switzerland) and ultramicrotome (UTC 7, Leica Microsystems, Wetzlar, Germany), and
stained using solutions of uranyl acetate and lead citrate. Contrasted ultrathin sections were
imaged using a transmission electron microscope (Talos F200C, Thermo Fisher Scientific,
Waltham, MA, USA) using a 200 keV beam.

2.5. Precipitation of Potassium Dodecyl Sulfate (KDS) and Determination of Residual
SDS Concentration

SDS is a water-soluble molecule, whereas the salt potassium dodecyl sulfate (KDS) is
water-insoluble. This is the main idea of how to get rid of SDS from wastewater after isola-
tion of PHA from bacterial biomass. A simple addition of KCl to supernatant containing
SDS results in the formation of an insoluble precipitate of KDS, which can conveniently be
separated by sedimentation or centrifugation. For this purpose, we prepared 4 M aqueous
KClI solution and after isolation and following centrifugation, we added it in a 1:1 ratio to
the supernatant to obtain a precipitate.

Residual concentration of SDS after PHA isolation procedure and also the efficiency of
KDS precipitation from SDS solutions with different initial amounts of the detergent were
determined employing a spectroscopic assay based on the use of Stains-All dye (Sigma-
Aldrich, Darmstadt, Germany) as described by Rupprech et al. [29]. The analysis was
performed using a microplate reader (ELISA reader, ELx808, BioTek, Winooski, VT, USA).

3. Results and Discussion

Every isolation experiment was preceded by the cultivation of microorganisms H.
halophila and S. thermodepolymerans in mineral media with the most suitable carbon sources
(glucose for H. halophila and xylose for S. thermodepolymerans) to obtain biomass with high
PHA content. Within individual cultivations, we tried to keep the cultures under the same
conditions for gaining results of biomass and PHA content as similar as possible, despite
we measured both characteristics (biomass content gravimetrically and PHA content by
GD-FID) within each experiment for independent comparison among results of cultivations.
For each experiment, amounts of PHA in biomass are stated under almost all tables for
the comparison with the purity of isolated polymer using different treatments, because
for individual experiments all the yields were related to individual cultivation results.
Based on the data from experiments, for H. halophila average concentration of biomass was
(5.5 £ 0.3) g/L with a PHA fraction in biomass of about (78 £ 7) wt.%. For S. thermodepoly-
merans average biomass concentration was (6.1 &£ 0.1) g/L with (70 & 4) wt.% PHA.

3.1. Optimization of SDS Concentration

Within the whole PHA isolation development process, the first step was focused on
the optimal concentration of detergent SDS. The idea was to expose the extremophilic
bacterial cells naturally containing compatible solutes as a part of their adaptation strategy
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to hypotonic conditions with low amounts of SDS to improve cell disruption and enable
solubilization of hydrophobic cell components which would otherwise get attached to
PHA granules reducing the purity of the materials. For both used strains, tested SDS
concentrations were 1; 2.5; 5 and 10 g/L; results for individual strains are listed in Table 1.
For H. halophila the process was carried out in a water bath during a 2 h lasting process at
70 °C; for S. thermodepolymerans, the process lasting the same time was carried out at 90 °C.

Table 1. Effect of different SDS concentrations on PHA purity and yield during 2 h lasting isolation
at 70 °C for H. halophila and 90 °C for S. thermodepolymerans.

Strain SDS (g/L) PHA Purity (Wt.%) Yield (—) !
1 88.0 + 0.4 0.99
. 25 91.4 +2.7 0.99
H. halophila 5 97.1 +37 111
10 89.6 + 1.4 1.09
1 65.7 £ 0.8 0.95
2.5 87.7 +3.6 0.97
S. thermodepolymerans 5 864 + 14 1.00
10 85.5 + 0.4 0.92

! Yield is defined as PHA (g/L) for individual isolation way divided by PHA (g/L) obtained from biomass without
previous isolation step. PHA content in the biomass: H. halophila (84.02 £ 0.61) wt.%, S. thermodepolymerans
(64.43 £ 5.96) wt.%.

In the case of H. halophila, the most effective SDS concentration for isolation of PHA
was 5 g/L, when the purity of the polymer was more than 97 wt.% together with the
highest product yield considering purity and also amount of the isolated material. For this
moderately halophilic strain with optimal salt concentration for growth 66 g/L, utilization
of 5 g/L of SDS induces effective hypotonic cell lysis and results in high purity of the
isolated material. Therefore, the most suitable concentration of SDS was used for all the
following experiments employing the halophilic strain.

For S. thermodepolymerans, the highest purity was determined for a SDS concentration
of 2.5 g/L. In comparison with the halophilic culture, the concentration is 2 times less, which
might be caused by the lower content of the compatible solutes in the cells of thermophilic
culture. It can be expected that thermophilic bacteria are less prone to hypotonic lysis
as compared to halophiles. This expectation is also supported by the fact that purities of
PHA materials obtained for thermophilic S. thermodepolymerans are substantially lower than
those obtained in its halophilic counterpart H. halophila. Further, aside from the purity of
the material, we have also considered the yield of the isolation process which was highest
for 5 g/L of SDS leading to the establishment of the most suitable concentration of SDS of
5 g/L—the same as for H. halophila.

The team of Arikawa et al. (2017) focused on using SDS in combination with sonication
for the isolation of PHA from biomass of the mesophilic bacterium Cupriavidus necator,
when the optimal concentration of detergent was set on 33 g/L [30]. In our case, we used a
more than 6-times lower amount of detergent due to the advantageous effect of hypotonic
shock, which is applicable on strains producing compatible solutes (for instance halophiles
and thermophiles). Further, our approach relying on hypotonic shock does not require any
special equipment, on the contrary, sonification of the bacterial cells can be challenging
especially in scales of industrial production of PHA.

3.2. Optimization of “Heat Treatment”

Subsequently, the second step in the isolation process development was to optimize
temperature and time of isolation; together, this process can be called “heat treatment”.
Within the first experiment focused on SDS concentration, “heat treatment” was represented
by the application of a temperature of 70 °C for 2 h, but despite quite high yields, using
different temperature can be more effective, or lowering the temperature could be more
economically suitable, eventually. Based on previous results, time of exposition was set at
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2 h, strain H. halophila was exposed to temperature 50 °C, 70 °C (as control—for comparison
see Table 1), 90 °C and combination of cooling-down at 4 °C and following heating-up at
70 °C. The optimization process for S. thermodepolymerans included a little different strategy,
when, in contrast to the halophilic strain, a lower temperature of 30 °C was also tested
(we hypothesized that even low temperature could damage cell envelope of thermophilic
bacterium). Other tested temperatures were 50 °C, 70 °C, 90 °C (as control—for comparison
see Table 1) and also a combination of cooling-down at 4 °C and following heating-up at
70 °C as same as for H. halophila. The results of the experiments are listed in Table 2.

Table 2. Effect of different “heat treatments” on PHA purity and yield during isolation in 5 g/L
SDS solution.

Strain “Heat Treatment” PHA Purity (wt.%) Yield (—)
50 °C (120 min) 97.5+£1.2 0.92
, 70 °C (120 min) 96.7 + 0.3 0.97
H. halophila 90 °C (120 min) 99.7 £ 0.1 0.90
4°C (120 min) + 70 °C (120 min) 943+ 15 0.92
30 °C (120 min) 67.6 £0.8 0.73
50 °C (120 min) 814 £43 0.78
S. thermodepolymerans 70 °C (120 min) 96.7 £ 2.4 0.79
90 °C (120 min) 99.8 +2.8 0.91
4 °C (120 min) + 90 °C (120 min) 86.2 £2.1 0.87

PHA content in the biomass: H. halophila (82.27 & 0.09) wt.%, S. thermodepolymerans (69.57 %= 0.79) wt.%.

Based on the results presented in Table 2, the most successful “heat treatment” for
isolation of PHA from the halophilic strain considering the purity of isolated material was
a temperature of 90 °C for 2 h, when the purity was higher than 99 wt.%. Despite a little
lower purity after isolation at 70 °C, the yield of the material was higher than for the highest
tested temperature 90 °C and also higher than for the combination of cooling-down and
following heating-up. For subsequent isolation experiments, a treatment representing 2 h
of heating at 70 °C was applied for strain Halomonas halophila.

The optimization process for S. thermodepolymerans included a little different strategy;
in contrast to the halophilic strain, we tested a lower temperature (30 °C), but the effectivity
of isolation was not too high (the purity was around 67 wt.% and the yield was 0.73).
Based on these data, the most successful “heat treatment” was keeping the sample at
90 °C for 2 h; here, the purity exceeded 99 wt.%, hence, it was very similar to using a
temperature of 70 °C for H. halophila. The combination of cooling followed by heating
was not too successful for the thermophilic strain, whereas exposition to low temperature
presumably led to the development of enhanced resistance to thermal treatment as was
already reported in the literature [31]. This effect was described for mesophilic bacterial
strains E. coli [32] and C. necator [33] after treatment at low temperature (0-5 °C). It was
proved that enhanced resistance against elevated temperature was caused by the changes
in the fatty acids composition in cell membranes [31]. Despite the fact that the effect was
not described for thermophilic strains in detail, it is very likely that also in this case the
low-temperature treatment resulted in active modulation of cell membrane lipids, which
negatively impacted the susceptibility of the bacterial cells to hypotonic lysis. For our
experiment, lower efficiency of combined “heat treatment” can be observed compared with
keeping the cells at 90 °C for 2 h. To conclude, the most suitable “heat treatment” procedure
for the thermophilic strain S. thermodepolymerans was keeping the isolation mixture at 90 °C
for 2 h.

3.3. Testing of Different Ratios SDS Solution: Biomass

After optimization of SDS concentration and “heat treatment”, the following step was
focused on the influence of initial biomass amount on the purity of isolated material and
the yield of the process. This is very important since PHA production is usually performed
as a high cell density cultivation [34], therefore the robustness of the isolation process with
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respect to the amount of biomass employed per isolation batch is a very important factor
determining the viability and feasibility of the process. Therefore, we tested different initial
concentrations of biomass, while keeping the volume of SDS solution constant (5 g/L).
Moreover, an increasing portion of biomass per isolation batch can also reduce the cost
of the isolation process (lower SDS amount) and significantly decrease the environmental
burden caused by the presence of SDS in wastewater.

Based on the results listed in Table 3, it is possible to state that the process is very robust
regarding the initial biomass concentration; purities of material isolated from different
biomass amounts were greatly similar. The same goes for almost all yields for both strains.
Therefore, the developed isolation procedure can be advantageously applied on biomass
obtained from high-cell-density cultivation (e.g., fed-batch cultivation).

Table 3. Effect of different biomass content on PHA purity and yield applied during 2 h lasting
isolation in 5 g/L SDS solution at 70 °C for H. halophila and 90 °C for S. thermodepolymerans.

Biomass Amount in SDS

Strain Solution (g/L) PHA Purity (wt.%) Yield (-)
1.83 96.2£1.9 0.86
4.21 (standard process) 96.6 £ 0.3 0.99
. 8.40 959471 1.04
H. halophila 11.86 91.5 0.96
17.72 94.9 1.03
22.65 959+ 1.0 1.06
191 963 £1.3 0.89
3.76 (standard process) 101.1 =47 0.92
S. thermodepolymerans 8.88 934+ 0.5 0.77
11.72 84.1 0.80
16.01 93.3+24 1.01
20.99 94.1 0.94

PHA content in the biomass: H. halophila (75.5 + 0.1) wt.%, S. thermodepolymerans (68.5 & 0.0) wt.%.

3.4. Effect of Different Isolation Approaches on the Molecular Weight of the Polymer

The following experiment was focused on the determination of the molecular weight
of obtained PHA materials; the main goal was to evaluate the influence of the isolation
procedure on the molecular weight of the polymer.

Isolation of polymer using SDS solution (5 g/L) did not manifest in the decrease of
molecular weight of PHA as can be seen in Table 4. For comparison, PHA was isolated
from dried biomass using a procedure involving 12 h lasting incubation in chloroform at
70 °C in a thermoblock. To eliminate differences from sample preparation, all analyzed
PHA samples were subjected to the same treatment. Despite the slight differences, values
of molecular weight were in principle very similar at least for polymers isolated from
S. thermodepolymerans. Only a little decrease can be observed which could be caused by
enhanced temperature 90 °C used for isolation with SDS. In the case of H. halophila, isolation
with SDS led to enhancement of molecular weight up to 1.5-times. It should be pointed
out that the M,y of the polymer produced by H. halophila is very high as compared to other
PHA producers [8] including S. thermodepolymerans. It can be assumed that the higher
molecular weight of polymer after SDS isolation treatment might be caused by enhanced
solubility of longer chains in chloroform after elimination of other cells components. 12 h
lasting isolation at 70 °C in chloroform is possibly more efficient for shorter polymer chains
with lower molecular weight. PDI values were very low for all studied isolation setups,
indicating the high uniformity of generated biopolyesters in terms of molecular mass
distribution, which is a beneficial feature for further polymer processing.
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Table 4. The molecular weight of isolated PHA polymer.

Strain “Treatment” M,y (kDa) PDI 2 (-)

H. halovhila PHA isolated from dried biomass 10504 + 1.8 1.20 £ 0.04

' P 70 °C (120 min)—standard process 1581.9 £5.3 1.46 £ 0.19

S. thermodevolumerans PHA isolated from dried biomass 7115+ 1.6 1.17 +0.01
' pory 90 °C (120 min)—standard process 686.4 + 16.1 1.23 £0.03

2PpI (polydispersity index) is defined as My /Mn. M,,: weight average molecular mass; M,: number average

molecular mass.

3.5. Determination of Material Purity by Infrared Spectroscopy

FTIR technique was applied on samples of dried biomass, PHA polymer isolated by
optimized process for each strain (2 h lasting treatment at 70 °C for H. halophila (HH) or
90 °C for S. thermodepolymerans (ST) in solution with 5 g/L SDS), and also for commercial

P(3HB) (Biomer) as a reference material. Result are shown in Figures 1 and 2.
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Figure 1. FTIR spectra of original biomass of H. halophila (black), polymer isolated via optimized
approach (red) and commercial P(3HB) sample (Biomer) (green); arrows show absorption bands for

components of biomass (3300; 1640 and 1540 cm~!—proteins).
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Figure 2. FTIR spectra of original biomass of S. thermodepolymerans (blue), polymer isolated via
optimized approach (magenta) and commercial P(3HB) sample (Biomer) (green); arrows show
absorption bands for components of biomass (3300; 1640 and 1540 cm_l—proteins).
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To evaluate the purity of the polymer isolates from FTIR spectra, characteristic spectral
signatures of proteins can be used. These can be found at about 3300 (referred to as amide
A band), 1640 cm~! (referred to as amide I band) and 1540 cm ™! (referred to as amide II
band). All these characteristic bands are marked with arrows in the biomass spectra in
Figures 1 and 2. As expected, the protein signal is completely absent in spectrum of the
reference P(3HB) material. In the FTIR spectra of polymer isolates obtained from both
tested strains, significant decrease of the protein signal, compared to the original biomass,
indicates high effectivity of the polymer purification during the extraction process. As can
be seen from the comparison of Figures 1 and 2, lower content of the residual biomass
was found for the polymer isolated from H. Halophila. This is in good agreement with the
results of GC-FID. Based on the gravimetric yield of the chromatographic analysis, we de-
termined polymer purity (86.4 & 1.4) wt.% for S. thermodepolymerans and (91.3 & 1.5) wt.%
for H. halophila.

3.6. Electron Microscopy Imaging

Selected samples were analyzed using electron microscopy techniques, specifically,
samples of microbial cells of H. halophila and S. thermodepolymerans and isolates of PHA
from both strains.

Cryo-SEM image of H. halophila (Figure 3A) shows rod-shaped cells containing several
granules of PHA. Most of the cells were fractured during the freeze-fracturing procedure
and revealed the intracellular content of PHA. As previously described [35], PHA remain
elastic even at temperatures of liquid nitrogen and can be observed being pulled out of
the cells, showing “needle type” deformation (arrowhead in Figure 3) or as holes in cells
(concave deformation) when the granule was pulled out of the cell completely. Cells of S.
thermodepolymerans (Figure 3C), containing 1 or 2 granules of PHA also deformed by freeze-
fracturing. In the image, it is possible to observe also fracture of the cell wall revealing
the surface of the plasma membrane, marked with O. The image of isolated granules
from H. halophila (Figure 3B) shows that the granules merged, but still remained elastic.
PHA isolated from S. thermodepolymerans (Figure 3D), however, stayed separate after the
extraction as individual oval granules, which were also affected by freeze-fracturing and
show needle deformation.

Figure 3. Cryo-SEM image of: (A) H. halophila biomass before extraction of PHA granules,
(B) PHA granules isolated from H. halophila, (C) S. thermodepolymerans biomass before extraction
of PHA granules, (D) PHA granules isolated from S. thermodepolymerans, needle deformation of
PHA granules marked with arrowhead, cells with fractured cell wall revealing the surface of plasma
membrane marked with O, scale bar 2 pum.
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TEM observation confirmed previous findings of cryo-SEM. H. halophila contained
several smaller granules in their cells (Figure 4A), while S. thermodepolymerans contained
1-3 larger granules. Generally, it is described that larger PHA granules are beneficial
for the recovery process [36], which makes S. thermodepolymerans of even higher interest
for an eventual industrial-scale application. Images of isolated granules also confirm the
shape observed in cryo-SEM: isolates from H. halophile merged into irregularly shaped
granules, while granules from S. thermodepolymerans of regular oval shape stayed separate.
In Figure 4B,D, it is possible to see shades surrounding the granules. Based on the results
of purification, the shades could be caused by contamination originating from disrupted
cellular fragments, or by PHA granule membrane remnants. It is also possible to observe a
few intact cells (Figure 4B marked with arrow), thus confirming the results of the determi-
nation of purity of the isolates—for instance (91.3 &+ 1.5) wt.% of PHA for H. halophila using
standard optimized process.

Figure 4. TEM image of (A) H. halophila biomass before extraction of PHA granules, (B) PHA granules
isolated from H. halophila, (C) S. thermodepolymerans biomass before extraction of PHA granules,
(D) PHA granules isolated from S. thermodepolymerans, PHA granules marked with arrowhead, intact
cells after extraction marked with arrow, scale bar 1 um.

3.7. Wastewater Management—Precipitation of KDS from SDS after Isolation

As same as other detergents, also SDS serves as a contaminant of wastewater with
possible harmful effects on wastewater management. Therefore, we focused on the removal
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of the irritant compound SDS from the supernatant after the isolation process. We have
tested several approaches (data not shown), and the most successful procedure was simple
and feasible precipitation of SDS in the form of poorly water-soluble potassium dodecyl-
sulfate (KDS) in the presence of 2 M KCl. The efficiency of the SDS removal process was
determined via measurement of SDS concentration using the protocol of Rupprech et al.
(2015) [29]. Data are demonstrated in Table 5.

Table 5. Results of SDS determination before and after KDS precipitation.

Parameter SDS (g/L)
Concentration used for isolation 1 2.5 5 10
In supernatant after isolation 0.6 1.8 4.9 10.7
Residual SDS concentration after KDS precipitation 0.02 nd. 3 n.d. n.d.
KDS yield (mg) 26.8 64.9 169.9 316.0

3 n.d.—no detectable.

Based on presented data, it seems that removal of SDS from a wastewater stream
by simple addition of non-toxic and cheap KCl is a very effective process since after this
treatment the residual concentration of SDS in the supernatant after isolation was not
detectable for almost all the samples. The formation of KDS precipitate is a very quick
and straightforward method to remove SDS used for isolation of PHA granules, since the
formation of the precipitate can be observed immediately after the addition of KCI into
supernatants after isolation as shown in Figure 5.

(A) (B)

Figure 5. KDS precipitate using 2 M KCl after isolation with different SDS concentrations—from the
left: blank, 1 g/L,2.5¢g/L, 5 g/L, 10 g/L: (A) before centrifugation; (B) after centrifugation.

A different strategy to get rid of the detergent after isolation was used by the team of
Samori et al. (2015), who isolated PHA polymer from bacterial biomass. For this purpose,
they used ammonium laurate (most efficient at a concentration of 200 wt.%), which acts
similarly to SDS in terms of microbial cell disruption and solubilization of hydrophobic
contaminants. After separation of the polymer by centrifugation, the addition of CO,
into supernatant leads to a decrease of the pH-value, and switches the detergent into
poorly water soluble neutral (protonated) lauric acid with the possibility of separation
by centrifugation; resulting water phase containing ammonium hydrogen carbonate can
serve as a nitrogen source for microorganisms [37]. Our approach relies on the application
of the lower amount of inexpensive and abundant detergent SDS, which can be simply
removed from wastewater by precipitation. It should be pointed out that unlike for
ammonium laurate, the removal of the SDS from the supernatant in form of KCl occurs
in a non-destructive way, and it is very likely that SDS could be regenerated for instance
by ultradialysis in excess of Na* ions. Hence, our concept enables not only removal of
detergent from wastewater, but also holds a promise of SDS recovery, which would be very
beneficial with respect to economic aspects of the PHA isolation process. Nevertheless, the
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possibility of SDS recovery from KDS precipitate deserves further investigation, which is
out of the scope of this preliminary work.

4. Conclusions

In this work, we developed a procedure for the isolation of PHA materials from
extremophilic microbial cells. The method is based on the exposition of the bacterial cells
naturally containing high intracellular concentrations of compatible solutes as part of their
adaptation strategy to extreme hypotonic conditions induced by the diluted solution of
SDS (optimal concentration is about 5 g/L of SDS) at elevated temperature. Our results
indicate that such conditions lead to disruption of the cells and release of PHA granules.
Moreover, SDS apart from its cell-disruptive function also solubilizes hydrophobic cell
components which would otherwise get attached as contaminants to PHA materials. The
procedure seems to be simple, robust, and feasible in industrail condtions. The purity of
obtained materials (usually above 95%), as well as yields of the procedure (usually about
0.9), reach high values. If even higher purity of the material is needed, additional steps
such as the washing of the materials with proper organic solvents or other agents can be
involved. Furthermore, since leftovers of the detergent SDS in process wastewater might
dramatically decrease the positive ecological features of the process, we also focused on
the removal of SDS. We have developed a simple, cheap, and safe technique that is based
on the precipitation of SDS in the presence of KCI. The resulting precipitate can be simply
removed by decantation or centrifugation, hence, SDS does not contaminate the wastewater
of the process. Moreover, there is also the possibility to regenerate SDS which would
substantially improve the economic feasibility and overal sustainability of the process. To
sum up, the developed strategy for PHA isolation is compatible with Next-Generation
Industrial Biotechnology concepts, it is simple, cheap, robust, provides PHA materials in
high purity and at high yields and is also ecologically friendly.
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Abstract: Coffee waste is an abundant biomass that can be converted into high value chemical
products, and is used in various renewable biological processes. In this study, oil was extracted
from spent coffee grounds (SCGs) and used for polyhydroxyalkanoate (PHA) production through
Pseudomonas resinovorans. The oil-extracted SCGs (OESCGs) were hydrolyzed and used for biohydro-
gen production through Clostridium butyricum DSM10702. The oil extraction yield through n-hexane
was 14.4%, which accounted for 97% of the oil present in the SCGs. OESCG hydrolysate (OESCGH)
had a sugar concentration of 32.26 g/L, which was 15.4% higher than that of the SCG hydrolysate
(SCGH) (27.96 g/L). Hydrogen production using these substrates was 181.19 mL and 136.58 mL
in OESCGH and SCGH media, respectively. The consumed sugar concentration was 6.77 g/L in
OESCGH and 5.09 g/L in SCGH media. VFA production with OESCGH (3.58 g/L) increased by
40.9% compared with SCGH (2.54 g/L). In addition, in a fed-batch culture using the extracted oil,

cell dry weight was 5.4 g/L, PHA was 1.6 g/L, and PHA contents were 29.5% at 24 h.

Citation: Kang, B.-J.; Jeon, ].-M.;
Bhatia, SX.; Kim, D-H; Yang Y-H. g eywords: bio-hydrogen; polyhydroxyalkanoate; mcl-PHA; Pseudomonas resinovorans
Jung, S.; Yoon, J.-J. Two-Stage

Bio-Hydrogen and

Polyhydroxyalkanoate Production:
Upcycling of Spent Coffee Grounds.

1. Introduction
Polymers 2023, 15, 681. https://

doi.org/10.3390/polym15030681
Academic Editor: Hu Li

Received: 13 December 2022

Coffee is the world’s most-consumed drink, and about 167.17 million metric tons of
coffee were produced in 2021 [1]. This is three times the world’s average coffee consumption,
and about 190,000 metric tons of green beans were imported in 2021 [2]. The problem with
coffee consumption is that spent coffee grounds (SCGs) are produced in large quantities.
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After extracting the drink from the coffee bean, a large amount of SCGs remain that are
known to have a dry weight of about 65% of the initial cherries [3]. Based on import figures,
it is estimated that about 150,000 metric tons of SCGs were produced in Korea in 2021.
Most of the SCGs are dumped as garbage and buried or incinerated [4]. Since coffee is not
produced in Korea, importing coffee is tantamount to importing garbage and means that
coffee imports lead to 150,000 metric tons of waste every year. From an environmental
engineering perspective, SCGs are organic waste resources, of which the main components
are carbohydrates, proteins, and fats. Therefore, it is necessary to devise a plan to utilize
SCGs in various ways.

Organic waste and biomass resources (rice straw, marine algae, food waste, etc.)
usually have a large amount of carbohydrates that can be used by microorganisms, so they
are used in the form of monosaccharides or oligomers through hydrolysis [5-7]. This can
be applied equally to SCGs, and there are several studies on using SCGs as a resource.

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).
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Studies have been conducted to utilize SCGs that have undergone hydrolysis to produce
butanol, ethanol, methane, and polyhydroxyalkanoate (PHA) [8-10]. However, the SCGs
were not fully utilized by hydrolysis only. As SCGs are composed of carbohydrates (about
60%), proteins (about 15%), and fats (about 15%) [4,11], it is possible to devise a plan to
separate and utilize the oil among the ingredients of SCGs. In previous studies, SCG oil was
extracted and utilization measures such as PHA production were devised [9]. However,
the studies only used SCG oil, and they did not fully use SCGs. Therefore, the extracted
oil and the hydrolysates of the oil-extracted SCGs may be utilized to increase the value of
the SCGs.

Recently, interest in hydrogen energy and bioplastics is increasing because of global
issues such as environmental pollution and fossil fuel depletion [12,13]. Hydrogen is one
of the promising eco-friendly resources, and has high energy yield of 122 kJ /g which is
2.75 times greater than that of hydrocarbon fuel [14]. It can be generated by fossil fuel,
electrolysis of water or biological processes—among them, bio-hydrogen, which can be
produced through utilization of biomass hydrolysates by microbes [15]. Therefore, various
biomass hydrolysates such as corn stover, marine algae, oil palm empty fruit bunches, rice
straw and sugarcane bagasse were used to produce bio-hydrogen via dark fermentation,
resulting in 0.76 to 2.24 hydrogen yield (mol/mol) [14-17]. As in the above-mentioned
studies of bio-hydrogen production from various biomass hydrolysates, oil-extracted SCGs
could be considered an alternative carbon source from which to produce bio-hydrogen.

Bioplastics are eco—friendly plastics that can be produced or decomposed by microor-
ganisms [18]. Similar to fossil-fuel based plastics, they offer a variety of physical properties.
PHA, a representative bioplastic, is a polymer in which 3-hydroxyalkanoate produced
by microorganisms for storing carbon sources is ester-bonded under unfavorable condi-
tions for growth [19]. PHA is classified depending on the number of carbon atoms in the
monomers as short chain length (scl, C3-5), medium chain length (mcl, C6-14), and long
chain length (Icl, C15-18) PHA; additionally, the type and physical properties of PHA vary
depending on the metabolism or substrate provided by the bacteria [20]. Many studies
have been conducted on scl-PHA and mcl-PHA because of their physical properties and
production yield advantages; scl-PHA also has solid properties in the form of polymers
such as 3-hydroxybutyrate (3HB) and 3-hydroxyvalerate (3HV) [21], while mcl-PHA has
elastic and adhesive properties [18]. In order for bioplastics to have various physical prop-
erties and forms as with fossil fuel-based plastics, it is necessary to promote research on
mcl-PHA, which shows relatively low yield. Mcl-PHA can be produced through various
bacteria and with different carbon sources. Among such bacterial strains, Pseudomonas sp.
is a representative strain known to produce mcl-PHA [22]. Several studies have shown that
Pseudomonas sp. is able to use fatty acids such as olive oil and waste cooking oil, thereby
enhancing the value of various organic waste resources [23].

Therefore, this study aims to (i) investigate SCG oil extraction and yield, (ii) hydrolyze
oil-extracted SCGs and use them as hydrogen production substrates, (iii) investigate PHA
production possibilities using extracted SCG oil, and (iv) investigate the possibility of mass
culture using a 10 L fermenter.

2. Materials and Methods
2.1. Materials

All reagents and chemicals were procured at the highest purity. M9 minimal salts (5x),
3-Hydroxyoctanoic acid, 3-Hydroxydecanoic acid, and 3-Hydroxydodecanoic acid were
purchased from Sigma Aldrich (St. Louis, MO, USA). Chloroform, H,SOy4, n-hexane, HCl,
NH,4Cl, NaOH, methanol, NaCl, sodium acetate, sodium bicarbonate, palmitic acid, oleic
acid, stearic acid, linoleic acid, L—cysteine hydrochloride and antifoam were purchased
from Daejung Chemical & Metals (Siheung-si, Republic of Korea). LB media, yeast extract,
peptone, beef extract, soybean extract and urea were purchased from BD-DIFCO (Detroit,
MI, USA).
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Weight of SCGs extract = (filter weight + SCGs weight) — (dried filter weight

2.2. SCGs Oil Extraction

SCGs were obtained from a local cafe in Cheonan-si, South Korea. To dry the SCGs,
they were spread widely and sun—dried for 8 h and then dried in a drying oven at 105 °C
for 24 h. Oil was extracted from the dried SCGs using a Soxhlet extractor with 200 mL
of n—hexane as a solvent, and 25 g of SCGs was put into a weighed cellulose filter for
oil extraction for 1.5 h. The heating mantle was kept at 70 °C. After oil extraction was
completed, the filter containing SCGs was dried in a fume hood for 24 h to evaporate the
n-hexane and then weighed. The oil mixed with the n-hexane was purified by evaporation
at 50 °C and 50 rpm for 30 min using a rotary evaporator. The concentrated SCGs oil was
weighed to confirm the amount of the n-hexane residue and compared with the SCGs
weight change. Mass extraction was carried out for future experiments with the products
sterilized at 121 °C for 15 min in an autoclave and then refrigerated.

+ SCGs weight after oil extraction) M
The amount of n-hexane remaining in SCGs oil (w/w%) = (SCGs oil weight @)
— SCGs weight variation) /SCGs oil weight x 100
SCGs oil extraction yield (%) = SCGs weight variation/SCGs initial weight x 100 3)

Gas chromatography-mass spectrometry (GC/MS; Claus 500, Perkin Elmer, Waltham,
MA, USA) analysis was performed to analyze the main components of the extracted SCGs
oil, and a gas chromatograph (GC; 6890N, Agilent Technologies, Santa Clara, CA, USA)
was used for quantitative analysis.

2.3. Oil-Extracted SCGs Hydrolysis and Hydrogen Production

The oil-extracted SCGs (OESCGs) were used as a substrate for hydrogen produc-
tion. OESCGs were dried in the fume hood for 12 h to remove residual n-hexane. Then,
hydrolysis was performed with a 10% solid /liquid (S/L) ratio and 1% H;SO4 at 130 °C
for 1 h. OESCG hydrolysate (OESCGH) was centrifuged at 3500 rpm for 30 min, and
the supernatant was recovered. The composition of the OESCGH was analyzed through
high—performance liquid chromatography (HPLC; 1200 series, Agilent Technologies, Santa
Clara, CA, USA). The OESCGH was mass—produced and then sterilized in an autoclave for
15 min at 121 °C before being refrigerated for use in subsequent experiments.

An experiment was conducted to compare the hydrogen productivity of general
SCG hydrolysate (SCGH) and OESCGH. The culture medium was defined-reinforced
clostridium medium (RCM). Here, SCGH or OESCGH was added and diluted to a total
sugar concentration of 10 g/L. Clostridium butyricum DSM10702 was used for hydrogen
production and was inoculated in the anaerobic chamber under 99.9% of N,. The culture
conditions were pH 5.5 (adjusted by HCI), 37 °C, and 150 rpm. Gas production, hydrogen
production, and metabolite change were measured for 32 h. Defined RCM was composed
as follows: 3 g/L yeast extract, 10 g/L peptone, 10 g/L beef extract, 0.5 g/L L—cysteine
hydrochloride, 3 g/L sodium acetate, 5 g/L sodium chloride, 5 g/L sodium bicarbonate,
and 100 pL/L antifoam.

2.4. PHA Production Using SCGs Oil

A PHA production test was conducted to confirm the suitability of the SCGs oil.
Pseudomonas resinovorans, which is known to produce mcl-PHA using oil as a substrate,
was used as the inoculum. A stock stored in a deep freezer was pre—cultured in 5 mL of
lysogeny broth (LB) media. Pre—cultured bacteria were inoculated into the main culture
medium after 24 h. The medium was M9 salt medium, and 2% oil was added as a substrate.
After that, for C/N ratio optimization, various N sources were added at 0.1% and 0.5%,
and productivity was confirmed. A fed-batch culture was performed using ammonium
chloride as an N source and SCGs oil as a substrate. The reactor was a 10 L fermenter
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(BIOCNS Co., Ltd., Deajeon, Republic of Korea), with a working volume of 3 L, in duplicate,
and inoculation volume of 10%. The medium was M9 salt medium, initial SCGs oil
concentration was 2%, and SCGs oil was fed at 5% at 4 h and at 18 h. An amount of 1 M
HCI and 3 M NaOH were used to adjust the pH to 6.8 £ 0.2, and aeration was maintained
at 10 L/3 L/1 min to adjust to 30% dissolved oxygen (DO). The reactor was operated at
600 rpm and 30 °C for 96 h, and samples were taken to analyze cell dry weight (CDW) and
PHA contents. The culture medium was centrifuged at 4 °C and 3500 rpm, for 1 h. The
supernatant was discarded, and the cell pellets were freeze—dried after washing. Acetone
was added to the freeze—dried cells to dissolve PHA, and methanol was treated at 1:10 to
recover PHA precipitated at the bottom.

2.5. Analysis

GC/MS was used for qualitative analysis using the method described in previous
studies [24]. After obtaining fatty acid methyl ester (FAME) from the SCGs oil, the anal-
ysis was conducted. Peaks were identified by the mass spectrometric fragmentation
data and confirmed by comparison to spectral data that was available from the online
libraries of Wiley (http:/ /www.palisade.com, accessed on 12 December 2022) and NIST
(http:/ /www.nist.gov, accessed on 12 December 2022).

For quantitative analysis of the SCGs oil, fatty acid (for standard curve), and PHA,
each sample was analyzed using the GC. Samples of 10 mg of SCGs oil or fatty acid were
contained in a 15 mL glass round bottom tube for pretreatment for FAME analysis.

For quantitative analysis of PHA, 1 mL of culture medium was centrifuged at 13,000 rpm
for 5 min. Afterwards, the cell pellet was washed twice with deionized water (DW), and
the resuspended cells were placed in a 15 mL glass round bottom tube that was sealed with
teflon, frozen in a freezer, and freeze—dried. Afterwards, the CDW was measured, and the
dried cells were treated for FAME analysis. For FAME, 1 mL of chloroform and 1 mL of
sulfuric acid—methanol solution (15:85) were added and the sample was reacted at 100 °C
for 2 h on a heating block. The sample was then cooled at room temperature for 10 min and
then chilled on ice for 10 min. After adding 1 mL of iced cold water, the sample was shaken
and the organic phase below was analyzed. Of the prepared sample, 1 uL was injected
through an auto-sampler and analyzed with a flame ionization detector (FID).

The analysis conditions were as follows: a 30 m x 0.25 mm DB-FFAP capillary column,
hydrogen 40 mL/min as the carrier gas, air zero flow 450 mL/min and high purity nitrogen
gas 45 mL/min as the makeup flow, inlet temperature 250 °C, detector temperature 250 °C,
and the oven held at 90 °C for 5 min, heated to 220 °C with a heating rate of 20 °C/min,
and then held at 220 °C for 7 min.

For analysis of bio-hydrogen productivity, the gas produced in the serum bottle was
collected through a 1 mL syringe (Hamilton Company, NV, USA) and injected into the GC.
Hydrogen measurement was performed through a thermal conductivity detector (TCD)
with a 10 m x 0.3 mm CP-Molsieve 5A capillary column. The analysis conditions were as
follows: high purity N, gas (99.999%) was used as the carrier gas, the inlet temperature
was 100 °C, the detector temperature was 250 °C, and the oven was held at 80 °C.

HPLC was used to measure metabolic product changes in the bio-hydrogen production.
A 1 mL sample was centrifuged for 5 min at 4 °C and 13,000 rpm. Then, the supernatant
was filtered through a PTFE membrane filter with 0.45 um pore size. The HPLC analysis
conditions were as follows: 5 mM HSOy as a mobile phase, 60 °C for column temperature,
300 mm X 7.8 mm Aminex HPX-87H ion excursion column, 55 °C for detector temperature,
refractive index detector, 25 puL of injection volume, 0.6 mL/min of flow rate, and 55 min of
running time.

The measured hydrogen and biogas were converted to values at standard pressure
and temperature before being applied to the modified Gompertz model below [25]:

H = P x exp{—exp[((Rm x e))/P x (A—t) +1]} 4)
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H is the estimated hydrogen production (mL), P is the hydrogen production potential
(mL), Rm is the maximum hydrogen production rate (mL/h), A is the lag phase (h), t is the
time (h), and e is 2.7182 [25].

3. Result and Discussion
3.1. Extracted Oil from SCGs

In general, oil extraction from oilseed includes press extraction and organic solvent ex-
traction. The organic solvent extraction method was selected because SCGs are not suitable
for the press extraction method as they are finely ground. Solvents used for oil extraction
include n-hexane, ethanol, methanol, pentane, acetone, and isopropanol [26,27]. According
to Al-Hamamre et al. and Pichai et al., various solvents were used to extract SCGs oil,
and relatively high yields were found when n-hexane was used [26-28]. According to
Efthymiopoulos et al., the amount of SCGs and n-hexane and extraction time used were
25 g,200 mL, and 1.5 h, respectively [29].

The total weight of the cellulose filter and SCGs was 30.05 g (Table 1). The total weight
of the dried cellulose filter and SCGs after oil extraction was 26.43 g, and the SCGs weight
variation was 3.62 g. The mixture of n-hexane and SCGs oil was fractionally distilled,
and the concentrated SCGs oil was 4.03 g. There was a difference of 0.41 g between the
concentrated SCGs oil and the SCGs weight variation. It was found that about 10.4% of
n—hexane in SCGs oil remained even after fractional distillation (data not shown). Therefore,
it is important to select strains that can operate efficiently considering that n—hexane is
known to be toxic to a relatively large number of bacterial species [30].

Table 1. Conditions of spent coffee grounds oil and yield.

Fractional Distillation of

Extraction Conditions of SCGs Oil Extracted SCGs Oil Oil Yield
Hexane 200 mL SCGs oil 403 g Filter + SCGs 2643 ¢
SCGs 25.00 g Operation time 0.5h Weight of SCGs extract 3.62¢g
Cellulose filter 505¢g Temperature 50 °C Residual n-hexane 041¢g
Operation time 15h Rotation 50 rpm Oil yield 14.46%

The SCGs oil extraction yield was 14.4%, and the fat content in the SCGs was 14.9%
based on the dry weight (Table 2). Based on these figures, the oil extraction rate was 97.0%.
The results of analyzing the components of SCGs oil through GC/MS and GC showed that
the SCGs consisted of 34.1% palmitic acid, 16.8% stearic acid, 10.3% oleic acid, and 38.8%
linoleic acid (Supplementary Figure S1). Other studies found that oil accounted for 10-15%
of SCGs [29,31]. One of those studies showed that SCGs oil consists of palmitic acid, stearic
acid, oleic acid, and linoleic acid [29], which are the same components as for the SCGs used
in the present experiment. There was a difference in o0il content and composition ratio,
and this is believed to be because of different coffee production areas. A large amount of
coffee oil was extracted and then sterilized and refrigerated for use in the next experiment.
According to previous studies conducted by Al-Hamamreet et al. and others, 14.7% [26]
and 15.28% [27] were extracted for 30 min using the Soxhlet extractor. Similar to this study,
it was shown that the entirety of the oil in SCGs could be recovered. In addition, although
there was a difference in content of fatty acids in SCGs oil at various studies, most of them
were palmitic acid, linoleic acid, oleic acid, and stearic acid, showing that they were similar
to the results of this study [26].
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Table 2. Chemical composition of spent coffee grounds.

Analysis Items Results Units
Carbohydrates 62.7 g/100 g
Proteins 12.8 g/100 g
Fats 13.5 g/100 g
Ash 1.6 g/100 g
Moisture 9.4 g/100 g

3.2. Hydrolysis of Oil Extracted-SCGs

For hydrogen production experiments, hydrolysis was performed using OESCGs. The
OESCGs were hydrolyzed under conditions derived from previous experiments (S/L ratio
10% (w/w), HpSO4 1.0% (w/w), 130 °C, and 1 h). The hydrolysis results of general SCGs
and OESCGs are shown in Figure 1, and the total sugar concentration of the OESCGH was
32.26 g/L (Figure 1A). This is about 15.4% higher than that for the SCGH (27.96 g/L).

25 35 1.0 35
Glucose s Formate
Galactose d Acetate
=5 s Arabinose e W Propionate
= 20 - WEE Mannose r33 0.8 e 3.0
K] ®  Total sugar concentration ° 8 Lewvulinic acid —_
c s 3
. 5 ® Total SCFA =
= - i ot
@© 15 r31 e = 064 25
£ g 2 m
] c < 8]
o Q n
S0 t2e & Ooa 20 =
©
- g 7 3
[ u 3 =
g) [z
%] 5 ra7 E 0.2 15
o
I | :
0 = T 25 0.0 T 1.0
C SCGH O.E.SCGH D SCGH OE.SCGH
0.30 05 35
Furf Total sugar
‘ ® TotalF — - Total SCFA
0.25 4 uran derival J 30 | mem Total Furan
= 04 2
= o 25 4
20201 9
© ®
E = 20
5015 03 3 B
w ° °
e 15 4
w g
=1
=010 =
10 028 101
8
0.05 4 5
0.00 T T 0.1 0 T T
NC O.E.SCGH SCGH O.E.SCGH

Figure 1. Comparison of spent coffee grounds hydrolysate (SCGH) and oil-extracted spent coffee
grounds hydrolysate (OESCGH). (A) sugar composition; (B) SCFA composition; (C) furan derivatives
composition; and (D) composition of sugar, SCFA and furan derivatives.

In addition, this was similar to the amount when the S/L ratio was 20% (w/w) and
H,S04 1.0% (w/w) (35.93 g /L), which is thought to be because of an increase in carbohy-
drate content after oil is extracted. The carbohydrate content of dried SCGs was 69.2%
(Table 2), while that of OESCGs was 80.8% (=69.2/[100 — 14.4] x 100).

Comparing the sugar concentration with other studies, Obruca et al. reported that the
total sugar concentration was 50.1 g/L under the conditions of 1% H;SOy4, 121 °C, 90 min,
and 15% of the S/L ratio [9]. Hudeckova, Helena, et al. showed 23.86 g/L under the
conditions of 2.7% H,SOy, 121 °C, 15 min, and 10% S/L ratio [32]. It was confirmed that the
sugar recovery rate varies depending on H,SO, concentration, reaction time, and S/L ratio.
It was verified that our experimental conditions recovered a relatively high concentration
of sugar even that H;SO4 and S/L ratios were less than the previous experiments.
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Furthermore, the monosaccharide recovery rate compared with the carbohydrate
content of SCGs (69.2%) was 40.4%, and that of the OESCGs (80.8%) was 39.9%. It was also
found that the ratio (3.1:6.9) of galactose and mannose, which are the main sugars of the
SCGH, remained the same as that of the general SCGs hydrolysis (3.1:6.9). These results
show that hydrolysates of the same composition with higher sugar concentrations can be
obtained through oil extraction.

The concentration of short chain fatty acids (SCFAs) tended to be increased, similar to
the sugar concentration, with the SCFA concentration of the OESCGH at 2.61 g/L, higher
than that of the SCGH (1.86 g/L), whereas the concentrations of the furan derivatives were
0.27 g/L and 0.28 g/L, respectively, with no increasing tendency (Figure 1B,C). This result
is similar to that of the previous hydrolysis for each S/L ratio where SCFAs tended to
increase as the S/L ratio increased.

It is known that the concentration of furan derivatives that inhibits the growth of
microorganisms is low, and it has been shown that bacterial growth is inhibited above
0.5 g/L 5-hydroxyl methyl furfural or above 2.0 g/L furfural [33,34]. In the SCGs hy-
drolysate, furan derivatives were produced at a concentration that did not cause inhibition
of microbial growth, so the post-treatment process could be omitted. The above inhibitors
generated during biomass hydrolysis are removed through physico—chemical processes
such as adsorption using powdered activated carbon. This leads to an increase in process
costs. Such a post-treatment process is not required for the SCGH; therefore, it provides
process advantages and may be used as an ideal substrate.

3.3. Bio—Hydrogen Production Using Oil-Extracted SCGs Hydrolysate

Hydrogen production experiments were conducted using the SCGs hydrolysates
prepared above, and hydrogen productivity determined for the SCGs hydrolysates from
general SCGs and OESCGs (Figure 2). When using the OESCGH, the lag time was shorter
and the bio-hydrogen production was higher than when using the SCGH (Figure 2A-C).
Lag time was 4.8 h and 6.1 h, respectively, and hydrogen production was 181.19 mL and
136.58 mL, respectively, in OESCGH and SCGH media. However, there was no significant
difference in hydrogen production yield.
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Figure 2. Comparison of dark fermentation productivities based on SCGH, OESCGH media (10 g/L
of sugar concentration). (A) biogas profile; (B) hydrogen profile; (C) production amount of biogas
and hydrogen, and hydrogen yield; and (D) VFA production and sugar consumption.
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There was a large difference in VFA production and sugar consumption between
SCGH and OESCGH (Figure 2D). In OESCGH media, the consumed sugar concentration
was 6.77 g/L, 33.0% higher than in SCGH media (5.09 g/L). VFA production increased
with OESCGH (3.58 g/L) by 40.9% compared with SCGH (2.54 g/L). Although OESCGH
media showed a fast lag time, high production of hydrogen and VFA, and high sugar
consumption, it seems that the yield was similar to that of the SCGH media and this was
because of the input amount of the hydrolysate.

When producing RCM-based media, each hydrolysate was added so that the total
sugar concentration was 10 g/L. Accordingly, relatively less was added for the volume of
OESCGH because OESCGH had a high sugar concentration. Although sugar concentrations
were the same in each medium, there were differences in the amounts of SCFA, furan
derivatives, and H>,SOy. One of these factors is believed to have caused the difference in
productivity. When SCGH and OESCGH were put in the RCM media in the same volume,
there was no significant difference in hydrogen production, sugar consumption, or lag
time (Figure 3). Accordingly, the difference in productivity seems to be because of the
concentration of sulfate ion from the H,SO4 and buffer capacity. In summary, OESCGH
has a high sugar concentration, which can induce cost reductions and play a good role in
increasing productivity. In addition, it shows a high yield compared to various biomass
used in the production of bio-hydrogen, although there may be differences depending
on the fermentation conditions (Table 3). It is estimated due to the different composition
of hydrolystates, because most lignocellulose biomass has glucose, xylose, and arabinose
as the main sugar components, but SCGs hydrolysates are mainly composed of mannose
and galactose.
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Table 3. Comparisons of hydrogen productivities using various biomass.

. H; Yield
Biomass Carblghii:? tz:: the Organism (mol-Hy/mol-Consumed or References
ydroly Added Sugar)
Glucose, Xylose, . .
Sugarcane bagasse Arabinose Clostridium butyricum 1.73 [14]
. Clostridium butyricum
Rice straw Xylose CGS5 0.76 [15]
Oil palm empty fruit Enterobacter sp.
bunch Glucose, Xylose KBH6958 1.68 [16]
Glucose. Xvlose Thermoanaerobacterium
Corn stover s Y088, thermosaccharolyticum 2.24 [17]
Arabinose
W16
Oil-extracted spent Glucose, Galactose, Clostridium butyricum 237 This study

coffee grounds

Mannose, Arabinose

3.4. Nitrogen Sources and C/N Ratio Balance Comparison

Generally, the PHA accumulation pathway is triggered when the carbon source is
sufficient, but nitrogen sources are limited [35]. Considering that SCGs oil exists as micelles
during fermentation and is utilized by the 3-oxidation pathway, selection of proper nitro-
gen sources is important. Thus, six different nitrogen sources (ammonium chloride, yeast
extract, beef extract, peptone, soybean extract, and urea) were evaluated at concentrations
of 0.1% and 0.5%, along with 2% of SCGs oil in M9 minimal media. Ammonium chloride,
peptone, and urea showed high cell growth, in the range of 2.6~3.1 g/L of CDW, compared
with the other nitrogen sources; most of the nitrogen sources showed similar PHA produc-
tion in the range of 0.42~0.51 g/L at 0.1% concentration, except yeast extract (Figure 4A).
While ammonium chloride and beef extract showed higher cell growth at 3.0 g/L and
3.4 g/L, respectively, compared with the other nitrogen sources, at 0.5% concentration beef
extract provided slightly better production of PHA at 0.6 g/L compared with 0.5 g/L of
PHA produced with ammonium chloride (Figure 4B). Yeast extract showed a negative
effect on PHA production, while it was confirmed that P. resinovorans produced PHA with
ammonium chloride even without a complex media component.

To investigate the C/N ratio balance when the SCGs oil is used as a carbon source, am-
monium chloride was used with concentrations in the range of 0.01 to 1%. Cell growth and
PHA production increased up to 0.5% ammonium chloride, reaching 3.0 g/L and 0.5 g/L,
respectively (Figure 5). However, with 1% ammonium chloride, cell growth and PHA
production were both reduced dramatically. It may be that excessive nitrogen exposure
triggered nitrogen regulatory proteins that had a negative effect on cell growth metabolism,
or there may be an effect on the 3-oxidation pathway in Pseudomonas species [36,37].
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3.5. Fed-Batch Culture for PHA Production

Application of a fed-batch strategy to increase PHA productivity was proved by many
other related studies [38—40]. Therefore, P. resinovorans was cultured with an optimized
C/N balance on a flask scale, and cell growth and PHA production monitored (Figure 6A).
Cell growth during the fermentation reached 2.7 g/L after 24 h and 7.9 g/L after 72 h.
While PHA production tended to increase steadily, increasing to 0.75 g/L after 24 h and
2.4 g/L after 72 h, PHA content was maintained at around 30%. It may be that knock-out of
PHA-degrading enzymes such as phaZ or optimization of the PHA accumulation pathway
is required in order to increase the PHA content further.
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Figure 6. 10 L scale jar fermentation for PHA production. (A) P. resinovorans was cultured with 2%
of SCGs oil initially added as the sole carbon source on a 250 mL flask scale; and (B) P. resinovorans
was cultured with 2% of SCGs oil initially added as the sole carbon source and 5% of SCGs oil fed
sequentially after 4 and 18 h during the cultivation on a 10 L jar fermenter scale.

The fed-batch culture was performed through pulse feeds on a 10 L scale jar fermenter.
In particular, considering the long lag phase of P. resinovorans with the flask scale, 5% SCGs
oil was added after 4 h to boost cell growth, and the same concentration of SCGs o0il was
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then added at 18 h. From the results, it was confirmed that the lag phase was much shorter
than with the flask scale, and CDW reached 4.4 g/L at 12 h and 5.4 g/L at 24 h of the
fermentation (Figure 6B). In addition, PHA production increased at the same time as the
growth phase, increasing from 0.6 g/L at 12h to 1.6 g/L at 24 h. The PHA content increased
to 29.5% within 24 h and remained constant. It is believed that the reason for the decrease
in the lag phase was because of pH and DO adjustment.

Compared with previously-reported results of PHA production using SCGs oil, it
found carbon sources to be effective in mcl-PHA production (Table 4). However, produced
amount mcl-PHA is relatively low than PHB, it is estimated that development of strain in
genetic or metabolic engineering level is required to improve PHA production.

Table 4. Production of various PHA using SCGs oil.

PHA Concentration

Organism Polymer CDW (g/L) PHA Contents (%) (e/L) References
Cupriavidus necator
PHB 55.0 89.1 494 [41]
Hieé
Cupriavidus necator
DSM 428 PHB 16.7 78.4 13.1 [42]
Ralstonia eutropha
Re2133 P(3HB-co-3HHXx) 0.93 69 0.64 [43]
Pseudomonas Mcl-PHA 5.4 295 1.6 This study

resinovorans

3.6. Physical Properties of Produced PHA

Differential Scanning Calorimetry (DSC) was used to investigate the thermal properties
of mcl-PHA, including the glass transition temperature (Tg), melting temperature (Tm),
crystallization temperature (Tc), and melting enthalpy (AHm). The results obtained for
the scl-co-mcl-PHA were Tg = —59.79 °C and Tc = 86.8 °C with AHm = 38.6 J/g, and
Tm =11.239 °C with AHm = 41.2 J /g (Supplementary Figure S2).

The thermal characteristics of our mcl-PHA differed both in Tm and Tg from those
of the previously-reported mcl-PHA from Pseudomonas sp. PAMC28620, composed of
poly(25.5% 3HO-co-52.1% 3HD-co-5.7% 3HdD-co-16.7% 3HtD) with Tm = 172.8 °C,
Tg =3.99 °C, and Tc = 54.61 °C [44]. The thermal properties also differed from those
of the mcl-PHA from Pseudomonas sp. MPC6. Composed of poly(89.5% 3HB-co-1.8%
3HHx-c0-3.3% 3HO-co-4.4% 3HD-co-1.1% 3HdD) with Tm = 163.5 °C, Tg = 2.3 °C, and
Tc =46.0 °C [45].

As highly crystalline polymers have limited application in industrial and medical
fields [46], the mcl-PHA from P. resinovorans may have potential in applications that re-
quire a sticky and relatively low-temperature modeling polymer, as well as one that
is biodegradable.

The molecular weight of the obtained PHA was characterized by Gel Permeation
chromatography (GPC), which demonstrated a retention time peak start at 14.07 min,
peak maximum at 15.86 min, and peak end at 18.93 min (Supplementary Figure S3). The
mcl-PHA had average values, with a number average molecular weight (Mn) of 60,424,
weight average molecular weight (Mw) of 114,093, Z-average (Mz) of 177,428, and viscosity
average molar mass (Mv) of 105,309. The high polydispersity index value was because
of the various monomer unit compositions and breakdown of the polymer in the sample
preparation steps. The physical properties of the mcl-PHA produced by P. resinovorans
differed from PHAs produced by other species [47]. Therefore, we hypothesize that the
mcl-PHA has potential applications in the biomedical field or similar industries.

3.7. Mass Balance of Spent Coffee Grounds to Bio-Hydrogen and PHA

The mass balance was calculated on a carbohydrate basis to confirm the chemical
oxygen demand (COD) reduction of SCGs (Figure 7). The 738 g COD of carbohydrates
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of the initial SCGs was reduced to 444 g COD in the residue. Then, hydrogen and PHA
were produced. Hydrogen was 279 mL/g COD-consumed sugar, which showed higher
productivity than the 115 mL-CH, /g COD using SCG hydrolysates reported in another
anaerobic fermentation study [48]. In addition, the amount of PHA produced was 14 g/ kg
SCG oil, which is a relatively low amount.

Carbohydrates 692 g
(=738 2COD) Spent coffee

Proteins 141 g
Fats 149 ¢ grounds (SCGs)

Ashl8g 1kg
Caffeine 4.4 g
Oil extracti -H SCGs Oil
extraction by n-Hexane _ i N PHA
Ll L
(5161 970%) Production
A 4 Linoleic acid 38.8% 14 g-PHA /kg-SCGs oil
Carbohydrates 692 g ls’:ﬁ:‘; :::dl .;48 ;6%
] Sl Ol extracted Oleic acid 10. 3‘%
Proteins 141 .32
Fais § i SCGs Caffeine 0.08 g (0.56 mg/ g-SCGs oil)

Ash18g 856¢g

Caffeine 4.32 g
Hydrolysls R Hydrolysates H production
> 329g/7L b 29525 mL-Hy/
1% H,S0;, 10% S/L ratio (Sugar -+ g-Consumed sngar
36.4g CODIL)
Y Carbohydrates 276 g (39.4 g/kg-SCGH) 2.37 mol-Hy/mol-Consumed sugar
(=294 g COD) or 279 mI-H,/g COD-Consumed sugar
Cﬂ'bn'iyfm"! &1;)! Proteins 48 g (6.8 g/ kg-SCGH) or 19.6% (g COD-H,/g COD-Consumed sugar)

(_pmteigns 03 ; Residues Fats 5 g (0.7 ¢/ kg-SCGH) Caffeine 3.15g (0.15 mg/ g-Effluent)

Ash 18 g 527¢g Caffeine 3.43 g (0.49 mg/ g-SCGH)
Caffeine 0.89 g

Figure 7. Mass balance of coffee grounds to bio-hydrogen and PHA.

It is believed that this amount could be increased later through optimization of the
culture process and production process. One of the important constituents in coffee is
caffeine. Gokulakrishnan et al. reported that caffeine concentrations above 2.5 mg/mL can
affect microbial growth [49]. Accordingly, it is necessary to reduce the amount of caffeine
in SCGs. As shown by the mass balance, 80% of caffeine was removed in the residues.

However, after dark fermentation for hydrogen production, caffeine in effluent was
0.15mg/g, which is about 6.5 times higher than the caffeine concentration of 23 mg/L at
a sewage treatment plant in Seoul [50]. Caffeine did not cause a decrease in productivity
during the hydrogen production process, but the amount of caffeine decomposition was
very small. Therefore, it is necessary to establish a caffeine adsorption and removal facility
in the post-treatment process when the operation is on an industrial scale.

4. Conclusions

This study produced eco—friendly energy and biodegradable plastics to induce the val-
orization of SCGs that are produced in large quantities every year. For bioplastic production,
97% oil was extracted from total oil in the SCGs. OESCGs were hydrolyzed and showed
a sugar concentration of 32.26 g/L. OESCGH exhibited a low inhibitor concentration,
and the post-treatment process could be omitted. Hydrogen production was 15% higher
than that of SCGH. This shows that the process of extracting oil is more advantageous in
the next utilization step. The extracted oil was used as a substrate for PHA production.
P. resinovorans, which can use n-hexane remaining in the oil, produced 5.6 g/L of CDW and
29.7% of PHA content at 24 h in a fed-batch culture. In summary, it was shown that waste
disposal costs can be reduced by performing both processes to increase the utilization of
SCGs that were previously only hydrolyzed or had oil extracted. In addition, hydrogen
and PHA were produced as useful resources. These results show that fossil fuel-energy
and petroleum-based plastics can be replaced and enable the proposal of an environmental
resource circulation model.

77



Polymers 2023, 15, 681

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/polym15030681/s1, Figure S1: Qualitative and quantitative
analysis of spent coffee grounds oil (A) GC/MS graph of qualitative analysis (B) composition of fatty
acids in SCGs oil; Figure S2: Differential scanning calorimetry results of mcl-PHA; Figure S3: Gel
permeation chromatography result of mcl-PHA.

Author Contributions: Conceptualization, B.-]. K., ].-M.]. and ].-].Y.; methodology, S.K.B., D.-H.K.
and Y.-H.Y,; validation, B.-]. K., ].-M.J., S.J. and J.-].Y,; investigation, ]J.-M.]., D.-H.K. and S.J.; data
curation, B.-J.K. and J.-M.].; writing—original draft preparation, B.-].K. and J.-M.].; writing—review
and editing, S.K.B., D.-H.K. and Y.-H.Y.; supervision, J.-].Y.; project administration, J.-J.Y.; funding
acquisition, J.-J.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant
funded by the Korean government (Ministry of Science and ICT or MSIT; NRF-2020R1A2C2102381)
and R&D Program of MOTIE/KEIT [grant number 20018072].

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. ICO (International Coffee Organization, London, UK). Coffee Production by Exporting Countries. 2021. Available online:
https:/ /www.ico.org/ (accessed on 12 December 2022).

2. Korea Cumstoms Service Home Page. Import and Export Trade Statistics of Coffee (by HS Code [0901]). 2021. Available online:
https:/ /unipass.customs.go.kr/ets/index_eng.do (accessed on 30 November 2022).

3. Mantell, C.L. Solid Wastes: Origin, Collection, Processing, and Disposal; John Wiley & Sons: Hoboken, NJ, USA, 1975.

4. Tun, M.M.; Raclavskd, H.; Juchelkova, D.; Rtzi¢kova, J.; Safa¥, M.; Strbova, K.; Gikas, P. Spent coffee ground as renewable energy
source: Evaluation of the drying processes. |. Environ. Manag. 2020, 275, 111204. [CrossRef] [PubMed]

5. Kim, D.-H,; Jo, L-S.; Kang, B.-J.; Lee, B.-D.; Kumar, S.; Kim, S.-H.; Yoon, J.-J. Evaluation of bio-hydrogen production using rice
straw hydrolysate extracted by acid and alkali hydrolysis. Int. |. Hydrogen Energy 2022, 47, 37385-37393. [CrossRef]

6. Tsai, Y.-C.; Du, Y.-Q.; Yang, C.-F. Anaerobic biohydrogen production from biodetoxified rice straw hydrolysate. J. Taiwan Inst.
Chem. Eng. 2021, 123, 134-140. [CrossRef]

7. Park, ].-H,; Yoon, J.-]; Park, H.-D.; Kim, Y.J.; Lim, D.J.; Kim, S.-H. Feasibility of biohydrogen production from Gelidium amansii.
Int. ]. Hydrogen Energy 2011, 36, 13997-14003. [CrossRef]

8. Kwon, E.E.; Yi, H,; Jeon, Y.J. Sequential co-production of biodiesel and bioethanol with spent coffee grounds. Bioresour. Technol.
2013, 136, 475-480. [CrossRef]

9. Obruca, S.; Benesova, P; Petrik, S.; Oborna, J.; Prikryl, R.; Marova, I. Production of polyhydroxyalkanoates using hydrolysate of
spent coffee grounds. Process Biochem. 2014, 49, 1409-1414. [CrossRef]

10. Lopez-Linares, J.C.; Garcia-Cubero, M.T.; Coca, M.; Lucas, S. Efficient biobutanol production by acetone-butanol-ethanol
fermentation from spent coffee grounds with microwave assisted dilute sulfuric acid pretreatment. Bioresour. Technol. 2021,
320, 124348. [CrossRef]

11.  Mata, T.M.; Martins, A.A.; Caetano, N.S. Bio-refinery approach for spent coffee grounds valorization. Bioresour. Technol. 2018, 247,
1077-1084. [CrossRef]

12.  doSul, J.A.L; Costa, M.E. The present and future of microplastic pollution in the marine environment. Environ. Pollut. 2014, 185,
352-364. [CrossRef]

13.  Kemp, L.; Xu, C.; Depledge, J.; Ebi, K.L.; Gibbins, G.; Kohler, T.A.; Rockstrom, J.; Scheffer, M.; Schellnhuber, H.].; Steffen, W.
Climate Endgame: Exploring catastrophic climate change scenarios. Proc. Natl. Acad. Sci. USA 2022, 119, €2108146119. [CrossRef]

14. Pattra, S.; Sangyoka, S.; Boonmee, M.; Reungsang, A. Bio-hydrogen production from the fermentation of sugarcane bagasse
hydrolysate by Clostridium butyricum. Int. ]. Hydrogen Energy 2008, 33, 5256-5265. [CrossRef]

15. Lo, Y.C.; Lu, W.C,; Chen, C.Y,; Chang, J.S. Dark fermentative hydrogen production from enzymatic hydrolysate of xylan and
pretreated rice straw by Clostridium butyricum CGS5. Bioresour. Technol. 2010, 101, 5885-5891. [CrossRef] [PubMed]

16. Abdul, PM,; Jahim, ].M.; Harun, S.; Markom, M.; Lutpi, N.A.; Hassan, O.; Balan, V.; Dale, E.B.; Nor, M.T.M. Effects of changes
in chemical and structural characteristic of ammonia fibre expansion (AFEX) pretreated oil palm empty fruit bunch fibre on
enzymatic saccharification and fermentability for biohydrogen. Bioresour. Technol. 2016, 211, 200-208. [CrossRef] [PubMed]

17.  Cao, G.; Ren, N.; Wang, A ; Lee, D.-J.; Guo, W.; Liu, B.; Yujie, F.,; Qingliang, Z. Acid hydrolysis of corn stover for biohydrogen

production using Thermoanaerobacterium thermosaccharolyticum W16. Int. |. Hydrogen Energy 2009, 34, 7182-7188. [CrossRef]

78



Polymers 2023, 15, 681

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Kourmentza, C.; Placido, J.; Venetsaneas, N.; Burniol-Figols, A.; Varrone, C.; Gavala, H.N.; Reis, M.A. Recent advances and
challenges towards sustainable polyhydroxyalkanoate (PHA) production. Bioengineering 2017, 4, 55. [CrossRef] [PubMed]
Kourmentza, C.; Kornaros, M. Biotransformation of volatile fatty acids to polyhydroxyalkanoates by employing mixed microbial
consortia: The effect of pH and carbon source. Bioresour. Technol. 2016, 222, 388-398. [CrossRef]

Lopez, N.L; Pettinari, M.J.; Nikel, P.I; Méndez, B.S. Polyhydroxyalkanoates: Much more than biodegradable plastics. Adv. Appl.
Microbiol. 2015, 93, 73-106.

Wang, S.; Chen, W.; Xiang, H.; Yang, J.; Zhou, Z.; Zhu, M. Modification and potential application of short-chain-length
polyhydroxyalkanoate (SCL-PHA). Polymers 2016, 8, 273. [CrossRef]

Ciesielski, S.; Mozejko, J.; Przybytek, G. The influence of nitrogen limitation on mcl-PHA synthesis by two newly isolated strains
of Pseudomonas sp. J. Ind. Microbiol. Biotechnol. 2010, 37, 511-520. [CrossRef]

Jeon, J.-M,; Park, S.-J.; Son, Y.-S.; Yang, Y.-H.; Yoon, J.-]. Bioconversion of Mixed Alkanes to Polyhydroxyalkanoate by Pseudomonas
resinovornas: Upcycling of Pyrolysis Oil from Waste-Plastic. Polymers 2022, 14, 2624. [CrossRef]

Bhatia, S.K.; Gurav, R.; Choi, T.-R,; Jung, H.-R.; Yang, S.-Y.; Song, H.-S.; Kim, Y.-G.; Yoon, ].-J.; Yang, Y.-H. Effect of synthetic and
food waste-derived volatile fatty acids on lipid accumulation in Rhodococcus sp. YHY01 and the properties of produced biodiesel.
Energy Convers. Manag. 2019, 192, 385-395. [CrossRef]

Wang, J.; Wan, W. Factors influencing fermentative hydrogen production: A review. Int. |. Hydrogen Energy 2009, 34, 799-811.
[CrossRef]

Somnuk, K.; Eawlex, P,; Prateepchaikul, G. Optimization of coffee oil extraction from spent coffee grounds using four solvents
and prototype-scale extraction using circulation process. Agric. Nat. Resour. 2017, 51, 181-189. [CrossRef]

Al-Hamamre, Z.; Foerster, S.; Hartmann, F.; Kroger, M.; Kaltschmitt, M. Oil extracted from spent coffee grounds as a renewable
source for fatty acid methyl ester manufacturing. Fuel 2012, 96, 70-76. [CrossRef]

Pichai, E.; Krit, S. Optimization of solid-to-solvent ratio and time for oil extraction process from spent coffee grounds using
response surface methodology. ARPN J. Eng. Appl. Sci. 2015, 10, 7049-7052.

Efthymiopoulos, I.; Hellier, P.; Ladommatos, N.; Kay, A.; Mills-Lamptey, B. Effect of solvent extraction parameters on the recovery
of oil from spent coffee grounds for biofuel production. Waste Biomass Valorization 2019, 10, 253-264. [CrossRef]

He, S;;Ni, Y,; Lu, L.; Chai, Q.; Yu, T,; Shen, Z.; Yang, C. Simultaneous degradation of n-hexane and production of biosurfactants
by Pseudomonas sp. strain NEE2 isolated from oil-contaminated soils. Chemosphere 2020, 242, 125237. [CrossRef]

Phimsen, S.; Kiatkittipong, W.; Yamada, H.; Tagawa, T.; Kiatkittipong, K.; Laosiripojana, N.; Assabumrungrat, S. Oil extracted
from spent coffee grounds for bio-hydrotreated diesel production. Energy Convers. Manag. 2016, 126, 1028-1036. [CrossRef]
Hudeckova, H.; Neureiter, M.; Obruca, S.; Fruhauf, S.; Marova, I. Biotechnological conversion of spent coffee grounds into lactic
acid. Lett. Appl. Microbiol. 2018, 66, 306-312. [CrossRef]

Kim, D.-H.; Yoon, J.-].; Kim, S.-H.; Park, J.-H. Effect of conductive material for overcoming inhibitory conditions derived from red
algae-based substrate on biohydrogen production. Fuel 2021, 285, 119059. [CrossRef]

Haroun, B.M.; Nakhla, G.; Hafez, H.; Nasr, FEA. Impact of furfural on biohydrogen production from glucose and xylose in
continuous-flow systems. Renew. Energy 2016, 93, 302-311.

Jeon, ].M.; Brigham, C.J.; Kim, Y.H.; Kim, H.J.; Yi, D.H.; Kim, H.; Rha, C.; Sinskey, A.J.; Yang, Y.H. Biosynthesis of poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) (P(HB-co-HHXx)) from butyrate using engineered Ralstonia eutropha. Appl. Microbiol.
Biotechnol. 2014, 98, 5461-5469. [CrossRef] [PubMed]

Hervas, A.B.; Canosa, I; Little, R.; Dixon, R.; Santero, E. NtrC-dependent regulatory network for nitrogen assimilation in
Pseudomonas putida. ]. Bacteriol. 2009, 191, 6123-6135. [CrossRef] [PubMed]

Hervas, A.B.; Canosa, I.; Santero, E. Transcriptome analysis of Pseudomonas putida in response to nitrogen availability. J. Bacteriol.
2008, 190, 416-420. [CrossRef] [PubMed]

Borrero-de Acuna, ].M.; Rohde, M.; Saldias, C.; Poblete-Castro, I. Fed-Batch mcl- Polyhydroxyalkanoates Production in Pseu-
domonas putida KT2440 and DeltaphaZ Mutant on Biodiesel-Derived Crude Glycerol. Front. Bioeng. Biotechnol. 2021, 9, 642023.
[CrossRef]

Ochoa, S.; Garca, C.; Alcaraz, W. Real-time optimization and control for polyhydroxybutyrate fed-batch production at pilot plant
scale. J. Chem. Technol. Biotechnol. 2020, 95, 3221-3231. [CrossRef]

Blunt, W.; Gaugler, M.; Collet, C.; Sparling, R.; Gapes, D.J.; Levin, D.B.; Cicek, N. Rheological Behavior of High Cell Density Pseu-
domonas putida 1.546 Cultures during Production of Medium Chain Length Polyhydroxyalkanoate (PHA) Polymers. Bioengineering
2019, 6, 93. [CrossRef]

Obruca, S.; Petrik, S.; Benesova, P.; Svoboda, Z.; Eremka, L.; Marova, I. Utilization of oil extracted from spent coffee grounds for
sustainable production of polyhydroxyalkanoates. Appl. Microbiol. Biotechnol. 2014, 98, 5883-5890. [CrossRef]

Cruz, M.V,; Paiva, A ; Lisboa, P; Freitas, F.; Alves, V.D.; Simoes, P; Barreiros, S.; Reis, M.A. Production of polyhydroxyalkanoates
from spent coffee grounds oil obtained by supercritical fluid extraction technology. Bioresour. Technol. 2014, 157, 360-363.
Bhatia, S.K.; Kim, ].H.; Kim, M.S.; Kim, J.; Hong, ] W.; Hong, Y.G.; Kim, H.J.; Jeon, ].M.; Kim, S.H.; Ahn, ].; et al. Production of
(3-hydroxybutyrate-co-3-hydroxyhexanoate) copolymer from coffee waste oil using engineered Ralstonia eutropha. Bioprocess
Biosyst. Eng. 2018, 41, 229-235. [CrossRef]

79



Polymers 2023, 15, 681

44.

45.

46.

47.

48.

49.

50.

Sathiyanarayanan, G.; Bhatia, S.K.; Song, H.S; Jeon, ].M.; Kim, J.; Lee, Y.K,; Kim, Y.G.; Yang, Y.H. Production and characterization
of medium-chain-length polyhydroxyalkanoate copolymer from Arctic psychrotrophic bacterium Pseudomonas sp. PAMC 28620.
Int. J. Biol. Macromol. 2017, 97, 710-720. [CrossRef] [PubMed]

Orellana-Saez, M.; Pacheco, N.; Costa, J.I.; Mendez, K.N.; Miossec, M.].; Meneses, C.; Castro-Nallar, E.; Marcoleta, A.E.; Poblete-
Castro, I. In-Depth Genomic and Phenotypic Characterization of the Antarctic Psychrotolerant Strain Pseudomonas sp. MPC6
Reveals Unique Metabolic Features, Plasticity, and Biotechnological Potential. Front. Microbiol. 2019, 10, 1154. [CrossRef]
[PubMed]

Luef, K.P; Stelzer, F.; Wiesbrock, F. Poly(hydroxy alkanoate)s in Medical Applications. Chem. Biochem. Eng. Q 2015, 29, 287-297.
[CrossRef] [PubMed]

Choi, T.R,; Park, Y.L.; Song, H.S.; Lee, S.M.; Park, S.L.; Lee, H.S.; Kim, H.J.; Bhatia, S.K.; Gurav, R.; Choi, K.Y.; et al. Fructose-Based
Production of Short-Chain-Length and Medium-Chain-Length Polyhydroxyalkanoate Copolymer by Arctic Pseudomonas sp.
B14-6. Polymers 2021, 13, 1398. [CrossRef] [PubMed]

Shen, M.-Y.; Huang, Z.-H.; Kuo, Y.-T.; Hsu, J.; Yang, H.-W.; Peng, C.-Y; Chu, C.-Y. Improvement of gaseous bioenergy production
from spent coffee grounds Co-digestion with pulp wastewater by physical/chemical pretreatments. Int. . Hydrogen Energy 2022,
47,40664-40671. [CrossRef]

Gokulakrishnan, S.; Chandraraj, K.; Gummadi, S.N. Microbial and enzymatic methods for the removal of caffeine. Enzym. Microb.
Technol. 2005, 37, 225-232. [CrossRef]

Choi, K.; Kim, Y,; Park, J.; Park, C.K.; Kim, M.; Kim, H.S.; Kim, P. Seasonal variations of several pharmaceutical residues in surface
water and sewage treatment plants of Han River, Korea. Sci. Total Environ. 2008, 405, 120-128. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

80



o9 polymers

Article

The Modification of Poly(3-Hydroxybutyrate-co-4-hydroxybutyrate)
by Melt Blending

Minki Jo !, Yunjae Jang 2, Eunhye Lee 2, Sooan Shin ? and Ho-Jong Kang -*

Citation: Jo, M.; Jang, Y.; Lee, E.; Shin,
S.; Kang, H.-J. The Modification of
Poly(3-Hydroxybutyrate-co-4-
hydroxybutyrate) by Melt Blending.
Polymers 2022, 14, 1725. https://
doi.org/10.3390/ polym14091725

Academic Editors: Shashi Kant

Bhatia and Jens-Uwe Sommer

Received: 31 March 2022
Accepted: 20 April 2022
Published: 23 April 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Polymer Science and Engineering, Dankook University, 152 Jukjeon-ro, Suji-gu,
Yongin-si 16890, Gyeonggi-do, Korea; mc0281@naver.com

CJ Cheiljedang Corporation, 55, Gwanggyo-ro 42beon-gil, Yeongtong-gu,

Suwon-si 16495, Gyeonggi-do, Korea; yunjae jang@cj.net (Y.J.); eunhye.lee@cj.net (E.L.);
sooanshin@gmail.com (S.S.)

Correspondence: hjkang@dankook.ac kr

Abstract: Crystalline and noncrystalline poly(3-hyroxybutylate-co-4-hyroxybutylate) (P(3HB-co-
4HB)) were melt blended to obtain mixtures of P(3HB-co-4HB) copolymers. The mixtures and
P(3HB-co-4HB) copolymers of different 4HB contents were compared to study the effect of 4HB
content on the properties of the copolymers and mixtures. P(3HB-co-4HB) copolymer mixtures,
having various 4HB content, have been successfully made by melt blending instead of bacterial
biosynthesis. In the case of copolymers, they were noncrystalline when the 4HB content was over
16%, while the P(3HB-co-4HB) mixtures at the same 4HB content were crystalline. The mixtures had
a higher glass transition temperature, suggesting that their chain mobility is relatively low compared
with the copolymer having the same 4HB content. Due to this effect, the mixture is expected to have
a higher melt viscosity and a lower loss tangent to exhibit better melt processing properties. The
mechanical properties of the mixtures show a similar behavior to the copolymers in that the tensile
strength and the modulus decreases and elongation at the break increases with an increase in the
4HB content.

Keywords: P(3HB-co-4HB); 4HB contents; mixtures; thermal properties; rheological properties;
mechanical properties

1. Introduction

Polyhydroxyalkanoate (PHA) is a biodegradable polyester produced by microor-
ganisms and has the benefit of being degradable by microorganisms under a diverse
environment [1-6] contrary to the chemically manufactured polylactic acid (PLA) [7,8]
and polybutylene succinate (PBS) [9,10]. Poly 3-hydroxybutyrate(P3HB), a typical PHA, is
highly crystalline and its crystallization rate is very slow due to its stereoregular chemical
structure. Therefore, the spherulites formed are very large and spherulite/spherulite inter-
faces are formed where fracture occurs, making it brittle [11-14]. Degradation occurs easily
above the processing temperature of 180 °C, giving it the drawback of a very narrow melt
processing window [15,16].

To resolve the drawback, control of the crystallization rate and degradation properties
by melt blending with diverse biodegradable polymers such as PLA and PBS, etc., is being
carried out [17-19]. Utilization of the chemical structure of P(3HB) to induce reactions
such as carboxylation, halogenation, hydroxylation, grafting, epoxidation, etc., by adding
diverse chemicals to control the properties through structural changes such as branching
and crosslinking, etc., is possible [20-24]. Along with this method, the most widely used
method to control the properties of P(3HB) is bacterial synthesis of diverse copolymers.
Representative copolymers are P(3HB-co-3HV) [25,26], P(S3HB-co-HDD) [27], etc., and
recently research has focused on P(3HB-co-4HB) [28-32].
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When 4HB is added to the biosynthesis of P(3HB), a P(3HB-co-4HB) copolymer is
formed and the flexibility of the 4HB segment decreases the brittle character of P(3HB) along
with decrease in the glass transition temperature, decrease in the melting temperature, and
decrease in the crystallization rate and crystallinity. When the 4HB content exceeds 20%,
the crystallization of P(3HB-co-4HB) is difficult [33], and as a result, modulus and tensile
strength decreases and elongation at break increases. Furthermore, the melt processibility
decreases significantly due to the decrease in melt viscosity and increase in the loss tangent.
Besides the effect of the 4HB segment on the physical properties of the P(3HB-co-4HB)
copolymer, the 4HB segment causes an enhancement of thermal stability of P(3HB). The
thermal degradation of P(3HB-co-4HB) occurs due to the random unzipping degradation
of 3HB, similar to P(3HB), however, 4HB is hardly activated for degradation due to the
methylene group to stop unzipping degradation [34]. The cyclization and transesterification
of degraded 4HB also results in the improvement of thermal stability of P(3HB-co-4HB).

To resolve the problem of crystallinity change and the decrease in melt processibil-
ity with an increase in 4HB content in P(3HB-co-4HB), crystalline P(3HB-co-4HB) and
noncrystalline P(3HB-co-4HB) is melt blended to prepare mixtures. The change in the
crystallization behavior and the melt processibility with an increase in 4HB content in the
mixture is compared with P(3HB-co-4HB) of similar 4HB content.

2. Experimental
2.1. Materials and Mixture Preparation

The copolymer of 3-hyroxybutyrate and 4-hyroxybutyrate, poly(3-hyroxybutylate-co-
4-hyroxybutylate), was provided by CJ Cheiljedang and their 4HB content and molecular
weights are shown in Table 1. To enhance the properties of P(3HB-co-4HB) copolymer, crys-
talline P(3HB-co-10% 4HB) and noncrystalline P(3HB-co-53.7% 4HB) were melt blended at
composition ratios of 9/1-4/6 in an internal mixer (Haake, Rheomix600, Vreden, Germany).
To minimize degradation during the melt blending process, they were blended at 140 °C
and 20 rpm for 10 min. All P(3HB-co-4HB) samples were processed in the same way to give
the same thermal history. The P(3HB-co-4HB) and P(3HB-co-4HB) mixtures thus obtained
were put in 1T thick 150 mm x 150 mm mold in a compression molding machine (QMESYS,
QM900A, Anyang, Korea) and kept at 140 °C for 2 min, pressure raised to 8 MPa, then
quenched in a water tank at 25 °C for 2 min, to prepare the 1T thick films.

Table 1. 4HB Contents and molecular weight (Myy) of P(3HB-co-4HB) used in this study.

Name 4HB (%) My (k)
P(3HB-co-2.1% 4HB) 2.1 200
P(3HB-co-10% 4HB) 10 600
P(3HB-co-16% 4HB) 16 1000

P(3HB-c0-35.6% 4HB) 35.6 580
P(8HB-c0-53.7% 4HB) 53.7 695

2.2. The 4HB Contents of P(3HB-co-4HB) Mixtures

'H NMR (Jeol, Jeol400, Tokyo, Japan) was used to determine the 4HB content of the
P(3HB-co-10% 4HB) and P(3HB-c0-53.7% 4HB) mixtures. The NMR samples were prepared
by dissolving CDCl3. The 4.1 ppm peak due to the two hydrogens on the number 8 carbon
(4HB) and the 1.25 ppm peak due to the three hydrogens on the number 4 carbon (3HB)
were compared to calculate the relative presence of the 3HB and 4HB units and calculate
the 4HB content.

2.3. Thermal Properties of P(3HB-co-4HB) Mixtures

Differential scanning calorimeter (TA, Q20, New Castle, DE, USA) was used to study
the effect of 4HB content on the thermal properties of the P(3HB-co-4HB) and P(3HB-co-
4HB) mixtures. The effect of 4HB content on the changes in the crystallization temperature
and enthalpy in the cooling stage and the glass transition temperature, melting temperature,
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and the enthalpy of melting in the second heating stage were evaluated by scanning in the
range —50~250 °C at the heating and cooling rates of 20 °C/min.

2.4. Rheological Properties of P(3HB-co-4HB) Mixtures

The rheological properties of P(3HB-co-4HB) and their mixtures were evaluated on
a rotational rheometer (TA, AR200EX, New Castle, DE, USA) with 25 mm diameter samples
in the oscillation mode at angular frequencies of 0.1~600 rad/s and the % strain set at
0.1, 3, and 5 at 140 °C, 160 °C, and 180 °C, respectively, to obtain the changes in the
complex viscosity (n*) and loss tangent (tand) with frequency change. Using obtained zero
shear viscosity (1), the curves of In(np) versus 1/T were plotted and the dependence of
P(3HB-co-4HB) and their mixtures shear viscosity on temperature can be described by the
Arrhenius equation.
In(np) = A exp (Ea/RT) 1)

where A is constant related to melt viscosity, and Ea is the activation energy for viscous flow.

2.5. Mechanical Properties of P(3HB-co-4HB) Mixtures

The tensile strength, Young’s modulus and elongation at break were measured on
a tensile tester (LLOYD, LR-30K, West Sussex, UK) with 1T thick 10 mm x 50 mm samples
gripping the top and bottom 10 mm on the jig and extending at 50 mm/min until break.

3. Results and Discussion
3.1. 4HB Contents of P(3HB-co-4HB) Mixtures

Figure 1 shows the 'H NMR spectra of the P(3HB-co-4HB) mixtures of different
blend ratios. The peak areas of the 4.1 ppm and 1.25 ppm due to 4HB and 3HB units,
respectively, change with the composition of the mixture. The 4HB contents calculated
from the 'H NMR peak areas are shown in Figure 2 along with the line for the theoretical
4HB content calculated from the blend ratios. The 4HB contents calculated from the NMR
data conform to the theoretical values calculated from the blend ratios and P(3HB-co-4HB)
mixtures, having 14.4-45% 4HB content that could be prepared. Conformance of the
data and the theoretical values suggest that there is no thermal degradation or chemical
change in the melt blending process changing the 4HB or 3HB contents. However, only
our 'H NMR results did not convince us that there was no chemical change in the melt
blending, and we may need further study to find out the light cross-linking in the copolymer
networks. At this point, the P(3HB-co-4HB) mixtures of different 4HB contents can be
obtained by melt blending, instead of by controlling the 4HB feed in bacterial biosynthesis.
From the point of view of the industrial mass production of P(3HB-co-4HB), it may be
easier and more useful to control the 4HB content in P(3HB-co-4HB) by melt blending,
instead of by bacterial biosynthesis, which involves a complex process. In the copolymer,
crystallizable 4HB exists in the main chain of crystalline P(3HB-co-4HB), whereas in the
mixtures, a blended noncrystalline P(3HB-co-4HB), having 4HB segments, coexists as
a co-domain in the crystalline P(3HB-co-4HB) domain. This difference of micro and macro
structure, between the biosynthesized copolymer and their mixture, is expected to have
a different effect on the physical properties of P(3HB-co-4HB). Our study focused on the
change of physical properties of P(3HB-co-4HB) mixtures by melt blending and compared
this with those of bacterial biosynthesis.
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Figure 1. 'H NMR spectra of P(3HB-co-4HB) mixtures.
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Figure 2. The 4HB contents of P(3HB-co-4HB) mixtures calculated from NMR data and the theoretical
line calculated from the composition.

3.2. Thermal Properties of P(3HB-co-4HB) Mixtures

The secondary heating DSC thermograms of P(3HB-co-4HB) and P(3HB-co-4HB)
mixtures are shown in Figure 3. The P(3HB-co-4HB) copolymer is crystalline only up
to 16% 4HB, while the P(3HB-co-4HB) mixtures of 4HB contents 14.4-45% all show cold
crystallization and melting peaks. P(3HB-co-4HB) is a random copolymer and the chain
randomness increases with the increase in the 4HB content to hinder the crystallization, and
it becomes noncrystalline P(3HB-co-4HB) at 4HB contents above 16%. However, in the case
of blends of crystalline P(3HB-co-4HB) and noncrystalline P(3HB-co-4HB), the increase in
4HB content does not affect the randomness of the copolymer chain and the crystallization
of the crystalline P(3HB-co-10% 4HB) is not influenced by the presence of the noncrystalline
P(3HB-co-53.7% 4HB) resulting in the appearance of the cold crystallization and melting
peaks with change in only the peak areas. This demonstrates that 4HB content, which
influences the flexibility and biodegradability of P(3HB-co-4HB) copolymers [35], can be
high while retaining the crystallinity and mechanical properties in the case of P(3HB-co-
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4HB) mixtures from melt blending. Multiple melting peaks are founded in both copolymer
and their mixtures. This can be explained by micro-phase separation behavior. The random
P(3HB-co-4HB) copolymer may have two phases, a 3HB rich area and a 4HB rich area, each
having a different melting temperature. The difference of chain flexibility results in a high

melting temperature for the 3HB rich area, and a low melting temperature for the 4HB
rich area.

4HB Contents(%)
2
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Figure 3. The DSC thermograms of: (a) P(3HB-co-4HB) and (b) P(3HB-co-4HB) mixtures (cooling
rate/heating rate; 20 °C/min).

Figure 4 shows the effect of 4HB content on the glass transition temperature, crystal-
lization temperature and enthalpy, melting temperature and enthalpy of P(3HB-co-4HB)
and P(3HB-co-4HB) mixtures. The P(3HB-co-4HB) mixtures prepared from copolymers of
different 4HB contents show a single glass transition as a result of their miscibility, and
as the 4HB content increases with increase in the composition of flexible P(3HB-c0-53.7%
4HB), a decrease in the glass transition temperature occurs. Compared to a copolymer with
similar 4HB content, a higher glass transition temperature can be seen in the mixture as the
flexibility of the mixture physically blended with the P(3HB-co0-53.7% 4HB) chain is lower
than that of the copolymer chain with the corresponding amount of 4HB units.
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The melting points of mixtures in Figure 4b exhibit negligible change in 4HB content
and the melting peak occurs at, or even above, the 4HB content of 30%, while it does not
appear in the P(3HB-c0-35.6% 4HB) copolymer. This suggests that the increase in the 4HB
content in the copolymer increases the randomness of the copolymer, while the increase
in the 4HB content in the mixture through physical mixing does not greatly affect the
crystallization of the P(3HB-co-10% 4HB) in the mixture. The appearance of the melting
peak is apparently due to the crystallization in the cooling stage. Crystallization tempera-
ture of the mixtures in Figure 4c are similar to the copolymer of equivalent 4HB content
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and crystallization enthalpy and melting enthalpy are much higher, with crystallization
occurring at 4HB contents even greater than 30% (Figure 4d,e). Therefore, crystalline P(3HB-
co-4HB) mixtures of higher 4HB content can be prepared, while crystalline P(3HB-co-4HB)
copolymer cannot be obtained at higher 4HB content.

3.3. Rheological Properties of P(3HB-co-4HB) Mixtures

The complex viscosity at 140 °C of P(3HB-co-4HB) and their mixtures are shown
in Figure 5. The complex viscosity of P(3HB-co-4HB) mixtures decrease with the shear
rate, which is representative of non-Newtonian behavior similar to the P(3HB-co-4HB)
copolymers. The complex viscosity is related with chain flexibility and molecular weight.
The complex viscosity of P(3HB-co-16% 4HB), having a higher molecular weight and 4HB
content compared to P(3HB-co-10% 4HB), is lower than that of P(3HB-co-10% 4HB). This
means that the effect of chain flexibility on complex viscosity is dominant and controls
the complex viscosity of P(3HB-co-4HB), when compared with the effect of the molecular
weight. Increasing the 4HB content in the copolymer resulted in lowering of the complex
viscosity in both the copolymer and their mixtures, however, the viscosity change in the
4HB content at a low shear rate is smaller compared to the copolymers in the case of
copolymer mixtures of higher P(3HB-co-53.7% 4HB) composition, and thus have higher
4HB contents. In the case of copolymer mixtures, the viscosity decreases due to the physical
melt blending with P(3HB-co-53.7% 4HB) having a relatively low viscosity, however, the
decrease in 4HB content is smaller compared to in P(3HB-co-4HB) copolymers where the
4HB units are in the main chain.
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Figure 5. Changes in the complex viscosity with shear rate at 140 °C: (a) P(3HB-co-4HB); (b) P(3HB-
co-4HB) mixtures.
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The changes in the viscosity at 0.1 rad /s with 4HB content of P(3HB-co-4HB) copoly-
mers and P(3HB-co-4HB) copolymer mixtures in Figure 6 show that, for same 4HB contents,
the P(BHB-co-4HB) mixtures exhibit a higher viscosity than the P(S3HB-co-4HB) copolymers.
It seems that difference in viscosity between the copolymer and their mixture is more
pronounced at a high processing temperature, due to the high chain mobility of 4HB in
the copolymer. Changes in the activation energy with 4HB content in P(3HB-co-4HB)
copolymers and P(3HB-co-4HB) copolymer mixtures, as shown in Figure 7, show that the
activation energy is highest in the case of P(3HB-co-10% 4HB), where the main chain is
relatively stiff and decreases as the content of the relatively flexible 4HB in the copolymer
increases. Activation energy in the Arrhenius equation reflects the effect of temperature on
the mobility of chain. As high activation energy reflects difficult chain motion, the data
shows that the increase in 4HB content in P(3HB-co-4HB) increases the chain flexibility.
The activation energy of the P(3HB-co-4HB) copolymer mixture also decreases with an in-
crease in the composition of the relatively flexible P(3HB-co-53.7% 4HB). Although the
copolymer exhibits a significant decrease in the activation energy at 16% 4HB content, the
copolymer mixture exhibits a linear decrease with 4HB content, suggesting that the chain
flexibility may be affected by whether 4HB and 3HB units are chemically connected or
physically mixed.
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Figure 6. Changes in the complex viscosity of P(3HB-co-4HB) and P(3HB-co-4HB) mixtures with
4HB content at 0.1 rad/s.
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Figure 7. Changes in the activation energy of P(3HB-co-4HB) and P(3HB-co-4HB) mixtures with
various 4HB content.
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The loss tangent of P(3HB-co-4HB) copolymers and P(3HB-co-4HB) copolymer mix-
tures at 140 °C, shown in Figure 8, both increase with an increase in 4HB content. The
P(3HB-co-4HB) with high 4HB content shows much less significant frequency dependence
of the loss tangent. This indicated that P(3HB-co-4HB) with a high 4HB content has a higher
elasticity. It is well known that the melt strength is related to the elasticity of polymers.
The loss tangent is known to be inversely proportional to the melt strength [36,37]. The
increase in 4HB content increases the chain flexibility and thus decreases the melt strength
to decrease the melt processibility, where pressure is applied to form the shape. As can
be seen in Figure 8, the loss tangent values of the mixtures are similar to P(3HB-co-10%
4HB), close to 1.0, although there is a slight difference depending on the composition. The
lowest loss tangent was obtained with 9/1 composition in the mixtures. The changes in
the loss tangent with the increase in the 4HB content is much smaller in the copolymer
mixtures compared with the copolymers allowing minimal change in processibility in
the case of the copolymer mixtures at the same 4HB content, suggesting that using the
copolymer mixtures instead of copolymers of the same 4HB content, is more advantageous
for melt processibility.
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Figure 8. Changes in loss tangent with shear rate at 140 °C: (a) P(3HB-co-4HB); (b) P(8HB-co-
4HB) mixtures.

Figure 9 shows the change in loss tangent with 4HB content at shear rate 0.1 rad/s
for P(3HB-co-4HB) and the copolymer mixtures at a different processing temperature. The
lower the processing temperature and the lower the 4HB content, the more the loss tangent
decreases to result in higher melt strengths and the copolymer mixtures show a lower loss
tangent compared to the copolymers, irrespective of the processing temperature or 4HB
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content. The change in the loss tangent with the increase in 4HB content or processing
temperature can be minimized by using copolymer mixtures. This is due to the higher
chemically bonded 4HB content of the P(3HB-co-4HB) copolymers, which results in a high
increase in tand and affect the processibility, while the increase in 4HB content of P(3HB-co-
4HB) mixtures, through the physical mixing of P(3HB-co-10% 4HB) and P(3HB-co0-53.7%
4HB), does not affect the processibility of P(3HB-co-10% 4HB). From this result, it is
found that the enhancement of melt processability could be obtained using P(3HB-co-4HB)
mixtures at a low processing temperature.
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Figure 9. Changes in the loss tangent of P(3HB-co-4HB) and P(3HB-co-4HB) mixtures with 4HB
content at 0.1 rad/s.

3.4. Mechanical Properties of P(3HB-co-4HB) Mixtures

Figure 10 shows the effect of 4HB content on the Young’s modulus, tensile strength, and
elongation at break of P(3HB-co-4HB) copolymers and P(3HB-co-4HB) copolymer mixtures.
The Young’s modulus and tensile strength decrease with the increase in 4HB content and
the elongation at break increases to a certain 4HB content, then decreases. It seems that
the change in the mechanical properties of P(3HB-co-4HB) and mixtures as a function of
4HB content is due to the flexibility of the 4HB chain in both crystalline P(3HB-co-4HB)
and noncrystalline P(3HB-co-4HB). This is observed in both P(3HB-co-4HB) copolymers
and P(3HB-co-4HB) copolymer mixtures. Tensile strength and Young’s modulus have an
intimate relationship with crystallinity. As the 4HB content increases, crystallinity of both
copolymers and copolymer mixtures decrease and spherulites from the crystallization of
the 3HB segments become smaller, along with the relatively low crystallization rate of the
4HB segments, which also make the spherulites smaller to decrease the interfacial area
of impingement and thus increase the elongation at break. The elongation at break of
copolymers decrease in the 4HB contents above 30%, and that of the copolymer mixtures
decrease in the 4HB contents above 25%. Above a certain composition, the increase in the
P(3HB-c0-53.7% 4HB) composition does not increase the elongation at break, but decreases
it. The optimum composition for lowering the brittle character of P(3HB-co-10% 4HB) in
this study was 7/3, however, for increasing the elongation at break, increasing the 4HB
content in P(3HB-co-4HB) copolymer was more effective compared to increasing it in the
copolymer mixtures. This suggests that the influence on the elongation at break of 4HB in
the copolymer mixtures is lower than that in the copolymers, where they are chemically
bound. The processibility of P(3HB-co-4HB) could be enhanced by preparing copolymer
mixtures, however, there is a limitation in enhancing the mechanical properties.

90



Polymers 2022, 14, 1725

Tensile Strength (MPa)

1200

®  P(3IIB-co-411B)
®  P(3HB-co-4HB) A P(3HB-co-4HB) mixiure
A P(3HB-co-4HB) mixture 1000 |- E
£ 800 -
z
%
= 600 L]
=3
: 1
=
I -gJ 400 +
x =
200 ¢ & L
&
= &
. ot s .
*
L . 0 10 20 30 40 50 60
30 40 50 60

4HB Contents (%)
4HB Contentes (%)

(a) (b)

1000

® P(3HB-co-4HB)
A P(31IB-co-411B) mixture
800 | E

600 | }
400 | }

200

Elongation at Fracture (%)

L L
0 10 20 30 40 50 60

4HB Contents (%)

(0)

Figure 10. Effect of 4HB content on the mechanical properties of P(3HB-co-4HB) mixtures: (a) tensile
strength; (b) Young’s modulus; (c) elongation at break.

4. Conclusions

The change in the properties, with variation in the 4HB content of the P(3HB-co-4HB)
copolymers and the mixtures of crystalline and noncrystalline P(3HB-co-4HB) copolymers,
have been studied. It is found that crystalline P(3HB-co-4HB), with high 4HB content,
can be prepared by melt blending. An increase in the 4HB content of P(3HB-co-4HB)
copolymers increases the flexibility of the polymer chains to decrease the glass transition
temperature and also increases the randomness to decrease the crystallinity. The P(S3HB-co-
4HB) copolymer mixtures show a higher glass transition temperature and also maintain
crystallinity compared to copolymers of the same 4HB content. An increase in the 4HB
content of P(3HB-co-4HB) copolymers decreases processibility due to a decrease in the
melt viscosity, and an increase in the loss tangent. While in the case of P(3HB-co-4HB), the
decrease in the copolymer mixtures’” melt viscosity is relatively smaller, and the increase in
the loss tangent is also smaller, such that a P(3HB-co-4HB) copolymer mixture exhibiting
a minimal decrease in the processibility with an increase in 4HB content can be prepared.
The P(3HB-co-4HB) copolymers and mixtures of crystalline and noncrystalline P(3HB-co-
4HB) both exhibited a decrease in tensile strength and Young’s modulus with an increase
in 4HB content, however, an adequate increase in the 4HB content increases the flexibility
of the polymer chains to increase the elongation at break.
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Abstract: The supercritical carbon dioxide foaming characteristics of the biodegradable polymer
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) (P(3HB-co-4HB)) are studied for environmentally
friendly packaging materials. The effect of the 4HB composition of the P(3HB-co-4HB) copolymers
on the foaming conditions such as pressure and temperature is studied and the density and the
expansion ratio of the resulting P(3HB-co-4HB) foam are together evaluated. The increase in the 4HB
content reduces the crystallinity and tan 6 value of P(3HB-co-4HB) required for the growth of the
foam cells. Therefore, the foaming temperature needs to be lower to retain a suitable tan 5 value
of P(3HB-co-4HB) for foaming. It was found that P(3HB-co-4HB) with less crystallinity showed
better formability and cell uniformity. However, foaming is not possible regardless of the foaming
temperature when the 4HB content of P(3HB-co-4HB) is over 50%, due to the high tan 5 value. A
lower foam density and higher expansion ratio can be obtained with crystalline P(3HB-co-4HB) of
low 4HB content, compared with non-crystalline P(3HB-co-4HB) of high 4HB content. The expansion
ratio of P(3HB-co-4HB) foams can be increased slightly by using a chain extender, due to the lowing
of crystallinity and tan 8. This is most effective in the case of P(3HB-co-4HB), whose 4HB content
is 16%.

Keywords: poly(3-hydroxybutyrate-co-4-hydroxybutyrate); supercritical carbon dioxide; P(3HB-co-4HB)
foams; expansion ratio; chain extender

1. Introduction

Polyhydroxyalkanoates (PHAs) are biodegradable polymers produced by microorgan-
isms and have very wide applicability as an alternative material for synthetic polymers,
which cause environmental pollution as they are degraded under diverse earth environ-
ments, contrary to other biodegradable polymers [1,2]. Due to their excellent biocompati-
bility and in vivo degradation properties, their application is being extended to medical
materials [3]. The developed PHA products are melt processed films [4,5] or foams [6] for
environmentally friendly packing material and research is being carried out regarding their
application to medical materials, such as biodegradable sutures from electrospinning [7]
and scaffolds for tissue engineering from 3D printing [8], etc.

Poly(3-hydroxybutyrate) (P3HB) was the first biodegradable polymer to be studied
among the PHAs, but had the limitation of having a narrow window for melt processing, as
thermal degradation occurs very easily [9]. Furthermore, its crystallization rate is very low,
resulting in large spherulites with the interface among these resulting in brittleness and the
crystallization continually occurs during solidification, making the stable production of
molded products difficult [10]. To overcome these problems, blending with biodegradable
polymers that are compatible with P3HB, such as polylactic acid (PLA) and polybuty-
lene succinate (PBS) [11,12], modification of the structure by branching or crosslinking
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through the addition of diverse additives [13,14], and the bacterial synthesis of copoly-
mers from biodegradable monomers [15] have been suggested. The comonomers widely
used with 3-hydroxybutyrate in the study of PHA copolymers are 3-hydroxyvalerate to
prepare poly(3-hydroxybutyrate-co-3-hydroxyvalerate) [16], 4-hydroxybutyrate to prepare
poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [17], and hydroxyhexanoate to prepare
poly(3-hydroxybutyrate-co-hydroxyhexanoate) [18].

Due to the higher price of PHAs compared with commodity polymers, they have been
considered for use in high priced medical materials, but the decrease in production costs
through mass production is resulting in higher possibilities of extending its application to
packaging material [19,20]. As a relatively smaller amount of PHA is needed to prepare
foamed material with a porous structure, the development of packaging material from PHA
using foaming agents is being carried out [21]. Polymer foams can be made by the addition
of diverse chemical foaming agents [22,23], using environmentally friendly supercritical
fluid in melt extrusion [24,25], and the introduction of supercritical fluid to beads in the solid
state to prepare foam beads [26]. Obtained foam beads can be molded by chest injection
molding [27]. There are two typical processes to produce bead foam, continuous process
and batch process using foam extrusion and autoclave, respectively. In the autoclave bead,
polymer beads are saturated with a physical blowing agent, and pressure in the autoclave is
suddenly released to expand the beads. Bead foaming is an appropriate processing method
for semi-crystalline polymers, such as polypropylene (PP) [28], polyurethane (TPU) [29],
and PLA [30]. The use of carbon dioxide supercritical fluid to maintain the environmentally
friendly nature of biodegradable polymers is reported mostly in PLA foams [31-35], and
in the case of PHA, the melt extrusion foaming of PHBV with supercritical CO; is being
carried out [36,37]. However, research on the foaming of P3HB has not been reported due to
the lack of foamability. It is necessary to develop an eco-friendly supercritical CO, process
using biodegradable P(3HB-co-4HB) with improved chain flexibility.

The effect of 4HB content in the bead foam process using supercritical CO; on the
processing conditions and the resulting structure of the foams is studied. The effect of
foaming temperature and pressure on the cell structure is studied in detail by evaluating
the foam density, expansion ratio, etc. to explore the possibilities of application of these
foams to packaging material. The effect of the addition of chain extending agents on the
foam structure is also studied.

2. Experimental

The P(3HB-co-4HB) copolymer used in this study is a biodegradable polymer produced
by CJ Cheiljedang, among which those with a 4HB content of 10-16% are confirmed to be
crystalline and those with a 4HB content of 30 or 53.7% are confirmed to be non-crystalline.
The chemical structure and 4HB content, along with molecular weights and heat of melting,
are shown in Figure 1 and Table 1, respectively. A multifunctional styrene-acrylic oligomer
(Joncryl, ADR 4370) purchased from BASF was used as a chain extender for the required
control of the viscoelasticity of P(3HB-co-4HB) in the supercritical CO, foaming process.

P(3HB-co-4HB)

Figure 1. Chemical structure of P(3HB-co-4HB).
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Table 1. Characteristics of P(3HB-co-4HB) used in this study:.

Sample Code [Polymer] Contons oy Mw() AHp () Tai(°O TmoCO)  TeCO)
PHA10 [P(BHB-co-10% 4HB)] 10 600 23.97 129.96 145.92 75.82

PHA10 with ADR(5phr) 10 600 965 11359 14196 7253
PHA10 [P(3HB-co-16% 4HB)] 16 1000 399 11582 15559 59.67

PHA10 with ADR(5phr) 16 1000 2.54 113.55 154.96 56.84
PHA10 [P(3HB-c0-30% 4HB)] 30 687 - - - -
PHA10 [P(BHB-co-50% 4HB)] 53.7 901 - - - -

P(3HB-co-4HB) of different 4HB contents were melt processed in an internal mixer
(Haake, Rheomix600, Verden, Germany) at 20 rpm for 10 min at 140 °C, minimizing
the thermal degradation to prepare samples of the same thermal history. When a 5 phr
chain extender was added, the melt processing was carried out at 180 °C, which is the
temperature at which the chain extender can react. The obtained P(3HB-co-4HB) samples
were compression molded in a compression molding machine (QMESYS, QM900, Anyang,
Korea) by heating at 140 °C for 2 min, raising the pressure to 8 MPa, and molded for 2 min,
then quenched in water to obtain 1T thick 150 mm x 150 mm sheets. The sheets were cut
into 5 mm x 5 mm pieces to use as beads for foaming.

The tan b of P(3HB-co-4HB) was evaluated by measuring 1 mm x 2.5 mm sheets on a
dynamic mechanical thermal analyzer (TA, DMA Q800/2980, New Castle, DE, USA) in the
30-140 °C range, at the oscillation frequency of 1 MHz.

The P(3HB-co-4HB) foam beads were prepared by adding 10 g of beads to a lab-made
autoclave, as shown in Figure 2, diffusing supercritical CO, into P(3HB-co-4HB) for 60 min
at the supercritical condition of CO; of 50-135 °C and 70-100 bar, then releasing the pressure
abruptly to atmospheric pressure.

Pressure
Regulator

O
Cco,
F Pressure Tank
0@ Gauge
Temperature % °
Controller PHA Film

Sheets

® ®
.... PHA Foams

Figure 2. Schematic of supercritical CO;, assisted foaming process.

The structure of the P(3HB-co-4HB) foams was evaluated with SEM pictures, taken
on a scanning electron microscope (Hitachi, SEM S-5200, Hitachi, Tokyo, Japan) and by
measuring the density before foaming (p,) and the density after foaming (py) from which
the expansion ratio (®) was calculated according to the following Equation (1).

Py
=" 1
of 1)
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Cell density (N f) refers to the number of cells (1) per cubic centimeter (A) in a foamed
sample and can be defined by the following Equation (2).

3

Nr=(7) xe @

To measure the resilience rate of the crystalline P(3HB-co-10% 4HB) foam beads and

noncrystalline P(3HB-c0-30% 4HB) foam beads, the thickness of the foam beads was first

determined as Ty, then after compressing the foam beads to 50% its thickness and releasing

the pressure after 30 min, the thickness was measured as T’ the resilience rate was calculated
according to the following Equation (3).

R=-L % 100 (%) 3)
To

3. Results and Discussion
3.1. Foamability of P(3HB-co-4HB) Copolymer

The SEM micrographs that show the possibilities of cell formation in the foams pre-
pared in the range 50-130 °C at 90 bar for different 4HB contents are shown in Figure 3. As
can be observed, the temperature at which the cells develop depends on the 4HB content.
In the case of P(3HB-co-10% 4HB), whose relative crystallinity is highest, (23.97 J/g) as
shown in Table 1, cell structure develops when processed at 130 °C, while in the case
of P(BHB-co-16% 4HB), whose relatively crystallinity is lower (3.99 J/g), cell structure
develops when processed at 100-110 °C. P(3HB-co-30% 4HB) is non-crystalline and the cell
structure develops at a lower foaming temperature of 50-80 °C, but cell structure does not
develop in the case of P(3HB-co-50% 4HB) in the range studied.

TCC) 140 130 120 110 100 90 80 70 60 50
4HB(%)

X300

Figure 3. Cont.
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Open cell Close cell

Figure 3. SEM micrographs of P(3HB-co-4HB) with different 4HB content foamed at 90 bar.

In supercritical foaming, the supercritical fluid diffuses into the polymer to create
nuclei and they grow to form cells [38]. Nucleation and cell growth are affected by the
crystalline /non-crystalline structure of the polymer and viscoelasticity, specifically, reason-
able crystallinity and tan 6 value under the foaming conditions are required for nucleation
and continuous growth of the cell. In crystalline P(3HB-co-4HB), poor solubility and diffu-
sivity of CO; in crystallites caused the lowering of nucleation of the cell and prohibits cell
growth, which resulted in less formability.

The change in tan 6 with temperature for the P(3HB-co-4HB) is shown in Figure 4. The
tan & value and crystallinity are closely related to the chain mobility in the solid state. An
increase in the tan § value is observed with an increase in temperature and 4HB content.
The tan ¢ is the ratio of loss modulus to storage modulus and shows a drastic change at
various transition temperatures. The drastic change in the tan o with temperature can
be observed as the temperature reaches the melting transition temperature of crystalline
P(3HB-co-4HB) or the rubber transition temperature of non-crystalline P(3HB-co-4HB). The
drastic change occurs at around 130 °C and 110 °C for crystalline P(3HB-co-10% 4HB)
and P(3HB-co-16% 4HB), respectively, as their melting temperature depends on the 4HB
content. On the other hand, the change can be observed above 50 °C and 30 °C for non-
crystalline P(3HB-c0-30% 4HB) and P(3HB-c0-50% 4HB), respectively, where the mobility of
the non-crystalline chains start to increase. The tan 6 value increases with 4HB content in
P(3HB-co-4HB) and the change in the tan 6 value also increases at the respective transition
temperatures. In the case of the P(3HB-co-4HB) copolymers, the chain mobility of 4HB is
greater than that of 3HB, resulting in a higher tan 6 value and a more sensitive change with
temperature. P(3HB-co-50% 4HB) exhibits a higher tan 6 value than other P(S3HB-co-4HB)
copolymers regardless of the temperature, due to the too much chain flexibility of the 4HB
chain. The adequate tan 6 value required for cell growth in supercritical fluid foaming
can be indirectly assessed by the tan § value reflecting the polymer’s viscoelasticity. As
observed in Figure 3, for copolymers with a 4HB content up to 30%, the tan & values
below the transition temperature where the chains show a drastic change in their mobility
are very similar, with the values being around 0.1. Therefore, foaming is expected to
be possible below the transition where chain mobility is increased, which is 130 °C for
P(3HB-co-10% 4HB), 110 °C for P(3HB-co-16% 4HB), and below 80 °C for P(8HB-c0-30%
4HB). However, P(3HB-co-50% 4HB) exhibits a tan 6 value above 0.3, regardless of the
temperature reflecting the extremely chain mobility; thus, cell growth in the foaming
process is not possible. As observed in Figure 3, in the case of P(3HB-co-10% 4HB) of low
4HB content, the temperature range where foaming is possible is very narrow around
130 °C, as the stiffness of the chains is high, resulting in a drastic decrease in the mobility of
chains. In the case of P(3HB-co-16% 4HB) where the flexibility of the chains is increased
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with an increase in 4HB content, foaming is possible in a relatively broader temperature
range of 100-110 °C, and P(3HB-c0-30% 4HB), which has the highest chain mobility, has
the widest window where foaming is possible of 50-90 °C. Therefore, it is evident that in
non-crystalline P(3HB-co-4HB) an adequate tan 6 related to chain mobility above the glass
transition temperature is an important factor in foaming.
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— — —  PHA 10 ADR 5phr l

——— PHA16

L2F  — — —  PHA 16 ADR 5phr N
————— PHA30 ‘MI
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— — —  PHAS0 ADR 5phr,/ I
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Tan delta
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Temperature(°C)
Figure 4. DMA thermograms of various P(3HB-co-4HB) with and without ADR.

3.2. Characteristics of P(3HB-co-4HB) Foams

The cell structure of P(3HB-co-4HB) foams shown in Figure 3 generally shows thinner
cell walls, which hinder the formation of closed cells and result in an open cell structure
compared with thermoplastic polyurethane (TPU) foam [39], which is highly elastic, and
the cell size is also very irregular. However, the non-crystalline P(3HB-co-30% 4HB) foam
exhibits thicker walls and more regular size in the closed cell, compared with crystalline
P(3HB-co-4HB). This can be explained by the crystallinity and their morphology affecting
the foaming temperature. In crystalline P(3HB-co-4HB), the chain flexibility to foam the cell
can be obtained just under the melting temperature, and then the strength for cell nucleation
and growth is rapidly lowered with a further increase in temperature, which resulted in
uncontrolled cell growth and cell coalescence. However, cell growth and stabilization
in non-crystalline P(3HB-co-4HB) are more stable because the forming could be archived
in a broad range of temperatures with high elastic properties above the glass transition
temperature. The cell structure is related to the resiliency against applied pressure. Figure 5
shows the resilience rate of the crystalline P(3HB-c0-10% 4HB) foam and noncrystalline
P(3HB-c0-30% 4HB) foam. The resilience of P(3HB-co-30% 4HB), which is noncrystalline
due to the high 4HB content, is greater than that of crystalline P(3HB-co-10% 4HB). This is
due to the higher elasticity of P(3HB-co-30% 4HB) from its higher 4HB content and also due
to the thicker cell walls and more regular cell structure. The resilience rate of P(3HB-co-30%
4HB) foamed at different temperatures, as shown in Figure 5b and showed much higher
resilience for foams prepared at lower temperatures. This shows that the elastic properties
of P(3HB-c0-30% 4HB), along with open/close cell structure, the thickness of the cell walls,
and cell size, which in turn depends on an expansion ratio, has a close relationship with
resiliency. These results suggest that the possibility of using crystalline P(3HB-co-4HB)
foams as an environmentally friendly packaging material is higher than that of using it
for industrial structural material, which requires elasticity and resiliency to recover to
its original form after compression, as it has an open cell structure compared with TPU
foams. On the other hand, the non-crystalline P(3HB-c0-30% 4HB) foams prepared at
low temperatures with 100% resilience rates suggest the possibility of developing it as an
industrial structural material.
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Figure 5. Resilience characteristics of P(3HB-co-4HB) foams; (a) crystalline P(3HB-co-16% 4HB);
(b) non-crystalline P(3HB-c0-30% 4HB).

Figure 6 shows the effect of foaming temperature on the density and the expansion
rates calculated from density measurements before and after the expansion of P(3HB-co-
4HB) beads of different 4HB content. The different foaming characteristic of P(3HB-co-30%
4HB) of different 4HB content was confirmed by the SEM micrographs in Figure 3. P(3HB-
c0-50% 4HB) with the highest 4HB content does not show a significant change in density
over the range studied, suggesting that cell growth from the diffused supercritical CO,
is not possible, due to its high tan § value. The growth of cells in P(3HB-co-30% 4HB) at
the foaming temperatures of 50-80 °C due to adequate tan 4 and chain mobility can be
confirmed. The cell growth of crystalline P(3HB-co-10% 4HB) and P(3HB-co-16% 4HB) at
low temperatures is difficult due to the crystalline structure and lack of chain mobility,
but near the melting temperature, chain mobility occurs and the tan 5 becomes adequate
for foaming to result in cell growth. The highest expansion ratios are obtained at 130 °C
and 110 °C for P(3HB-co-10% 4HB) and P(3HB-co-16% 4HB), respectively. However, the
uniformity of cells is very poor, due to the rapid decrease in strength to maintain cells
during the stabilization step. The expansion ratio of non-crystalline P(3HB-co-30% 4HB) is
below 6, while that of crystalline P(3HB-co-10% 4HB) and P(3HB-co-16% 4HB) is over 20.
These P(3HB-co-4HB) foams have different expansion ratios, suggesting that they can be
used to prepare foams for different applications.

101



Polymers 2022, 14,2018

1.4
PHA 4HB contents(%)
—— 10
12F o
—a— 30
oo
£
ol
)
= 0.8}
£
‘z
=
2 06}
£
s
S 04}
02
0.0 L L L L L
40 60 80 100 120 140
Foaming temperature(°C)
(a)
30
PHA 4HB contents(%)
i5p e 1o
—-— 16
—a— 30

—— 50

20 F

Expansion ratio(¢)
n

40 60 80 100 120 140
Foaming temperature(°C)

(b)

Figure 6. Effect of foaming temperature on the structure of the P(3HB-co-4HB) bead foamed at 90 bar;
(a) foam density; (b) expansion ratio.

The effect of foaming pressure on foam formation of P(3HB-co-4HB) is shown in
Figure 7. The foaming temperature was set at the temperature at which the maximum
expansion ratio could be obtained from the respective P(3HB-co-4HB) at 90 bar. The cell
size increases with the increase in pressure. The foam density and expansion ratio of the
P(8HB-co-4HB) copolymers shown in Figure 8 show a decrease in the foam density and an
increase in the expansion ratio with an increase in pressure. An increase in the foaming
pressure allows more diffusion of supercritical CO; into P(3HB-co-4HB) to form a greater
number of nuclei in P(3HB-co-4HB) beads, which results in a decrease in the foam density
and an increase in the expansion ratio on cell growth when the pressure is relieved. This
effect of pressure is more evident in the higher 4HB content P(3HB-co-4HB), showing that
diffusion of the supercritical CO; is easier in the non-crystalline P(3HB-co-4HB) than the
crystalline P(3HB-co-4HB).

3.3. Effect of Chain Extender on Foam Structures

SEM micrographs that show the effect of the addition of a chain extender on the
supercritical CO, foaming are shown in Figure 9. Although the addition of a chain extender
to crystalline P(3HB-co-10% 4HB) increases cell size when foamed at 130 °C, it does not
affect the temperature window where foaming is possible, while in the case of P(3HB-co-
16% 4HB), the temperature window appears at a higher temperature and is broadened
from 110-100 °C to 120-130 °C. Figure 8b shows that although foaming of non-crystalline
P(3HB-c0-30% 4HB) is possible in the temperature range 50-90 °C in the absence of a
chain extender, it is not when a chain extender is added. It was found that the degree
of crystallinity of P(3HB-co-4HB) modified by a chain extender decreased dramatically,
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as shown in Table 1. This indicated that the crystalline structural change and the chain
flexibility took place by chemical modification. As a result, the tan 5 decreases observed
in Figure 4 are caused by a structural change in the formation of chain branching or
crosslinking from the reaction of epoxy groups of the chain extender Joncryl ADR 4370,
containing epoxy groups, and the 3HB hydroxy groups in the crystalline P(3HB-co-4HB) of
low 4HB content, resulting in a decrease in tan 6. However, in the case of P(3HB-co-4HB) of
high 4HB content, viscosity decrease occurs instead of the aforementioned increase and
decreases tan 0 to decrease the foamability. Figure 10 shows the effect of a chain extender on
the foam density and expansion ratio of the foam. The addition of the chain extender does
not affect the foaming conditions in the case of P(3HB-co-10% 4HB) due to relatively high
crystallinity, but a general increase in the expansion ratio with a decrease in foam density
occurs. However, in the case of P(3HB-co-16% 4HB), the change in tan 6 with the change
in the chain structure allows foaming at temperatures above 110 °C and the foam density
remains low above 110 °C to allow foaming at 120-130 °C, where foaming was not possible
in the absence of a chain extender and an expansion ratio of around 20 can be obtained.
Therefore, the control of the foaming properties with a chain extender is only possible in
crystalline P(3HB-co-16% 4HB) with reasonably low crystallinity and tan & value.

70 80 90 100

X300

Figure 7. SEM micrographs of P(3HB-co-4HB) foamed at various foaming pressure. Foaming
temperatures of P(3HB-co-10% 4HB), P(3HB-co-16% 4HB), and P(3HB-c0-30% 4HB) are 130 °C, 100 °C,
50 °C, respectively.
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Figure 8. Effect of forming pressure on the structure of the P(3HB-co-4HB) foams. Foaming tempera-
tures of P(3HB-co-10% 4HB), P(3HB-c0-16% 4HB), and P(3HB-co-30% 4HB) are 130 °C, 100 °C, 50 °C,
respectively; (a) expansion ratio; (b) cell size; (c) cell density.
T(C) 130 120 110 100 90 80

PHA10

PHA10/ADR

PHA16

PHA16/ADR

X300

Figure 9. SEM micrographs of foamed crystalline P(3HB-co-4HB) with and without chain extender.
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Figure 10. Effect of chain extender on the structure of the P(3HB-co-4HB) foams; (a) foam density;
(b) expansion ratio.

4. Conclusions

Biodegradable P(3HB-co-4HB) of different 4HB contents and foam beads processed
with supercritical carbon dioxide was used to study the effects of 4HB content on the
foaming conditions and foam properties. It was found that various foam structures for
packaging and industrial materials were obtained by controlling the 4HB content in P(3HB-
co-4HB), which resulted in changes in the crystallinity and viscoelastic properties of P(3HB-
co-4HB). The low 4HB content P(3HB-co-4HB) that maintained a crystalline structure can
be foamed just under the melting temperature, but the range of the foaming temperature
becomes broader with an increase in the 4HB content. The expansion ratio is around
20 and an open cell structure is formed. The non-crystalline P(3HB-co-4HB) of high 4HB
content has a relatively wide window of foaming around the temperature at which chain
mobility occurs. The formed foam has thicker cell walls, expansion ratios of about 6, and
the cell size is regular, resulting in enhanced resiliency against compression, compared with
crystalline P(3HB-co-4HB). The chain extender changes the chain structure of crystalline
P(3HB-c0-16% 4HB), which changes the crystallinity and chain mobility and, thus, changes
the temperature at which foaming is possible and the cell structure. To enhance the physical
properties of P(3HB-co-4HB) foams, future studies for the blends and composites using
P(3HB-co-4HB) may be considered.
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Abstract: In this study, we fabricated three dimensional (3D) porous scaffolds of poly(hydroxybutyrate-
co-hydroxyvalerate) with 50% HV content. P(HB-50HV) was biosynthesized from bacteria Cupri-
avidus necator H16 and the in vitro proliferation of dental cells for tissue engineering application
was evaluated. Comparisons were made with scaffolds prepared by poly(hydroxybutyrate) (PHB),
poly(hydroxybutyrate-co-12%hydroxyvalerate) (P(HB-12HV)), and polycaprolactone (PCL). The
water contact angle results indicated a hydrophobic character for all polymeric films. All fabricated
scaffolds exhibited a high porosity of 90% with a sponge-like appearance. The P(HB-50HV) scaffolds
were distinctively different in compressive modulus and was the material with the lowest stiffness
among all scaffolds tested between the dry and wet conditions. The human gingival fibroblasts (HGFs)
and periodontal ligament stem cells (PDLSCs) cultured onto the P(HB-50HV) scaffold adhered to the
scaffold and exhibited the highest proliferation with a healthy morphology, demonstrating excellent
cell compatibility with P(HB-50HV) scaffolds. These results indicate that the P(HB-50HV) scaffold
could be applied as a biomaterial for periodontal tissue engineering and stem cell applications.

Keywords: polyhydroxyalkanoates; poly(hydroxybutyrate-co-hydroxyvalerate); tissue engineering;
3D porous scaffolds; human gingival fibroblasts; periodontal ligament stem cells

1. Introduction

Periodontitis is a chronic inflammatory oral disease caused by bacteria infection [1].
Typically, the infection destroys periodontal cells including gingival fibroblast, periodontal
ligament fibroblasts, and alveolar bone, which are the supporting tissue and bone that hold
the tooth. As the disease progresses, more oral tissues are damaged, causing deep pockets,
which eventually lead to teeth loss if left untreated [2].

Tissue engineering has been employed to regenerate the lost periodontal tissues
and restore both structure and function. In this regard, three dimensional (3D) porous
scaffolds represent important components for tissue engineering as a supporting material
for cell proliferation or differentiation before being applied to repair the damaged area [3,4].
Scaffolds provide attachment sites and structural guidance for cells that enable them to
synthesize appropriate extracellular matrix (ECM) proteins and ultimately proliferate into
functional tissues [5]. In addition, the choice of scaffold can be critical as its chemical and
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physical properties provide guidance cues for the cells to behave appropriately. Scaffold
biomaterials for successful tooth regeneration applications should have some requirements
such as being biocompatible, biodegradable, and possess mechanical properties that are
consistent with the implanted area as well as being used in the appropriate amount and
with an accessible volume of porosities for the diffusion of oxygen, cells, and nutrients [6,7].
To date, many polymeric materials have been reported to create biodegradable scaffolds
for dental tissue engineering including poly(lactide) (PLA) [8], poly(lactide-co-glycolide)
(PLGA) [9,10], and polycaprolactone (PCL) [11-13].

Polyhydroxyalkanoates (PHAs) are aliphatic polyesters synthesized by microorgan-
isms to store excess carbon and energy. Poly(hydroxybutyrate-co-hydroxyvalerate) or
P(HB-HV) copolymers are a member of the PHA family [14]. P(HB-HV) has shown great
potential for tissue engineering with attractive characteristics of natural origin, biocompati-
bility, and biodegradability. The properties are adjustable by changing the content of the HV
unit. P(HB-HYV) are less crystalline, less stiff, and more flexible than the PHB homopolymer
due to the incorporation of the HV monomer in the polymer chain [15]. Recently, studies
have revealed that different types of scaffolds made with P(HB-HV) demonstrate desirable
advantages for tissue engineering. The application of macroporous P(HB-8HV) matrices in
the repair of full-thickness cartilage defects in rabbits in vivo was reported by Kose et al. At
8 and 20 weeks after seeding, in vivo results with chondrocyte seeded P(HB-8HV) matrices
presented early cartilage formation resembling normal articular cartilage and revealed min-
imal foreign body reaction. This study also showed that P(HB-8HV) matrices maintained
their integrity for 21 days and permitted appropriate gradual degradation and allowed for
tissue remodeling to take place [16]. Abazari et al. demonstrated the increased survival
rate and insulin-producing cell (IPC) differentiation potential of induced pluripotent stem
cells (iPSCs) cultured on a nanofibrous 3D P(HB-5HV) scaffold in comparison with the 2D
substrate. iPSCs-P(HB-5HYV), as a promising cell-copolymer construct, could potentially
be applied in pancreatic tissue engineering applications to diabetic patient treatment [17].
The P(HB-3HV) scaffold was tested for degradation in simulated body fluid (SBF), pH 7.4.
After 8-week periods, the P(HB-3HV) scaffolds revealed about 51% weight loss along
time due to the high porous structure when compared with the dense and compact films,
which showed about a 9% weight loss. Culturing of MC3T3-E1 pre-osteoblast cells on the
P(HB-3HV) scaffold samples obtained after 6 weeks of degradation did not lead to the
formation of cytotoxic components [18]. In spite of extensive research on P(HB-HV) and
their blends as scaffolds for tissue engineering, the HV molar contents of the available
commercial P(HB-HV) published are 12 mol% or lower. P(HB-HV) films consisting of
various HV content (5-80%) produced by Paracoccus denitrificans have been reported to
be biocompatible with connective tissue, bone, and dermal fibroblast cells [19]. Haloferax
mediterranei ES1 produced P(HB-HV) nanofibrous meshes were also shown to be excellent
in vitro and to show in vivo biocompatibility with skin tissues [20]. As reported earlier, the
more flexible P(HB-HV) with HV contents of 50 mol% can be successfully biosynthesized
from bacteria Cupriavidus necator H16. This material has already been employed as a drug
delivery platform [21-23]. Until now, there have been no studies available in the literature
concerning the application of P(HB-50HV) produced by C. necator H16 as a scaffold to
support cell growth and promote tissue regeneration.

In this study, the 3D porous scaffolds were fabricated from bacterial derived P(HB-
50HYV) via a particulate leaching method using salt particles as a strategy for the re-
generation of periodontal cells. Comparisons were made with scaffold prepared from
poly(hydroxybutyrate) (PHB) and poly(hydroxybutyrate-co-12%hydroxyvalerate) (P(HB-
12HV)), and the well-established synthetic polycaprolactone (PCL). The scaffolds were
characterized with respect to the morphology of the surface and cross section, porosity,
mechanical strength, and protein absorption. Subsequently, biological performance of the
scaffolds in terms of biocompatibility and cell proliferation was assessed. In this regard,
human gingival fibroblasts (HGFs) [10] and periodontal ligament stem cells (PDLSCs) [24]
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were used since they have been widely studied for the initial evaluation of biomaterials for
periodontal tissue engineering applications.

2. Materials and Methods
2.1. Materials

Poly(hydroxybutyrate) (PHB, Mw 3.5 x 10° g/mol), poly(hydroxybutyrate-co-
hydroxyvalerate) containing HV content 12 mol% (P(HB-12HV), Mw 2.5 x 10° g/mol), poly-
caprolactone (PCL, Mw 6.5 x 10* g/mol), and 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Chloroform, methanol, and ethanol were purchased from RCI Labscan (Bangkok, Thailand).
Sodium chloride (NaCl) (Ajax Chemicals Ltd., Sydney, Australia) with the particle size
range of 425-500 pm was obtained by sieving through an analytical sieve shaker Octagon
digital (Endecotts Ltd., London, UK) using two certified sieve sizes with 425 and 500 pm.
Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), and trypsin-EDTA
were obtained from Invitrogen (Carlsbad, CA, USA). All chemicals and solutions were
used as supplied without further purification. Poly(hydroxybutyrate-co-hydroxyvalerate)
with 50% HV content (P(HB-50HV) Mw 1.69 x 10° g/mol) was biosynthesized by in house
bacterial cultivation according to a previously described protocol [21].

2.2. Characterization of Polymer Films

Thin polymeric films of PHB, P(HB-12HV), P(HB-50HV), and PCL were prepared by a
casting method using 10 mL of 2% (w/v) polymer stock solution in chloroform on a clean
Petri dish. Chloroform was evaporated in a fume hood at room temperature for 24 h. The
final thickness of film ranged from 0.05 to 0.10 mm.

The Fourier transform infrared (FTIR) spectra of all PHA and PCL thin films were
obtained with a Perkin-Elmer FTIR ATR-FTIR spectrometer (Perkin-Elmer, Spectrum GX
FTIR; Shelton, CT, USA). The sample spectra were recorded over 20 scans between 400 and
4000 cm~! wavenumbers at a resolution of 4 cm 1.

The hydrophilicity of the polymeric surfaces was examined by an optical bench-type
contact angle goniometry DM-CE1 (Kyowa Interface Science, Niiza, Japan) using a sessile
drop method at room temperature.

2.3. Fabrication and Characterization of Scaffolds

Salt-leached scaffolds of PHB, P(HB-12HV), P(HB-50HV), and PCL were fabricated
following the established procedure [25]. In brief, the polymer was dissolved in chloroform
to prepare a 5% (w/v) stock solution. The 1 mL polymer solution was then poured on a bed
of sieved NaCl particles (with size range of 425-500 pum) in a clean glass vial. The weight
ratio of porogen (NaCl) to polymer was set at 9:1. The scaffolds were placed in a fume
hood at room temperature for the slow evaporation of chloroform over 2 days followed by
repeated rinsing with distilled water to remove any residual salt and air-dried. All scaffolds
were prepared as a cylindrical shape with 10 mm diameter and 3 mm height.

The fabricated scaffolds were mounted onto an aluminum stub, gold-coated, and then
observed by scanning electron microscopy (SEM, JSM-6360; JEOL Techniques, Tokyo, Japan)
with an accelerating voltage of 20 kV for the surface topography and cross section images.

The porosity or void volume fraction V¢ (%) of the scaffold was calculated using the
following equation:

Vi=(1 = (ps/pm)) x 100

where ps is the apparent density of the porous scaffold and pm is the density of the polymer
material [26].

2.4. Compressive Mechanical Testing of Scaffolds

The scaffolds were subjected to mechanical measurements under compressive mode
in order to determine the compressive stress and compressive modulus (E). The tests were
performed at room temperature using a Texture analyzer (TA-XT2i, Stable Micro Systems,
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Ltd., Godalming, UK) with a 50 kN load cell at a crosshead speed of 0.1 mm/s [27]. Cylin-
drical specimens were tested under both dry and wet conditions. The load deformation
curves of the samples obtained were converted into stress—strain curves. The compressive
stress (MPa) was used to calculate the secant modulus according to the following equation:

Compressive modulus at 30% strain = Compressive stress (MPa)/0.3

Under the wet condition, the compressive properties of each scaffold were measured
in DMEM to mimic the physiological environment [28]. The scaffolds were preconditioned
by soaking in the DMEM containing 10% FBS for 24 h at 37 °C. Then, scaffolds were
placed in a Petri dish containing fresh media and compressed using a similar setup as
above-mentioned. Each reported value was averaged from six independent measurements.

2.5. Evaluation of Protein Absorption on Scaffolds

The protein absorption onto porous scaffolds was determined following a previously
published protocol with some modifications [29]. The scaffold sample was cut into equal
sizes (10 mm diameter and 3 mm height) and sterilized by soaking in 70% ethanol for 1 h,
followed by air drying in a laminar hood. Scaffolds were incubated in 1 mL of DMEM
containing 10% FBS for 24 h at 37 °C in a humid atmosphere containing 5% CO,. Bradford
protein assays were performed to determine the residual FBS proteins left in DMEM by
using bovine serum albumin (BSA) as a standard [30]. Then, 1 mL of Bradford reagent was
added to 100 pL of DMEM solution and incubated for 20 min in the dark. The absorption
at 595 nm was measured. The amount of FBS proteins absorbed onto the scaffold could be
determined indirectly by subtracting the initial amount of proteins present in DMEM with
the residual proteins left in the DMEM solution after removing the scaffold. The absorbed
proteins could be reported as % (w/w) proteins absorbed per scaffold.

2.6. Cell Culture

The human gingival fibroblasts (HGFs) and periodontal ligament stem cells (PDLSCs)
were originally obtained from American Type Culture Collection (ATCC®). The cells
were cultured in DMEM supplemented with 10% (v/v) FBS, 100 units/mL penicillin, and
100 pg/mL streptomycin in an environment of 95% air and 5% CO, at 37 °C.

2.7. In Vitro Cell Proliferation Study

The scaffold samples were sterilized with 70% ethanol followed by UV exposure. Each
scaffold was then transferred to 48-well plates and washed with phosphate buffered saline
(PBS). Prior to seeding the cells, the scaffolds were soaked with 1 mL of fresh cell culture
media containing 10% FBS for 3 h at ambient temperature to precondition the scaffolds, as
previously described [31]. Thereafter, the preconditioning media were removed and the
cells were seeded at a density of 5 x 10% cells/well. Cell cultivations on the scaffolds were
carried out over 8 days for the HGF cells and 21 days for the PDLSCs cells, respectively.
The cell proliferations were evaluated using the MTT colorimetric assay. For each time
point, the scaffolds with cultured cells were washed twice with PBS and transferred into
a new clean well. Then, 0.5 mL of MTT solution (1 mg/mL) was added to each well,
followed by incubation at 37 °C for 4 h. The excess MTT solution was then removed
and formazan crystals that formed in the living cells were dissolved by adding 0.5 mL
isopropanol. The liquid solution measured the absorbance at 570 nm using an Epoch
microplate spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA). To visualize
nuclear and cytoskeletal morphologies, both the HGF and PDLSC cells were fixed with 2%
paraformaldehyde and permeabilized with 0.1% Triton X-100. After washing with PBS,
the nuclei were stained with Hoechst 33342 (Invitrogen Corporation, Carlsbad, CA, USA)
and the actin filaments were labeled with Alexa Fluor 568 phalloidin solution (Invitrogen
Corporation, Carlsbad, CA, USA). The images were collected with a confocal laser scanning
microscope (FV10i-DOC; Olympus, Tokyo, Japan).
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2.8. Statistical Analysis

Data are expressed as the mean =+ SD of three independent experiments. The software
package PASW Statistics 18 for Windows (SPSS Inc., Chicago, IL, USA) was used for the
statistical analysis. The p-value < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Characterization of Polymer Films

The FTIR spectra shown in Figure 1 were used to assess the functional groups present
in the polymers. The FTIR spectra of the PHB, P(HB-12HV), P(HB-50HV), and PCL poly-
mers are also shown for comparison. Since both PHAs and PCL contain ester bonds, peaks
of C=0 stretching were observed around 1730 and 1625 cm~! for the PHAs and PCL,
respectively. Both the PHA and PCL spectra also showed slightly different C—H stretching
and bending, located from 3000 to 2800 cm ! and from 1500 to 1000 cm ™1 [32]. Although
the PHB, P(HB-12HV), and P(HB-50HV) polymers are chemically similar, the differences
in the HV composition of the polymers could be distinguished by FTIR spectra. The PHB
homopolymer showed characteristic peaks at 1724 cm~! for C=0 stretching and 1281 cm !
for C-O stretching [33-35]. Apart from additional peaks at 797 cm ™!, responsible for C-H
bending, the presence of HV in the P(HB-HV) copolymers could be identified by observing
the FTIR peak shifts. A major shift occurred at the C=0 stretching region, in which the
peak shifted from 1724 cm~! in PHB to 1735 cm ™! in P(HB-HV). The greater the change
to the higher wavenumber, the higher the %HV monomer in the polymer chain. This
phenomenon was also observed in other peaks such as C-O stretching at 1281 cm ™! and
the C-H stretching region around 3000 cm~!. In addition, several peaks from FTIR can
be used to denote the crystallinity state of different PHA polymers. The peaks at 1453,
1380, 1281, 1057, and 826 cm ! shifted to a higher wavenumber when the crystallinity was
low [36,37]. Our results showed that there were around five to 10 wavenumber shifts in the
mentioned peaks among PHB, P(HB-12HV), and P(HB-50HV). Therefore, the PHAs used
in this study were confirmed as having differences in %HYV as well as their crystallinity.

The hydrophilicity of a polymer surface is the key parameter affecting cell-material
interaction and the adsorption of protein on the polymer surface, which subsequently
influence cell behaviors [38]. The results of the water contact angle measurements are
summarized in Table 1. All samples showed contact angles of below 90° considering
hydrophilic behavior. The highest contact angle value of the PCL film indicated the greater
hydrophobicity of PCL than the other PHAs. The contact angle value of P(HB-50HV) was
significantly higher than the other PHA films tested (p < 0.05). This might be due to more
ethyl groups of the HV monomer present in the side chain of the copolymers [39]. Kim
et al. reported a water contact angle of 79.5° of the P(HB-60HV) film produced by Haloferax
mediterranei ES1 [20].

Table 1. Surface hydrophilicity of the polymer films.

Type of Polymers Water Contact Angle (°)
PHB 702 4+352
P(HB-12HV) 679 +21%
P(HB-50HV) 768+ 18P
PCL 814+18¢

(Mean = SD, n = 3, different superscript letters indicate a significant difference at p < 0.05).
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Figure 1. FTIR spectra of the (A) PHB, (B) P(HB-12HV), (C) P(HB-50HV) and (D) PCL polymers.

3.2. Characterization of Scaffolds

The PHB, P(HB-12HV), P(HB-50HV), and PCL scaffolds were fabricated via a particu-
late salt leaching technique. All fabricated porous scaffolds exhibited a high porosity of
90% with a sponge-like appearance (Figure 2). The structure of the pores as well as the
surface and cross-sectional topologies of the 3D porous scaffolds were examined using
SEM, as shown in Figure 3. All polymeric scaffolds were similar in terms of the surface and
cross-sectional topographies that comprised of interconnected open pores throughout the
scaffolds. The well-tailored pore sizes ranged between 425 and 500 um on both the surface
and inside the scaffolds, suggesting sufficient surface areas for cell attachment. Further-
more, the pore shape observed was similar to the shape of the imprinted salt crystals. Our
results agree with earlier findings for scaffolds with pore sizes of around 400 pm, which
are considered suitable for the growth and proliferation of bone cells [40]. In general, the
scaffolds were highly porous with interconnected pore networks that facilitate nutrient and
oxygen diffusion and waste removal during tissue formation. The interconnected networks
between open pores are also important for cellular attachment, proliferation, and migration
for tissue vascularization [26,41].
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Figure 2. Photographic images of 3D porous scaffolds via the particulate salt leaching technique.
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Figure 3. SEM micrographs of representative 3D porous scaffold samples with pore sizes ranging
from 425 to 500 um: PHB scaffold (A,E), P(HB-12HV) scaffold (B,F), P(HB-50HV) scaffold (C,G), and
PCL scaffold (D,H).

3.3. Mechanical Properties of Scaffolds

The typical stress—strain curves obtained from the compressive stress measurement at
30% strain were used to calculate the compressive modulus of all scaffolds. As presented in
Figure 4, the compressive modulus values under the dry condition of the PHB, P(HB-12HV),
and P(HB-50HYV) scaffolds were found to be 0.75 + 0.02, 0.39 + 0.08, and 0.04 + 0.01 MPa,
respectively. The compressive modulus of the PCL scaffold at 0.45 4= 0.01 MPa was not
significantly different from the scaffold made with P(HB-12HV) polymers. In addition,
the lowest compressive modulus was observed in the P(HB-50HV) scaffold. Our results
suggest that increasing the HV content in the P(HB-HV) polymer chain at 50% could
lead to a significant decrease in the compressive modulus of a 3D porous scaffold while
maintaining the same % porosity. Previous studies have reported that an increase of
%HYV up to 50-60% could cause a lower melting temperature due to a decrease in the
crystallinity of the PHA copolymers, resulting in ductile mechanical properties such as
higher elongation to break and greater flexibility with a faster degradation rate under
specific physiological conditions [42,43]. Among the P(HB-HV) with various %HV contents
produced by P. denitrificans, film sheets composed of P(HB-HV) with a HV of 53-60 mol%
were found to be more flexible and tougher [19]. Here, the P(HB-50HV) scaffold appeared
to be the most soft and flexible scaffold in the dry state.
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Figure 4. Compressive secant modulus at 30% strain compared between the dry and wet conditions.
Data are reported as the average values from six independent scaffolds with standard deviations
(n = 6). The different letters (a, b, and c) above the bar graph indicate significant differences (p < 0.05)
between the scaffold materials tested under the same conditions.

The wet-state mechanical properties of 3D porous scaffolds were also investigated
in order to determine their compressive behavior in a realistic environment. In Figure 4,
the compressive modulus values under wet conditions of the PHB, P(HB-12HV), and PCL
scaffolds were found to be approximately in the same levels at 0.33 & 0.04, 0.25 £ 0.04,
and 0.23 £ 0.08 MPa, respectively, which were 62%, 36%, and 49% reduced from the dry
condition, respectively. However, there was no change in the compressive modulus of
the P(HB-50HV) scaffold under the wet state when compared to the dry state, which still
remained at 0.04 £ 0.01 MPa. There was a clear decrease in the mechanical properties
from the dry to wet state in all scaffolds, except for P(HB-50HV). Our findings are in line
with earlier reports that observed decreased compressive moduli of 3D polymeric scaffolds
under wet conditions, which used PBS and cell culture media [27,28]. The water molecules
could intersperse and intercalate among the polymer chains that finally spread the polymer
chains apart by losing the crystalline network characteristics of the polymer [44]. Notably,
there was no discernable difference between the dry and wet conditions on the compressive
modulus of the P(HB-50HV) scaffold. One explanation could be that the compressive
modulus of P(HB-50HV) at the dry state is already quite low, and that any eventual water
plasticizer effect might be too small to be detected.

3.4. Cell Proliferation

Early cell adhesion and proliferation are necessary in developing scaffolds for peri-
odontal regeneration. The cell adhesion ability and proliferation enhancement of HGFs
and PDLSCs on 3D porous scaffolds were studied using the MTT assay. The HGF cells
were cultured on different scaffolds for 0, 1, 2, 4, 6, and 8 days. In Figure 5A, the HGF
cells grew quite slowly during the first 2 days for all types of scaffolds tested. Interestingly,
cell numbers at 8 days were significantly the highest for the P(HB-50HV) scaffold, which
showed about a 16-fold increase from the start, followed by the P(HB-12HV) and PCL
scaffolds (10-fold), PHB scaffold (8-fold), and 2D control surface (6-fold), respectively.
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Figure 5. Cell proliferation of (A) HGF and (B) PDLSC cells grown on different types of 3D porous
scaffolds. The values are the means with standard deviation derived from three independent scaffolds
(n = 3). Bars labeled with different letters (a, b, ¢, and d) indicate significant differences within the
same day (p < 0.05).

The proliferation ability of PDLSC cells was investigated at 0, 3, 7, 14, and 21 days,
as shown in Figure 5B. Similar cell numbers were found on the 2D control surface and in
all scaffolds at day 0. On the last day of the experiment, the highest number of PDLSC
cells was significantly increased on the P(HB-50HV) scaffold with a 7-fold increase from
the initial cell loaded compared with the P(HB-12HV) and PCL scaffolds (6-fold), and the
PHB scaffold and 2D control surface (5-fold).
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In this study, it was clear that all PHA scaffolds could support the attachment and
proliferation of HGF and PDLSC cells. This is the first report on the cytotoxicity and bio-
compatibility of P(HB-50HV) produced by C. necator H16 as a candidate scaffold for dental
tissue engineering. However, the P(HB-50HV) scaffold appeared to be the most suitable to
support both HGF and PDLSC cell growth among the three types of PHA scaffolds, and
was even better than the conventional PCL scaffold. Since the chemical properties of PHA
and PCL scaffolds are quite similar such as the functional group and hydrophilicity, protein
absorption on the material surface is known to be one of the important considerations to
promoting cell attachment and the growth of anchorage-dependent mammalian cells on
a solid substratum [45]. The amount of protein absorbed on the scaffolds” surface were
found to be similar, as shown in Figure 6. Thus, the HGF and PDLSC cell proliferation was
related to the mechanical properties of the 3D porous scaffolds. Many previous studies
have reported that the stiffness of the material has an effect on cell attachment signaling,
leading to a difference in the cell proliferation and differentiation [46,47]. These results
indicate that the P(HB-50HV) scaffold had the lowest stiffness, which could promote the
greatest adhesion and proliferation of HGF and PDLSC cell adhesion and proliferation, and
thus should be considered as a suitable material for the tissue engineering of periodontal
cells and other soft tissue-like cells. Regarding the scaffold mechanical properties, our
results are in line with the finding reported previously that the fabricated PCL scaffolds
with lower modulus values than the PLGA scaffolds showed a 2-fold higher growth rate of
stromal cells [48].
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Figure 6. The adsorption of FBS proteins on 3D porous scaffolds. The values are the means with
standard deviation derived from three independent scaffolds (1 = 3).

3.5. Cell Morphology

The morphology of healthy HGF and PDLSC cells cultured on the P(HB-50HV) scaffold
was further analyzed by fluorescence staining of the nucleus and F-actin filaments. The
round-shape of the HGF cells was observed at day 0 (Figure 7A) followed by cell migration
and the development of interconnecting network development by day 2 (Figure 7B). After
8 days of culture, the HGF cells were distributed throughout the entire scaffold with a
strong presence of F-actin, resulting in a dense interconnecting network of cells (Figure 7C).
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Figure 7. Confocal micrographs of the (A—C) HGF and (D-F) PDLSC cells cultured on the P(HB-
50HV) scaffold. Cell nucleus was stained with Hoechst 33342 (blue). F-actin was stained with Alexa
Fluor 568 phalloidin (red).

The initial cell adhesion of PDLSC cells at day 0 were observed to be round-shape
(Figure 7D). The PDLSC cells proliferated considerably well on the scaffold surface and
gradually progressed to high cell density all over the cultured scaffold from day 7 (Figure 7E)
to day 21 (Figure 7F). Importantly, both HGF and PDLSC cell morphology on the P(HB-
50HYV) scaffold showed both spindle and stellate shapes, which are typically good indicators
of healthy fibroblasts [49,50]. The results showed that the biocompatibility of the P(HB-
50H