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Abstract

Polyhydroxyalkanoates (PHAs) have gained interest recently due to their
biodegradability and versatility. In particular, the chemical compositions of
medium-chain-length (mcl)-PHAs are highly diverse, comprising different
monomers containing 6-14 carbon atoms. This review summarizes different
feedstocks and fermentation strategies to enhance mcl-PHA production and
briefly discusses the downstream processing. This review also provides com-
prehensive details on analytical tools for determining the composition and
properties of mcl-PHA. Moreover, this study provides novel information by
statistically analyzing the data collected from several reports on mcl-PHA to
determine the optimal fermentation parameters (specific growth rate, PHA
productivity, and PHA yield from various structurally related and unrelated
substrates), mcl-PHA composition, molecular weight (MW), and thermal and
mechanical properties, in addition to other relevant statistical values. The analy-
sis revealed that the median PHA productivity observed in the fed-batch feeding
strategy was 0.4 g L=! h~!, which is eight times higher than that obtained from
batch feeding (0.05 g L~! h~!). Furthermore, 3-hydroxyoctanoate and -decanoate
were the primary monomers incorporated into mcl-PHA. The investigation also
determined the median glass transition temperature (—43°C) and melting tem-
perature (47°C), which indicated that mcl-PHA is a flexible amorphous polymer
at room temperature with a median MW of 104 kDa. However, information
on the monomer composition or heterogeneity and the associated physical
and mechanical data of mcl-PHAs is inadequate. Based on their mechanical
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polyhydroxy-alkanoate; PHA, polyhydroxyalkanoate; scl-Icl-PHA, short-chain-length-long-chain-length polyhydroxyalkanoate; scl-mcl-PHA,
short-chain-length-medium-chain-length polyhydroxyalkanoate; SEM, Scanning electron microscopy.
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1 | INTRODUCTION

Due to the necessity for more sustainable processes and
materials, efforts are being made to substitute fossil-based
polymers with those derived from renewable sources. Poly-
mers obtained from plants or microbes fulfil this require-
ment and are also biodegradable. Polyhydroxyalkanoates
(PHAS) are important biopolymers discovered in bacteria
in 1926 by Lemoigne [1]. Under stress conditions in excess
carbon, these biopolyesters accumulate as intracellular
granules for carbon and energy storage [2]. Research on
PHAs was initially started in the early 90s and has gained
considerable momentum in the past 20 years, as indi-
cated by the number of publications, patents, and articles
(Figure 1).

PHA is a natural polymer consisting of different
(R)-B-hydroxy fatty acids comprised of alkyl chains of
variable length. PHAs are classified into three groups
based on the number of carbon atoms in the monomer:
short-, medium-, or long-chain length PHAs (scl, mcl,

values, the mcl-PHAs can be classified as semi-crystalline polymers (median
crystallinity 23%) with rubber-like properties and a median elongation at break
of 385%. However, due to the limited mechanical data available for mcl-PHAs
with known monomer composition, identifying suitable processing tools and
applications to develop mcl-PHAs further is challenging.

biopolymer, downstream processing, medium-chain-length, polyhydroxyalkanoate, thermal
and mechanical properties

and Icl-PHAs, respectively). The scl-PHAs, consisting
of 3—5 carbon atoms, are the most abundant and well-
characterized PHA (e.g., poly-3-hydroxybutyrate and
poly-3-hydroxyvalerate). mcl-PHAs, comprising 6—14
carbon atoms, are mainly produced by Pseudomonas
sp. [3]. However, 1cl-PHAS, consisting of over 14 carbon
atoms, are rare and less studied [4, 5].

Apart from the classification based on carbon atoms,
PHASs can also exist as homo- or copolymers (Figure 2).
PHA copolymers, including poly-3-hydroxybutyrate-co-
poly-3-hydroxyvalerate (P3HB3HV), are mainly produced
by Cupriavidus necator (formerly known as Ralsto-
nia eutropha) or Azohydromonas lata (former known as
Alcaligenes latus) through constant feeding of structurally
related precursor molecules. PHA copolymers contain
more than two either scl and mcl/lcl monomers or two
mcl-PHAs monomers. These copolymers are arranged ran-
domly or in block patterns. Since the first study showing
the production of scl-Icl-PHAs from one microorganism,
very few studies have investigated it further [7, 8].
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FIGURE 1 Overview of publications and citations per year from the WoS databases (©Clarivate 2023). Search terminology

“medium-chain-length” and “polyhydroxyalkanoate*” in 1990—2022. The bar graph represents publications per year, and the line represents

the number of citations on these articles.
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FIGURE 2 Classification of PHAs based on the chain length and diversity of the monomers, mcl = medium-chain-length, scl = short

chain length (adapted from [6]).

Recent reviews published by several authors have
focused on the biosynthetic pathways from the feed to
the mcl-PHA production using genetically engineered
microorganisms, fermentation strategies, downstream
processing, properties, and applications, highlighting
various feedstock and companies producing mcl-PHA
globally [9, 10].

This review focuses on the wild-type strains, differ-
ent substrates, and feeding strategies applied to achieve
high mcl-PHA concentrations, providing an extensive and
factual summary of the different approaches. Further,
we discuss various analytical tools and methods avail-
able for qualitative and quantitative analysis of mcl-PHA,

which are rarely reviewed. We have also systematically
listed and evaluated the characteristics and properties of
mcl-PHA to identify technical values and provided com-
parable statistical data representing the average mcl-PHA
properties.

2 | DATA COLLECTION AND
PROCESSING

For collecting data, we used the “Web of Science”
(WoS) database to perform a literature search using key-
words such as “medium-chain-length,” “ferment*,” and
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“polyhydroxyalkanoate*,” excluding hits with “genet*.”
Out of 141 articles, we included 90 articles in our literature
review encompassing topics such as fermentation devel-
opment or characterization, not compounding, blending,
or application of commercial PHAs. Furthermore, studies
dealing with mixed microbial consortia and/or geneti-
cally engineered bacteria were excluded. The papers were
analyzed, ordered, and summarized to calculate values
representative of most mcl-PHA properties. As the down-
stream processing of the mcl-PHA is similar to that of the
scl-PHAs, it covers only a small part of this review.

Medians have been calculated across all collected data.
The data concerning the fermentative PHA production
have been split into related (fats and fatty acids) and unre-
lated (sugars, sugar alcohols, and volatile fatty acids) for
growth behavior.

3 | mcl-PHA PRODUCTION

This section covers several factors affecting the produc-
tion of mcl-PHA and its monomer composition, such
as choice of microorganism, substrate, feeding strategy,
fermentation parameters, and nutrients.

3.1 | mcl-PHA-producing
microorganisms

In 1983, mcl-PHA granules were first detected when
Pseudomonas oleovorans GPol was grown in 50% (v/v) n-
octane [11]. Since then, several wild-type bacteria, mostly
Gram-negative, that accumulate mcl-PHA have been
identified. Nonetheless, the association between Gram-
negative/Gram-positive and their ability to accumulate
mcl-PHA is unclear. Most bacteria producing mcl-PHA
were fermented under aerobic conditions and nutritional
stress, especially nitrogen [12] and phosphorus limita-
tion [13, 14], and, in some cases, under limited oxygen
conditions [15].

Apart from Pseudomonas species, several other microor-
ganisms, such as Streptomyces sp. IM3 (Gram-positive) [16]
and Enterobacter FAK 1384 (Gram-negative) have been
identified and investigated as mcl-PHA producers [17].
However, Pseudomonas, a rod-shaped, Gram-negative soil
bacterium, remains the most studied one. Among them,
P. putida (formerly known as P. oleovorans), P. chloro-
raphis, P. resinovorans, and P. citronellolis are well known
for mcl-PHA production and can grow on diverse feed-
stocks, including carbohydrates, fatty acids, and alcohols.

Our data analysis showed that the highest reported
biomass concentration was achieved with P. putida
KT2440 (160 g L™!) using waste cooking oil as a substrate.

A significant amount of PHA (74% of the cell dry weight)
was obtained when these bacteria were fed with a mix-
ture of decanoic acid, acetic acid, and glucose [18, 19],
indicating that P. putida performs high cell density fer-
mentation, providing, at least theoretically, a high number
of PHA producers per volume. Moreover, the utilization
of the waste substrate for this process also has a positive
economic impact.

Although Pseudomonas sp. is the most widely used
mcl-PHA producer, the final biomass concentration and
mcl-PHA accumulation have been shown to vary signif-
icantly based on the process conditions and the type of
carbon sources used. Most mcl-PHAs are produced at
ambient growth temperatures between 28°C and 30°C.
Meanwhile, mcl-PHA production has also been reported
in certain thermophilic bacteria, such as Bacillus ther-
moamylovorans PHAO005, that can accumulate 63% of cell
dry weight (CDW) mcl-PHA when grown on octanoate
at 45°C [20]. Satoh et al. [21] cultured another thermo-
tolerant species of Pseudomonas (SG4502) on biodiesel
by-products, which can potentially accumulate 40% mcl-
PHA consisting of even-numbered C4-C12 monomer units
at 45°C. Using these thermophilic organisms could be
advantageous for producing mcl-PHA on an industrial
scale, as the sterility of the bioreactor increases when it is
operated at higher temperatures [20, 21].

3.2 | Substrates for mcl-PHA production
For mcl-PHA production, the carbon sources influence
the cell growth rate, PHA titer, and the proportion and
type of monomers in the polymer [50, 53]. These sub-
strates can be classified into two groups (Figure 3). The
first group consists of substrates structurally related to mcl-
PHA monomeric structure, including fatty acids and oils,
which can be metabolized via the f-oxidation pathway
[24]. The chain length of the substrate is reflected in the
monomer composition. As the fatty acids in the substrate
are truncated by one acetyl-CoA at each -oxidation cycle,
the monomeric spectrum mainly consists of the fed fatty
acids and their shortened form. The extent of shortening
is dependent on the number of fatty acids passing through
the S-oxidation cycles [54].

The second group contains carbon sources structurally
unrelated to the mcl-PHA monomers, such as sugars,
volatile fatty acids, and glycerol [55, 56]. Carbohydrates
are converted into acetyl-CoA through glycolysis and then
into mcl-PHA through the de novo fatty acid biosynthe-
sis pathway [52, 57]. This requires the temporary fixation
of CO, onto acetyl-CoA to form malonyl-CoA, commonly
recognized as the rate-limiting step in the metabolic
pathway.
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FIGURE 3 Metabolic processing of structurally related or unrelated substrates to mcl-PHA (adapted from [9, 10]). ACP, acyl carrier

protein; ACS, acyl CoA-synthase.

We collected and analyzed data to determine the median
values of biomass growth, PHA productivity, and yield on
both substrate types. The analysis showed a higher median
specific growth rate (0.46 h™!) on structurally unrelated
carbon sources than related carbon sources (0.22 h™!),
mainly due to the presence of sugars. While PHA produc-
tion was more efficient on related carbon sources, with a
median productivity of 0.36 g L™! h™! and a median PHA
yield of 52%, the productivity and yield were 6 and 3.5
times less than unrelated carbon sources. This supports
the commonly used process of growing biomass on sugars
and changing the feed to fatty acids during the produc-
tion phase (Section 3.3). Moreover, most studies have used
structurally related substrates as significant carbon sources
for producing mcl-PHA (Table 1).

A study demonstrated that even-numbered C8 and C10
chains were incorporated into mcl-PHA when P. men-
docina 0806 was grown on citrate and glucose. When oleic
and myristic acids were used as C sources, a Cl12-mcl-

PHA constituent was also formed [67]. Follonier et al. [25]
illustrated that the distribution of mcl-PHA monomers is
comparable when unrelated C sources were used because
acetyl-CoA is the primary precursor in the de novo path-
way, whereas in $-oxidation metabolism, the fatty acids are
the precursors. Therefore, the longer the fatty acid chain,
the higher the proportion of long-chain monomers in the
mcl-PHA polymer. Consequently, the tailored monomer
composition with specific properties can be adjusted by
selecting the feedstocks [25, 49]. For example, in the study
with P. putida KTQQ20, it was shown that when the hex-
anoic acid proportion increased from 1 to 6 g L™}, the
3-hydroxyhexanoate (3HHX) fraction increased from 16%
to 63% [49]. Another investigation also indicated that feed-
ing with octanoic acid increased the proportion of C8
monomers in the final polymer structure [15, 58].

Efforts have been made to find convenient substrate
mixtures to maximize biomass growth and PHA produc-
tion. Generally, a mixture of substrates, including fatty
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Overview of the achieved biomass concentration and mcl-PHA accumulation, yield, and productivity in the function of

wild-type microorganisms and substrates. Only selected studies are shown. The data provided relate to the best results obtained within the

studies.

Microorganism Substrate

P. putida
KT2440

P. putida
KT2442

P. putida IPT046

P. oleovorans

P. putida CA-3

P. chlororaphis

P. putida GPol

P. citronellolis
DSM 50332

P. putida LS46

P. putida GO16

P. putida Bet001

P. resinovorans

Waste cooking oil

Decanoic acid, glucose,
and acetic acid

Glucose and nonanoic
acid

Nonanoic acid and
10-undecenoic acid

Glycerol, octanoate

Pomace of white wine
grapes, octanoic acid,
and 10-undecenoic acid

Waste frying oil

Oleic acid, linoleic acid,
and other fatty acids

Corn oil hydrolysate

Octanoic acid

Glucose and fructose 1:1

Octane

n-octane in both reactors

Octanoic acid

Butyric acid and
decanoate

Waste cooking oil

Biodiesel from waste
animal fat

Sodium octanoate and
octanoic acid

Saturated biodiesel
fraction

Octanoic acid

PET pyrolysis product and
waste glycerol

Palm kernel oil
Heptanoic and oleic acid

Olive oil deodorizer
distillate

Apricot pomace
hydrolysate

Apple pomace

Fermentation
strategy (vessel
volume)
Pulsed-fed batch
(5L)
Fed-batch (5 L)

Fed-batch (5L)

Fed-batch (5 L)

Batch (5L)

Two phases: batch
and fed-batch
(300L)

Batch (3 L)

Two-phase
Fed-batch (20 L)

Fed-batch (5L)
Fed-batch (7 L)
Fed-batch (8 L)
Fed-batch (3 L)
Two-stage
chemostat (3 L
reactors)

Fed-batch (5 L)
Fed-batch (5L)

Pulsed-fed batch
(5L)
Fed-batch (5L)

Fed-batch (650 L)

Pulsed-fed batch
(5L)

Pulsed-fed batch
(7L)

Batch (7 L)

Fed-batch (19.5 L)

Batch (0.25 L)
Batch (shake flask)
Fed-batch (10 L)

Batch (3.7 L)

Fed-batch (1 L)

Biomass
(gL™
160

75

71

55

26

14

126

109
42
50
112
18

17
90
82
2
53
42

29

17
5.4
13

10

4

PHA PHA yield (g

(% CDW) g™

36 0.28

74 0.86

56 0.66

55 0.50

34 0.21 (glycerol)
0.69
(octanoate)

41 0.79

30 0.45

54 0.70

28 -

65 0.54

63 0.19

8—28 -

63 -

38 0.22

65 0.52

21 0.08

15 -

60 0.41

27 -

61 0.52

57 0.62

33 -

35 0.64

36 -

36 0.21

12 -

25 0.4

PHA
productivity
(gL'h™)
1.93

1.16

1.44

0.18

0.10

0.01

0.68
0.83
0.80
0.34
1.06

0.07
1.63

0.36
0.14
0.76
0.05
0.66

0.08
0.13

0.76
0.25

0.03

(18]

(19]

[22]

(23]

[24]
[25]
[26]
[27]
(28]
[29]
[14]

[30]
[31]

(32]

[33]

(13]

[34]

(3]

[36]

[15]

[37]
[38]

[39]
[40]
[41]

[42]

[43]

(Continues)
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Fermentation PHA
strategy (vessel Biomass PHA PHAvyield (g = productivity
Microorganism Substrate volume) gLl (% CDW) g1 (gL 'h?) Cit.
P. putida sp. Glucose Batch (3 L) 9 3.0 0.01 - [44]
Pseudomonas Glycerol Batch (1 L) 8 52 - 0.03 [45]
sp. PAMC
28620
C. necator Tuna condensate Three cycles 7.5 50 - 0.06 [46]
TISTR 1095 repeated batch
(5L)
Pseudomonas Rapeseed oil Pulsed-fed batch 7 44 - 0.04 [47]
sp. G101 (75L)
Waste palm oil Fed-batch (7.5 L) 5 43 - 0.06 [48]
P. putida Glucose, hexanoic, and Batch (0.5 L) 5.1 35 - - [49]
KTQQQ20 dodecanoic acid
10-undecenoic acid Two-stage 1.2 25 0.72 (mol mol™) - [50]
chemostat (2.5 L)
B. ther- Sodium octanoate Batch (3L) 2.7 63 0.68 0.05 [20]
moamylovo-
rans
PHAO005
Pseudomonas sp. Biodiesel fuel by-product ~ Batch (3 L) 1.5 40 - - [21]
SG4502
P. mosselii TO7  Glycerol Batch (0.25 L) 1.3 48 - 0.01 [51]
P. putida S12 Sludge palm oil Batch (shake flask) 1 41 - - [52]

- Data not available.

acids with different carbon chain lengths (saturated or
unsaturated), is commonly used for mcl-PHA production
(Tables 1 and 2). Co-feeding glucose and fructose to
P. putida IPT 046 resulted in a biomass concentration of
50 g L' containing 63% mcl-PHA [14]. Other substrate
combinations, including fatty acids, waste materials,
and simple sugars, are frequently used to improve PHA
production. For example, when glucose was employed as a
co-substrate with nonanoic acid to feed P. putida KT2440,
the PHA yield was 25% higher than when nonanoic acid
was used as the sole carbon source [22]. This also resulted
in P. putida KT2440 growth up to a concentration of
g L~! with 56% mcl-PHA content, demonstrating that
co-feeding carbon sources increases the yield and enables
utilization of inexpensive or waste material as substrates.

3.21 | Crude glycerol

Due to the easy availability and sustainability of raw glyc-
erol, the by-product of biodiesel manufacturing represents
a feasible carbon source for mcl-PHA production [38, 57].
Additionally, using glycerol as a substrate reduced the
cost of mcl-PHA bioproduction compared to pure alka-
nes or related fatty acids [45]. mcl-PHA accumulation

was shown to be increased from 1.3% to 42% of CDW
under the co-metabolism of glycerol and octanoate when
fed to P. putida [19, 24]. Therefore, glycerol, as an unre-
lated carbon source, was shown to promote cell growth
and propagation, whereas octanoate, as a structurally
related carbon source, enhances mcl-PHA accumulation
in P. putida KT2440. This is supported by the fact that the
polymer composition was similar when grown solely on
octanoate.

3.2.2 | Long-chain fatty acids

Long-chain fatty acids (LCFAs) are the most studied
substrate for mcl-PHA production (Table 1) because of
their structural similarity to mcl-PHA monomers. Several
species of Pseudomonas, such as P. chlororaphis, P. putida
KT2440, and P. resinovorans, metabolize LCFAs into mcl-
PHA via f-oxidation [18, 59]. Studies have shown that
LCFAs are a suitable carbon source for mcl-PHA produc-
tion and high cell density fermentation. For example, in
a high-cell density approach using corn oil hydrolysate
as substrate, P. putida KT2442 reached a cell concentra-
tion of 109 g L' with 28% mcl-PHA accumulation [28].
Similarly, another study reported 126 g L= of biomass
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TABLE 2

Overview of the molecular weight and thermal characteristics of mcl-PHAs as the function of microorganisms, substrates, and

composition. Only selected studies are shown as those that did not state the exact values for PHA composition or did not provide thermal and
molecular weight characteristics were excluded. PHAs consisting of monomers with odd carbon atoms and unsaturated monomers are

discussed in the text. *Unsaturated monomers are not shown; the percentage share is added to the respective saturated monomers with the

same chain length.

M,

Microorganism Substrate 3HHx 3HO 3HD 3HDD 3HTD 3HHD (kD“;) PDI T, (°C) T, (°C) Cit.
B. thermoamylo- Sodium octanoate - 24 15 13 39 - - 1.3 68 [20]

vorans

PHAO005
P. chlororaphis 555  Waste cooking oil 7 36 37 - - 18 1.9 —64 - [13]
P. fulva TY16 Decanoic acid 7 49 44 - - 43 1.1 -39 48 [84]

Octanoic acid 10 79 1 — — 43 11 =35 56
Toluene 4 27 55 14* - - 43 1.1 —42 50
P. mendocina CH50 Coconut oil — 30 48 — - 333 2.4 —42 48 [61]
P. mosselii TO7 Crude glycerol 1 71 25 - - 97 1.3 - 49 [51]
P. oleovorans Octanoic acid 8 92 — - — 396 1.8 -33 61 [32]
P. putida Bet001 Octanoic acid 3 46 39 - - 65 2.1 —46 - [40]
P. putida GO16 Terephthalic acid 2 22 46 28* 2% — 70 1,89 =52 45 [38]
and waste
glycerol

P. putida KT 2440  Cider by-products 3 23 61 12* - - 47 2.2 —42 47 [43]
P. putida KTOY06 Decanoate 10 43 33 - — 100 1,3 —44 53 [85]
P. putida sp. Aromate mixture - 16 64 19* — — 87 3,8 —48 44 [86]

coculture
P. putida S12 Sludge Palm Oil 5 30 29 19* — 106 2.4 —42 35 [52]
P. resinovorans Olive oil deodorizer 12 48 31 <1 - 30 1.5 —-16 36 [41]

NRRL B-2649 distillate
P. sp. Glol Saponified waste - 45 40 - - 96 2.3 —46 86 [48]

palm oil
Rapeseed oil 8 53 37 - - 144 2.5 —-38 - [47]

- Not determined or data not available.

containing 54% CDW mcl-PHA using a mixture of pure
LCFAs in a 20 L reactor [33]. mcl-PHA productivity
using LCFA-containing complex substrates from renew-
able resources or waste streams was as high as that
achieved with pure fatty acids or carbohydrates (Table 1).
For instance, a higher PHA productivity of 1.93 g L~! h™!
was achieved from waste cooking oil compared with
1.44 g L7' h™! using glucose and nonanoic acid (Table 1).

LCFAs have low solubility in aqueous media due to the
high concentration of palmitic acid, which renders the
substrate solid at room temperature [18]. This poses rheo-
logical and mass transfer challenges, which must be over-
come by maintaining the liquid state of the hydrolysates
at high temperatures and effectively introducing them into
the cells. This, in turn, makes it challenging to homogenize
samples for subsequent analytical procedures or mathe-
matical modeling. Besides, the substrate concentration as
an indicator of fed-batch strategies would not be accurate
[13].

As substrate costs constitute the majority of the total
production cost, substituting them with cheaper materi-
als would be ideal. Therefore, fatty acid sources, including
kernel oil, rapeseed oil, vegetable oil, waste palm oil, and
waste cooking oil, could be potential substrates for eco-
nomical carbon sources for mcl-PHA production studies
[18, 39, 47, 48, 52].

3.2.3 | Waste-containing carbohydrates

Recent studies investigate waste-containing sugars, such
as starch [56] and fruit pomaces [25, 43]. Follonier et al.
[25] demonstrated that, in a 100 L two-phase fermentation,
hydrolyzed pomace of white wine grapes could be used as
a carbon source to produce PHA, completely replacing glu-
cose and decreasing the substrate price and overall process
costs [25]. However, utilization of these alternative feed-
stocks requires a preliminary pre-treatment step, such as
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saponification [39], transesterification [34, 59], chemical or
enzymatic hydrolysis [18], liquid extraction, filtration [25],
dehydration, and pressing, which can be expensive and
time-consuming. Moreover, due to the high variability of
the complex matrices, characterizing specific raw material
batches, especially in composition, is necessary. There-
fore, establishing a growth and production medium that
maintains the reproducibility of fermentation is crucial.

3.3 | Feeding strategies for mcl-PHA
production

Traditionally, fermentation is performed in shake flasks
or batch mode, essential to study and identify the growth
kinetics of microorganisms, optimal growth parameters,
and preferred nutrient composition. However, cell growth
and PHA productivity are much lower in the batch
mode than those achieved with other modes of operation
(Table 1).

The highest cell density achieved using wild-type
microorganisms in pulsed-fed-batch mode was 160 g L~}
[18] compared to 26 g L™ for batch-type [24] and 112 g L™}
in fed-batch feeding strategies [30]. The maximum mcl-
PHA productivity obtained using batch, chemostat, fed-
batch, and pulsed-fed-batch strategies were 0.76 [24], 1.06
[30],1.63[33] and 1.93 g L~' h~! [18], respectively. Compar-
ison of the median values of batch and fed-batch processes
revealed no significant difference in the median PHA
content (PHApacn = 36%, PHAfqpaten = 38%) or yield
(Ybatch = 045 g g7, Yieapaen = 0.51 g g~'). However,
in the fed-batch process, the median PHA productivity
(Gbatch = 0.05 g L' h™", Qreq-pagen = 040 g L~ h™") and
biomass concentrations in CDW (CDWy,, = 4.3 g L7,
CDWied-patch = 42.2 g L™1) were higher. These dynamic val-
ues show that the feeding strategy and bioreactor operation
mode are essential for biomass growth and PHA pro-
ductivity. Moreover, these feeding strategies overcome the
disadvantages of substrate inhibition or nutrient limitation
during batch process.

3.3.1 | Fed-batch and pulsed fed-batch
strategies

Currently, fed-batch and pulsed-fed-batch cultures are
considered the most productive for mcl-PHA synthe-
sis. They also reduce the possibility of substrate inhibi-
tion or toxicity during fermentation. Fed-batch strategies
have been reported for several Pseudomonas species. For
instance, using an exponential feeding strategy, P. putida
KT2440 accumulated mcl-PHA with a productivity of1.16 g
L' h~!. Generally, the cell concentrations, mcl-PHA con-

in Life Sciences

tent, and productivity obtained using the pulse-fed batch
mode are higher than those achieved using other meth-
ods. Using a pulse-fed batch, an mcl-PHA productivity of
1.93 g L=' h~! was achieved by supplying the substrate in 25
pulses over 30 h [18]. Similarly, using the same approach,
61% CDW mcl-PHA accumulation was seen in P. putida
LS46 with a productivity of 0.66 g L= h=! [15].

Measuring the substrate consumption rate in real
time is challenging. Therefore, reliable pulse-fed batch
processes are usually developed based on the growth
stage, metabolism, and viability of the cell culture. CO,
concentrations in the exhaust gas stream or O, concen-
tration in the bioreactor are used as indicators to control
the physiological cell state and substrate level in the
medium indirectly [13, 15, 18]. For example, a drop in
the CO, concentration or increased dissolved oxygen
indicates decreased metabolic activity. A 25% drop in the
CO, concentration is a trigger to start automatic feeding
[19]. A similar concept is also adapted to develop pulse-fed
batch feeding, where the substrate is fed intermittently
using the dissolved oxygen (DO) concentration in the
bioreactor.

The effect of adding different (micro)nutrients is poorly
understood. Hence, we could not obtain any trends
regarding the feeding time or the concentration of the
added nutrients. Instead, these parameters depend on
the microorganism and its growth kinetics. Thus, further
research is required to study the effect of micronutrients
on mcl-PHA production to increase the productivity and
yield of PHA.

3.3.2 | Continuous processes

An industrial-scale mcl-PHA production process prefer-
ably requires a continuous process. Continuous mcl-PHA
production has been shown using a two-stage chemostat
for biomass growth and PHA accumulation. In the first
reactor, biomass is allowed to grow to achieve high cell
density, while the broth containing a high biomass con-
centration is transferred to the second reactor, which is
operated under optimal conditions for PHA accumula-
tion. In this study, n-octane was used as the carbon source
to feed P. oleovorans ATCC 29347 with optimum dilution
rates of 0.22 and 0.16 h~! in the growth and accumulation
reactors, respectively. Under these conditions, the biomass
concentration and mcl-PHA productivity were 18 g L~}
(63% mcl-PHA) and 1.06 g L™! h™!, respectively [31]. Sim-
ilarly, another study showed productivity of 1.2 g L™! h~!
(25% mcl-PHA) using P. putida KTQQ20 [50]. In both stud-
ies, the culture volume of the first stage was continuously
transferred to the second reactor, and a steady state was
achieved after 24 h or more.
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Very few studies have focused on developing continu-
ous fermentation processes, as operating two reactors for
biomass growth and PHA accumulation is cumbersome
and expensive. Furthermore, a steady state does not guar-
antee that the biomass has achieved a maximum PHA
accumulation capacity and entirely consumed the sub-
strate supplied into the bioreactor. Therefore, a two-phase
fermentation, described in the following section, might be
ideal for producing mcl-PHA.

3.3.3 | Two-phase fermentation

The optimal conditions for cell growth and mcl-PHA accu-
mulation differ. Nitrogen and phosphorus are essential to
achieve high cell density during biomass growth. In con-
trast, nutrient limitation is the critical factor that triggers
PHA production under excess carbon conditions during
PHA accumulation. Therefore, two-phase fermentation
systems have performed better than two-stage chemostat
fermentation [31]. Moreover, the former requires a single
reactor, whereas the latter needs two different reactors.
Generally, the first phase aims to achieve high biomass
concentration, whereas the PHA accumulation occurs in
the second phase. While the second phase is usually initi-
ated by nitrogen limitation [27, 34], different stress factors,
including phosphorus [60] or oxygen limitation [37], have
also been reported. Consequently, two-stage fermentation
has been widely used in the studies included in this review
[50, 61].

Various feeding strategies can be used with two-phase
fermentation. For biomass growth, batch or fed-batch
feeding can be utilized. For PHA accumulation, fed-
batch, pulse, or continuous feeding could be implemented
depending on the substrate type. Using a combination of
batch growth stage and linear fed-batch polymer accumu-
lation, a P. putida KT2440 concentration of 14 g L™ with a
41% mcl-PHA content was obtained [25].

Although these feeding strategies have been extensively
explored, they have not been widely replicated on a pilot or
production scale. Thus, broad commercialization of mcl-
PHA is yet to be achieved, which requires more pilot-scale
research in large fermentation volumes to demonstrate the
feasibility and productivity of mcl-PHA on an industrial
scale.

4 | DOWNSTREAM PROCESSING

As downstream processing (DSP) is crucial for extracting
mcl-PHAs from biomass, determining its properties with-
out interfering with the effects of potential contaminants
to exploit their full potential, is necessary. Furthermore,

many applications require a high degree of purification.
However, this review focuses on the production and
properties of mcl-PHA rather than DSP. Moreover, the pro-
cesses and methods currently used to purify mcl-PHAs do
not differ significantly from those used for scl-PHAs. Thus,
we have only provided a summary of the established meth-
ods used to purify mcl-PHA on a laboratory scale and then
proceeded with a detailed analysis of the relevant polymer
characteristics.

The most frequently used purification method is solvent
extraction, consisting of three significant steps (Figure 4):
Separation and drying of biomass, extraction, and pre-
cipitation. Furthermore, additional refining steps can be
performed to increase the purity of the polymer.

After isolating the biomass from the culture broth by
centrifugation or filtration, the harvested cells are either
freeze-dried [61, 62] or oven-dried [40]. Several studies
have shown that biomass should be pre-treated to weaken
the cell membrane and promote cell lysis. To achieve this,
dried biomass is degreased overnight using ethanol [34] or
methanol [63] at room temperature or ethanol by reflux
[64]. Then, the biomass is washed with saline solution and
n-hexane to remove loosely bound non-PHA material [40]
and excess fatty acids, respectively [32]. Moreover, heat
pre-treatment by autoclaving the fermentation medium
supported cell lysis and nucleic acid solubilization in enzy-
matic DSP processes [65]. Some studies used pre-treatment
with NaOCl, a strong oxidizing agent, to disrupt cell
membranes and enhance recovery [66].

This is followed by PHA extraction from the cells, usu-
ally done using organic solvent extraction via stirring or the
well-known Soxhlet apparatus. In the Soxhlet apparatus,
PHA is selectively transferred from a sample matrix into
the solvent, and the solvent is regenerated by distillation
through a periodic process. Jiang et al. [67] reported that
Soxhlet extraction is more effective than direct extraction
on a bench scale. However, this apparatus is not suit-
able for scaling up. The PHA recovery yield from solvent
extraction depends on the type of solvent. Conventionally,
halogenated solvents are widely used because they pro-
vide high polymer purity and recovery yield [9]. However,
mcl-PHAs are also soluble in non-halogenated solvents,
such as methyl tert-butyl ether, ethyl acetate, and ace-
tone. Jiang et al. [67] achieved >86% recovery and 94%
polymer purity using acetone to extract mcl-PHA from
methanol-pretreated biomass.

After extraction, the cell debris is separated from the
PHA-containing solvent through filtration [32, 40], cen-
trifugation, or decantation. Then, the PHA is precipitated
in ice-cold methanol or ethanol, followed by further
separation and subsequent drying [34, 63].

Although solvent extraction is a significantly efficient
method, it is disadvantageous from an economic and
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environmental point of view because a large volume of
toxic solvents is required. Therefore, for mcl-PHA extrac-
tion, a comprehensive screening should be done to eval-
uate green and sustainable solvents, such as hydrophobic
natural deep eutectic solvent (NADES), which exhibited
a PHA recovery value and purity of 42% and 99%, respec-
tively [68]. NADES comprises various naturally occurring
or food-grade components mixed in specific proportions
to create a eutectic mixture with unique solvent proper-
ties. However, the NADES formulation needs to be further
optimized to improve the recovery rate of the solvent.
Other solvent-free extraction methods have also tested
and studied for mcl-PHA purification. These methodolo-
gies are based on dissolving and digesting the nonpoly-
meric cell material to recover mcl-PHA. Yasotha et al. [65]
achieved a recovery yield of 90% using a two-step digestion
method. Purification consisted of wet biomass digestion
using Alcalase® and SDS in the first step, followed by a
second step with EDTA and lysozyme. Furthermore, the
MW of PHA recovered by enzymatic treatment was higher
than that of PHA extracted using chloroform [65, 69]. Apart
from enzymatic digestion, methods such as acid, alkali,

¥
Supernatant Precipitation solvent
l e.g. methanol, ethanol

Flow scheme focusing on different unit operations of mcl-PHA downstream processing. The most relevant purification step,

oxidant, and surfactant hydrolysis have also been imple-
mented for the purification of PHA. Depending on these
methods, the recovery rate varies between 75% and 95%
[70]. The main disadvantage of acid and alkali hydroly-
sis is that the PHA polymer with lower MW is recovered
[71]. Therefore, it is essential to select a suitable extraction
method depending on the further application of PHA.
Few DSP methodologies have been described in detail
and reported for pilot-scale extraction. Most authors con-
ducted extraction and purification, with the only objec-
tive being subsequent polymer characterization, such as
monomer composition, MW, molecular mass distribution,
and its thermal and mechanical properties, to determine
the suitable applications of the PHA [22, 34]. mcl-PHA
characteristics and commonly used techniques for their
determination are described in the following sections.

5 | mcl-PHA CHARACTERISTICS

The structural, thermal, and mechanical properties of
mcl-PHAs, such as the MW and melting temperature,
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determine their processability and application, and hence,
should be frequently analyzed. This section examined
the median values for different analytical methods based
on relevant studies. These values were compared with
those obtained from scl-PHAs and discussed, considering
other relevant features, such as the purity or monomer
composition of the mcl-PHAs.

5.1 | Chromatographic determination of
the purity and monomer composition

Gas chromatography (GC) is the most frequently used
technique to analyze mcl-PHA. It is an accurate and cost-
effective method to analyze the monomeric composition
[72] and to determine the purity of PHASs [65, 73], espe-
cially for scl-PHAs. However, analyzing the composition
and purity of mcl-PHAs using GC is more challenging. For
analysis, methanol transesterification under acidic condi-
tions cleaves the polymer into its monomers and converts
them into methyl esters. Furrer et al. [74] reported that
GC might not be a reliable method for mcl-PHA due to
the slow reaction kinetics of the transesterification of mcl-
PHAs. However, this could be avoided by extending the
incubation time.

Conventional detectors, such as flame ionization detec-
tors, require standard methyl esters for calibration, which
can be challenging because only a few are commercially
available. In the case of a mass spectrometry (MS) detec-
tor, mass spectra can be identified with the help of online
library databases (e.g., NIST). Irrespective of the detec-
tor used, differentiation between structural isomers is
challenging using GC alone without MS coupling. Never-
theless, it remains the most prominent tool for analyzing
mcl-PHA, as it is the only accurate method available to
determine the degree of purification. Muhr et al. [36] val-
idated the accuracy of GC in determining the chemical
composition of mcl-PHA.

5.2 | Spectroscopic investigation

The main spectroscopic methods used to characterize mcl-
PHAs are nuclear magnetic resonance (NMR) and Fourier-
transformation infrared (IR) spectroscopy. The latter was
the most widely applied qualitative method to investigate
biopolymers in the reviewed publications.

5.2.1 | IR spectroscopy

Most studies used IR spectroscopy to confirm the excita-
tion of mcl-PHA-specific vibrations, resulting in charac-

teristic peaks, which can be utilized to identify mcl-PHAs
and all PHAs in general [17]. A strong peak in the range
of 1720-1740 cm™! derived from an ester-specific vibration
was identified and applied as a marker peak to con-
firm the presence of PHAs [20, 43, 45, 51]. The peaks at
2800—3000 cm™! were assigned to methyl- and methylene-
specific vibrations [40]. The band at this wavelength is
more robust and splits into several peaks for mcl-PHAs
because of the increased number of methylene groups and
higher diversity of the chain lengths. Strong peaks at 1276
and 1130 cm ™! can be attributed to the asymmetric C O C
and C O stretching [20].

Although IR spectroscopy offers excellent poten-
tial, only a few studies have exploited the obtained
IR spectra for advanced investigations. For instance,
Sathiyanarayanan et al. [45] determined the crystallinity
index by a quotient of absorbances exploiting the
bands at 1181 cm™! (crystallinity-sensitive) and 1719 cm™!
(crystallinity-insensitive). Further, using a non-destructive
IR-based method, PHAs accumulated within the bacterial
cells were identified quickly, unlike using extracted PHAs
[75].

However, as IR spectroscopy mainly identifies spe-
cific functional groups, not molecules, mcl-PHAs, and
scl-PHAs can be differentiated qualitatively. Using IR to
quantitatively differentiate between different PHAs in a
mixture (to obtain a ratio of PHAs) is challenging due to
similarities in the spectra. Thus, IR is mainly used to vali-
date the presence of PHAs rather than provide information
about the polymer’s composition. It is, therefore, of limited
value without applying advanced evaluation techniques or
software.

5.2.2 | Nuclear magnetic resonance (NMR)
spectroscopy

NMR spectra can provide more information and higher
resolution than IR spectra. Commonly performed mea-
surements, such as 'H- and >*C-NMR, have been applied to
determine the monomer composition of the mcl-PHAs and
their relative amounts. For example, a typical monomer
composition of an mcl-PHA, from 3HHx to 3HDD, can
be derived from Figure 5 with a numbered assignment of
the C- and H-atoms. Figure 6 shows the representative 'H-
(a) and '3C-NMR spectra (b) of mcl-PHA, predominantly
composed of the monomer 3HD.

Considering 'H-NMR, multiple peaks around 2.5 ppm
can be assigned to a-carbon protons (methylene, see C-2
in Figures 5 and 6A,B), a peak downfield at 5.2 ppm can
be assigned to the -carbon (methine, C-3) proton. These
are so-called marker peaks for PHAs in general [61]. The
peak upfield around 1.5 ppm could be assigned to the
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the C atoms themselves or the protons linked to them with the structure shown in Figure 5.

methylene protons of the y-carbon (C-4). Peaks with a
chemical shift below 1.5 ppm can be allocated to protons
of the side-chain methylene groups (C5-7 in Figure 6A)
[40]. Peaks at 0.8—0.9 ppm can be assigned to terminal
methyl groups (C-8 in Figure 6A) [45]. The distinction
of methylene hydrogen atoms in pendant alkyl chains by
'H-NMR is complicated because of the commonly limited
maximum field strength of the NMR spectrometers, thus
moderate resolution and overlap of peaks. Double bonds
in the side chains can be distinguished by additional peaks
at approximately 2.0, 2.3, and 5.3 ppm [76].

I3C-NMR is another valuable method for obtaining the
mcl-PHA’s composition. A major peak can be identified
at approximately 170 ppm from the carbonyl C-atom of
the polymer backbone (C-1). a-, 8-, and y-carbon atoms
can be identified at approximately 40 (C-2), 71 (C-3), and

35 ppm (C-4), respectively [45]. Olefinic C atoms have a
chemical shift of 120—140 ppm [43]. For 'H-NMR, the ter-
minal methyl carbons resonate at a high field strength (C-8.
upfield, 13-15 ppm) [43].

Unlike 'H-NMR spectroscopy, “C-NMR is suitable
only in exceptional cases or with time-consuming mea-
surements to determine the relative distribution of the
monomers in mcl-PHA. However, 2 C-NMR can be used to
distinguish the peaks clearly, enabling the assignment of
the respective carbon atom. Using an NMR spectrometer
with strong magnetic fields, assigning the peaks to the
respective building blocks is feasible even in mcl-PHA con-
taining diverse monomers and several long-chain residues.
For example, Mubhr et al. [36] easily distinguished between
3-hydroxyoctanoate (3HO) and 3-hydroxydecanoate (3HD)
and identified these as primary monomers based on the
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peaks at 15 and 38 ppm. Further, 3HV and unsaturated
building blocks were detected even in small amounts due
to the high sensitivity of the NMR technique.

Shang et al. [28] used *C-NMR spectroscopy to con-
firm the effect of fatty acid composition and substrate
concentration on the final monomer composition. They
compared the NMR spectra fingerprints measured with
mcl-PHA formed by P. putida KT2442 grown on pure
oleic and linoleic acid with corn oil hydrolysate. Using
I3C-NMR, they confirmed that the incorporation of 3HDD
and 3HwTD into mcl-PHA by P. putida grown on corn
oil hydrolysate is due to the presence of oleic acid. The
integration of 3HwDD and 3HTD anon results from
linoleic acid, another major fatty acid in the corn oil
substrate, suggesting that the composition of mcl-PHA
could be target-oriented and adjusted by the choice of
substrate.

Several reports have applied NMR to confirm that the
produced polymer is or, at least, incorporates mcl-PHA
[51] or to allocate the shifts to the different monomers in
the mcl-PHA [77]. Although this also has an informational
value, a solely qualitative analysis could be performed by
other less cost- and time-intensive measurement methods,
such as IR spectroscopy.

The values representing the chain length and the num-
ber of unsaturated monomers have been shown to be
in good agreement with the NMR and GC-MS mea-
surements. Although this enables experienced techni-
cians/researchers to understand the monomer composi-
tion with NMR considering, for example, a highly diverse
mcl-PHA or one with monomers of increased chain length,
it offers the benefit of even locating the double bonds
of unsaturated chains [78] or detecting structural isomers
[79].

Furthermore, NMR can also determine and quantify
lipid contaminants [70]. Linton et al. [80] showed that
NMR could also be applied to determine the content and
purity of PHA in a complex matrix. These NMR techniques
must be further developed to routinely assess the degree of
purification. However, NMR requires cost-intensive equip-
ment and trained staff, whereas the GC or LC equipment
needed to determine the purity and composition does not
require high investment and skilled personnel.

5.3 | Determining the molecular weight
using gel permeation chromatography

The MW of mcl-PHA, an essential characteristic, can be
measured via gel permeation chromatography (GPC). Few
studies have also used viscosimeter-based MW measure-
ments, resulting in the viscosity-average molecular weight
My) [81, 82].

The MW of P3HB greatly determines its film-casting
ability, thermal and processing behavior, and brittleness
[83]. The same can be assumed for mcl-PHAs. Table 2
lists the Number-average molecular weight (M,,), weight-
average molecular weight (My,), and resulting polydisper-
sity index (PDI) of various mcl-PHAs.

As MW distribution is commonly unimodal, one defined
peak resulting from the chromatographic separation [36]
can be evaluated. Analysis revealed a range of 11-396 kDa
for My, and a range of 6 to 216 kDa for M,,. The calcula-
tion of the medians investigated for all studies yielded a
value of 104 kDa for My, and 49 kDa for M,,. This is signifi-
cantly lower than the median values commonly published
for scl-PHAs (>250 kDa). High-molecular-weight (HMW)
PHAs are generally desired because they show improved
mechanical strength compared with lower MW analogs
[87]. However, low-molecular-weight (LMW) mcl-PHAs,
thus, have potential applications in the biomedical field,
such as adhesive materials [43].

According to Zinn et al. [88], the MW of PHAs depends
on the bacterial strain, polymerase copy number and
expression level, growth conditions, and carbon source.
This could only be partially confirmed in the case of the
carbon source. Davis et al. [62] indicated that the My, of
P. fluorescens 555 mcl-PHA is slightly higher when grown
on a grass hydrolysate than on a synthetic sugar mix. Other
authors observed that applying a mixture of heptanoic and
oleic acid does not significantly influence the MW com-
pared to using oleic acid alone [40]. Similar results were
seen during mcl-PHA production with P. chlororaphis 555
using rape seed oil and its hydrolysis product, as the My,
and M,, do not significantly differ [89].

Expectedly, the MW significantly depends on whether
the carbon source is related, unrelated, or non-natural.
Even when substrates within the same compound class
are used, the MW difference can be significant due to the
different metabolic pathways involved in degradation, as
shown by Hanik et al. [50]. They observed a significant
difference in the MW using a non-natural carbon source
and a related substrate: 3-hydroxy-5-phenylvalerate and
decanoate. M,, is approximately doubled using decanoate
as the substrate.

Some substrates, such as glycerol, have a chain-
terminating effect in the non-metabolized native form,
which lowers the MW of mcl-PHA [21, 51]. Thus, a sub-
strate with a unique composition commonly results in a
higher MW than the mcl-PHAs achieved using heteroge-
neous substrates, such as waste cooking oil, because they
are highly likely to contain chain-terminating compounds
[18].

The extraction methods also affect the MW of mcl-PHA
[90], specifically the solvent used for extraction. Bartels
et al. [90] confirmed that, in addition to the monomer
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ratio, the My, of a P(3HB-co-3HHX) varies in the range
of 134-199 kDa depending on the solvent used for extrac-
tion. This might be because the diffusion kinetics might
differ for LMW and HMW mcl-PHAs in the respective
solvents. A previous study suggested that the differences
in removal efficiencies of polymeric impurities with
charcoal might alter the MW and polydispersity indices
(PDIs) [66, 91].

PDI represents the heterogeneity of the polymer’s MW
and is, in the case of mcl-PHAs, a function of cultiva-
tion conditions, the polymer recovery process, and the
type of PHA synthase of the microorganism [84]. It has a
substantial effect on the mechanical and processing prop-
erties. Highly polydisperse samples behave like a blend
of LMW and HMW polymers: LMW polymers within the
mixture could act as softeners and plasticizers, whereas
HMW polymers contribute significantly to the melting vis-
cosity. Although a high polydispersity is not necessarily
disadvantageous, however, a low dispersity and a monodis-
perse polymer is more desirable. Most mcl-PHAs have a
median PDI of 1.97. PDISs close to 1 are considered to rep-
resent nearly uniform and monodisperse polymer chains
[84], as is the case for proteins or DNA. Higher PDIs were
measured using synthetic compounds as substrates, such
as 5-phenylvalerate [50] or aromatics [86].

Although MW values of mcl-PHAs have often been com-
pared with previously published values, only few studies
have determined the main factors influencing the MW of
mcl-PHAs. According to Chardron et al. [32], there are con-
tradictory statements concerning adjusting the mcl-PHA
MW by adapting to different fermentation conditions, such
as pH. Thus, it is only strain-specific if HMW mcl-PHA is
produced at low or high pH values.

Prospective studies should investigate whether the MW
of mcl-PHAs is process-related using GPC as the method
of choice. Unlike viscosity, which is also applied for MW
determination, PDI might greatly determine the process-
ing behavior together with My,. This is due to the impact of
both properties on the glass transition and melting point,
which are essential factors for selecting conditions for
processing biopolymers such as mcl-PHA.

5.4 | Analyzing the thermal properties
Differential scanning calorimetry (DSC) and Thermogravi-
metric analysis (TGA) are used to determine the thermal
properties of elastomers and thermoplasts. The thermal
characteristics are decisive considering the mechanical
properties at a given temperature and are highly relevant
for processing PHAs by extrusion, melt spinning, or injec-
tion molding. Furthermore, these characteristics greatly
determine the respective application fields.

in Life Sciences

In this context, crystalline scl-PHA has typical ther-
moplastic properties, whereas mcl-PHA resins resemble
elastomers and latex-like materials [92]. The low thermal
stability of scl-PHAs limits their applicability and pro-
cessibility because of a narrow processing window [93].
The glass transition temperature of scl-PHAs is near room
temperature, indicating its high brittleness and secondary
crystallization during storage. To overcome these limita-
tions, nucleating agents and/or plasticizers need to be
added for processing and application [94]. Combining scl-
and mcl-PHAs has been shown to significantly improve
thermal stability and compensate for the disadvantages of
both PHAs [95]. The authors determined that the melt-
ing temperature T,, did not vary with the composition.
However, a decrease in the crystallinity and crystallization
temperature T, could be confirmed by DSC. In addition,
the decomposition temperature T4 increased for TGA after
adding a higher amount of P3HO to P3HB.

5.4.1 | Decomposition temperature (Ty)

T4 defines the temperature at which a compound degrades
under heating. The overall decomposition reaction, inde-
pendent of the PHA type, involves the hydrolysis of ester
linkages, resulting in LMW-PHAs. A small proportion
of unsaturated side-chain fragments undergo oxidative
cleavage at C C-linkages, producing a minor number
of LMW esters and acids. The terminal hydroxyl group
can undergo dehydration at higher temperatures to form
an alkenoic acid [96]. Most mcl-PHAs with saturated
monomers exhibit single-step degradation in the temper-
ature range 255—350°C. Incorporating monomers with
a longer alkyl chain has increased T4 [45, 53]. Razaif-
Mazinah et al. [40] stated that a unique monomer distri-
bution and shorter monomeric chain lengths resulted in
a lower Tjy. Still, the variation is only in a narrow range
(275—283°C). This confirms that the T4 barely depends on
the monomer composition, unlike the melting and glass
transition temperatures.

5.4.2 | Melting temperature (T,,) and glass
transition temperature (T,) using DSC

The melting temperature T, is an essential parameter for
characterizing mcl-PHA. Melting peaks can be attributed
to the melting of the crystalline regions in the polymer
[43]. Based on previous studies, the median T, value
for mcl-PHAs was 47°C. However, the variations in the
individual T, were quite large. A significantly lower T, of
15°C was reported by Cerrone et al. [33], while other stud-
ies reported much higher values, up to 173°C [45]. In this
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case, the high T, similar to T,,, of scl-PHAs, was attributed
to increased side-chain crystallization of the long-chain
monomers.

Several mcl-PHAs do not undergo melting or exhibit
only a broad undefined peak in the commonly observed
temperature region (30—120°C) [13, 25, 40, 81, 97]. Resul-
tantly, the enthalpy changes were not recorded. This is
because the mcl-PHAs produced are amorphous elas-
tomers [98]. Further, the melting peak might depend on
preliminary treatment. Studies showed that a 5-week-
old mcl-PHA exhibits no melting peak in a second DSC
measurement [61], whereas two T, peaks are generally
observed in mcl-PHASs [77].

A material’s glass transition temperature (Ty) describes
the temperature at which it transitions from a hard, brittle,
glassy state to a viscous, rubbery state. At this temperature,
the amorphous regions change from rigid to flexible. As
the average T, of mcl-PHAs is around —43°C, it is mainly
in an amorphous state, exhibiting elastomeric behavior at
room temperature [48]. The T, of mcl-PHAs is lower than
that for most polymers, such as nylon 6,6 (57°C), polycar-
bonate (150°C), or polyvinyl acetate (28°C) [99], and most
scl-PHAs (around 0°C).

The T, depends on the purity as residual contamina-
tion of PHA with the substrate results in a deviation from
the expected T, range, as reported by Cruz et al. [41]. In
particular, compounds with cross-linking ability, such as
triglycerides, increase the T, due to reduced mobility of
mcl-PHA [100].

The side-chain structure and chemical composition of
the monomers determine both Ty, and T,. A comparison
of previous data shows that T, decreases with increasing
monomer chain length [48, 101]. Abe et al. [101] stated
that the T, of solvent-cast films consisting of mcl-P(3HA)s
decreased from 59°C to 45°C, changing the side-chain
length from three P(3HHX) to four P(3HHp) carbon atoms.
Extending the side-chain length of the mcl-PHA to seven
carbon atoms as it is within P(3HD) increased the T, to
69°C.

Other authors showed that the monomer distribution
is a major impact factor. This is reflected by higher T,
and T values due to a less diverse monomer composition
[33]. Abe et al. [101] argued that diversity in the monomer
composition inhibits the formation of stable crystalline
regions. This was confirmed by Li et al. [77] and Jiang
et al. [102], who stated that a higher share of a domi-
nant monomer increases T, due to an increased melting
enthalpy, of which the median of all investigated studies
is about 16 J g~!. These authors showed a positive linear
relationship between the dominant monomer content and
T\,- Therefore, it is not surprising that mcl-PHAs with a
particular dominant monomer exhibit thermal properties
similar to those of P3HD [63]. Low Ty, and T, values indi-

cate the presence of highly flexible chains and a large free
volume in the mcl-PHAs due to bulky pendant alkyl chains
[61].

5.4.3 | Cold crystallization temperature (T.)
The cool crystallization temperature (T..) is another
parameter for characterizing elastomeric polymers with
DSC. Based on previous reports, the median T, for mcl-
PHA was determined to be 55°C, similar to that for
scl-PHAs. T, is the temperature at which at least a part of
the polymers crystallize within cooling and is consistently
lower than T,,. The degree of crystallinity X, anon is not
calculated using T, but the melting enthalpy at T,.

5.4.4 | Degree of crystallinity (X.)

X, greatly affects the mechanical properties and degrada-
tion time of mcl-PHAs [103]. The crystalline regions are
formed when the main and side chains are assembled in
ordered layers. The higher the crystallinity, the more brit-
tle is the material, the less susceptible to modification, and
the lower the end-of-life degradation rate [45]. In addition
to using DSC to calculate the X, with T, the X. of PHAs
can also be determined using FT-IR [104] and X-ray [105]
investigations.

The X. of P3HBs range between 60% and 80% [45].
The median X. value of mcl-PHAs is 23%. One study
determined even lower X, values at 6% [41], indicating
that mcl-PHAs are only partially crystalline and that the
polymer has a higher proportion of amorphous regions,
resulting in rubber- or latex-like characteristics [36]. This
was also by van der Walle et al. [106], who characterized
mcl-PHA as a “highly amorphous elastomer.” Amor-
phous properties result from incorporating unsaturated or
long-chain monomers, high monomer diversity, and the
random ordering of the respective monomers that interfere
and decrease the crystallinity [43, 107].

The crystallization of mcl-PHAs was also found to be
time-dependent. A study showed that the crystallinity of
P(3HO-3HD-3HDD) changed during storage within the
first 5 weeks after its production. Guo et al. [107] incu-
bated this polymer for 24 h at room temperature before
measuring X via X-ray and showed that the crystallization
process requires a long time [61]. Thus, the determina-
tion of Xc via DSC in the standard form is questionable
because DSC includes heating and cooling of the sam-
ple in a short period; the Xc could differ from the one
obtained by X-ray. Therefore, further investigations are
required to compare X data obtained using X-ray and DSC
as functions of different storage times. Precise values for
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X, are mandatory because they significantly impact the
mechanical properties [108].

5.5 | Measuring mechanical properties
Although the investigations described above were still
strongly oriented toward basic research, determining the
mechanical properties of the mcl-PHAs using tensile
testing machines is required for their application. The
mechanical properties of a material are crucial for its pro-
cessing behavior, which further determines its prospective
applications. Objective analyses must evaluate properties
such as brittleness, glassiness, and elasticity to charac-
terize the material properly. The three main mechanical
properties commonly measured for mcl-PHAs include
elongation at break ¢, tensile strength o, and Young’s
modulus E. These are calculated using a tensile tester
to measure the deformation and fracture of a specimen,
resulting in a specific stress-strain curve (see Figure 7)
with the respective data.

Generally, the value ranges determined for the mechan-
ical tests are significant, based on the variability of the
mcl-PHAs or due to challenges during the performance
of the tests [108]. This holds especially true for ¢, a
measure of deformability under stress. For example, stud-
ies have shown that the ¢ values for mcl-PHAs vary
greatly (¢ = 20%—1384%). The median ¢ is at 385%, thus
greatly exceeding the values commonly published for
P3HB (¢ = 2%) [109, 110]. It might be because the mcl-
monomers foster the elasticity of the material [107]. Based
on the ¢ values, mcl-PHA resins are considered to be elas-
tomeric, similar to latex and rubber, making them suitable
for soft tissue engineering applications [45].

in Life Sciences

Young’s modulus E can be estimated as the slope of the
elastic region in the stress-strain diagram (Figure 7). The
previously reported E values were between 2 MPa [61] and
48 MPa [77]. As E is a function of the monomer chain
length in mcl-PHA, the higher the average chain length
of the monomers in mcl-PHA, the higher the E. The same
holds when higher fractions of the dominant monomer are
fed [102]. Both findings were confirmed by Ouyang et al.
[85], who increased the share of 3HDD in the polymer. Sim-
ilarly, Jiang et al. [102] observed an eightfold increase in E
when the 3HN amount in the polymer was increased from
70% to 95%.

The local degree of order within the polymer and the
arrangement of the monomers also affects the mechanical
properties. The mechanical properties of two PHA poly-
mers with the same composition, one with block-by-block
and the other with random heterogeneous copolymer
arrangements differ significantly [49].

The Storage (E*) and Loss Modulus (E*‘) can be mea-
sured by the apparent viscosity and viscoelastic properties
Cruz et al. [41]. Thus, viscosity has been shown to signif-
icantly contribute to the mechanical behavior of mcl-PHA
films at temperatures below Ty,. The E‘ is significantly
temperature dependent, exhibiting high values below T,
[43], corresponding to the material’s stiffness. At room
temperature, the E* of mcl-PHA is low, indicating that it
is soft and elastic. Hence, evaluating the E‘ of mixtures of
crystalline polymers can support processing in a standard
extruder [43]. In addition, mcl-PHA was found to be
an appropriate precursor for natural-based adhesives
by subjecting the material to shear bond strength tests
[41]. The E° of mcl-PHA has been shown to be greatly
enhanced by adding Cloisite 15 A as a filler [32], probably
attributed to a greater interfacial area between PHA and
filler.

5.6 | Further mcl-PHA investigations
Most studies investigated the mcl-PHA characteristics
using above-mentioned analytical instruments and
methods. Based on our literature search, we also identified
seldom-used analytical tools to characterize PHAs. As this
additional data might help identify suitable applications,
we would like to introduce them, in this section, briefly
and comment on their suitability.

Contact angle tests can be used to evaluate the mechan-
ical properties of mcl-PHA films. The results revealed
that mcl-PHAs are inherently hydrophobic, exhibiting
contact angle values between 83° and 101° [61, 111]. How-
ever, the authors state that this value has limited validity
because the wettability is also influenced by the material
roughness [61]. Furthermore, the value is too low for
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the specific hydrophobicity of different materials, such as
textiles.

Protein adsorption is essential for the biocompatibility
and accessibility of the interaction surface of a material. It
is a prerequisite to use PHAs in implants [114]. The pro-
tein adsorption was determined to be between 0.083 and
0.7mg cm~2 [61, 112, 113]. Notably, hydrophobicity and pro-
tein adsorption are a function of the surface morphology,
which can be assessed via scanning electron microscopy
(SEM).

Although evaluating the material before application is
crucial, values indicating the purity of the extracted PHAs
are unavailable. Elemental analysis can be used to assess
impurities derived from proteins by measuring the protein
content via nitrogen amount [36], providing information
regarding the purity. Further, it could also be used to reveal
an “average” monomer chain length while measuring a
pure sample [11]. However, the primary contamination in
the mcl-PHAs is lipids, which cannot be determined using
elemental analysis.

6 | CONCLUSION

While the production and application of microbially pro-
duced PHAs has been of research increasingly for several
decades, its industrial implementation has only recently
started gaining momentum. Scl-PHAs, such as P3HB
or P3HB3HV copolymer are relatively well known, as
evidenced by the numerous publications in this area.
Several publications are available solely for P3HB com-
pared with studies concerning all mcl-PHAs. Although the
mcl-PHAs still occupy a niche, their diversity and longer
chain monomers complement the scl-PHA portfolio with
entirely different physical and functional properties and
processability.

mcl-PHA have been mainly produced using Pseu-
domonas cultured in shake flasks on a pilot scale (650 L)
[35]. Pseudomonas has shown high cell density fermenta-
tion up to 160 g L™! [18] and PHA accumulation capacity
up to 74% CDW [19]. Unfortunately, as this species is often
associated with health risks, its application must be regu-
lated, and various safety precautions must be taken. Even
though the engineered strain is not the focus of this review,
approaches to delete the genes responsible for the expres-
sion of toxins are suitable, and vice versa (the genes for
PHA production could also be transferred to other non-
toxic hosts) would be a possible solution to the underlying
problem.

Further, as the substrate selection and feeding strategy
(e.g., feeding length and rate) affect the PHA’s chemical
composition, they have an economic impact. Therefore,
a systematic study—which should be conducted for each

microorganism or at least with the leading producer,
P. putida—correlating the feed with the monomer com-
position of mcl-PHA would develop a more defined and
tunable product.

The DSP of mcl-PHA remains a bottleneck that needs
to be addressed by developing more sustainable and
green purification methods. Although biotechnological
alternatives to solvent-based purification processes are
already being explored, they are still in the early stages.
Furthermore, no purification method enables the isolation
and separation of “native” PHA (in its intracellular intact
granular form). Therefore, systematically investigating
sustainable methods and the effects of purification meth-
ods on the chemical-physical properties, of mcl-PHAs is
crucial.

Further, the monomeric pattern of mcl-PHAs is poorly
understood despite its essential role in determining poly-
mer properties. This is also why polymers with the same
composition do not always exhibit the same physiochem-
ical properties. The thermal and mechanical behavior of
the polymer dramatically differs in the heterogeneous and
block-by-block distribution of the monomers. However,
analyzing monomer distribution is challenging, and even
new analytics need to be developed and require specialist
knowledge.

The diversity of the mcl-PHA monomer and its composi-
tion primarily determine the polymer’s thermal properties
and crystallinity. Although studies have provided melting
temperature and glass transition temperature values,
an in-depth investigation is required to correlate the
monomeric composition, especially the composition’s
heterogeneity, to the thermal properties. The same applies
to the mechanical properties of the mcl-PHAs determined
using a tensile tester. The available data regarding the
processing and application of mcl-PHA is insufficient,
which hinders the identification of further suitable appli-
cation fields. Nevertheless, attempts have been made to
apply mcl-PHAs in biomedical applications, such as tissue
engineering or drug delivery, because of their rubber-like
and viscoelastic properties. However, this review has
already identified the challenges that must be overcome to
move mcl-PHA beyond medical applications and toward
widespread commercialization.
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