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Abstract: 1,9-Nonanedioic acid is one of the valuable building blocks for producing polyesters
and polyamides. Thereby, whole-cell biosynthesis of 1,9-nonanedioic acid from oleic acid has
been investigated. A recombinant Corynebacterium glutamicum, expressing the alcohol/aldehyde
dehydrogenases (ChnDE) of Acinetobacter sp. NCIMB 9871, was constructed and used for the
production of 1,9-nonanedioic acid from 9-hydroxynonanoic acid, which had been produced from
oleic acid. When 9-hydroxynonanoic acid was added to a concentration of 20 mM in the reaction
medium, 1,9-nonanedioic acid was produced to 16 mM within 8 h by the recombinant C. glutamicum.
The dicarboxylic acid was isolated via crystallization and then used for the production of biopolyester
by a lipase. For instance, the polyesterification of 1,9-nonanedioic acid and 1,8-octanediol in diphenyl
ether by the immobilized lipase B from Candida antarctica led to formation of the polymer product
with the number-average molecular weight (Mn) of approximately 21,000. Thereby, this study will
contribute to biological synthesis of long chain dicarboxylic acids and their application for the
enzymatic production of long chain biopolyesters.

Keywords: whole-cell biocatalyst; alcohol/aldehyde dehydrogenase; α,ω-dicarboxylic acids;
Corynebacterium glutamicum; polyesterification; polyester

1. Introduction

Oils and fatty acids are one of the representative renewable biomass [1,2]. For instance, 189 million
metric tons of vegetable oils were produced worldwide in 2013–2014 according to a USDA report
(2015) [3]. In addition, production of microalgae oils from carbon dioxide have been extensively
investigated recently [4–6].

Oils and fatty acids can be used as starting materials for the production of a variety of monomers
for the polymers such as polyesters and polyamides [7–12]. For example, microbial production of
ω-hydroxycarboxylic acids, α,ω-dicarboxylic acids, and ω-aminocarboxylic acids from fatty acids and
fatty acid methyl esters have been reported [12–15]. 1,12-Dodecanedioic acid was produced from lauric
acid methyl ester (dodecanoic acid methyl ester) by the recombinant Escherichia coli expressing the
alkane hydroxylase (e.g., AlkBGT) and alkane transporter (AlkL) of Pseudomonas putida GPo1 [16,17].
1,12-Dodecanedioic acid methyl ester was produced to a concentration of 117 mM by using a two-liquid
phase whole-cell reaction system having bis(2-ethylhexyl) phthalate as organic carrier solvent [17].
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Another example may include the production ofω-hydroxycarboxylic acids, α,ω-dicarboxylic
acids and ω-aminocarboxylic acids via oxidative cleavage of a C–C bond of long chain fatty acids
(e.g., oleic acid and ricinoleic acid) [10,13–15,18–21]. 9-Hydroxynonanoic acid could be produced from
oleic acid or ricinoleic acid by the recombinant E. coli expressing a fatty acid double bond hydratase
(OhyA) from Stenotrophomonas maltophilia, a secondary alcohol dehydrogenase from Micrococcus
luteus, a Baeyer–Villiger monooxygenase (BVMO) from Pseudomonas putida KT2440, and a long chain
fatty acid transporter (FadL) and a lipase from Thermomyces lanuginosus (Scheme 1) [10,18–20,22].
9-Hydroxynonanoic acid was converted into 1,9-nonanedioic acid (i.e., azelaic acid) by the recombinant
E. coli expressing alcohol/aldehyde dehydrogenases (ChnDE) from Acinetobacter sp. NCIMB 9871 [10].
Additionally, 9-hydroxynonanoic acid was transformed into 9-aminononanoic acid by a serial
reaction of a primary alcohol dehydrogenase from P. putida GPo1 andω-transaminase of Silicibacter
pomeroyi. [14,15,23].
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Scheme 1. Designed biotransformation pathway. Oleic acid (1) is converted into n-nonanoic acid
(5) and 1,9-nonanedioic acid (azelaic acid) (8) via 9-hydroxynonanoic acid (6) by cascade enzymes.
The biotransformation pathway was constructed based on our previous studies [10,13,14].

The enzymatic synthesis of polyesters and polyamides from biomass-derived monomers
was extensively investigated with increasing attention as an eco-friendly approach for producing
sustainable materials from renewable resources, and reducing greenhouse gas emissions and
carbon footprint [24–28]. For instance, a series of bio-based alternatives based on 2,4-, 2,5-,
and 2,6-pyridinedicarboxylic acid-derived polymers were produced via enzymatic catalysis [25].
In addition, the medium chain fatty acids (e.g., 9-hydroxynonanoic acid, 1,10-decanedioic acid,
1,11-undecanedioic acid) have been used for the production of esters and polymers [29–33].

In this study, Corynebacterium glutamicum was engineered to express the ChnDE of Acinetobacter sp.
NCIMB 9871 [34] for the production of 1,9-nonanedioic acid from 9-hydroxynonanoic acid, which had
been produced from oleic acid by the recombinant E. coli BL21(DE3) expressing the OhyA of S.
maltophilia, the secondary alcohol dehydrogenase of M. luteus, the BVMO of P. putida KT2440, and the
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fadL (Scheme 1) [10,19]. Moreover, the enzymatic production of polyesters from 1,9-nonanedioic acid
and 1,8-octanediol was investigated.

2. Materials and Methods

2.1. Bacterial Strains and Culture Conditions

Escherichia coli DH5α and Corynebacterium glutamicum ATCC 13032 were used for cloning and
production of 1,9-nonanedioic acid, respectively. E. coli DH5α was grown in 5 mL Luria–Bertani
(LB) medium (Becton, Dickinson and Company, Sparks, MD, USA) containing 10 g/L tryptone, 5 g/L
yeast extract, and 10 g/L NaCl at 37 ◦C and 250 rpm. The recombinant C. glutamicum expressing the
Acinetobacter sp. NCIMB 9871 alcohol/aldehyde dehydrogenase was cultivated in brain–heart infusion
(BHI) medium (Becton, Dickinson and Company, Sparks, MD, USA) and supplemented with 25 µg/mL
kanamycin at 30 ◦C for 12 h. The seed culture was inoculated (at 1% v/v) into 100 mL of CGXII medium
containing 25 µg/mL kanamycin in a 500 mL baffled flask. The flask was cultivated at 30 ◦C for 12 h
with shaking at 200 rpm. The CGXII medium contained 20 g/L (NH4)2SO4, 5 g/L urea, 1 g/L KH2PO4,
1 g/L K2HPO4, 0.25 g/L MgSO4·7H2O, 10 mg/L MnSO4·H2O, 1 mg/L ZnSO4·7H2O, 0.2 mg/L CuSO4,
0.02 mg/L NiCl2·6H2O, 0.2 mg/L biotin (pH 7.0), 40 g/L glucose, and 0.03 mg/L protocatechuic acid.

2.2. Azelaic Acid Tolerance Assay

E. coli BL21(DE3) and C. glutamicum ATCC 13032 wild type strains were used for the azelaic acid
toxicity experiments. The assay was performed by adding azelaic acid at concentrations of 0–20 mM
into the growth medium when the OD600 reached 0.5. E. coli was cultivated in LB and Riesenberg
medium [35] at 37 ◦C with shaking at 250 rpm, and C. glutamicum was cultivated in BHI and CGXII
medium at 30 ◦C with shaking at 200 rpm. Samples were taken periodically for the measurement
of OD600.

2.3. Chemicals and Reagents

9-Hydroxynonanoic acid was purchased from Combi Blocks (Combi Blocks, San Diego, CA, USA)
or prepared in our lab based on the previous study [10,13,19,20]. 1,9-Nonanedioic acid was obtained
from Sigma-Aldrich (Sigma-Aldrich, St. Louis, MO, USA) or prepared in our lab based on the previous
study [10,20]. 10-Hydroxydecanoic acid, 11-hydroxyundecanoic acid, 12-hydroxydodecanoic acid,
1,6-hexanediol, 1,10-decanedioic acid, 1,11-undecanedioic acid were obtained from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO, USA) and molecular sieves (3 Å, 4–8 mesh) were obtained from
Sigma-Aldrich (Sigma-Aldrich, Steinheim, Germany). N-methyl-N-(trimethylsilyl) trifluoroacetamide
(TMS) and 1,8-octanediol were supplied by TCI (TCI, Tokyo, Japan). Ethyl acetate (EA) and
tetrahydrofuran (THF) were purchased from Duksan (Duksan, Ansan, South Korea). Tween 80
and toluene (99.5%) were obtained from Samchun (Samchun, Pyeongtaek, South Korea). GF CalB-IM™
(IM CALB) (specific activity: 1200 BOU/g (BOU = Butyl Oleate Unit)), consisting of Candida antarctica
lipase B (CALB) that is bound to the microporous ion exchange resin by adsorption, was provided by
GenoFocus (GenoFocus, Daejeon, South Korea).

2.4. Plasmid Construction

The E. coli/C. glutamicum shuttle vector, pCES208H36GFP, a derivative of pCES208 (KAIST, Daejeon,
Korea) was used for cloning. The chnE and chnD genes of Acinetobacter sp. NCIMB 9871 [34] were
inserted to pCES208H36GFP vector, resulting in a recombinant pCES208H36GFP-ChnDE. The chnE
was amplified by a polymerase chain reaction (PCR) and inserted into the BamHI and NdeI restriction
sites of pCES208H36GFP vector using the Infusion cloning kit (Takara Bio, Mountain View, CA, USA).
The chnD was ligated into the HpaI site of the vector containing the chnE. The forward and reverse
primers used for chnE and chnD amplification are shown in Table S1. All PCR constructs were confirmed
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by sequencing (Cosmogenetech Co., Seoul, Korea). The constructed vector was transformed into C.
glutamicum by electroporation using a MicroPulser electroporator (BioRad, Hercules, CA, USA).

2.5. Whole-Cell Biotransformation

The biotransformations were conducted based on our previous reports [9,10,36–38].
Briefly, the recombinant cells were harvested at the stationary growth phase usually 12 h after
cell cultivation by centrifugation at 4 ◦C. The cells were washed and resuspended into 50 mM Tris–HCl
(pH 8.0) buffer. The whole-cell bioconversion was initiated by adding 9-hydroxynonanoic acid (6) in
50 mM Tris–HCl buffer (pH 8.0) containing 8 g dry cells/L and 0.5 g/L Tween 80 at 35 ◦C with agitation
speed of 200 rpm.

2.6. Polymerization of Azelaic Acid for the Synthesis of Bio-Based Polyesters

Polymerization for the synthesis of bio-based polyesters were conducted by using 1,9-nonanedioic
acid (3.76 g, 20 mmol), 1,6-hexanediol (2.36 g, 20 mmol), and 1,8-octanediol (2.925 g, 20 mmol).
The polymerization reactions were performed in a 2-neck round bottom flask (250 mL flask) containing
toluene (3:1 v/w of total monomers) as a solvent with a magnetic stirrer. IM-CALB (3% w/w of total
monomers) and molecular sieves (6.25 g) were added into a flask which was capped with a rubber
septum. The reaction flask was placed into a stirring mantle at 75 ◦C and 1000 rpm under constant
pressure. The samples were obtained at 24, 48, and 72 h. The reactions were terminated by filtering
enzymes and molecular sieves with membrane filter. Then, the resulting products were isolated to a
white powder via vacuum evaporation.

When diphenyl ether (2:1 v/w of total monomers) was used as a solvent, the polymerization
reactions were performed with three kinds of diacid monomers which were 1,9-nonanedioic acid (0.47 g,
2.5 mmol), 1,10-decanedioic acid (0.5 g, 2.5 mmol), and 1,11-undecanedioic acid (0.55 g, 2.5 mmol) and
polyol (e.g., 1,8-octanediol (0.36 g, 2.5 mmol)). Molecular sieves (0.25 g), GF CalB-IM™ (3% w/w of
total monomers), and the monomers (2.5 mmol diacid/diol) were added into a 4 mL glass vial and
reacted in a thermomixer at 75 ◦C and 500 rpm. The samples were taken at 24, 48, and 72 h, diluted
with THF and filtered with a PTFE syringe filter (0.45 µm). Sample solutions were analyzed by gel
permeation chromatography (GPC) to determine the number-average molecular weight (Mn).

2.7. GC/MS Analysis

The concentrations of the remaining fatty acids and accumulating carboxylic acids in the
medium (e.g., 9-hydroxynonanoic acid (6), 1,9-nonanedioic acid (8)) were determined as described
previously [13,19,20]). The reaction medium was mixed with an equal volume of ethyl acetate
containing 0.5 g/L methyl palmitate as an internal standard. The organic phase was harvested after
vigorous vortexing and subjected to derivatization with N-methyl-N-(trimethylsilyl) trifluoroacetamide.
The trimethylsilyl derivatives were analyzed using a Thermo Ultra Trace GC system connected to an
ion trap mass detector (Thermo ITQ1100 GC-ion Trap MS, Thermo Scientific, Indianapolis, IN, USA).
The derivatives were separated on a nonpolar capillary column (30 m length, 0.25 mm film thickness,
HP-5MS, Agilent Technologies, Palo Alto, CA, USA). A linear temperature gradient was programmed
as 160 ◦C, 25 ◦C/min to 235 ◦C, and 3 ◦C/min to 253 ◦C. The injection port temperature was 230 ◦C.
Mass spectra were obtained within the range of 100–600 m/z. Selected ion monitoring was used for
detection and the fragmentation analysis of the reaction products.

2.8. Gel Permeation Chromatography Analysis

The number-average molecular weight (Mn) of samples was analyzed by gel permeation
chromatography (GPC) using a Waters HPLC system equipped with a Waters 1525 Binary HPLC
Pump, Waters 2414 Refractive Index Detector, and Waters 2707 Autosampler. The Breeze2 HPLC
system was used for the software program. THF was used as an eluent at a flow rate of 1.0 mL/min at
35 ◦C. Injection volumes of 50 µL (0.2% of a concentration) were used and the total running time was
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30 min. HR3 Styragel and HR4 Styragel coluMns were used for GPC. The molecular weight range of
the former was 500 to 30,000 and the latter was 5,000 to 60,0000. The size of the particle was 5 µm and
the thickness and length of the column was 7.8 mm and 300 mm.

2.9. Characterization of Polyesters Using Fourier-Transform Infrared Spectroscopy and 1H-NMR Analysis

The polymerization of 1,9-nonanedioic acid and 1,8-octanediol was monitored by assessing the
transformation of functional groups such as COOH, OH, C=O, and C–O–C by Fourier-Transform
Infrared Spectroscopy (FT-IR). The spectra of samples were obtained in a region of 500–4000 cm−1 using
Nicolet-iS5 (Thermo Scientific, Medison, WI, USA). An air background spectrum was collected before
the analysis of a sample and subtracted from each sample spectrum. The structure of the product
was elucidated in CDCl3 by 1H-NMR using 400 MHz NMR (Bruker, UltraShield Plus 400, Billerica,
MA, USA).

3. Results and Discussion

3.1. Construction of the Recombinant C. Glutamicum-Based Biocatalyst

1,9-Nonanedioic acid (i.e., azelaic acid) has been reported to be very toxic to microbial cells.
Thereby, its toxicity to a representative Gram (-) bacteria (i.e., E. coli BL21) and Gram (+) bacteria
(i.e., C. glutamicum ATCC 13032) was first investigated. The cell growth of E. coli BL21 in the LB
medium was completely inhibited in the presence of 6 mM azelaic acid (Figure 1A). On the other hand,
C. glutamicum ATCC 13032 was able to grow in the BHI medium containing almost 20 mM azelaic acid
(Figure 1A). Notably, C. glutamicum displayed stronger tolerance against toxic effects of azelaic acid in
the glucose mineral medium (i.e., CGXII medium) (Figure 1B). Thus, C. glutamicum ATCC 13032 was
chosen as the host cell for the production of azelaic acid.

Polymers 2019, 11, 1690 5 of 12 

 

2.9. Characterization of Polyesters Using Fourier-Transform Infrared Spectroscopy and 1H-NMR Analysis 

The polymerization of 1,9-nonanedioic acid and 1,8-octanediol was monitored by assessing the 
transformation of functional groups such as COOH, OH, C=O, and C–O–C by Fourier-Transform 
Infrared Spectroscopy (FT-IR). The spectra of samples were obtained in a region of 500–4000 cm-1 
using Nicolet-iS5 (Thermo Scientific, Medison, WI, USA). An air background spectrum was collected 
before the analysis of a sample and subtracted from each sample spectrum. The structure of the 
product was elucidated in CDCl3 by 1H-NMR using 400 MHz NMR (Bruker, UltraShield Plus 400, 
Billerica, MA, USA).  

3. Results and Discussion 

3.1. Construction of the Recombinant C. Glutamicum-Based Biocatalyst 

1,9-Nonanedioic acid (i.e., azelaic acid) has been reported to be very toxic to microbial cells. 
Thereby, its toxicity to a representative Gram (-) bacteria (i.e., E. coli BL21) and Gram (+) bacteria (i.e., 
C. glutamicum ATCC 13032) was first investigated. The cell growth of E. coli BL21 in the LB medium 
was completely inhibited in the presence of 6 mM azelaic acid (Figure 1A). On the other hand, C. 
glutamicum ATCC 13032 was able to grow in the BHI medium containing almost 20 mM azelaic acid 
(Figure 1A). Notably, C. glutamicum displayed stronger tolerance against toxic effects of azelaic acid 
in the glucose mineral medium (i.e., CGXII medium) (Figure 1B). Thus, C. glutamicum ATCC 13032 
was chosen as the host cell for the production of azelaic acid. 

 
(A)  (B) 

Figure 1. Effect of azelaic acid concentration on the specific growth rates of Escherichia coli BL21 and 
Corynebacterium glutamicum in a complex medium (Luria–Bertani (LB) or brain–heart infusion (BHI) 
medium) (A) and a glucose mineral medium (Riesenberg or CGXII medium) (B). After entering 
exponential growth, a 100-mL culture was split into 20-mL subcultures, to which a different amount 
of azelaic acid was added for the toxicity experiments. Symbols indicate the specific growth rates of 
E. coli BL21 (●) and C. glutamicum (▲). 

The alcohol/aldehyde dehydrogenases (ChnDE) of Acinetobacter sp. NCIMB 9871 were reported 
to have a great activity with respect to oxidation of 9-hydroxynonanoic acid (6) into azelaic acid (8) 
[10]. Thereby, the chnDE had been inserted into an E. coli/C. glutamicum shuttle vector (i.e., 
pCES208H36GFP [39,40]) (Figure S1). Here, one of the key points for construction of the gene 
expression vector was to make the expression level of ChnE greater than that of ChnD, because the 
ChnD reaction product (7) is very toxic to microbial cells. When the resulting plasmid (i.e., 
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Figure 1. Effect of azelaic acid concentration on the specific growth rates of Escherichia coli BL21
and Corynebacterium glutamicum in a complex medium (Luria–Bertani (LB) or brain–heart infusion
(BHI) medium) (A) and a glucose mineral medium (Riesenberg or CGXII medium) (B). After entering
exponential growth, a 100-mL culture was split into 20-mL subcultures, to which a different amount of
azelaic acid was added for the toxicity experiments. Symbols indicate the specific growth rates of E. coli
BL21 (�) and C. glutamicum (N).

The alcohol/aldehyde dehydrogenases (ChnDE) of Acinetobacter sp. NCIMB 9871 were reported
to have a great activity with respect to oxidation of 9-hydroxynonanoic acid (6) into azelaic
acid (8) [10]. Thereby, the chnDE had been inserted into an E. coli/C. glutamicum shuttle vector
(i.e., pCES208H36GFP [39,40]) (Figure S1). Here, one of the key points for construction of the
gene expression vector was to make the expression level of ChnE greater than that of ChnD,
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because the ChnD reaction product (7) is very toxic to microbial cells. When the resulting plasmid
(i.e., pCES208H36GFP-ChnDE) was introduced into C. glutamicum ATCC 13032, the recombinant
enzymes ChnDE were expressed in C. glutamicum pCES208H36GFP-ChnDE to a rather high degree in
a soluble form (Figure S2). The expression level of ChnE was markedly higher than that of ChnD.

3.2. Biosynthesis of 1,9-Nonanedioic Acid from 9-Hydroxynonanoic Acid

The biotransformation activity of C. glutamicum pCES208H36GFP-ChnDE was examined
by conducting whole-cell biotransformation of 9-hydroxynonanoic acid (6) into azelaic acid (8).
9-Hydroxynonanoic acid (6), which had been produced from oleic acid (1) (purity: ca. 80%) by a
lipase and a recombinant E. coli BL21(DE3) expressing a fatty acid double-bond hydratase (OhyA)
from Stenotrophomonas maltophilia, a long-chain secondary alcohol dehydrogenase from Micrococcus
luteus, and an engineered Baeyer–Villiger monooxygenase (BVMO) from Pseudomonas putida KT2440
(Scheme 1) [10,13,19], was used as the reaction substrate.

After cultivation of the recombinant C. glutamicum pCES208H36GFP-ChnDE in the CGXII medium
to the stationary growth phase, they were recovered by centrifugation and resuspended into 50 mM
Tris–HCl buffer (pH 8.0). When 9-hydroxynonanoic acid was added to a concentration of 10 mM
in the reaction medium containing 8 g dry cells/L and 0.5 g/L Tween 80, azelaic acid accumulated
to 9 mM at t = 4 h (Figure 2A). The toxic reaction intermediate was not observed in the reaction
medium, indicating that the catalytic activity of ChnE was greater than that of ChnD. The specific
biotransformation rate and conversion yield were increased up to 12 U/g dry cells and 90%, respectively.
The oxidation products (8) were not detected when the C. glutamicum, which had been transformed
with an empty vector, was used. Furthermore, the addition of 20 mM 9-hydroxynonanoic acid into the
reaction medium led to the production of azelaic acid to 16 mM at t = 8 h (Figure 2B). These results
indicated that the recombinant biocatalyst is quite active and efficient with respect to oxidation of
9-hydroxynonanoic acid (6) into azelaic acid (8).
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Figure 2. Time course of the biotransformation of 9-hydroxynonanoic acid (6) into azelaic acid (8). The
biotransformation was initiated by adding 10 mM (A) or 20 mM 9-hydroxynonanoic acid (B) into 50 mM
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The recombinant C. glutamicum pCES208H36GFP-ChnDE was used for the production of other
α,ω-dicarboxylic acids such as 1,10-decanedioic acid, 1,11-undecanedioic acid, and 1,12-dodecanedioic
acid from corresponding ω-hydroxycarboxylic acids (Figure S3). When the whole-cell
biotransformations were carried out under the conditions comparable to the experiment shown
in Figure 2B, oxidation of 12-hydroxydodecanoic acid into 1,12-dodecanedioic acid exhibited the
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highest reaction rate. This indicated that the C. glutamicum pCES208H36GFP-ChnDE-biocatalyst could
be used for the production of a variety of α,ω-dicarboxylic acids.

3.3. Production of Polyesters from α,ω-Diacids and α,ω-Diols

The resulting azelaic acid isolated from the reaction medium was used for polycondensation
with α,ω-diols such as 1,6-hexanediol and 1,8-octanediol by using the immobilized lipase B from
Candida antarctica (i.e., CalB-IM), which have been the most commonly employed biocatalysts for
various (trans)esterifications and polyesterifications [24–27,41]. The experiments were designed on a
basis of the polymerizations of adipic acid with 1,4-butanediol, 1,6-hexanediol, and 1,8-octanediol [42],
esterification of polyol with dimethylcarbonate [43,44], and ring opening polymerization of itaconic
acid by Novozyme 435 [45]. An important factor for obtaining high biocatalyst performance, the effects
of solvents were investigated using toluene and diphenyl ether on the molecular weight of product in
the reaction time course. Although water is one of the desirable solvents, organic solvents are often
required to dissolve reactants for homogeneous reaction conditions. Toluene (log P = 2.68) is classified
as a usable solvent concerning the green chemistry principle of efficiency in reaction design [46].
Generally, the higher enzyme activity shows in hydrophobic solvents (with a high log P value) than in
hydrophilic solvents (with a low log P value), while the hydrophilic solvents are used to dissolve more
polar solid substrate [45,47]. The CalB-IM-catalyzed polymerization was carried out in the solvents
at 75 ◦C with 3 wt % catalyst to the monomers in the presence of molecular sieves as scavengers of
resulting H2O.

The progress of the reactions was examined by GPC analysis of aliquots withdrawn from the
reactions after 24, 48, and 72 h. The results showed the increased molecular weight over reaction
times (Figure 3). The number-average molecular weight (Mn) of the products from azelaic acid with
1,6-hexanediol and 1,8-octanediol increased up to 20,000 at t = 72 h, respectively. The polyester products
were not detected when the reaction was conducted without IM-CALB. The resulting products were
isolated to a white powder via in vacuo evaporation (Figure S4). FTIR spectra confirmed the peak
changes of the functional groups in the synthesis of the polyesters from azelaic acid and 1,8-octanediol
(Figure S5A). After polyesterification, a new strong peak of the stretching vibration bands of C=O at
1726 cm−1 (Figure S5C) was observed as the formation of ester bond, while the acid peaks of C=O
(1689 cm−1) and OH (broad 2500–3500 cm−1) in Figure S5B and the diol peaks of OH (3391 and 3324
cm−1) in Figure S5A were completely disappeared in the resulting polymer product (Figure S5C).
Additionally, the formation of the linear aliphatic C–O–C group from acid and alcohol provided a
strong new peak at 1170 cm−1 (Figure S5C). This reaction was quantitatively carried out and completed
to form polyesters in the condition. Furthermore, the structure of polyester prepared was clearly
elucidated by 1H-NMR analysis (Figure 4). The ester bond (–CO–OCH2–) formed by polymerization
of 1,8-octanediol and azelaic acid appeared as a triplet peak at δ4.065 (4H).
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Figure 3. Polymerization reaction of azelaic acid and 1,6-hexanediol or 1,8-octanediol by the immobilized
lipase B from Candida antarctica (i.e., GF CalB-IM (GenoFocus (Korea))). The reaction was initiated by
adding CalB-IM to a concentration of 3% (w/w) catalyst/monomer in toluene (3:1 v/w of total monomers)
containing a molecular sieve and the reaction substrates. The reaction temperature and agitation were
maintained at 75 ◦C and 1000 rpm. All experiments were performed in triplicate. The error bars
represent standard deviation.
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Figure 4. 1H-NMR (400 MHz, CDCl3) spectrum of polyester prepared from the reaction of 1,8-octanediol
and azelaic acid in toluene at 75 ◦C.

With an aim to investigate the effects of solvents, the CalB-IM-catalyzed condensation reaction of
azelaic acid and 1,8-octanediol was conducted in diphenyl ether, which allowed the highest Mn of the
product from the polyesterification of adipic acid and 1,8-octanediol among four solvents (diphenyl
ether, xylene, tetraethylene glycol dimethyl ether, and 2-methoxyethyl ether) in the previous study [48].
The polymerization of azelaic acid and 1,8-octanediol in diphenyl ether led to slightly greater Mn

and Mw values (i.e., 21,000 and 27,000 at t = 72 h) as compared to the polyesterification in toluene
shown in Figure 3 (Figure 5 and Table 1). These results indicated that the molecular characteristics
of the polymers were influenced by the solvents used. We will consider using alternative greener
solvents such as 2,2,5,5-tetramethyloxolane, 2-methyltetrahydrofuran, 2,5-dimethyltetrahydrofuran,
2,2,5,5-tetramethyltetrahydrofuran, and pinacolone, which have been recently reported [49,50],
for further studies.
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Figure 5. Polymerization reaction of azelaic acid, sebacic acid, and 1,11-undecanedioic acid with
1,8-octanediol by CalB-IM. The reaction was initiated by adding CalB-IM to a concentration of 3% (w/w)
catalyst/monomer in biphenyl ether (2:1 v/w of total monomers) containing a molecular sieve and the
reaction substrates. The reaction temperature and agitation were maintained at 75 ◦C and 1000 rpm.
All experiments were performed in triplicate. The error bars represent standard deviation.

Table 1. Molecular weight and polydispersity of the polyesters produced by CalB-IM.

Solvent Diacid Diol Mn (Da) Mw (Da) Polydispersity

1
Toluene Azelaic acid

1,6-Hexanediol 20,000 25,000 1.26
2 1,8-Octanediol 20,000 25,000 1.27
3

Diphenyl ether
Azelaic acid 1,8-Octanediol 21,000 27,000 1.26

4 Sebacic acid 1,8-Octanediol 19,000 24,000 1.25
5 1,11-Undecanedioic acid 1,8-Octanediol 17,000 21,000 1.21

Additionally, CalB-IM-catalyzed polymerization of longer chain length α,ω-dicarboxylic acids
with 1,8-octanediol in diphenyl ether was conducted in order to examine the effects of chain length
of α,ω-dicarboxylic acids on the molecular weight of the products (Figure 5). The longer chain of
α,ω-dicarboxylic acids, 1,10-decanedioic acid, and 1,11-undecanedioic acid resulted in the lower Mn
and Mw values and lower polydispersity of product than shorter chain azelaic acid (Table 1). This result
suggested that the CalB-IM-catalyzed polyesterification of α,ω-dicarboxylic acids and 1,8-octanediol
was influenced on the molecular weight by the chain length of α,ω-dicarboxylic acids used.

4. Conclusions

This study has demonstrated that the toxic azelaic acid could be produced from a renewable
fatty acid (oleic acid) by using the recombinant C. glutamicum, expressing the alcohol/aldehyde
dehydrogenases (ChnDE) of Acinetobacter sp. NCIMB 9871. Moreover, the dicarboxylic acid could
be used for the production of long chain biopolyester with the Mn of approximately 21,000 by
an immobilized lipase. We will conduct further studies to increase molecular weight of the long
chain biopolyesters.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/10/1690/s1,
Figure S1: Map of pCES208H36GFP-ChnDE for the ChnDE expression in Corynebacterium glutamicum ATCC
13032, Figure S2: SDS-PAGE analysis of the protein extracts of C. glutamicum ATCC 13032 and the recombinant
C. glutamicum ATCC 13032 pCES208H36GFP-ChnDE, Figure S3: The specific oxidation rates of the recombinant
C. glutamicum for the C9 to C12ω-hydroxycarboxylic acids, Figure S4: HPLC chromatogram of the biopolyester,
which had been produced from azelaic acid and 1,8-octanediol by the immobilized lipase B from Candida antarctica
(i.e., GF CalB-IM (GenoFocus (Korea))) (A). The biopolyester, which had been isolated from the reaction medium
(B), Figure S5: FT-IR spectra of the reaction components, (A) 1,8-octanediol and (B) azelaic acid, and (C)
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polyester product formed in the poly-esterification in toluene at 75 ◦C, Table S1: Bacterial strains, plasmids,
and oligonucleotides used in this study.

Author Contributions: The study was conceptualized by J.-B.P. The experiments and formal analysis were
performed by H.-J.L., Y.-S.K., C.-Y.K., E.-J.S., and S.-H.P. The original draft was prepared by H.-J.L. and C.-Y.K.
The paper was edited and reviewed by J.-B.P. and S.-H.P.

Funding: This study was also supported by the Marine Biomaterials Research Center grant from the Marine
Biotechnology Program [No. D11013214H480000100] funded by the Ministry of Oceans and Fisheries, Korea.

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

References

1. Meier, M.A.R.; Metzger, J.O.; Schubert, U.S. Plant Oil Renewable Resources as Green Alternatives in Polymer
Science. Chem. Soc. Rev. 2007, 36, 1788–1802. [CrossRef] [PubMed]

2. Biermann, U.; Bornscheuer, U.; Meier, M.A.; Metzger, J.O.; Schafer, H.J. Oils and Fats as Renewable Raw
Materials in Chemistry. Angew. Chem. Int. Ed. Engl. 2011, 50, 3854–3871. [CrossRef] [PubMed]

3. United States Department of Agriculture. World Agricultural Supply and Demand Estimates; United States
Department of Agriculture: Washington, DC, USA, 2015.

4. Enamala, M.K.; Enamala, S.; Chavali, M.; Donepudi, J.; Yadavalli, R.; Kolapalli, B.; Aradhyula, T.V.; Velpuri, J.;
Kuppam, C. Production of Biofuels from Microalgae—A Review on Cultivation, Harvesting, Lipid Extraction,
and Numerous Applications of Microalgae. Renew. Sustain. Energy Rev. 2018, 94, 49–68. [CrossRef]

5. De Bhowmick, G.; Koduru, L.; Sen, R. Metabolic Pathway Engineering Towards Enhancing Microalgal Lipid
Biosynthesis for Biofuel Application—A Review. Renew. Sustain. Energy Rev. 2015, 50, 1239–1253. [CrossRef]

6. Maltsev, Y.I.; Konovalenko, T.V.; Barantsova, I.A.; Maltseva, K.I.; Maltseva, K.I. Prospects of Using Algae in
Biofuel Production. Regul. Mech. Biosyst. 2017, 8, 455–460. [CrossRef]

7. Diaz, A.; Katsarava, R.; Puiggali, J. Synthesis, Properties and Applications of Biodegradable Polymers
Derived from Diols and Dicarboxylic Acids: From Polyesters to Poly (ester amide) s. Int. J. Mol. Sci. 2014, 15,
7064–7123. [CrossRef]

8. Jiang, Y.; Loos, K. Enzymatic Synthesis of Biobased Polyesters and Polyamides. Polymers 2016, 8, 243.
[CrossRef]

9. Seo, E.J.; Kang, C.W.; Woo, J.M.; Jang, S.; Yeon, Y.J.; Jung, G.Y.; Park, J.B. Multi-level Engineering of
Baeyer-Villiger Monooxygenase-Based Escherichia coli Biocatalysts for the Production of C9 Chemicals from
Oleic Acid. Metab. Eng. 2019, 54, 137–144. [CrossRef]

10. Seo, E.J.; Yeon, Y.J.; Seo, J.H.; Lee, J.H.; Bongol, J.P.; Oh, Y.; Park, J.M.; Lim, S.M.; Lee, C.G.; Park, J.B.
Enzyme/Whole-Cell Biotransformation of Plant Oils, Yeast Derived Oils, and Microalgae Fatty Acid Methyl
Esters into n-Nonanoic Acid, 9-Hydroxynonanoic Acid, and 1,9-Nonanedioic Acid. Bioresour. Technol. 2018,
251, 288–294. [CrossRef]

11. Bornscheuer, U.T. Lipid Modification by Enzymes and Engineered Microbes; Elsevier: Amsterdam,
The Netherlands, 2018.

12. Yeon, Y.J.; Park, J.-B. Regiospecific Conversion of Lipids and Fatty Acids Through Enzymatic Cascade
Reactions. In Lipid Modification by Enzymes and Engineered Microbes; Elsevier: Amsterdam, The Netherlands,
2018; pp. 139–155.

13. Song, J.W.; Jeon, E.Y.; Song, D.H.; Jang, H.Y.; Bornscheuer, U.T.; Oh, D.K.; Park, J.B. Multistep Enzymatic
Synthesis of Long-chain α,ω-Dicarboxylic and ω-Hydroxycarboxylic Acids from Renewable Fatty Acids
and Plant Oils. Angew. Chem. Int. Ed. Engl. 2013, 52, 2534–2537. [CrossRef]

14. Song, J.-W.; Lee, J.-H.; Bornscheuer, U.T.; Park, J.-B. Microbial Synthesis of Medium-Chain α,ω-Dicarboxylic
Acids andω-Aminocarboxylic Acids from Renewable Long-Chain Fatty Acids. Adv. Synth. Catal. 2014, 356,
1782–1788. [CrossRef]

15. Seo, J.H.; Lee, S.M.; Lee, J.; Park, J.B. Adding Value to Plant Oils and Fatty Acids: Biological Transformation
of Fatty Acids into ω-Hydroxycarboxylic, α,ω-Dicarboxylic, and ω-Aminocarboxylic acids. J. Biotechnol.
2015, 216, 158–166. [CrossRef] [PubMed]

16. Van Nuland, Y.M.; Eggink, G.; Weusthuis, R.A. Application of AlkBGT and AlkL from Pseudomonas putida
GPo1 for Selective Alkyl Esterω-Oxyfunctionalization in Escherichia coli. Appl. Environ. Microbiol. 2016, 82,
3801–3807. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/b703294c
http://www.ncbi.nlm.nih.gov/pubmed/18213986
http://dx.doi.org/10.1002/anie.201002767
http://www.ncbi.nlm.nih.gov/pubmed/21472903
http://dx.doi.org/10.1016/j.rser.2018.05.012
http://dx.doi.org/10.1016/j.rser.2015.04.131
http://dx.doi.org/10.15421/021770
http://dx.doi.org/10.3390/ijms15057064
http://dx.doi.org/10.3390/polym8070243
http://dx.doi.org/10.1016/j.ymben.2019.03.012
http://dx.doi.org/10.1016/j.biortech.2017.12.036
http://dx.doi.org/10.1002/anie.201209187
http://dx.doi.org/10.1002/adsc.201300784
http://dx.doi.org/10.1016/j.jbiotec.2015.10.024
http://www.ncbi.nlm.nih.gov/pubmed/26546054
http://dx.doi.org/10.1128/AEM.00822-16
http://www.ncbi.nlm.nih.gov/pubmed/27084021


Polymers 2019, 11, 1690 11 of 12

17. Schrewe, M.; Julsing, M.K.; Lange, K.; Czarnotta, E.; Schmid, A.; Buhler, B. Reaction and Catalyst Engineering
to Exploit Kinetically Controlled Whole-Cell Multistep Biocatalysis for Terminal FAME Oxyfunctionalization.
Biotechnol. Bioeng. 2014, 111, 1820–1830. [CrossRef]

18. Koppireddi, S.; Seo, J.-H.; Jeon, E.-Y.; Chowdhury, P.S.; Jang, H.-Y.; Park, J.-B.; Kwon, Y.-U. Combined
Biocatalytic and Chemical Transformations of Oleic Acid toω-Hydroxynonanoic Acid and α,ω-Nonanedioic
Acid. Adv. Synth. Catal. 2016, 358, 3084–3092. [CrossRef]

19. Jeon, E.-Y.; Seo, J.-H.; Kang, W.-R.; Kim, M.-J.; Lee, J.-H.; Oh, D.-K.; Park, J.-B. Simultaneous
Enzyme/Whole-Cell Biotransformation of Plant Oils into C9 Carboxylic Acids. ACS Catal. 2016, 6, 7547–7553.
[CrossRef]

20. Cha, H.-J.; Seo, E.-J.; Song, J.-W.; Jo, H.-J.; Kumar, A.R.; Park, J.-B. Simultaneous Enzyme/Whole-Cell
Biotransformation of C18 Ricinoleic Acid into (R)-3-Hydroxynonanoic Acid, 9-Hydroxynonanoic Acid, and
1,9-Nonanedioic Acid. Adv. Synth. Catal. 2018, 360, 696–703. [CrossRef]

21. Jang, H.-Y.; Singha, K.; Kim, H.-H.; Kwon, Y.-U.; Park, J.-B. Chemo-Enzymatic Synthesis of
11-Hydroxyundecanoic Acid and 1, 11-Undecanedioic Acid from Ricinoleic Acid. J. Green Chem. 2016, 18,
1089–1095. [CrossRef]

22. Sudheer, P.D.V.N.; Yun, J.; Chauhan, S.; Kang, T.J.; Choi, K.-Y. Screening, Expression, and Characterization
of Baeyer-Villiger Monooxygenases for the Production of 9-(Nonanoyloxy)nonanoic Acid from Oleic Acid.
Biotechnol. Bioprocess Eng. 2018, 22, 717–724. [CrossRef]

23. Steffen-Munsberg, F.; Vickers, C.; Thontowi, A.; Schätzle, S.; Meinhardt, T.; Svedendahl Humble, M.;
Land, H.; Berglund, P.; Bornscheuer, U.T.; Höhne, M. Revealing the Structural Basis of Promiscuous Amine
Transaminase Activity. J. ChemCatChem 2013, 5, 154–157. [CrossRef]

24. Jiang, Y.; Woortman, A.J.J.; Alberda van Ekenstein, G.O.R.; Loos, K. A Biocatalytic Approach Towards
Sustainable Furanic–Aliphatic Polyesters. Polym. Chem. 2015, 6, 5198–5211. [CrossRef]

25. Pellis, A.; Comerford, J.W.; Weinberger, S.; Guebitz, G.M.; Clark, J.H.; Farmer, T.J. Enzymatic Synthesis of
Lignin Derivable Pyridine Based Polyesters for the Substitution of Petroleum Derived Plastics. Nat. Commun.
2019, 10, 1762. [CrossRef] [PubMed]

26. Maniar, D.; Hohmann, K.F.; Jiang, Y.; Woortman, A.J.J.; van Dijken, J.; Loos, K. Enzymatic Polymerization of
Dimethyl 2,5-Furandicarboxylate and Heteroatom Diamines. ACS Omega 2018, 3, 7077–7085. [CrossRef]
[PubMed]

27. Jiang, Y.; Maniar, D.; Woortman, A.J.; Alberda van Ekenstein, G.O.; Loos, K. Enzymatic Polymerization
of Furan-2,5-Dicarboxylic Acid-Based Furanic-Aliphatic Polyamides as Sustainable Alternatives to
Polyphthalamides. Biomacromolecules 2015, 16, 3674–3685. [CrossRef] [PubMed]

28. Zhenova, A.; Pellis, A.; Milescu, R.A.; McElroy, C.R.; White, R.J.; Clark, J.H. Solvent Applications of
Short-Chain Oxymethylene Dimethyl Ether Oligomers. ACS Sustain. Chem. Eng. 2019, 7, 14834–14840.
[CrossRef]

29. Cha, H.-J.; Park, J.-B.; Park, S. Esterification of Secondary Alcohols and Multi-hydroxyl Compounds by
Candida antarctica Lipase B and Subtilisin. Biotechnol. Bioprocess Eng. 2019, 24, 41–47. [CrossRef]

30. Moreno, A.; Lligadas, G.; Ronda, J.C.; Galià, M.; Cádiz, V. Linear and Branched Acetal Polymers from Castor
Oil via Acetal Metathesis Polymerization. Eur. Polym. J. 2018, 108, 348–356. [CrossRef]

31. Turunc, O.; Meier, M.A. Fatty Acid Derived Monomers and Related Polymers via Thiol-ene (Click) Additions.
Macromol. Rapid Commun. 2010, 31, 1822–1826. [CrossRef]

32. Valverde, C.; Lligadas, G.; Ronda, J.C.; Galià, M.; Cádiz, V. PEG-Modified Poly(10,11-dihydroxyundecanoic
acid) Amphiphilic Copolymers. Grafting versus Macromonomer Copolymerization Approaches Using
CALB. Eur. Polym. J. 2018, 109, 179–190. [CrossRef]

33. Liu, G.; Kong, X.; Wan, H.; Narine, S. Production of 9-Hydroxynonanoic Acid from Methyl Oleate and
Conversion into Lactone Monomers for the Synthesis of Biodegradable Polylactones. Biomacromolecules 2008,
9, 949–953. [CrossRef]

34. Iwaki, H.; Hasegawa, Y.; Teraoka, M.; Tokuyama, T.; Bergeron, H.; Lau, P.C. Identification of a Transcriptional
Activator (ChnR) and a 6-Oxohexanoate Dehydrogenase (ChnE) in the Cyclohexanol Catabolic Pathway
in Acinetobacter sp. Strain NCIMB 9871 and Localization of the Genes that Encode Them. J. Appl. Environ.
Microbiol. 1999, 65, 5158–5162.

35. Riesenberg, D. High-Cell-Density Cultivation of Escherichia coli. Curr. Opin. Biotechnol. 1991, 2, 380–384.
[CrossRef]

http://dx.doi.org/10.1002/bit.25248
http://dx.doi.org/10.1002/adsc.201600216
http://dx.doi.org/10.1021/acscatal.6b01884
http://dx.doi.org/10.1002/adsc.201701029
http://dx.doi.org/10.1039/C5GC01017A
http://dx.doi.org/10.1007/s12257-017-0295-9
http://dx.doi.org/10.1002/cctc.201200545
http://dx.doi.org/10.1039/C5PY00629E
http://dx.doi.org/10.1038/s41467-019-09817-3
http://www.ncbi.nlm.nih.gov/pubmed/30992443
http://dx.doi.org/10.1021/acsomega.8b01106
http://www.ncbi.nlm.nih.gov/pubmed/30259005
http://dx.doi.org/10.1021/acs.biomac.5b01172
http://www.ncbi.nlm.nih.gov/pubmed/26418272
http://dx.doi.org/10.1021/acssuschemeng.9b02895
http://dx.doi.org/10.1007/s12257-018-0379-1
http://dx.doi.org/10.1016/j.eurpolymj.2018.09.013
http://dx.doi.org/10.1002/marc.201000291
http://dx.doi.org/10.1016/j.eurpolymj.2018.09.032
http://dx.doi.org/10.1021/bm7012235
http://dx.doi.org/10.1016/S0958-1669(05)80142-9


Polymers 2019, 11, 1690 12 of 12

36. Lee, B.; Lee, S.; Kim, H.; Jeong, K.; Park, J.; Lee, E.; Lee, J. Biotransformation of Oleic Acid into 10-Ketostearic
Acid by Recombinant Corynebacterium glutamicum-Based Biocatalyst. Biotechnol. Lett. 2015, 37, 1101–1106.
[CrossRef] [PubMed]

37. Kim, H.; Park, S.; Cho, S.; Yang, J.; Jeong, K.; Park, J.; Lee, J. Bioprocess Engineering to Produce 9-(Nonanoyloxy)
nonanoic Acid by a Recombinant Corynebacterium glutamicum-Based Biocatalyst. J. Ind. Microbiol. Biotechnol.
2017, 44, 1301–1311. [CrossRef] [PubMed]

38. Kim, H.; Yang, J.; Cho, S.; Jeong, K.; Park, J.; Lee, J. Microbial Synthesis of Undec-9-enoic acid, Heptyl Ester
from Renewable Fatty Acids using Recombinant Corynebacterium glutamicum-based Whole-Cell Biocatalyst.
J. Process Biochem. 2018, 66, 61–69. [CrossRef]

39. Park, J.-U.; Jo, J.-H.; Kim, Y.-J.; Chung, S.-S.; Lee, J.-H.; Lee, H.-H. Construction of Heat-Inducible Expression
Vector of Corynebacterium glutamicum and C. ammoniagenes: Fusion of λ Operator with Promoters Isolated
from C. ammoniagenes. J. Microbiol. Biotechnol. 2008, 18, 639–647.

40. Yim, S.S.; An, S.J.; Kang, M.; Lee, J.; Jeong, K.J. Isolation of Fully Synthetic Promoters for High-Level Gene
Expression in Corynebacterium glutamicum. Biotechnol. Bioeng. 2013, 110, 2959–2969. [CrossRef]

41. Pellis, A.; Comerford, J.W.; Maneffa, A.J.; Sipponen, M.H.; Clark, J.H.; Farmer, T.J. Elucidating Enzymatic
Polymerisations: Chain-Length Selectivity of Candida antarctica Lipase B Towards Various Aliphatic Diols
and Dicarboxylic Acid Diesters. Eur. Polym. J. 2018, 106, 79–84. [CrossRef]

42. Mahapatro, A.; Kalra, B.; Kumar, A.; Gross, R.A. Lipase-Catalyzed Polycondensations: Effect of Substrates
and Solvent on Chain Formation, Dispersity, and End-Group Structure. Biomacromolecules 2003, 4, 544–551.
[CrossRef]

43. Pyo, S.-H.; Nuszkiewicz, K.; Persson, P.; Lundmark, S.; Hatti-Kaul, R. Lipase-Mediated Synthesis of
Six-Membered Cyclic Carbonates from Trimethylolpropane and Dialkyl Carbonates: Influence of Medium
Engineering on Reaction Selectivity. J. Mol. Catal. 2011, 73, 67–73. [CrossRef]

44. Pyo, S.-H.; Persson, P.; Lundmark, S.; Hatti-Kaul, R. Solvent-Free Lipase-Mediated Synthesis of Six-Membered
Cyclic Carbonates from Trimethylolpropane and Dialkyl Carbonates. Green Chem. 2011, 13, 976–982.
[CrossRef]

45. Hosseini, S.M.; Kim, S.M.; Sayed, M.; Younesi, H.; Bahramifar, N.; Park, J.H.; Pyo, S.-H. Lipase-Immobilized
Chitosan-Crosslinked Magnetic Nanoparticle as a Biocatalyst for Ring Opening Esterification of Itaconic
Anhydride. Biochem. Eng. J. 2019, 143, 141–150. [CrossRef]

46. Sheldon, R.A. Fundamentals of Green Chemistry: Efficiency in Reaction Design. Chem. Soc. Rev. 2012, 41,
1437–1451. [CrossRef] [PubMed]

47. Wang, S.; Meng, X.; Zhou, H.; Liu, Y.; Secundo, F.; Liu, Y. Enzyme Stability and Activity in Non-Aqueous
Reaction Systems: A Mini Review. Catalysts 2016, 6, 32. [CrossRef]

48. Azim, H.; Dekhterman, A.; Jiang, Z.; Gross, R.A. Candida antarctica Lipase B-Catalyzed Synthesis of Poly
(butylene succinate): Shorter Chain Building Blocks Also Work. Biomacromolecules 2006, 7, 3093–3097.
[CrossRef] [PubMed]

49. Byrne, F.; Forier, B.; Bossaert, G.; Hoebers, C.; Farmer, T.J.; Clark, J.H.; Hunt, A.J.
2,2,5,5-Tetramethyltetrahydrofuran (TMTHF): A Non-Polar, Non-Peroxide Forming Ether Replacement for
Hazardous Hydrocarbon Solvents. Green Chem. 2017, 19, 3671–3678. [CrossRef]

50. Pellis, A.; Byrne, F.P.; Sherwood, J.; Vastano, M.; Comerford, J.W.; Farmer, T.J. Safer Bio-based Solvents to
Replace Toluene and Tetrahydrofuran for the Biocatalyzed Synthesis of Polyesters. Green Chem. 2019, 21,
1686–1694. [CrossRef]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10529-015-1775-7
http://www.ncbi.nlm.nih.gov/pubmed/25700814
http://dx.doi.org/10.1007/s10295-017-1945-9
http://www.ncbi.nlm.nih.gov/pubmed/28567672
http://dx.doi.org/10.1016/j.procbio.2017.12.009
http://dx.doi.org/10.1002/bit.24954
http://dx.doi.org/10.1016/j.eurpolymj.2018.07.009
http://dx.doi.org/10.1021/bm0257208
http://dx.doi.org/10.1016/j.molcatb.2011.07.019
http://dx.doi.org/10.1039/c0gc00783h
http://dx.doi.org/10.1016/j.bej.2018.12.022
http://dx.doi.org/10.1039/C1CS15219J
http://www.ncbi.nlm.nih.gov/pubmed/22033698
http://dx.doi.org/10.3390/catal6020032
http://dx.doi.org/10.1021/bm060574h
http://www.ncbi.nlm.nih.gov/pubmed/17096536
http://dx.doi.org/10.1039/C7GC01392B
http://dx.doi.org/10.1039/C8GC03567A
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bacterial Strains and Culture Conditions 
	Azelaic Acid Tolerance Assay 
	Chemicals and Reagents 
	Plasmid Construction 
	Whole-Cell Biotransformation 
	Polymerization of Azelaic Acid for the Synthesis of Bio-Based Polyesters 
	GC/MS Analysis 
	Gel Permeation Chromatography Analysis 
	Characterization of Polyesters Using Fourier-Transform Infrared Spectroscopy and 1H-NMR Analysis 

	Results and Discussion 
	Construction of the Recombinant C. Glutamicum-Based Biocatalyst 
	Biosynthesis of 1,9-Nonanedioic Acid from 9-Hydroxynonanoic Acid 
	Production of Polyesters from ,-Diacids and ,-Diols 

	Conclusions 
	References

