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The use of low-field nuclear magnetic resonance (NMR) spectroscopy enables real-time reaction monitoring in
contrast to time-consuming gas chromatography or off-line high-field NMR measurements. In this study, NMR
spectroscopy is demonstrated as a novel process analytical technology (PAT) tool in the downstream processing
of polyhydroxyalkanoate (PHA) biopolymers. On-line NMR spectroscopy measurements were performed using a
Spinsolve 43 Carbon Ultra instrument in a fully automated mode with a flow-assembly based on PTFE tubing.
Single-scan NMR spectra were acquired for real-time monitoring of the extraction process of the PHA copolymer
poly(hydroxybutyrate-co-hydroxyhexanoate) with 13.5 mol.% hydroxyhexanoate [P(HB-co-13.5 mol.%HHx)]
from Ralstonia eutropha biomass using chloroform or acetone as PHA solvents at lyophilized cell loadings of
20-120 g L™1. The reproducibility and reliability of low-field NMR spectroscopy was comparable to high-field
NMR spectroscopy, with superior performance in terms of time. The correlation between the results of on-line
monitoring using low-field NMR spectroscopy and off-line analysis using gas chromatography (GC) showed a
correlation coefficient of >94 %. The versatility of low-field NMR spectroscopy for elucidating reaction kinetics,
facilitating endpoint determination and accelerating extraction processes by maximizing solubility is highlighted
as plateau values were reached within 6-10 min for chloroform and acetone, respectively. This novel low-field
NMR spectroscopy application promotes a new monitoring approach for downstream PHA processing and sup-
ports process development and optimization.

1. Introduction

with little calibration effort due to signal proportionality [7]. Therefore,
structural information can be obtained in high resolution. In this way,

Novel process analytical technologies (PAT) tools offer great poten-
tial for optimization and control of (bio)processes to accelerate the
transition to a sustainable economy [1]. Fossil-based plastic pose a
major environmental problem as they deplete finite resources and place
an enormous burden on the environment and society [2]. Poly-
hydroxyalkanoates (PHA) are a potential bio-based and biodegradable
substitute with the ability to cover a wide range of conventional prop-
erties [3]. The main obstacles to commercialization are high substrate
costs and expensive downstream processes [4-6]. Proton Nuclear mag-
netic resonance (\H NMR) spectroscopy is a non-destructive method that
does not require ionization or UV radiation. It is capable of detecting
proton-containing compounds in solution and its main advantage is that
it is a direct analytical method that the comparison of mole fractions

* Corresponding authors.

'H NMR and '3C NMR spectroscopy allows for the identification of un-
known monomers of PHA as well as their arrangement within the
polymer chain [8-10]. Traditionally used as a tool for accurate analysis
of products, higher field strengths of 300-1200 MHz are common.
Nevertheless, NMR is considered unsuitable for on-line monitoring due
to its size, stationary setup and sample preparation [11]. On the other
hand, compact benchtop NMR devices with a lower field strength have
been developed that are robust, cost-effective and enable modular
on-site approaches that facilitate an optimized process through real-time
monitoring and control [12]. These devices are easy to handle and low
maintenance as they do not require a cryomagnet, expert staff or special
infrastructure to be used safely. The disadvantages of lower field
strength are mainly due to lower chemical shift dispersion and lower
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spectral resolution, which require more advanced evaluation methods,
complex secondary coupling and some care in temperature sensitivity
[13-15].

PHAs are produced by more than 300 microorganisms from a wide
range of biogenic carbon sources and occur in a variety of combinations
of short-chain-length (scl-, 4-5 C-atoms) or medium-chain-length (mcl-,
6-14 C-atoms) monomers [16,17]. In particular, the mcl-monomer
containing PHA copolymer, poly(hydroxybutyrate-co-hydroxyhex-
anoate) [P(HB-co-HHx)], is promising due to the influence of the
mcl-monomer fraction, which can be used to finely modulate the ma-
terial properties [18,19]. The major cost drivers of PHA production, high
substrate costs, low efficiency processes and expensive recovery, are
tackled by developing processes based on cultivation strategies such as
fed-batch processes that lead to high product titers and productivities
[19], as well as by utilizing waste streams and integrated bioprocess
development [20-22]. However, the upstream process can strongly in-
fluence downstream processing [23,24], and while process monitoring
and control of PHA processes is gaining visibility in upstream facilities
and quality control, the downstream process itself is largely neglected.
Thus, in addition to well-known sensors for pH, dissolved oxygen,
temperature, exhaust gas, etc., spectroscopic measurements such as
FTIR, Raman or photon density wave (PDW) spectroscopy are also used
to obtain real-time information on substrates, biomass, and PHA for-
mation [25-27]. Quality control or off-line analyses often rely on
advanced spectroscopic measurements, microscopy and liquid and
gas-chromatography and have a time delay that makes them impractical
for process control.

In the field of PHA, 'H- and '3C NMR spectroscopy is mainly applied
to determine of monomer fractions in PHA copolymers such as the scl-
PHA copolymer poly(hydroxybutyrate-co-hydroxyvalerate) (P(HB-co-
HV)) or the scl/mcl-PHA copolymer poly(hydroxybutyrate-co-hydrox-
yhexanoate) (P(HB-co-HHx)) and for structural elucidation, to catego-
rize the polymers as block or random copolymers [10,19,28]. One of the
few real-time applications of NMR spectroscopy in the PHA field is an in
vitro PHA synthase assay using a high-resolution 800 MHz system to
monomer *C-labeled monomers in a block copolymer of glycolate and
3-hydroxybutyrate [29]. Only recently, low-field NMR was shown to be
suitable for the determination of copolymer compositions of P
(HB-co-HV) as an off-line quality control method [30]. Another recent
study correlated the melting enthalpy determined by differential scan-
ning calorimetry (DSC) with the HHx content of solvent-cast P
(HB-co-HHx) films as an alternative to GC analysis [31].

There are two main approaches for the recovery of PHA from
biomass, which rely on either the removal of the non-PHA biomass or
the extraction of the polymer with organic solvents [32]. The bench-
mark for PHA recovery is extraction with chloroform followed by pre-
cipitation and washing with an excess of methanol. In order to achieve a
more environmentally friendly downstream process that does not rely
on halogenated solvents, acetone has been introduced as a more green
solvent that can extract PHA copolymers with mcl-PHA monomers such
as P(HB-co-HHx) in particular or even PHB at increased temperature and
pressure [28,33,34].

The efficiency of PHA extraction also depends on the PHA content in
the cells as well as any residual substrates and impurities [35]. To
achieve the desired yield, an excess of solvent is usually used to avoid
saturation of the solution and high viscosities. However, the kinetics are
still unknown, so extraction times of several hours are chosen as a pre-
caution, making the PHA extraction process rather experimental. To
gain insight into the extraction process, the PHA concentration in
chloroform and acetone during extraction from biomass was monitored
using low-field NMR. In this way, the processes can be made more
reliable and efficient despite the batch-to-batch variations often
observed in bioprocesses.

In this study, low-field NMR is evaluated for application as a real-
time monitoring PAT-tool for P(HB-co-HHx) extraction using chloro-
form and acetone.
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2. Material and methods
2.1. Production of PHA containing biomass

Ralstonia eutropha Re2058/pCB113 [36] cells containing 67.8 + 2.0
wt.% P(HB-co-HHx) with 13.5 4+ 0.0 mol.% HHx were produced in 5 L
batch cultivations (Biostat A plus, Sartorius AG, Germany) using canola
oil as the sole carbon source according to Santolin et al. (2023) [37]. The
biomass was harvested by centrifugation (Varifuge 3.0R, Heraeus
GmbH, Germany) at 4000 x g and 4 °C for 20 min and frozen at —80 °C
prior to lyophilization (Gamma 1-20, Martin Christ Gefrier-
trocknungsanlagen GmbH, Germany). The lyophilized cells were ground
with a kitchen mill to obtain homogeneous starting material with the
aim of breaking up large chunks to avoid mass transfer limitations.

2.2. Solvent-based PHA recovery

The copolymer P(HB-co-HHx) was subjected to extraction ina 0.25 L
double-walled glass vessel (DN60 flat seal, HWS-Labortechnik, Ger-
many) tempered to 30 °C. First, non-deuterated chloroform was used as
the benchmark solvent for the extraction of P(HB-co-HHx) at different
concentrations of dry cells (20, 40, 60, 80, 100, 120 g LY for 30 min.
Cells were always added to the tempered solvent.

Further, acetone was used as a more environmentally friendly
alternative to extract the copolymer under the same test conditions. The
temperature was varied between 10 and 50 °C.

2.3. On-line NMR spectroscopy measurements using benchtop/low field
NMR

On-line NMR spectroscopy measurements were performed with a
Spinsolve 43 Carbon Ultra device (Magritek GmbH, Germany) (Fig. 1): It
was equipped with a 5 x 4 mm (O.D. x I.D.) PTFE tube running directly
from the batch reactor through the device. A syringe pump (Pump33,
Havard Apparatus, USA) with a 160 mL disposable syringe was used to
transfer the sample by suction. The pump and spectrometer were
controlled via serial and network interfaces by a PLC controller
(750-8210, WAGO GmbH & Co. KG, Germany), which set up a fully
automated “pull—measure—push” mode. In each cycle, a single-scan
NMR spectrum with a pulse angle of 90° and a repetition time of 15 s
was recorded. One measurement cycle takes 38 s in total (time syringe
pump: 21 s, time delay for recoil: 2 s, repetition time 15 s). The 3C-
satellites were decoupled during the acquisition with the experimental
setting “PROTON CDEC”.

In this study, we propose benchtop NMR as a PAT tool to monitor
PHA extraction in real-time. For this purpose, a flow cell made of PTFE
tubing (5 x 4 mm) was constructed to deliver the extraction solution
into the NMR probe using an automatic syringe pump (Fig. 1).

2.4. Off-line sample preparation

Samples were taken directly after addition of the lyophilized biomass
to the preheated solvent and after 4, 8, and 20 min via a sampling port
using a syringe and immediately filtered through a 0.2 pm PTFE mem-
brane filter (13 mm @, PTFE, 0.2 um, Fisher Scientific GmbH, Germany).
The filtrate of the single sample was pipetted into NMR tubes for off-line
analysis and also dried in pre-weighed glass tubes (11.5 mL, 16 x 100
mm, Pyrex Corning Inc., USA) and afterwards subjected to GC analysis.

2.5. Off-line NMR spectroscopy measurements using high field NMR

The off-line NMR experiments were performed with a 500 MHz NMR
spectrometer system (VNMRS500, Varian Associates, USA) operating at
proton frequency of 499.9 MHz and equipped with a 5 mm OneNMR
probe. Samples were analyzed immediately after filtration in 5 mm NMR
tubes in the protonated solvent without further modification. A proton
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Fig. 1. Set-up of the NMR flow-cell. A) Schematic representation of the tempered, stirred glass reactor equipped with PTFE tubing functioning as a custom-made flow
cell with an automatic syringe pump exerting a pump, hold, push regime to perform measurements inside the NMR probe. 1—Syringe pump, 2—Benchtop NMR
spectrometer, 3—PTFE tubing as flow cell (5 x 4 mm inner and outer diameter), 4—Tempered extraction vessel, 5—Thermostat, 6—Sampling port. B) Experimental

set-up under a fume-hood.

spectrum of each sample was recorded with 8 scans at a pulse angle of
45° and a relaxation delay of 15 s.

2.6. Determination of intracellular PHA content and purity

Gas chromatography was used as the standard reference method to
determine the intracellular PHA content and composition in the lyoph-
ilized biomass as well as the purity and concentration of the extracted
PHA. The methanolysis protocol used for sample preparation and the gas
chromatography measurements with a flame ionization detector have
already been described in Bartels et al. [28].

2.6.1. Determination of PHA concentration

The concentration of PHA in solution was determined by calculating
the weight difference of the full glass tube directly after drawing the
sample and the glass tube containing the dried extracted material to
calculate the evaporated solvent as well as the mass of the dried material
by subtracting the empty weight of the glass tube from the tube con-
taining the dried extracted material while incorporating the PHA con-

tent of the dried material obtained from GC measurements.

(glass tube full, dry — glass tube empty)[g] x GC PHA [%)]

PHA [wt.%] =
[we.2%] evaporated solvent [g]

To fit the cell concentrations given in g L™! the respective solvent
density (p) was considered (chloroform: 1.48 g cm™>; acetone: 0.79 g
-3
cm 7).

PHA [wt. %] o

PHA [gL7'] = 100

p g dm"]

2.7. Determination of correlations

Linear regression was performed for PHA concentration vs. high-
field NMR area [—]; PHA concentration [wt.%] vs. low-field NMR area
[—1; low-field vs. high-field NMR area [—] using Pearson correlation
(covariance of the two variables divided by the product of their standard
deviations). The Pearson correlation coefficient (r) was selected for the
continuous variables and calculated using SigmaPlot software
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(SigmaPlot 12.5, Systat Software GmbH, Germany). Significance was
assessed using a p-value <0.05. Correlations close to 1 indicate a strong
correlation.

3. Results
3.1. Monitoring PHA extraction using chloroform

To test the applicability of the method, evaluation of the method was
first started with PHA extraction using CHCl;3 at a temperature of 30 °C
and six different cell concentrations ranging from 20 to 120 g L.
During on-line monitoring by low-field NMR spectroscopy measure-
ment, samples were regularly taken for off-line analysis by gas chro-
matography and high-field NMR spectroscopy as benchmarking
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experiment depending on the cell concentration.

3.1.1. Extraction kinetics

The extraction reached a plateau in all experiments within the first
10 min after addition of the PHA-containing cells with a strong increase
in the measured PHA values in the first measurements within four mi-
nutes (Fig. 2). Besides the fast extraction process, the experiment with
60 g L' showed slower extraction kinetics caused by the ground cells
floating on top and the delayed mixing, suggesting that it is possible to
gain more detailed insights than just single points that do not reflect all
process events. Depending on the cell concentration used in the process,
concentrations surpassing the theoretical maximum (probably due to
evaporation) were achieved at a loading of 120 g L™, indicating effi-
cient dissolution of intracellular PHA.

controls. On-line monitoring by benchtop NMR spectroscopy yielded Chloroform:
continuous data points that increased to a certain plateau in each
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Fig. 2. P(HB-co-HHXx) extraction from 20 to 120 g L ™" lyophilized Ralstonia eutropha Re2058/pCB113 cells using chloroform at 30 °C. On-line monitoring using low-
field NMR (A). Off-line monitoring using high-field NMR (B) or gas chromatography (single measurements) (C). Dotted lines indicate plateau values (A/B) or
theoretical maximum concentration (C). The relative time to the first measurement marks the time [min] from the first measurement (<1 min) after addition of the

dried cells (A) or the sampling time after biomass addition (B/C).
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3.1.2. Correlation

The correlation between the results of on-line monitoring using low-
field NMR spectroscopy and off-line analysis using gas chromatography
(GC) showed a correlation coefficient of >94 % (Fig. 3). This indicates a
strong correlation between the two methods for evaluating the effi-
ciency of PHA extraction. Furthermore, a remarkable agreement be-
tween the off-line and on-line data was observed, indicating the
consistency of the results obtained with both methods. Interestingly,
despite this agreement, the off-line GC method showed a higher uncer-
tainty than the on-line monitoring by NMR spectroscopy, which corre-
lates with high-field NMR spectroscopy, which is considered a
benchmark due to its high sensitivity. This suggests that NMR spec-
troscopy may offer advantages in terms of precision and reliability over
traditional GC methods for PHA extraction analysis. However, no pre-
diction of purity was made as the method quantifies PHA using a peak
corresponding to the polymer backbone (Supplementary, Fig. S1, b+e).
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3.2. PHA extraction using non-halogenated solvents—acetone

The method was also used for PHA extraction with acetone, also at
30 °C, as a green alternative to chloroform. Analysis of the NMR data
revealed broader signals with higher scatter (Fig. S1) compared to
CHCl3, which could be corrected by baseline correction (data not
shown).

Upon implementing the baseline correction, the kinetics appeared to
exhibit even faster dynamics, albeit with lower overall threshold values
around 40 to 50 g L™! PHA concentration at 120 g L™ cells in solution,
indicating lower solubility and undissolved PHA residues in the biomass
(Fig. 4). Further, an increased HHx fraction in the product compared to
the starting material (~18 vs. 13.5 mol.%) reflect the selective disso-
lution of HHx-richer chains (Fig. S3).

It is noteworthy that despite these problems, the off-line methods
consistently showed higher initial values, rising the assumption that this
is caused during the sampling process. However, this was not the case for
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Fig. 3. Pearson correlation coefficients (r) of low-field NMR spectroscopy with established off-line methods (high-field NMR spectroscopy and gas chromatography)
and correlation of both off-line methods of chloroform extractions of 20-120 g L~! lyophilized Ralstonia eutropha Re2058/pCB113 cells at 30 °C.
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Fig. 4. | P(HB-co-HHXx) extraction from 20 to 120 g L™! lyophilized Ralstonia eutropha Re2058/pCB113 cells using acetone at 30 °C. On-line monitoring using low-
field NMR (A). Off-line monitoring using high-field NMR (B) or gas chromatography (single measurements) (C). Dotted lines indicate plateau values (A/B) or
theoretical maximum concentration (C). The relative time to the first measurement marks the time [min] from the first measurement (<1 min) after addition of the

dried cells (A) or the sampling time after biomass addition (B/C).

the on-line measurements, which gave more reliable and consistent
values.

However, despite the initial differences, a good correlation was
observed when comparing the off-line and on-line monitoring results
(Fig. 5). This indicates that although the off-line methods may initially
show differences, they eventually converge and provide comparable
results for both solvents tested, confirming the feasibility of benchtop
NMR spectroscopy for reliable insights into the dynamics of PHA
extraction.

Acetone:

3.3. PHA extraction at different temperatures—acetone
The P(HB-co-HHx) extraction was additionally tested for 60 g L1

cell loading at 10 and 50 °C. At 50 °C, the off-line methods were not able
to provide reliable results with a small sample volume of only few mL, so

that a part of the solvent evaporated during the filtration and both high-
field NMR spectroscopy and GC analysis lead to concentrations that are
slightly above the theoretical maximum (Fig. 6). In this case, a simple
calibration of the on-line NMR analysis with defined PHA concentrations
is possible and outperforms the off-line methods. In addition, the lower
solubility is reflected in the higher HHx fraction of about 23 mol.% of the
extracted material at 10 °C, which improves the solubility (Fig. S4).

4. Discussion

The current focus in the development of PHA methods is on reducing
production cost [38].

While conventional methods in the chemical industry often rely on
long extraction times to ensure complete extraction, resulting in low
energy efficiency, the introduction of benchtop NMR spectroscopy rep-
resents a significant advance. Benchtop NMR spectroscopy not only
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Fig. 5. Pearson correlation coefficients (r) of low field NMR with established off-line methods (high-field NMR and gas chromatography) and correlation of both off-
line methods of acetone extractions of 20-120 g L~! lyophilized Ralstonia eutropha Re2058/pGB113 cells at 30 °C.

mitigates the errors associated with GC measurements, but also provides
dynamic insights into reaction kinetics, offering a more efficient and
accurate monitoring approach. By reducing the need for off-line mea-
surements and minimizing discontinuities in the process, benchtop NMR
spectroscopy saves both time and resources. Furthermore, the compa-
rably lower costs and reduced infrastructure requirements compared to
high-field NMR spectroscopy make it an economically viable option for
many laboratories. In addition, benchtop NMR spectroscopy provides
valuable insights into the kinetics of slow processes, enabling a deeper
understanding of the production process. Considering that the current
focus in PHA process development is on reducing production costs [38],
the introduction of benchtop NMR technology represents a promising
way to achieve this goal while improving process efficiency and
accuracy.

While extraction times of several hours are often applied, it was
shown that the process reaches a plateau in less than 20 min for both

solvents (acetone and chloroform) at laboratory scale. These shorter
extraction times were also demonstrated for PHB extraction from dried
and lyophilized biomass in chloroform or dihydrolevoglucosenone
(Cyrene), where the optimal extraction time was 15 min [39]. Further,
the ability of acetone to act as a solvent for PHA has been demonstrated
in several studies, at room temperature [28,40], near its boiling point or
above under pressure [34,41,42], whereby even the scl-homopolymer
PHB or P(HB-co-HV) could be extracted ([28,33,40,41]; Thiele, 2021;
[42]). In the study by Bartels et al. [28], the equilibrium conditions were
confirmed at least after 30 min at room temperature as this was the first
sampling point over 6 h, while in our study equilibrium was also reached
within few minutes at 10 °C. Moreover, higher extraction temperatures
have been shown to reduce the molecular weight of polymers over time
if too long extraction times are applied [28,43], which affects polymer
properties.

The difference between the theoretical maximum concentration of
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Fig. 6. P(HB-co-HHx) extraction from 60 g L™! lyophilized Ralstonia eutropha Re2058,/pCB113 cells using acetone at 10 and 50 °C. On-line monitoring using low-field
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(A) or the sampling time after biomass addition (B/C).

the extraction solution and the measured PHA concentration is consis-
tent with a proportion of intracellular PHA remaining in the biomass
that can be extracted in a two-stage process to achieve almost complete
recovery ([28]; Thiele, 2021). The monomer composition of
scl-mcl-copolymers has an impact on the solubility of the polymer [41,
44], especially at low temperatures, as shown by the comparison of the
extracted PHA at 10 °C with the starting material where only chains
containing a high HHx fraction are extracted and chains with low HHx
remain in the cells (Fig. S4).

While the accuracy of the method after baseline correction is suitable
for monitoring the PHA concentration, the content of individual co-
monomers and thus the randomness could not be quantified due to
the broader signal, the stronger scattering and the superposition of
relevant signals (Fig. S5). However, with high-field NMR this informa-
tion can be easily determined [3,45]. This could be solved by applying a
more advanced indirect hard modeling approach, which opens the
possibility to collect even more information and fractionate different

PHA fractions by controlled solvent addition or temperature. As far as
we are aware, PHA has only been analyzed in one other study using
low-field NMR as a quality control at field strength of 60, 100 and 400
MHz [30]. The authors were able to characterize the P(HB-co-HV)
monomer ratio of pure polymers off-line by adjusting the analysis time
to 20 min to lower the signal-to-noise ratio or adjusting the very low
polymer concentration of 0.5 % chosen to prevent broadening of signals
in deuterated chloroform, which is a different approach [30]. They also
suggested the use of spectral deconvolution tools to improve the spectral
information.

The complexity of the factors affecting the extraction process, such as
intracellular PHA content, monomer composition or number of impu-
rities, make process monitoring a necessity to gain insights that ensure
predictable extraction control and successful execution. At larger or
industrial scales between 1 and 100 m®, mixing times increase to 30-120
s [46], highlighting the possibility of short residence times in the
extraction unit, where real-time monitoring of polymer concentration
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can be used to adjust temperature and solvent volume and gain insights
into the amount required to precipitate the polymer. Moreover, bench-
top NMR devices were proven as suitable to measure intracellular lipids
in aqueous microalgae cultures in real-time as an alternative to GC [47].

Furthermore, GC has a larger error compared to the NMR methods,
so a larger amount of sample and a much longer time are required to
obtain reliable results [32]. Therefore, we recommend rapid on-line
analysis by low-field NMR, which can be easily calibrated with stan-
dards of the extracted material.

5. Conclusions

In this study, we present the application of benchtop NMR spec-
troscopy for monitoring unit operations within the poly-
hydroxyalkanoates (PHA) downstream process. By leveraging benchtop
NMR spectroscopy, we demonstrate its effectiveness as a powerful PAT
tool for on-line monitoring of extraction processes. In particular, we
show the utility of benchtop NMR spectroscopy for on-line measure-
ments of PHA extraction with chloroform and acetone, which provide
valuable insights into the process dynamics.

Our approach shows that low-field NMR spectroscopy has a repro-
ducibility and reliability comparable to high-field NMR spectroscopy,
and even surpasses it in certain aspects, especially in terms of its per-
formance in temperature and time aspects. Furthermore, our results
highlight the versatility of benchtop NMR spectroscopy in elucidating
reaction kinetics, facilitating endpoint determination and accelerating
extraction processes by maximizing solubility. This novel application of
benchtop NMR is instrumental in advancing downstream processing in
PHA production and thus facilitating product commercialization.

CRediT authorship contribution statement

Isabel Thiele: Writing — review & editing, Writing — original draft,
Visualization, Validation, Investigation, Formal analysis, Data curation,
Conceptualization. Bjorn Weiske: Writing — review & editing, Valida-
tion, Methodology, Investigation, Data curation, Conceptualization.
Sebastian L. Riedel: Writing — review & editing, Supervision, Project
administration, Funding acquisition. Klas Meyer: Writing — review &
editing, Validation, Supervision, Methodology, Investigation.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:

Isabel Thiele reports financial support was provided by Federal
Ministry of Education and Research of Germany. If there are other au-
thors, they declare that they have no known competing financial in-
terests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements
This research was supported by the German Federal Ministry of
Education and Research, grant number 031B1339A. We gratefully

acknowledge the support by the Open Access Publication Fund of BHT
Berlin. Figures were partially created with BioRender.com.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.polymdegradstab.2025.111188.

Data availability

Data will be made available on request.

Polymer Degradation and Stability 233 (2025) 111188
References

[1] K. Eisen, T. Eifert, C. Herwig, M. Maiwald, Current and future requirements to
industrial analytical infrastructure—Part 1: process analytical laboratories, Anal.
Bioanal. Chem. 412 (9) (2020) 2027-2035, https://doi.org/10.1007/s00216-020-
02420-2.

[2] J.-G. Rosenboom, R. Langer, G. Traverso, Bioplastics for a circular economy, Nat.
Rev. Mater. 7 (2) (2022) 117-137, https://doi.org/10.1038/541578-021-00407-8.

[3] I Thiele, L. Santolin, K. Meyer, R. Machatschek, U. Bolz, N.A. Tarazona, S.

L. Riedel, Microbially synthesized poly(hydroxybutyrate-co-hydroxyhexanoate)
with low to moderate hydroxyhexanoate content: properties and applications, Int.
J. Biol. Macromol. 263 (2024) 130188, https://doi.org/10.1016/j.
ijbiomac.2024.130188.

[4] M. Koller, A. Mukherjee, A new wave of industrialization of PHA biopolyesters,
Bioengineering 9 (2) (2022), https://doi.org/10.3390/bioengineering9020074.

[5] S.L. Riedel, C. Brigham, Polymers and adsorbents from agricultural waste.
Byproducts from Agriculture and Fisheries, 2019, pp. 523-544, https://doi.org/
10.1002/9781119383956.ch22.

[6] M. Saavedra, M. Mauricio-iglesias, A. Hospido, Evaluation and optimization of the
environmental performance of PHA downstream processing, Chem. Eng. J. (2020)
127687, https://doi.org/10.1016/j.cej.2020.127687.

[7]1 K. Meyer, S. Kern, N. Zientek, G. Guthausen, M. Maiwald, Process control with
compact NMR, TrAC Trends Anal. Chem. 83 (2016) 39-52, https://doi.org/
10.1016/j.trac.2016.03.016.

[8] K. Fritzsche, R.W. Lenz, R.C. Fuller, Bacterial polyesters containing branched poly
(beta-hydroxyalkanoate) units, Int. J. Biol. Macromol. 12 (2) (1990) 92-101,
https://doi.org/10.1016/0141-8130(90)90059-j.

[9] L. Ge, G.-Y. Amy Tan, L. Wang, C.-L. Chen, L. Li, S. Ngin Tan, J.-Y. Wang,
Determination of monomeric composition in polyhydroxyalkanoates by liquid
chromatography coupled with on-line mass spectrometry and off-line nuclear
magnetic resonance, Talanta 146 (2016) 107-113, https://doi.org/10.1016/j.
talanta.2015.08.029.

[10] E. Zagar, A. Krzan, G. Adamus, M. Kowalczuk, Sequence distribution in microbial
poly(3-hydroxybutyrate-co-3-hydroxyvalerate) co-polyesters determined by NMR
and MS, Biomacromolecules 7 (7) (2006) 2210-2216, https://doi.org/10.1021/
bmo060201g.

[11] A.S. Rathore, G. Kapoor, Application of process analytical technology for
downstream purification of biotherapeutics, J. Chem. Technol. Biotechnol. 90 (2)
(2015) 228-236, https://doi.org/10.1002/jctb.4447.

[12] M. Bornemann, J. Wolf, K. Meyer, S. Kern, D. Angelone, A. Leonov, L. Cronin,

F. Emmerling, Standardization and control of grignard reactions in a universal
chemical synthesis machine using online NMR, Angew. Chem. Int. Ed. 60 (2021),
https://doi.org/10.1002/anie.202106323.

[13] M. Bornemann-Pfeiffer, K. Meyer, J. Lademann, M. Kraume, M. Maiwald,
Contributions towards variable temperature shielding for compact NMR
instruments, Magn. Reson. Chem. 62 (4) (2024) 259-268, https://doi.org/
10.1002/mrc.5379.

[14] F. Fricke, M. Brandalero, S. Liehr, S. Kern, K. Meyer, S. Kowarik, R. Hierzegger,
S. Westerdick, M. Maiwald, M. Hiibner, Artificial intelligence for mass
spectrometry and nuclear magnetic resonance spectroscopy using a novel data
augmentation method, IEEE Trans. Emerg. Top. Comput. 10 (1) (2022) 87-98,
https://doi.org/10.1109/TETC.2021.3131371.

[15] S. Kern, L. Wander, K. Meyer, S. Guhl, A.R.G. Mukkula, M. Holtkamp, M. Salge,
C. Fleischer, N. Weber, R. King, S. Engell, A. Paul, M.P. Remelhe, M. Maiwald,
Flexible automation with compact NMR spectroscopy for continuous production of
pharmaceuticals, Anal. Bioanal. Chem. 411 (14) (2019) 3037-3046, https://doi.
org/10.1007/s00216-019-01752-y.

[16] B. Gutschmann, B. Huang, L. Santolin, I. Thiele, P. Neubauer, S.L. Riedel, Native
feedstock options for the polyhydroxyalkanoate industry in Europe: a review,
Microbiol. Res. 264 (2022) 127177, https://doi.org/10.1016/j.
micres.2022.127177.

[17] Z. Li, J. Yang, X.J. Loh, Polyhydroxyalkanoates: opening doors for a sustainable
future, NPG Asia Mater. 8 (4) (2016) e265, https://doi.org/10.1038/am.2016.48.

[18] Y. Miyahara, A. Hiroe, S. Sato, T. Tsuge, S. Taguchi, Microbial
polyhydroxyalkanoates (PHAs): from synthetic biology to industrialization.
Biopolymers for Biomedical and Biotechnological Applications, 2021,
pp. 231-264, https://doi.org/10.1002/9783527818310.ch8.

[19] I Thiele, L. Santolin, S. Detels, R. Osele, P. Neubauer, S.L. Riedel, High-cell-density
fed-batch strategy to manufacture tailor-made P(HB-co-HHx) by engineered
Ralstonia eutropha at laboratory scale and pilot scale, Microb. Biotechnol. 17 (6)
(2024) 14488, https://doi.org/10.1111/1751-7915.14488.

[20] Gutschmann, B., Hogl, T.H., Huang, B., Maldonado, M., Stefan, S., Peter, J.,
Grimm, T., & Riedel, S.L. (2023). Polyhydroxyalkanoate production from animal by-
products : development of a pneumatic feeding system for solid fat /protein- emulsions.
September 2022, 286-294. https://doi.org/10.1111/1751-7915.14150.

[21] G. Mannina, D. Presti, G. Montiel-Jarillo, J. Carrera, M.E. Sudrez-Ojeda, Recovery
of polyhydroxyalkanoates (PHAs) from wastewater: a review, Bioresour. Technol.
297 (2020) 122478, https://doi.org/10.1016/j.biortech.2019.122478.

[22] Riedel, S., & Brigham, C. (2020). Inexpensive and waste raw materials for
PHAProduction (pp. 203-220). https://doi.org/10.1201/9780429296611-10.

[23] I. Poblete-Castro, C. Aravena-Carrasco, M. Orellana-Saez, N. Pacheco, A. Cabrera,
J.M. Borrero-de Acuna, Engineering the osmotic state of Pseudomonas putida
KT2440 for efficient cell disruption and downstream processing of poly(3-
hydroxyalkanoates), Front. Bioeng. Biotechnol. 8 (2020) 161, https://doi.org/
10.3389/fbioe.2020.00161.


https://doi.org/10.1016/j.polymdegradstab.2025.111188
https://doi.org/10.1007/s00216-020-02420-2
https://doi.org/10.1007/s00216-020-02420-2
https://doi.org/10.1038/s41578-021-00407-8
https://doi.org/10.1016/j.ijbiomac.2024.130188
https://doi.org/10.1016/j.ijbiomac.2024.130188
https://doi.org/10.3390/bioengineering9020074
https://doi.org/10.1002/9781119383956.ch22
https://doi.org/10.1002/9781119383956.ch22
https://doi.org/10.1016/j.cej.2020.127687
https://doi.org/10.1016/j.trac.2016.03.016
https://doi.org/10.1016/j.trac.2016.03.016
https://doi.org/10.1016/0141-8130(90)90059-j
https://doi.org/10.1016/j.talanta.2015.08.029
https://doi.org/10.1016/j.talanta.2015.08.029
https://doi.org/10.1021/bm060201g
https://doi.org/10.1021/bm060201g
https://doi.org/10.1002/jctb.4447
https://doi.org/10.1002/anie.202106323
https://doi.org/10.1002/mrc.5379
https://doi.org/10.1002/mrc.5379
https://doi.org/10.1109/TETC.2021.3131371
https://doi.org/10.1007/s00216-019-01752-y
https://doi.org/10.1007/s00216-019-01752-y
https://doi.org/10.1016/j.micres.2022.127177
https://doi.org/10.1016/j.micres.2022.127177
https://doi.org/10.1038/am.2016.48
https://doi.org/10.1002/9783527818310.ch8
https://doi.org/10.1111/1751-7915.14488
http://doi.org/10.1111/1751-7915.14150
https://doi.org/10.1016/j.biortech.2019.122478
http://doi.org/10.1201/9780429296611-10
https://doi.org/10.3389/fbioe.2020.00161
https://doi.org/10.3389/fbioe.2020.00161

L Thiele et al.

[24]

[25]

[26]

(271

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

R. Shen, Z.-Y. Ning, Y.-X. Lan, J.-C. Chen, G.-Q. Chen, Manipulation of
polyhydroxyalkanoate granular sizes in Halomonas bluephagenesis, Metab. Eng. 54
(2019) 117-126, https://doi.org/10.1016/j.ymben.2019.03.011.

B. Gutschmann, T. Schiewe, M.T.H. Weiske, P. Neubauer, R. Hass, S.L. Riedel, In-
line monitoring of polyhydroxyalkanoate (PHA) production during high-cell-
density plant oil cultivations using photon density wave spectroscopy,
Bioengineering 6 (3) (2019), https://doi.org/10.3390/bioengineering6030085.
G. Jarute, A. Kainz, G. Schroll, J.R. Baena, B. Lendl, On-line determination of the
intracellular poly(beta-hydroxybutyric acid) content in transformed Escherichia coli
and glucose during PHB production using stopped-flow attenuated total reflection
FT-IR spectrometry, Anal. Chem. 76 (21) (2004) 6353-6358, https://doi.org/
10.1021/ac0498031.

0. Samek, S. Obruca, M. Siler, P. Sedlacek, P. Benesova, D. Kucera, 1. Marova,

J. Jezek, S. Bernatova, P. Zemanek, Quantitative Raman spectroscopy analysis of
polyhydroxyalkanoates produced by Cupriavidus necator H16, Sensors (Basel,
Switzerland) 16 (11) (2016), https://doi.org/10.3390/s16111808.

M. Bartels, B. Gutschmann, T. Widmer, T. Grimm, P. Neubauer, S.L. Riedel,
Recovery of the PHA copolymer P(HB-co-HHx) with non-halogenated solvents:
influences on molecular weight and HHx-content, Front. Bioeng. Biotechnol. 8
(2020) 944, https://doi.org/10.3389/fbioe.2020.00944.

K. Yanagawa, A. Kajikawa, S. Sakakibara, H. Kumeta, H. Tomita, K. Matsumoto,
Real-time NMR analysis of polyhydroxyalkanoate synthase reaction that
synthesizes block copolymer comprising glycolate and 3-hydroxybutyrate,
Biophys. Chem. 296 (2023) 107001, https://doi.org/10.1016/j.bpc.2023.107001.
J.F. Araneda, H. de Alwis Weerasekera, M.C. Leclerc, S.B. Luk, S.D. Riegel,
Determination of copolymer compositions in polyhydroxyalkanoates using 1H
benchtop nuclear magnetic resonance spectroscopy, Anal. Methods 15 (28) (2023)
3476-3482, https://doi.org/10.1039/D3AY00846K.

H.J. Jung, B. Kim, T.-R. Choi, S.J. Oh, S. Kim, Y. Lee, Y. Shin, S. Choi, J. Oh, S.
Y. Park, Y.S. Lee, Y.H. Choi, Y.-H. Yang, Novel differential scanning calorimetry
(DSC) application to select polyhydroxyalkanoate (PHA) producers correlating 3-
hydroxyhexanoate (3-HHx) monomer with melting enthalpy, Bioprocess. Biosyst.
Eng. 47 (10) (2024) 1619-1631, https://doi.org/10.1007/500449-024-03054-9.
G. Pagliano, P. Galletti, C. Samori, A. Zaghini, C. Torri, Recovery of
polyhydroxyalkanoates from single and mixed microbial cultures: a review, Front.
Bioeng. Biotechnol. 9 (2021) 624021, https://doi.org/10.3389/
fbioe.2021.624021.

Koller, M., Bona, R., & Chiellini, E. (2013). Extraction of short-chain-length poly-
acetone under elevated temperature and pressure. 1023-1028. https://doi.org/10.100
7/s10529-013-1185-7.

1. Thiele, J.H. Rose, B. Gutschmann, S. Tofaily, J. Schottel, T. Widmer, et al., Scale-
up of the downstream process for polyhydroxyalkanoate copolymer P(HB-co-HHXx):
extraction with nonhalogenated solvents, J. Sib. Fed. Univ. Biol. 14 (4) (2021)
454-464, https://doi.org/10.17516/1997-1389-0364.

M.A. Haque, A. Priya, Z.J. Hathi, Z.-H. Qin, S. Mettu, C.S.K. Lin, Advancements and
current challenges in the sustainable downstream processing of bacterial

10

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Polymer Degradation and Stability 233 (2025) 111188

polyhydroxyalkanoates, Curr. Opin. Green. Sustain. Chem. 36 (2022) 100631,
https://doi.org/10.1016/j.cogsc.2022.100631.

C.F. Budde, S.L. Riedel, L.B. Willis, C. Rha, A.J. Sinskey, Production of poly(3-
hydroxybutyrate-co-3-hydroxyhexanoate) from plant oil by engineered Ralstonia
eutropha strains, Appl. Environ. Microbiol. 77 (9) (2011) 2847-2854, https://doi.
org/10.1128/AEM.02429-10.

L. Santolin, L. Thiele, P. Neubauer, S.L. Riedel, Tailoring the HHx monomer content
of P(HB-co-HHXx) by flexible substrate compositions: scale-up from deep-well-plates
to laboratorybioreactor cultivations, Front. Bioeng. Biotechnol. 11 (2023)
1081072, https://doi.org/10.3389/fbioe.2023.1081072.

L. Che, W. Jin, X. Zhou, W. Han, Y. Chen, C. Chen, G. Jiang, Current status and
future perspectives on the biological production of polyhydroxyalkanoates, Asia
Pac. J. Chem. Eng. 18 (3) (2023) 2899, https://doi.org/10.1002/apj.2899.

P. Jablonski, N.P. Dinh, I. Lascu, A.-M. Tanase, M. Christensen, S.G. Khokarale,
O. Sundman, J.-P. Mikkola, K. Irgum, Scalable and sustainable processing of
intracellular polyhydroxyalkanoates with biobased solvents, ACS Sustain. Chem.
Eng. 11 (51) (2023) 17990-18000, https://doi.org/10.1021/
acssuschemeng.3c05422.

X. Jiang, J.A. Ramsay, B.A. Ramsay, Acetone extraction of mcl-PHA from
Pseudomonas putida KT2440, J. Microbiol. Methods 67 (2) (2006) 212-219,
https://doi.org/10.1016/j.mimet.2006.03.015.

N. Jacquel, C.-W. Lo, H.-S. Wu, Y.-H. Wei, S.S. Wang, Solubility of
polyhydroxyalkanoates by experiment and thermodynamic correlations, AIChE J.
53 (10) (2007) 2704-2714, https://doi.org/10.1002/aic.11274.

C.M. Vermeer, M. Nielsen, V. Eckhardt, M. Hortensius, J. Tamis, S.J. Picken, G.M.
H. Meesters, R. Kleerebezem, Systematic solvent screening and selection for
polyhydroxyalkanoates (PHBV) recovery from biomass, J. Environ. Chem. Eng. 10
(6) (2022) 108573, https://doi.org/10.1016/].jece.2022.108573.

A. Werker, R. Pei, K. Kim, G. Moretto, A. Estevez-Alonso, C. Vermeer, M. Arcos-
Hernandez, J. Dijkstra, E. de Vries, Thermal pre-processing before extraction of
polyhydroxyalkanoates for molecular weight quality control, Polym. Degrad. Stab.
209 (2023) 110277, https://doi.org/10.1016/j.polymdegradstab.2023.110277.
M. Terada, R.H. Marchessault, Determination of solubility parameters for poly(3-
hydroxyalkanoates), Int. J. Biol. Macromol. 25 (1) (1999) 207-215, https://doi.
org/10.1016/50141-8130(99)00036-7.

G. Ivanova, L.S. Serafim, P.C. Lemos, A.M. Ramos, M.A.M. Reis, E.J. Cabrita,
Influence of feeding strategies of mixed microbial cultures on the chemical
composition and microstructure of copolyesters P(3HB-co-3HV) analyzed by NMR
and statistical analysis, Magn. Reson. Chem. 47 (6) (2009) 497-504, https://doi.
org/10.1002/mrc.2423.

P.M. Doran, Chapter 8 - Mixing, in: P.M. Doran (Ed.), Bioprocess Engineering
Principles, 2nd, Academic Press, 2013, pp. 255-322.

D. Bouillaud, V. Heredia, T. Castaing-Cordier, D. Drouin, B. Charrier, O. Gongalves,
J. Farjon, P. Giraudeau, Benchtop flow NMR spectroscopy as an online device for
the in vivo monitoring of lipid accumulation in microalgae, Algal. Res. 43 (2019)
101624, https://doi.org/10.1016/j.algal.2019.101624.


https://doi.org/10.1016/j.ymben.2019.03.011
https://doi.org/10.3390/bioengineering6030085
https://doi.org/10.1021/ac049803l
https://doi.org/10.1021/ac049803l
https://doi.org/10.3390/s16111808
https://doi.org/10.3389/fbioe.2020.00944
https://doi.org/10.1016/j.bpc.2023.107001
https://doi.org/10.1039/D3AY00846K
https://doi.org/10.1007/s00449-024-03054-9
https://doi.org/10.3389/fbioe.2021.624021
https://doi.org/10.3389/fbioe.2021.624021
http://doi.org/10.1007/s10529-013-1185-7
http://doi.org/10.1007/s10529-013-1185-7
https://doi.org/10.17516/1997-1389-0364
https://doi.org/10.1016/j.cogsc.2022.100631
https://doi.org/10.1128/AEM.02429-10
https://doi.org/10.1128/AEM.02429-10
https://doi.org/10.3389/fbioe.2023.1081072
https://doi.org/10.1002/apj.2899
https://doi.org/10.1021/acssuschemeng.3c05422
https://doi.org/10.1021/acssuschemeng.3c05422
https://doi.org/10.1016/j.mimet.2006.03.015
https://doi.org/10.1002/aic.11274
https://doi.org/10.1016/j.jece.2022.108573
https://doi.org/10.1016/j.polymdegradstab.2023.110277
https://doi.org/10.1016/S0141-8130(99)00036-7
https://doi.org/10.1016/S0141-8130(99)00036-7
https://doi.org/10.1002/mrc.2423
https://doi.org/10.1002/mrc.2423
http://refhub.elsevier.com/S0141-3910(25)00019-9/sbref0008
http://refhub.elsevier.com/S0141-3910(25)00019-9/sbref0008
https://doi.org/10.1016/j.algal.2019.101624

	On-line monitoring of polyhydroxyalkanoate extraction by low-field nuclear magnetic resonance spectroscopy
	1 Introduction
	2 Material and methods
	2.1 Production of PHA containing biomass
	2.2 Solvent-based PHA recovery
	2.3 On-line NMR spectroscopy measurements using benchtop/low field NMR
	2.4 Off-line sample preparation
	2.5 Off-line NMR spectroscopy measurements using high field NMR
	2.6 Determination of intracellular PHA content and purity
	2.6.1 Determination of PHA concentration

	2.7 Determination of correlations

	3 Results
	3.1 Monitoring PHA extraction using chloroform
	3.1.1 Extraction kinetics
	3.1.2 Correlation

	3.2 PHA extraction using non-halogenated solvents—acetone
	3.3 PHA extraction at different temperatures—acetone

	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Supplementary materials
	Data availability
	References


