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The reduction of greenhouse gas emissions and the shift away from petrochemical-derived materials are
critical goals in modern industrial development and societal progress. Addressing these intertwined chal-
lenges demands innovative and sustainable solutions. Here, we present the first example of synthesizing
poly[R-(-)-3-hydroxybutyrate] (PHB) from atmospheric CO,, utilizing a streamlined and integrated
process that combines both chemo- and bio-catalytic conditions. Central to our approach is the develop-
ment of an immobilized catalytic system that efficiently converts atmospheric CO, into sodium formate,
establishing a sustainable carbon source for formatotrophic organisms. Through Adaptive Laboratory
Evolution (ALE), we enhanced the growth rate of the bacterium Cupriavidus necator H16, enabling it to
utilize formic acid and formate as the sole carbon and energy sources. The evolved strain, C. necator
ALE26, achieved a 1.8-fold increase in the maximum growth rate (Umax = 0.25 + 0.02 h™1), attributed to
the loss of the megaplasmid pHG1. Employing the adapted strain, we report the highest PHB production
rate in continuous fermentation using C. necator for growth on formate. The development of the
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different stages (sorption and chemo- and bio-transformation) under compatible conditions that mini-
mize the number of work-up stages demonstrates a major advancement in converting atmospheric CO,
into valuable biopolymers, thus simultaneously contributing to the reduction of greenhouse gases in the

rsc.li/greenchem atmosphere and to a circular economy of biobased polymers that diminish fossil fuel dependence.

Introduction

Climate change is one of the major global challenges of the
21% century.'™ The increasing concentration of carbon dioxide
(CO,) in the atmosphere is a major driver of climate change,
necessitating innovative solutions for its capture and reuse.’
Currently only 1.3% of the total annual CO, emission is
captured.'” For post-combustion carbon capture, two strat-
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egies are highlighted in carbon capture, utilisation and storage
(CCUS) and direct air capture (DAC). The former aims to
remove carbon from flue gas from industrial processes and is
generally more energy efficient due to the higher carbon con-
centrations in these gas streams compared to ambient air.
However, it has long been argued that to truly achieve a carbon
negative economy, historically emitted carbon needs to be
recaptured from the atmosphere, leading to growing interest
in DAC technologies.®” Efficient direct air capture and inte-
grated conversion (DACC) processes offer a promising opportu-
nity to address these challenges by removing CO, directly from
the atmosphere and converting it into added-value products.®
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Current state-of-the-art chemical DACC technologies for
CO, hydrogenation reaction primarily focus on the production
of C; compounds such as methanol, methane or formate
salts.” ™ In this process, the DAC step is typically performed
using amines or hydroxides, which generate carbamate or car-
bonate species that are subsequently hydrogenated to the
desired product.® In the conversion step, the hydrogenation to
formate is particularly interesting due to its potential for
further upgrading to higher added-value CO,-derived synthetic
products.”® Among the notable catalytic systems for the hydro-
genation of carbonate/carbamates to formate, the most
employed are iridium (Ir)- and ruthenium (Ru)-based
complexes.”’ > Despite significant advances in the DACC
technology, several critical challenges remain. One of the
primary issues is the difficulty in recycling catalysts and, more
significantly, the adsorbents, which are predominantly used in
the homogeneous phase. This usage complicates their recovery
and reuse, thereby reducing the overall efficiency and sustain-
ability of the process. Additionally, the limited usability of the
final products further restricts the practical applications of
DAC.® Thus, it is crucial to design efficient reaction and
product separation processes as well as systems for the recov-
ery and reuse of all reaction elements, including catalysts and
adsorbents. Additionally, to maximize their impact and reduce
the fossil fuel dependence, it is essential to enhance the added
value of the products generated from captured CO,, moving
beyond simple C;-C, products to more complex and valuable
chemicals.

In this context, biology emerges as a promising avenue for
transitioning from C; to C, products derived from CO,. Many
organisms, including plants and a plethora of bacteria, can
utilise CO, and/or other C;-gases as carbon sources to produce
complex molecules, such as sugars, alcohols, lipids, pharma-
ceutically active ingredients and polymers.>*?® Energy is
either derived from light (photosynthesis) or inorganic mole-
cules like molecular hydrogen (H,). Photosynthetic solutions
become difficult at large scales when even lighting needs to be
provided for efficient production processes. Working with CO,
and H, directly in microbial fermentations requires elaborate
set-ups to avoid the risk of explosions, especially if the organ-
ism used is grown aerobically. Furthermore, both CO, and H,
suffer from low water solubility although much research has
been dedicated to tackling this challenge through process
engineering.””?® Thus, alternative strategies for providing
carbon and hydrogen to the biological catalyst can improve
these processes. Chemical CO, fixation, therefore, can be a key
step in providing easily accessible carbon sources for microbial
fermentations.

For decades, the Gram-negative bacterium Cupriavidus
necator (C. necator) H16 has been investigated for its capabili-
ties of growing on CO, as its sole carbon source and as a
model organism to produce the biodegradable polyester poly
[R-(-)-3-hydroxybutyrate] (PHB), with properties similar to
those of polypropylene.>** It naturally uses H, as its energy
source in autotrophic growth. Recently, studies in simple
batch set-ups have investigated C. necator’'s PHB production

11886 | Green Chem., 2024, 26, 11885-11898

View Article Online

Green Chemistry
capabilities in true autotrophy on gaseous feedstocks,**>®
focussing on different factors in cell growth and PHB accumu-
lation.>” Alternatively, in a CCUS context, CO, from flue gas
has been used together with in situ electrochemical hydrogen
generation to accumulate PHB in the bacterium.*® The same
group has developed a two-stage process in which compressed
CO, is first electrochemically reduced to formate which in turn
is fed to resting C. necator cells for PHB accumulation.?”

In recent years, the use of formic acid and formate salts as
an alternative carbon source for a group of bacteria coined
“formatotrophs” has been popularised.>”*® However, to date,
the integration of DAC technologies and biotechnological
product formation remains unexplored. Chemical synthesis of
formic acid or formate salts can provide a readily available,
water-soluble alternative C; carbon source for C. necator. Here,
we introduce an innovative synthetic route to produce PHB
that integrates three key processes: DAC of CO,, chemo-cata-
Iytic hydrogenation, and biocatalytic transformation (Fig. 1).
To the best of the authors’ knowledge, this is the first example
of production of the commercially viable product PHB from
captured atmospheric air and also the first example of con-
tinuous fermentation for accumulation of PHB from formate.
Our primary objective was two-fold: (i) to showcase the conver-
sion of atmospheric CO, into formate salts under conditions
compatible with further bioprocessing steps and (ii) to opti-
mize the growth and polyhydroxybutyrate (PHB) accumulation
of C. necator on formic acid/formate in a continuous biopro-
cess via Adaptive Laboratory Evolution (ALE) and process
optimisation. This integrated approach not only demonstrates
the feasibility of converting CO, into useful products but also
highlights the potential for sustainable and economically
viable processes that can help reduce fossil fuel dependence
and mitigate climate change.

Results and discussion
Hydrogenation of atmospheric CO, to formate

The CO, molecule, in its gaseous form, exhibits sp hybridis-
ation, resulting in a strong overlap of bonding orbitals that
inherently limits its reactivity. However, when subjected to
chemical capture processes, CO, adopts a more reactive con-
figuration, specifically a trigonal planar sp® hybridisation, as
seen in bicarbonate (HCO;™) and carbamates. When formed
from CO,, bicarbonate has a reaction enthalpy of —45 kJ
mol ™', compared to carbamate (—80 k] mol*).** Thus, bicar-
bonate is a more accessible and reactive intermediate and can
be further transformed into added value products. Therefore,
our previous research demonstrated the feasibility of DAC
coupled with sequential cyclic carbonates.*” In this study, we
chose to utilize water for DAC, rather than organic solvents,
due to its environmentally friendly properties and
compatibility with subsequent biological processes (Fig. 2A).
Tetrabutylammonium hydroxide (TBA-OH) and sodium
hydroxide (NaOH) were tested as capture agents for atmos-
pheric CO, (Fig. 2B). The choice of TBA (tetrabutylammonium)
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Fig. 2 DAC methodology. (A) General scheme of CO, capture. Cations are not represented at scale for clarity. (B) Sorption capacity with different
hydroxide salts (sorption conditions: 10 mL of hydroxide solution, 1 mol L™ in H,O, bubbling compressed air (75 mL min™%), 25 °C, 48 h). (C)
Quantitative *C NMR analysis of captured solutions (Na,COs using ethanol as the internal standard).

phonium, and imidazolium.*> TBA has shown the ability to
capture CO, and convert it into TBAHCOj3, which can then be
used in the synthesis of industrial chemicals such as PHB.

as the preferred cation for CO, capture is based on our pre-
vious work, where it demonstrated superior efficiency com-
pared to other organic salts, such as cholinium, phos-

This journal is © The Royal Society of Chemistry 2024 Green Chem., 2024, 26, 11885-11898 | 11887


https://doi.org/10.1039/d4gc04228j

Published on 17 2024. Downloaded on 08.11.2025 02:05:35.

Paper

Analysis depicted in Fig. 2C revealed that TBA-OH yielded
TBA-HCO;, as evidenced by a signal at 161 ppm in the *C
NMR spectrum, whereas sodium hydroxide yielded carbonate
(Na,CO3) species, indicated by a signal at 168 ppm in the '*C
NMR spectrum. Furthermore, under these conditions, TBA-OH
exhibited an optimal sorption capacity, by fully transforming
into TBA-HCOj3;. Moreover, our findings indicate the scalability
of the process to a 100 mL scale.

Having successfully captured CO, into its active form
TBA-HCO;, the next objective was to design a catalyst capable
of hydrogenating bicarbonate to formate salts to serve as feed-
stock in the biosynthesis of PHB. Catalytic activity, stability
and the ease of separation and reutilisation in subsequent
reaction cycles were the key design parameters. Hence, a series
of Ru-N-heterocyclic carbenes (NHCs), organometallic com-
plexes supported on macroporous polystyrene-divinylbenzene
(PS-DVB) polymeric supports, were synthesised, drawing inspi-
ration from the Ru-MACHO-like shape catalyst, commonly
used in the literature.> > A one-pot three-step reaction
process (Fig. S1-S61) was employed as a solid-phase synthetic
strategy.*> The structure of the resulting organometallic poly-
meric materials is illustrated in Fig. 3A. These supported Ru-
NHC materials were chosen for their potential dual role. They
can serve as chemical NHC-metal precursors for metal nano-
particles (MNPs) and act as potential surface ligands for MNPs
due to their strong affinity for forming robust bonds with
metals.** This dual functionality can control the generation of
MNPs and enhance their effectiveness as catalytic systems by
improving their stability, reactivity, and selectivity.*> The for-
mation of NHC complexes and their composition were charac-
terised by different techniques (ESI sections S3-S6 and
Table S1t). The Ru-NHC complexes C1 and C5 derived from
[RuCl,(CO),], exhibited a distinctive band at approximately
1565 cm ', corresponding to the C-N-C vibration of NHC
(Fig. S4t). Additionally, the CO bands linked to the Ru-NHC
complex appeared at 2046 cm™' and 1969 cm™' and at
2048 em™" and 1973 ecm™', for C1 and C5, respectively, con-
firming the formation of the Ru-NHC complexes. The XPS
spectra also confirm their formation (Fig. 3B, left). The catalyst
C1 showed two superimposed peaks in the N 1s area (see
Fig. S71). The peak at 399 eV corresponds to a carbenic nitro-
gen species, while the peak at 402 eV can be attributed to
unreacted imidazolium species (Table S$17).*® Despite the
strong overlap between the C 1s and Ru 3d spectra, it was also
possible to identify the spin-orbit splitting of Ru 3ds,, and Ru
3ds/, at 282.1 eV and 286.3 eV, respectively. These peaks
correspond to Ru®*, likely in an octahedral geometry as
expected for the Ru-NHC complex. Additionally, the Ru-Cl
bond was observed, which is consistent with the expected
complex (Fig. S71).”7*° Similar carbene/imidazolium ratios
were also observed for C3 obtained employing [RuCly(p-
Cymene),| instead of [RuCl,(CO),], as metal precursors
(Fig. S87).

After the reaction, the carbon species remain unchanged
for compound C1 (Fig. 3B, right). However, the Ru doublet
exhibited a shift towards a lower binding energy, with peaks
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centered at 281.2 eV and 285.4 €V, suggesting a change in its
chemical environment, indicating an interaction between Ru
and O (Ru-O) bonds. Additionally, the presence of two peaks
centered at 462.5 eV and 485 eV, related to Ru 3p;, and Ru
3p1s2, respectively, clearly suggests the formation of RuO,
nanoparticles after the reaction. This observation aligns well
with previous literature research.*’~>°

These systems underwent testing in the hydrogenation reac-
tion of TBA-HCO; to produce TBA-formate (TBA-HCO,)
(Fig. 3D-E). Notably, C1 exhibited superior activity (78%) to
the rest of the catalysts. TEM images of this catalyst after the
reaction revealed the in situ formation of small and homo-
geneous Ru nanoparticles (RuNPs) with sizes of 2.77 nm =+
0.45 nm (Fig. 3C). Other catalysts displayed larger particle
sizes and occasional cluster formation (Fig. S10-S15%). The
different results obtained confirm the importance of the elec-
tronic parameters and steric environment of the NHC ligands
in leading to stable and active RuUNP systems. These factors are
crucial for optimizing the formation and performance of Ru
nanoparticles, thereby enhancing the efficiency of the catalytic
process. Indeed, when similar hydrogenation tests were con-
ducted using either [RuCl,(CO),], or RuCl; as metal precursors
absorbed onto the support ligand used for the preparation of
C1 but without forming NHC complexes, a significant
reduction in reaction activity was observed (Fig. S16%).
Furthermore, this was accompanied by both metal leaching
and the formation of larger nanoparticles (Fig. S16 and S177).
These results underscore the importance of the Ru-NHC pre-
cursor in controlling the formation of RuNPs, stabilizing them
to prevent aggregation and leaching and thereby enhancing
their catalytic efficiency.

A test evaluating catalyst reuse was conducted, revealing
that the catalyst (C1) maintained consistent catalytic activity
even after undergoing five reaction cycles (Fig. 3F and
Fig. S9f). The quantities of the base and bicarbonate were
adjusted to ensure equivalence with respect to the Ru equiva-
lents present in the reaction, thus ensuring comparability
across all cases. Additionally, the supernatant obtained after
drying was analyzed to verify the presence of Ru. The results
indicated a minimal degree of leaching (<0.05% relative to Ru
amount in the fresh catalyst). The results demonstrate the
material’s robustness and stability after multiple cycles under
identical reaction conditions, thereby confirming the recycl-
ability of the Ru catalyst within the supported heterogeneous
material.

It is worth noting that C1 maintained good activity when
used in the absence and in the presence of TBA acetate
(TBA-OAc), achieving yields of 78% in its presence and 55% in
its absence. This reduction in yield can be elucidated by the
buffer effect exerted by TBA-OAc. This buffer shifts the equili-
brium towards bicarbonate formation, thereby favouring the
hydrogenation process towards formate production.>™* In the
absence of this buffer salt, as formate starts to accumulate, the
medium becomes more acidic, thereby shifting the equili-
brium towards the formation of free CO,, impeding further
reaction progression. This methodology was chosen for scaling

This journal is © The Royal Society of Chemistry 2024
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up production to a larger laboratory scale (10 mL tested) to all possible impurities accompanying them should be compa-
generate pure formate solutions for the subsequent biocataly- tible with the enzymes and microorganisms needed for
tic transformations. The carbon source for formatotrophs and microbial fermentation, both in terms of toxicity and osmore-
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gulation. For these reasons, two different carbon sources were
considered (TBA-HCO, and NaHCO,) for their conversion into
PHB. NaHCO, was easily obtained from TBA-HCO, through a
cation exchange reaction using an ion exchange resin column,
achieving a yield exceeding 90% without exhaustive optimiz-
ation (Fig. 3D and S197%). In addition, TBA was further reused
to regenerate TBA-OH through an anion exchange resin, as
detailed in the experimental procedure. It is important to high-
light that this approach represents a closed-loop system, ensur-
ing the complete recycling of the materials used. Once it was
demonstrated that both sources of formic acid can be pro-
duced from CO, captured from the air, we focused on optimiz-
ing a bioprocess that employs them as the sole carbon and
energy source for the growth and polyhydroxybutyrate (PHB)
accumulation in Cupriavidus necator H16. This continuous bio-
process was optimized using Adaptive Laboratory Evolution
(ALE).

Adaptive laboratory evolution

ALE experiments to maximise the growth of C. necator H16 on
formic acid with the aim of increasing the maximum growth
rate (4max) Of the organism were conducted (Fig. 4A) The mass
balance equations around the biomass and growth-limiting
substrate in continuous (chemostat) fermentation were calcu-
lated. The direct link between the dilution rate (D) and the
growth rate (x) makes the chemostat a great tool to target the
growth rate as the optimisation target for ALE campaigns.

In this study, C. necator H16 was subjected to continuous
fermentation over almost five months with stepwise increasing
dilution rates. In prior batch fermentations, the maximum
growth rate of the strain in 1 L batch cultivations on 80 mM
free formic acid as the sole carbon source was determined as
0.14 + 0.01 h™" (Fig. S207). Throughout the chemostat fermen-
tation, biomass levels were stable over the varying dilution
rates and no residual formic acid was detected in the reactor
(Fig. 4B, online data shown in Fig. S21}). As a general trend,
after the initial establishment of the chemostat, it could be
observed that the biomass increased with the increase in the
dilution rate. To test the formic acid tolerance of the bacter-
ium, the respective concentration was doubled temporarily
after 129 days resulting in a spike in biomass. It normalised
again after reverting to the desired 80 mM formic acid in the
feed, demonstrating the stability of the process. The highest
dilution rate used in the ALE experiment was 0.16 h™" after
which the evolution campaign was terminated.

Screening of ALE variants

From an endpoint sample taken from the ALE experiment, 42
isolated single colonies were selected randomly for growth
screening in a BioLector I against a triplicate culture of the
wild-type (WT) strain. The g,y of each strain was determined
and compared to that of the WT triplicate (Fig. 4C). The five
best performing colonies (C. necator ALE14, C. necator ALE25,
C. necator ALE26, C. necator ALE31, and C. necator ALE38) were
subsequently analysed in shake flask cultures.
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Growth profiles of C. necator ALE25, ALE26 and ALE31 in
flasks (Fig. S221) were very similar whilst precultures for
ALE38 did not grow and ALE14 showed long lag phases. The
observed maximum growth rates are shown in Fig. 4D.
C. necator ALE26 was selected for further experiments. When
grown in a 1 L batch fermentation, growth profiles of
C. necator ALE26 differed slightly across repeats (Fig. 4E).
However, the final biomass titres and maximal observed
growth rates across repeats are very similar (Fig. 4D). The
observed gmax for C. necator ALE26 on 80 mM formic acid was
0.25 = 0.02 h™, signifying a 1.8-fold increase compared to
what was observed for the WT strain in this study and a 1.4-
fold improvement compared to the literature.>

Strain characterisation

Genome sequencing of C. necator ALE26 and comparison with
the genome of the WT strain revealed that the main difference
between the strains originated from the absence of the mega-
plasmid pHG1 in the evolved strain (see ESI, section S10 and
Fig. 5231).

This pHG1-loss is interestingly parallel to the findings by
Calvey et al., although here a full loss of the plasmid was
found, whereas their study reported large partial deletions.>®
The rationalisation for the deletions given in their work holds
true in this case as well. While pHG1 harbours a second copy
of the CBB operon, otherwise also present on chromosome 2,
this second copy lacks the LysR-type transcriptional regulator
gene chbR.>” Other genetic elements responsible for hydrogen
metabolism, degradation of aromatic compounds and plasmid
maintenance and transmission do not play a vital role in the
cultivation conditions applied,®® although many of the respect-
ive genes have been shown to be constitutively expressed
across several growth conditions, even in those where they do
not seem to have an active metabolic role.>*® Both strains
exhibit very similar maximum growth rates on formic acid
despite the different approaches for laboratory evolution.
Strikingly, however, the highest growth rate documented in
their work (0.245 + 0.011 h™') was observed for a deletion
mutant of the transcriptional regulator PhcA (AphcA). The
gene in their adapted strain was disrupted by a frameshift
mutation and was identified as the major contributor to the
improved growth rates alongside the (partial) deletion of
PHG1. This gene corresponds to the locus E6A55_00465 in the
genome sequence used for reference in this work.®' The same
mutation could not be observed in this study, where the gene
appears to be undisrupted.

For further functional analysis of the newly evolved strain,
both this and the WT strain were grown in continuous culture
under three different growth conditions: on 80 mM formic
acid at a carbon/nitrogen ratio (C/N ratio, [mol/mol]) of (i)
5.3 mol/mol or (ii) 50 mol/mol as well as (iii) 150 mM formic
acid at C/N = 50 mol/mol, all at a dilution rate of 0.09 h™.
Under every condition, a large number of proteins was
observed only in one of the two strains (Fig. S24t). Many of
these proteins correlate with proteins found on pHG1, yet
there are additional chromosomal genes that only see the func-
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tional expression in one or the other organism. Regulatory
shifts across cellular processes like quorum sensing, for which
annotated proteins appear to be consistently upregulated
across growth conditions, indicate a wide-ranging reorganis-
ation of the gene expression in the evolved strain.

To analyse general trends of proteome utilisation between
the strains, resource balance analysis (RBA) was employed.®*®?
In the mathematical model, the metabolic cost associated with
the protein expression is minimised by reducing the
expression to a minimum necessary to support that growth
rate. Our hypothesis was that if C. necator ALE26 outperforms
the WT strain in terms of growth the improved growth rate of
C. necator ALE26 should be reflected to some extent in the allo-
cation of resources, i.e. the protein expression. Therefore, the
proteome profile of the strain should correlate more closely
with an optimised prediction provided by the RBA module.
Proteomic prediction was performed for proteins contained in
the model as well as in the proteomic data sets, predicted and
measured levels were then correlated and the squared Pearson
correlation coefficient was calculated (Fig. 4F).>° For each
tested growth condition, the correlation is higher for the
evolved strain than for the WT strain, indicating a protein dis-
tribution closer to a predicted optimum. Notably, this corre-
lation is the greatest for the growth condition on 80 mM
formic acid and under nitrogen limiting (i.e. PHB accumulat-
ing) conditions. Here, the overall nutrient availability is the
lowest out of the three tested conditions (low carbon and nitro-
gen), leading to the predicted gmax being the closest to the
actual growth rate (as determined by the dilution rate). This
feeds into our hypothesis of resource conservation following a
deletion of unnecessarily expressed genes (in the form of
pHG1) enabling increased growth. While the strain presented
here shows a similar growth rate to the AphcA-strain men-
tioned above without the loss or disruption of the eponymous
gene, it should be noted that the growth rate determined by
Calvey et al. was taken from a flask experiment. The one
demonstrated here stems from fermentation in a stirred tank
reactor. Growth rates tend to be higher in these more con-
trolled systems. Therefore, a genomic deletion of the transcrip-
tional regulator might further enhance the growth perform-
ance of C. necator ALE26 in bioreactors.

Polyhydroxybutyrate production

The accumulation of PHB in continuous fermentation was
optimised with C. necator ALE26 in a biotechnological context
(Fig. 5A). The parameters optimised in continuous fermenta-
tion were C/N ratio, dilution rate and absolute carbon concen-
tration. Growth profiles for fermentations altering these para-
meters can be found in the ESI (Fig. S25-S287t for cultivation
of C. necator H16).

C/N ratios of 25 mol/mol and lower resulted in a very low
PHB content (Fig. 5A). A C/N ratio of 50 mol/mol and higher
resulted in bacterial cells accumulating approximately 15% of
CDW as PHB, with higher C/N ratios showing similar PHB con-
tents. Nevertheless, the maximum space time yield (STY) was
achieved at 50 mol/mol with a drop in productivity at higher
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ratios. This correlates with a higher total biomass at lower C/N
ratios (Fig. S307). A low C/N ratio showing the best productivity
falls in line with experiments that have shown that the ratio
between carbon and the growth-limiting nutrient is not arbi-
trary as a minimal residual nutrient concentration is required
for cellular maintenance processes.®*

The results from varying the dilution rate suggest a decreas-
ing trend in PHB accumulation with increasing dilution rates,
as the percentage of PHB of the CDW dropped from around
21.37 + 4.99% at 0.050 h™" to 9.47 + 0.05% at 0.165 h™'
(Fig. 5C). However, when factoring in the time component via
the dilution rate, it became apparent that the STY did not
change drastically for dilution rates between 0.07 h™' and
0.165 h™, reaching its maximum at 3.9 + 0.2 mg L™ h™* at D =
0.09 h™". This follows the proposed partial coupling between
growth- and PHB accumulation rates by Grousseau et al.®
which explains why the chemostat is ideally performed at
medium dilution rates rather than close to the pgnm.x of the
organism.

The higher formic acid concentration did not correlate with
a higher PHB content per cell (Fig. 5D). In fact, the PHB
content dropped slightly at the higher substrate concen-
trations. Overall, the PHB content of C. necator ALE26 was sig-
nificantly higher than in the WT strain, reaching up to 20.3 +
0.5% (Fig. S2971). However, the productivity (STY) in both cases
increased with higher formic acid concentrations as the active
biomass increased. Again, the evolved strain outperformed the
WT strain with a maximum productivity of 8.67 + 1.26 mg L™
h™" at a formic acid feed concentration of 150 mM. This trans-
lates to a carbon yield of 0.03 mol(Cpgp)/mOol(Csormic acid)-

The conservation of resources from losing pHG1, as dis-
cussed earlier, could also explain the discrepancy seen in PHB
accumulation between C. necator H16 and ALE26 (Fig. S297).
As fewer nutrients need to be dedicated to the protein
expression or cell division, more can be allocated towards
carbon storage in the adapted strain. It has been shown before
that under PHA producing conditions, the cellular compo-
sition changes, with proportionally less protein expression
during nutrient limitation® which reflects the shifting of
resources necessary to accumulate the polymer. This shift
might be made easier by the lack of the additional metabolic
burden exhibited by the megaplasmid.

Overall, the STY of PHB from formic acid achieved in this
work is on par with or surpasses those documented so far
whilst being more robust over time than a fed-batch
fermentation.*>?%3° The comparatively low polymer yields
might be improved with further process optimisation and
more complex setups such as multiphase fermentations and
medium recirculation methods.

Conversion of atmospheric CO, into PHP via formate to
bridge air-capturing CO, to producing PHB, the primary
product, TBA-HCO,, was tested for the growth of C. necator
ALE26 in the BioLector. The organism was cultivated on
varying concentrations of TBA-HCO, as the sole carbon source
as well as on free formic acid and sodium gluconate sup-
plemented with TBA-HCO, in varying concentrations
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(Fig. S30%). Growth was observed for conditions in which
TBA-HCO, was the sole carbon source as well as when it was
added with formic acid or sodium gluconate, albeit at very
slow rates.

While C. necator ALE26 grew on low concentrations of
TBA-HCO, and accumulated up to 29.51% (gpup €cow ') in
shake flasks (Fig. S31%), its growth rate was too low to permit
growth in continuous fermentations. With the development of
the ion-exchange method to convert TBA-HCO, into sodium
formate, the latter can be used for continuous fermentation
whilst avoiding the toxicity of the TBA cation. The overall pro-
ductivity of PHB on sodium formate was similar to that of the
free acid (Fig. 5E). Thus, fermentation was carried out on
160 mM sodium formate as the sole carbon source and with
optimised conditions for PHB accumulation (D = 0.09 h™* and
C/N = 50 mol/mol, Fig. 5F). Samples for PHB measurement
were taken under full and nitrogen-limited conditions for com-
parison with the growth on free formic acid. A final PHB
content of 18.73 + 5.59% was achieved, giving a STY of 6.34 *
1.75 mg L™' h™" (Fig. 5E).

The synthesis of PHB from CO, waste streams is the subject
of numerous studies, but the use of CO, or CO,-derived com-
pounds as primary reactants remains relatively uncommon.
Table S61 highlights the most relevant studies where pure CO,
or CO, from flue gas has been employed in the production of
PHB under diverse biological conditions. In phototrophic pro-
cesses with the flue gas containing 3-6% of CO,, STYs of
maximum 3.02 mg L' h™" have been reported (entries 1 and
2).*®%7 The highest productivity to date described for PHB
accumulation from CO,-derived formate was found in a two-
stage system employing non-growing C. necator H16 cells in a
biotransformation (entry 3).>> With this system, Dinges et al.
achieved up to 8.4 mg L™" h™" (per ODgq). However, while

Cco,

22

C*OH-

V.
z/% "'4/
C'=Na C*=TBA

PHB = UK
Direct air capture

. - (0.04% CO,)
Bio-valorization

Microorg.
Na,CO; TBA.HCO,;
Hydrogenation
NaHCO, x H,/RuNP
TBA.HCO,

Cation Exchange

Fig. 6 Schematic representation of a pipeline for atmospheric CO,
capture and transformation in biodegradable polymers.

11894 | Green Chem., 2024, 26, 11885-11898

View Article Online

Green Chemistry

their experiments gave valuable insights into theoretical PHB
yields from formate, biotransformations such as the one
described generally become unstable over time due to cell lysis
or enzyme degradation. While yields lower than those reported
for pure CO, as the carbon source (up to 12.54 mg L~*
h™),°%%? those studies using diluted sources of CO, demon-
strate that these waste gases may still be usable as a direct
feedstock for polymer accumulation.

Our results, where CO, was directly captured from the air
(0.04% of CO,), show that the PHB STY (6.34 + 1.75 mg L™
h™', entry 4) is comparable to results where diluted CO, or
formate was utilized. At the same time, to the best of the
author’s knowledge, this is the first time continuous fermenta-
tion for accumulation of PHB from formate has been
described, which can be run for long periods of time without
the risk of instabilities or the requirement for repeated stop-
ping and starting of the process. This underscores the poten-
tial of our integrated biochemical and catalytic process to
efficiently produce PHB, a chemical of significant industrial
interest.

Conclusion

This study is a proof-of-concept of a chemo-biocatalytic
process to upcycle captured atmospheric CO, via formate salts
to polyhydroxybutyrate. The direct capture process employing
ionic liquids under aqueous conditions, and novel immobi-
lised nanostructured catalysts, represents a simple, yet
efficient means that will open up new possibilities for trans-
forming CO, into valuable products. This non-conventional
feedstock was employed to produce a biodegradable polymer
polyhydroxybutyrate. This process integrates CO, capture and
polypropylene-like polymer production completely decoupled
from fossil-feedstock, and the end product opens multiple
applications and new end-of-life management options. The
power of adaptive laboratory evolution to yield a strain with an
improved growth rate due to the optimised resource efficiency,
coupled with bioprocess development showcased here can also
serve as a basis to further exploit existing microbial biocata-
lysts’ anabolic reactions, or metabolism extended by new-to-
nature synthesis pathways to produce a plethora of valuable
products.

This first proof of concept of an interdisciplinary pipeline
for atmospheric CO, fixation and utilisation to generate bio-
degradable polymers (Fig. 6) will inspire new avenues to simul-
taneously help tackle climate change and generate circular
economy approaches for the plastic industry.

Experimental
Direct air capture

The samples for CO, capture were prepared using a solution of
1 mol L™" of TBA-OH in H,0 (0.5-100 mL). The sorption
experiments were performed by bubbling the gas (compressed
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air) in vial glass tubes with a septum at 25 °C for 48 h.** For
the CO, sorption quantification, we have previously estab-
lished this NMR methodology for CO, quantification in
ILs.”%"" Typically, ">C NMR inverse gated '"H decoupled
spectra were acquired using an inversion recovery experiment
(zgig) with a relaxation delay of 60 seconds. The experiments
were performed with 64 transients with 64k data points were
collected.

Catalyst preparation

Ru(CO),Cl, was synthesised according to a previously reported
method (see section S3 in the ESIt).””

Hydrogenation reaction

Catalytic reactions were performed in a stainless-steel batch
reactor of 30 mL with a pressure regulator. Typically, 1 mmol
of TBA-HCO;, 0.5 mmol of TBA-OAc and a mixture of the
solvent (in almost all of the cases 1:1 of water/THF) were put
together along with the desired amount of the catalyst. Then,
the reactor was fully pressured at 5, 30 or 50 H, bar based on
each specific condition. Initially, the reactions were carried out
at 100 °C; however, in some cases, the effects of the tempera-
ture were also studied. Quantification of the amount of
formate (yield) was performed with "H NMR with the signal at
~8.3 ppm and referenced with the signals of the TBA cation at
~0.8 ppm (18 protons) (see Fig. S18 and S19 in the ESI}). For
the reuse, the catalyst was removed from the reaction mixture
by centrifugation and the residual was washed with dichloro-
methane and methanol (3 x 10 mL) and dried overnight at
50 °C (vacuum). The liquid phase was separated to further
cation exchange. The remaining catalyst was analyzed by using
ICP-MS to estimate the Ru amount (in ppm). The catalyst was
also tested as used without any pretreatment, and the results
were compared with the washed and dried material.

Cation and anion exchange procedure

The cation exchange from TBA-HCO, to NaHCO, was con-
ducted using an ion exchange resin (Amberlite IR-120 in H+
form). Aqueous TBA-HCO, solution (1 M) was gradually passed
through a resin-filled column. The eluate was then collected in
a vial containing an equimolar amount of NaOH solution,
resulting in the formation of Na HCO,. The solvent was evap-
orated under reduced pressure using a rotary evaporator and
dried for 8 hours at 60 °C under vacuum. The TBA was further
reused to produce TBA-OH an Amberlyst A26 (OH™ form),
according to a previously described procedure.*”

Cultivation in bioreactors

All bioreactor cultivations were carried out in stirred tank
vessels of the F0-Baby model by Bionet (Fuente Alamo
(Murcia), Spain) at a working volume of 1 L. The process was
controlled and monitored using the company’s ROSITA
software.

Batch cultivations. Fermentations were carried out using the
J-minimal medium (J-MM) (ESI, $2.31).”® Precultures were
grown in shake flasks (ESI, S2.471), the last of which took place
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in 100 mL J-MM in 1 L baffled shake flasks. The reactor was
inoculated from this to a starting ODgy, of 0.05. The initial
stirrer speed was set to 500 rpm and gas flow t0 1 Ly, Lliquid_1
min~". Dissolved oxygen (DO) in the vessel was regulated at a
minimum of 20% by an increase in stirring speed followed by
an increase in the air flow up to 1500 rpm and 3 Lgy Lliquid_1
min~", respectively. pH was controlled at 7.2 by feeding 4 M
KOH and 15% (v/v) H,SO,. Furthermore, CO, and O, contents
in the exhausted air were analysed via a Breath module from
Bionet. Samples were taken in regular intervals to be analysed
for biomass content and carbon and nitrogen concentration
estimation. More details are given in the ESI, S2.5.1.F

Continuous cultivation. For continuous cultivations, the bio-
reactor was set up as described in the ESI, S2.5.1 It was oper-
ated in batch for 12 h before the pumps were activated. The
feed was controlled manually by setting the pump rate to
match the desired dilution rate [h™']. The spent medium
(bleed) was harvested by controlling the weight of the bio-
reactor using a Defender™ 5000 scale (Ohaus, Parsippany, NJ,
USA), so that over time it would remain constant despite the
continuous feed and pH control. The fed medium was J-MM,
with concentrations of the desired carbon source and
(NH,4),SO, matching the conditions required in each experi-
ment. Samples were taken directly from the bioreactor rather
than from the bleed line with the weight-controlled bleed,
ensuring that the full volume would fill up in a temporary fed-
batch process before re-entering the true continuous
operation.

Cultivation in a BioLector

For condition testing and screening, C. necator was cultivated
in a BioLector 1 (Beckman Coulter, Brea, California, USA).
Cultivations were performed in 1 mL of the total culture
volume in 48-well flower plates with oxygen and pH sensors
(MTP-48-BOH 1, Beckman Coulter). The temperature in the
incubation chamber was controlled at 30 °C, humidity at
70-80%, and shaking was set to 1000 rpm. The plate was
inoculated from two-step 3 mL J-MM precultures, similar to
the preparation for Cultivation in Baffled Shake Flasks.
Cultivations were performed in J-MM with the required
amounts of carbon and nitrogen added for each experiment.
Blanks were run in triplicate of the uninoculated medium. The
ALE experiment and subsequent screening are described in
the ESI in sections S2.5 and S2.6-S2.9.7 Analytical procedures
accompanying the fermentations are described in the ESI in
section S2.10.7

Proteomics analysis

For proteomics analysis of C. necator strains under different
growth conditions, biological duplicate samples were collected
and further split into two technical replicates each (sample
preparation is detailed in the ESI, S2.11.1f). Samples were
handed to the Proteomics Core facilities of University College
Dublin. In these facilities, samples were run in a Thermo
Scientific Q Exactive workflow with the Thermo Scientific
Ultimate 3000 RSLCnano chromatography system (electrospray
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ionisation liquid chromatography-mass spectrometry (ESI
LC-MS), using a quadrupole with high resolution high mass
accuracy (HRAM) by Orbitrap). Peaks were analysed in these
facilities using the MaxQuant software. Data analysis and stat-
istics were performed in Perseus (Max Planck Institute of
Biochemistry, Miinchen, Germany), GraphPad PRISM and
Python, as outlined in the ESI, S2.11.2 and S2.11.3.}
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