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HARNESSING MICROBES
TO PRODUCE SUSTAINABLE
PLASTICS AND BIOFUELS

Before oxygen was widely available in Earth’s atmosphere,

ancient microbes looked to other elements to obtain electrons

for photosynthesis. Some of these microbes are called

‘photoferroautotrophs’ - which can take up electrons from iron

available in their surrounding environment and use them to

transform carbon dioxide (CO,) into biomolecules. In their research,

Dr Arpita Bose and her team at Washington University in St Louis,

explore the mechanisms these microbes exploit to produce

biomolecules, using the electrons they take in. Their discoveries are

leading to sustainable new ways to produce both plastic and fuel

- and could soon prove to reduce our reliance on the compounds

derived from crude oil.

Microbial Electrosynthesis

Microorganisms have evolved a
bewildering array of techniques to
obtain nutrients from their surrounding
environments. As biologists learn more
about these methods, their potential
use in our technology is now looking
increasingly promising. Perhaps

one of the most fascinating of these
feeding methods is called ‘microbial
electrosynthesis’.

The process can be controlled

using devices named ‘microbial
electrochemical cells’ powered by
electricity, in which oppositely-charged
electrodes are placed in a charge-
carrying electrolyte. By attaching
themselves to the device’s negatively-
charged cathode, photoautotrophic
microbes that feed through microbial
electrosynthesis can use the abundant
incoming electrons to catalyse
biochemical photosynthesis reactions,
and convert CO; into value-added multi-
carbon compounds.

By exploiting these behaviours,

Dr Arpita Bose and her team at
Washington University hope that they
can mitigate some of humanity’s most
environmentally-damaging activities,
including plastic use. However, many
improvements are needed before
these techniques can be rolled out on
industrial scales. In their research, Dr
Bose and her team explore this issue in
detail, drawing from the latest advances
in chemistry, microbiology, and
materials science.

Enhancing Electron Uptake

In previous studies by the Bose

team, promising opportunities for
improving the performance of microbial
electrosynthesis emerged with the

use of a rod-shaped photosynthetic
bacterium named Rhodopseudomonas
palustris TIE-1 (TIE-1) - which takes up
electrons using a surface protein system
called Pio. In principle, this mechanism
can be exploited to manufacture useful
biomolecules sustainably - but before
applying it in real-world applications,
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researchers would need to find ways to
improve the growth and electron uptake
ability of TIE-1.

In a 2018 study, Dr Bose and her team
took an important step towards this
goal by examining the interaction of TIE-
1 with various forms of iron as a source
of electrons - a behaviour known as
‘photoferroautotrophy’. This microbial
metabolism is widely believed by
biologists to be one of the most ancient
forms of photosynthesis.
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In their experiment, the team explored
how microbial electrosynthesis in

TIE-1 could be enhanced with the
inclusion of different forms of iron.
They discovered that while electron
uptake didn’t noticeably change when
iron was dissolved in the electrolyte,
itimproved significantly when an
insoluble iron-based compound named
Prussian blue was deposited as a film
onto the electrochemical cell’s graphite
cathode. With this simple addition, TIE-1
took in 4.2 times as many electrons as
the uncoated cathode, paving the way
for their more widespread application
in the synthesis of value-added
biochemicals.

Exploring Cytochromes

Despite this knowledge, the
mechanisms used by TIE-1 to take in
electrons were still poorly understood.
Leading on from their discovery, Dr
Bose and her team wished to explore
the process in more detail. In their next
study, published the following year in
2019, the researchers shed new light
on this uptake process - again using
Rhodopseudomonas palustris TIE-1 as
a model. Through their analysis, they
found that photoferroautotrophy in TIE-
1 originates from specialised proteins
named ‘cytochromes’, which harbour
iron-containing molecules called
‘hemes’ at their core.

More specifically, this metabolism

is driven by a system containing a
cytochrome (PioA) and a porin (PioB),
found in the bacterial periplasm and
outer membrane, respectively. Together,
this two-protein complex enables
photoferroautotrophic microbes such
as TIE-1 to transfer electrons from
iron-based donors to biomolecular
acceptors. TIE-1 can take up electrons
from a number of possible electron
sources, such as soluble iron or
certain insoluble minerals and poised
electrodes.

Captured Electrons Used for Carbon
Fixation

Alongside this important discovery, one
additional aspect of the electron uptake
process needed additional clarification
- this time, concerning the link between
electron uptake and CO; fixation

within the microbes. In this crucial
stage of the microbial electrosynthesis
process, the carbon contained in CO,

is converted into larger, more complex
organic molecules, which are used as
precursors for microbial metabolism
and growth. However, after cytochrome-
initiated electron capture by TIE-1, the
mechanisms by which electrons are
transferred to CO,, triggering the fixation
process, were still poorly understood.

In a further 2019 study, Dr Bose and her

team again used Rhodopseudomonas
palustris TIE-1 contained in a microbial
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electrochemical cell to show how

this electron transport is strongly
correlated with the highly reducing,

or electron-depleting nature of redox
reactions within the microbial cell. They
discovered that the process is driven by
a particular CO,-fixing enzyme named
ruBisCO. This enzyme is part of the well-
studied ‘Calvin-Benson-Bassham’ cycle.
This pathway allows the fixation of CO,
into more useful organic compounds.

The researchers clearly proved the
importance of the process by deleting
the genes that encode the ruBisCO
enzyme - reducing TIE-1’s ability to take
up electrons by as much as 90%. With
this discovery, Dr Bose and her team
now had a far more complete picture of
how photoferroautotrophic microbes
use their surrounding environments to
survive.

Manufacturing Bioplastics

Having studied these biomechanisms
in a suitable level of detail, the team
could now turn their attention to
exploring their potential real-world
applications. Among these is the
production of bioplastics named
‘polyhydroxybutyrates’ (PHBs). This
family of biodegradable polyesters
can be produced naturally inside
several different types of bacteria.

In an additional 2019 study, Dr Bose
and her team assessed the ability of
Rhodopseudomonas palustris TIE-1 to
produce PHBs under various conditions
including the use of a microbial
electrochemical cell.

In the experiments, various tests

were performed, to obtain PHB as a
product of CO; fixation. The researchers
found that although TIE-1’s ability

to produce PHB varied in different
conditions, electron capture (from

iron or poised electrodes) through
photoferroautotrophy was among

the most effective processes available
for PHB production. Through further
studies of TIE-1’s gene expression, they
suggest a future possibility to fine-tune
and enhance PHB production by this
microbe. These discoveries paved the
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way for additional studies of how sustainable bioplastics could
be produced using widely available resources, including light,
electricity, iron, and COs.

Enhancing PHB Production

Before bioplastics can be manufactured on industrial scales,
researchers will still need to address limitations in electron
uptake in the specific context of PHB production within
microbial electrochemical cells. In their latest study from 2020,
Dr Bose and her team explored potential improvements to
electron uptake, through modifications to the cell’s cathode.
In their design, conductive materials were developed from

a combination of nanoparticles, made from an iron oxide
mineral named ‘magnetite’, and a supporting material named
‘graphene’, which is known for its highly advanced electrical
properties.

After depositing these materials onto a carbon felt cathode,
the researchers tested the performance in microbial
electrochemical cells. Their experiments showed that TIE-1
produces around 4.2 times more PHB than an electrochemical
cell with an unmodified carbon felt electrode; and up to 20
times as much as the yields achieved in previous studies, using
standard graphite electrodes. The success of the experiment
now presents clear routes to the industrial-scale production
of sustainable PHB. This creates a pathway for sustainable
bioplastic production that bypasses the need for the crude oil
required for conventional plastic manufacturing.

Producing Sustainable Biofuels

Alongside their use in plastic production, organic molecules
are also highly desired for the energy they release when
combusted. In previous studies, researchers have explored the
use of microbes such as cyanobacteria to produce sustainable
biofuels. However, these organisms produce oxygen during
photosynthesis. Biofuel synthesis can have limited efficiency
when pathways involve oxygen-sensitive enzymes.

In a further 2020 study, Dr Bose and her team studied how TIE-1
could be exploited to produce a biofuel named n-butanol. As

a fuel, n-butanol is particularly desirable for its high energy
content and low tendency to vaporise or dissolve in water
without combusting, compared with ethanol, a commonly used
biofuel.

During their experiments, Dr Bose and her team constructed a
mutant form of TIE-1 that could not fix nitrogen. This mutant is
unable to grow when nitrogen gas is the only nitrogen source.
As a result, more of the electrons captured by TIE-1 went
towards the specific production of n-butanol - increasing the
electron yield of the biofuel without a need to increase the cell’s
electricity consumption significantly.

Moving Away from Fossil Fuels

Today, even as the call to end our reliance on fossil fuels and
unsustainable plastics grow increasingly urgent, humanity’s
use of these hydrocarbons continues to grow. Through their
studies, Dr Bose and her team have now shown how microbial
electrosynthesis could be exploited to address these issues -
producing both sustainable biofuels and bioplastics through
TIE-1-driven CO, fixation.

Alongside its sustainability, the widespread use of
biodegradable PHB is highly desired in medical applications

- with a biocompatibility that makes it suitable for procedures
including drug delivery and reconstructive surgery. Industrial-
scale manufacturing of bioplastics and biofuels using microbial
electrosynthesis can be achieved using the electricity produced
by solar panels - creating a fully sustainable cycle.

Ultimately, by exploiting a microbial metabolism that evolved
in the distant past, Dr Bose and her team now hope that new
methods will emerge that can address some of the most
pressing problems of our time.
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