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ABSTRACT: Living organisms can synthesize a wide range of macromolecules from a
small set of natural building blocks, yet there is potential for even greater materials diversity
by exploiting biochemical processes to convert unnatural feedstocks into new abiotic
polymers. Ultimately, the synthesis of these polymers in situ might aid the coupling of
organisms with synthetic matrices, and the generation of biohybrids or engineered living
materials. The key step in biohybrid materials preparation is to harness the relevant
biological pathways to produce synthetic polymers with predictable molar masses and
defined architectures under ambient conditions. Accordingly, we report an aqueous,
oxygen-tolerant RAFT polymerization platform based on a modified Fenton reaction,
which is initiated by Cupriavidus metallidurans CH34, a bacterial species with iron-reducing
capabilities. We show the synthesis of a range of water-soluble polymers under normoxic
conditions, with control over the molar mass distribution, and also the production of block
copolymer nanoparticles via polymerization-induced self-assembly. Finally, we highlight the
benefits of using a bacterial initiation system by recycling the cells for multiple polymerizations. Overall, our method represents a
highly versatile approach to producing well-defined polymeric materials within a hybrid natural-synthetic polymerization platform
and in engineered living materials with properties beyond those of biotic macromolecules.

Nature exploits a vast array of biological pathways to
produce biotic macromolecules (polysaccharides, pro-

teins, DNA, RNA, etc.) derived from a small subset of
monomers (e.g., sugars, amino acids, nucleobases, etc.). In
contrast, the chemical industry has made available an
enormous stock of monomers, particularly those with reactive
double bonds, to provide routes to an almost limitless set of
abiotic macromolecules. Polymers derived from vinylic or
acrylic functionality have found use in biomedicine1,2 and as
energy3 and information storage materials.4,5 Combining
biosynthetic pathways with abiotic monomers could therefore
generate an even greater diversity of materials and, if
conducted in the presence of an organism with appropriate
biochemical functionality, allow hybrid synthetic/natural
interfaces and engineered living materials (ELMs) to be
formed.
The cellular metabolism is underpinned by electron

transport via redox pathways. We and others have shown
that these pathways can be used in cell-activated polymer-
ization.6−11 Prior reports have focused on the metal reducing
activity of bacteria (e.g., E. coli, C. metallidurans, S. oneidensis)
to mediate the active and dormant states of copper, iron and
other metallic catalysts for atom transfer radical polymer-
izations (ATRP).6−8,10 However, ATRP suffers a disadvantage
where the bacterial reduction kinetics directly control the
balance of growing and dormant chains for desirable kinetics
and molar mass distribution.12 In contrast, reversible
addition−fragmentation chain transfer (RAFT) polymeriza-

tion, which is a chain-transfer agent-mediated polymerization,
requires instead a constant flux of external radicals. In many
biological environments, a source of radicals is readily
available, thus, RAFT might be inherently easier to control
than cell-instructed ATRP, which is adversely affected by
alternate indirect initiation pathways from bacterial cultures.13

While it has been shown that the generic reducing
environment of bacteria can be used to produce organic
radicals from the reduction of an aryl diazonium salt, which
initiates the RAFT process,11 this has been achieved so far only
under anoxic conditions, hindering the translation to biological
applications. Conversely, many oxygen-tolerant RAFT poly-
merizations have been reported,14 either by polymerizing
directly through oxygen15−17 or utilizing a scavenger such as an
enzyme18−20 or oxygen trap,21−25 which has enabled ultralow
reaction volumes,17,19,22 3D/4D printing,21,26 and high-
throughput platforms,22 but to the best of our knowledge
have not been applied in a bacterially initiated RAFT
polymerization.
Accordingly, in this study, we present a new oxygen-tolerant

bacteria-initiated RAFT polymerization by utilizing an adapted
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Fenton polymerization.27,28 Our approach harnesses the
substantially faster reaction rate (4−5 orders of magnitude)
between hydrogen peroxide and Fe2+ than with Fe3+ to
produce hydroxyl radicals to mediate the RAFT process. While
a typical Fenton polymerization procedure directly implements
Fe2+ to avoid this, we postulated that we could use the Fe3+
reducing capabilities of C. metallidurans CH34 metabolism,
which instructs the in situ formation of Fe2+ and accelerates the
formation of hydroxyl radicals to initiate the RAFT process. To
achieve oxygen tolerance, we were inspired by previous studies
that utilized glucose oxidase (GOx) to deoxygenate transiently
the reaction media from a glucose feedstock.18,19 This
approach provided a dual benefit, as a key byproduct from
GOx deoxygenation is hydrogen peroxide which could be fed
into our bacterially instructed Fenton reaction (Scheme 1).29

Using this approach, we report the optimization and
mechanistic evaluation of our bacterially mediated Fenton
polymerization. We highlight this through the synthesis of a
range of well-defined RAFT polymers and polymer nano-
particles in open-to-air vessels under aqueous conditions.
Before conducting our bacteria mediated Fenton RAFT

polymerizations, we initially evaluated the viability of C.
metallidurans CH34 cells in the presence of a range of water-
soluble monomers to ensure any observable polymerization
was not caused by cell lysis (Figure S1 and Table S1). Both
N,N-dimethylacrylamide (DMA) and N-hydroxyethylacryla-
mide (HEA) exhibited an MIC50 above 100 mM. However, N-
acryloyl morpholine (NAM) displayed some toxicity toward
the bacterial cultures (MIC50 = 42.5 mM). As a result of this, a
concentration of 25 mM NAM was employed as this ensured c.
70% bacterial viability, a similar viability was observed at a
monomer concentration of 100 mM for DMA and HEA.
To test our bacteria-instructed Fenton-RAFT hypothesis, we

incubated a mixture of DMA monomer, carboxyethyl
propanoic acid trithiocarbonate (CEPTC) water-soluble
RAFT agent, FeCl3 as the Fe3+ source, glucose oxidase and
glucose with a C. metallidurans culture (1.7 × 1010 colony
forming units (CFU) mL−1) in phosphate-buffered saline
(PBS) ([DMA]/[CTA]/[FeCl3]/[GOx]/[glucose] =
400:1:5.3:0.002:0.8) and heated the suspension to 30 °C in
an open to air vessel for 24 h. Aside from its iron-reducing
properties, C. metallidurans lacks the glucose transporter, thus,
we deemed it unlikely that the bacterial cells were reducing the
glucose concentration through metabolization.30 Conducting

the polymerizations in PBS instead of growth medium also
mitigated the risk of incorporating additional reducing agents,
which may contribute to redox-based radical initiation
pathways. After removal of the bacteria and iron oxide
precipitate, 1H NMR spectroscopy confirmed the presence of
polymer, with monomer conversion reaching 53% (Figure 1a).
Size exclusion chromatography (SEC) analysis indicated a

monomodal molecular weight distribution with low dispersity
(Đ = 1.12) and low molar mass (Mn,SEC = 19900 g mol−1), as is
expected for RAFT polymerization. Crucially, control experi-
ments omitting FeCl3 or with C. metallidurans cultures, which
were heat killed (3.6 × 102 CFU mL−1), displayed no
monomer conversion, indicating the importance of metabol-
ically active cells for successful polymerization (Table S3).
Noticeably, reaction mixtures containing FeCl3, but in the
absence of bacteria, yielded a small level of polymerization
(10% monomer conversion), which we suspect is due to the
slower Fe3+-mediated Fenton reaction, producing a low
concentration of hydroxyl radicals, which still contribute to
conversion (Figures 1b and S2). Polymerizations in the
absence of CTA yielded substantially higher molar masses
(Mn,SEC = 451000 g mol−1) and high dispersity (Đ = 2.11)
following a conventional free radical mechanism (Figure 1c).
When hydroxyl radicals are generated from the bacterially

produced Fe2+, Fe3+ is regenerated during the Fenton reaction.
We therefore postulated that the bacteria could recycle the
available Fe3+ for further Fenton polymerizations at a reduced
FeCl3 concentration. Accordingly, the pDMA produced in
polymerizations conducted at 7 μM maintained narrow
dispersities (Đ ∼ 1.28, Figure 1d) and still achieved moderate
monomer conversions (44%). There was an increasing trend
correlating FeCl3 concentration with monomer conversion
between 7 and 700 μM, reaching a maximum of 66.2%, also
resulting in an increase in Đ from 1.28 to 1.49. All polymers
had unimodal molar mass distributions with similar Mn,SEC to
their Mn,th values (Figure 1e). Strikingly, at 7 mM we observed
a substantial reduction in monomer conversion to 9%, much
broader molar mass distributions (Đ = 2.11) and Mn,SEC 50-
fold higher than the Mn,th which is more consistent with free
radical polymerization, likely caused by excess oxidation of the
free RAFT agent and possible toxicity toward C. metallidur-
ans.31 For this reason, we adopted Fe concentrations of 7 μM
for the remaining experiments.
One of the key hallmarks of RAFT polymerizations is the

ability to control the chain length and molar mass of the
resulting macromolecules, hence, we examined if this feature
was translatable to our bacterially assisted polymerizations. We
conducted DMA polymerizations targeting three chain lengths,
DP100, DP400, and DP800, by modifying the CTA
concentration but maintaining the same conditions for all
other reactants (Table S3). As expected for reversible
deactivation radical polymerizations (RDRP), we observed a
larger Mn,SEC for higher target DP (6300, 20700, and 55800 g
mol−1 for DP100, DP400, and DP800, respectively; Figure
S3A,B). Notably, we observed broader molar mass distribu-
tions (Đ = 1.7) for the DP800 DMA polymerization,
suggesting some loss of control for larger chain lengths. We
anticipate this may be due to a significantly lower apparent
[CTA]/[I] at lower CTA concentrations, increasing the
likelihood of termination of growing chains and thus RAFT
agent loss.
Bacteria-assisted Fenton RAFT polymerizations with HEA

and NAM (conducted at 100 and 25 mM monomer solutions,

Scheme 1. Fenton GOx RAFT Process Initiated by
Bacteriaa

a
D-Glucose (DG) is converted to D-glucanolactate (DGA) by glucose
oxidase (GOx), which consumes O2 in the process to form H2O2.
Without the presence of reducing agents, polymerization should not
take place. GOx protein image from PDB ID: 3QVP.
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Figure 1. (a) 1H NMR stacked spectra of bacterial initiated polymerizations of DMA in air at 30 °C with either living C. metallidurans (bottom,
green) and heat killed C. metallidurans (top, red). (b) Conversion as calculated by 1H NMR (400 MHz, D2O) of the final time point (20 h) in
bacterial-initiated polymerizations showing the need for live bacteria and a Fe3+ source for high conversion polymerization to occur. (c) SEC
(DMF) overlay of polymers produced with and without the addition of CTA. (d) Effect of concentration of Fe3+ on conversion from 1H NMR
(400 MHz, D2O) and Đ from SEC (DMF). (e) Corresponding SEC (DMF, RI detector).

Figure 2. (a) SEC (aqueous, UV detector) of polymers prepared with varying monomers. (b) 1H NMR (400 MHz, D2O) kinetic plot showing the
effect of polymerization time on the conversion. (c) Comparison ofMn,SEC (aqueous, UV signal) and Mn,th as a function of conversion calculated by
1H NMR (400 MHz, D2O). (d) Schematic representation of bacteria-initiated polymerization-induced self-assembly to form spherical polymer
nanoparticles. (e) Recorded DLS data for nanoparticles formed by PISA; Inset: representative TEM image.
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respectively) displayed similar monomer conversions to DMA
(37 and 40% respectively), albeit with higher dispersities (Đ ∼
1.6 for both polymerizations, compared to 1.28 for DMA;
Figure 2a and Table S3). Although HEA polymers displayed
moderately similar experimental and theoretical molar masses,
the NAM analogues were 10-fold higher in molar mass than
expected, attributed either due to the difference in monomer
concentration or the poorer cell tolerability described above.
To probe this, we performed a copolymerization of 20% NAM
and 80% DMA (total monomer concentration = 62.5 mM),
which produced a copolymer with similar experimental and
theoretical molar masses and low dispersity (Đ = 1.21),
suggesting this was due to the overall monomer concentration
and not NAM toxicity.
Following this, chain extension with 400 units of DMA from

a pDMA75 macromolecular chain transfer agent (mCTA),
previously synthesized through conventional RAFT polymer-
ization, was attempted. While 49% monomer conversion and a
visible increase in Mn,SEC was observed (from 8000 to 20200 g
mol−1), the chromatogram revealed a bimodal distribution
suggesting some extension but a poor blocking efficiency from
the mCTA (Figure S4). As the higher molar mass peak retains
some absorption at 309 nm, we were confident this population
possessed the trithiocarbonate group at the chain end,
however, we anticipate the poor blocking efficiency may be
due to a chain length effect causing retardation of the chain
transfer process, partial oxidation of the trithiocarbonate chain
end or some adhesion of bacterially synthesized polymers to
the cell surface as we have previously identified.10 It is also
possible that a high level of termination occurs, leading to
RAFT agent loss; however, in this case it is unclear why a high
proportion of the non-chain-extended mCTA retains absorpo-
tion at 309 nm, indicative of trithiocarbonate retention.
We then investigated the polymerization kinetics of our

bacteria-initiated RAFT polymerization by sampling a DMA
polymerization at 1, 2, and 24 h, monitoring monomer
conversion and Mn,SEC. Notably, we observed the polymer-
ization did not proceed above 41% monomer conversion under
these conditions (Figure 2b). This conversion is in line with
other bacterial radical polymerization systems,7,8,11 and we
anticipate it is due to the low initial monomer conversion,
which quickly depletes, retarding the ensuing polymerization
reaction, compounded by the consumption of the glucose
feedstock by GOx. Although a uniform molar mass distribution
(Đ < 1.40) and retention of the trithiocarbonate was observed
across all time points, indicating contribution by the chain
transfer agent (Figure S5b), only partial linear evolution
between Mn,SEC and monomer conversion for RAFT polymer-
izations was observed, suggesting some RAFT characteristics.
(Table S3 and Figure 2c). This is supported by the first-order
kinetic plot (Figure S5), which indicates a fast linear reaction
between 0 and 2 h, which then reached a plateau after 35%
monomer conversion (Figure S5a). Although the relatively low
monomer conversion of this polymerization is a potential
limitation, the necessity for active metabolism and living cells
to initiate polymerization, a notable difference compared to
previous strategies,11 means conversion is correlated to the
tolerability of the chosen monomers. A limitation in this
experiment was the relatively small number of time point
samples we were able to retrieve from the polymerization
mixture due to the fast rate of reaction in the initial phases and
the requirement to remove bacterial cells to inhibit the
polymerization. Attempts to use traditional radical quenchers

(e.g., hydroquinone) were unsuccessful, likely due to their
activity being reliant on dissolved oxygen, which is not present
in our system due to the enzymatic deoxygenation mechanism.
One of the major advantages of RAFT polymerizations is the

ability to prepare block copolymer nanoparticles with relative
ease,32 which have enormous potential in drug delivery33 and
other applications.34 An extremely versatile route that has been
explored for the past decade is the polymerization-induced self-
assembly (PISA), enabling the preparation of well-defined
nanoparticles in situ during the polymerization which can be
conducted under completely aqueous conditions (Figure
2d).35,36 Given the success of this approach and our
encouraging results with bacteria-initiated solution polymer-
izations, we explored if we could utilize the methodology
presented here to produce block copolymer nanoparticles via
PISA. The pDMA75 mCTA was extended with a target 200
units of diacetone acrylamide, a monomer known to undergo
PISA,37−39 reaching quantitative monomer conversion as is
expected in PISA due to the high local monomer concentration
within the growing particles. Particle size analysis via both DLS
and TEM indicates successful nanoparticle preparation with
corroborative sizes between the two techniques (Figure 2e, Z-
average diameter = 345 nm). However, due to the low
concentrations used in our PISA reaction no molar mass
information could be obtained from dried particles. The ability
to produce nanoparticles using this system could in the future
offer the potential for biomimetic extracellular vesicles, which
are achievable through PISA,40 which could for instance
transport innate quorum-sensing molecules.41

A key benefit of utilizing living systems to initiate chemical
reactions or indeed polymerizations is their ability to be reused
or expanded through culture to remove feedstock require-
ments, important for the sustainability of these processes.
Hence, we subsequently investigated if the initial C.
metallidurans culture could be recycled for several polymer-
ization reactions by pelleting the cells through centrifugation
and resuspension with a new polymerization mixture (Figure
3a). It was found that the initial bacterial culture could be
reused at least three times using without supplementing with
growth media or nutrients. Interestingly the monomer
conversion and Mn,SEC was variable between each cycle at 40,
80, and 50% for the three consecutive polymerizations and
18800, 32500, and 26500 g mol−1, respectively, each with low
Đ (Đ ∼ 1.3) in all cases. While further investigation is required
to understand fully these differences, we anticipate that some
bacterial proliferation or changes in bacterial metabolism may
affect final conversion. (Figure 3b,c).
A similar phenomenon was reported by Keitz and co-

workers for the bacteria mediated Cu(I)-catalyzed azide−
alkyne cycloaddition, where subsequent cycles yielded different
reaction conversions to the first cycle, which they suggested
was due to bacterial growth or a change in growth phase
between cycles 1 and 2.42

In conclusion, we have developed an oxygen-tolerant
bacterially initiated polymerization method that can be used
to produce macromolecules with a defined length via RAFT
polymerization. To achieve this, we utilized the reducing
capabilities of C. metallidurans to produce Fe2+ in situ and a
simultaneous glucose oxide catalysis pathway to generate
hydrogen peroxide from a glucose feedstock, which then reacts
to produce hydroxyl radicals and initiate polymerization. We
found that high monomer conversion could only be achieved
with actively metabolizing bacteria and in the presence of Fe3+,

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.2c00372
ACS Macro Lett. 2022, 11, 954−960

957

https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00372/suppl_file/mz2c00372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00372/suppl_file/mz2c00372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00372/suppl_file/mz2c00372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00372/suppl_file/mz2c00372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00372/suppl_file/mz2c00372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmacrolett.2c00372/suppl_file/mz2c00372_si_001.pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


supporting our proposed mechanism. Synthesized polymers
exhibited the characteristics of conventional RAFT polymer-
izations such as narrow molecular weight distributions,
retention of end-group fidelity and similar average molar
masses, albeit with some limits in terms of blocking efficiencies.
We exemplified this polymerization technique by utilizing
monomers known to undergo polymerization-induced self-
assembly to produce bacterially synthesized polymer nano-
particles. Finally, we showcased the ability for the bacteria to
be a reusable component for radical generation and thus
polymerization. This microbial redox pathway to produce well-
defined polymers could open the potential for hybrid natural
and non-natural material platforms and thus new engineered
living materials.
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Figure 3. (a) Schematic representation of bacteria recycling. (b)
Monomer conversion of polymerizations with bacteria recycling as
determined by 1H NMR (400 MHz, D2O). (c) Corresponding SEC
chromatograms (aqueous, UV detector). The figure was partly
generated using Servier Medical Art, provided by Servier, licensed
under a Creative Commons Attribution 3.0 unported license.
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