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Abstract

Performing radical polymerizations under ambient conditions is a significant challenge because 

molecular oxygen is an effective radical quencher. Here we show that the facultative electrogen 

Shewanella oneidensis can control metal-catalyzed living radical polymerizations under apparent 

aerobic conditions by first consuming dissolved oxygen via aerobic respiration, then directing 

extracellular electron flux to a metal catalyst. In both open and closed containers, S. oneidensis 
enabled living radical polymerizations without requiring the pre-removal of oxygen. 

Polymerization activity was closely tied to S. oneidensis anaerobic metabolism through specific 

extracellular electron transfer (EET) proteins and was effective for a variety of monomers using 

low (ppm) concentrations of metal catalysts. Finally, polymerizations survived repeated challenges 

of oxygen exposure and could be initiated using lyophilized or spent (recycled) cells. Overall, our 

results demonstrate how the unique ability of S. oneidensis to use both oxygen and metals as 

respiratory electron acceptors can be leveraged to address salient challenges in polymer synthesis.

Introduction

Radical-based reactions, including radical polymerizations, are inhibited in the presence of 

molecular oxygen1,2. Thus, controlled radical polymerizations require strictly anoxic 

conditions prior to initiation. Inspired by oxygen-consuming reactions in biology, several 

recent reports have shown that enzymatic reactions, such as the oxidation of β-D-glucose to 

D-glucono-δ-lactone via glucose oxidase, can rapidly deplete dissolved oxygen prior to 

reversible addition-fragmentation chain transfer (RAFT)3,4 and atom transfer radical 

polymerization (ATRP)5-7. Similarly, combinations of enzymes such as glucose oxidase and 

horseradish peroxidase can enable radical polymerizations that require the presence of 
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oxygen to generate the radical initiator8. These and other recent advances allow some living 

radical polymerizations to be run in open containers under ambient conditions9-12. However, 

the majority of polymerization methods relying on in situ oxygen depletion require 

sacrificial reagents, produce strong oxidants, and/or are restricted to specific catalysts and 

monomers.

Given the inspiration behind the use of glucose oxidase, we predicted that whole-cell aerobic 

respiration could similarly deplete dissolved oxygen prior to initiating radical 

polymerization (Figure 1). Towards this goal, we recently reported that the facultative 

electrogen Shewanella oneidensis (wild type, MR-1) can drive ATRP under anaerobic 

conditions by directing metabolic electron flux via its extracellular electron transfer (EET) 

machinery to Cu-based catalysts13. Because of its respiratory plasticity, we hypothesized 

that S. oneidensis could metabolically control living radical polymerizations under ambient 

conditions by first consuming dissolved oxygen, then directing EET flux to a metal 

polymerization catalyst (Figure 1). Here, we demonstrate that S. oneidensis enables ATRP 

under aerobic conditions using a variety of monomers and metal catalysts at low (ppm) 

concentrations. Aerobic polymerizations suppressed background radical reactions, could be 

run in open or shaking containers, and accentuated metabolic and genotypic differences 

between S. oneidensis strains. Finally, aerobic polymerizations produced homopolymers and 

block copolymers with well-controlled molecular weights at rates comparable to other 

polymerization methodologies and could be initiated using lyophilized or spent cells. 

Overall, our results demonstrate how the unique metabolic capabilities of S. oneidensis 
effectively combine the advantages of enzymatic oxygen depletion and Activator 

Regenerated by Electron Transfer (ARGET) ATRP to yield well-defined synthetic polymers 

under ambient conditions.

Results

S. oneidensis consumes dissolved oxygen and activates EET flux to the metal 
polymerization catalyst

In order to verify that S. oneidensis could create the anaerobic environment necessary for 

radical polymerization, we first measured dissolved oxygen depletion in S. oneidensis 
cultures under standard growth and polymerization conditions. In defined media 

(Shewanella Basal Medium, Supplementary Table 2) at an inoculation cell density of OD600 

= 0.2, S. oneidensis MR-1 growing on lactate consumed dissolved oxygen within minutes 

(Figure 2a). Next, we examined oxygen consumption under typical polymerization 

conditions. We previously showed that polymerization mixtures containing monomer 

(OEOMA500 [OEOMA = oligo(ethylene oxide) methyl ether methacrylate]), initiator 

(HEBIB [HEBIB = 2-hydroxyethyl 2-bromoisobutyrate]), lactate as the primary carbon 

source, fumarate as the primary electron acceptor, and metal catalyst (Cu(II)-TPMA [TPMA 

= Tris(2-pyridylmethyl)amine]) inhibit bacterial growth, although cells remain viable13. 

Nevertheless, cultures containing polymerization components also showed rapid oxygen 

depletion, albeit at a slower rate. Together, these results confirm that high densities of S. 
oneidensis cells quickly consume dissolved oxygen during growth in defined media and 

under typical polymerization conditions.
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Having confirmed that oxygen can be readily removed from S. oneidensis polymerization 

cultures, we next assessed the general feasibility of aerobic polymerizations. Below, aerobic 

conditions refer to polymerizations using aerobically pre-grown cells with no steps taken to 

remove oxygen. Anaerobic conditions refer to polymerizations involving anaerobically pre-

grown cells performed in the absence of oxygen. In a typical polymerization reaction, S. 
oneidensis cells from stationary-phase pre-growth were inoculated into a polymerization 

mixture containing monomer (OEOMA500), initiator (HEBIB), lactate as the primary carbon 

source, fumarate as the primary anaerobic electron acceptor, and metal catalyst (Cu-TPMA). 

In a closed vessel with no additional steps taken to remove oxygen, a polymerization 

mixture containing aerobically pre-grown S. oneidensis at an inoculation density of OD600 = 

0.2 showed near quantitative monomer conversion (1H NMR spectroscopy) after two hours. 

This result confirmed that polymerization was possible under ambient conditions, but we 

wished to uncover the specific role of each reaction component. For example, we previously 

observed a catalyst-free background polymerization that proceeded to ca. 40% OEOMA500 

conversion over a 24 h period under anaerobic conditions13. Under aerobic conditions, all 

polymerization components including monomer, initiator, metal catalyst, and actively 

respiring S. oneidensis cells were required for monomer conversion (Figure 2b). Neglecting 

any of these components resulted in significantly attenuated monomer conversion or no 

measurable activity in the case of S. oneidensis supernatant or cell-free negative controls. 

Although some background polymerization activity was observed in the absence of metal 

catalyst or initiator, these levels were lower than under comparable anaerobic conditions13. 

During anaerobic polymerizations, we previously observed that lysed cells (both S. 
oneidensis MR-1 and Escherichia coli MG1655) could initiate significant monomer 

conversion via the release of cytosolic reductants. In contrast, aerobic conditions suppressed 

background polymerization activity from lysed cells (Figure 2c). These results show that in 

the absence of an active mechanism to remove dissolved oxygen (i.e., aerobic respiration), 

initiation caused by adventitious radicals or uncontrolled reduction of the Cu catalyst is 

inhibited.

In general, aerobic polymerizations in sealed vessels exhibited first-order kinetics, indicating 

effective control over radical concentration and allowing us to quantify polymerization rates 

(Supplementary Fig. 1). We measured polymerization rates of OEOMA500 under aerobic 

conditions as a function of starting inoculum size (OD600) and found a linear dependence 

above a threshold OD600 = 0.1 (Figure 2d). Below this cell population size, aerobic 

respiration can presumably not compensate for oxygen diffusion in order to create the 

anaerobic environment necessary for polymerization. Under anaerobic conditions (including 

pre-growth), polymerization rate was also proportional to the initial inoculum size and could 

be measured as low as OD600 = 0.004 (Supplementary Fig. 1). Thus, when normalized to 

initial cell population, aerobic polymerization rate constants were lower than those under 

anaerobic conditions, but still characteristic of a controlled polymerization. Notably, 

polymerizations run in completely open containers were also successful, with measured rate 

constants consistent with reactions in closed vessels (Supplementary Fig. 3). Furthermore, at 

higher cell densities, polymerizations were also tolerant to increased oxygen mass transfer, 

as indicated by successful polymerizations in tubes shaking at 100 RPM (Supplementary 

Fig. 4). Overall polymerization rate constants using Cu(II)-TPMA and S. oneidensis MR-1 
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under aerobic conditions were largely comparable to rates using glucose oxidase and 

horseradish peroxidase (~1.5 h−1 vs 0.56–5.9 h−1 respectively) but at lower catalyst 

concentrations (~20 ppm vs 100–1000 ppm relative to monomer)6.

EET-controlled polymerization activity varies with metal catalyst and ligand environment

The polymerization rate of ATRP can be altered through the use of different Cu ligands or 

by using different metal catalysts. Under both aerobic and anaerobic conditions, 

polymerization rate could be varied over several orders of magnitude by changing the ligand 

for Cu (Figure 3b,c). Specifically, rates decreased in the order TPMA>bpy>Me6TREN [bpy 

= 2,2’-bipyridine, Me6TREN = Tris[2-(dimethylamino)ethyl]amine]. In an electrochemical 

cell under aqueous conditions, Me6TREN previously displayed a faster polymerization rate 

compared to TPMA14-16. Our results indicate that in addition to affecting reduction 

potential, deactivation rate, and disproportionation propensity, the ligand environment 

around Cu may also influence its interaction with S. oneidensis’ EET machinery. Therefore, 

we examined the specific role of MtrC, one of the terminal reductases that allows S. 
oneidensis to use metals and metal oxides as electron acceptors (Figure 3a)17,18. Consistent 

with our previous study, a S. oneidensis strain lacking mtrC (ΔmtrCΔomcA) showed 

significantly attenuated OEOMA500 polymerization rates for all Cu catalysts tested 

(Supplementary Fig. 5). Residual polymerization activity in the ΔmtrCΔomcA strain is 

likely due to the presence of other EET pathways (i.e., MtrDEF), which may also mediate 

Cu(II) reduction. Indeed, using OEOMA300 as monomer, additional S. oneidensis EET 

knockouts showed aerobic polymerization activity proportional to the number of cytochrome 

deletions (Supplementary Fig. 6). Together, these results highlight the extensive chemical 

(ligand structure) and biological (genotype) tools available for controlling polymerization 

activity under aerobic conditions.

Because our polymerization is driven by EET flux to a metal catalyst, we predicted that 

other metals besides Cu would show appreciable polymerization activity under both 

anaerobic and aerobic conditions. Indeed, metal catalysts comprised of Fe19,20, Co21,22, 

Ni23,24, and Ru25 have all been reported to exhibit ATRP-like activity. Although alternative 

metal catalysts are generally less active than Cu, they are potentially advantageous due to 

their lower toxicity. Furthermore, many of these metals can support S. oneidensis growth or 

lie within the redox range of its outer membrane cytochromes17,26-28. As predicted, we 

measured significant polymerization activity, relative to metal-free background controls, 

under anaerobic conditions for a variety of metal salts at low concentration (2 μM) using 

EDTA [EDTA = Ethylenediaminetetraacetic acid] as ligand (Figure 4a). Similar to the case 

with Cu catalysts, the ΔmtrCΔomcA strain and E. coli MG1655 consistently showed reduced 

activity relative to S. oneidensis MR-1 for most of the metals tested (Supplementary Figs. 

7-9). Next, we examined the activity of other metal complexes including cyanocobalamin, 

[Co(en)3](NO3)3 [en = ethylenediamine], FeC6H5O7 (citrate), [Ni(en)3]Cl2, and 

[Ru(bpy)3]Cl2 (Figure 4b). With the exception of [Co(en)3](NO3)3, all complexes showed 

activity above background levels in the presence of S. oneidensis under anaerobic 

conditions. Subsequently, we measured the polymerization activity of several alternative 

metal catalysts under aerobic conditions. Only a handful of alternative metal catalysts at low 

concentration showed appreciable activity under these more challenging conditions, with 
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stark differences in polymerization rate between S. oneidensis MR-1 and the ΔmtrCΔomcA 
knockout (Figure 4c). Consistent with previous reports19,20, aerobic polymerization rates for 

FeCl3, cyanocobalamin, and CuSO4 were lower compared to optimized Cu-based catalysts. 

Although fewer metals were active under aerobic conditions, our results indicate that 

additional ligand optimization or increasing catalyst concentration could significantly 

improve activity, as was the case when Cu(II)-EDTA was replaced with Cu(II)-TPMA13.

EET-controlled polymerization is effective for a variety of monomers

Next, we evaluated monomer scope and polymer properties under both anaerobic and 

aerobic conditions (Table 1). Cells were generally tolerant to many of the monomers tested, 

with minimal effects on viability (Supplementary Fig. 10). As a result, many of these 

monomers were amenable to microbial polymerization under both anaerobic and aerobic 

conditions. Even water-insoluble and toxic monomers, such as styrene29, could be 

polymerized via emulsion polymerization, albeit with low yield (Supplementary Fig. 11). At 

low concentrations of Cu(II)-TPMA (2 μM) and anaerobic conditions, theoretical molecular 

weights were significantly higher than predicted, likely due to inefficient initiation or 

catalyst deactivation (Supplementary Table 4). However, increasing the Cu concentration to 

10 μM (~100 ppm relative to monomer) and using a more water-soluble initiator 

[poly(ethylene glycol) methyl ether 2-bromoisobutyrate, PEGBIB] brought theoretical and 

predicted molecular weights into closer alignment while maintaining narrow polydispersities 

and having a minimal effect on cell viability (Table 1, Supplementary Fig. 12). Overall 

trends in polymer molecular weight and polydispersity generally extended to aerobic 

conditions. For example, water-soluble monomers including OEOMA300/500, HEMA 

[HEMA = (hydroxyethyl)methacrylate], and NIPAM [NIPAM = N-isopropylacrylamide] 

yielded well-defined polymers near the targeted molecular weight under aerobic conditions. 

GPC traces for these polymers were also comparable to those from polymerizations 

conducted under anaerobic conditions (Supplementary Fig. 13). Polymer characteristics, 

such as polydispersity, were generally comparable to polymers prepared through traditional 

aqueous ATRP6,8. Narrow polydispersities (Ð~1.1) for poly(OEOMA300) were also obtained 

when FeCl3 and cyanocobalamin were used as catalysts under aerobic conditions, although 

molecular weight was significantly higher than predicted (Supplementary Fig. 14). Finally, 

using Cu(II)-TPMA, water-insoluble monomers, including styrene and MMA [MMA = 

methyl methacrylate], only yielded small amounts of polymer with non-ideal GPC traces 

under aerobic conditions. We attribute the performance of these monomers to a combination 

of poor solubility, the absence of surfactants in our media, and cellular toxicity. 

Nevertheless, our results indicate that S. oneidensis mediated polymerization is generally 

effective for a variety of monomers under both anaerobic and aerobic conditions.

Based on the range of different monomers amenable to polymerization, we next explored the 

synthesis of block copolymers (Figure 5a). Using our standard aerobic conditions, 

OEOMA300 was added to a polymerization mixture containing S. oneidensis. After 2 hours, 

a second monomer (HEMA) was added to form the block copolymer. GPC traces following 

polymer isolation revealed an increase in molecular weight relative to OEOMA300 

homopolymer and a final PDI = 1.33 (Figure 5b). Based on the success of block copolymer 

synthesis, we predicted that chain extension could also occur following exposure of the 
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polymerization mixture to oxygen. Indeed, previous reports using enzymatic depletion of 

dissolved oxygen showed that polymerization can be stopped and restarted in the presence 

of oxygen8. Similarly, we found that aerating by bubbling air through a monomer-containing 

microbial culture stopped polymerization, but that polymerization proceeded at similar rates 

when aeration ceased (Figure 5c). The resumption of polymerization was also associated 

with increased polymer molecular weight (Figure 5d, Supplementary Fig. 15). Together, 

these results demonstrate that our system can survive multiple oxygen challenges and can 

serve as a general platform for the synthesis of more advanced polymer architectures.

Polymerization activity is coupled to media formulation through S. oneidensis metabolism

We previously established that polymerization activity is dependent on EET flux, which can 

be altered using different carbon sources13. Under aerobic conditions, activity should also 

depend on cellular respiration since this consumes dissolved oxygen and is a prerequisite for 

radical propagation. Thus, we explored the relationship between cellular respiration and 

polymerization activity by changing nutrient availability and employing different buffers. 

Consistent with the important role of functional metal reduction pathways, cells pre-grown 

in media lacking iron showed reduced polymerization activity. Although we couldn’t 

distinguish this effect from a general growth defect, it suggests that S. oneidensis was unable 

to obtain enough iron to construct functional components of the Mtr pathway (e.g., hemes) 

(Supplementary Fig. 16). Using anaerobically pre-grown cells and polymerization 

conditions, the buffer had a minimal effect on polymerization activity (Supplementary Fig. 

17). During anaerobic growth, S. oneidensis expresses a proteome optimized for metal 

reduction, including the Mtr pathway26,30. In contrast to our anaerobic results, aerobic 

polymerizations were highly dependent on the choice of microbial growth media 

(Supplementary Fig. 17). Polymerizations run in HEPES and PBS buffers showed reduced 

activity relative to Shewanella basal media (SBM) with casamino acids. We observed a 

similar decrease in aerobic polymerization rates when casamino acids were removed from 

SBM. Altogether, these results indicate that polymerization activity is closely coupled to 

aerobic and anaerobic respiratory pathways.

Lyophilized and spent cells can be employed as simple and regenerable polymerization 
reagents

A relative disadvantage of our aerobic polymerization is that it requires a pre-culturing step 

to obtain a sufficient density of S. oneidensis cells. To potentially streamline this protocol, 

we investigated whether lyophilized S. oneidensis cell powder could be directly added to an 

aerobic polymerization mixture (Figure 6a). Using OEOMA500 as monomer, lyophilized 

cells showed comparable aerobic polymerization activity to pre-cultured cells, but required a 

higher initial cell density (Figure 6b). We also found that viable, spent cells could be 

collected from the polymerization mixture via centrifugation and reused for additional 

reactions after a short recovery period (~6 h) and supplying fresh reagents. Reactions 

conducted in this manner showed comparable polymerization kinetics and polymer 

properties to those using freshly cultured cells (Figure 6c). Combined, these results 

demonstrate that our polymerization is effective without prior microbiology experience and 

that simple bioreactor designs, such as fermenters, could potentially be adapted for 

polymerization. Finally, the use of lyophilized cells and the ability to survive repeated 

Fan et al. Page 6

Nat Chem. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



challenges with oxygen highlight the robustness and potential scalability of our 

polymerization platform.

Discussion

We showed that S. oneidensis enables aerobic radical polymerizations by first consuming 

dissolved oxygen via aerobic respiration, then activating an ATRP catalyst through 

extracellular electron transfer (EET). While a number of recent studies have performed 

radical polymerizations in the presence of living systems31-33, our work demonstrates that 

microbial metabolism can be coopted to rigorously control synthetic polymerizations under 

benchtop conditions. Aerobic polymerizations involving S. oneidensis compare favorably to 

alternative oxygen-tolerant polymerization methodologies. Photoredox catalysts (both 

organic and inorganic) are effective in organic solvents, but normally require small volumes 

and higher catalyst concentrations to account for oxygen depletion9,34, although ppm levels 

can be used in some cases35. However, these systems are advantageous for monomers with 

limited aqueous solubility, such as styrene and MMA, and are not limited by the need for 

aqueous conditions. Enzymatic methods for in situ oxygen consumption are the most 

comparable to our platform since they are also generally limited to physiological 

temperatures and pH. As mentioned above, the use of glucose oxidase for oxygen depletion 

has been highly successful for both RAFT and ATRP, producing polymers with controlled 

molecular weights and narrow polydispersities3,4,6,8,11. In contrast to our system, enzymatic 

polymerizations are not limited by potential concerns over cell viability. However, the direct 

production of hydrogen peroxide via glucose oxidase can be problematic for ATRP since the 

simultaneous presence of reduced metals can result in the creation of reactive oxygen 

species6. Thus, sacrificial reagents (i.e., pyruvate) or additional enzymes are typically 

required to sequester hydrogen peroxide. Facultative bacteria, including S. oneidensis, are 

specifically adapted for transitioning between aerobic and anaerobic environments. A carbon 

source is required for polymerization, but this also contributes to biomass production and 

cellular respiration. Most importantly, the living nature of bacteria enables unique tunability 

and optimization through microbial engineering techniques (e.g., metabolic pathway 

engineering, protein evolution, media optimization, etc.) that is unavailable to other aerobic 

polymerization methods.

In general, we found that polymer molecular weight and polydispersity control using aerobic 

conditions, Cu-TPMA, and S. oneidensis MR-1 were comparable to polymers prepared 

using alternative aqueous ATRP strategies36. A variety of monomers could be successfully 

polymerized and more advanced architectures including block copolymers were also 

prepared. Polymer chain extension was also possible after challenging the culture with 

oxygen, suggesting our polymerizations are robust toward repeated oxygen exposure. These 

results are notable because there are a number of challenges inherent to aqueous ATRP, 

especially under aerobic conditions. As mentioned above, oxygen-tolerant ATRP using 

glucose oxidase produces reduced metals and strong oxidants, which can result in Fenton 

chemistry. Hydrogen peroxide is also a natural byproduct of aerobic respiration. Indeed, S. 
oneidensis cultures produce hydrogen peroxide, especially after repeatedly transitioning 

from aerobic to anaerobic environments37. We speculate that reactive oxygen species 

generated through these processes may contribute to the relatively high polydispersities we 
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measured for some monomers. Our initiator-free controls (Figure 2b) allow us to estimate 

the maximum potential contribution of uncontrolled polymerization as ~20% monomer 

conversion. Despite this, aerobic conditions eliminated a variety of other background 

polymerization processes relative to our previous anaerobic conditions. For example, we 

found that catalyst-free controls generated <10% monomer conversion under aerobic 

conditions, while ~40% conversion was observed under comparable anaerobic conditions13. 

Similarly, aerobic conditions eliminated polymerizations caused by the release of 

adventitious reductants during cell lysis. A variety of processes in addition to reactive 

oxygen species could erode control over the polymerization. For example, S. oneidensis 
produces flavins38, which exhibit polymerization activity upon light irradiation39. In our 

previous work, we measured similar polymerization rates in S. oneidensis MR-1 and a flavin 

exporter knockout strain (Δbfe), suggesting flavins are not significant contributors to 

polymerization activity13. However, we have not explored supplementation with exogenous 

flavins and the overall effect of flavins on background polymerization, as well as Cu(II) 

reduction, remains unexplored. Finally, free heme, as well as protein-bound heme (e.g., 

hemoglobin) are also effective ATRP catalysts and may contribute to background 

polymerization in our system19. Thus, MtrC, which contains at least one solvent-exposed 

heme40, could potentially catalyze polymerization in the absence of an exogenous metal 

catalyst. Overall, the significant reduction of background processes in ambient conditions 

indicates that controlled, continuous electron flux to the catalyst through EET is the 

predominant source of polymerization activity. Nevertheless, isolating and eliminating 

competing background radical polymerizations will be essential to improving the synthesis 

of well-defined polymers using S. oneidensis.

The chemical mechanism of ATRP may also contribute to deviations from target molecular 

weights and narrow polydispersities. The equilibrium constant (KATRP) between Cu(I) and 

Cu(II) in water is particularly large, which accelerates the rate of polymerization but can also 

lead to halide dissociation and early polymer chain termination41,16. We observed this effect 

in our system at high optical densities (OD600 ~ 0.2, Supplementary Fig. 1) under anaerobic 

conditions where high EET flux presumably results in a large Cu(I) concentration that 

pushes KATRP even further toward Cu(II) and radical generation. This results in 

polymerization kinetics that deviate from first-order and monomer conversion that 

prematurely ceases due to chain end termination. This mechanism also helps explains why 

fumarate is beneficial as the primary anaerobic electron acceptor. Our standard Cu(II) 

concentration (2–10 μM) is too low to support anaerobic cell growth. Thus, the presence of 

fumarate ensures that S. oneidensis can readily transition from aerobic to anaerobic 

respiration while maintaining the metabolic flux necessary for polymerization. Aerobic 

polymerizations still occur in the absence of fumarate but are less controlled (Supplementary 

Fig. 18). We hypothesize that the loss of control occurs because a second function of 

fumarate is to divert respiratory flux from the EET pathways responsible for Cu(II) 

reduction. Reducing EET flux potentially decreases the concentration of Cu(I), KATRP, and 

the frequency of side reactions that lead to chain end termination. Thus, including fumarate 

results in a more controlled polymerization. To counteract the large aqueous KATRP, higher 

salt (NaCl, etc.) concentrations are typically required in aqueous polymerizations, including 

those performed with glucose oxidase, to suppress halide dissociation and chain termination. 
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We did not include extra salts in our S. oneidensis polymerization cultures but note that this 

species is halotolerant up to 0.2 M NaCl. This tolerance exceeds the NaCl concentrations 

(>10 mM) typically used in aqueous ATRP36. Additionally, many Shewanella species are 

isolated from marine environments and readily tolerate increased NaCl concentrations up to 

2 M42,43, making salt addition a potentially viable strategy for increasing polymerization 

control in our system. Finally, the use of less active metals, which we showed exhibit some 

activity under aerobic conditions, may also be important for increasing polymerization 

control.

Polymerization activity was highly dependent on both aerobic and anaerobic cellular 

metabolism. Specifically, we found that a critical population size (OD600 ~ 0.1) was 

necessary to counteract oxygen diffusion and enable radical polymerizations under aerobic 

conditions. Live cells also allowed polymerizations to survive repeated challenges with 

oxygen, facilitating polymer chain extension even after oxygen exposure. In contrast, heat-

killed cells showed no polymerization activity while S. oneidensis grown in non-optimal 

media or without casamino acids struggled to power aerobic polymerizations. This latter 

result is consistent with previous reports showing that the absence of casamino acids 

significantly attenuates the specific growth rate of S. oneidensis44. Anaerobic respiration on 

Fe(III) in other Shewanella species is also slowed in the absence of these nutrients45. 

Similarly, removing casamino acids from our system decreased the polymerization rate 

under completely anaerobic conditions (Supplementary Fig. 17), but the effect was not as 

dramatic as under aerobic conditions. If growth rate and respiration are impaired, it is likely 

that aerobic respiration cannot compete effectively with oxygen diffusion to create the 

anaerobic environment required for polymerization. This is particularly problematic with 

monomers that negatively impact cell viability, since these may further impede respiration. 

Because aerobic polymerizations depend on the consumption of dissolved oxygen, we 

speculate that additional media-related polymerization activity differences are tied to S. 
oneidensis growth rate and relative flux through the TCA cycle. Under ideal aerobic 

conditions growing on lactate, S. oneidensis diverts a significant fraction of metabolic 

carbon flux (~50%) to the buildup of intermediates such as pyruvate and acetate46,47. 

Similar to E. coli, the inclusion of casamino acids and other nutrients may augment biomass 

synthesis and allow S. oneidensis cells to devote more resources to bioenergy generation via 

respiration, in addition to increasing their specific growth rate48. In our system, this 

translates to improved oxygen consumption and polymerization rates. Because our 

polymerization simultaneously leverages both aerobic and anaerobic metabolism, tuning 

these pathways in S. oneidensis could be used to further optimize polymerization 

activity49,50.

Manipulating aerobic respiration rates in E. coli and other organisms to control dissolved 

oxygen has been a significant focus of metabolic engineering50. Applying similar strategies 

to S. oneidensis could expand the functional range of aerobic radical polymerizations by 

improving oxygen consumption rates. Once an anaerobic microenvironment is created, we 

showed that polymerization activity is governed by EET flux through the Mtr pathway. For 

example, we demonstrated that aerobic polymerization activity in S. oneidensis cultures is 

also dependent on the presence of the Mtr electron transfer pathway. A strain lacking MtrC 

and OmcA (ΔmtrCΔomcA) displayed attenuated polymerization activity while additional 
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Mtr knockouts showed further reductions in polymerization rate, suggesting that MtrF is 

also an important contributor to Cu(II) reduction. Together, these results indicate that S. 
oneidensis controls polymerization by influencing the concentration of Cu(I) and KATRP via 

the expression of specific EET proteins. Thus, an alternative strategy for lowering KATRP 

and achieving better polymerization control is regulating EET flux through the controlled 

expression of Mtr pathway components. EET flux can be manipulated in other ways, such as 

removing hydrogenases51, overexpressing flavins52, or changing carbon sources. Similar to 

their use in microbial fuel cells, these strategies could be employed to increase or decrease 

EET flux to the metal catalyst over competing pathways. We have previously shown that the 

carbon source for S. oneidensis impacts polymerization rate under anaerobic conditions13. In 

this study, we used lactate in polymerization cultures involving S. oneidensis, but note that it 

can be transformed to metabolize glucose and other inexpensive carbon sources53. 

Alternatively, other facultative hosts containing both aerobic and EET pathways, such as 

different Shewanella species, Mtr-expressing E. coli, or Vibrio natriegens could be used in 

place of S. oneidensis to affect aerobic polymerizations54-56. Although our platform is 

potentially amenable to extensive optimization via metabolic engineering, the effectiveness 

of lyophilized and spent cells demonstrates its simplicity and reusability.

Overall, we showed that S. oneidensis enables aerobic radical polymerizations by 

consuming dissolved oxygen then activating an ATRP catalyst through its EET pathways. 

Polymerization was well-controlled, effective for a variety of monomers and metal catalysts, 

and could withstand repeated oxygen challenges. Finally, polymerization could be initiated 

using lyophilized S. oneidensis cells, improving the accessibility of our polymerization. 

Among electrogenic bacteria, S. oneidensis is unusual in that extracellular metal reduction is 

coupled to substrate-level phosphorylation to support cell growth57. Our results demonstrate 

how this unique hybrid of respiratory and fermentative metabolism, along with the 

facultative nature of S. oneidensis, can be used to address challenges in polymer synthesis 

and significantly expand the synthetic capabilities of biological systems.

Materials and Methods:

General Polymerization Conditions.

Prior to polymerizations, stock solutions of HEBIB (2.9 μL in 26.1 μL SBM containing 

casamino acids) and Cu-TPMA (200X stock from 8.9 mg CuBr2 and 11.6 mg TPMA per 

100 mL DMF) were prepared. Afterwards, a 1 mL polymerization reaction mixture was 

prepared as follows. In a sterile polypropylene culture tube, 60% w/w sodium lactate 

solution (2.85 μL), 1 M fumarate solution (40 μL), OEOMA300 (28.6 μL), HEBIB (1.45 μL 

of stock solution), Cu-TPMA (5 μL of 200X DMF stock), and a balance of SBM with 

casamino acids, but lacking trace mineral mix, were mixed. Final concentrations were 

lactate (20 mM), fumarate (40 mM), monomer (100 mM), HEBIB (1 mM), and Cu-TPMA 

(2 μM). Polymerization was initiated by adding 10 μL of 100X cell stock (OD600 = 2.0 for 

anaerobic, OD600 = 20 for aerobic) to bring the final reaction volume to 1 mL and starting 

bacterial OD600 to 0.02 (anaerobic) or 0.2 (aerobic). Final reaction mixtures were incubated 

at 30 °C (S. oneidensis) or 37 °C (E. coli). Time points were aliquoted, diluted with 

deuterium oxide or GPC solvents, then flash frozen in liquid N2. Aliquots were stored at −20 
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°C until analysis via NMR spectroscopy or GPC. Prior to GPC measurement, cells were 

spun down at 6000 x g from the water-soluble polymer solution. The polymer sample was 

loaded into dialysis tubing (MW cutoff: 1000–3000 Da) in corresponding dialysis buffer. 

After dialyzing for 2 hours, the buffer was replaced with fresh dialysis buffer and stirred 

overnight. Finally, the sample was removed from the dialysis bag, frozen at −80 °C 

overnight, then lyophilized.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Carbon oxidation in S. oneidensis is coupled to either oxygen reduction under aerobic 

conditions or extracellular electron transfer (EET) pathways under anaerobic conditions. At 

high cell densities, dissolved oxygen is depleted to create an in situ anaerobic environment 

where EET pathways are activated. Under anaerobic conditions, extracellular electron flux 

from the MtrCAB pathway in S. oneidensis MR-1 can be diverted to control the oxidation 

state of a transition metal polymerization catalyst through an atom-transfer radical 

polymerization mechanism. Polymerization rate and radical concentration are controlled by 

the equilibrium between oxidized (MOX) and reduced (MRED) metal catalyst.
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Figure 2. 
S. oneidensis rapidly consumes dissolved oxygen and activates radical polymerization in 

cultures where no additional steps were taken to remove oxygen. (a) Dissolved oxygen in S. 
oneidensis MR-1 cultures growing in SBM and under typical polymerization conditions. 

Under both conditions, oxygen consumption outcompetes oxygen diffusion. (b) Effect of 

different biological and polymerization components on monomer (OEOMA500) conversion 

under aerobic conditions. Monomer, initiator, catalysts, and S. oneidensis MR-1 are all 

required to achieve significant monomer conversion. (c) Monomer (OEOMA500) conversion 

using heat-killed (HK) and lysed E. coli MG1655 or S. oneidensis MR-1 cells under 

anaerobic and aerobic conditions. Lysed cells release intracellular reductants that reduce 

Cu(II) to Cu(I), which activates polymerization. Under aerobic conditions, adventitious 

reductants and radicals are quenched by oxygen. Heat-killed cells do not result in 

polymerization under either condition since they neither consume oxygen or generate EET 

flux to reduce the metal catalyst. (d) Polymerization rate constants of OEOMA500 using S. 
oneidensis MR-1 and Cu(II)-TPMA at varying inoculating OD600 under aerobic conditions. 

Data show mean ± SD of n = 3 replicates.
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Figure 3. 
S. oneidensis strain and Cu(II/I) ligand control polymerization kinetics under anaerobic and 

aerobic conditions. (a) Comparison of one extracellular electron transfer pathway in S. 
oneidensis MR-1 and an EET-deficient knockout (ΔmtrCΔomcA) (b,c) Comparison of 

polymerization rate constants using S. oneidensis MR-1 or ΔmtrCΔomcA and different Cu 

ligands normalized by initial cell inoculum in the polymerization mixture (OD600 = 0.02 for 

anaerobic, OD600 = 0.2 for aerobic). The ΔmtrCΔomcA strain consistently showed 

decreased polymerization rate relative to wild-type S. oneidensis, consistent with the 

reduced level of EET flux expected for this knockout. The metal ligand affects Cu redox 

potential, Cu(I) stability, and overall polymerization activity. Data show mean ± SD of n = 3 

replicates. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. 
Radical polymerization was effective for a variety of metal catalysts in addition to Cu. (a) 

Polymerization rate constants for different metal salts (2 μM) with EDTA and different S. 
oneidensis strains (initial OD600 = 0.02) under anaerobic conditions. The horizontal blue bar 

represents an estimated rate constant for the metal-free background polymerization (see 

Supplementary Fig. 9). (b) Polymerization rate constants for different metal complexes (2 

μM) and S. oneidensis strains (initial OD600 = 0.02) under anaerobic conditions. (c) 

Polymerization rate constants for different metal catalysts (2 μM) and S. oneidensis strains 

(initial OD600 = 0.2) under aerobic conditions. Data show mean ± SD of n = 3 replicates. *p 
< 0.05, **p < 0.01, ***p < 0.001.
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Figure 5. 
Aerobic S. oneidensis polymerizations can be used to prepare block copolymers and restart 

automatically after multiple oxygen exposures. (a) Block copolymer of OEOMA300 and 

HEMA synthesized under aerobic conditions with S. oneidensis MR-1. (b) Gel permeation 

chromatograph of homopolymer and block copolymer. (c) Polymerization kinetics in 

polymerization mixtures containing S. oneidensis with and without oxygen bubbling. 

Polymerization stops during oxygen bubbling as active Cu(I) catalyst is oxidized and S. 
oneidensis EET pathways are downregulated. After bubbling ceases, the polymerization 

automatically restarts with a similar rate as EET flux reduces Cu(II) to Cu(I). (d) Molecular 

weight of poly(OEOMA500) formed during oxygen bubbling experiment. Blue points 

represent polymers isolated during oxygen (1.5 h, 2.75 h) bubbling while black points 

represent polymers after bubbling ceased (0.75 h, 2.25 h, 4.25 h). The increase in molecular 

weight is consistent with polymerization restarting after oxygen bubbling stops. Data show 

mean ± SD of n = 3 replicates.
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Figure 6. 
Aerobic polymerizations are effective using lyophilized and spent S. oneidensis cells. (a) 

Reaction scheme for aerobic polymerizations using lyophilized and spent cells. Lyophilized 

cells were added to a polymerization mixture under aerobic conditions and sealed. 

Following polymerization, spent cells were collected via centrifugation, allowed to recover 

for 6 h in fresh media, then inoculated into a fresh polymerization mixture. (b) 

Polymerization rate constants starting from pre-cultured, lyophilized, and spent S. 
oneidensis MR- 1 cells. Normalized polymerization rates involving lyophilized cells were 

lower because higher inoculating cell densities were required to account for cell death 

during lyophilization. (c) GPC traces for poly(OEOMA500) formed using lyophilized and 

spent cells. Unless otherwise indicated, data show mean ± SD of three replicates.

Fan et al. Page 20

Nat Chem. Author manuscript; available in PMC 2020 November 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Fan et al. Page 21

Ta
b

le
 1

.

M
on

om
er

 s
co

pe
 u

nd
er

 a
na

er
ob

ic
 a

nd
 a

er
ob

ic
 p

ol
ym

er
iz

at
io

ns
 in

vo
lv

in
g 

S.
 o

ne
id

en
si

s 
M

R
-1

. Y
ie

ld
s 

ar
e 

lis
te

d 
as

 p
er

ce
nt

ag
es

, f
ol

lo
w

ed
 b

y 
ex

pe
ri

m
en

ta
l 

M
n 

an
d 

Ð
 (

PD
I)

. T
ar

ge
t M

n 
fo

r 
m

on
om

er
:in

iti
at

or
 o

f 
50

0:
1 

w
er

e 
pO

E
O

M
A

30
0 

(1
50

 k
D

a)
, p

O
E

O
M

A
50

0 
(2

50
 k

D
a)

, p
H

E
M

A
 (

65
.1

 k
D

a)
, p

N
IP

A
M

 (
56

.6
 

kD
a)

, p
D

M
A

E
M

A
 (

78
.6

 k
D

a)
, p

M
M

A
 (

50
.1

 k
D

a)
, P

S 
(5

2.
1 

kD
a)

. A
ve

ra
ge

s 
an

d 
st

an
da

rd
 d

ev
ia

tio
ns

 w
er

e 
ob

ta
in

ed
 f

ro
m

 n
 =

 3
 r

ep
lic

at
es

.

M
on

om
er

:

O
E

O
M

A
30

0
O

E
O

M
A

50
0

H
E

M
A

M
M

A
D

M
A

E
M

A
N

IP
A

M
St

yr
en

e

A
na

er
ob

ic

82
±

10
%

17
2±

8 
kD

a
Ð

 =
 1

.4
0(

5)

95
±

2%
22

4±
16

 k
D

a
Ð

 =
 1

.4
1(

3)

86
±

2%
12

0±
24

 k
D

a
Ð

 =
 1

.3
0(

8)

96
±

2%
14

6±
8 

kD
a

Ð
 =

 1
.3

7(
3)

83
±

4%
40

3±
31

 k
D

a
Ð

 =
 1

.1
5(

1)

98
±

2%
13

2±
12

 k
D

a
Ð

 =
 1

.5
0(

7)

14
±

2%
55

6±
12

2 
kD

a
Ð

 =
 1

.5
9(

8)

A
er

ob
ic 67

±
10

%
30

3±
21

 k
D

a
Ð

 =
 1

.4
1(

3)

96
±

2%
19

1 
±

10
 k

D
a

Ð
 =

 1
.3

6(
2)

77
±

10
%

65
±

27
 k

D
a

Ð
 =

 1
.2

5(
2)

8±
3%

23
3±

13
0 

kD
a

Ð
 =

 1
.3

2(
22

)
-

88
±

14
%

73
±

3 
kD

a
Ð

 =
 1

.3
8(

8)

11
±

1%
29

0±
10

4 
kD

a
Ð

 =
 1

.7
6(

54
)

Nat Chem. Author manuscript; available in PMC 2020 November 18.


	Abstract
	Introduction
	Results
	S. oneidensis consumes dissolved oxygen and activates EET flux to the metal polymerization catalyst
	EET-controlled polymerization activity varies with metal catalyst and ligand environment
	EET-controlled polymerization is effective for a variety of monomers
	Polymerization activity is coupled to media formulation through S. oneidensis metabolism
	Lyophilized and spent cells can be employed as simple and regenerable polymerization reagents

	Discussion
	Materials and Methods:
	General Polymerization Conditions.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

