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ABSTRACT OF THE DISSERTATION

Interfacing Inorganic Materials and Biological Systems

for Practical Applications in CO2 and N> Fixation

Roselyn Rodrigues
Doctor of Philosophy in Chemistry and Biochemistry
University of California, Los Angeles, 2021

Professor Chong Liu, Chair

With the surge of intermittent, renewable electricity, the storage of excessive electricity and
reduction of CO> or N into value-added chemicals is of great significance for a sustainable society.
One viable route that fulfills such a target is to construct a hybrid inorganic-biological system that
converts electricity into chemical energy and reduces CO2/N> into commodity chemicals. In this
general approach, water is split into H, and O2 by renewable electricity and the yielded H; is
consumed by microbes as a reducing equivalent for CO2/N> reduction. The throughput of this
system is limited by the poor gas solubility in the aqueous environment. The control and design of
the gas environment in these hybrid systems is crucial to achieving high throughput and sustainable
reactions. To this end, my thesis has focused on combining perfluorocarbon (PFC) nanoemulsions

with the hybrid system to enhance H» or O gas solubility and optimize reaction performance.
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My first research project focused on combining PFC nanoemulsions with a hybrid
biological inorganic CO> fixation system to enhance the faradaic efficiency of acetic acid
production (Chapter 2). PFC nanoemulsions are biologically inert and have reported high H» gas
solubilities. We determined that the nanoemulsions are compatible with the acetogenic microbe
strain Sporomusa ovata and the electrochemical water-splitting catalysts used in the hybrid CO»
fixation system. When 2.5 % (v/v) PFC nanoemulsion was combined with the hybrid system we
observed approximately 90 % or greater faradaic efficiency at all tested current densities. After 4
days, we were able to achieve an average acetic acid titer of 6.4 = 1.1 g-L™! (107 mM), which
equates to one of the highest reported productivities of 1.1 mM-h!. With this observed
enhancement, we decided to explore the change in the gas environment made by the addition of
PFC nanoemulsions.

We performed experiments to understand the mechanism of the observed enhancement
when PFC nanoemulsions were added to the hybrid CO; fixation system (Chapter 3). Experiments
of flow cytometry were performed using fluorescently tagged PFC nanoemulsions to probe the
association of the S. ovata with the nanoemulsions. We found a non-specific binding interaction
between the nanoemulsion and the bacteria that could result in an increase in the local H:
concentration or an increase in the rate of H» transfer to the microbes. Rotating disk electrode
(RDE) experiments were performed as an electrochemical surrogate to understand the H; transfer
kinetics. Our experiments revealed that there was 3.5 times increase in the kinetic current density
with the addition of the nanoemulsion. Additionally, we found that the local H> concentration was
1.2 times the calculated bulk H» concentration. This suggests that the addition of the PFC
nanoemulsions resulted in a local increase in H, concentration and an increase in the rate of transfer

of the reducing equivalent to the microbe. We theorized that the addition of PFC nanoemulsions
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to other hybrid systems could result in similar enhancement and an ability to control the gas
environment.

With the success of the PFC nanoemulsion in the hybrid CO» fixation system, my research
shifted to focus on using the nanoemulsions with a hybrid N> fixation system to enhance ammonia
production and self-sufficiency (Chapter 4). The hybrid N fixation reaction utilizes Xanthobacter
autotrophicus, a microaerobic bacterial strain that reduces N> to NHj3 through its nitrogenase
enzyme. This has previously been accomplished through a precise supplied gas mixture, since the
electrochemically generated O is poorly soluble in the aqueous solution. We added the PFC
nanoemulsions to this system to utilize the electrochemically generated O» and enhance the
throughput of the N, fixation system. Our experiments demonstrated that the use of PFC
nanoemulsions drastically reduced the loss of cell viability in a supplied anaerobic atmosphere and
led to a 3-fold increase in Faradaic efficiency of the system during 5-days of running.

We performed mechanistic studies to understand the O, gas-PFC nanoemulsion
environment within the hybrid system (Chapter 5). Confocal microscopy images of the PFC
nanoemulsions interacting with the microbes revealed binding and complete coverage of the
microbe surface by the PFC nanoemulsions. Experiments of RDE were performed to ascertain the
O: transfer kinetics between the PFC nanoemulsions and the microbes. We found that there was a
20-fold increase in the kinetic O reduction rate when the PFC nanoemulsions were added.
Assuming a Langmuir adsorption model of the PFC nanoemulsion binding to the microbe, we
were able to use flow cytometry to determine the maximum number of nanoemulsions that could
adsorb to the microbe surface and the equilibrium constant for the adsorption. Our results showed

that the number of nanoemulsions that could bind to a given microbe or particle is dependent on
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the size of the particle, but the equilibrium constant is more influenced by the surface charge, with
the -COOH functionalized microspheres having the largest binding affinity.

In conclusion, my thesis research was able to integrate PFC nanoemulsions with hybrid
biological inorganic systems to enhance throughput and alter the gas environment in the systems.
The ability to understand and alter the gas environment using these PFC nanoemulsions can allow
for other aqueous systems with poor gas transfer rates or gas restrictions to function with enhanced
benefits. This dissertation also serves as groundwork for continued research in customizing the

PFC nanoemulsion to achieve the optimal binding and gas environment.
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CHAPTER 1. INTRODUCTION

Importance of CO: Fixation

With global levels of carbon dioxide (CO») rising steadily since the industrial revolution, the world
has begun investing in alternative energy sources. The main renewable energy sources, wind and
solar, only produce energy on an intermittent basis. The unreliable nature of renewable energy has
led to a search for strategies to store the electrical energy generated.! One promising approach is
to store the electrical energy in covalent chemical bonds by producing commodity chemicals. Of
particular interest is the conversion of CO» into useful chemicals. This approach achieves removal
of atmospheric CO; while simultaneously storing intermittent electrical energy. Techniques to
convert CO2 into commodity chemicals include electrochemical, photocatalytic, thermocatalytic,
and biocatalytic CO2 reduction.>® While these approaches have had varying levels of success, the
combination of an electrochemical system with biocatalytic CO; reduction has been performed to

achieve maximum chemical output with minimum energy input.

Electrochemical CO: Fixation

Electrochemical CO» fixation has been demonstrated using metal electrodes in aqueous and
organic solution to produce a variety of commodity chemicals. The most common products of
electrochemical CO» production, in either organic or aqueous solution, are formic acid, oxalic acid,
and carbon monoxide.”® One challenge to aqueous electrochemical CO; reduction is the generation
of hydrogen from the competing electrochemical hydrogen evolution reaction (HER).”* This
competition results in large overpotentials to avoid HER and attempt to selectively make the
desired products. Selectivity is also a concern, as controlling the reduction to only generate one

product is difficult. This results in low faradaic efficiency, which is the efficiency of the



electrochemical system using the supplied electrons to generate a select product. Efforts to enhance
faradaic efficiency and avoid competing HER have focused on optimizing the electrode materials.
While selectivity and efficiency are a challenge for electrochemical CO; fixation, biological CO>
fixation using microorganisms allows for more specific products to be generated and requires far

less energy input.

Hybrid CO: Fixation

In a hybrid biological and electrochemical system, microbes are coupled with an electrochemical
system as the source of electrons for the microbial CO; reduction. The most widely used microbes
for hybrid CO> fixation are the acetogenic anaerobic strain Sporomusa ovata. This strain is so
common due to its ability to accept reducing equivalents from the electrochemical system and
reduce CO2 via the Wood-Ljungdhal pathway.”'? S. ovata can accept H» gas as the electron donor,
however, it is not considered widely practical due to requiring expensive catalysts and substantial
energy inputs.!” Liu et. al. have developed a catalytic water-splitting electrode system that is
biologically compatible, contributes minimal reactive oxygen species, and allows for H> as the
electron donor with minimal energy input.!? In this system water is split into protons and Oz gas
at the anode while the cathode performs hydrogen evolution reaction (HER).!> While this system
has been coupled with other microbes to produce methane with high faradaic efficiency, the
throughput of the system has a bottleneck due to poor solubility of the H, reducing equivalent in
the system.!® The solubility of the hydrogen creates a maximum threshold, where no matter the
volume of gas that is produced by the cathode, the output of commodity chemicals will not
increase. To apply this system to real world applications, the solubility of the gas must be increased

to allow for maximum device throughput. Increasing the accessibility of the reducing equivalent



in the system would alleviate this bottleneck, allow for enhanced throughput, and increase the

chemical output.

N: Fixation

The conversion of N> into NH3 is an essential process for the production of fertilizers for global
agriculture, however, the industrial method of NH3 production is energy intensive and produces
large quantities of CO».'*1® Hybrid biological | inorganic N> fixation systems have been designed
to produce NHj and biofertilizers under ambient conditions, while simultaneously fixing CO,.!"-"
In this approach, an electrochemical water-splitting system is coupled with N> fixing microbes
Xanthobacter autrophicus to convert H> and CO> into biomass and N» into NH3. The biomass
production requires O> as a terminal electron acceptor, however, the nitrogenase enzyme required
to produce NH3 is sensitive to Oz levels greater than 5%. As a result, the system is microaerobic
and requires a precise control of the O> concentration in solution. The water-splitting reaction
electrochemically generates O, but its weak solubility in solution necessitates an additional
external supply of O to keep the Oy levels ideal. Previously reported systems have used a precise
mixture of gases to maintain the optimal O concentration for microbe growth and N fixation.
While effective, this mixture is expensive and energy intensive to produce. The ability to increase

the O solubility and transport within the hybrid system would allow for the system to be more

self-sufficient and operate under anaerobic gas conditions.

Perfluorocarbon Nanoemulsions
Perfluorocarbon (PFC) chemicals are a class of fluorinated hydrocarbons that are proven to be

chemically stable, biologically inert, and have the capability to physically dissolve large quantities



of gas.?%?3 The carbon-fluorine bond makes the chemicals hydrophobic and highly stable under a
variety of reaction conditions. The stability, biological inertness, and high gas solubility of PFCs
has made them a widely studied chemical for use as potential blood substitutes.?*>* However, the
hydrophobic nature of the PFCs necessitates their emulsification if they are to be used in aqueous
environments. A variety of surfactants have been used to emulsify the PFCs and create emulsions
with a wide range of applications.?>?*?® By varying the surfactant, the PFC, and the ratio of the
components the properties of the emulsion can be adjusted. In recent years, these molecules have
been used to enhance microbe growth in biomass production due to their exceptional ability to

increase the solubility of gases that are important to their growth, such as Oa, CO2, and Ha gas.?’

SUMMARY

Both hybrid biologic inorganic CO, and N> fixation reactors couple electrochemical water-splitting
systems with microbes to achieve high efficiency reduction with minimal energy input. This
approach takes advantage of an inorganic catalyst’s capability to efficiently transduce electricity
into a chemical driving force, as well as a biocatalyst’s high reaction selectivity and versatility.
However, both systems are limited by the supply of gas, H» or O, to the microbes. This prompted
my research into using PFC nanoemulsions to increase the gas solubility of H> gas for the CO»
fixation system (Chapter 2). We observed enhanced throughput and were able to perform
mechanistic studies into the microbe and PFC nanoemulsion interaction in the CO> fixation system
(Chapter 3). This led us to apply the PFC nanoemulsions to the hybrid N, fixation system
(Chapter 4) and further characterize the O> gas environment created with the PFC nanoemulsions

(Chapter 5).
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CHAPTER 2: PERFLUOROCARBON NANOEMULSION ENHANCED HYBRID
BIOLOGICAL INORGANIC CARBON DIOXIDE FIXATION

This chapter is a version of Rodrigues, R. M.; Guan, X.; Ifiiguez, J. A.; Estabrook, D. A.; Chapman,
J. O.; Huang, S.; Sletten, E. M.; and Liu, C. “Perfluorocarbon nanoemulsion promotes the delivery
of reducing equivalents for electricity-driven microbial CO> reduction.” Nature Catalysis. 2019,

2,407-414.

Abstract

Hybrid biological inorganic hybrid systems for CO; fixation have been used to electrochemically
split water while converting CO; into value added chemicals. While these systems have
demonstrated high efficiencies, their throughput can be limited by the poor solubility of the
reducing equivalents in solution. Here, we utilized PFC nanoemulsions to enhance the productivity
of the hybrid system. A mixture of PFH and PFD in a percentage of 2.5 % (v/v) was combined
with the bacteria Sporomusa ovata to enhance the conversion of CO: into acetic acid. Our
improved system demonstrated up to 190 % enhancement in acetic acid production and nearly 100
% F.E. for all tested current densities with PFC nanoemulsions. We proved that the addition of the

PFC nanoemulsions led to an enhanced system throughput.

Introduction

The reduction of carbon dioxide (CO») into commodity chemicals and fuels is a promising way to
transform and store renewable energies while removing greenhouse gases.!” A variety of
approaches have been explored with the use of electricity, light, or heat as the thermodynamic

driving forces.>” Current research focus is shifting towards developing strategies to improve the



overall energy efficiency, productivity, and selectivity towards multi-carbon organic
molecules.>®® We are interested in integrating inorganic electrochemical catalysts with CO»-fixing
microorganisms, an approach that has demonstrated versatile selectivity towards complex
molecules.!*!? Such a hybrid approach has achieved great strides in recent years, thanks to the
synergy of favorable properties between materials and biology.'®!*'® In order to achieve an
energetically efficient and kinetically fast transfer of energy and electrons, interfacing materials
and biology is essential.'*?! To date, there have been extensive studies for the catalytic materials

and the biocatalysts separately but successful combination of the two has not been fully achieved.
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Figure 2.1. Schematic of the hybrid system that integrates water-splitting catalysts with CO:-
fixing microorganisms. Scenario 1: Traditional electrochemical catalysts yield H», a gaseous
product with limited solubility in water ([Hz]1). The generated H» is transferred as a reducing
equivalent to microbes for CO; reduction with a kinetic rate k1. Scenario 2: In this work, we applied
perfluorocarbon (PFC) nanoemulsions as a H» carrier to accelerate the transfer of reducing
equivalents. PFC nanoemulsions not only increase the H, concentration in the solution ([Hz]2) but

also accelerate the transfer kinetics (k2), which increases the rate of CO» fixation by 190%. In both



Scenario 1 and Scenario 2 the conversion of protons to H> occurs at the electrode surface, but the

microbes are in the bulk solution.

We recently developed a biocompatible biological-inorganic hybrid that displayed high
efficiencies for electricity-driven CO, and N fixations.!?? In these systems, water is split to
oxygen by a cobalt phosphate (CoP;) catalyst and hydrogen (H) is produced by a cobalt-
phosphorous (Co-P) alloy catalyst with small thermodynamic driving forces. The generated H> is
selectively consumed by the hydrogenases of autotrophic microorganisms® in the solution and
powers the biochemical reduction of CO» and N> into commodity chemicals (Scenario 1 in Fig. 1).
High energy efficiency is achievable with the developed biocompatible catalytic system that yields
minimal toxic metals or reactive oxygen species (ROS).!° However, the interface between
inorganic catalysts and microorganisms is not ideal for high reaction throughput. We found that
the kinetics of H> oxidation in hydrogenases is rate-determining due to the limited H> delivery
from the electrode.!®?* As Ha has a limited solubility of 0.79 mM in water at ambient conditions,?
a high flux of water-splitting reactions on the electrodes is not readily translatable to a high
productivity of CO, fixation and may lead to a decrease of F. E.** Replacing H> with other more
soluble redox mediators has been reported, but the less selective delivery of reducing equivalents
can create stress in microbes and lead to lower efficiency.!!?%*¢ Here, we demonstrate that the
productivity bottleneck may be overcome by introducing a carrier of high H» solubility and fast
delivery kinetics, at the same time retaining the desirable selectivity and biocompatibility of H» as
the redox mediator.?

PFC nanoemulsions are a suitable H» carrier for high productivity of CO, fixation (Scenario

2 in Fig. 2.1). PFC molecules are biologically inert and have an impressive ability to dissolve a
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substantial volume of gas due to the molecules’ rigidity and weak intermolecular interactions.?’
Taking these advantages, PFC emulsions have been used as blood substitute?’” and in microbial
reactors for enhanced biofuel production.?®? As a potential H carrier, the solubility of H, in PFCs
is up to one order of magnitude higher than in water.>* Moreover, PFC nanoemulsions are an
attractive platform for multifunctional nanomaterials with simple preparation methods.*'*> We
postulate that the small size of nanoemulsions, at the range of hundreds of nanometers, can
accelerate the kinetics of H» delivery and thereby alleviate the throughput constraints. Here we
report our finding that the introduction of PFC nanoemulsions significantly increases the rate of
electricity-driven CO fixation to acetic acid in bacterium Sporomusa ovata,*® a model microbial
catalyst that can receive reducing equivalents from electrodes, or from the oxidation of hydrogen

as we report here, to reduce COz via the Wood-Ljungdahl pathway.>*’

Results

Compatibility of PFC nanoemulsion with the hybrid system.

The addition of PFC nanoemulsions does not inhibit the CO,-fixing metabolism in bacterium S.
ovata. The S. ovata was chosen as a model microbial catalyst due to its previous success in similar

systems>47

and the ease of product quantification. Aqueous PFC nanoemulsions composed of
perfluorohexane and perfluorodecalin were prepared by point-sonication with the addition of
biocompatible surfactant Pluronic F68 (see Methods for details).! These specific PFCs were
chosen due to their relatively high H» solubilities, 7.57 and 5.37 mM respectively, stability under
our necessary conditions (Supplementary Fig. 1), and relative low cost. Dynamic light scattering

(DLS) experiments show that the nanoemulsions have an average size of 236 = 19 nm immediately

after preparation (Supplementary Fig. 1). Continuous monitoring with DLS measurements shows
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that the average size of the nanoemulsion increased initially but stabilized at 500 ~ 600 nm in the
media solution within 4 days (Supplementary Fig. 1). The viability of S. ovata in the presence of
nanoemulsion was tested by incubating the microbial culture in a Ho/CO» (80/20) gas mixture. The
accumulation of acetic acid, the major product of the Wood-Ljungdahl pathway from H»
oxidation,'* is used as the indicator of microbial growth. The concentration of acetic acid was
monitored with 'H Nuclear Magnetic Resonance (NMR) (Supplementary Fig. 2), and the
difference of acetate concentration before and after the three-day incubation was recorded (see
Methods for details). We found that the rate of CO» reduction indeed increased with the presence
of PFC nanoemulsion (Supplementary Fig. 3). Such an observed increase is not from the
surfactant, as control experiment with only surfactant added did not show any prominent
enhancement (Supplementary Fig. 3). Our experiments also indicate that Pluronic F68 did not
participate in the metabolism of S. ovata and all the detected acetic acid was the result of CO,
fixation. The accumulation rate of acetic acid can be increased by 137% with the addition of 5%
PFC (v/v, same below), implying the favorable properties of PFC nanoemulsion as a H carrier.
The PFC nanoemulsions as a proposed H» carrier did not significantly perturb the activities
of inorganic water-splitting catalysts. An inorganic Co-P alloy catalyst loaded on stainless steel
electrode was prepared by electrochemical deposition based on a previously reported recipe (see
Methods for details).! Co-P alloy catalyst is capable of electrochemically reducing proton into
H,,*%3? and exhibits little toxicity to biocatalysts as it generates minimal ROS.!%?? We studied the
possible activity change of H> generation for Co-P alloy in 2.5% PFC nanoemulsions (see Methods
for details). The j-V correlations determined by multi-step chronoamperometry is plotted in Fig.
2.2A. The introduction of nanoemulsion did not significantly modify the catalytic behavior within

experimental uncertainties. Similar behaviors were also observed by cyclic voltammetry at other
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PFC percentages up to 5% (Supplementary Fig. 4). Additionally, electrochemical impedance
spectroscopy revealed that the electric resistivity of the media solution did not increase when the
nanoemulsions were added (Supplementary Fig. 5), thanks to the small volume percentage of the
PFC nanoemulsion H> carriers. These results indicate that there won’t be much additional voltage
and energy cost from solution resistivity when PFC nanoemulsions are added. These
electrochemical characterizations and the biological viability test show that PFC nanoemulsions

are compatible with the hybrid system.
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Figure 2.2. The introduction of PFC nanoemulsions increases the productivity of CO:2
reduction. A, j-V curves of Co-P alloy for hydrogen generation with (red) and without (blue) the
addition of PFC nanoemulsion (2.5% v/v). RHE, reversible hydrogen electrode. B, Faradaic
efficiencies (F. E.) of electricity-driven CO2 reduction into acetate at current densities of 0.54

(Entry 7 and 2), 1.1 (Entry 3 and 4), and 2.0 mA/cm; (Entry 5 and 6). Comparisons were made
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between solutions with (red) and without (blue) PFC nanoemulsion (2.5%). C to F, Acetic acid
(HAc) was selectively produced from CO> with electricity input without (C and E) and in the
presence of nanoemulsion (d and f) at different current densities. The electric charge (black) and
acetate concentrations (red) are plotted versus the duration of the experiments. The error bar

denotes SEM, n >3 in b to f, and * represents a p-value < 0.005.

Observation of enhanced productivity from PFC nanoemulsions.

The introduction of PFC nanoemulsions increased the productivity of electricity-driven CO»
reduction to acetic acid by 190%. CO; fixation proceeded in a two-chamber three-electrode reactor
that was half-filled with S. ovata culture under a CO2/N> (20/80) gas mixture (Supplementary Fig.
6). A constant potential versus the reference electrode was applied to the Co-P alloy catalyst for
proton reduction (Supplementary Fig. 7). At a current density (/) of 0.54 mA/cm? F. E. =94 £ 15
% and 90 £ 16 % for reactors without and with the addition of 2.5% nanoemulsions, respectively
(entry / and 2 in Fig. 2B, n > 3). In 4 days, both conditions yielded about 20 mM of acetic acid
(Supplementary Fig. 8), which corresponds to a productivity (rcoz2) of about 0.39 g-L !-day!
(Supplementary Table 1). This shows that the introduction of PFC nanoemulsions does not disrupt
the transfer of reducing equivalents. When j = 1.0 mA/cm?, the F. E. without nanoemulsion
decreased to 71 £+ 8 % (entry 3, n = 4), while F. E. remained close to unity (92 + 8%) when PFC
nanoemulsions were added (entry 4, n = 3). A linear concentration increase of acetic acid was
observed within 4 days along with the passage of electric charge (Fig. 2C and 2D), implying that
the generation of acetic acid is powered by electricity. It also shows that with the absence of
nanoemulsion the hybrid system may have reached its throughput bottleneck and about 29% of the

generated H, was not used by the microbes, probably due to the limited solubility of H» in water.
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In contrast, the addition of nanoemulsion seemed to lift this bottleneck and almost all of the
generated H> was utilized. Such a contrast should be more prominent at even higher current
density. However, as H, production on Co-P catalyst will deplete proton and generate pH gradient
near the electrodes, high current density of water-splitting is not readily compatible with bacterial
culture. We observed that in the standard medium solution with 18.5 mM of phosphate buffer,
there is significant inhibition of microbial growth when j > 1.0 mA/cm?, even in the absence of
PFC nanoemulsions (Supplementary Table 1). We believe this inhibition is the result of a
detrimental increase in pH that occurs when the applied current density surpasses the maximum
buffered current density. This led us to develop a model of predicting the conditions needed to
afford a high current density without significant pH gradient (see Methods for details) and test the
viability of S. ovata at higher salt concentrations (Supplementary Fig. 9). We found that when the
concentration of phosphate buffer is 55.5 mM, the metabolism of S. ovata is not hindered as the
detrimental pH gradient is minimized. We were able to achieve a continuous CO; reduction to
acetic acid with j = 2.0 mA/cm? (Fig. 2E and 2F, respectively). Atj =2.0 mA/cm?, F. E. =33 £ 2
% in the absence of nanoemulsions (entry 5, n = 3), while F. E. = 99 + 19 % when PFC
nanoemulsions were added (entry 6, n =4). The introduction of PFC nanoemulsions lead to a final
titer Crue = 6.4+ 1.1 g'L ! (107 mM) for acetic acid within 4 days (Supplementary Table 1), which
is 2.9 times of the titer when nanoemulsions were not used (2.2 = 0.3 g-L!). This final titer reaches
the maximum predicted acetic acid that could be produced under our electrochemical conditions.
According to calculations, with a total electrode area of 12 cm? and an applied j = 2 mA/cm?, the
total current is 24 mA. When applied for 4 days there is a total transfer of 86 mmol of electrons,
which corresponds to a maximum acetic acid generation of 0.644 g in a 100-mL volume or 6.44

g/L. The highest productivity rco» = 1.6 g-L™"-day ! with the PFC nanoemulsion H, carrier is
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greater than other existing bioelectrochemical systems for the generation of acetic acid from CO»
(Supplementary Table 2 and 3). Furthermore, this productivity is on par with gas fermentation

powered by an electrolyzer (Supplementary Table 4).%°

Lastly, the linear correlation between
electric charge and Cuac (Fig. 2F) implies that the beneficial effect of the PFC nanoemulsions is

stable over the duration of experiments and could be applied for long-term operation.

Discussion

The process of transferring H» as a reducing equivalent to microbes is significantly accelerated
and the local environment is enriched with H> at the nanoemulsion’s surface. Such an accelerated
H; transfer lead to the observed 190% increase of productivity. As PFC is biologically inert and
compatible with inorganic catalysts, the benefits of PFC nanoemulsions are generally applicable
to other biohybrid systems. We posit that further improvements to this system could be made
through combining our approach with other CO: reducing micro-organisms, an external
electrolyzer, or an optimized electrochemical set-up. Our reported approach allows us to alleviate
the throughput bottlenecks in electricity-driven microbial CO; reduction, thus providing a platform

with high productivity for distributed chemical production with renewable electricity.

Methods

Materials and chemicals.

All chemicals were purchased from Sigma—Aldrich, Thermo Fisher Chemical, or VWR
International, unless otherwise stated. Perfluorocarbons (PFCs) were purchased from SynQuest
Laboratories. 'H-Nuclear Magnetic Resonance (NMR) standard TMSP-d4 (2,2,3,3-D4 sodium-3-

trimethylsilylpropionate, 98%) and NMR solvent deuterium oxide (D20O) were purchased from
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Cambridge Isotope Laboratories, Inc. All deionized (DI) water was obtained from a Millipore
Millipak® Express 40 system. Stainless steel (SS) mesh was purchased from Alfa Aesar and carbon

cloth (CC) was purchased from Fuel Cell Earth.

Synthetic procedures of materials

PFC Nanoemulsions. Nanoemulsions were prepared via previously reported procedure.’! 2.8 wt%
of surfactant, Pluronic F68, was added to the relevant buffer and sonicated in a bath sonicator,
Branson 3800 ultrasonic cleaner, to thoroughly dissolve the polymer. 450 uL of perfluorodecalin,
PFD, and 450 pL of perfluorohexane, PFH, were combined in a 15-mL centrifuge tube. The total
volume was diluted up to 10 mL with relevant surfactant-containing buffer. Baseline medium,
detailed in section “Medium Recipes of Microbial Cultures”, was used as the buffer for all
experiments, except rotating disk electrode experiments where a phosphate buffer was used
instead. The liquid was then sonicated at 35% amplitude for 5 minutes (3 watts, Qsonica). Size
distributions of resulting nanoemulsions were analyzed following procedure outlined below in
section “Dynamic Light Scattering”.

Electrode preparations. The Co-P alloy and CoP; electrodes were both prepared via
electrochemical deposition using a Gamry Interface 1000 potentiostat, following previously
reported procedures.!® The electrochemical deposition was run using a three-electrode system
consisting of a working electrode of the substrate to be electrodeposited, a Pt counter electrode,
and a Ag/AgCl reference electrode (1M KCI) purchased from CH Instruments. The Co-P alloy
catalyst was prepared via cathodic electrochemical deposition onto SS mesh. The deposition
solution consists of 0.15 M H3BO3, 0.1 M NaCl, 0.33 NayH>PO», and 0.2 M CoCl,. The SS mesh

was sequentially cleaned with acetone, isopropanol, and then soaked in DI water before
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electrodeposition. To deposit the Co-P alloy catalyst, the SS mesh as the substrate underwent
chronocoulometry for 15 min at an applied voltage of —1.5 V vs. reference. The CoP; electrode
was prepared using a deposition solution containing 10 mM Co(NO3), and 0.1 M
methylphosphonate (MeP;) buffer of pH 8. CoP; catalyst loaded on CC substrate was deposited via

chronocoulometry at 0.85 V vs. reference until 500 mC/cm? of charge was passed.

Dynamic Light Scattering

Dynamic light scattering (DLS) experiments were conducted with a Malvern Zetasizer Nano ZSP
instrument. 20 uL PFC nanomulsions were diluted in 2 mL DI water in a plastic cuvette. Data in
Supplementary Fig. 1 is representative of three repeated measurements (n = 3). Error bars represent
the averaged half-width at half-maximum of the measurements. The stability of the PFC
nanoemulsion over the course of the experiment was tested with a small-scale mimic of the reactors
applied in electricity-driven CO, fixation. A 20-mL screw-top vial with 10 mL of solution
containing 2.5% PFC nanoemulsion and 97.5% baseline medium was stirred at 150 rpm in the
water bath. 83.3 pL of liquid was sampled daily from the vial and diluted to a final volume 2 mL
with DI water. This 2 mL of sample was then analyzed using DLS following the same protocol as

outlined above.

Protocols of culturing microorganisms

Protocol of culturing anaerobic microorganisms. The anaerobic bacterium Sporomosa ovata
(ATCC 35899, DSM 2662) was purchased from American Type Culture Collection (ATCC).*
Detailed recipes of the culture media mentioned in this section are provided in section “Medium

Recipes of Microbial Cultures”. An ampule of the bacterium was removed from the —80°C freezer.
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The ampule was broken open under N> gas and rehydrated with 0.5 mL of DSMZ 311 medium
following previous methods for opening an ampule under anaerobic conditions.*! The microbes
were then added to a sealed anaerobic culture tube containing 20 mL of DSMZ 311 medium. The
bacterial culture was then incubated at 34°C for three days until the culture reached the stationary
phase of growth. At stationary phase, the microbes were transferred to two anaerobic bottles each
containing 250 mL of DSMZ 311 medium. A large quantity of S. ovata cultures was obtained after
a three-day incubation at 34°C. The microbes were transferred to anaerobic culture tubes
containing 20% (v/v) dimethyl sulfoxide (DMSO) and 80% (v/v) DSMZ 311 medium. These vials
were sealed under anaerobic conditions and stored in a —80°C freezer until experimental use.
When needed a frozen sample of S. ovata was removed from the —80°C freezer and thawed. Vials
containing 10 mL of the baseline medium were sealed under H>/CO; (80/20) gas mixture. Before
adding microbes to the container, the sulfide-containing reducing agent was added in a ratio of
0.25 mL per 10 mL of solution to ensure an air-free environment. Microbial culture was
subsequently added in a ratio of 0.5 mL per 10 mL of solution. The inoculated tube was then
incubated for 3 days at 34°C.

Protocol of testing viability of S. ovata in PFC nanoemulsions. Living cultures of S. ovata after a
three-day incubation were prepared as outlined above for the viability test. In a 10-mL vial for
anaerobic cultures, 4-mL solution combining baseline medium, reducing agent, and PFC
nanoemulsion were combined anaerobically under a gas environment of Hy/CO> (80/20) gas
mixture. Five different conditions with varying percentages of PFC chemicals were tested: 0%,
0.5%, 2.5%, 5%, and 10% (v/v). Control samples in which only surfactant was added were
prepared following a similar procedure. 0.4 mL of bacterial culture was added to each vial under

strict anaerobic condition. An additional 10 mL of H»/CO; (80/20) gas mixture was injected to
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each vial so that the microbial metabolism will not be limited by the substrates. A baseline sample
with 0% PFC was injected with 10 mL of air right after inoculation in order to determine the initial
concentration of acetic acid. The concentrations of accumulated acetic acid after a three-day
incubation at 34 °C was quantified based on the procedure listed in section “Product
Quantification”. We calculated the ratio of accumulations of acetic acid between samples with and
without PFC nanoemulsion (termed as “relative enhancement” in figures), which was used to
evaluate the metabolic activities of S. ovata with the presence of different amounts of PFC
nanoemulsion. The results of such a viability test is displayed Supplementary Fig. 3. A total of
four trials were run per experiment (n = 4).

Protocol of testing the viability of S. ovata in higher salt concentrations. The compatibility of S.
ovata at higher salt concentrations was tested and evaluated using the same procedure described
above. Four different conditions of varying phosphate buffer concentrations were tested: 18.5 mM
(1x, baseline medium), 27 mM (2x), 55.5 mM (3x, high salinity medium), and 92.5 mM (5x).

These results are plotted in Supplementary Fig. 9 (n > 3).

Electrochemical characterizations

The electrochemical potentials reported in this manuscript were all referenced to the Reversible
Hydrogen Electrode (RHE). We converted experimental data with a Ag/AgCl reference electrode
(0.209 V vs. SHE, Standard Hydrogen Electrode) with the following formula: Voltage vs. RHE =
Voltage vs. SHE + pH x 0.059 V. Here pH denotes the pH of the solution tested in experiments.
All potentials reported here are after iR correction.

Experiments of characterizing the j-V correlations. Experiments were run on a Gamry Interface

1000E potentiostat using a three-electrode set up consisting of a SS mesh loaded with Co-P alloy
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catalysts as the working electrode, a Pt counter electrode, and a Ag/AgCl reference electrode (1M
KCl). Experiments of cyclic voltammetry were conducted both in baseline media and in 1 M
potassium phosphate buffer (KP;). Steady-state j-V correlations were established with multi-step
chronoamperometry. At each voltage step, a constant potential on the working electrode was
maintained for 2 min ranging from —0.6 to —1.6 V vs. reference at an interval of 0.05 V in the setup
that the bulk electrolysis was performed. The steady-state current density at each potential step
was subsequently determined.

Bulk electrolysis. Living cultures of S. ovata after a three-day incubation were prepared as outlined
above for the experiments of bulk electrolysis. Four electrochemical experiments were run in
parallel using a Gamry Interface 1000E potentiostat interfaced with a Gamry ECMB multiplexer.
Experiments of bulk electrolysis were conducted in custom-made two-chamber glass
electrochemical cells (Adams and Chittenden Scientific Glass). Two 150-mL chamber were
separated by a Nafion®117 membrane. A picture of the set-up is displayed in Supplementary Fig.
6. In order to prevent possible contamination, a leak-free Ag/AgCl reference electrode (Innovative
Instruments, Inc) was used as the reference. The working electrode was a SS mesh loaded with
Co-P alloy catalyst, and a CC electrode loaded with CoP; catalyst was the counter electrode. The
total volume of liquid in each chamber is about 100 mL. The experiments were conducted in a 34
°C water bath with constant stirring at 150 rpm. Before inoculation, the cathode chamber was
maintained under anaerobic conditions under a N»/CO» (80/20) gas mixture with the addition of
reducing agent. 4 mL of bacterial culture was subsequently added to each reactor. Multiplexed
chronoamperometry was performed on the reactors under the selected voltages that would yield
the target current densities. 1 mL of sample was removed under anaerobic conditions from the

cathodic chamber every day for product quantification. 1 mL of solution was also sampled before
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the experiment of bulk electrolysis in order to determine the starting concentration of acetic acid.
In addition to the results presented here, no acetic acid was observed in the anodic chamber. The
uncertainties of the reported performance are mostly attributed to the variation of the biological
samples. While all the bacterial samples are inoculated from the same batch, there are variations
of the phenotypes in experiments. In addition, the evaporation of solution during the multi-day
experiments may also contribute to the observed uncertainties.

Electrochemical impedance spectroscopy. Measurements of Electrochemical Impedance
Spectroscopy (EIS) were performed in the same setup described above, with a DC voltage of 0 V
vs. open circuit potential and an AC amplitude of 50 mV. Frequencies between 100 kHz and 10
Hz were tested with 10 data points per decade. Nyquist plots were used to extract the approximated
series resistances (Rs) of reactors at day 0 of experiments under different conditions. The results
for setups without and with the introduction of PFC nanoemulsions are displayed in Supplementary

Fig. 5.

Product Quantification

"H NMR was applied to quantify the accumulation of acetic acid from COx reduction using TMSP-
ds as the internal standard. All "TH-NMR were performed on a Bruker AV400 Sample Changer at
the Molecule Instrumentation Center in UCLA. The liquid samples for NMR experiments had a
total volume of 0.5 mL, containing 0.1 mL of D,O with 1 mM TMSP-d4 as well as 0.4 mL of
sample solution. Chemical shifts are reported on a parts-per-million (ppm) scale. The peak of
acetate, the predominant species of acetic acid at neutral pH, exhibits a singlet at 1.77 ppm, while
the singlet from TMSP-d4 peak resides at —0.15 ppm (Supplementary Fig. 2). A calibration curve

was constructed by determining the ratio of the integrated area between the NMR peaks of acetate
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and TMSP-d4 (Inac/Itmsp), which is shown Supplementary Fig. 2. For samples that contained PFC
nanoemulsions, the concentration of acetate was corrected and reported based on the volume of

aqueous phase.

Efforts to Attain 2.0 mA/cm? in Bulk Electrolysis

We found in the experiments of bulk electrolysis that in baseline medium with 18.5 mM phosphate
buffer the microbes exhibited minimal growth at a current density of 2.0 mA/cm? (See
Supplementary Table 1). We considered that the concentration of phosphate buffer in the solution
was too low, resulting in both an inability to reach higher current densities at lower overpotentials
and a possible increase of local pH near the electrode, which will decrease the microbial viability.
We hypothesized that a concentration increase of phosphate buffer in the medium will alleviate
such adverse effects. As the conjugated acid (H2PO4") of phosphate buffer serves as the proton
carrier at neutral pH, the minimal concentration of phosphate buffer (Cmin) to achieve a current

density of 2.0 mA/cm? without significant overpotential increase can be calculated as,*

iL
Cnin = J (1)
FDp;

Where j = 2.0 mA/cm?, F is the Faraday’s constant, Dp; = 9.7x10°° cm?/s the diffusion coefficient
of HoPO4~,* and L = 190 um, the thickness of diffusion layer which was measured in the previous
session. Our calculation yields Cmin =40.6 mM. At the same time, the viability of S. ovata in higher
salt concentrations was tested and we found that the microbes are compatible with a phosphate
buffer concentration up to 92.5 mM (5x), as displayed in Supplementary Fig. 9. This led us to
develop recipe of high-salinity medium (3x, 55.5 mM) described in section “Medium Recipes of

Microbial Cultures”.
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Calculation of Faradaic efficiency
The Faradaic efficiency (F. E.) of each experiment was determined using the following formula:*

_ ACHA(:(TnOl/L) X Vsolution(L) X 8 x F(C ) m0l_1)

F.E.
Overall charge (C)

x 100% 2)

Here AChac (mol/L) is the change in the concentration of acetic acid during the 4-day experiment,
Vsosion the total volume of solution in the cathodic chamber, F the Faraday’s constant, and “Overall
charge® is the total electric charges passed through the cathodic chamber. The number 8 is the
number of electrons required to generate one molecule of acetic acid from CO; as determined by
the chemical equation,

2C0, + 8e~ + 8 H' > CH;COOH + 2 H,0 (3)

Data availability
All data reported or included in this analyzed during this study are included in this published article

(and its supplementary information).
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Supplementary Information

Medium Recipes of Microbial Cultures

DSMZ 311 Medium

NH4Cl 0.50 g
MgSO4 7 H20 0.50¢g
CaCl> * 2 H.O 025¢g
NacCl 225¢g
FeSO4 ¢ 7 H20 0.002¢g
Trace element solution SL-10 (see below) 1.00 ml
Selenite-tungstate solution (see below) 1.00 ml
Yeast extract 200 ¢g
Casitone 2.00 g
Betaine « H>O 6.70 g
Na-resazurin solution (0.1% w/v) 0.50 ml
K>HPO4 035¢g
KH2PO4 023 g
NaHCOs3 4.00 g
Vitamin solution (see below) 10.00 ml
Distilled water 1000.00 ml

All ingredients (except phosphates, bicarbonate, vitamins, cysteine and sulfide) were dissolved
first. And the medium was sparged with N2/CO» (80/20) gas mixture while boiling to make the
solution anoxic. Once cool, and while still sparging with the same gas, phosphates, vitamins

(sterilized by filtration) and carbonate were added. The medium was dispensed under the same gas
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into anaerobic culture tubes and then autoclaved. The pH of the complete medium was adjusted to

pH 7.0, if necessary.

Trace element solution (SL-10)

Nitrilotriacetic acid 1.50 g
MgSO4 « 7 H20 3.00¢g
MnSO4 « H20 0.50 g
NacCl 1.00 g
FeSO4 « 7 H20 0.10 g
CoSO4 » 7 H2O 0.18¢g
CaCly 2 H.O 0.10 g
ZnSO4 + 7 H2O0 0.18¢g
CuSOs4 + 5 H20 001g
KAI(SO4)2 * 12 H,O 0.02¢g
H3BO; 001g
Na;MoOg4 ¢ 2 H,O 0.01g
NiCl; « 6 H2O 0.03¢g
NaxSeOs « 5 H,O 0.30 mg
Na2WO04 ¢ 2 H.O 0.40 mg
Distilled water 1000.00 ml

The nitrilotriacetic acid was first dissolved and the pH adjusted to 6.5 with KOH, then the minerals

were added. The final pH was adjusted to pH 7.0 with KOH.
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Vitamin solution

Biotin 2.00 mg
Folic acid 2.00 mg
Pyridoxine-HCI 10.00 mg
Thiamine-HCl « 2 H20 5.00 mg
Riboflavin 5.00 mg
Nicotinic acid 5.00 mg
D-Ca-pantothenate 5.00 mg
Vitamin B12 0.10 mg
p-Aminobenzoic acid 5.00 mg
Lipoic acid 5.00 mg
Distilled water 1000.00 ml

Selenite-tungstate solution

NaOH 05¢g
NaxSeOs « 5 H,O 3.0 mg
Na;WOq4 ¢ 2 H20 4.0 mg
Distilled water 1000.0 ml

Reducing agent solution
All the water used in this procedure was boiled and gassed under N prior to the experiments. 12.5
g cysteine-HCI was dissolved in 500 mL water in a 2-L Erlenmeyer flask. The pH of the solution

was adjusted to 9.5 with NaOH. 12.5 g of washed crystals of Na>S-9H>O was weighted in a plastic
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tray and then transferred into the flask containing cysteine-HCI. The volume of the solution was
brought up to 1000 mL. The whole solution was brought to boil and cool again under gassing with
N>. 20 mL of the prepared solution was dispensed into one 25-mL vial which was pre-flushed with

Ny. The vials were sealed and then autoclaved for 15 min at 121 °C.

Baseline Medium

K>HPO4 0.348 g
KH2PO4 0.227¢g
Na;HPO4 « 7TH,0 2.145 ¢
NaH;PO4 « H2O 0938 ¢
NH4Cl 0.500 g
MgSO4  TH2O 0.500 g
CaClz * 2H20 0.250 g
NaCl 0918 g
FeSO4 ¢ 7TH20 0.002 g
NaHSeO3 10-7 mol/L
NaHCOs3 4.000 g
SL-10 solution I mL
Vitamin solution 10 mL
Yeast extract 2.000 g

Compared to the DSMZ-recommended growth medium, the concentration of phosphate buffer was
increased by 5 times from 3.7 mM to 18.5 mM without changing the overall K" and Na"

concentration. All ingredients (except phosphates, bicarbonate, vitamins, cysteine and sulfide)
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were dissolved first. And the medium was sparged with N»>/CO; (80/20) gas mixture while boiling
to make the solution anoxic. Once cool, and while still sparging with the same gas, phosphates,
vitamins (sterilized by filtration) and carbonate were added. The medium was dispensed under the
same gas into anaerobic culture tubes and then autoclaved. The pH of the complete medium was
adjusted to pH 7.0, if necessary. High-salinity medium was prepared based on the recipe above,
while the concentration of the phosphate buffer was increased three-fold from 18.5 mM to 55.5
mM. Minimal medium, which was used in the experiments of flow cytometry, was prepared
following the same procedure as the baseline media, however it only included NH4Cl, NaCl,

KoHPO4, KH2PO4, and NaHCO:s.

34



Supplementary Table 2.1. List of experiments reported in this work *

1 0 —871 —0.50 £ 0.09 1.59+0.49 0.39+0.10 322+8.0 94 +15
2 2.5 -911 -0.58 £ 0.07 1.59+£0.26 0.38+0.12 31.9+10.0 90 £ 16
3 0 -961 -1.14+£0.14 2.63£0.30 0.65+0.25 54.0 £20.5 71+8
4 2.5 -971 -1.05+0.16 3.17+0.47 0.78+0.11 64.7+8.9 92 £8
5 0° —1001 —2.01+0.16 2.23+0.29 0.54+0.13 448+ 11.2 33+£2
6 25°¢ —1021 —1.99 + 0.05 6.39+1.14 1.58 £0.44 132.0 + 36.7 99+ 19
0¢ —-981 —1.45+0.0001 0.96 +0.40 0.23£0.15 19.1+ 12.6 20+£8
2,54 —1001 —1.67 +0.0001 0.59+0.17 0.13+0.07 10.6+£5.9 9+4

% General conditions: S. ovata (DSM 2662) is used as the biocatalyst; Co-P alloy loaded on SS
mesh (both sides, 2 cm % 3 cm). The reported data here are the results during four-day experiments.
Baseline medium was used unless mentioned specifically. n > 3. All reported error corresponds to
the standard error of the mean (SEM). ° The reported voltage was the averaged values from all
replicates. € High-salinity medium which contains 55.5 mM phosphate buffer. ¢ Slow microbial

growth was observed.
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Supplementary Table 2.2. List of previous reports for pure cultures of Sporomusa ovata in

electricity-driven microbial CO> fixation.

Strain of §. Cathode E’ J (mA/cm?) t Titer reoz Feo2’ HEF SN Ret
ovata (mV vs. SHE) d (gL (oliz:dd) (gm™d™") (%)
DSM 2662 ¢ Graphite stick —400 —0.0695 ¢ 6 0.0625 0.01*% 4.644 85 .
—0.0207 © 0.045 ST 1.38°
DSM 2662° Chitosan-coated —400 —0.0475¢ 9 0.59 0.065+0.16 2.75+0.674 B2 s 12, Y
CC
DSM 2662° Ni-coated nanowire =400 -0.218¢ 8 0.54 0.068 11.35¢ 82+ 14 3
—0.65° 3.38°
DSM 2662 ¢ Si-TiO; nanowire —595 to —571 —0.3514 5 12 0.24 N.D.f 86+ 9 4
—0.012°¢

DSM 2662° Reduced Graphene —690 —0.258 £0.054¢ 12 N.D.t N.D.f 10,11+ 1344 91+9 A

Oxide paper
DSM 2662° Carbon paper —690 —0.037+£0.010¢ 12 N.D.f N.D.f 1.20£03014 84 +4

DSM 2662° Carbon felt —690 -0.040£0.010¢ 12 N.D.f 0.019 £ 0.006 1.02+033¢ T +£2 i

DSM 2662° 3D-Graphene on —690 —-0.245+£0016¢ 12 N.D.f 0.125 £ 0.004 6.95+0224¢ 87+3 B
Carbon felt

DSM 2662° Carbon Cloth —690 —0.03+0.01¢ 14 0.2 N.D.f 1.64+027¢ 87+7 7

DSM 2662° PEDOT: PSS on —690 —032+0.08¢ 14 1.6 N.D.fF 1515+ 1.06¢ 79+6 Z
Carbon cloth

DSM 2662 ° Graphite stick —690 —0.045+£0.015¢ 14 0.51 0.029£0006¢ 206+0421¢ 92+5 B

DSM 2663 ° Graphite stick —690 -0.078 £0.019¢ 14 0.99 0.053+00169 3.67x109¢ 61+12 L

DSM 3300° Graphite stick —690 —0.019+£0.0005¢ 14 0.20 0.011+£0.0059 07703449 85+4 2

N.A.b¢ Graphite disk —660 —0.017+0.004¢ 28 0.54 0.020+0003¢ 168+024¢ 105+5 °

? Estimates based on continuous feed linear production and flow rates reported (EV is rate
calculated per exit volume, STY is the space-time yield). ® Estimates based on batch operation
(volume in cathode chamber). ¢ Light as energy source. ¢Based on projected surface area. ¢ Based
on total surface area. 'N. D.: not determined. & N. A.: The specific strain information was not

available in the report.  All reported error corresponds to SEM.
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Supplementary Table 2.3. List of previous reports for other acetogen strains in electricity-driven

microbial CO; fixation.

=

Microorganism/ Cathode E J [ Titer Feoz Fcoz2’ HE Ref
strain (mV vs. SHE) (mA/em®  (days) (gL™H (gL'd) (gm*dh (%)
Sporomusa malonica Graphite stick —690 —0.070 + 14 0.63 0.039 = 275+ 91+14 .

DSM 5090° 0.017¢ 0.004 ¢ 0.29¢
Sporomusa acidovorans Graphite stick —690 —0.057 14 0.72 0.038 = 2,65+ 70+1 8
DSM 3132 ° 0.0214 0.012¢ 0.854
Sporomusa aerivorans Graphite stick —690 —0.0026 + 14 N.D.¢ N.D.© M.B.® N.D.¢ 5
DSM 13326 0.0002 ¢
Sporomusa sphaeroides Graphite stick —400 -0.057¢ 8 0.0028  0.00035*Y 0.208 ¢ 39 3
DSM 2875° am L 0.0027 ™ 0.062 ©
Sporomusa silvacetica Graphite stick —400 -0.02¢ 10 0.002 0.0002 ¥ 0.154 84 ]
DSM 10669° —0.006 © 0.0025 5T 0.045°
Clostridium aceticum Graphite stick =400 -0.08 ¢ 13 0.0027  0.0002 ¥ 0.024 27 }
DSM 1496 ° —0.024 © 0.0042 STY 0.006 ©
Clostridium ljungdahlii Graphite stick —400 —-0.10414 7 0.0065 0.0009 BV 0474 722+02 2
DSM 13528° —0.031 ¢ 0.0054 5™ 0.14¢
Clostridium ljungdahlii Graphite felt + —695 -1.0¢ 11 0.56 0.056 to 7.51 to 39-89 L
DSM 13528 “ stainless steel 0.144 19.2
Moorella thermoacetica Graphite stick —400 -0.03¢ 9 0.0047  0.0006 *¥ 0351 85+7 ]
DSM 21394° —0.009 © 0.0045 5TY 0.104°
Acetobacterium woodii Graphite stick —400 N.D.¢ - N. D= N.D.< N.D.¢ B S !
DSM 1030°
Acetobacterium woodii Stainless steel —690 —15% 1 0.127 0.046 12.84 81 3
DSM 1030 felt

@ Estimates based on batch operation (volume in cathode chamber). ® Estimates based on
continuous feed linear production and flow rates reported (EV is rate calculated per exit volume,
STY is the space-time yield). ° N. D.: not determined or not reported. ¢ Based on projected surface

area. ° Based on total surface area. All reported error denotes SEM.
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Supplementary Table 2.4. List of previous reports of the production of acetic acid combining

electrolyzes with gas fermentation.

Microorganism/ t Titer rcoz rcoz’ F. E.  Ref
strain (days) (g'L™hH (gL dh egm?3dH )
Clostridium 2 2.33 1.17 N.D.f 100 & 12
autoethanogenum
DSM 10061 “*
Moorella thermoacetica 7 30 26.4 N.D.f 3.7 13
DSM 6867 “b¢
Acetobacterium woodii 3.2 21.7 18.24 N.D.f 10 14
DSM 1030 >4
Acetobacterium woodii 32 17.6 147.84 N.D.f 56 14
DSM 1030 >%¢

2 Estimates based on batch operation ® Equipped with a pH auxostat system. ¢ Bubble column
reactor setup. ¢ Continuous stirred-tank reactors (CSTR). ¢ Hollow fiber membrane in the system.
fN. D.: not determined or not reported. & reported as “almost 100%” without the exact values

provided.
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Figure S2.1. The change of average size of 2.5% PFC nanoemulsion over 4 days at 34°C in
baseline medium. Detailed experimental conditions are listed in section “Dynamic Light

Scattering”. Error bars denote SEM. (n > 3)
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Figure S2.2. a, Representative 'H NMR spectrum of a sample with the addition of internal
standard, TMSP-d4, in D>0O. b, Calibration curve that plots the ratio of integration area between
acetate (1.77 ppm) and TMSP-ds (—0.15 ppm) vs. the concentrations of acetate in standard

solutions.
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Figure S2.3. Viability test of S. ovata in PFC nanoemulsions. The relative enhancements of the
accumulation of acetic acid by microbial CO; fixation are plotted against the volumetric
percentage of PFC in the nanoemulsion (black). As the PFC nanoemulsion also contains
surfactants that might interfere with experiments, results of the corresponding control experiments

with only surfactant added (red) are also displayed. The error bars denote SEM, n = 4.
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Figure S2.4. Cyclic voltammograms of Co-P alloy catalyst loaded on SS mesh substrate for
varying percentages of PFC nanoemulsion in the baseline media (a) and 1 mol/L potassium

phosphate buffer (b) at pH 7. The scan rate is at 10 mV-s .
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Figure S2.5. a, Representative Nyquist plots of Co-P alloy catalyst loaded on SS mesh substrate

in solutions without (blue) and with (red) the introduction of PFC nanoemulsions. b, Statistical
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Figure S2.6. Experimental setup of bulk electrolysis depicting the electrodes, membrane separator,

gas inlets/outlets, and sampling ports.
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Figure S2.7. Representative chronoamperometry plots at varying current densities over the course
of the first day during the bulk electrolysis experiments. The detailed experimental conditions of

the denoted entries is shown in Supplementary Table 1.
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acetate concentrations (red) are plotted versus the duration of experiments. Error bars denote SEM,
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CHAPTER 3. HYDROGEN GAS ENVIRONMENT IN HYBRID CARBON DIOXIDE
FIXATION SYSTEM.

This chapter is a version of Rodrigues, R. M.; Guan, X.; Ifiiguez, J. A.; Estabrook, D. A.; Chapman,
J. O.; Huang, S.; Sletten, E. M.; and Liu, C. “Perfluorocarbon nanoemulsion promotes the delivery
of reducing equivalents for electricity-driven microbial CO> reduction.” Nature Catalysis. 2019,

2,407-414.

Introduction

Our results in Chapter 2 demonstrated an enhanced utilization of the electrochemically generated
H> with the addition of PFC nanoemulsions leading to improved F.E. at all applied current
densities. We performed a mechanistic investigation into the enhancement, through experiments
of flow cytometry and rotating disk electrode (RDE) to study how the reducing equivalent was
transferred within the solution and to the microbes. Based on the flow cytometry experiments were
able to confirm a non-specific binding of PFC nanoemulsions to the microbes. The RDE
experiments demonstrated that the interaction of the PFC nanoemulsions with the microbes
promotes the kinetics of H» transfer and subsequent oxidation by more than three-fold. A 30%
increase of local H> concentration at the nanoemulsion’s interface was also observed. We
hypothesized that the combination of enhanced transfer kinetics and local H, concentration could
be attributed to the non-specific binding of the PFC nanoemulsions. Additionally, we hypothesized
that the enhanced F. E. and improved throughput observed in Chapter 2 was caused by the
enhanced utilization and transfer rates of the H». Introducing nanoscale gas carrier is a viable
approach to alleviate the throughput bottlenecks in electricity-driven microbial CO; reduction into

commodity chemicals.
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Results

Mechanistic understanding of PFC nanoemulsions as a Hz carrier.

The observed increase of rcoz reported in Chapter 2 cannot be completely accounted for if only
the average H> solubility in PFC is considered. Research on microbial gas fermentation predicts
rcoz K (P%xCgas™?), in which P is the gas permeability and Cgs is average gas solubility in the
solution.! In our case, P is constant as the experimental setup remains the same. The addition of
2.5% PFC nanoemulsions increased the average Ha solubility from 0.79 mM ? to approximately
0.95 mM under 1 bar H> pressure (see Methods for details), which translates to a relative
enhancement of about 1.1 times for rco2 based on the model. This is much smaller than the
experimentally observed enhancement of 2.9 times between entry 5 and 6 (Fig. 2.2B and
Supplementary Table 2.1) and indicates some other factors must be considered. We note that such
mathematical relationship was derived based on mean-field assumptions, which neglects the
impact of microscopic local H> concentration and transfer kinetics.! We postulate that this model
is not sufficient when the size of the H» carrier approaches the nanoscale, as the microscopic local
H> concentration and the local transfer kinetics become much more important than the ensemble
averaged values. Such a hypothesis led us to further investigate the interaction between the
microbes and nanoemulsions, as well as to obtain microscopic kinetic information of H» transfer
at the nanoemulsions’ surface.

PFC nanoemulsions exhibit non-specific binding with the microbes in the solution as
determined by flow cytometry. Fluorescently tagged PFC nanoemulsions were prepared by adding
fluorinated rhodamine during the synthesis (see Methods for details).? The fluorinated rhodamine,
With Amax,abs = 550 nm and Amax,em = 571 nm, has shown high stability within the nanoemulsions

and negligible leaching into the aqueous phase when emulsified.?
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Figure 3.1. Flow cytometry analysis indicates non-specific binding between nanoemulsion
and bacteria. A to D, Flow cytometry analysis of fluorescent intensity (F. I.) of thodamine dye at
571 nm versus the area of side-scattering (SSC) for S. ovata culture (A), polystyrene microbeads
(B), fluorescently tagged PFC nanoemulsions (C), and the combination of S. ovata and
fluorescently tagged PFC nanoemulsions (D). Polystyrene microspheres were added to
experiments A, C, and D as an internal reference. E, Histogram of the fluorescent intensities for
S. ovata populations without (blue from a) and with (purple from d) the introduction of
fluorescently tagged PFC nanoemulsions. E, Histogram of the fluorescent intensity for
microspheres in its neat condition (red from B), in the presence of fluorescently tagged PFC
nanoemulsions (yellow from C), and with both S. ovata and fluorescently tagged PFC
nanoemulsion (green from D).

Flow cytometry was conducted with samples of different combinations of S. ovata culture,
fluorescent PFC nanoemulsions, as well as polystyrene microspheres as an internal standard and
control to study binding specificity (Figure 3.1A, 3.1B, 3.1C, and 3.1D). The integration area of

side-scattering (SCC) signals, which are indicative of particle sizes, were monitored along with
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the fluorescent intensity (F. 1.) at 571 nm from the tagged PFC nanoemulsions (see Methods for
details). Polystyrene microspheres alone (SSC area ~ 10° a.u.) exhibited minimal emission at 571
nm (Fig. 3.1B). Fig. 3.1A showed that the S. ovata (SSC area ~ 10' a.u.) combined with
polystyrene microspheres displayed distinctive size features and small background emission,
approximately 4.6% of the gated S.ovata was determined to be due to background signal (see
Supplementary Information for details). The combination of nanoemulsions with polystyrene
microspheres exhibits stronger emission at 571 nm for the microspheres (Fig. 3.1C), suggesting a
binding affinity between nanoemulsions and microspheres. When all three components are added
together (Fig. 3.1D), both S. ovata and microspheres showed stronger emission at 571 nm,
indicative of non-specific binding from the nanoemulsions. The observations were summarized in
the histograms of fluorescent intensity at 571 nm: 1) adding fluorescent nanoemulsions increased
the fluorescent intensity of S. ovata (Fig. 3.1D); 2) the emission of microspheres increased with
the addition of fluorescent nanoemulsions but to a lesser extent when S. ovata is also present due
to competitive binding (Fig. 3.1E). Contrary to what the mean-field model assumes, PFC
nanoemulsions as a proposed H> carrier exhibits non-specific binding with microorganisms and
the local density of nanoemulsion around the microbes is much higher than the ensemble average.

The local kinetic rate of H; transfer from PFC nanoemulsions can be increased by more
than three-fold as compared to the one in aqueous solution. Electrochemical H> oxidation reaction
on a Platinum (Pt) rotating disk electrode (RDE) was applied as a surrogate for the kinetics of H»
consumption on microbes (Fig. 3.2A). Such a practice avoids other interfering biochemical factors

and allows us to quantitatively determine the kinetic rate constant and the local Ha concentration.*
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Figure 3.2. Investigation of the local H: concentration and transfer Kinetics. A,
Electrochemical H» oxidation with the use of Pt rotating disk electrode (RDE) are employed as a
surrogate to probe the kinetics of H> oxidation in microbes in the presence of PFC nanoemulsions.
B and C, j-V relationships with (B) and without (C) the addition of PFC nanoemulsion (0.5% v/v)
in the media solution. The spin rates (w) of the RDE were changed from 800 to 2000 rpm. The
non-zero background was attributed to the residual current in the media solution. RHE, reversible
hydrogen electrode. D, Koutechy-Levich plots to evaluate the kinetics of H> oxidation at 0.1 V vs.
RHE. ;! (cm?/mA) was plotted versus o 2 (s'"?) without (blue) and with (black) the addition of

PFC nanoemulsions (0.5%). All RDE experiments were carried out under an atmosphere of 80/20
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H>/CO; mixture. E, Proposed mechanism of PFC nanoemulsion in electricity-driven CO»
reduction with microorganisms.

We found that the surfactant added in the nanoemulsion deactivates the catalytic activity
of Pt electrode and the RDE experiments were only capable to be performed in solution with 0.5%
PFC nanoemulsion (Figure S2.1). Despite this deactivation, solutions with PFC nanoemulsions
displayed much higher steady-state current density of H» oxidation in Ho/CO, (80/20) gas mixture
(Fig. 3.2B), as compared to the one without nanoemulsions under the same experimental
conditions (Fig. 3.2C). This qualitatively suggests that the H> transfer rate was higher when the
nanoemulsions were introduced. Quantitative evaluation of H; oxidation kinetics was conducted
based on the Koutechy-Levich equation that dictates a linear correlation between the inverse of

current density (1/f) and the inverse of the square root of RDE spin rate (1/@%°),*

11 1 -1/2
-=—= W 1
ik + 0.62nFD2/3y~1/6¢, (1)

Here ji is the kinetic current density that is intrinsic rate of H» transfer and oxidation at the
interface, n = 2 for H, oxidation to water, F' the Faraday’s constant, D the diffusion coefficient of
H», v the kinematic viscosity of the media, and C, the local H> concentration. In Fig. 3.2D,
comparison of the Koutechy-Levich plots showed that the y-intercept of solutions containing PFC
nanoemulsions (black) is much smaller than the control (blue). The jx equals 12.9 mA/cm? when
nanoemulsions are present, 3.5 times of the value from control experiment (3.7 mA/cm?). These
data suggest that the H> oxidation kinetics are much faster at the nanoemulsions’ surface. We also
extracted the local H> concentration from the RDE results. The diffusion coefficient of H> in PFC
nanoemulsions was determined with Diffusion Ordered Spectroscopy (DOSY) 'H NMR
experiments; the kinematic viscosities of liquids were determined by a glass kinematic viscometer

(see Methods for details). The calculated local H> concentrations are 0.78 and 1.24 mM at 1 bar
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H> pressure without and with the presence of PFC nanoemulsions, respectively. While the
calculated local H> concentration without nanoemulsions is consistent with the ensemble average
(0.79 mM)), the calculated local H> concentration with nanoemulsions is 30% higher than the bulk
value (0.95 mM). While the average increase in H> concentration in the bulk solution is low, there
is a significant increase in the local H> concentration and in the kinetic transfer rate. We could
design a nanoemulsion that might more suitably increase the bulk concentration of H>. However,
we believe that the increase in kinetic transfer rate is the most important factor to developing an
improved system, and we believe in that regard our chosen nanoemulsion is suitable to improve
the system. As compared to conventional emulsions,' the interfacial effect of faster H» transfer and
higher local H, concentration is much more prominent in PFC nanoemulsions, thanks to its small

size and large surface area.

Conclusions

Combining the information obtained from our experiments, we propose a mechanism describing
the function of PFC nanoemulsions in electricity-driven microbial CO» fixation. On the surface of
CO»-fixing microbes, there is likely a large coverage of PFC nanoemulsions, due to their non-
specific interaction and microscopic size (Fig. 3.2E). When electrochemical water-splitting
reaction takes place on the Co-P alloy catalyst, the generated H> will be delivered either by the
unattached nanoemulsion as a H» carrier or through the mass transport in the aqueous medium.
The process of transferring H» as a reducing equivalent to microbes is significantly accelerated

and the local environment is enriched with H, at the nanoemulsion’s surface.
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Methods

Materials and chemicals.

All chemicals were purchased from Sigma—Aldrich, Thermo Fisher Chemical, or VWR
International, unless otherwise stated. Perfluorocarbons (PFCs) were purchased from SynQuest
Laboratories. All deionized (DI) water was obtained from a Millipore Millipak® Express 40

system.

Synthetic procedures of materials

PFC Nanoemulsions. Nanoemulsions were prepared via previously reported procedure.® 2.8 wt%
of surfactant, Pluronic F68, was added to the relevant buffer and sonicated in a bath sonicator,
Branson 3800 ultrasonic cleaner, to thoroughly dissolve the polymer. 450 uL of perfluorodecalin,
PFD, and 450 pL of perfluorohexane, PFH, were combined in a 15-mL centrifuge tube. The total
volume was diluted up to 10 mL with relevant surfactant-containing buffer. Baseline medium,
detailed in section “Medium Recipes of Microbial Cultures”, was used as the buffer for all
experiments, except rotating disk electrode experiments where a phosphate buffer was used
instead. The liquid was then sonicated at 35% amplitude for 5 minutes (3 watts, Qsonica). Size
distributions of resulting nanoemulsions were analyzed following procedure outlined below in
section “Dynamic Light Scattering”.

Fluorescently tagged PFC nanoemulsion. Fluorous rhodamine was synthesized as previously
reported.® Fluorous rhodamine was solubilized in 4 pL methoxyperfluorobutane, 8 pL of PFD, and
8 uL of PFH. And the mixture was added to 200 pL of phosphate-buffered saline (PBS) buffer and
sonicated at 35% amplitude for 90 seconds. The synthesis of the fluorescently tagged PFC

nanoemulsion could be scaled up to 1 mL when needed.
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Protocols of culturing microorganisms
Protocol of culturing anaerobic microorganisms. The anaerobic bacterium Sporomosa ovata
(ATCC 35899, DSM 2662) was purchased from American Type Culture Collection (ATCC).?
Detailed recipes of the culture media mentioned in this section are provided in section “Medium
Recipes of Microbial Cultures”. An ampule of the bacterium was removed from the —80°C freezer.
The ampule was broken open under N> gas and rehydrated with 0.5 mL of DSMZ 311 medium
following previous methods for opening an ampule under anaerobic conditions.” The microbes
were then added to a sealed anaerobic culture tube containing 20 mL of DSMZ 311 medium. The
bacterial culture was then incubated at 34°C for three days until the culture reached the stationary
phase of growth. At stationary phase, the microbes were transferred to two anaerobic bottles each
containing 250 mL of DSMZ 311 medium. A large quantity of S. ovata cultures was obtained after
a three-day incubation at 34°C. The microbes were transferred to anaerobic culture tubes
containing 20% (v/v) dimethyl sulfoxide (DMSO) and 80% (v/v) DSMZ 311 medium. These vials
were sealed under anaerobic conditions and stored in a —80°C freezer until experimental use.
When needed a frozen sample of S. ovata was removed from the —80°C freezer and thawed.
Vials containing 10 mL of the baseline medium were sealed under Ho/CO; (80/20) gas mixture.
Before adding microbes to the container, the sulfide-containing reducing agent was added in a
ratio of 0.25 mL per 10 mL of solution to ensure an air-free environment. Microbial culture was
subsequently added in a ratio of 0.5 mL per 10 mL of solution. The inoculated tube was then

incubated for 3 days at 34°C.
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Electrochemical characterizations

The electrochemical potentials reported in this manuscript were all referenced to the Reversible
Hydrogen Electrode (RHE). We converted experimental data with a Ag/AgCl reference electrode
(0.209 V vs. SHE, Standard Hydrogen Electrode) with the following formula: Voltage vs. RHE =
Voltage vs. SHE + pH x 0.059 V. Here pH denotes the pH of the solution tested in experiments.
All potentials reported here are after iR correction.

Experiments with rotating disk electrode. The setup of rotating disk electrode (RDE) consisted of
a Gamry Interface 1000E potentiostat, a MSR rotator (Pine Research Instrumentation), and an
electrochemical glass cell under a controlled gas environment. The electrochemical cell was a 150
mL, five-neck, flat bottom glass flask. The temperature of the setup was maintained at 34 °C by a
circulating water bath. A platinum RDE disc electrode of 5.0 mm disk OD (AFESTO50PT, Pine
Research Instrumentation), a Ag/AgCl (1M KCI) reference electrode, and a Pt counter electrode
were used. Prior to experiments, the working electrode was polished with 0.05 um diamond,
sonicated with DI water, and air dried. The Pt counter electrode was cleaned with dilute HNOs
then DI water. For every measurement, 120 mL fresh electrolyte was saturated with a stream of 13
sccm N2/CO; (80/20) or H2/CO» (80/20) for at least 10 min. Linear-sweep voltammograms were
obtained at spin rates of 800, 1000, 1200, 1400, 1600, 1800, and 2000 rpm, respectively. The
interval between each measurement was 1 min. The scanning rate was 50 mV/s.

Determining the thickness of diffusion layer. The thickness of diffusion layer was determined

based on the following equation,*

D[C]
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Where i is current, n the number of electrons in the redox reaction, F' the Faraday’s constant, 4 the
area of electrode, D the diffusion coefficient of redox molecule, [C] is the concentration of redox
species, and L the thickness of the diffusion layer. In our study, we chose potassium ferrocyanide
(KsFe(CN)e) as a single-electron outer-sphere probe molecule. The same configuration as the
experiments of bulk electrolysis was set up, except the counter electrode was a Pt wire and the
electrolytes were air-saturated. Chronoamperometry was conducted in baseline medium with 3
mM of KsFe(CN)g at —0.6, —0.5, and —0.4 V vs. reference for 2 mins each. Similar experiments
were conducted with bare baseline medium as a background sample. The resulting changes in
electric current when KzFe(CN)s was added were used to calculate the thickness of the diffusion
layer, which is about 190 um. During such a calculation we accounted both sides of the electrode

area and applied 6.6x107® cm?/s as the value of diffusion coefficient for K3Fe(CN)e.?

Characterizations with Flow Cytometry

Experiments of flow cytometry were performed on a Biorad S3e cell sorter with a sample volume
of 1.00 mL when two excitation lasers on the instrument (488 and 561 nm, 100mW for both) were
turned on. The percentage of the trigger signal, threshold, that would be counted as a single and
individual event was 1%. The 488 nm laser was used to collect the signals of forward scattering
(FSC) and side scattering (SSC). The photomultiplier tube (PMT) settings for FSC and SSC were
350 and 250 V, respectively. The 561 nm excitation laser was applied to the FL2 detector, which
detects 585/25 nm wavelengths. The FL2 detector had a PMT setting of 900 V. 20,000 events were
collected for each sample during the measurement. The FL2 detector was used to collect the
emission of rhodamine fluorophore at 571 nm under the excitation of 561 nm laser. As an internal

standard, polystyrene microspheres from the Invitrogen™ LIVE/DEAD™ BacLight™ bacterial
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viability and counting kit for flow cytometry were used under a dilution ratio of 1:100 to achieve
in a final concentration of 1 x 10° beads per mL. All data was analyzed using a FlowJo software
(version 10). The blank samples containing only the polystyrene microspheres (Fig. 3.1B) were
used to distinguish the range of SSC-area for the population of microspheres. Subsequently,
samples with S. ovata (Fig. 3.1A) were analyzed to determine the range of SSC-area for the
microbial population. These gate settings were used to evaluate the populations for other samples
(Fig. 3.1C and 3.1D).

Living cultures of S. ovata after a three-day incubation were prepared as outlined above
for the experiments. Minimal medium, which described in the section “Medium Recipes of
Microbial Cultures”, was prepared anaerobically with the addition of reducing agent and was
subsequently mixed with polystyrene micropsheres (1:100 dilution) along with various
combinations of S. ovata culture and/or fluorescently tagged PFC nanoemulsion whose preparation
was listed above. Our reported data is from results with a dilution ratio of 1:50 for microbial
culture. We attempted dilution ratios of PFC nanoemulsion between 1:10 and 1:1000, and the
reported data is from results with a dilution ratio of 1:10 in order to obtain a large enough
population of signals from PFC nanoemulsion.

List of samples tested

Figures Nanoemulsion  Cultures of S. ovata  Microspheres
Fig. 3B - - +
Fig. 3C + - +
Fig. 3A _ + "
Fig. 3D + + +
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The unidentified SSC low population marked as * in Fig. 3.1B is from the medium solution and
mostly likely due to the residual particles that were not completely removed during the filtration
process. Although these signals overlap with the ones of bacteria shown in Fig. 3.1A, these
unidentified signals have minimal interference with other measurements. As stated in above, the
concentration of microspheres as an internal standard are the same among all the samples (1:100
dilution) and a total of 20,000 events were collected for each sample during the measurements. In
Fig. 3.1B, the microspheres accounts for 45.3% of all the events, and the rest is attributed to the
residual particles. In contrast, in Fig. 3.1A, only 3.7% of the 20,000 events is from the
microspheres and 92.4% of events is correlated with the addition of bacterial culture. This suggests
that the unidentified events from the medium solution only contributes about 4.6% of the counts
in Fig. 3.1A. Therefore, we concluded that a predominant majority of the SSC low population in
Fig. 3.1A indeed represented the added bacteria, and our conclusion of a non-specific binding with

the microbes remains valid.

Analysis of Experiments with Rotating Disk Electrode

The Koutechy-Levich plot is governed by the equation below,*

1 1 1

+
7~ To.62nFD23v-16¢,

12 3)

In this equation, j is the current density, j the kinetic current density, # is the number of electrons
involved in the electrochemical reaction, F' the Faraday’s constant, D the diffusion coefficient, v
is the kinematic viscosity, C, is the concentration of the species being reacted at the electrode, and
o is the spin rate. Specifically, in our case, n = 2 for electrochemical H> oxidation. The y-intercepts
in the Koutechy-Levich plots lead us to conclude that the values of jx were 12.9 mA/cm? and 3.7

mA/cm? for solutions without and with PFC nanoemulsions, respectively. In order to obtain the
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effective concentration of H, from the Koutechy-Levich equation, the kinematic viscosity v and
diffusion coefficient of H>, D, needed to be determined.

Measurement of kinematic viscosities. The kinematic viscosity was experimentally determined
with a Fisherbrand™ Glass Kinematic Viscometer following the procedures in ASTM D 446.
Three measurements were performed for each sample and the average results were used in our
analysis. For water, v = 1.04 x 10~ m?/s. For 0.5% PFC nanoemulsion, v=1.06 x 107% m?%/s.
Determination of Diffusion Coefficients. The diffusion coefficients were determined using
diffusion-ordered spectroscopy (DOSY) 'H NMR Bruker AV300 at the Molecule Instrumentation
Center in UCLA. 0.5% PFC nanoemulsion was prepared using D>O as the solvent so that there
would be no interference from H>O signal. 1D spectra were taken prior to running DOSY to
optimize spectral width and acquisition time. The DOSY spectra were obtained with a diffusion
time (A) of 50 ms, a diffusion gradient length (8) of 1.5 ms, a recycle delay between scans of 2 s,
and the maximum gradient was 50 gauss-cm’!. The spectra are reported in log of diffusion
coefficient (m?-s') versus chemical shift (ppm). The diffusion coefficients were found to be 3.72
x 107 m?-s~! without the emulsion and 3.02 x 10~ m*-s™! with the emulsion.

Calculations of effective H> concentrations. Using the values determined above and the slopes in
the Koutechy-Levich plots from the RDE experiments, the effective concentrations of H, were
calculated to be 0.75 mM for the nanoemulsion and 0.71 mM for the control under an environment
of H2/CO> (80/20) mixture at 1 bar. These values correspond to 0.89 and 0.94 mM for

nanoemulsion and control under a H; pressure of 1 bar.
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Supplementary Information

Medium Recipes of Microbial Cultures

DSMZ 311 Medium

NH4Cl 0.50 g
MgSO4 » 7 H20 0.50¢g
CaCl2 » 2 H,O 025¢g
NaCl 225¢
FeSO4 ¢ 7 H20 0.002¢g
Trace element solution SL-10 (see below) 1.00 ml
Selenite-tungstate solution (see below) 1.00 ml
Yeast extract 200 ¢g
Casitone 2.00 g
Betaine « H>O 6.70 g
Na-resazurin solution (0.1% w/v) 0.50 ml
K>HPO4 035¢g
KH2PO4 023 g
NaHCOs3 4.00 g
Vitamin solution (see below) 10.00 ml
Distilled water 1000.00 ml

All ingredients (except phosphates, bicarbonate, vitamins, cysteine and sulfide) were dissolved

first. And the medium was sparged with N2/CO» (80/20) gas mixture while boiling to make the
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solution anoxic. Once cool, and while still sparging with the same gas, phosphates, vitamins
(sterilized by filtration) and carbonate were added. The medium was dispensed under the same gas
into anaerobic culture tubes and then autoclaved. The pH of the complete medium was adjusted to

pH 7.0, if necessary.

Trace element solution (SL-10)

Nitrilotriacetic acid 1.50 g
MgSO4 * 7 H20 3.00¢g
MnSO4 « H20 0.50 g
NacCl 1.00 g
FeSO4 « 7 H0 0.10 g
CoSO4 » 7 H2O 0.18¢g
CaCly 2 H.O 0.10 g
ZnSO4 + 7 H2O0 0.18¢g
CuSOs4 + 5 H20 001g
KAI(SO4)2 * 12 H,O 0.02¢g
H3BO; 001g
Na;MoOg4 ¢ 2 H,O 001g
NiCl; « 6 H2O 0.03¢g
NaxSeOs « 5 H,O 0.30 mg
Na2WO04 ¢ 2 H>O 0.40 mg
Distilled water 1000.00 ml
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The nitrilotriacetic acid was first dissolved and the pH adjusted to 6.5 with KOH, then the minerals

were added. The final pH was adjusted to pH 7.0 with KOH.

Vitamin solution
Biotin

Folic acid
Pyridoxine-HCI
Thiamine-HCl « 2 H20
Riboflavin

Nicotinic acid
D-Ca-pantothenate
Vitamin B12
p-Aminobenzoic acid
Lipoic acid

Distilled water

Selenite-tungstate solution

NaOH
NaxSeOs « 5 HO
Na;WOs « 2 HO

Distilled water

Reducing agent solution
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2.00 mg
2.00 mg
10.00 mg
5.00 mg
5.00 mg
5.00 mg
5.00 mg
0.10 mg
5.00 mg
5.00 mg

1000.00 ml

05¢g
3.0 mg
4.0 mg

1000.0 ml



All the water used in this procedure was boiled and gassed under N prior to the experiments. 12.5
g cysteine-HCI was dissolved in 500 mL water in a 2-L Erlenmeyer flask. The pH of the solution
was adjusted to 9.5 with NaOH. 12.5 g of washed crystals of Na>S-9H>O was weighted in a plastic
tray and then transferred into the flask containing cysteine-HCI. The volume of the solution was
brought up to 1000 mL. The whole solution was brought to boil and cool again under gassing with
N>. 20 mL of the prepared solution was dispensed into one 25-mL vial which was pre-flushed with

Ny. The vials were sealed and then autoclaved for 15 min at 121 °C.

Baseline Medium

K>HPO4 0.348 g
KH2PO4 0.227¢g
Na;HPO4 « 7TH,0 2.145 ¢
NaH;PO4 « H2O 0938 ¢
NH4Cl 0.500 g
MgSO4  TH2O 0.500 g
CaClz * 2H20 0.250 g
NaCl 0918 ¢
FeSO4 ¢ 7TH20 0.002 g
NaHSeO3 10-7 mol/L
NaHCOs3 4.000 g
SL-10 solution I mL
Vitamin solution 10 mL
Yeast extract 2.000 g
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Compared to the DSMZ-recommended growth medium, the concentration of phosphate buffer was
increased by 5 times from 3.7 mM to 18.5 mM without changing the overall K" and Na’
concentration. All ingredients (except phosphates, bicarbonate, vitamins, cysteine and sulfide)
were dissolved first. And the medium was sparged with N»/CO; (80/20) gas mixture while boiling
to make the solution anoxic. Once cool, and while still sparging with the same gas, phosphates,
vitamins (sterilized by filtration) and carbonate were added. The medium was dispensed under the
same gas into anaerobic culture tubes and then autoclaved. The pH of the complete medium was
adjusted to pH 7.0, if necessary. High-salinity medium was prepared based on the recipe above,
while the concentration of the phosphate buffer was increased three-fold from 18.5 mM to 55.5
mM. Minimal medium, which was used in the experiments of flow cytometry, was prepared
following the same procedure as the baseline media, however it only included NH4Cl, NaCl,

KoHPO4, KH2PO4, and NaHCO:s.
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Supplementary Fig. 3.1. a, Linear-sweep voltammograms of Pt RDE electrode under an
environment of Ho/CO» (80/20) gas mixture (50 mV/s) with 0.7 wt% surfactant, which corresponds
to 2.5% PFC nanoemulsion. The introduction of surfactants deactivates the hydrogen oxidation
activity on Pt electrode. b, Koutechy-Levich plots of Pt RDE electrode at 0.1 V vs. RHE in the
control medium (blue), with 0.5% PFC nanoemulsion (red), and with 0.14 wt% surfactant that was

added when preparing 0.5% PFC nanoemulsion (green).
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CHAPTER 4. PERFLUOROCARBON NANOEMULSION ASSISTED HYBRID BIO-
INORGANIC NITROGEN FIXATION.

This chapter is a version of Lu, S.; Rodrigues, R. M.; Huang, S.; Estabrook, D. A.; Chapman, J.
O.; Guan, X.; Sletten, E. M.; and Liu, C. “Perfluorocarbon Nanoemulsions Create a Beneficial O

Microenvironment in No-fixing Biological | Inorganic Hybrid.” Chem Catalysis. In press.

Abstract

Powered by renewable electricity, a biological | inorganic hybrid employs water-splitting
electrocatalysis and generates H» as reducing equivalents for microbial catalysis. The approach
integrates the beauty of biocatalysis with the energy efficiency of inorganic materials for
sustainable chemical production. Yet a successful integration requires delicate control of the
hybrid’s extracellular chemical environment. Such an argument is evident in the exemplary case
of O» because biocatalysis has a stringent requirement of O but the electrocatalysis may
inadvertently perturb the oxidative pressure of biological moieties. Here we report that the addition
of perfluorocarbon (PFC) nanoemulsions promote a biocompatible O, microenvironment in a O»-

sensitive No-fixing biological | inorganic hybrid.

Introduction

Natural biological systems possess time-tested catalytic capability of chemical synthesis.
Therefore, one approach to tackle the challenge of distributed chemical production with renewable
energy is to interface microbial catalysts with inorganic electrochemical materials powered by
solar panels, namely the biological | inorganic hybrid, which combines the energy efficiency of

synthetic materials with the selectivity and specificity of biochemical synthesis'. Significant
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development has been observed in this fledgling direction for solar-driven reduction of CO; and
N> with high efficiency and reaction throughput*'® Water-splitting inorganic electrocatalysts

generate Ho as the reducing equivalents for microbial catalysts, which enables a selective

4,8,10-16 10,11

production of multi-carbon commodity chemicals pharmaceutical precursors and
nitrogen fertilizers from N even at low partial pressures>®%!72° Fundamentally, the key towards
a successful hybrid system is the compatibility between the abiotic and biological components.
For example, the design and application of an inorganic water-splitting electrocatalytic system that
yields minimal reactive oxygen species achieves high biocompatibility with bacteria of CO2/N»
fixation, leading to energy efficiency of solar-driven CO, fixation up to 10%%°. Addressing
biocompatibility with ingenious materials design offers a general route viable for effective
production of chemicals with a biological | inorganic hybrid.

Reconciling the O, demand of biochemical synthesis with water-splitting electrocatalysis
in a biological | inorganic hybrid is essential for efficient production of a wide range of chemicals.
O serves as the terminal electron acceptor in many biochemical pathways and is ubiquitous in
extracellular medium?!. Nonetheless, many of the upstream catalysts in biochemical pathways are
sensitive if not incompatible with even trace amounts of O,. Take biological N» fixation as one
example. No-fixing nitrogenase enzymes reduce N> with the supply of reducing equivalents and
adenosine triphosphate (ATP), and are sensitive to O due to its low-valence Fe- and FeMo-based
sulfur clusters?*2*. Meanwhile, many N»-fixing diazotrophs demand O as the terminal electron
acceptor for the production of ATP and reducing equivalents, the ubiquitous energy source for all

biochemical reactions and microbial survival. Therefore, there is a stringent requirement of

microbial Oz-intake flux, represented as an extracellular O> concentration of roughly 1~5%, for
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typical No-fixing microbes that utilize O> as the terminal electron acceptors in the electron transport

chain®>27,
. Without nanoemulsion With nanoemulsion
N, & CO, T N, & CO, )
CHZO —;% 02> HZO) \ C o, )

H, *H,0 H, H,0

CoP CoPi CoP CoPi
Insufficient supply of O, Improved O, mass transport

Minimal N_/CO, fixation O,-dependent N_/CO, fixation

in O,-free headspace
Figure 4.1. Microbial microenvironment created by perfluorocarbon (PFC) nanoemulsion.

Schematic of the bacterial microenvironment created by PFC nanoemulsions and its benefits for
02 mass transport. CoP, cobalt-phosphorous alloy for hydrogen evolution reaction; CoP1i, cobalt
phosphate for water oxidation reaction.

In the biological | inorganic hybrid, the water-splitting electrocatalysis and its generation
of Oy introduce perturbations to the extracellular environment that may adversely impact the
delicate O balance for N>-fixing microbes. Previously reported biological | inorganic hybrids with

N2/CO»-fixing bacterium Xanthobacter autotrophicus®®*’

addresses such an O, requirement by
feeding a constant gas stream of O2/CO2/N; gas with 2% O and forcing a biocompatible
microaerobic atmosphere’. Such an enforced microaerobic environment is not ideal for practical
application nor energy efficient at the system level due to the energy cost of gas mixing for a

precise O partial pressure. Oz-reactive redox mediators such as viologen?$-°

or Oz-reducing wire
array electrodes!® were employed previously to create microenvironments of reduced O
concentrations commensurate with the enzymatic or microbial O, demands. Yet those designs

based on redox reactions with O> consume electricity and pose additional overhead towards the

hybrids’ efficiency. Alternatively, we aim to design a strategy that does not consume electrons
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while still creates a desirable extracellular O, microenvironment. We hypothesize that the
oxidative generation of O from water-splitting electrocatalysis, previously untapped and
perceived as an unwanted perturbation to biological O> compatibility, should be sufficient to
support the O> demand of the No-fixing X. autotrophicus in an O»-free external environment, if the
electrochemically generated O> can be efficiently transported for a desirable bacterial extracellular
microenvironment (Figure 4.1). Such consideration leads to the search of a design from a materials

perspective that creates a controllable biological gas microenvironment.

Results

The persistency of the bacterial microenvironment created by biocompatible PFC nanoemulsions
and the associated enhancement of O, availability presents PFC nanoemulsions as a suitable
candidate to tackle the issue of O biocompatibility without consuming additional electrons as the
cases reported previously!'®!°. In a single-chamber hybrid system without an external O» supply,
the introduction of PFC nanoemulsions presumably enable the O, generated from electrochemical
water oxidation alone to be sufficient to satisfy the O»-dependent N»/CO; fixation in X
autotrophicus, by facilitating the mass transport and availability of O, in the bacterial
microenvironment (Figure 4.1). We strive to test this working hypothesis and one preparatory step
in our investigation is to ensure that the introduction of PFC nanoemulsions does not adversely
affect the electrochemical water-splitting process in the hybrid. Biocompatible cobalt phosphate
(CoPj) loaded on carbon cloth and cobalt-phosphorous alloy (CoP) loaded on stainless steel mesh,

whose water-splitting mechanisms have been studied before,*!-*

were prepared following previous
literature for electrochemical generation of O and H», respectively (See experimental

procedures)®*'2. PFC nanoemulsions of 0%, 1.25%, 2.5% and 3.75% (v/v) were added into
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minimal medium without any nitrogen and organic carbon along with X. autotrophicus

inoculations (See Methods) (Figure 4.2A).
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Figure 4.2. O:-dependent microbial N2/CO: fixation in a O:-free headspace driven by
electricity. A, Reactor schematic of the biological | inorganic hybrid in a O,-free headspace for
N2/CO;, fixation. B & C, The relationships between current density (i) and applied potential (Eappr)
(B), and representative Nyquist plots from electrochemical impedance spectroscopy (C), between
CoP and CoPi electrodes for reactors of varying concentrations of PFC nanoemulsions. Inset in C,
series resistance (R) of the reactor determined from the Nyquist plots (n = 8). D, The relative
growth rate of X. autotrophicus in mineral medium during a 5-day gas fermentation under varying
concentrations of PFC nanoemulsions. » = 4. E to G, the amount of fixed nitrogen (E), the
corresponding overall electron efficiency of nitrogen reduction reaction (NRR) (F), and the

percentage of dead X. autotrophicus (X. a.) (G), after a 5-day reaction under varying concentrations
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of PFC nanoemulsions. 1-bar Oz-free atmosphere of 20% CO: and 80% N2; Eappt = 3.0 V; 30 °C;
n=4.

Multi-step choronoamperometry yields near-identical i-} curves among all four conditions
(Figure 4.2B). It shows that the constitution of PFC nanoemulsions used in this work does not have
a significant influence on the catalytic activity of the electrodes over the range of applied
potentials. It also hints that the accelerated mass transport enabled by nanoemulsion for gas-
consuming reaction does not alter the kinetics of gas-generating water-splitting reaction.
Electrochemical impedance spectroscopy was also conducted in the hybrid system and the Nyquist
plots at all four conditions are similar to each other as displayed in Figure 4C. The derived values
of series resistance R form such measurements, indicative of solution’s electrical conductivity,
remain unchanged (inset in Figure 4.2C). Those electrochemical measurements reveal that PFC
nanoemulsions, within the percentage range used in this work, do not have significant impacts on
the electrochemical water splitting reaction in our hybrid system. We further tested whether the
introduction of PFC nanoemulsions affects the growth of X. autotrophicus. X. autotrophicus were
cultured in minimal medium with 0 %, 1.25 %, 2.5 % and 3.75 % (v/v) PFC nanoemulsions under
a 1-bar gas mixture of 2% O2, 60% N2, 20% H> and 18% CO2 (See Methods). Similar growth rates
of X. autotrophicus, determined from the changes of total nitrogen values in a 5-day period, were
observed among 0 %, 1.25% and 2.5% PFC, while a slightly lower growth rate was observed for
microbes in 3.75% PFC nanoemulsions (Figure 4.2D). The absence of any significant growth
enhancement under a O>-containing gas environment, different from the observed enhancement
for S. ovata in Ha,'? indirectly suggests that the similarly enhanced mass transport of Ha should

not contribute significantly in our current system. The similar growth rates of X. autotrophicus in
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the presence of PFC nanoemulsions suggest the biocompatibility of PFC nanoemulsions up to
3.75% (v/v).

Experimental results support our working hypothesis that the nanoemulsion-induced
microenvironment leads to full utilization of electrochemically generated O», enhanced cell
viability, and a boosted efficiency for electricity-driven microbial No/CO> fixation. In a single-
chamber, two-electrode reactor at 30 °C, a O»-free gas environment was maintained with 20% CO»
and 80% N2 as the sole carbon and nitrogen source for X. autotrophicus. Chronoamperometry at
Eappt = 3.0 V was conducted for 5 days and the resultant yields of CO; and N fixation were
quantified based on appropriate calibrations (Figure S4.1) following previously published
procedure (See Methods)'>!*¥-4 Among the experiments with different PFC nanoemulsion
contents (0, 1.25, 2.50, and 3.75 %, v/v), a maximal yield of N> fixation was observed with a
concentration of 2.50% PFC nanoemulsion (Figure 4.2E). The amount of fixed total nitrogen tops
at 5213 mg/L, i.e. ~3 mM (n = 4). The resultant overall electron efficiency that calculates the
percentage of electric charge towards N> fixation, in addition to the roughly 21 % overall electron
efficiency of CO; fixation (See Methods)?!, reaches 3.07+0.49 % (n = 4) and is about 250 % higher
than the control case when no PFC nanoemulsions were introduced (0 % v/v) (Figure 4.2F). In
those experiments, along with free nanoemulsions there are bacterial-bound PFC nanoemulsions
of a fully surrounded microenvironment due to the high binding constant K5, (vide supra). Since

previous literature®> 2’

and our own experience of culturing X. autotrophicus suggest minimal
microbial growth when O is depleted, our observed N fixation of the hybrid system in an O>-free
headspace is in accordance with the hypothesis that the created microenvironment enables an O»-

dependent biocatalytic N»/CO, fixation in an O;-free gas headspace, by fully utilizing the

electrochemically generated O, from water oxidation via the enhanced O, transport kinetic.
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Experimental evidence that further supports our argument can be obtained from the percentage of
bacterial cells remaining viable during the electricity-driven process of No/CO; fixation. Aliquots
of bacterial cultures were sampled at the day 4 of electrolysis and the viabilities of those bacteria
were determined by flow cytometry with a bacterial Live/Dead staining kit (See Methods, Figure
S4.2). About 30 % of X. autotrophicus were dead without the addition of nanoemulsion (0% PFC
in Figure 4.2G), while only 3% of dead bacteria were detected with 2.75% nanoemulsion (2.75%
PFC in Figure 4.2G). The latter value in a presumably unfit O,-free headspace is comparable with
the < 5% observed in healthy cultures grown under a previously reported microaerobic atmosphere
of 2% O°. While the percentage of dead cells did not fully capture the fitness and metabolic status
of the microbes due to the presence of stationary cells, the increased cell viability (Figure 4.2G)
and N fixation efficiency (Figure 4.2F) corroborate that the increased O mass transport induced
by nanoemulsion addition enhanced ATP generation, the production of reducing equivalents, and
subsequently N> fixation with concurrent cell growth. Our results shows that the creation of
nanoemulsion-based microenvironment and the subsequently enhanced O transport from
electrochemical water oxidation preserves the viability of O2-demanding X. autotrophicus without
external gas supply of Oo.

An excessive amount of PFC nanoemulsion may be detrimental towards the biological |
inorganic hybrid despite the created microenvironment. Cell viability assay indicates that
excessively high concentration of PFC nanoemulsion (3.75% PFC in Figure 4.2G) leads to about
35% of dead bacteria in the culture, which is much higher than the 3% of dead microbes observed
with 2.75% loading of PFC nanoemulsions. This finding agrees with the biocompatibility test
results, where X. autotrophicus cultured in 3.75% PFC are showing slower growth than those under

conditions with lower PFC percentage (Figure 4.2D). Such a decrease of cell viability is in
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accordance with the observed decrease for fixed nitrogen amount and the overall electron
efficiency of N fixation (Figure 4.2E and 4.2F). One interpretation to such results is that
excessively high PFC concentration will lead to a high concentration of intracellular O>, which
benefits cellular ATP and energy production but impedes the activity of bacterial N> fixation.
Therefore, while a suitable dose of PFC nanoemulsion creates a beneficial microenvironment for
bacterial survival, other detrimental factors will overwrite such a benefit under excessively high
PFC loading amount. Advanced design of the PFC nanoemulsions with more biocompatible

3336 will help to mitigate the toxicity issue at high nanoemulsion

surfactants or PFC composition
concentrations. As the liquid culture of X. autotrophicus themselves were considered as an

“organic” version of biofertilizers for crop growth,’ our knowledge obtained here will guide future

general designs for biological | inorganic hybrid with the production of organic fertilizers.

Conclusions

In addition to ensuring biocompatibility, biological | inorganic hybrid offers a great opportunity of
expanding the operation conditions for biocatalysis with the advanced designs in materials. In this
work, we tackled on one ubiquitous issue: the mismatch of the O, demand between the native
requirement in biocatalysis and the constrains in practical application. We demonstrate the
feasibility of O>-depenent microbial N»/CO; fixation in a Ox-free headspace, by employing PFC
nanoemulsions to maximize the use of electrochemically generated O», a typically deemed “waste”
in electricity-driven N2/CO»> fixation. Given the various application situations and the multitude of
intertwining among anaerobic and aerobic pathways in biochemistry®’, our design is applicable to
other biochemical systems whenever the O> incompatibility arises in a biological | inorganic

hybrid, thanks to PFC’s biocompatibility and the strong, non-specific binding of nanoemulsions.
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Methods

Biocompatibility test of X. autotrophicus with nanoemulsions

For each set of tests, four 20-mL glass screw top vials were autoclaved with a small stir bar.
Microbial culture, PFC nanoemulsions, and minimal medium were combined to achieve a starting
volume of 8 mL total. The volume of culture used was adjusted from ODsoo after resuspension in
the minimal medium to give a final ODgoo of 0.2 in the experiment. PFC nanoemulsion was added
to achieve final 1.25, 2.5 and 3.75 % PFC nanoemulsion in the 8 mL, respectively. The total
volume was then adjusted to 8 mL with the minimal medium. All samples were cultured
autotrophically at 30 °C in the all-inorganic minimal medium with an anaerobic jar (Vacu-Quick
Jar System, Almore) under a 1-bar gas mixture of 2% Oz, 60% N2, 20% H> and 18% CO-. One set
of viability tests, which consisted of 4 20-mL vials, one for each percent PFC nanoemulsion (0,
1.25, 2.5 and 3.75 %) were placed in an aforementioned air-tight jar and incubated under N>
fixation condition for 5 days. 1 mL of sample was taken from each vial and frozen right before the
incubation starts and right after the incubation ends. The total nitrogen contents of the samples
were analyzed as described in “quantification of total nitrogen”. The increase of total nitrogen
content after 5 days’ incubation compared to the total nitrogen content before incubation was

considered as the relative growth of microbes.

Electrochemical characterizations and the setup of biological | inorganic hybrid

The experiments of biological | inorganic hybrids were conducted in a 250-mL GL45 glass bottles
using modified bottle caps with four 1/4-28 ports (Western Analytics). A two-electrode setup was
established in which the working electrode is a CC electrode loaded with CoPi catalyst and the

reference/counter end is a SS mesh loaded with Co-P alloy catalyst. The total liquid volume was
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100 mL, and the electrolyte is a mixture of microbes, minimal medium, and PFC nanoemulsion,
with a starting ODsoo of 0.2 for microbes and the appropriate PFC percentage for the given
experiment. A maximum of 8 electrochemical experiments were run in parallel using a Gamry
Interface 1000E potentiostat coupled with a Gamry ECMB multiplexer. Steady-state i-V
correlations were established with multi-step chronoamperometry. The applied potential (1Eappi)
ranges from 1.3 to 3.0 V with at an interval of 0.05 V. At each voltage step, the corresponding Eappi
was maintained for 2 min. Electrochemical impedance spectroscopy (EIS) were measured at open
circuit potential with an AC amplitude of 50 mV. Measurements were performed at frequencies
between 100 kHz and 10 Hz with 10 data points per decade. Nyquist plots were plotted and used
to extract the approximated series resistances (R) of reactors at day 0 of experiments under
different conditions. The hybrid operates at a constant Eappi for 5 days under a O>-free headspace
gas environment that only contains N> and CO> (80/20) for microbial fixation of N> and CO,.
Liquid cultures that include both microbial suspension and soluble chemicals were sampled and
frozen right before and after the bulk electrolysis for further analysis. Samples for cell viability
determination under different concentrations of PFC nanoemulsion were collected on the 4" day

of the experiment.

Performance of biological | inorganic hybrid

The total nitrogen and carbon in both the biomass and liquid solution was analyzed using
commercial assay kit from Hach Company. Total nitrogen was performed using the Hach
Company total nitrogen reagent kit, Test ‘N Tube (Product #2714100), following the provided
procedural instructions (DOC316.53.01085) by observing the absorbance of 410 nm at the end of

protocol. As used previously for electricity-driven microbial N fixation,” this measurement
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protocol allows the quantification of nitrogen content from all nitrogen-containing compounds
notwithstanding N>, which are either dissolved in the liquid solution or accumulated in the
biomass. The total nitrogen content was then quantified using calibration curves correlating the
absorbance at 410 nm and total nitrogen concentration, constructed using the kit on different
standard nitrogen sample solutions (ammonium p-toluenesulfonate, Hach). For each of the
different percentage of PFC nanoemulsion (0%, 1.25%, 2.5% and 3.75% in minimal medium) a
calibration curve was made using the corresponding PFC nanoemulsion as solvent to prepare
standard solutions (Figure S4). The absorbance was measured using Agilent Cary 60 UV-Vis
spectrophotometer.

The overall electron efficiency (E. E.) of N> reduction reaction in each experiment was

determined using the following formula®!®:

[(ANTNT(mg ))
~ 1000 x 14 gmol~?!

Overall charge (C)

] X Vsolution(L) X 3 X F(C mol_l)

E.E. x100% (1)

Here ANT~t (mg L7') is the change of nitrogen content from day 0 to day 5 in the experiment;
Vsolution the total volume of solution; F'the Faraday constant, and Overall charge is the total electric
charges passed through the cathodic chamber. The number 3 is the number of electrons required
to reduce one nitrogen atom in N reduction reaction. We note that our calculation did not consider
the possible loss of electrochemically generated H> along with other possible side reactions.
Therefore, the calculated values are a lower-bound estimate for the N» fixation capablity in our
system.

The overall electron efficiency (E. E.) of CO> reduction reaction in each experiment was

estimated based on previous C/N ration of X. autotrophicus (1.5 mg N cell™! vs. 6.4 mg C cell ™",
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i.e. C/N ~ 4.27)*! assuming all fixed carbon and nitrogen forms biomass based on the following

formula®'?:

[(ANrnr(mg ) X 4.3)
1000 x 12 g mol~1

Overall charge (C)

] X Vsolution(L) X 4 X F(C mol_l)
E.E.=

x100%  (2)

Here ANT~t (mg L71) is the change of nitrogen content from day 0 to day 5 of the experiment;
Vsolution the total volume of solution; F'the Faraday constant, and Overall charge is the total electric
charges passed through the cathodic chamber. The number 4 is the number of electrons required

to reduce one carbon atom in CO; reduction reaction.

Experiments of flow cytometry related to microbes and PFC nanoemulsions

Experiments of flow cytometry (BD LSR II cytometer) were conducted at the Janis V. Giorgi Flow
Cytometry Core, UCLA. The flow cytometer was operated under a slow flow rate setting. Forward
Scattering (FSC) was used as the threshold for events. For each sample and control, 10,000 events
were collected and recorded. The recorded events were plotted as 2-D scatter plots of FSC and
Side Scattering (SSC) for the gating of microbes, particles, and nanoemulsions. Data were
analyzed using FlowJo ver. 10 and the gating represents >95% of the clustered events.

The following procedures were applied to quantify viability of X. autotrophicus in different
concentrations of PFC nanoemulsions. Samples of X. autotrophicus were harvested via
centrifugation (6000 rpm, 5 min), and re-suspended in 1 mL of 0.85% NaCl. The samples were
then added with 1.5 uL of SYTO™ 9 dye solution and 1.5 pL of propidium iodide solution from
the LIVE/DEAD™ BacLight™ Bacterial Viability and Counting Kit, following the instructions
from the manufacturer. After a 15-min incubation in dark, the samples were tested by a flow

cytometer after a dilution of about 20~50 times. Two pre-defined fluorescence measurement
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channels, one for AlexaFluor-488 and the other for PE (Phycoerythrin), were used to measure the
fluorescence intensity of SYTO ™ 9 and propidium iodide, respectively. The gating of live and
dead cells (>95% events) were determined from sample actively grown under N»/CO;-fixing
condition in a anaerobic jar (live reference) and the one treated with pure ethanol for 1 hr before

staining (dead reference). Results of dead and live reference samples were shown in Figure S5.
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Supplementary Information

Medium Recipes of Microbial Cultures
Minimal medium

K>HPO4

KH;PO4

NaHCOs3

MgSO4 * 7 H20

CaSO4 * 2 H,O

FeSO4 + 7 H20

Trace mineral mix (see below)

Deionized water

lg
05¢g
2g
0.1g
0.04 g
0.001g
1.00 ml

1000.00 ml

All ingredients were combined and sonicated for about 10 minutes to dissolve. The medium was

autoclaved at 120 °C with water for 30 min. Once cool the medium was filtered via vacuum

filtration through a 0.22 pum filter. The pH of the complete medium was adjusted to pH 7.0, if

necessary.

Trace mineral mix
H3BO;

MgSO4 * 4 H,0
Na;MoOs * 2 HO
ZnSO4 + 7 H2O
Cu(S03)2 * 3 H20

NiSOg4 * 6 H20

&9



Deionized water 1000.00 ml
All components were mixed and stirred for 1 hr to dissolve. The solution was vacuum filtered

through a 0.22 um filter to sterilize.

Succinate nutrient broth

Nutrient broth 5¢
Yeast extract 4¢g
NacCl 3g
Sodium succinate 5¢
Deionized water 1000.00 ml

All ingredients were combined and sonicated for about 10 minutes to dissolve. The solution was

autoclaved at 120 °C with water for 30 min.
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Figure S4.1. Calibration curves of total nitrogen contents in different solution media

Calibration curves of total nitrogen contents based on the optical absorbance at 410 nm, when
Hach Company total nitrogen reagent kit, Test ‘N Tube (Product #2714100) was employed. A to
D, 0%, 1.25%, 2.5%, and 3.75% PFC nanoemulsion in minimal medium, respectively. A specific

calibration curve at each PFC concentration is required because we experimentally found that the
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presence of PFC affect the assay sensitivity of total nitrogen contents.
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Figure S4.2. Representative Live/Dead microbial stain flow cytometry data

(A, B and C) Two-parameter density plot based on fluorescence intensity of Alexa Fluor 488
channel and phycoerythrin (PE) for a 100% dead microbes (A), 100% live microbes (B) and a
representative sample that contains a mixture of live and dead microbes (C). Red circle is the gate

for dead microbes and blue circle is the gate of live microbes.
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CHAPTER 5. CHARACTERIZING ALTERED MICROBIAL OXYGEN GAS
ENVIRONMENT WITH PERFLUOROCARBON NANOEMULSIONS

This chapter is a version of Lu, S.; Rodrigues, R. M.; Huang, S.; Estabrook, D. A.; Chapman, J.
O.; Guan, X.; Sletten, E. M.; and Liu, C. “Perfluorocarbon Nanoemulsions Create a Beneficial O

Microenvironment in No-fixing Biological | Inorganic Hybrid.” Chem Catalysis. In press.

Abstract

In this mechanistic study, we found that PFC nanoemulsion can be adsorbed to the surface of
microbes and increase both the speed of O; reduction and the local solubility of O». Rotation disk
electrode measurements have shown a 20-fold increase of O> reduction speed with the presence of
PFC nanoemulsion. The adsorption of PFC nanoemulsions on microbial surface were visually
observed via microscopy. Flow cytometry was used to quantify the adsorption of PFC
nanoemulsions on microbes. The process follows the Langmuir adsorption model. The adoption
will lead to a higher local concentration of PFC nanoemulsion, leading to a significant increase of
O, solubility around the microbe. The adsorption of PFC nanoemulsion on various
particles/microbes was also quantified to show that such interaction could be influenced by the

properties of the particle/microbe.

Introduction

Nature’s biological system has gone through billions of years to evolve and develop efficient ways
to harness available resources and produce energy or useful chemicals. Such ways have
encouraged numerous scientists to design biomimetic systems, aiming to harness some of nature’s

most efficient methods for a wide variety of applications. Biocatalysis has taken a prominent role
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in industrial processes to produce various chemicals in a more environmentally friendly manner
than traditional organometallic catalytic processes.'” Recently, attention has been given to
interfacing biological catalysts with inorganic electrocatalytic systems for a variety of applications,

including nitrogen*® and carbon dioxide fixation'%!'®

. This hybrid approach combines the
environmentally benign benefits of biocatalysis with the enhanced throughput and efficiency of
electrocatalysis. However, interfacing biologic and inorganic components has presented
challenges such as the biocompatibility of electrode materials. Additionally, the mass transport,
especially that of the gaseous components (i.e. Oz, Na, etc.) in the aqueous solutions required by
the biotic components may also be a limiting of the hybrid system. While significant research has
been done to develop efficient and biologically compatible electrode materials'®-24, little focus has
been on fundamentally understanding the role that the gas transport plays in these hybrid systems.

In this work, the gas environment in the hybrid system discussed in Chapter 4 was studied.
Experiments of confocal microscopy allowed us to visualize the adsorption of PFC nanoemulsion
onto the microbe for the first time. Such adsorption was also quantitatively studied, and it was
found that the adsorption process follows the Langmuir gas adsorption model. We were able to
quantify the equilibrium constant and maximum number of PFC nanoemulsions adsorbed onto the
surface of the X. autotrophicus strain used in this hybrid system, the Sporomusa ovata microbe
strain used in the previous CO» hybrid system, and polystyrene (PS) spheres of different surface

modifications. The results show that the shape and surface chemistry can influence the adsorption

of PFC nanoemulsions onto microparticles such as microbes.
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Results
Fluorescent colocalization experiments using confocal microscopy suggest that PFC
nanoemulsions bind strongly to CO»/N»-fixing X. autotrophicus and creates a unique bacterial
microenvironment. X. autotrophicus (American Type Culture Collection, ATCC 35674) was
autotrophically cultured in a minimal medium without any nitrogen and organic carbon under a 1-
bar gas environment of 2% Oz, 60% N», 20% Hz, and 18% CO: (See Supplementary
Information)’-*>2¢. PFC nanoemulsions of perfluorodecalin and perfluorohexane were prepared by
ultrasonication in the same minimal medium with Pluronic F68 as surfactant (See Methods)?’.
Experiments of dynamic light scatting determined an averaged diameter of about 240 nm for the
prepared PFC nanoemulsions (Figure S5.1), consistent with the diameter of a stable emulsion
formulated in our previous report?®. In order to tag the microbes and nanoemulsions with different
fluorescent emitters, X. autotrophicus was incubated with SYTO™ 9, a green fluorescent nucleic
acid stain, while red-emitting fluorous rhodamine reported previously?® was incorporated into
nanoemulsion during the ultrasonication stage of nanoemulsion preparation (See Methods).
When mixtures of fluorescently tagged X. autotrophicus (ODsoo = 0.1) and PFC
nanoemulsions (2.5% volume percentage, v/v) were deposited on a coverslip (Figure 5.1A), in
vitro confocal microscopy images in Figure 5.1B, 5.1C and Figure S5.2 suggest strong
colocalization of the green emission from microbes (490~520 nm, named “STYO™ 9” in the
figure) and the red emission from nanoemulsions (590~650 nm, named ‘“Rhodamine” in the
figure). Control experiment of X. autotrophicus in the absence of nanoemulsions displays minimal
red emission, excluding any significant contribution of red microbial autofluorescence in the
results. A closer examination of the overlay from both emissions (Figure 5.1B and 5.1C) display

a corona of red emissions surrounding the green ones. This indicates that the PFC nanoemulsions
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surround and bind strongly to X. autotrophicus, creating an extracellular microenvironment that
could dictate bacterial metabolism.

A B sytomo
X a.+emulsion ©

Rhodamine Overlay

C Zoom-in

Coverslip

SYTO™ 9

L

Rhodamine

\

Confocal microscope

Figure 5.1. Microbe and nanoemulsion colocalization. A, Schematic of colocalization
experiment with fluorescent confocal microscopy. B, Fluorescent images of bacteria Xanthabacter
autotrophicus (X. a.) stained with SYTO™ 9 (pseudo-colored green), PFC nanoemulsions tagged
with fluorous rhodamine (pseudo-colored red), and the overlay images of both fluorescent
emissions. PFC nanoemulsion loading, 2.5 volume percentage (v/v). C, Zoom-in images in the
highlighted area in B. Scale bars = 10 and 1 pum in B and C, respectively.

The binding between bacteria and PFC nanoemulsions can be quantitatively described by
a Langmuir-type adsorption model with high binding affinity and low binding specificity towards
microbial surface properties (Figure 5.2A). Non-labelled X. autotrophicus cultures were mixed
with fluorescently tagged PFC nanoemulsions (10 % v/v) at different dilution ratios. The resultant
mixture, whose concentrations Cprc = Cprc, / dilution ratio (Cprc,o = 10 % v/v), were studied by

flow cytometry.
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Figure 5.2. Quantification of microenvironment formation with flow cytometry. A, The
binding between the bacteria and PFC nanoemulsions follows the Langmuir adsorption model. N
and Nmax, the experimentally determined average and theoretical maximal number of
nanoemulsions per microbe; Keq, the dimensionless binding constant; Cprco & Cprc, the
concentrations of PFC nanoemulsion before and after dilution under a certain “dilution ratio”,
respectively. B, Representative two-parameter density plot in flow cytometry based on forward
scattering (FSC) and side scattering (SSC) which gates the populations of X. autotrophicus
potentially with nanoemulsion adsorption (red circle) and free PFC nanoemulsion (blue circle). C,
Histograms of fluorescent intensities for X. autotrophicus (red circle in B) in PFC-free microbial
suspension (blue, dilution ratio = o), emulsion-microbe mixture with a dilution ratio = 10° (yellow)
and 10* (red). D, Plot of 1/N vs. dilution ratio for X. autotrophicus. E, Experimentally determined

Keq and Nmax values for X. autotrophicus (X. a.), Sporomusa ovata (S. o.), and 2-um polystyrene
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microspheres with —NH> and —COOH surface functionalization groups (“PS-NH>” and “PS-
COOH, respectively). n = 3.

Here the employment of flow cytometry allows us to quantitatively distinguish the free and
microbe-bound nanoemulsions (Figure 5.2B and 5.2C) and determine the average number of PFC
nanoemulsions per microbe (/) as a function of nanoemulsion dilution ratios. We observed a linear
relationship between 1/N and the dilution ratio, we subsequently concluded that 1/N is linearly
dependent on 1/Cprc (Figure 5.2D). This observation suggests that a Langmuir monolayer
adsorption model, illustrated in Figure 5.2A, is sufficient to describe the binding between microbes
and nanoemulsions:*°

1 N 1 _ 1 N dilution ratio
Nmax NmaxKeq (CPFC/CPFC,O) Nmax NmaxKeq

ey

Z| -

Here Nmax denotes the maximum number of adsorbed nanoemulsions for one bacterial cell, Keq the
dimensionless equilibrium constant of the binding event, and Cprco = 10 % (v/v) as the PFC
concentration in the starting nanoemulsion. Linear regression was conducted to extract the values
of Keq and Nmax for X. autotrophicus: Nmax = 13.8+5.9 and Keq = 4.8+2.1x10* (Figure 5.2D; n = 3,
same below unless noted specifically). Because the PFC nanoemulsions are about 240 nm in
diameter (Figure S1) and X. autotrophicus exhibits a typical ellipsoidal morphology of about 1 um
in size (Figure 5.1C, 5.1D and Figure S5.2)*3!, the measured Nmax value suggests a near-complete
surrounding of nanoemulsion on the bacterial surface at maximum binding, ie a
compartmentalized microenvironment created by the nanoemulsion for the N»/CO,-fixing
bacterium. The large value of measured Keq between PFC nanoemulsion and X. autotrophicus
ensures the stability and prevalence of the created microenvironment under typical working
conditions for the biological | inorganic hybrid (vide infra). We also determined the values of Keq

and Nmax for 2-um polystyrene microspheres of positive or negative charges (—NH> or —-COOH
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functionalized, respectively), as well as acetogenic Sporomusa ovata that were previously
employed with PFC nanoemulsions for boosted throughput in electricity-driven CO> fixation
(Figure S5.3)?%. The values of Keq and Nmax persist at about 10*~10° and 10°~10' (Figure 5.2E),
respectively. In comparison with microbes, the mildly higher value of K4 for polystyrene
microspheres hints that the binding strength could be enhanced with enriched surface charges, yet
other factors are also at play given the slightly lower values of Nmax despite microspheres’ slightly
larger size. Nonetheless, the microbial binding of PFC nanoemulsion seems strong, nonspecific,
and can serve as a general venue of creating a customized microenvironment for microbial
catalysts.

The observed bacterial microenvironment created by PFC nanoemulsions led us to probe
the possible modulation of local Oz supply due to PFC’s high gas solubilities**. As the binding
of PFC nanoemulsion appears nonspecific and persistently strong (vide supra), we posit that a
platinum-based metallic electrode could serve as a surrogate of the bacterial surface for O»-
respiring X. autotrophicus, thus the electrochemical activity of the 4-electron O> reduction on Pt

electrode®>3¢

in the presence of nanoemulsions will yield information of the created
microenvironment, similar to our previous study that employed PFC nanoemulsions for electricity-
driven microbial COz reduction?®. A Pt-based rotating disk electrode®’” (RDE) was deployed to
create a well-defined O, mass transport for quantitative study (Figure 5.3A). A pH = 7.0 phosphate
buffer solution was applied in lieu of the microbial minimal medium solution to avoid the
interference from trace metals and other competing biochemical reactions. In this phosphate
buffer, a PFC nanoemulsion concentration of 0.75% (v/v) was used for the RDE experiments, as

the emulsion’s surfactant interferes with the catalytic activity of the Pt electrode at higher

concentrations?®.
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Figure 5.3. Electrochemical probing of O: Kkinetics in a nanoemulsion-based
microenvironment. A, Electrochemical reduction of O at a Pt rotating disk electrode (RDE) as a
surrogate detects the kinetics of Oz mass transport at the microbial microenvironment created by
PFC nanoemulsions. B & C, linear scan voltammograms depicting the current density (i) vs.
electrode potential (Episk) on a Pt RDE of different spinning rates for oxygen reduction reaction in
the absence (B) and presence (C) of 0.75% (v/v) PFC nanoemulsion. 1-bar Oz; 0.1 M sodium
phosphate buffer (pH 7.0); 50 mv/dec; iR corrected; RHE, reversible hydrogen electrode. D, the
Koutecky-Levich plot of [ipisc| ! vs. ® % at 0.3 V vs. RDE that extracts the kinetic of O, delivery
expressed as ik. ®, angular rotating frequency of RDE.

Linear scan voltammograms at different rotation rates at 1-bar O condition were obtained
with the absence and presence of PFC nanoemulsions in the microbial minimal medium (Figure

5.3B and 5.3C, respectively), under a three-electrode electrochemical setup (See Methods). A
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larger magnitude of reduction current densities (|i|) were observed with the 888nanoemulsion’s
presence, suggesting a facilitated mass transport induced by nanoemulsions. Quantitatively,

RDE’s well-defined profile of mass transport introduces the Koutecky-Levich equation®’:

1 1 1

—=—q
lil i 0.62nFD2/3y-1/6¢C,

2 @)

Here ik denotes the intrinsic current density of O reduction on Pt surface, n = 4 for the presumed
4-electron reduction of O, on Pt*°, F the Faradaic constant, D the diffusion coefficient of O in
water, v the kinematic viscosity of liquid, Co the O solubility at 1-bar Oz condition, and ® the
RDE’s angular rotation rate. Figure 5.3D plots 1/]i| versus o 2 at 0.3 V vs. Reversible Hydrogen
Electrode (RHE) based on the data in Figure 5.3B and 5.3C. The similar slope between the two
curves in Figure 5.3D suggest that the local O solubility near the Pt electrode is not significantly
perturbed with the presence of PFC nanoemulsion. Indeed, at 0.3 V vs. RHE, Co = 1.05 and 0.82
mM with and without nanoemulsion, respectively, when treating the values of D and v in the
phosphate buffer the same as the ones in pure water (D = 2.5x10° m?esec !, v = 0.801x10°°
m2esec !)*8. Despite the similar values of Co, at 0.3 V vs. RHE ik = 91.0 and 4.44 mA/cm? in the
presence and absence of PFC nanoemulsions, respectively. The 20-times difference in the value
of ix indicates that the observed bacterial microenvironment with PFC nanoemulsions facilitates
the O transport in the extracellular space proximate to the microbes without perturbing the local
O solubility. Since it is the O, transport into the microbes that dictates the intracellular O»
concentration, the O transport also dictates the delicate balance between biological N, fixation
and O»-dependent respiration,>?%3! the enhanced O, transport kinetic introduced by PFC
nanoemulsion under steady state can be considered as the reason for the observed increased O»
availability for microbial metabolism in the O»-limited gas environment in which the only O»

supply comes from electrochemical water oxidation.
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Conclusions

The characterizations presented here offer a microscopic and quantitative picture of the created
extracellular microenvironment, which will be beneficial for future development and optimization
in other applicable scenarios. We were able to visualize the binding of the nanoemulsion on the
microbe surface and quantify this binding affinity by assuming a Langmuir adsorption model. Our
research discovered an enhanced kinetic O transport with the addition of the PFC nanoemulsions.
The techniques developed in this work lead the way for characterizing the microbe and
nanoemulsion interaction, and the customization of the gas environment at the microbe interface.
The strategy of creating a microbial microenvironment with nanomaterials despite an
unwelcoming macroscopic environment offers a viable solution to resolve incompatibility and

create synergy at the materials-biology interface.

Methods

Materials and chemicals

All chemicals were purchased from Thermo Fisher, Sigma—Aldrich, or VWR International, unless
otherwise stated. Perfluorocarbons (PFCs) were purchased from SynQuest Laboratories. All
deionized (DI) water was obtained from a Millipore Millipak® Express 40 system. Electrochemical
supplies noted here were purchased from CH Instruments, inc.. The LIVE/DEAD™ BacLight™
Bacterial Viability and Counting Kit and the included SYTO™ 9 dye were purchased from
ThermoFisher (L34856). 2-um polystyrene microspheres with surface-functionalized with —NH>

and —COOH moieties were purchased from Sigma—Aldrich (L0280 and L4530, respectively).
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Preparation and characterization of PFC nanoemulsions

Nanoemulsions were prepared via previously reported procedure?’. Surfactant solution was
prepared by combining 2.8 wt.% of surfactant, Pluronic F68, with the relevant buffer and
sonicating in a bath sonicator, Branson 3800 ultrasonic cleaner, to thoroughly dissolve the
polymer. Perfluorodecalin, PFD, and perfluorohexane, PFH, were combined (450uL each) ina 15-
mL centrifuge tube. The relevant surfactant-containing buffer was then added to achieve a total
final volume of 10 mL. All-inorganic microbial minimal medium, detailed in Supplemental
Information section 1.1, was used as the buffer for all experiments, except rotating disk electrode
experiments where a phosphate buffer (pH 7.0, 0.1 M sodium phosphate), was used instead. The
PFCs and surfactant-containing buffer were then sonicated at 35% amplitude for 5 mins using a
Qsonica point sonicator. Fluorescently tagged PFC nanoemulsion was prepared for microscopic
and flow cytometry experiments. Fluorous rhodamine was synthesized as previously reported.
Fluorous rhodamine was stabilized in 4 uLL methoxyperfluorobutane, and 8 puL of both PFH and
PFD (a total of 16 pL). This mixture was then combined with 200 pLL of minimal medium, and
point-sonicated at 35% amplitude for 90 sec. Procedures were scaled up when larger volumes were
needed. Dynamic light scattering (DLS) experiments were conducted with a Malvern Zetasizer
Nano ZSP instrument. 20 pL PFC nanomulsions were diluted in 2 mL DI water in a plastic cuvette.
A total of 3 measurements, each consisting of 10 scans, were run to determine the average size of

the nanoemulsions (~240 nm, see Figure S5.1).

Protocols of microbial culturing
The freeze-dried samples of aerobic bacterium Xanthobacter autotrophicus (ATCC 35674) and

anaerobic bacterium Sporomosa ovata (ATCC 35899) were purchased from American Type
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Culture Collection (ATCC)*. Detailed recipes of culture media listed below are provided in
Supplemental Information section 12>, Yellow colonies of X. autotrophicus were selected from
succinate agar plates (succinate nutrient broth solidified with 1.5% agar), incubated at 30 °C in
succinate nutrient broth, and stored at —80 °C in a mixture of glycerol and succinate nutrient broth
(20/80, v/v). Cultures of S. ovata were obtained at 34°C under strict anaerobic condition with
DSMZ 311 medium under H>/CO; (80/20) atmosphere, and stored at =80 °C in a mixture of
dimethyl sulfoxide and DSMZ 311 medium (20/80, v/v).

X. autotrophicus reported in this work were first grown at 30 °C in succinate nutrient broth
for 1 day, collected by centrifugation (6000 rpm, 5 min; Sorvall ST8, Fisher Scientific) after
adjusting the culture pH to about 12 with NaOH, and cultured autotrophically at 30 °C in the all-
inorganic minimal medium with an anaerobic jar (Vacu-Quick Jar System, Almore) under a 1-bar
gas mixture of 2% Oz, 60% Nz, 20% H, and 18% CO, (200 rpm stirring)”*>®. The microbial
culture started at ODeoo ~ 0.2 (optical density at 600 nm) and reached ODsoo ~ 1 within 5 days
under a condition of N> and CO» fixation. The bacteria were harvested via centrifugation (6000
rpm, 5 min) before experiments. S. ovata were strictly anaerobically cultured at 34°C in DSMZ

311 medium under H»/CO; (80/20) atmosphere for a 3-days autotrophic growth before use.

Colocalization experiment with fluorescent confocal microscopy

Cultures of X. autotrophicus (ODgoo = 1.0) were harvested and re-suspended with 0.85% NaCl
solution with ODsoo adjusted to 0.1. Each 1 mL of the resulted bacterial suspension was incubated
in hard at room temperature for 15 mins with 1.5 uL of microbial-binding SYTO™ 9 dye solution
from the LIVE/DEAD™ BacLight™ Bacterial Viability and Counting Kit. The fluorescently

tagged X. autotrophicus was separated via centrifugation (6000 rpm, 5 min) and re-suspended in
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1 mL minimal medium containing 2.5% fluorescently tagged PFC nanoemulsion (vide supra) »°.
Suspension of X. autotrophicus without the addition of nanoemulsion was prepared in parallel as
the control sample. The prepared samples incubated in dark for 1 hr for completion of
nanoemulsion binding and loaded to a 35-mm glass bottom dish (p-dish, ibidi), whose bottom
glass was coated with a layer of poly-1-lysine (treated with 0.01% poly-I-lysine solution overnight
and dried). The mixture was allowed to sit in the dish for 0.5 hr before all liquid was slowly
removed by pipetting. The glass-surface of the dish was gently washed 5 times with filtered
microbial minimal medium. Last, I mL of minimal medium was added to the dish to keep the
sample hydrated before imaging.

Experiments of confocal microcopy (Leica Confocal SP8 MP) was conducted at Advanced
Light Microscopy and Spectroscopy Laboratory at California Nanoscience Institute, UCLA. The
data was acquired using Leica Application Suite X (LASX) on x-y mode at a scanning resolution
of 14.6 nm per pixel, taking x-y cross-sectional images with a 100% oil objective lens (Leica 100x
HC PL APO OIL CS2 NA/1.4). Fluorescence from SYTO™ 9 in the microbes was monitored at
490nm~520nm by a 470-nm laser excitation; the fluorescence from fluorous rhodamine in PFC
nanoemulsions was monitored at 580nm~650nm by a 550-nm laser excitation. The intensities of
fluorescence emissions were collected by photon multiplier tube (PMT) detectors. We note that
the contribution of out-of-focus signals for SYTO, much brighter than rhodamine in those
experiments, is larger than the one from rhodamine dye in the nanoemulsion. Subsequently, the
imaged PFC nanoemulsion is more concentrated within the microscopy’s focal plane as compared
to the imaged bacteria. The fluorescence images of microbes and PFC nanoemulsions were taken

separately and merged as shown in Figure 5.1C, 5.1D and S5.2.
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Experiments of flow cytometry related to microbes and PFC nanoemulsions

Experiments of flow cytometry (BD LSR II cytometer) were conducted at the Janis V. Giorgi Flow
Cytometry Core, UCLA. The flow cytometer was operated under a slow flow rate setting. Forward
Scattering (FSC) was used as the threshold for events. For each sample and control, 10,000 events
were collected and recorded. The recorded events were plotted as 2-D scatter plots of FSC and
Side Scattering (SSC) for the gating of microbes, particles, and nanoemulsions. Data were
analyzed using FlowJo ver. 10 and the gating represents >95% of the clustered events.

The following procedures were applied to quantify the binding between microbes and
nanoemulsion. Cultures of X. autotrophicus and S. ovata (ODgoo ~ 1.0) were harvested and re-
suspended in 200-nm filtered minimal medium (ODsoo = 0.002). Solution of Fluorescently tagged
PFC nanoemulsions (10 %, v/v)*’ was serial diluted by dilution ratios ranging between 10° and
10°. The diluted solution was mixed with equal volume of microbes to reach a final microbial
ODsoo = 0.001, incubated for 30 mins in dark for the completion of nanoemulsion binding, and
tested directly by a flow cytometer without further dilution. Control samples were prepared and
tested similarly by mixing solutions of diluted nanoemulsions and filtered minimal medium. A
pre-defined fluorescence measurement channel for PE (phycoerythrin) was used to measure the
fluorescence intensity of fluorinated rhodamine. When 2-pm polystyrene microspheres surface-
functionalized with -NH> and —COOH moieties were tested, filtered microsphere solutions whose
particle density was about 2x10® mL ™! were used in lieu of the microbial suspension of ODggo =
0.002. The average number of PFC nanoemulsions bound to a bacterial cell or microsphere (N) for
a specific PFC concentration was determined based on the mean fluorescent intensity with the

following equation:

Lnix — 1
N = mix bg (3)

Iprc
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Here Inix and Ippc are the mean emission intensities of fluorous rhodamine for microbe-
nanoemulsion complex and individual PFC nanoemulsion, respectively, at a specific PFC

concentration. /g 1s mean background emission intensity for the microbe-nanoemulsion complex.

Electrochemical characterizations

The experiments of rotating disk electrode (RDE) consisted of a Gamry Interface 1000E
potentiostat, an MSR rotator (Pine Research Instrumentation), and an electrochemical glass cell
under a controlled gas environment. The electrochemical cell was a 150 mL, five-neck, flat bottom
glass flask. The temperature of the setup was maintained at 30 °C by a circulating water bath. A
platinum RDE disc electrode of 5.0 mm disk dimeter (AFESTO5S0PT, Pine Research
Instrumentation) was used as working electrode, a Ag/AgCl (1M KCl) as reference electrode and
a Pt wire as counter electrode. Prior to experiments, the working electrode was polished, sonicated
in DI water, and air dried. The Pt counter electrode was cleaned with dilute HNOj3 then DI water.
For every measurement, 120 mL fresh electrolyte was saturated with a stream of 13 sccm N> or O
for at least 20 min. Linear scanning voltammograms were obtained at a controlled spin rates. The
interval between each measurement was 1 min. The scanning rate was 50 mV s and the iR-

corrected results were displayed in Figure 5.3B and 5.3C.
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Supplementary Information

Medium Recipes of Microbial Cultures
Minimal medium

K>HPO4

KH;PO4

NaHCOs3

MgSO4 * 7 H20

CaSO4 * 2 H,O

FeSO4 + 7 H20

Trace mineral mix (see below)

Deionized water

lg
05¢g
2g
0.1g
0.04 g
0.001g
1.00 ml

1000.00 ml

All ingredients were combined and sonicated for about 10 minutes to dissolve. The medium was

autoclaved at 120 °C with water for 30 min. Once cool the medium was filtered via vacuum

filtration through a 0.22 pum filter. The pH of the complete medium was adjusted to pH 7.0, if

necessary.

Trace mineral mix
H3BO;

MgSO4 * 4 H,0
Na;MoOs * 2 HO
ZnSO4 + 7 H2O
Cu(S03)2 * 3 H20

NiSOg4 * 6 H20
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Deionized water 1000.00 ml
All components were mixed and stirred for 1 hr to dissolve. The solution was vacuum filtered

through a 0.22 um filter to sterilize.

Succinate nutrient broth

Nutrient broth 5¢
Yeast extract 4¢g
NacCl 3g
Sodium succinate 5¢
Deionized water 1000.00 ml

All ingredients were combined and sonicated for about 10 minutes to dissolve. The solution was

autoclaved at 120 °C with water for 30 min.

DSMZ 311 Medium

NH4Cl 0.50 g
MgSO4 7 H20 0.50 g
CaCly 2 H.O 025¢g
NacCl 225¢g
FeSO4 ¢ 7 H20 0.002¢g
Trace element solution SL-10 (see below) 1.00 ml
Selenite-tungstate solution (see below) 1.00 ml
Yeast extract 200 ¢g
Casitone 2.00 g
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Betaine « H>O 6.70 g

Na-resazurin solution (0.1% w/v) 0.50 ml
K>HPO4 035¢g
KH2PO4 023 g
NaHCO; 4.00 g
Vitamin solution (see below) 10.00 ml
Distilled water 1000.00 ml

All ingredients (except phosphates, bicarbonate, vitamins, cysteine and sulfide) were dissolved
first. The medium was sparged with a N»: CO> gas mixture in a ratio of 80: 20 while boiling to
make the solution air free. Once cool, and while continuously sparging with the same gas,
phosphates, vitamins (sterilized by filtration) and carbonate were added. The medium was
transfered under the same gas into anaerobic culture tubes and then autoclaved. The pH of the

complete medium was adjusted to pH 7.0, if necessary.

Trace element solution (SL-10)

Nitrilotriacetic acid 1.50 g
MgSO4 * 7 H20 3.00¢g
MnSO4 * H,0O 050¢g
NacCl 1.00 g
FeSO4 « 7 H0 0.10 g
CoSO4 » 7 H2O 0.18¢g
CaCl> * 2 H.O 0.10 g
ZnSO4 + 7 H2O0 0.18¢g
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CuSOs4 + 5 H2O 001¢g

KAI(SO4)2 * 12 H,O 0.02¢g
H3BO:s 001g
Na;MoOg4 * 2 H,O 0.01g
NiCl; « 6 H2O 0.03¢g
NaxSeOs « 5 H,O 0.30 mg
Na2WO04 ¢« 2 H>O 0.40 mg
Distilled water 1000.00 ml

The nitrilotriacetic acid was first dissolved and the pH adjusted to 6.5 with KOH before the

minerals were added. The final pH was then adjusted to pH 7.0 with KOH.

Vitamin solution

Biotin 2.00 mg
Folic acid 2.00 mg
Pyridoxine-HCI 10.00 mg
Thiamine-HCl « 2 H20 5.00 mg
Riboflavin 5.00 mg
Nicotinic acid 5.00 mg
D-Ca-pantothenate 5.00 mg
Vitamin B12 0.10 mg
p-Aminobenzoic acid 5.00 mg
Lipoic acid 5.00 mg
Distilled water 1000.00 ml
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All ingredients were dissolved and the resulting solution was filter-sterilized.

Selenite-tungstate solution

NaOH 05¢g
NaxSeOs « 5 H,O 3.0 mg
Na;WOq4 ¢ 2 H20 4.0 mg
Distilled water 1000.0 ml

Reducing agent solution

All the water used in this procedure was boiled and gassed under N prior to the experiments. In a
2-L Erlenmeyer flask, 12.5 g cysteine-HCI was dissolved in 500 mL water. The pH of the solution
was adjusted to 9.5 with NaOH. In a plastic tray, 12.5 g of washed crystals of Na>S-9H>O was
weighed and then transferred into the flask containing cysteine-HCI. The volume of the solution
was brought up to 1000 mL. While under N> gas, the whole solution was brought to boil and then
allowed to cool. 20 mL of the prepared solution was transfered into one 25-mL vial which was

pre-flushed with N». The vials were sealed and then autoclaved for 15 min at 121 °C.
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Figure S5.1. The size of PFC nanoemulsions measured by dynamic light scattering.
The size of perfluorocarbon (PFC) nanoemulsion measured using a Malvern Zetasizer Nano ZSP
instrument. 20 pL PFC nanomulsions were diluted in 2 mL DI water in a plastic cuvette. A total

of 3 samples (n = 3), each consisting of 10 measurement scans, were conducted.
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SYTO™Q Rhodamine Overlay

Figure S5.2. Additional images for the colocalization of X. autotrophicus stained by SYTO™
9 and PFC nanoemulsion tagged by fluorinated rhodamine.
Fluorescence images showing SYTO™ 9 (pseudo-colored in green), rhodamine (pseudo-colored

in red) and the overlay image of both in a mixture of SYTO™ 9-stained X. autotrophicus and

rhodamine-stained PFC nanoemulsion (2.5%, v/v) at different magnification. Scale bars = 10 pm.
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Figure S5.3. Plots of the reciprocals of the average number of adsorbed PFC nanoemulsion

per microbe/particle (1/N) against the final dilution ratios of PFC nanoemulsion.

Plots of the reciprocals of the average number of adsorbed PFC nanoemulsion per microbe/particle

(1/N) against the final dilution ratio of PFC nanoemulsion in the mixture consisting PFC

nanoemulsions with Sporomusa ovata (A), 2-pm polystyrene microspheres with —NH> and

—COOH surface functionalization groups (B and C, respectively),. Linear regression was applied

according to Langmuir adsorption model. The calculated maximum possible number of adsorbed

PFC nanoemulsion per microbe (Nmax) and the equilibrium constant (Keq) were displayed in Fig.

4E.
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CHAPTER 6. CONCLUDING REMARKS

As shown in this dissertation, the goal of my research has been to combine PFC nanoemulsions
with hybrid biological inorganic systems to enhance the efficiency of the systems and customize
the gas environment. This research started with simply enhancing the solubility of the reducing
equivalent, H> gas, in the hybrid CO, fixation system for increased throughput. After observing
the success of the PFC nanoemulsion to increase the acetate production by the S. ovata, I explored
the mechanism of enhancement of the PFC nanoemulsions. I found that there was non-specific
binding and that the kinetic H» transfer reaction to the microbe was enhanced. This discovery led
me to apply the PFC nanoemulsions to the hybrid N> reduction system with the intention that it
will have similar enhancement and control of the gas environment. I found that the PFC
nanoemulsions enhanced the N> fixation and allowed for control of the Oz environment within the
system. In the mechanistic study, I discovered that we could alter the binding affinity and the
maximum number of nanoemulsions that could bind to a particle by adjusting the size or surface
functionalization of the PFC nanoemulsion. This research is only the beginning of using the PFC
nanoemulsions to design and control the gas environment in aqueous reactions.

I believe that there are several future directions that this research should go in after my
completion of my thesis. The first direction that I would take this research in is to work on
optimizing the binding affinity of the nanoemulsions with specific particles. Understanding the
relationship between the surface functionalization of the target particle and the chosen PFC
nanoemulsion would allow for future development of ideal gas environments for specific reactions.
To accomplish this, I would focus on using different surfactants or surface modifications on the
PFC nanoemulsion to alter the surface charge. Once precise control of surface charge of the

nanoemulsion is achieved I would use the flow cytometry techniques discussed in my thesis to
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determine the binding affinity and maximum number of nanoemulsions that could bind to target
particles of different sizes and surface functionalities. After determining the correlation between
surface charge and binding, I would perform experiments of RDE to ascertain if there is a
relationship between the binding affinity of the nanoemulsions and the transfer kinetics. Currently,
we have not explored if a larger or smaller binding affinity is more favorable to enhance gas
transfer kinetics. Understanding the correlation between binding affinity, maximum number of
nanoemulsions, and gas transfer kinetics would allow for a more complete control of the gas
environment using the nanoemulsion. This could enhance other microbial reactions, with and
without electrochemical assistance, as well as other aqueous reactions where a precise control of

the gas environment is vital.
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