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Extracellular electron transfer (EET) is a critical form of microbial
metabolism that enables respiration on a variety of inorganic
substrates, including metal oxides. However, quantifying cur-
rent generated by electroactive bacteria has been predom-
inately limited to biofilms formed on electrodes. To address
this, we developed a platform for quantifying EET flux from cell
suspensions using aqueous dispersions of infrared plasmonic
tin-doped indium oxide nanocrystals. Tracking the change in
optical extinction during electron transfer enabled quantifica-

tion of current generated by planktonic Shewanella oneidensis
cultures. Using this method, we differentiated between starved
and actively respiring cells, cells of varying genotype, and cells
engineered to differentially express a key EET gene using an
inducible genetic circuit. Overall, our results validate the utility
of colloidally stable plasmonic metal oxide nanocrystals as
quantitative biosensors in aqueous environments and contrib-
ute to a fundamental understanding of planktonic S. oneidensis
electrophysiology using simple in situ spectroscopy.

Introduction

Extracellular electron transfer (EET) is a microbial respiratory
process by which electron flux from carbon metabolism is
transported across the cell membrane and directed onto
inorganic substrates.[1] This capability makes electrogenic bac-
teria useful organisms for microbial fuel cells,[2,3]

bioelectronics,[4–6] material syntheses,[7,8] and has led to signifi-
cant interest in controlling their electron flux using synthetic
biology.[9,10] Improving EET-dependent technologies such as
controlling electron transfer dynamics,[11] implementing genetic
logic,[12] and orchestrating electron transfer dynamics between
proteins[13] necessitates a stronger quantitative understanding
of bacterial electrophysiology and simple methods to measure
current generation. EET is typically quantified from biofilms
formed on electrodes in microbial fuel cells (MFCs) or bioelec-
trochemical systems (BESs).[1,14–16] EET from single cells has also
been measured in such systems, providing sensitive quantita-
tive measurements and highlighting variability in EET capabil-
ities between individual cells.[17–19] However, these measure-
ments often require long incubation times and electrode

colonization (~days), and the contribution of suspended (i. e.,
planktonic) microbes is less understood. Furthermore, imple-
mentation of synthetic gene programs such as genetic logic
operations often require cell turnover and growth, which are
more complex in biofilms compared to planktonic culture.
While there has been recent progress toward quantifying EET
from planktonic cells in BESs,[20,21] electron flux from planktonic
microbes is more traditionally quantified optically, using soluble
substrates such as dye-bound iron citrate or riboflavin.[12,22–24]

Such spectroelectrochemical methods for measuring EET are
numerous, and have provided useful tools for quantifying
different mechanisms of EET, including direct substrate-bound
EET,[25] mediated EET using redox shuttles,[24] and long-distance
EET from conductive pili.[26] Overall, there is still a need for
reliable in situ biosensors of EET to insoluble substrates that are
compatible with planktonic culture.

Plasmonic nanoparticles accordingly link redox activity to
optical properties, and though insoluble, maintain colloidal
stability in a variety of solvents. An intrinsically high concen-
tration of conductive electrons results in a strong absorption at
the localized surface plasmon resonance (LSPR) peak frequency,
wLSPR, and enables participation in redox reactions with
molecules near the surface many times over. The LSPR peak
position and intensity depend on the particle’s conduction
electron concentration, ne, such that tracking the optical
response near wLSPR can report on the number of redox
reactions occurring at the nanoparticle surface.[27–29] Thus,
optically tracking the plasmonic response can monitor electron
transfer similar to tracking current from a traditional film
electrode. Doped metal oxide nanocrystals are particularly
promising candidates because they sustain plasmonic reso-
nance but have ne ~1–3 orders of magnitude lower than Au
and Ag,[30,31] making their optical response more sensitive to
single electron transfer events and also placing wLSPR in the
infrared.[27,28]
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Doped metal oxide nanocrystals have several advantages
over traditional optically monitored acceptors such as iron
citrate and flavins. First, wLSPR can be tuned throughout the
near- to mid-infrared. This enables tailoring the peak absorption
to the ideal window for each experimental setting and leaves
the visible spectrum available for separate and simultaneous
measurements. Further, the surface of doped metal oxide
nanocrystals can be post-synthetically functionalized with
various ligands to customize solvent compatibility and tune the
interactions with other species in solution.[32–34] In addition, a
large insoluble acceptor should inhibit passive and active
transport across the cell membrane,[35] both of which could
convolute reduction pathways when using small molecule
acceptors such as iron citrate or flavins. For example, microbial
iron reduction does not necessarily translate to electricity
generation on an electrode from that organism.[36] Indeed, the
advantageous properties of metal oxide nanocrystals have
already enabled their use in spectroscopic measurement of
EET.[37–40] However, these methods did not directly quantify the
relationship between the spectroscopic response and the
electron transfer rate (i. e., current generation). We recently
developed a model for fitting the plasmonic optical response of
doped metal oxide nanocrystal dispersions that extracts the
number of free electrons in each nanocrystal, enabling in situ
tracking of biological electron transfer events using infrared
spectroscopy.[41]

Leveraging our ability to quantify the change in optical
response with the aqueous biocompatibility of colloidal nano-
crystal dispersions, we aimed to quantify in situ electron flux
from planktonic microbes in culture suspensions. We chose
Shewanella oneidensis as a model electroactive bacterium that is
attractive for its respiratory plasticity and genetic tractability.
Using non-destructive optical measurements to track the LSPR
peak in real-time, we successfully quantified kinetic EET rate
constants from S. oneidensis of varying metabolic activity and
genotype. We also quantitatively differentiated electron flux
from an engineered S. oneidensis strain with tuned EET gene

expression levels. Our method enabled quantification of
S. oneidensis population currents from planktonic culture, with
the average cell exhibiting 0.05–2.8 fA · cell� 1 depending on
metabolic activity, genotype, and gene expression level. Overall,
our results indicate that plasmonic semiconductor nanocrystals
are a reliable infrared sensing platform for probing metabolic
activity in cellular environments and contribute to a quantita-
tive understanding of EET.

Results and Discussion

Preparation of Sn-doped indium oxide (ITO) nanocrystal
aqueous dispersions

ITO nanocrystals (5.78�0.64 nm radius, 9.4 at% Sn) were
synthesized using established colloidal methods and a slow
injection approach (Figure 1a, Note S1).[42] Nanocrystal size and
Sn doping concentration were measured with small-angle X-ray
scattering (SAXS) (Figure S1) and inductively coupled plasma-
optical emission spectroscopy, respectively. To disperse ITO
nanocrystals in aqueous solvents, the hydrophobic organic
ligands bound to the surface of the as-synthesized nanocrystals
were replaced by a hydrophilic polymer. Specifically, we chose
poly(acrylic acid) grafted with methoxy-terminated
poly(ethylene oxide) (PAA-mPEO4). This custom-designed and
biocompatible random co-polymer has previously been used to
functionalize different types of metal oxides[43,44] and been
shown to be suitable for facilitating electrochemical redox
reactions in thin films of polymer-wrapped ITO nanocrystals.[45]

The functionalization of ITO nanocrystals with PAA-mPEO4

was achieved in a two-step process. First, the native stabilizing
ligands were chemically removed by exposing the ITO nano-
crystals to nitrosonium tetrafluoroborate, which resulted in
bare, charge-stabilized ITO nanocrystals dispersible in N,N-
dimethylformamide.[34] Then, charge-stabilized ITO nanocrystals
were mixed with PAA-mPEO4 and subsequently transferred into

Figure 1. Preparation of polymer-wrapped oxidized nanocrystals for EET biosensing. (a) Scanning transmission electron microscopy image of as-synthesized
ITO nanocrystals. Scale bar=40 nm. (b) Dynamic light scattering of charge-stabilized, polymer-wrapped, and oxidized polymer-wrapped ITO nanocrystals. The
ITO nanocrystals remain colloidally stable and do not exhibit signs of significant aggregation after each processing step (inset) since the hydrodynamic
diameter measurements of the three samples are in close agreement. (c) Quantification of polymer adsorption on the ITO nanocrystal surface using
thermogravimetric analysis. The mass loss (18%) around 300 °C corresponds to the decomposition of PAA-mPEO4.
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Milli-Q water. In a previous study, we found that colloidal
stability in aqueous media is due to the adsorption of PAA-
mPEO4 on ITO and is likely facilitated by the coordination of
carboxylate species at the nanocrystal surface.[45] Fourier trans-
form infrared spectroscopy of nanocrystal dispersions at each
processing step confirmed that the native ligands were
effectively removed and replaced by PAA-mPEO4 (Figure S2).
Finally, polymer-wrapped ITO nanocrystals were chemically
oxidized upon the addition of ammonium cerium (IV) nitrate to
promote EET from S. oneidensis. As expected, oxidation of the
nanocrystal dispersion caused a red-shift and decrease in
intensity of the LSPR peak (Figure S3a). After oxidation, the
polymer-wrapped ITO nanocrystals were dispersed in a deuter-
ated medium (Shewanella Basal Medium, SBM, Table S1).
Deuterated buffer avoided saturating the spectrophotometer
detector, as strong water absorption in the near-infrared (NIR)[46]

overlaps significantly with the ITO LSPR peak (Note S2). A non-
deuterated buffer could in principle be used by employing a
doped metal oxide nanocrystal material with higher energy
wLSPR , such as F, In co-doped CdO.

[30]

Avoiding the formation of large ITO nanocrystal aggregates
in the dispersion before or during EET is key for interpretation
and analysis of optical measurements. Therefore, we monitored
the hydrodynamic diameter of the nanocrystal dispersion after
each processing step (i. e., ligand removal, polymer wrapping,
and oxidation post-polymer wrapping) using dynamic light
scattering to probe the stability of the colloid (Figure 1b). The
hydrodynamic diameters of the charge-stabilized and polymer-
wrapped samples were centered around ~10 nm, which is in
good agreement with the diameter obtained from SAXS. The
slight increase in the hydrodynamic diameter of the polymer-
wrapped and oxidized sample (Dh~15 nm) could suggest
interaction between the colloid and charged species during
oxidation, but we did not detect signs of significant aggrega-
tion. This dispersion was colloidally stable for at least five
months after oxidation and transfer into deuterated SBM
(Figure S3b). We hypothesize that the colloidal stability of our
aqueous dispersions of polymer-wrapped ITO (PAAPEO-ITO) is
due to sufficient PAA-mPEO4 adsorption on the nanocrystal
surface (18% by mass, Figure 1c), which we quantified by
thermogravimetric analysis, and thus effective steric stabiliza-
tion.

S. oneidensis remains viable in the presence of PAAPEO-ITO

All bacterial strains and plasmids used in this study are listed in
Table S3. We first ensured that polymer-wrapped nanocrystals
were not significantly cytotoxic by quantifying cell viability in
their presence.[47] Aerobically pregrown cells were diluted to
OD600=0.2 in a mixture of ~1 mg/mL (~0.2 μM) PAAPEO-ITO
and aerobically incubated for 2 h at 30 °C. Cells were then
stained for membrane permeability using the BacLight Live/
Dead kit (Invitrogen) according to manufacturer protocols.
Unbound Live/Dead stain was washed away and cells were
imaged using green (live) and red (dead) fluorescence channels.
Under these conditions, S. oneidensis MR-1 (wild-type) remained

predominately alive, with an 86�2% viable population (Fig-
ure S4). To assess cell health for longer experiments that
included an aerobic-to-anaerobic metabolic shift and nano-
crystal reduction, colony counting was used to quantify the
viable population. As expected, after 8 h incubation with
PAAPEO-ITO and 20 mM lactate in deuterated SBM with
casamino acids, there was a minor decrease in the viable
population, although it was not statistically significant (Fig-
ure S5). In addition, cells incubated for 8 h with no electron
acceptor, with 40 mM fumarate, or with both 40 mM fumarate
and PAAPEO-ITO also showed similar statistically insignificant
decreases. Minor loss in viable cells can likely be attributed to
the high starting inoculating density (which is close to
saturating anaerobic density, see below) as well as the required
metabolic shift from aerobic pregrowth conditions to anaerobic
electron transfer conditions. Taken together, these results
indicate that polymer-wrapped nanocrystals are not substan-
tially cytotoxic to S. oneidensis.

Optical extinction of PAAPEO-ITO tracks respiratory electron
flux from S. oneidensis

Once cell viability was established, we measured the in situ
optical response of the PAAPEO-ITO LSPR during electron
transfer from S. oneidensis MR-1. Aerobically pregrown cells
were washed and resuspended in 1.5 mg/mL PAAPEO-ITO in
deuterated SBM with casamino acids and 20 mM lactate as the
carbon source. The solution was immediately transferred to a
cuvette, sealed, and loaded into a spectrophotometer in trans-
mission mode to monitor the LSPR peak over time. The time-
resolved increase in optical density and blue shift of the LSPR
peak results from an increasing number of electrons within the
ITO nanocrystals, which indicates continuous electron transfer
(Figure 2a). These results confirm that S. oneidensis can reduce
PAAPEO-ITO and the kinetics of this process are resolvable
using NIR spectroscopy. Given the aerobic preparation of the
cell culture and sample, they also suggest that dissolved oxygen
is first consumed through aerobic respiration, followed by
activation of anaerobic EET pathways (i. e., reduction of
PAAPEO-ITO), as we have previously observed for other electron
acceptors such as copper and fumarate.[48,49] We then measured
EET from a S. oneidensis MR-1 population deprived of a carbon
source (e.g., lactate), which should inhibit respiration and
prevent generation of electron flux. The change in optical
extinction was significantly diminished in these samples (Fig-
ure 2b). Some minimal reduction was observed, which can likely
be attributed to excess metabolism from pregrowth,[7] or to
non-specific reducing capacity from cell stress and lysis. Indeed,
a reaction containing lysed S. oneidensis slightly reduced
PAAPEO-ITO even without oxygen removal, indicating that cell
death could lead to a small amount of nonspecific reduction
(Figure S6). Similarly, an E. coli sample demonstrated minimal
PAAPEO-ITO reduction, as would be expected from this EET-
deficient microbe (Figure 3c). Together, these measurements
confirm that regulating metabolic flux manifests in an observ-
able difference to the optical response of PAAPEO-ITO, validat-
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ing this platform as an effective in situ biosensor that is specific
to EET.

As a proof of concept, we also collected extinction out to
higher energies to test if we could simultaneously measure the
infrared LSPR spectrum and meaningful data in the visible
wavelengths. We chose to quantify the intensity of scattered
light by the cells at 600 nm (OD600) because this value is used to
quantify the concentration of cells in a dispersion. We were
able to successfully monitor both the infrared plasmon peak
and the OD600 value in a single sweep of wavelengths in our
spectrophotometer (Figure S7), further illustrating the benefits
of developing an infrared sensing platform.

Quantitative spectral analysis enables quantification of EET
from S. oneidensis with varying metabolic activity and
genotype

Following qualitative observations of the LSPR peak over time,
we fit the peaks to a free electron model that extracts the

number of conductive electrons in a nanoparticle. Using a
deuterated buffer allowed for the collection of clean spectra
and nearly the full plasmon peak for the ITO nanocrystals could
be resolved. ITO nanocrystals were previously incubated with
S. oneidensis, but only to quantify total electrons transferred
from wild-type S. oneidensis, and only in non-deuterated
buffer.[39] Therein the water absorption obscured the signal
below ~5500 cm� 1, meaning the high energy tail of the LSPR
peak and the ultraviolet band gap absorption were used to
quantify electron transfer. While that work was an important
step towards quantifying EET using ITO nanocrystals, our ability
to resolve nearly the full plasmonic response allows for a
simpler, more reliable quantification using our recently devel-
oped model, the heterogeneous ensemble Drude approxima-
tion (HEDA). The HEDA model extracts intrinsic material proper-
ties, such as electron concentration, from the plasmonic
response of a dilute dispersion of nanocrystals.[41] By accounting
for ensemble heterogeneities in nanocrystal size and nano-
crystal electron concentration, it enables more accurate acquis-
ition of material properties.

Figure 2. EET from metabolically active S. oneidensis leads to time-resolved increased optical extinction of PAAPEO-ITO. Experimental extinction spectra
collected each hour from t=0 to 8 h and associated fits for PAAPEO-ITO inoculated with (a) S. oneidensis MR-1 that was provided 20 mM lactate as a carbon
source, (b) S. oneidensis MR-1 not provided a carbon source, or (c) E. coli MG1655 provided with 20 mM lactate as a carbon source.

Figure 3. HEDA fitting of PAAPEO-ITO LSPR response during EET from S. oneidensis enables quantification of steady-state electron transfer kinetics.
(a) EET from S. oneidensis to PAAPEO-ITO exhibits three domains. (Inset) The early domain (�1 h) shows variability due to aerobic respiration, introduction of a
deuterated solvent, and cell stress. This regime includes a lag phase (0–20 min) followed by a sharp increase in electron transfer (20–60 min). Steady-state
electron transfer (1–8 h) precedes a later domain (�8 h) exhibiting effects of nanocrystal saturation, precipitation, and cell death. (b) The Mtr pathway in
S. oneidensis. In the ΔmtrCΔomcAΔmtrF knockout (right), three critical extracellular cytochrome genes are removed from the genome, hindering EET
capabilities. (c) Steady-state EET (1–8 h) where dashed lines represent linear regression of the electrons transferred over time and kEET is the slope of the
regression (Table 1). Data points shown are the mean�SD of n=3 fits of biological replicates.
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Immediately upon inoculating the cells with oxidized
PAAPEO-ITO, we began collecting time-resolved spectra, con-
tinuing for up to 48 hours. We fit spectra using the HEDA model
to quantify the number of electrons within the average nano-
crystal in an ensemble at each timepoint (Note S3). Since we
quantified both nanocrystal concentration and cell optical
density, we could calculate the approximate cumulative elec-
trons transferred per cell over time. This quantification revealed
two consistent electron transfer regimes across samples – a
variable regime during the first ~1 h, where electron transfer
was nonlinear (Figure 3a, inset; Figure S8a), followed by a
steady-state electron transfer regime. In previous studies,
aerobic S. oneidensis at OD600=0.2 took between 10 min to 1 h
to fully consume dissolved oxygen and turn on anaerobic EET
pathways, depending on the electron acceptor and reaction
conditions.[48,49] Therefore, we attribute this initial variable
domain to a combination of oxygen removal via aerobic
respiration and cell stress as they adjust to a new electron
acceptor and undergo a metabolic shift.

Beyond 8 h of reaction in high EET samples (e.g., wild-type
S. oneidensis with lactate), we noticed effects of nanocrystal
saturation and precipitation (Figure 3a, Figure S8b). Thus, we
defined the steady-state regime as between 1 and 8 h, and
used this domain to determine electron transfer kinetics.
Notably, OD600=0.2 is approximately the saturation density of
anaerobic S. oneidensis in SBM with 20 mM lactate, although
this varies depending on the electron acceptor. We suspect that
upon adjusting to their new anaerobic environment, the cells
should divert minimal metabolic flux toward growth and
instead direct it toward energy production via EET.[50] This,
combined with the lack of cell growth between inoculation and
8 h, validates the appearance of steady-state electron transfer in
our system. As such, the linear increase in electrons transferred
per cell justified using linear regressions to obtain kinetic rate
constants and compute population-averaged current genera-
tion. EET could also be measured in samples containing an
added electron acceptor, fumarate. However, to simplify
analysis and ensure all metabolic electron flux was directed
toward the measured acceptor, PAAPEO-ITO, we chose to omit
fumarate from future experiments (Figure S9).

We first determined steady-state electron transfer rates to
PAAPEO-ITO for S. oneidensis MR-1 with and without lactate as a
carbon source, which qualitatively showed a large difference in
optical response (Figure 2). When 20 mM lactate was present as
a carbon source, enabling continuous respiration and gener-
ation of EET flux, the rate of electron transfer was (2.0�0.2)×
107 e� · cell� 1 · h� 1, or approximately 0.89�0.07 fA · cell� 1, which is
4.2-fold greater than when the cells were starved (Table 1). To
further assess background electron transfer and dynamic range,

we used an EET-deficient strain of S. oneidensis. S. oneidensis
ΔmtrCΔomcAΔmtrF is a triple-knockout of three key extracel-
lular cytochromes responsible for direct electron transfer to a
variety of substrates (Figure 3b), and as a result, exhibits
significantly hindered electron transfer activity toward both
electrodes and soluble acceptors.[11,14] As expected, this strain
showed significantly attenuated electron transfer to PAAPEO-
ITO (Figure 3c). Additionally, there was an order-of-magnitude
decrease in the electron transfer rate constant compared to the
wild-type strain (Table 1). It should be noted that statistical error
associated with accumulated electron transfer is dominated by
variation in S. oneidensis EET rates among biological replicates,
not from error associated with spectra collection or fitting
(Figure S10). The collected spectra are highly resolved, meaning
the signal is stable over the collection time period of ~1 minute
and the fitting procedure consistently matches experimental
data and converges to the same solution even for a range of
randomly generated initial guesses (Table S6).

Although the physical dimensions of the nanocrystals
(5.78�0.64 nm radius, compared to cell length on the ~1 μm
scale) should prevent biofilm formation, we sought to ensure
that EET was occurring from planktonic cultures. Therefore, we
tested a biofilm-deficient knockout (S. oneidensis S2933, termed
Δlysis-operon).[51] This strain did not exhibit significantly differ-
ent current generation than wild-type S. oneidensis, indicating
that electron transfer is occurring from planktonic cells (Fig-
ure 4). We repeated the wild-type sample as this experiment
was performed with a newly synthesized batch of nanocrystals
compared to Figure 3 (Note S4).

All fit results are reported in Tables S4–7. Overall, current
quantified from the wild-type strain with 20 mM lactate is
comparable to, but slightly lower than, results from other
methods that have measured or extrapolated single cell
electron flux from S. oneidensis to heterogeneous acceptors.
Previous studies found current generation from S. oneidensis
can vary, from ~2 fA ·cell� 1 in cell suspensions to soluble
riboflavin, to ~100–200 fA · cell� 1 in single cells to
electrodes.[18,24,52] Methods measuring larger reduction rates
have varied in experimental conditions, including extrapolating
single cell EET from biofilms on electrodes or hematite
nanoparticles.[14,18,19,52,53] One primary difference in our study
compared to these is the lack of cell immobilization on a
surface. Cell motility may inhibit certain EET mechanisms such
as flavin shuttling, which occurs primarily in attached
cytochromes.[19,54] Therefore, it is possible that both physiolog-
ical and experimental differences account for increased EET
measurement in these platforms compared to ours. In addition,
the necessity of deuterium in our buffer would lead to kinetic
isotope effects on proton pumping and therefore electron

Table 1. Metrics obtained from HEDA fitting during EET from S. oneidensis. Data shown are results of the steady-state regime, between 1 and 8 h, and are
the mean�SD of n=3 HEDA model fits of biological replicates.

Sample e� Transferred ·Cell� 1 kEET (e
� · cell� 1 · h� 1) Current ·Cell� 1 (fA)

S. oneidensis MR-1 (+20 mM lactate) (1.3�0.2)×108 (2.0�0.2)×107 0.89�0.07
S. oneidensis MR-1 (� 20 mM lactate) (2.5�3.1)×107 (4.8�2.4)×106 0.21�0.11
S. oneidensis ΔmtrCΔomcAΔmtrF (+20 mM lactate) (0.9�1.4)×107 (1.2�1.2)×106 0.05�0.05
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transfer kinetics. Previous studies have determined that S. onei-
densis can recover from this and reach deuterium efflux
equilibrium;[55] however, this may contribute to lower overall
current generation measured in our system compared to others
(Note S2). Finally, the polymer coating around the nanocrystals
could increase the required distance for direct electron transfer,
which would also reduce EET rate. Despite these challenges, our
results indicate that the decreased rate does not inhibit us from
differentiating between the EET rates for strains of varying
metabolic activity and genotype. Overall, these results contrib-
ute to a quantitative understanding of EET from planktonic cell
populations and suggest that simple spectroscopic techniques
can be used as a screening tool to elucidate the electroactive
capabilities of various species or strains.

EET output from engineered S. oneidensis with variable mtrC
expression can be quantitatively differentiated using
PAAPEO-ITO

Synthetic biologists commonly use genetic circuits to control
protein output, and emergent applications of EET will likely
employ similar strategies. However, unlike fluorescence or
secreted protein, it is difficult to directly quantify the relation-
ship between EET gene expression and resultant electron flux,
especially in planktonic cultures. Toward this goal, we used an
S. oneidensis strain that tailors expression of a critical EET gene,
mtrC, in response to inducing molecule concentration. Genet-
ically engineered S. oneidensis ΔmtrCΔomcAΔmtrF+mtrC pro-
portionally expresses mtrC in the presence of isopropyl ß-D-1-
thiogalactopyranoside (IPTG) as an inducer.[12,49] Cultures of
S. oneidensis ΔmtrCΔomcAΔmtrF+mtrC were pregrown anae-
robically in varying concentrations of IPTG (ranging from 0 to
1000 μM), leading to differing expression levels of mtrC and
resultant EET flux. Cultures were then washed and normalized
to OD600=0.2 in a reaction mixture containing PAAPEO-ITO,
20 mM lactate, 25 μg/mL kanamycin for plasmid maintenance,
and the corresponding concentration of inducing molecule. As
outlined above, spectra were collected through 8 hours and fit

with the HEDA model (Figure 5a–d). Fit results are reported in
Table S8. As expected, the resultant electron transfer rate
during steady-state was a function of IPTG concentration
(Figure 5e), increasing about 5.5-fold from no induction/leaky
expression (0 μM IPTG) to full induction (1000 μM IPTG). The
consistent linear electron transfer rate across all engineered
strains after 1 h again supports steady-state electron transfer. A
wild-type (MR-1), empty vector control grown in 1000 μM IPTG
also showed a high electron transfer rate, even higher than the
wild-type without a plasmid, which could be attributed to the
presence of antibiotic, physiological changes from plasmid
maintenance, and/or an anaerobic pregrowth. In this sample,
saturation effects were observed at 4 hours, so the rate constant
was derived from only the preceding timepoints during steady-
state electron transfer (Figures S11–12). It is notable that even
the fully induced mtrC complement did not completely
recapture the wild-type EET phenotype, exhibiting ~4.5-fold
less activity compared to the empty vector control. This may
highlight the importance of other missing EET components in
this strain, specifically omcA and mtrF, in binding and electron
transfer to metal oxide substrates.[56,57] Tiered electron flux
based on varying gene expression was also quantified as
current output, ranging from approximately 0.12�0.04 (unin-
duced) to 0.68�0.08 (fully induced) fA · cell� 1 at steady-state
(Table 2). The rate constants were fit with an activating Hill
Function gene expression model as a guide to the eye; as
expected, increasing concentrations of IPTG correspond to
increasing values of kEET (Figure 5f, Note S5). Together, these
results exemplify the quantitative capabilities of our method for
measuring electron flux after varying expression levels of a
single EET gene. This deepens our understanding of the
relationship between mtrC expression and EET output to
heterogenous acceptors in planktonic cultures, and may be
used to predict electron flux based on mtrC expression for a
desired application.

Figure 4. Planktonic cells are responsible for EET to PAAPEO-ITO. Extinction spectra for PAAPEO-ITO dispersions incubated with (a) S. oneidensis MR-1 and
(b) and S. oneidensis S2933 (Δlysis-operon, a biofilm-deficient knockout).51 (c) Steady-state EET (1–8 h) where dashed lines represent linear regression of the
electrons transferred over time and kEET is the slope of the regression (Table 1). For MR-1, kEET = (2.4�0.2)×107 e� · cell� 1 · h� 1; for S2933,
kEET = (2.1�0.4)×107 e� · cell� 1 · h� 1. Data points shown are the mean�SD of n=3 HEDA model fits of biological replicates.
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Conclusion

Together, our results demonstrate that the sensing capabilities
of plasmonic ITO nanocrystals in microbial suspensions can
expand the microbiologist toolkit for quantifying biological
electron transfer. Using our platform, we successfully measured
current generation on insoluble substrates from planktonic
cultures, enabling differentiation of S. oneidensis cells of varying
metabolic activity and genotype. In addition, we quantified
changes in current generation by cells engineered to express
varying levels of a critical EET gene, mtrC. This will enable
fundamental studies of biological electron transfer metrics and
resolution of EET gene expression dynamics. For example,
PAAPEO-ITO biosensors can explore, in real time, how cells

change electron flux in response to their environment, includ-
ing the presence of a new electron acceptor or an inducing
molecule. This non-destructive, in situ spectroscopic measure-
ment could also be integrated with high-throughput technolo-
gies such as infrared microplate readers to screen genetic
mutants or new bacterial strains based on electron transfer rate.
In addition, infrared detection of EET enables simultaneous
collection of visible wavelength metrics like growth rate,
metabolic dyes, and fluorescent protein expression. We also
envision PAAPEO-ITO could be used to monitor EET in visibly
opaque environments, such as soil, but this will require more
experiments to validate.

Our recent progress in both surface functionalization and
spectroelectrochemical modeling have enabled this demonstra-

Figure 5. HEDA fitting of PAAPEO-ITO LSPR response during EET from engineered S. oneidensis reveals gradients in population current output as a result
of differential gene expression. In situ extinction spectra and HEDA fits for PAAPEO-ITO during EET from (a–d) S. oneidensis ΔmtrCΔomcAΔmtrF+mtrC with
(a) 1000, (b) 100, (c) 10, and (d) 0 μM inducing molecule (IPTG). (e) Steady-state EET (1–8 h) where dashed lines represent linear regression of the electrons
transferred over time and kEET is the slope of the regression (Table 2). Data points shown are the mean�SD of n=3 HEDA model fits of biological replicates.
(f) Rate constants exhibit an activating Hill Function-type response to increasing IPTG concentration. Data points shown are the mean�SD of n=3
independent linear regressions of HEDA model fits of biological replicates.

Table 2. Metrics obtained from HEDA fitting during EET from engineered S. oneidensis MR-1+empty and ΔmtrCΔomcAΔmtrF+mtrC. Data shown are
results of the steady-state regime, between 1 and 8 h for all samples except for MR-1+empty, which was between 1 and 3 h. Data shown are the mean�SD
of n=3 HEDA model fits of biological replicates.

Sample e� Transferred ·Cell� 1 kEET (e
� · cell� 1 · h� 1) Current ·Cell� 1 (fA)

S. oneidensis MR-1+empty (1000 μM IPTG) (3.2�1.0)×108 (6.2�1.3)×107 2.76�0.60
ΔmtrCΔomcAΔmtrF+mtrC (1000 μM IPTG) (1.0�0.3)×108 (1.5�0.2)×107 0.68�0.08
ΔmtrCΔomcAΔmtrF+mtrC (100 μM IPTG) (8.3�1.9)×107 (1.2�0.1)×107 0.53�0.05
ΔmtrCΔomcAΔmtrF+mtrC (10 μM IPTG) (4.1�1.3)×107 (5.6�1.1)×106 0.25�0.05
ΔmtrCΔomcAΔmtrF+mtrC (0 μM IPTG) (1.9�1.3)×107 (2.6�1.0)×106 0.12�0.04
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tion of PAAPEO-ITO as an accurate EET sensing platform;
however, further advances in each of these areas will enable
even more applications. For example, continuing to develop
novel nanocrystal surface chemistry, such as functionalizing
with bioactive polymers, could expand our capability to target
specific cellular machinery, including surface proteins such as
MtrC. In addition, standardizing the optical signatures of ITO
nanocrystals with known surface potentials could allow both
electron tracking and mapping of potential energy landscapes
across the cell. Overall, our design highlights concurrent
progress in nanocrystal biosensors and synthetic biology for
EET, enabling more effective evaluation of critical biological
processes.
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