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ABSTRACT

Recent advances in coupling light-harvesting microorganisms with electronic components have led to a new generation of
biohybrid devices based on microbial photocatalysts. These devices are limited by the poorly conductive interface between
phototrophs and synthetic materials that inhibit charge transfer. This study focuses on overcoming this bottleneck through the
metabolically-driven encapsulation of photosynthetic cells with a bio-inspired conductive polymer. Cells of the purple non sulfur
bacterium Rhodobacter sphaeroides were coated with a polydopamine (PDA) nanoparticle layer via the self-polymerization of
dopamine under anaerobic conditions. The treated cells show preserved light absorption of the photosynthetic pigments in the
presence of dopamine concentrations ranging between 0.05-3.5 mM. The thickness and nanoparticle formation of the
membrane-associated PDA matrix were further shown to vary with the dopamine concentrations in this range. Compared to
uncoated cells, the encapsulated cells show up to a 20-fold enhancement in transient photocurrent measurements under
mediatorless conditions. The biologically synthesized PDA can thus act as a matrix for electronically coupling the light-harvesting

metabolisms of cells with conductive surfaces.
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1 Introduction

Microbial bioelectronics offers a disruptive solution to the
sustainable energy problem. Such technologies benefit from the
self-regulating reaction networks of a cell’s metabolism. The key to
unlocking these technologies lies with enabling the Faradaic
exchange of electrons between the cell's metabolism and the
synthetic components of the device. The electron flow in these
biohybrid devices is thus regulated by the interface between the
cell and the electrode [1].

Nature provides a blueprint for engineering this interface;
electroactive microorganisms including bacteria as well as species
of archaea, yeasts, and microalgae have evolved strategies to
transfer electrons over biological membranes [2]. Certain Gram-
negative bacteria [3,4] can export charge through extracellular
electron transfer (EET) that can occur either directly or via
molecular intermediates [5,6]. The underlying mechanisms of
EET have been largely studied using model exoelectrogens such as
Shewanella oneidensis MR-1 and Geobacter sulfurreducens [7].
However, these model organisms grow only in the presence of
certain substrates, limiting their biotechnological applications. The
focus has hence moved toward engineering the exoelectrogenicity
of microbes that can metabolize a broader range of substrates

[8-10]. Light-harvesting microbes in particular are capable of
metabolizing a special range of abundant substrates, using sunlight
to promote the oxidation of substrates that are otherwise
energetically inaccessible [11-13].

Light-harvesting microbes like purple non-sulfur bacteria
(PNSB) have a metabolic versatility that allows them to grow in
different environments, under light and anoxic conditions as well
as dark and oxic conditions. In the presence of light, these
microbes convert solar energy into chemical energy through
photosynthesis, which comprises light-harvesting proteins and
photoenzymes and  their cofactors, bacteriochlorophylls,
carotenoid and quinones. Among PNSB, the wild type and its
carotenoidless mutant strains of Rhodobacter sphaeroides, recently
reclassified as Cereibacter sphaeroides, 2.4.1, and R26 respectively,
have served as model organisms for studying both the molecular
mechanisms of photosynthesis and the metabolism of anoxygenic
photosynthesis [14]. These microbes show remarkable metabolic
diversity, capable of heterotrophic growth through fermentation,
as well as aerobic and anaerobic respiration. The
photoheterotrophy, large substrate acceptance, and tolerance to
harsh environmental conditions [15-17] make these microbes
ideal for biotechnological applications.

However, the bioelectronic applications of these microbes are
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hampered by low power densities, with potential losses stemming
from inefficient electron transfer from the cell to the electrodes.
The mechanism for this inefficient EET remains an area of active
research. Most applications thus often rely on the addition of
exogenous redox mediators to intercept the electrons generated
during photosynthesis and redirect them outside the cell, toward
the electrodes [18,19]. Unfortunately, most of these mediators
show poor solubility in biological membranes and are often
recalcitrant to degradation. These disadvantages limit their efficacy
while also posing health and environmental risks [20,21].
Alternative approaches for improving the EET in microbes thus
range from the addition of carbon-based nanomaterials [22, 23] to
the encapsulation of cells by polypyrrole [24] and polydopamine
(PDA) matrices [25-27].

PDA shows strong promise as a bioinspired synthetic polymer
capable of enhancing EET. It is synthesized by the oxidative self-
polymerization of dopamine (DA) [28-30], benefiting from facile
synthesis and functionalization [31, 32]. Importantly, PDA has a
quinone- and catechol-based redox matrix that can be exploited to
anchor cells on electrodes and to improve electron transport at the
interface between the biological and inorganic components [26,
33]. Previous studies have demonstrated the biocompatibility of
PDA matrices with photosynthetic microbes, which were able to
grow in the presence of moderate concentrations of PDA under
anaerobic conditions [34]. However, bioelectronic applications
that exploit PDA as a conductive matrix for light-harvesting
microbes are largely unexplored. Furthermore, whole-cell
bioelectronic studies to date have relied on oxygenic
polymerization conditions that yield non-specific, solution-phase
PDA [26,33]. These approaches overlook the advantages of
metabolic-dependent polymerization for cell-specific
encapsulation and for PDA association on the membranes. Such
an encapsulation approach could minimize transport losses
between cells while also promoting charge extraction through
intimate cell contact [35].

In this study, we explore the anaerobic, metabolic PDA
encapsulation of individual cells of photosynthetic bacteria for
bioelectronic applications. We apply this approach to the green
mutant strain R. sphaeroides R26 that lacks photoprotective
carotenoids [36]. Consequently, this strain shows inhibited cell
growth under the oxygen and light conditions typically needed for
PDA polymerization. The anaerobic approach in this work thus
provides a previously unexplored basis for studying the
bioelectronic metabolisms of these unique microbes during
photosynthesis [37-39]. Compared to bulk polymerization, the
metabolic-dependent polymerization mechanism further enables
the association of PDA with individual living cells. The tailored
encapsulation method presented herein therefore provides a basis
for enhancing the EET of individual cells in the absence of added
redox mediators.

2 Experimental

2.1 Bacterial growth and functionalization

The R26 strain of R. sphaeroides was obtained from the German
Collection of Microorganisms and Cell Cultures (DSMZ) and
grown in a previously optimized medium [40]. Cell cultures were
grown in biological triplicate with a starting concentration of 1 +
0.5 x 10° CFU/mL (ODs;5 ~ 0.3). Oxygen was initially depleted by
nitrogen insufflation. The cultures were further incubated at room
temperature for 4 h in the dark to consume any residual oxygen
metabolically. Following oxygen removal, the cultures were
incubated at 28 °C under constant illumination by a quartz
halogen lamp (80 W) placed 25 cm away from the vials. The
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cultures were grown in the presence of different concentrations of
dopamine hydrochloride (M, = 189.64 uma, Sigma-Aldrich) by
adding 0.05, 0.1, 0.4, 1, and 3.5 mM of the monomer into the
medium under anoxygenic conditions. Cells exposed to 3.5 mM
dopamine were heat-inactivated and used as a negative control.
Corresponding abiotic samples were also prepared by dissolving
3.5 mM of dopamine into the growth medium. At the end of
every sub-inoculum, the cells were pelleted at 9000 rpm for 4 min
and resuspended in 25 mM phosphate buffer 1 mM EDTA pH 7
for further characterization. Steady-state optical spectra of the
samples were recorded by a Cary 5000 (Agilent)
ultraviolet-visible-near infrared (UV-Vis-NIR)
spectrophotometer with an internal integrating sphere for diffuse
reflectance measurements (DRA 2500). Attenuated total
reflectance (ATR)-Fourier transform infrared (FTIR) spectra were
acquired with a Perkin Elmer Spectrum Two Spectrophotometer
equipped with a 2 x 2 mm diamond crystal. Spectra were recorded
in the 4000-400 cm™ range with a 2 cm™ resolution, using a 0.25
cm acquisition interval with 32 scans taken for each sample.

2.2 Morphological characterization

Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM 1011 TEM operated at 80 kV. The samples
were prepared by dropping an aliquot of the bacterial solutions
after every DA addition onto a 400-mesh carbon-coated copper
grid and air drying. The thickness of the PDA layer coating was
calculated from different samples. A minimum of 10
surfaces/bacterium was used for the analysis, which was
performed with Image] software. At the end of the gradual DA
addition, the bacteria were exposed to a mixture of 2%
paraformaldehyde and 2% glutaraldehyde in 10 mM phosphate-
buffered saline (PBS) containing 150 mM NaCl (pH 7.2) for 2 h at
room temperature, washed twice with 10 mM PBS, and fixed at
room temperature for 2 h in 1% buffered osmium tetroxide.
Following fixation, the samples were dehydrated through gradual
ethanol concentration exposure, concluding with pure ethanol
exposure. The samples were then embedded in acrylic resin LR
White (Sigma, St. Louis, MO, USA), which was left to polymerize
overnight at 60 °C. Ultrathin sections were cut with an
ultramicrotome LKB 2128 Ultrotome equipped with a diamond
knife and conventionally stained with uranyl acetate and lead
citrate.

2.3 Electrochemical characterization

Pelleted cells of R. sphaeroides R26 exposed to dopamine were
resuspended in electrolyte solution (20 mM  3-(N-
morpholino)propanesulfonic acid (MOPS), 10 mM MgCL, 50
mM malic acid pH 7) for electrochemical characterization.
Bacterial suspensions (1 mg/mL) were spotted on a 1 mm glassy
carbon (GC) electrode and air dried. The bioanodes were sealed
with a dialysis tubing cellulose membrane (Sigma Aldrich) that
was previously activated in the electrolyte solution for 10 min. All
the electrochemical measurements were performed in triplicate at
24 + 1 °C using a three-electrode cell consisting of a Pt wire as the
counter electrode and a Ag|AgCl (3M NaCl) reference electrode.
Control experiments were performed using abiotic PDA prepared
in the absence of cells (2 mg/mL under aerobic conditions [41]).
The resulting PDA was spotted onto a GC electrode and exposed
to continuous illumination for 3 h. The temperatures of the
electrolytic solution and the electrode surface were recorded over
time using both an analogic mercury thermometer and an
infrared thermometer (Sovarcate). Cyclic voltammetry (CV)
measurements were taken from —0.2 to 0.5 V at a scan rate of 20
mV/s. Chronoamperometry (CA) measurements were taken over
three light-dark cycles of 100 s at an applied potential of 300 mV.

ﬁ ?/\ “é itk @ Springer | www.editorialmanager.com/nare/default.asp

Tsinghua University Press



Nano Res. 2024,17(2): 875-881

The third light cycle, which showed the most stabilized current,
was used for the comparative analysis. All the potentials reported
in this work were taken relative to the Ag|AgCl reference
electrode.

3 Results and discussion

3.1 In vivobacterial functionalization

R. sphaeroides cultures were grown under anaerobic conditions in
the presence of different concentrations of added dopamine. The
cells were incubated in the presence of 0.05, 0.1, 0.4, 1, and
3.5 mM dopamine (referred to as D1, D2, D3, D4, and D5,
respectively) concentrations that were previously shown to sustain
anaerobic cell growth [34]. The light absorption of the cells
incubated in the presence and absence of dopamine was
compared using UV-Vis absorption spectroscopy (Fig. 1(a)). As
shown in the Fig. 1(a), R26 grown in the absence of dopamine
shows an intense characteristic peak centered at 865 nm. This
peak, which is associated with the absorption of the
bacteriochlorophylls in the RC and the LH1 antenna, is sensitive
to the effects of pollutants [42] and stresses in general. The same
peak was observed in all samples that were grown in the presence
of dopamine. These observations confirm that the cells were able
to develop and sustain the formation of light-harvesting pigments
in the presence of dopamine. The relative position of this peak was
also compared to evaluate the extent of metabolic stress from
dopamine addition. The first derivative of the plot of the
absorption peak reaches zero at 865 nm, independent of the
dopamine concentration (Fig. 1(b)). These results show no
variation in peak shifting, and consequently metabolic stress,
under the tested conditions. The overall absorption spectra further
show cell scattering both in the presence and absence of
dopamine, as indicated by the sloping baseline. To resolve the
peak positions, an Ulbricht’s sphere was used to remove the effects
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of cell scattering. As shown in Fig. 1(c), the resolved spectra show
distinct absorption peaks at 380 and 590 nm, in addition to the
865 nm peak. These additional peaks correspond to
bacteriochlorophylls, as reported in previous studies [43]. Though
the samples showed different peak intensities for different
dopamine concentrations, no trend was observed with the varying
concentrations. Nonetheless, all samples showed comparable peak
ratios (Table 1), indicating that the integrity of the photosynthetic
apparatus of the carotenoidless mutant strain remained intact.

FTIR-ATR spectroscopy was further used to confirm the in situ
anoxygenic polymerization of PDA following dopamine addition
(Fig. 2(a)). As shown in previous studies, the dopamine can
polymerize in the absence of oxygen when incubated with
metabolically active cells [34]. Under these conditions, the cells
may contribute an alternative oxidative pathway for PDA
polymerization. Consistent with these results, the R. sphaeroides
cells exposed to dopamine show a signal between 1560 and
1566 cm™, corresponding to the stretching and bending vibration
[44] (Fig.2(b)). The characteristic peak around 1598 cm™ is also
indicative of DA oxidation to PDA [45]. This peak is absent in the
R26 sample grown without dopamine. In addition, all the
biological samples (both with and without dopamine) exhibit
peaks between 3450-3230 cm™ corresponding to ~-OH and -NH
stretching and a peak around 1600 cm™ corresponding to protein
carboxyl groups.

3.2 Morphological characterization

The PDA deposition was further characterized by TEM.
Micrographs of ultrathin sections of R. sphaeroides cells grown in
the presence of dopamine show a PDA nanoparticle coating
surrounding the membranes of individual cells (Fig.3). These
observations agree with previous studies that have shown
anoxygenic PDA formation from cell activity [34]. In addition, the
PDA nanoaggregates were largely observed near the cells,
consistent with a mechanism that is based on metabolic activity.
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Figure1 Spectroscopic characterization of R. sphaeroides R26 cells exposed to dopamine at different concentrations. (a) UV-Vis spectra of unexposed R26 cells
(R26), and R26 cells exposed to 0.05 mM (D1), 0.1 mM (D2), 04 mM (D3), 1 mM (D4), and 3.5 mM (D5) of dopamine plotted as normalized absorbance at 10*
CFU/mL and at the characteristic peak of R. sphaeroides R26 (at 865 nm) to estimate of the antenna size for an equivalent number of cells. The inset focuses on the
820-900 nm range. (b) Absorbance of R26, D1, D2, D3, D4, and D5 samples normalized by the CFU/mL (on the left) with the corresponding first derivative (on the
right). The vertical line represents the wavelength at which the first derivative is equal to zero in the R26 sample. (c) UV-Vis-NIR spectra of R26, D1, D2, D3, D4, and

D5 recorded with an Ulbricht’s sphere.
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Table1 Peak ratio in reflectance spectra
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Peak ratio R26 D1 D2 D3 D4 D5 Average ratio
865/592 3.7 54 3.9 5.0 3.7 4.8 4.4+1.2
865/375 1.5 1.6 1.6 1.6 1.6 1.9 1.6+0.3
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Figure2 ATR-FTIR spectra of R26 exposed to dopamine. (a) Spectra (1300-4000 cm™) of unexposed R26 cells (R26), and R26 cells exposed to 0.05 mM (D1), 0.1
mM (D2), 04 mM (D3), 1 mM (D4), and 3.5 mM (D5) of dopamine. (b) Spectra (1300-1900 cm™) focused around the PDA peak.

The concentration-dependent formation of the PDA
nanoaggregates was also examined using whole-cell TEM imaging
(Fig.4). At low dopamine concentrations (D1-D2), the images
show negligible formation of dark nanoaggregates, suggesting
limited PDA formation. The micrographs show the onset of
nanoparticle layers beginning to form on the cell membrane
(Fig. 4, D2, bottom panel). These observations are consistent with
a concentration-dependent mechanism that relies on cell surface
deposition. By contrast, dopamine concentrations above 0.4 mM

Figure3 TEM micrographs of R26 in the presence and absence of PDA.
Ultrathin sections of PDA-functionalized R26 cells (top) were taken in the
presence of 3.5 mM dopamine. Ultrathin sections of bare R26 cells (bottom)
were taken in the absence of added dopamine. Red boxes highlight selected cells
that are enlarged in the right panels.

(D4-D5) show more pronounced nanoaggregates that appear to
increase in size with concentration, achieving nanoaggregates up
50 nm in diameter in the presence of 3.5 mM dopamine. The size
of these nanoaggregates is comparable to that of abiotic PDA
synthesized in the presence of oxygen (Fig. S1 in the Electronic
Supplementary Material (ESM)). The increasing dopamine
concentrations also lead to an overall increase in the thickness of
the layers, increasing from 100 + 20 nm for D3 to 180 + 30 nm for
D5 (Fig. S2 in the ESM). The deposition of thick PDA layers can
diminish cell growth and viability, as the PDA may limit light
absorption. Recent studies, however, have shown sustained cell
growth for concentrations up to at least 1 mM dopamine [34, 46].
These results indicate a basis for examining the cell
exoelectrogenicity in the presence of moderate PDA
concentrations.

3.3 Electrochemical characterization

The effect of the PDA coating on the exoelectrogenicity of the cells
was examined using a three-electrode setup. The setup consisted
of a GC working electrode, a Pt counter electrode, and Ag|AgCl
reference electrode. The photothermal effects of the PDA were
first characterized in the absence of cells by monitoring the
temperature increase of the PDA-coated GC electrode relative to
the bulk solution under continuous 3-h illumination (Fig. S3 in
the ESM). Under these conditions, the electrochemical cell
temperature increased from 242 + 0.1 to 263 + 0.1 °C.
Importantly, the electrode surface showed no significant difference
in temperature compared to the bulk. These observations confirm
negligible photothermal heating from the PDA even under
extended illumination conditions in the presence of excess PDA.
Electrochemical measurements were performed without the
addition of exogenous redox mediators to characterize direct
electron transfer. Compared to the bare GC electrode, the
electrode incubated with R26 cells shows a small redox peak
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Figure4 Whole-cell TEM images of R26 cells exposed to increasing concentrations of dopamine. Images were obtained for cells in the absence (R26, left) and
presence of 0.05mM (D1), 0.1 mM (D2), 0.4 mM (D3), 1 mM (D4), and 3.5 mM (D5) of dopamine. Both low (top) and high (bottom) magnifications are shown.

around 0.23 V (Fig.S4 in the ESM). When incubated in the
presence of 3.5 mM dopamine (D5), the sample shows a more
pronounced peak at 300 mV, corresponding to catechol reduction
[47]. The CA measurements performed at this applied potential
show an increased photoresponse of the cells with increasing PDA
(Fig. 5(a)). Although photoresponses are also observed for
negative controls including uncoated cells, heat-inactivated cells,
and abiotic PDA electrodes prepared using D5-equivalent
concentrations of dopamine (3.5 mM) (Fig. 5(b)), these responses
are substantially diminished compared to the D3, D4, and D5
samples of R26 with PDA.

These observations thus confirm a contribution that stems from
the metabolic activity of the living cells.
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Figure5 Chronoamperometry of PDA-functionalized cells (a) CA
measurements taken under alternating light and dark conditions at 100 s
intervals. PDA-functionalized R26 samples (from D1 to D5) were cyclically
exposed to light. The current density was obtained by dividing current values
with the geometrical area of the glassy carbon (0.0314 cm’) (b)
Chronoamperometry of untreated, active R26 cells (black), heat-inactivated R26
cells after encapsulation at D5 concentrations (blue) and abiotic electrodes
prepared at D5 concentrations (red) produced by dissolving 3.5 mM of
dopamine in R. sphaeroides growth medium. Samples were cyclically exposed to
dark and light conditions. (c) Histogram representing the current difference
under dark and light conditions during the third cycle.

A comparison of the baseline currents, however, also shows an
increase in the dark current that increases with PDA
concentration. This trend suggests a contribution from the PDA
as well. The PDA photocurrents do not show a monotonic
increase while under illumination, nor do the PDA-coated cells
show any notable delay in photo-response. The PDA is therefore
unlikely to enhance current through photothermal effects, since
illumination temperature should yield a monotonic increase (or at
best leveling) of the photocurrent, and thermal effects on the cell
are only observed after some delay [48]. Furthermore, the baseline
current diminishes over time, likely due to the capacitive discharge
of the redox-active catechol and quinone groups of the PDA. This
diminution is therefore consistent with an unmediated charge
transfer mechanism that relies on the redox activity of the PDA.
Indeed, the cells that show the thickest PDA coating also show the
greatest baseline current. The D5 cells, for example, show a
coating thickness of 180 + 30 nm, almost twice that of D3 and D4.
The D5 cells also have nearly double the baseline current,
suggesting a mechanism based on unmediated capacitive
discharge from the PDA. By contrast, mediated measurements
show sustained PDA-enhanced EET even after several hours, as
they instead rely on the redox activity of added soluble mediators
[46]. The greatest photocurrent, which is observed in the presence
of the living cells, thus relies on the redox activity of the PDA for
enhancing EET.

The difference between the light and dark currents for each of
these samples was also compared based on the third illumination
cycle, which showed the greatest stabilization over the course of
these transient measurements (Fig. 5(c)). As shown in the Fig.
5(c), the untreated and the D1 cells show a comparable difference
in the light-dark response. Though the D2 cells show a slight
increase, the largest light-dark difference was observed for the
highest dopamine concentrations. Interestingly, the D3, D4, and
D5 samples all show comparable light-dark current differences,
despite the difference in the baseline current. The comparable light-
dark differences at high PDA concentrations suggest the
photocurrent charge extraction to be limited by the light
penetration into the PDA (Fig. S3 in the ESM). Nonetheless, even
under these conditions, the samples achieve a maximum
difference of 856 pA/cm? a 20-fold increase compared to
unexposed R26 cells (0.42 pA/cm’) under unmediated conditions.

4 Conclusions

This work demonstrates a metabolically driven approach for
encapsulating living cells with PDA to enhance EET. This
anaerobic approach was applied to the oxygen-sensitive, light-
harvesting cells of R. sphaeroides. The in-situ formation of the
PDA coating around single R. sphaeroides cells could sustain
bacterial growth under anaerobic conditions [34] while promoting
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electrode immobilization through improved adhesion [26,33].
Importantly, the coated cells show a marked transient
enhancement in photocurrent in the absence of added mediators.
This enhancement is attributed to the improved adhesion of the
cells as well as the efficient charge transfer properties of the
redox-active matrix. Adhesion can improve charge collection by
increasing the interaction area between the cells and abiotic
components. The PDA may also improve the overall EET through
more efficient charge transfer via its redox-active quinone sites.
An understanding of the relative contributions of these
mechanisms can be helpful in tailoring these matrices to further
enhance EET. The results of this study thus lay the framework for
not only synthesizing electrodes through cell activity but also
tuning its synthesis to optimize EET.
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