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ABSTRACT There are numerous sources of bioenergy that are generated by photosynthetic processes, for example, lipids, alcohols,
hydrogen, and polysaccharides. However, generally only a small fraction of solar energy absorbed by photosynthetic organisms is
converted to a form of energy that can be readily exploited. To more efficiently use the solar energy harvested by photosynthetic
organisms, we evaluated the feasibility of generating bioelectricity by directly extracting electrons from the photosynthetic electron
transport chain before they are used to fix CO2 into sugars and polysaccharides. From a living algal cell, Chlamydomonas reinhardtii,
photosynthetic electrons (1.2 pA at 6000 mA/m2) were directly extracted without a mediator electron carrier by inserting a
nanoelectrode into the algal chloroplast and applying an overvoltage. This result may represent an initial step in generating “high
efficiency” bioelectricity by directly harvesting high energy photosynthetic electrons.
KEYWORDS Bioelectricity, photosynthesis, nanoelectrode, atomic force microscope;

e- from the photosynthetic electron transport (PET) chain
before they are used to fix CO2. We have inserted ultrasharp
nanoelectrodes into chloroplasts of the single-celled alga
Chlamydomonas reinhardtii and demonstrated direct extraction of photosynthetic e- (1.2 pA, 6000 mA/m2). This result
represents the first step in generating “high efficiency”
bioelectricity through the extraction of high energy photosynthetic e- before they are diverted toward CO2 fixation
and the reduction of macronutrients such as nitrite and
sulfate. This approach potentially reduces energy losses
associated with the multistep transformation of solar energy
into products used for the production of biodiesel and
bioelectricity. In addition, the system allows direct monitoring of specific charge transfer reactions in live cells, leading
to broad applications for investigating developmental processes and the responses of cells and organelles to light and
chemical stimuli.
The unicellular alga Chlamydomonas reinhardtii (Chlamydomonas throughout) was used to explore the possibility of
extracting electricity directly from biological cells.12 Solar
energy splits H2O into O2, H+, and e- through the action of
the two photosystems (PS) of the PET chain, located in the
chloroplast thylakoid membranes (Figure 1). Custom-constructed nanoscale electrodes were inserted into Chlamydomonas chloroplasts proximal to thylakoid membranes,
where they collected high-energy e- from either the plastoquinone (PQ, acceptor side of PSII) pool or reduced ferredoxin (Fd, acceptor side of PSI), and transferred them
through an external circuit (Figure 1).

A

bundant solar energy is stored and converted into
chemical bond energy by photosynthesis, a process
that occurs in vascular plants, algae, and some
bacteria. Specifically, light energy absorbed by the photosynthetic reaction centers is used to split H2O and generate
O2, H+, a pH gradient across the photosynthetic or thylakoid
membranes, and high energy electrons (e-); the energy
stored in the pH gradient and the high energy e- are used
to reduce inorganic carbon to sugars and polysaccharides.
One approach for extracting energy from the photosynthetic
conversion process is to harvest the biomass stored as
polysaccharide and convert it into ethanol,1 longer chain
alcohols,2,3 or hydrogen.4–6 Further, microbial fuel cell
systems are being developed for the generation of electricity
through the oxidation of organic matter produced in microorganisms and plants.7–10 However, only a theoretical maximum of 27% (and significantly less in nature) of the solar
energy absorbed by photosynthetic organisms can be converted into polysaccharide.11 In addition, the conversion of
polysaccharides to forms of energy that are readily used by
man requires additional inputs and bioconversion processes
that result in a substantial decrease in net energy yield. To
increase the efficiency of light energy conversion, we evaluated the feasibility of generating bioelectricity by extracting
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cantilever (Figure 2b). The ultrasharp nanoprobes associated
with the system allowed for penetration of the cell or
chloroplast membranes using relatively low force and without disrupting the integrity of the cell (the cell membrane
seals around the hydrophobic insulating material of the
electrode). The force generated by the resistance of the
plasma membrane as the tip was lowered into the cell was
monitored by laser feedback from the cantilever with penetration of the membrane occurring at maximum pressure.17 Figure 4 shows a typical force-distance curve as the
probe touches the cell surface and is lowered into the cell,
generating increasing pressure on the membrane until the
membrane ruptures and seals around the inert Si3N4 insulator housing the electrode. Upon membrane disruption, the
pressure at the electrode tip markedly declines. The biphasic
nature of the decline raises the possibility that both the
plasma membrane and chloroplast envelope were penetrated during the query. A force-distance relationship for
retraction of the nanoelectrode from the cell is also shown.
The nanoelectrode system used for harvesting electrons
from PET was initially characterized in the presence of
p-benzoquinone (BQ), a well-studied acceptor of electrons
from PS II.18 During photosynthesis, the BQ is continually
reduced to p-hydroquinone (QH2) through PS II activity.
Therefore, upon cell illumination, the concentration of BQ
in close proximity to the thylakoid membranes decreases
while the concentration of QH2 increases. The BQ can
potentially serve as a conduit for electron transfer between
PET and the nanoelectrode. In initial experiments, 1 mM BQ
was added to the algal suspension and individual cells were
immobilized in traps of the microfluidic substrate and then
penetrated by the nanoelectrode. The response current of
the nanoelectrode (at a potential of -400 mV with respect
to an Au reference electrode) was continually monitored
during short, interspersed light-dark periods. At the set
potential, the nanoelectrode transfers electrons to BQ, resulting in reduction of BQ to QH2 (electron flow from the
electrode to an electron carrier). During illumination the
reduction current decreases, a consequence of PSII-dependent transfer of electrons from H2O to BQ to form QH2, which
decreases the level of BQ substrate available for reduction
on the electrode surface (Figure 5a). The light-dependent
steady state current of 2.5 pA returned to the original value
when the light was extinguished.
The electric current collected in these experiments was
dependent upon nanoelectrode overpotential (Figure 5b)
and the addition of BQ to the medium surrounding the cells.
It exhibited a typical faradaic exponential dependence on
the overpotential (within a specific voltage window), which
was also characteristic of measurements using nanoelectrodes. However, the current saturated and then slowly
increased at high overpotentials as a consequence of BQ and
QH2 diffusion limitation. The QH2 generated by PET can
readily diffuse through lipid bilayers. Therefore, the lightdependent current was detected both inside and outside of

FIGURE 1. Schematic of noncyclic PET and potential positioning of
nanoelectrodes within chloroplasts. The inset depicts insertion of
the nanoelectrode into a granal stack of thylakoid membranes.

Cells were electrochemically analyzed using a nanoelectrode linked to an AFM scanner head (Agilent 5500 AFM,
Agilent technology, U.S.A.) (Figure 2a). The position of the
electrode with respect to the cells was visualized by a laserscanning confocal microscope (LSM Pascal System, Zeiss,
Oberkochen, Germany), and the electrode was moved in 5
nm steps by the AFM controller. Custom-made, AFMcompatible, nanoscale electrochemical probes (Figure 2b,c)
were shaped in the form of a flat, sharp needle (aspect ratio
of 10 and tip diameter of less than 30 nm) extending from
a cantilever, allowing for controlled penetration of immobilized cells. The electrode, which provided high resolution electrochemical measurements, consisted of an Au
structure (100 nm thick) embedded in an inert Si3N4 insulator with only the surface of the Au at the very tip of the
electrode exposed to the medium. These nanoscale probes
were previously characterized for both AFM and SECM.13–15
The electrochemical property of the nanoelectrode system
was also characterized in a standard solution of 10 mM
Ru(NH3)6Cl3/0.1 M KCl with a supporting electrolyte solution
of phosphate buffered saline (See Supporting Information
for detail).
Cells or organelles used for nanoscale electrochemical
probing were trapped and maintained in the open, microfluidic substrate as previously described.16 Nonmotile Chlamydomonas cells (paralyzed-flagella) suspended in 3-5 µL of
medium were dispensed at one end of the channel structure.
Autonomous capillary flow was initiated, carrying the cells
along the channels, which resulted in the capture and
immobilization of numerous single cells in the microtraps;
cell immobilization was ensured by the pressure gradient
generated from continuous capillary flow. Establishing an
array of immobilized cells within the channel (Figure 3a,b)
facilitated rapid, sequential probing of the individuals.
The electrically active probe was at the end of a cantilever
with a 40 µm distance between the tip of the probe and the
© 2010 American Chemical Society
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FIGURE 2. Single cell analysis platform with nanoprobe details. (a) The three main components associated with the platform are the NanoEC/AFM electrode, an open microfluidic substrate for immobilization of single cells that is fitted to the AFM stage, and confocal microscopy,
which allows visualization of both individual cells and the probe tip. (b) A cantilever-based nanoprobe for electrochemical measurements. (c)
A zoomed-in view of an Au electrode embedded in an inert Si3N4 insulator.

the cell. Since PET increases linearly with increasing incident
photon flux (at subsaturating light levels), we also monitored
the BQ-dependent reduction current at different light intensities (Figure 5a). This current has a linear dependence on
light intensity to 150 µmol photon m-2 s-1, returning to
preillumination levels when the cells were placed in the dark.
Finally, photosynthetically generated QH2 can donate its eto the nanoelectrode and become oxidized at a set voltage
of 700 mV (data not shown here).
The indirect harvesting of electrons via a mediator can
be achieved when the electrode is located within the diffusion distance range of that mediator. However, harvesting
bioelectricity by direct capture of electrons from PET requires much closer and more precise placement of the
electrode with respect to the thylakoid membranes since
many of the photosynthetic electron carriers are bound to
these membranes. Our experiments were specifically aimed
at extracting photosynthetic e- by direct oxidization of either
PQ or Fd (Figure 1). When the nanoelectrode was submerged in the medium in the vicinity of, but not touching
© 2010 American Chemical Society

the Chlamydomonas cell, no light-dependent current was
detected (Figure 6a). However, when the customized nanoelectrode was inserted through the cell membrane, navigation of the electrode within the cell (steps of 5 nm in x-, y-,
and z-directions) allowed us to detect a light-responsive
signal (at a bias of 200 mV/Au electrode). This light-dependent, steady state oxidation current (electron flow from
electron carriers to the electrode) (Figure 6b) represents the
direct oxidation of PET without the aid of a mediator.
Increasing the light intensity elicited an increase in the
corresponding signal with a near linear response up to 1.2
pA (6000 mA/m2) at 108 µmol photon m-2 s-1 (Figure 6c).
When a bias of -1 V was applied to the nanoelectrode, lightdependent reduction currents of 0.5 to 1 pA at 108 µmol
photon m-2 s-1 were observed. Similar studies were performed with the relatively large, isolated chloroplasts (15-25
µm diameter19) from mesophyll cells of Peperomia metallica.
Light-dependent oxidation currents from these chloroplasts
were 2.6 and 4.5 pA at biases of 200 and 400 mV, respectively (data not shown).
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FIGURE 4. Cell membrane penetration using the AFM platform.
Force-distance relationship for electrode penetration of and retraction from a Chlamydomonas cell.

FIGURE 3. Microfluidic immobilization platform for visualization and
high throughput electrochemical measurements. (a) Individual
Chlamydomonas cells captured by multiple microtraps. (b) Penetration of a cell by the AFM-navigated nanoelectrode.

Additional experiments were performed to further determine the origin of the currents detected by the nanoprobing
system. First, cells that were exposed to green light (not
efficiently absorbed by photosynthetic pigments, filtered by
D546/4 Green band filter, Carl Zeiss MicroImaging, Inc., NY)
exhibited virtually no light-elicited current response. This
eliminates the possibility of a false signal coming from
mechanical or electrical noise associated with the on/off
action of the light source. Furthermore, chemical suppression of photosynthetic electron transport was performed to
determine if some proportion of the light-elicited current
detected by the nanoelectrode was derived from nonphotosynthetic electrons; some proportion of the current could
© 2010 American Chemical Society

FIGURE 5. Monitoring PET using the mediator BQ. (a) Light-dependent reduction current (BQ reduction) at a probe potential of -400
mV with respect to a quasi Au reference electrode and the dependency of the BQ reduction current on light intensity. (b) Dependence
of BQ reduction current on voltage bias.

emanate from nonphotosynthetic redox species within chloroplasts. The inhibitor 3-(3′,4′-dichlorophenyl)-1,1-dimethylurea (DCMU), which specifically blocks electron flow out of
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FIGURE 6. Light-dependent oxidation currents from a single Chlamydomonas cell. An Au nanoelectrode was biased at 200 mV with respect
to reference electrode (Au), and PET was initiated by exposing the cells to light of 108 µmol photon m-2 s-1 (halogen lamp). (a) Au nanoelectrode
was placed in the medium outside of the cells; no light-dependent signal was detected. (b) Au nanoelectrode was inserted into the chloroplasts
of a cell; light-dependent oxidation currents were detected. (c) Dependency of current on light intensities is shown in the range of 4-108
µmol photon m-2 s-1. Examples of the current signals observed (right, top and bottom for 108 and 4 µmol photon m-2 s-1, respectively) are
shown. (d) Comparison of photosynthetic currents measured by the nanoelectrode relative to the current estimated from O2 evolution
measurements.

from the rate of O2 evolution with the assumption that 4 e(8 excitation events) must traverse PET for each O2 produced. The concentration of chlorophyll in the suspension
was 0.097 mg/mL and the chlorophyll content per cell was
∼3.77 × 10-9 mg/cell. On the basis of these numbers, the
cell concentration in the suspension was calculated as 2.58
× 107 cells/mL. It was assumed that the transmission of
photons through the cell suspension is negligible. First,
normalization of the measured O2 rates by the cell concentration at each light intensity provided the O2 generation rate
per cell (nmol/min/cell). Since 4 e- are involved per each O2
generated, the e- generation rate per cell was calculated by
dividing the O2 generation rate per cell by the number of eper each O2 generated. The e- generation rate per cell was
finally converted to the electrical current unit pA, and the
pA value was compared to light-dependent currents measured by a nanoelectrode under the same conditions. As
anticipated, the light-driven current measured by the nano-

photosystem II, was added to the medium prior to measuring the light-elicited current generation based on the oxygen
evolution of spinach chloroplasts (see Supporting Information for details). In no case were we able to measure a
current when DCMU was present in the medium bathing the
chloroplasts. Together, these findings strongly support the
conclusion that the electric signals measured originated from
PET.
To assess the harvesting efficiency obtained using the
approach described above, we estimated the maximum
current extracted from PET if the electrode could access the
entire thylakoid surface. Calculations of the maximum current from a single Chlamydomonas cell were based on
measurements of light-dependent O2 evolution. The O2
evolution (see Supplemental Figure 3 in Supporting Information) was quantified over a range of light (from a halogen
lamp; Schott KL2500 LCD) intensities. The potential current
generated by PET at each of the intensities was calculated
© 2010 American Chemical Society

1141

DOI: 10.1021/nl903141j | Nano Lett. 2010, 10, 1137-–1143

electrode falls within the values estimated from measurements of O2 evolution (Figure 6C); the measured value is
∼20%ofthevaluepredictedfromO2 evolutionmeasurements.
These results indicate that the nanoelectrode collects efrom the immediate thylakoid-stromal vicinity in which it is
embedded; the larger the surface area of active thylakoid
membranes relative to the active electrode surface, the less
efficient will be direct collection of e- from PET. In addition,
relatively low measurement temperatures, which were maintained at around dew point (typically between 5 and 15 °C),
could have further slowed down diffusion of electron carriers
due to the increased viscosity of the stromal medium,
resulting in the harvesting of ∼20% of the predicted total
photosynthetic e- energy by the nanoelectrode.
There are two likely sources of e- that explain the
oxidizing currents observed in these studies. The first source
would be e- extracted from reduced Fd (Scenario 1 in Figure
1). A recent study has shown that a bare Au electrode could
oxidize Fd under both neutral and acidic conditions.20 The
current may also originate from the oxidation of PQ within
the lipid bilayer of the thylakoid membranes (Scenario 2 in
Figure 1). Previous work has shown that an Au electrode can
capture e- from reduced PQ.21,22 Considering the difficulty
of precisely positioning the nanoelectrode within thylakoid
membranes, it is likely that in many cases the electrode was
inserted through the stacked membrane layers, resulting in
multiple sites of interaction between the Au surface and the
membrane-associated PQ pool. To distinguish these possibilities, additional experiments using combinations of PET
inhibitors such as DCMU, which inhibits electron flow to the
PQ pool, and 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone (DBMIB), which inhibits electron flow beyond the
cytochrome b6f complex, are required. Superoxide generated by PET may provide another source of e- captured by
the probe. However, at the relatively low light intensities and
measurement temperatures (close to dew point) used, the
generation of superoxide radicals is likely to be negligible.
Reversible oxidation of Fd was previously demonstrated
using both carbon and modified carbon, indium oxide
electrodes in the presence of magnesium cations.23–25
However, these materials are not compatible with our
nanoprobe fabrication process. Thus, we have investigated
chemical modifications of Au electrodes by depositing a selfassembly monolayer (SAM) on the bare Au surface.20 These
studies demonstrated enhanced oxidation of spinach ferredoxin by the Au electrode (flat electrode) that was chemically
modified with poly-L-lysine and a SAM layer of mercaptoundecanoic acid. However, since this SAM-coated layer can
degrade as a consequence of oxidation, further studies are
required to identify electrode materials better suited for
experimentation under aerobic conditions. Mechanical stripping of the SAM coating during probe insertion through the
cell membranes must also be considered when developing
new electrode materials.
© 2010 American Chemical Society

Recent efforts to generate bioelectricity have focused on
identifying microorganisms or mediator molecules that
overcome issues of stability and energy conversion efficiencies.7–10 Here we report the aerobic extraction of photosynthetic e-, both with and without mediators, from the alga
Chlamydomonas. The results demonstrate the feasibility of
collecting “high energy e-” in steps of PET and prior to the
downstream processes associated with energy loss; substantial losses occur during CO2 reduction, incorporation of fixed
carbon into various cellular compounds, and methods associated with the preparation of these compounds as feedstock for generating convenient, energy-rich molecules.
Overall, this is one of few studies focused on direct bioelectricity generation and capture. This novel but promising
approach is in its infancy and will require the development
of robust biological subjects, the identification of efficient,
stable mediator molecules, the engineering of new electrode
surfaces for optimal electron capture from various mediators
(both natural and artificial), the development of methods to
increase current collection efficiencies, and ultimately an
ability to scale up and establish economic feasibility.
MaterialsandMethods.Theunicellular,greenalgaChlamydomonas reinhardtii was grown in TAP medium.12 The pf18
mutant strain,26 which exhibits no motility, was used for
most experiments since it would remain fixed in the microfluidic traps (it was unable to swim out of the traps). To
facilitate penetration of the cell membrane, the pfl8 mutant
was crossed to a cell wall minus strain, either cw15 or
cw92,27,28 to generate the pfl8cw15 or pfl8cw92 double
mutants. The cell wall minus phenotype allows penetration
of the cell by the ultrasharp nanoelectrode. Giant chloroplasts from Peperomia metallica were prepared as described
elsewhere.29
A cooling stage on which the microfluidic substrate was
seated (temperature set at the dew point using Peltier
control) was used to prevent evaporation of the flowing
medium in the open microchannels. For sensing electrochemical signals, a voltage bias was applied between the
working and quasi-reference electrodes. An Au coating
covering the microfluidic channel formed the reference
electrode with the measuring electrode being the exposed
Au sector of the nanoelectrode. Signals were amplified by a
custom-built transresistive amplifier (conversion factor 100
pA/V) and stabilized by enclosing the system (including the
AFM and confocal microscope) in a Faraday cage, which
shielded the apparatus from interfering signals in the surrounding environment. The entire system was placed on a
vibration-free optical table (Vibraplane 9100, Kinetic Systems).
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Supporting Information Available. Description of electrochemical characterization of nanoprobing system, photosynthetic inhibition experiment, and oxygen evolution
profiles. This material is available free of charge via the
Internet at http://pubs.acs.org.
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Cyclic Voltammetry: The system can also support cyclic voltammetry (CV)
(Supplemental Fig. 1A) using a two electrode format comprised of the ultra-sharp nanoprobe (Au working electrode) and an Au coating on the surface of the micro-fluidic
substrate (30 nm thick Au layer serving as both counter and reference electrode).
Experiments were performed in a solution of 10 mM Ru(NH3)6Cl3/0.1 M KCl with a
supporting electrolyte solution of phosphate buffered saline. The CV measurements were
similar to those observed using the standard three electrode system with Ag/AgCl as the
reference electrode, although the current response was slower. Furthermore, the potential
at which the current was first detected was shifted by about 120 mV relative to the results
obtained with the three electrode system. This is a consequence of a 120 mV potential
difference between Ag/AgCl and Au electrodes used for the two and three electrode
systems, respectively. To identify the electrochemical operating voltage window for the
nano-probes, its CV (Supplemental Fig. 1B) was measured in cell medium used to fill
the Au-coated, micro-fluidic channels. Voltage biases of between 0.7 V and -0.7 V
elicited no currents. Outside of this range, faradaic currents were observed that resulted
from water hydrolysis and the evolution of O2/H2. These results indicate that there is no
redox couple that can induce a faradic current in the cell medium.
Inhibition of Photosynthetic Currents: It is important to determine whether the nanoelectrode detected only photosynthetic currents, or whether some component of the
current detected originated from non-photosynthetic redox species present within cells.
To address this issue, the chemical inhibitor, 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU) was used to suppresses electron flow out of photosystem II (PSII). The oxygen

evolution resulting from photosynthetic electron flow could be electrochemically
monitored when a cathodic bias of 800 mV is applied to the nano-electrode. While lightsensitive currents from oxygen evolving spinach chloroplasts were readily detected by
the nano-electrode (Supplemental Fig. 2A), the signal was completely abolished when
the chloroplasts were treated with DCMU (10 M in cell medium) (Supplemental Fig.
2B). These results strongly suggests that the nano-electrode is measuring photosynthetic
currents.

SUPPLEMENTAL FIGURE 1

Supplemental Figure 1. (a) CV of the two electrode system (Au working electrode/Au coated
counter and reference electrode) described in the text. Experiments were performed in a solution
containing 10 mM ruthenium hexamine chloride (Ru(NH3)6Cl3) and 0.1 M KCl. (b) CV measured
with Au electrode in cell medium. The scan rate was 0.1V/s. No current was recorded when the
potential was between 0.7 V and -0.7 V.

SUPPLEMENTAL FIGURE 2

(a)

(b)
Supplemental Figure 2. Chemical inhibition of photosynthetic currents using the inhibitor, 3-

(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) (a) Light-triggered reduction currents from
oxygen evolution of spinach chloroplasts under a normal condition (b) Elimination of the light-

dependent signal in the presence of DCMU inhibitor. These results suggest that the measured
currents originated from photosynthetic electron flow.

SUPPLEMENTAL FIGURE 3

Supplemental Figure 3. O2 evolution by a Chlamydomonas cell suspension exposed to various
light intensities generated by a halogen light source.

