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ABSTRACT: Photosynthetic membranes contain complex networks of
redox proteins and molecules, which direct electrons along various
energy-to-chemical interconversion reactions important for sustaining
life on Earth. Analyzing and disentangling the mechanisms, regulation,
and interdependencies of these electron transfer pathways is extremely
difficult, owing to the large number of interacting components in the
native membrane environment. While electrochemistry is well
established for studying electron transfer in purified proteins, it has
proved difficult to wire into proteins within their native membrane
environments and even harder to probe on a systems-level the electron
transfer networks they are entangled within. Here, we show how
photosynthetic membranes from cyanobacteria can be wired to
electrodes to access their complex electron transfer networks. Measure-
ments of native membranes with structured electrodes revealed distinctive electrochemical signatures, enabling analysis from the
scale of individual proteins to entire biochemical pathways as well as their interplay. This includes measurements of overlapping
photosynthetic and respiratory pathways, the redox activities of membrane-bound quinones, along with validation using in operando
spectroscopic measurements. Importantly, we further demonstrated extraction of electrons from native membrane-bound
Photosystem I at −600 mV versus SHE, which is ∼1 V more negative than from purified photosystems. This finding opens up
opportunities for biotechnologies for solar electricity, fuel, and chemical generation. We foresee this electrochemical method being
adapted to analyze other photosynthetic and nonphotosynthetic membranes, as well as aiding the development of new biocatalytic,
biohybrid, and biomimetic systems.

■ INTRODUCTION
The membrane-localized electron transfer chains (ETCs) of
living organisms drive a diverse array of respiratory and
photosynthetic processes, acting as the primary agents of
energy flow in ecosystems.1,2 Furthermore, ETCs and their
components can be harnessed by researchers as electrocatalysts
for the sustainable generation of electricity, fuels, and high-
value chemicals.3,4 It is therefore essential to create tools for
studying the molecular mechanisms underpinning the function
of ETCs.
Analysis of ETCs is often complicated by the fact that they

include various bifurcating electron transfer pathways
comprised of many different redox proteins and cofactors.3,5,6

Many organisms contain multiple ETCs within the same
membrane, with these pathways often sharing components or
catalyzing coupled or opposing chemical reactions.7−11 For
example, photosynthetic membranes, such as the thylakoid
membranes of cyanobacteria, contain highly complex networks
of electron transfer reactions,7 which limits our ability to
analyze the activity, function, and interactions of pathways and
their components, information which is needed to engineer

improved productivity in those pathways. The main method-
ologies used to analyze electron transfer in biological systems
are in vitro characterization of purified redox proteins,12−15 in
vivo spectroscopy of highly expressed redox proteins,16−19 or
indirect measurements on the impact of electron transfer
processes on organism growth and physiology.20−23 Methods
that provide a systems-level understanding of ETC activity,
while also being applicable to a wide variety of biomembranes,
are lacking.
Electrochemistry has been widely applied to purified redox

proteins and other biomolecules to analyze the mechanism and
kinetics of their electron transfer reactions,13,14 although
biocomponents are typically in non-native environments.
Similar electrochemical methods have been applied to biofilms
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of diverse microorganisms, which in the case of photosynthetic
microorganisms have revealed complex electrochemical sig-
natures.24−29 While these information-rich signatures have
been shown to relate to the photosynthetic and respiratory
activity of the cells, analysis has proved difficult owing to the
many barriers separating the ETCs and the electrode.29

Pioneering studies have investigated the interactions between
biomembranes and electrodes, including many photosynthetic
membranes.30−39 However, these studies relied on genetic or
chemical treatments that disrupt the native membrane
environment. This has limited the ability of bioelectrochem-

istry to discriminate between different electron transfer
pathways, hindering analytical applications. For this work, we
hypothesized that with an optimized bioelectrode interface it
should be possible to measure (previously missed) electro-
chemical signatures from native photosynthetic membranes,
analysis of which could obtain information about their complex
electron transfer pathways.
Herein, we established an analytical electrochemical

approach to study the thylakoid membranes of cyanobacteria
(Figure 1a). These photosynthetic membranes are the most
protein dense in nature40 with perhaps the most complex

Figure 1. Biomembrane electrochemistry of cyanobacterial thylakoid membranes. (a) Experimental workflow of thylakoid membrane
electrochemistry experiments. (b) Schematic depicting the electron transport network of cyanobacterial thylakoid membranes interfaced with the
electrode. The thylakoid membrane electron transport pathways can be measured due to electron transfer between their components and the
electrode. (c) Picture and (d) SEM micrograph of a Synechocystis thylakoid membrane-modified electrode. (e) STEM micrograph of isolated
thylakoid membranes. (f) Example thylakoid membrane photocurrent profile, with key parameters labeled. Unless stated otherwise, all
photocurrent measurements, including this, were performed under standard conditions: a chl a loading of 20 μg, an Eapp of +300 mV vs SHE,
illumination with 50 μmol photons m−2 s−1 of chopped (60 s on/60 s off) 680 nm light, pH 6, 25 °C, and following purging with N2 gas
(Methods). Data are presented as the mean of biological replicates ±SEM (n = 3). CEF, cyclic electron flow; IET, interfacial electron transfer; IO-
ITO, inverse opal-indium tin oxide; PETC, photosynthetic electron transport chain; and RETC, respiratory electron transport chain.
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Figure 2. Electrochemical measurements of the photosynthetic electron transport chain. (a) Schematic depicting the PETC of Synechocystis
thylakoid membranes. The sites of action of inhibitors, electron mediators, and wavelengths of light are shown. (b) Effect of various inhibitors of
photosynthetic electron transport on the relative change of the photocurrent parameters. DMSO alone is included as a control. (c) Effect of
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network of interdependent electron transfer pathways (Figure
1b), including both a photosynthetic and respiratory ETC
(PETC and RETC). Through the use of structured electrodes
which provide an enhanced bioelectrode interface, sensitive
photoelectrochemical signals were measured from even crudely
isolated membranes. As hypothesized, distinctive electro-
chemical signatures could be resolved. Measurements of
these signatures performed under various experimental
conditions enabled the analysis of biological electron transfer
within these membranes from the scale of individual proteins
to entire ETCs.

■ RESULTS
Wiring Thylakoid Membranes to Electrodes. For

photosynthetic membrane samples, we used isolated thylakoid
membranes from the model cyanobacterium Synechocystis sp.
PCC 6803 (Synechocystis henceforth). This analyte was chosen
due to its well-characterized molecular biology and availability
of mutants, while still containing a highly complex network of
biological electron transfer pathways. We developed a
straightforward thylakoid membrane isolation method (Figure
S1) which yielded membrane vesicles with a diameter of 100−
250 nm and which maintained their in vivo topology and
photosynthetic activity (Supporting Results 1, Figures S2−S4).
To ensure efficient wiring of membranes to the electrode,
vesicles were adsorbed to hierarchically structured and
translucent inverse opal-indium tin oxide (IO-ITO) electro-
des41 with a pore size of 10 μm (Supporting Results 2, Figures
S5−S7).
Photocurrents of thylakoid membrane-modified electrodes

were recorded in chronoamperometry experiments, where the
change in current over a photoperiod was measured at a
specific working electrode potential (Eapp). These measure-
ments were performed under moderate red light (50 μmol
photons m−2 s−1 at 680 nm) in a photoelectrochemical cell
(Figure S8a,b). Data analysis was performed with bespoke
software (Supporting Results 3, Figure S9, Materials and
Methods). Notably, a distinct photocurrent profile was
observed, consisting of a sharp spike in current in the dark−
light transition followed by relaxation to a steady state light
current, with a rapid return to the steady state dark current
following a light−dark transition (Figure 1f). These photo-
current profiles differ from those observed with individual
photosystems (proteins which drive photosynthetic electron
transport; which exhibit monophasic profiles), as well as those
of cyanobacterial biofilms (which have more complex
profiles).29,41 The features were quantified as two parameters:
(i) the “Spike Charge” (the charge contained within the initial

spike feature); and (ii) the “Steady State Photocurrent” (the
positive difference in current between the light and dark steady
states). This enabled quantitative analysis of these parameters
under different experimental conditions.
Experimental conditions were optimized to enable thylakoid

membrane photocurrents to be recorded in physiologically
relevant conditions (Figure S10), which led to the selection of
standard conditions which were used in subsequent electro-
chemistry experiments (Supporting Results 4, Materials and
Methods).
Probing Photosynthetic Electron Transport Path-

ways. Cyanobacterial thylakoid membranes contain a
complete PETC (Figure 2a), which begins with photo-
excitation by photosystem II (PSII) using electrons obtained
from water oxidation with these electrons subsequently being
transported via the plastoquinone/plastoquinol (PQ/PQH2)
pool to cytochrome b6 f, plastocyanin, and photosystem I
(PSI). PSI performs an additional photoexcitation, followed by
electron transfer to ferredoxin and ferredoxin-NADP+ reduc-
tase (FNR), which synthesizes the redox carrier NADPH7. The
different dependencies of the Steady State Photocurrent and
Spike Charge on chl a loading, light intensity, and pH
(Supporting Results 4, Figure S10a−c) led us to hypothesize
that these two photocurrent parameters originate from
different interfacial electron transfer pathways between the
thylakoid membranes and the electrode (Figure 1b), which
may provide information on electron transfer through
components of the PETC. To test this, photocurrents were
recorded in the presence of different inhibitors and substrates,
light conditions, and working electrode potentials (Eapp) to
discriminate between electron transfer pathways from the
PETC to the electrode.
Titrations of several PETC inhibitors (Figure 2a) were

performed to determine their inhibition of photocurrent
parameters relative to a DMSO control (Figure 2b). 3-(3,4-
Dichlorophenyl)-1,1-dimethylurea (DCMU), a competitive
inhibitor of the PSII QB site,

42 provided a strong inhibition
of Steady State Photocurrent up to 93% but had no inhibitory
effect on the Spike Charge. This suggests that, while Steady
State Photocurrent is PSII-dependent, Spike Charge is not and
is instead likely to be PSI-dependent. DCMU also provided a
small enhancement in the Spike Charge, although this could be
caused by the signal from the Steady State Photocurrent
blocking the spike feature in the absence of DCMU. 2-Heptyl-
4-hydroxyquinoline N-oxide (HQNO) is a competitive
inhibitor of the cytochrome b6 f Qn site

43 which prevents
electron transfer downstream of haem bn without effecting
electron transfer to PSI via plastocyanin.44 HQNO did not

Figure 2. continued

illumination wavelength on photocurrent parameters. (d) Stepped chronoamperometry scan of thylakoid membranes, with each successive
photocurrent recorded at an increasing Eapp value (mV vs SHE) and in the absence and presence of 1 mM Fe(CN)6 along with an enzymatic
oxygen removal system (1 mM glucose, 100 μg mL−1 glucose oxidase, 50 μg mL−1 catalase). The X-axis tick spacings represent 20 s of experimental
time Supporting Information data are in Figure S12. (e) Photocurrent parameters calculated from (d). (f) Effect of Eapp and photosynthetic
inhibitors on Steady State Photocurrents, calculated from stepped chronoamperometry experiments performed without enzymatic oxygen removal.
(g) Effect of light pretreatment conditions on Spike Charge, calculated from photocurrents recorded after 10 s of pretreatment followed by 10 s of
darkness. Supporting Information data are in Figure S19. Subpanels depict measurements of (i) Steady State Photocurrent and (ii) Spike Charge
magnitudes. All data presented as the mean of biological replicates ±SEM (n = 3). p-values calculated using two-tailed unpaired t-tests (***p ≤
0.001, ** 0.001 < p ≤ 0.01, p ≤ 0.05). Chl, chlorophyll; Cyt b6 f, cytochrome b6 f; DCMU, 3-(3,4-dichlorophenyl)-1,1-dimethylurea; DMSO,
dimethyl sulfoxide; Fd, ferredoxin; Fe(CN)63−/Fe(CN)64−, ferri-/ferrocyanide redox couple; FNR, ferredoxin-NADP+ reductase; HQNO, N-oxo-2-
heptyl-4-hydroxyquinoline; Pc, plastocyanin; PQ, plastoquinone; PSII, photosystem II; PSI, photosystem I; NADP(H), nicotinamide adenine
dinucleotide phosphate; PMA, phenylmercuric acetate; SHE, standard hydrogen electrode; TM, thylakoid membrane.
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Figure 3. Electrochemical measurements of the respiratory electron transport chain. (a) Schematic depicting the respiratory electron transport
chain of Synechocystis thylakoid membranes. Cyclic electron flow around PSI is also depicted. (b) Thylakoid membrane photocurrent profiles
recorded with increasing dark adaptation times. (c) Effect of dark adaptation time on photocurrent parameters recorded in conditions with a more
reduced plastoquinone pool. This was achieved with substrates that reduce plastoquinone via dehydrogenases (succinate and NADPH) or using a
mutant lacking respiratory terminal oxidases that oxidize plastoquinone (ΔcydΔcoxΔarto). Subpanels depict measurements of (i) Spike Charge (at
all dark adaptation times) and (ii) Steady State Photocurrents (at a dark adaptation time of 60 s). (d) Relative decay in Spike Charge measured at
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inhibit the Spike Charge, consistent with this feature being
PSI-dependent, while inhibiting the Steady State Photocurrent
up to 74%, suggesting a sizable proportion of this feature
originates from interfacial electron transfer between cyto-
chrome b6 f and the electrode. Phenylmercuric acetate, a
ferredoxin inhibitor,45 had no effect compared to the DMSO
control. This is consistent with ferredoxin being lost during
thylakoid membrane isolation (Supporting Results 1, Figure
S4f) and PSI performing electron transfer to the electrode.
Photocurrents recorded with illumination at longer wave-
lengths (700 and 730 nm) which selectively excite PSI over
PSII46 further showed the PSI-dependency of the Spike Charge
and PSII-dependency of the Steady State Photocurrent (Figure
2c).
In bioelectrochemistry experiments, the Eapp of the working

electrode can be used to control which cofactors can transfer
electrons to the electrode based on their midpoint potential
(Em). We exploited this in stepped chronoamperometry
experiments, where an enzymatic oxygen removal regime was
used to enable recordings of photocurrents at increasing Eapp
values from −600 to +700 mV vs standard hydrogen electrode
(SHE).47 The most negative Eapp at which photocurrent
features appeared was used to distinguish between electron
transfer from different PETC redox cofactors to the electrode
(Figure 2d,e). The appearance of anodic (positive) photo-
currents was observed at an Eapp of −100 mV vs SHE, with the
Steady State Photocurrent reaching its maximum at +100 mV
vs SHE, consistent with the feature being dependent on
interfacial electron transfer from PSII and cytochrome b6 f to
the electrode.3,41 A fast decline in the Spike Charge was
observed at Eapp > +200 mV vs SHE, which can be explained
by the oxidation of PQH2 by the electrode

48 (see below)
competing with reduction of PSI. The ferri-/ferrocyanide
redox couple has an Em of +420 mV vs SHE (Figure S11); at
Eapp values below this it acts as a PSI electron donor,

49 while
above this it acts as a PSII and cytochrome b6 f electron
acceptor.50,51 Addition of this molecule led to the appearance
of anodic photocurrents with a clear spike feature at Eapp values
as low as −600 mV vs SHE (Figure S12); appearance of
currents at such potentials can only be explained by direct
electron transfer from either PhQ or FeX of PSI to the
electrode.52 Even at more positive Eapp values where other
electron transfer pathways to the electrode could predominate,
we find no evidence for mediated electron transfer to the
electrode in the absence of an exogenous mediator
(Supporting Results 5, Figures S13−S17). At Eapp values
≥+500 mV vs SHE, a clear enhancement in the Steady State
Photocurrent was observed in the presence of ferricyanide
(Figure 2d,e) caused by mediated electron transfer from PSII
to the electrode. In this condition, the Spike Charge
disappeared entirely, consistent with the Steady State Photo-

current being caused by PSII- and cytochrome b6 f-dependent
electron transfer and the Spike Charge by PSI-dependent
electron transfer.
We expected that interfacial electron transfer between the

membrane and the electrode was most likely to originate from
redox cofactors proximal to the cytoplasmic face of the
membrane. To identify the redox cofactors responsible for
these interfacial electron transfer pathways, stepped chro-
noamperometry was performed in the presence of inhibitors.
Steady State Photocurrent inhibition was only observed at Eapp
values ≥+100 and +300 mV vs SHE for DCMU and HQNO,
respectively (Figure 2f), consistent with electron transfer from
PSII QB and cytochrome b6 f haem cn to the electrode. Cyclic
voltammetry, an electrochemical technique which can be used
to measure the Em of cofactors,

13 revealed the presence of a
cofactor with an Em of +77 mV vs SHE consistent with
PQ(H2) (Supporting Results 6, Figure S18). This suggests that
at more positive Eapp values PQH2 could be oxidized by the
electrode, potentially disrupting electron transfer from PSII to
PSI (Figure 2a). To test if this disruption occurs under
standard conditions, photocurrents were recorded following a
pretreatment with either 500 μmol photons m−2 s−1 of 680 nm
light (to promote PQ reduction by PSII) or 50 μmol photons
m−2 s−1 of 730 nm light (to promote PQH2 oxidation by PSI)
(Figure S19). A 3.5-fold enhancement in the Spike Charge was
observed in the former condition, with DCMU abolishing this
enhancement (Figure 2g), demonstrating how PSII activity
enhances PSI-dependent electron transfer to the electrode and
confirming functional electron transfer through the PETC.
This suggests that plastocyanin is retained within isolated
thylakoid membranes, consistent with its luminal location
(Figure 2a) and spectroscopic detection (Figure S4d). Taken
together, these results demonstrate that biomembrane electro-
chemistry enables the measurement of electron transfer
through multiple components of the cyanobacterial PETC
(Figure 4).
Probing Respiratory Electron Transport Pathways.

Cyanobacterial thylakoid membranes, unlike those found in
plant and algal chloroplasts, contain a complete RETC (Figure
3a).7 This RETC contains various dehydrogenases which
oxidize electron donors (such as ferredoxin, NAD(P)H, and
succinate) and reduce PQ, as well as terminal oxidases that
oxidize PQH2 (directly or via plastocyanin) and use oxygen as
a terminal electron acceptor. The cyanobacterial PETC and
RETC share components with each other (Figure 2a), giving
rise to cyclic electron flow which connects the pathways in a
complex electron transfer network7 (Figure 1b). This makes it
especially hard to disentangle the activity of the RETC from
that of the PETC in cyanobacterial thylakoid membranes.
Our findings that the Spike Charge feature was linked to the

NADPH concentration (Figure S17) and the PQ pool redox

Figure 3. continued

Eapp values ≥+200 mV vs SHE for thylakoid membrane from wild type and ΔcydΔcoxΔarto cells without enzymatic oxygen removal Supporting
Information data are in Figure S22. (e) In operando measurements of thylakoid membrane photocurrents alongside the oxidation of the
Photosystem I P700 reaction center, measured in the absence and presence of 1 mM NADPH. (f) Measurements of (i) Spike Charge, (ii) steady
state P700 oxidation, and (iii) P700 re-reduction rate calculated from data in panel (e). All experiments were performed with 100 μM DCMU. All
data presented as the mean of biological replicates ±SEM (n = 3). p-values calculated using two-tailed unpaired t-tests (***p ≤ 0.001, ** 0.001 < p
≤ 0.01, p ≤ 0.05). Chl, chlorophyll; COX, cytochrome c oxidase; Cyd, cytochrome bd oxidase; Cyt b6 f, cytochrome b6 f; Fd, ferredoxin; DCMU, 3-
(3,4-dichlorophenyl)-1,1-dimethylurea; FNR, ferredoxin-NADP+ reductase; NAD(P)(H), nicotinamide adenine dinucleotide (phosphate); NDH-
1, type I NAD(P)H dehydrogenase; NDH-2, type II NAD(P)H dehydrogenase; Pc, plastocyanin; PQ, plastoquinone; PSI, photosystem I; SDH,
succinate dehydrogenase; SHE, standard hydrogen electrode; TM, thylakoid membrane; WT, wild type.
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state (Figure 2g) led us to hypothesize that it was dependent
on RETC activity. In this model, reduction of PSI in the dark
by the RETC (Figure 3a) leads to the accumulation of charge,
which upon illumination is rapidly dissipated via electron
transfer from PSI to the electrode, thereby giving rise to the
spike in the current. To test this hypothesis, photocurrents
were recorded in the presence of DCMU and using 700 nm
light to excite PSI selectively, with varying dark adaptation
times (the length of the dark period prior to illumination) used
to control the extent of PQ reduction by the RETC. A clear
increase in the Spike Charge was observed at increasing dark
adaptation times (Figure 3b), suggesting that the Spike Charge
encodes information on the RETC activity occurring in the
preceding dark period. The same experiments were performed
in the presence of electron donors for PQ-reducing
dehydrogenases (Figure 3a). Addition of NADPH and
succinate provided enhancements in the Spike Charge at all
dark adaptation times (Figures 3c(i) and S20a,b). This activity
can be attributed to the action of NAD(P)H dehydrogenases
in the case of NADPH and succinate dehydrogenase in the
case of succinate.7 Furthermore, enhancements in the Spike
Charge were also observed in thylakoids obtained from
mutants lacking PQH2-oxidizing terminal oxidases (ΔcoxΔ-
cydΔarto), which have previously been shown to have a more
reduced PQ pool.23,53 Steady State Photocurrent enhance-
ments independent of the dark adaptation time were also
observed under these conditions (Figures 3c(ii) and S20c),
demonstrating an enhancement of steady state PSI activity in
conditions with a more reduced PQ pool. These results
provide a clear demonstration that biomembrane electro-
chemistry can measure RETC in cyanobacterial thylakoid
membranes. Furthermore, photocurrents obtained with
thylakoid membranes from species other than Synechocystis
suggest these PQ-reducing pathways may be specific to
cyanobacteria2,7 (Supporting Results 7, Figure S21).

Addition of NADPH and succinate to the electrolyte was
also found to provide an enhancement of the dark current
(Figure S20d), which could be caused by dehydrogenase
enzymes being wired to the electrode, either directly or via
PQ(H2). While this could be influenced by abiotic factors
(such as changes in capacitance13), electron transfer from
RETC components to the electrode is feasible. For example,
some of the decay in the Spike Charge magnitude observed at
Eapp values >+200 mV vs SHE (Figures 2d,e and S14) could be
caused by the electrode oxidizing PQH2 via terminal oxidases
(Figure 3a) rather than directly. To test this, Eapp-dependent
changes in the Spike Charge were measured using thylakoid
membranes from wild type and ΔcoxΔcydΔarto cells in the
presence of DCMU. While both conditions exhibited a decay
in Spike Charge at more positive Eapp values, this decay was
slower in the ΔcoxΔcydΔarto mutant, consistent with
diminished oxidation of PQH2 by the electrode (Figures 3d
and S22). Furthermore, the start of the decay was shifted from
+200 to +300 mV versus SHE in the mutants. These results
can be explained by electron transfer from respiratory terminal
oxidases to the electrode at Eapp ≥ +200 mV vs SHE, with
direct oxidation of PQH2 occurring at Eapp ≥ +300 mV vs SHE,
a large overpotential consistent with previous electrochemical
measurements performed with synthetic membranes.48 These
results demonstrate that measurements of individual ETC
components can be performed with biomembrane electro-
chemistry (Figure 4).
Spectroelectrochemistry measurements were performed to

ensure that these electrochemical measurements match those
obtained with the established spectroscopic methods. A
spectroelectrochemical cell was constructed (Figure S8c) for
use in a Joliot-type spectrophotometer,17 enabling in operando
measurements of photocurrents and changes in the oxidation
state of the P700 reaction center of PSI54 (Figure 3e,f). The
Spike Charge feature in photocurrent measurements (which

Figure 4. Model of the interfacial thylakoid membrane-electrode electron transfer pathways. Redox potentials3 and suspected routes of electron
transport between redox cofactors and the electrode are shown alongside the lowest Eapp values these pathways were observed at. Experimental
evidence supporting each of the numbered interfacial electron transfer pathways is detailed in Table S1. A, acceptor; Cyt b6 f, cytochrome b6 f; F,
Fe−S cluster; FAD, flavin adenine dinucleotide; Fd, ferredoxin; FNR, ferredoxin-NADP+ reductase; H, haem; ITO, indium tin oxide; NADP(H),
nicotinamide adenine dinucleotide phosphate; P, primary donor; Pc, plastocyanin; Pheo, pheophytin; PQ, plastoquinone; PSII, photosystem II;
PSI, photosystem I; Q, quinone; RDHs, respiratory dehydrogenases; RTOs, respiratory terminal oxidases; SHE, standard hydrogen electrode; Tyr,
tyrosine.
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measures discharging via PSI) occurred simultaneously with
the maximal P700 oxidation, further proving that the Spike
Charge is dependent on PSI electron transfer to the electrode.
Addition of NADPH led to an increase in the oxidation of
P700, consistent with it being more reduced prior to
illumination due to reduction of the PQ pool by the RETC.
The fold change of the Spike Charge in the presence and
absence of NADPH was similar to that of the steady state P700
oxidation (3.3- and 4.6-fold respectively), suggesting the two
parameters are equivalent to one another. Furthermore, the
rate of P700 re-reduction in the dark was increased in the
presence of NADPH by 11-fold, also consistent with a faster
reduction of the PQ pool by the RETC. However, the P700 re-
reduction rate was slower than that observed in vivo53 These
results demonstrate that our electrochemical analysis of
biomembranes gives results consistent with established
biophysical techniques for analyzing thylakoid membrane
electron transfer, complementing these methods by enabling
measurement of electron transfer at multiple points of the ETC
(Figure 4).

■ DISCUSSION
Our results enable us to construct a model detailing the
multiple electron transfer pathways occurring across the
bioelectrode interface (Figure 4, Table S1), with electron
transfer from ETC cofactors to the electrode being the most
likely mechanism of interfacial electron transfer (Supporting
Results 5 and 6). These results are aligned with our
understanding of cyanobacterial thylakoid membrane electron
transfer in vivo7 (Supporting Information Discussion),
establishing our approach of performing electrochemistry on
biomembranes as an effective analytical method, even while
using simply prepared thylakoid membrane samples. In
particular, the electrochemical measurements of PQ pool
reduction in native membranes are a new milestone in the
electrochemical analysis of complex biological systems.
Additionally, the low Eapp of −600 mV vs SHE required for

anodic PSI photocurrents (Figure 2d,e) is, to our knowledge, a
new benchmark,55 being ∼1 V more negative than previous
studies of purified PSI interfaced with indium tin oxide
electrodes in the absence of exogenous electron mediators.56

We suspect this electron transfer pathway was facilitated by the
orientation of PSI in the membrane preventing charge
recombination.52 This finding demonstrated how wiring
ETCs to electrodes, rather than proteins or cells, can create
more efficient biohybrid systems for electricity generation and
chemical synthesis.3

Here we show that with optimized bioelectrode interfaces
and controlled experimental conditions, it is possible to analyze
electron transfer events using simple and reproducible
electrochemical experiments. This is achieved without the
need for protein overexpression or lengthy purification
protocols, and the technique can be readily coupled to
spectroscopic methods (Figure 3e,f). As such, this is a powerful
yet highly accessible approach for analyzing membrane
electron transfer networks (Figure S23). Furthermore, given
the complexity of the cyanobacterial thylakoid membrane
electron transfer network7 (Figure 1b), we expect that this
biomembrane electrochemistry technique could be readily
applied to other photosynthetic (Supporting Results 7) or
nonphotosynthetic membranes (such as those derived from
mitochondria). We foresee immediate applications in charac-
terizing and engineering ETCs for fundamental research,

enhancing photosynthetic yields, identifying the mechanism of
inhibitor/herbicide interactions,57,58 and informing biocatalytic
and biomimetic redox cascade systems for sustainable chemical
production.3,59,60
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