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The Photobioelectrochemical Activity of Thylakoid 
Bioanodes is Increased via Photocurrent Generation 
and Improved Contacts by Membrane-Intercalating 
Conjugated Oligoelectrolytes† 
Nathan D. Kirchhofer,§,a Michelle A. Rasmussen,§,b Frederick W. Dahlquist,c Shelley 
D. Minteer,*b and Guillermo C. Bazan*a,c,d 

The photobioelectrochemical impact of a series of conjugated oligoelectrolytes (COEs) with a systematic 
progression of chemical structures was elucidated by their direct incorporation into thylakoid bioanodes. 
In both three-electrode electrochemical cells and bio-solar cell devices, significant anodic performance 
enhancements (p < 0.1) were observed when anodes were modified with certain COEs. Amperometric 
photocurrent densities increased by up to 2.3-fold for the best COE. In bio-solar cell devices, short-circuit 
photocurrent increased by up to 1.7-fold and short-circuit dark current increased by up to 1.4-fold, 
indicating that the best COEs enhance both photocurrent generation and interfacial electron transfer. 
Trends in these results indicate that the molecular length and pendant charge of COEs differentially 
contribute to photobioelectrochemical enhancements, and the optimal combination of these features is 
revealed. Control experiments indicate that COEs augment native thylakoid functionality, as COEs do not 
have redox activity or undergo chemical degradation.	
  

Broader Impact: Conjugated oligoelectrolytes (COEs)—water 
soluble organic semiconducting oligomers with high membrane 
affinity—are able to modulate biocurrent in various dark-
current microbial bioelectrochemical systems. In these systems, 
COE molecules boost native microbial transmembrane charge 
transfer processes. However, COEs have not been exploited for 
energy harvesting/transfer purposes in practical light-driven 
biosystems such as thylakoid-based bio-solar cells, self-
powered bio- or photo-sensors, and biotransistors. For the first 
time, we show that COE additives significantly enhance the 
performance of thylakoid-based devices. The best COEs 
improve both the dark- and photo-current output of thylakoid 
bioanodes, implicating a synergistic improvement of electrode 
contacts and photocurrent generation, and trends in these results 
reveal key structure-property relationships that guide future use. 
 
Introduction 

 Investigations1–8 of membrane-intercalating conjugated 
oligoelectrolytes (COEs), such as those in Fig. 1, have largely 
focused on microbial bioelectrochemical systems in the absence 
of illumination. One study9 with an illuminated synthetic 
photovoltaic system reported >93% efficient transmembrane 
Förster resonance energy transfer10 (FRET) from COE1-4C 

(a.k.a. DSSN+) to gold-electrode-tethered Nile red, and this 
enabled a 36% higher photocurrent density to be generated 
upon white light irradiation. COE1-4C was selected for its 
lipid-phase photoluminescence (PL) spectral overlap with Nile 
red’s absorption; this is feasible because COE1-type molecules’ 
absorption onset (optical gap) and PL are red-shifted relative to 
COE2-type analogues (Fig. S1), due to D-A-D character.11–13 
 The Nile red synthetic photovoltaic system represents an 
analogue of the thylakoid membrane of green plants—the most 
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abundant natural biological membrane—that is densely packed 
(~70% by area14) with photo- and electro-active protein 
complexes that convey energy via FRET.15 One key thylakoid 
membrane protein complex is Photosystem II (PSII), a 
photosynthetic reaction center (RC) containing numerous 
antenna pigment molecules that absorb light and transfer 
photoexcitation energy to the P680 chlorophyll a (chla) special 
pair at >90% efficiency.16–21 This generates the P680* excited 
state (the primary electron donor in photosynthesis16,22) that is 
rapidly oxidized to P680+ (the strongest naturally-occurring 
biological oxidant16) at near-unity quantum efficiency.23 P680+ 
drives water oxidation—evolving O2, 4H+, and 4e–—in the 
metalloenzyme core of PSII,15,18,21 so PSII is the primary source 
of usable electrons in thylakoid membranes.  
 In addition to PSII, Photosystem I (PSI) and the RCs from 
photosynthetic bacteria also exhibit quantum efficiencies 
approaching unity for photoexcitation energy transduction and 
charge separation.24–27 There has therefore been keen effort in 
isolating these RCs and interfacing them with electrodes for 
photobioelectrochemical devices.28–36 A related method (that is 
utilized in this manuscript) is the electrode immobilization of 
whole thylakoid membranes that naturally contain PSI and 
PSII. This requires fewer purification steps and allows better 
RC stability at the expense of some charge transfer efficiency. 
Herein, immobilization is accomplished via silica encapsulation 
with catalase,37 though thylakoid membranes may also be 
“wired” to osmium redox polymers,38 suspended with gold 
nanoparticles and quinones,39 frozen in an albumin matrix,40 
incorporated in electrochemical cells with various mediators,41 
or tethered to multiwalled carbon nanotubes (MWCNTs).42 
These approaches, and more, have been critically reviewed.43,44 
 Two-compartment bio-solar cells constructed from spinach 
thylakoid bioanodes and laccase biocathodes were recently 
reported.45,46 The thylakoid active layer absorbs light and 
generates electrons that are harvested as anodic photocurrent. 
This platform has been used to investigate additions of carbon 

quantum dots that sensitize thylakoid bio-solar cells47 by 
increasing the direct electron transfer surface area of the 
electrode (increased current collection) and increasing 
absorbance and photoluminescence intensities (enhanced light 
harvesting). These devices have also been modified with the 
discussed quinone derivatives39 and MWCNTs.48 The thylakoid 
bioanodes of these devices have practical utility in 
biosensors,40,49–52 photosensors,53 and biotransistors.54 Thus, 
improving their electrochemical performance is anticipated to 
enhance their sensitivity and applicability across a wide range 
of applications.  
 Herein, thylakoid bioanodes have been modified with the 
seven derivatives in Fig. 1 by directly adding COEs to the 
thylakoid suspensions during electrode construction. The 
resulting thylakoid/COE electrodes were employed in both 
three-electrode electrochemical cells (Fig. 2A) and bio-solar 
cells (Fig. 2B). As can be seen in the Fig. 2 schematic, the two-
compartment design of the bio-solar cells allows use of two 
solutions so that COEs are prevented by the PEM from 
interacting with the cathode.45 Because of the strong affinity of 
COEs for lipid bilayers,1,55 it is reasonable to expect that 
thylakoid membrane proteins (e.g. PSII) and their bound 
pigments may be spatially proximate56 to intercalated COE 
molecules and experience COE-induced optoelectronic and/or 
diffusion-related57 changes. However, due to the essential 
influence of light reactions in this novel thylakoid/COE-testing 
platform, COEs are not necessarily expected to evoke the same 
functionality or electrical outputs as have previously arisen in 
non-illuminated microbial systems.1–8 Therefore, this study is 
an essential conceptual steppingstone towards understanding 
practical utility of COEs in light-driven systems.  
 The manuscript is organized as follows. First, 
thylakoid/COE electrodes are characterized and optimized in a 
three-electrode device. Then, with all seven COE derivatives, 
optimized electrodes are used for photoamperometry in similar 
three-electrode devices and subsequently employed in bio-solar 
cell devices. The resulting device outputs are then statistically 
compared to establish photobioelectrochemical structure-
property relationships. These experiments offer insight into the 
ideal combination of molecular structure and pendant charge 
functionality of COEs for enhancing the performance of 
practical thylakoid-bioanode-based devices. 
   
Results and Discussion 

Electrochemical characterization of thylakoid bioanodes and 
optimization of COE concentration 

 In a three-electrode device (see Fig. 2A, previous work,46 
and Experimental), thylakoid/COE electrodes containing 10 
µM of each COE were first examined using cyclic voltammetry 
(CV) to identify electrochemical differences relative to 
unmodified thylakoid electrodes. 
 An example of the CV data is shown in Fig. S2 (ESI), 
specifically comparing the potential dependence of current 
output from an unmodified thylakoid electrode to a 
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representative thylakoid/COE1-4C electrode. This was repeated 
for all tested COEs (not shown), and these data indicate that 
essentially no voltammetric difference exists between 
thylakoid/COE electrodes and unmodified thylakoid electrodes. 
Therefore, COEs are not contributing to anodic current via 
redox activity or chemical degradation. A small, reversible 
redox wave is identifiable in all CV traces at a central potential 
of ~0.35 V for thylakoid electrochemistry; all subsequent 
amperometric experiments were therefore conducted at E = 
0.45 V to allow oxidation of this redox species.  
 Using a similar three-electrode device, the COE 
concentration that maximizes current output from 
thylakoid/COE electrodes was identified amperometrically 
using COE1-4C. These experiments provide the current 
generated during a specific period of time (see Experimental). 
As can be seen in Fig. 3, a range of 1–20 µM COE1-4C was 
tested, which mimics the range typically explored in previous 
biological studies.3–5,58 This range is equivalent to 50–1000 
pmol COE per 50 µL solution, or 100–2000-fold less than the 
chlorophyll concentration in the thylakoid suspensions used for 
constructing the electrodes (see Experimental). The resulting 
amperometric light-, dark-, and photocurrent responses are 
summarized in Fig. 3. Dark current density is not significantly 
affected by the COE1-4C concentration, aside from a small 
increase at 10 µM COE1-4C. However, photocurrent density 
changes with COE1-4C concentration, as it increases slightly 
for 1 µM and 5 µM, maximizes at 10 µM, remains elevated at 
15 µM, and then at 20 µM falls below unmodified (0 µM) 
thylakoid electrodes. From these data, 10 µM was chosen as the 
standard concentration for subsequent experiments.  

Amperometry reveals COE-induced thylakoid photocurrent 
enhancements  

 In Fig. 4, a representative example of amperometric current 
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output from a 3-electrode device for an unmodified thylakoid 
electrode (Fig. 4A) is compared to the current output from a 
representative electrode modified with COE1-4C (Fig. 4B). The 
COE1-4C addition increases light current (“Light On” state) by 
approximately 2-fold, while dark current  (“Light Off” state) is 
essentially unchanged; photocurrent is light minus dark current, 
so photocurrent increases about 3-fold in this specific instance. 
Triplicate average data and statistical significance for all COEs 
is summarized in Fig. 4C and Table 1 and discussed below. 
  From Table 1, three COE derivatives have a statistically 
significant effect on thylakoid light current output (at > 90% 
significance): COE1-3C, COE1-4C, and COE2-4C. Relative to 
unmodified thylakoids, addition of COE1-3C provides a 1.4 ± 
0.2-fold increase in light current (p = 0.065), and COE1-4C 
addition enables a 2.0 ± 0.5-fold increase in light current (p = 
0.059). However, COE2-4C makes the device worse, 
decreasing light current to 0.6 ± 0.2-fold (p = 0.070). Dark 
current of thylakoid/COE electrodes is not statistically 
significantly different than the unmodified thylakoid electrodes 
for any tested COEs.  
 Photocurrent is statistically significantly higher (at ≥ 95% 
significance) with COE1-4C (2.3 ± 0.8-fold, p = 0.010) and 
COE1-3C (1.6 ± 0.2-fold, p = 0.046). This agrees with light 
current data because dark current is statistically unchanged. It is 
also noteworthy that by this 3-electrode technique, COE1-3C, 
COE1-4C, COE1-5C, and COE3-4C qualitatively increase the 
average measured photocurrent while COE2-3C, COE2-4C, 

and COE2-5C decrease it. This trend hints at COE molecular 
structural features playing a relevant photobioelectrochemical 
role that is further exposed in bio-solar cell experiments, below. 

Bio-solar cell experiments reveal statistically significant COE 
photobioelectrochemical structure-property relationships 

 The same bioanode electrodes were accordingly employed 
in two-compartment bio-solar cells45 to further probe whether 
the amperometric trends hold and whether COEs improve (a) 
photocurrent generation within the thylakoids or (b) the 
thylakoid-electrode contact for current harvesting—or a 
combination of (a) and (b). An example of the obtained solar 
cell data is shown in Fig. 5, comparing linear polarization (LP) 
traces of unmodified thylakoid bio-solar cells (Fig. 5A) to the 
best-performing thylakoid/COE1-4C devices (Fig. 5B).  
 Four COE derivatives afford a statistically significant 
increase to the bio-solar cell short circuit light current (light-
Jsc): COE1-3C, COE1-4C, COE1-5C, and COE2-5C. Light-Jsc 
is the sum of the contributions from short circuit dark current 
(dark-Jsc) and short circuit photocurrent (photo-Jsc). The best 
overall performance enhancement is afforded by COE1-4C, 
with a statistically significant 1.4-fold increase in each of light-
Jsc, dark-Jsc, and photo-Jsc (p = 0.023, 0.030, and 0.055, 
respectively). This indicates that COE1-4C enhances both 
photocurrent generation and the thylakoid-electrode contact. It 
is worth noting that the dark current in Fig. 5B is also increased 
relative to the dark current in Fig. 5A at intermediate potentials 

Table 1. Amperometric current density measurements at E = 0.45 V vs. Ag/AgCl with 10 µM COE additions in 0.1 M pH = 7.4 phosphate buffer 
10 µM COE 
Additions to 
Thylakoids 

  Light Current 
 

Dark Current 
 

Photocurrent 

 
Density 
(µA/cm2) 

Fold 
Change p-valuea 

 

Density 
(µA/cm2) 

Fold 
Change p-valuea 

 

Density 
(µA/cm2) 

Fold 
Change p-valuea 

No COE  630 ± 120 – 1.000 
 

180 ± 60 – 1.000 
 

450 ± 80 – 1.000 
COE1-3C  900 ± 20 1.4 ± 0.2 0.065* 

 
200 ± 60 1.1 ± 0.5 0.704 

 
700 ± 30 1.6 ± 0.2 0.046** 

COE1-4C  1250 ± 160 2.0 ± 0.5 0.059* 
 

220 ± 10 1.2 ± 0.3 0.383 
 

1030 ± 150 2.3 ± 0.8 0.010*** 
COE1-5C  820 ± 170 1.3 ± 0.4 0.360 

 
210 ± 40 1.2 ± 0.4 0.640 

 
610 ± 150 1.4 ± 0.5 0.204 

COE2-3C  600 ± 100 1.0 ± 0.2 0.833 
 

190 ± 60 1.1 ± 0.5 0.848 
 

410 ± 50 0.9 ± 0.2 0.628 
COE2-4C  390 ± 120 0.6 ± 0.2 0.070* 

 
160 ± 40 0.9 ± 0.4 0.751 

 
220 ± 90 0.5 ± 0.2 0.143 

COE2-5C  530 ± 200 0.8 ± 0.3 0.620 
 

150 ± 60 0.8 ± 0.4 0.573 
 

370 ± 170 0.8 ± 0.4 0.504 
COE3-4C  790 ± 70 1.3 ± 0.2 0.257   240 ± 60 1.3 ± 0.6 0.288   540 ± 90 1.2 ± 0.3 0.454 
a Calculated with 2-tailed t-tests comparing mean current densities of thylakoid/COE electrodes to unmodified thylakoid electrodes. 
* Current density different than unmodified thylakoids at ≥ 90% significance (p < 0.1) 
** Current density different than unmodified thylakoids at ≥ 95% significance (p < 0.05) 
*** Current density different than unmodified thylakoids at ≥ 99% significance (p < 0.01) 

Table 2. Bio-solar cell J-V characteristics by linear polarization at 5 mV/s with 10 µM COE additions 

  
10 µM COE Additions to Thylakoids 

    No COE COE1-3C COE1-4C COE1-5C COE2-3C COE2-4C COE2-5C COE3-4C 

Light 
Current 

Voc (mV) 699 ± 7 692 ± 6 691 ± 2 698 ± 4 684 ± 4 686 ± 1 682 ± 2 688 ± 7 
p-valuea 1.000 0.259 0.130 0.215 0.032** 0.033** 0.016** 0.127 
Jsc (µA/cm2) 10.2 ± 0.5 12.9 ± 1.1 14.3 ± 0.6 12.7 ± 1.0 11.2 ± 1.2 11.5 ± 1.0 12.1 ± 0.6 11.3 ± 1.0 
Fold Change - 1.3 ± 0.2 1.4 ± 0.1 1.3 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.2 ± 0.1 1.1 ± 0.1 
p-valuea 1.000 0.032** 0.023** 0.031** 0.3688 0.1386 0.089* 0.183 

Dark 
Current 

Voc (mV) 695 ± 11 687 ± 9 688 ± 4 695 ± 6 683 ± 5 671 ± 3 668 ± 17 674 ± 12 
p-valuea 1.000 0.385 0.359 1.000 0.161 0.022** 0.082* 0.090* 
Jsc (µA/cm2) 7.9 ± 0.5 10.8 ± 0.5 11.2 ± 0.5 9.4 ± 1.2 8.4 ± 1.0 8.5 ± 1.8 9.0 ± 0.5 7.4 ± 1.2 
Fold Change - 1.4 ± 0.1 1.4 ± 0.1 1.2 ± 0.2 1.1 ± 0.2 1.1 ± 0.3 1.1 ± 0.1 0.9 ± 0.2 
p-valuea 1.000 0.039** 0.030** 0.208 0.507 0.669 0.194 0.597 

Photo-
current 

Jsc (µA/cm2) 2.3 ± 0.1 2.1 ± 0.8 3.1 ± 0.3 3.3 ± 0.3 2.8 ± 0.5 3.0 ± 0.9 3.2 ± 0.4 3.9 ± 0.5 
Fold Change - 0.9 ± 0.3 1.4 ± 0.2 1.5 ± 0.2 1.2 ± 0.3 1.3 ± 0.5 1.4 ± 0.3 1.7 ± 0.4 
p-valuea 1.000 0.717 0.055* 0.026** 0.221 0.270 0.071* 0.028** 

a. Calculated from 2-tailed t-tests comparing thylakoid/COE electrodes to unmodified thylakoid electrodes 
  *Jsc different than unmodified thylakoids at ≥ 90% significance (p < 0.1) 

    **Jsc different than unmodified thylakoids at ≥ 95% significance (p < 0.05)         
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in the range 0 V < E ≤ 0.35 V. This increase in current indicates 
a decrease in device resistance that is consistent with the COE 
improving the thylakoid-electrode electrical contact. Fig. 5C 
displays photo-Jsc (red) and photo-power density (blue) for 
these representative devices, and in this instance, COE1-4C 
increases photopower about an order of magnitude at the 
maximum power point near +0.35 V applied potential. COE1-
3C, COE1-5C, and COE2-5C also furnish statistically 
significant increases in light-Jsc of 1.3 ± 0.2-fold (p = 0.032), 
1.3 ± 0.1-fold (p = 0.031), and 1.2 ± 0.1-fold (p = 0.089), 
respectively. Jsc data is summarized in Fig. 5D, and a numerical 
summary with statistical significance of all data may be found 
in Table 2. 
 For COE1-3C, the increase in light-Jsc stems primarily from 
a 1.4 ± 0.1-fold (p = 0.039) increase in dark-Jsc and no 
significant change in photo-Jsc; this implicates an improved 
electrode contact as the primary reason for current 

enhancement. For COE1-5C, the increase in light-Jsc arises 
from a 1.5 ± 0.2-fold (p = 0.026) increase in photo-Jsc, but no 
change to dark-Jsc. These results suggest that COE1-5C enables 
enhanced photocurrent generation. It is also worth noting that 
for these COE1-type derivatives, the open circuit voltage under 
illumination (light-Voc) and in the dark (dark-Voc) remain 
statistically indistinguishable. Finally, for COE2-5C, the 1.2 ± 
0.1-fold (p = 0.089) light-Jsc increase results from a 1.4 ± 0.3-
fold (p = 0.071) increase in photo-Jsc, without a dark-Jsc 
increase, again implicating enhanced photocurrent generation. 
 For COE2-3C and COE2-4C, average dark-Jsc and photo-Jsc 
increase slightly, but it is not statistically significant. For 
COE3-4C, the lack of change in light-Jsc appears to occur 
because of offsetting positive and negative effects: dark-Jsc 
decreases slightly, concomitant with a statistically significant 
1.7 ± 0.4-fold (p = 0.028) increase in photo-Jsc, eliciting the 
highest photocurrent of any COE tested (3.9 ± 0.5 µA/cm2). 
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  From Table 2, three photobioelectrochemical structure-
property relationships emerge: (i) COE1-3C, COE1-4C, and 
COE1-5C cause light-Jsc to increase at 95% significance. The 
key difference in these molecules is that the chromophore 
structures bear distal N heteroatoms (Fig. 1). The efficacy of 
COE1-type molecules over COE2-type points to a relevant 
photobioelectrochemical role for the N atoms. (ii) Shorter 
COEs (COE1-3C, COE1-4C) allow significantly better dark 
current collection by the bioanode, presumably by directly 
modifying the thylakoid-electrode interface (via membrane 
intercalation55), thereby improving the contact. Longer COEs 
(COE1-4C, COE1-5C, COE2-5C, COE3-4C) enhance 
photocurrent generation. COE1-4C appears to have the best 
mixture of these length-dependent characteristics. (iii) 
Structurally, COE3-4C and COE1-4C differ only in their 
pendant charged groups. Whereas COE1-4C bears cationic 
groups and significantly increases thylakoid bioanode current 
outputs, COE3-4C bears anionic groups and only increases 
photocurrent outputs. This signifies that the pendant cationic 
moieties impact increased dark current outputs in this system.   
 
Experimental 

Thylakoid extraction, chlorophyll content, and photoactivity  

 For this work, thylakoid membrane suspensions were 
obtained from fresh organic spinach, evaluated for chlorophyll 
content, and validated as active by established protocols.37,45,48 
The entire procedure is explained here and was conducted at 
4°C. Organic spinach from a local supermarket was washed 
with ultrapure water and dried. Three aqueous solutions were 
prepared for thylakoid extraction and electrode deposition: (1) 
Extraction buffer (5X) contained 300 g/L D-sorbitol, 62.5 g/L 
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid 
(HEPES), 2.9 g/L NaCl, 3.7 g/L ethylenediaminetetraacectic 
acid disodium dehydrate (EDTA), and 10 g/L MgCl2; this was 
then diluted 5X to make a working extraction buffer. (2) Lysing 
solution contained 0.19 g/L MgCl2. (3) Deposition buffer (pH = 
7.8) contained 60 g/L D-sorbitol, 11.9 g/L HEPES, and 0.19 
g/L MgCl2, as well as 1 µL of a commercial 272.1 kU/mL (28.7 
mg/mL) Aspergillus niger catalase suspension (Sigma Aldrich) 
per 100 µL of solution.  
 Spinach was deveined and blended for five pulses of 5 
seconds in working extraction buffer. The resultant mixture was 
filtered through three layers of cheesecloth and supernatant was 
retained. Supernatant was centrifuged at 200×g for 3 minutes to 
remove cellular debris. Debris-free supernatant was transferred 
and centrifuged at 1000×g for 7 minutes to pellet chloroplasts. 
Supernatant was discarded, and chloroplasts were resuspended 
in a minimal volume of working extraction buffer; this was 
gently pipetted onto a 40% Percoll® density gradient (60% 
working extraction buffer) and centrifuged for 6 minutes at 
1700×g. The resulting pellet was lysed in lysing solution for 30 
seconds to extract thylakoids and then immediately 
resuspended in deposition buffer. If not immediately used, these 
thylakoid suspensions were stored at −20°C. 

 By measuring the absorbances of the thylakoids in 
deposition buffer at 645 nm (A645) and 663 nm (A663), then 
using these values in a previously reported equation for 
chlorophyll a (chla) concentration, given48 [chla] (mg/ml) = 
(8.02A663 + 20.2A645)/10, and finally multiplying by the molar 
mass of chla (893.5 g/mol), chlorophyll content was determined 
to be ~100 nmol chlorophyll per 50 µL of thylakoid suspension, 
or ~2 mM. As discussed in the main text, this is 200-fold more 
concentrated than 10 µM COE additives. 
 In order to validate their photoactivity, extracted thylakoids 
were immobilized from deposition buffer onto a glass coverslip 
and oxygen production was measured using a micro-dissolved 
oxygen probe from Shelfscientific. The coverslip was immersed 
in 5 mL of 0.1 M phosphate buffer (pH = 7.4) containing 0.1 M 
nitrate, and oxygen concentration was measured in the dark 
until a stable value was obtained; the measurement was 
repeated while illuminating the coverslip-immobilized 
thylakoids. With confirmed thylakoid oxygen production 
(photoactivity), thylakoid electrodes were then fabricated 
according to previously reported procedures;45 this is also 
described in the next section. 

Fabrication of thylakoid bioanodes and laccase biocathodes 

 3 cm × 1 cm pieces of Toray® carbon paper were first 
excised with a razor. A further 2 cm × 0.2 cm section was 
removed from the corner of each piece, and the retained 2 cm × 
0.8 cm section was coated in wax to leave a 1 cm × 1 cm 
electroactive surface.  
 For thylakoid bioanodes, 50 µL of the thylakoid 
suspensions (in deposition buffer) were pipetted and spread 
onto one side of the 1 cm × 1 cm section and allowed to air dry 
for 30 minutes. Fig. S3A (ESI) depicts several of these 
electrodes in the drying stage. In a fume hood, dried electrodes 
were placed with a thimbleful of tetramethyl orthosilicate and 
covered with a glass petri dish for 15 minutes to create a silica 
coating on the thylakoids.37 These completed electrodes were 
stored at 4°C overnight and used the next day. Thylakoid/COE 
electrodes were fabricated the same way, except that the desired 
COE concentration was added homogeneously with light 
agitation to 50 µL of the thylakoid suspension immediately 
prior to pipetting onto the carbon paper working electrode. 
 For laccase biocathodes, 15 mg of previously-prepared 
anthracene-modified multiwalled carbon nanotubes59 were 
mixed with 150 mL purified laccase solution (Amano Enzyme, 
Inc.). This mixture was vortexed, then sonicated for 10 min, 
and this was repeated a second time. A 50 mL aliquot of 
tetrabutylammonium bromide-modified Nafion® from an 
established procedure60 was then added to the mixture, 
followed by an additional 5 minutes of vortexation. The 
resulting thin black mixture was painted onto the 1 cm × 1 cm 
electroactive section and allowed to dry for ~30 min. 

Cyclic voltammetry 

 Scans were performed in a three-electrode electrochemical 
cell (Fig. 2A and Fig. S3B, ESI), with each prepared electrode 
condition, in triplicate, in both the dark and the light. The 
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electrolyte was 100 mM, pH = 7.4 phosphate buffer. Working 
electrodes were thylakoid electrodes, and electrical contact was 
made in the wax-coated section by clamping through the wax 
with an alligator clip; the reference electrode was Ag/AgCl 
(saturated KCl); the counter electrode was platinum mesh.  
Potential was swept twice from −100 mV to 650 mV at 5 mV/s, 
and the second sweep from each scan was recorded. All 
photoelectrochemical measurements of working electrodes 
were obtained with a CH Instruments CHI660 electrochemical 
workstation. Representative results from these experiments for 
unmodified thylakoids and COE1-4C-modified thylakoids are 
presented in Fig. S2 (ESI). Remaining traces of all other tested 
conditions are featureless and are essentially no different than 
these traces; therefore, they are omitted for the sake of clarity. 
The Toray® carbon paper working electrode has a very high 
surface area that leads to high capacitive currents, and this 
accounts for the large difference in current in forward and 
reverse scans (~2 µA/cm2) in these CV experiments. The 
increase in current above E = 0.5 V is due to the 
electrochemistry of the electrode and not the thylakoids or 
COEs, which was confirmed by control CV scans of bare 
carbon electrodes (not shown). 

Amperometry 

 Current collection was performed at 0.45 V vs. Ag/AgCl in 
a three-electrode electrochemical cell (Fig. S3B, ESI) with 100 
mM, pH = 7.4 phosphate buffer as the electrolyte. Working 
electrodes were thylakoid electrodes, and electrical contact was 
made in the wax-coated section by clamping through the wax 
with an alligator clip; the reference electrode was Ag/AgCl 
(saturated KCl); the counter electrode was platinum mesh. All 
photoelectrochemical measurements were obtained with a CH 
Instruments CHI660 electrochemical workstation. The current 
output from thylakoid (working) electrodes was monitored 
continuously, first in the dark until stable (~60 s) and then 
under illumination until stable (~60 s); this on-off switching 
was repeated three times in succession for each tested electrode 
and then averaged. The light current, dark current, and 
photocurrent densities were recorded as such and averaged for 
each experimental condition in triplicate. The light source was a 
250 W (5200 lumen) halogen lamp positioned ~20 cm away 
from the electrode surface (see Fig. S3C, ESI). 

Bio-solar cells 

 Two-chamber bio-solar cells were implemented with the 
thylakoid/COE electrodes, a laccase biocathode, and a Nafion® 
212 proton exchange membrane, as previously reported.45 
Briefly, the solar cell device was constructed from four layered 
5 cm × 5 cm × 0.5 cm pieces of poly(methyl methacrylate) 
bolted together. The two central pieces have a hole milled from 
the center and a slot milled outward from this hole at the top of 
the piece, allowing electrodes to be inserted into each (see Fig. 
S3C, ESI). The two central pieces are separated by the Nafion®, 
which importantly allows for each compartment to be filled 
with different solutions, as each electrode operates optimally at 
a different pH in this device: the anode compartment was filled 

with ~3 mL of 100 mM, pH 7.4 phosphate buffer, while the 
cathode compartment contained ~3 mL of 150 mM, pH 5.5 
citrate buffer. Anode-cathode separation was thus ~1 cm. 
 Linear polarization (LP) was used to obtain dark and light 
current-potential (J-V) curves for the solar cells, and the 
photocurrent was calculated from the difference in the curves. 
In LP (also commonly referred to as linear sweep voltammetry, 
or LSV), the potential between the anode and cathode is varied 
(without a reference electrode), while current is monitored, 
allowing for probing of light and dark J-V characteristics of the 
devices. LP experiments were performed using a Digi-IVY 
DY2023 potentiostat. Illumination was provided by a 250 W 
(5200 lumen) halogen lamp positioned ~20 cm away from the 
electrode. For each triplicate set of electrodes, the average short 
circuit current density and open circuit voltage were determined 
from the y- and x-intercepts of the J-V curves, respectively.  

Ultraviolet-visible (UV-vis) absorbance spectroscopy 

 In a quartz cuvette with 1 cm path length, aqueous 
absorbance measurements were conducted at 1 nm wavelength 
intervals (20 nm/s) in the range 250–800 nm (Beckman Coulter 
DU 800 Spectrophotometer). An absorbance versus [COE] 
calibration curve was generated by measuring UV-vis spectra 
for the various COEs at a series of concentrations. By 
identifying the wavelength of maximal absorption (λmax), 
plotting the absorbance intensity at λmax as a function of the 
concentration, and fitting these data by least squares, a straight 
line through the origin was generated with slope equal to the 
extinction coefficient (ε) of each COE derivative. An example 
of this data for COE1-4C is provided in Fig. S4, ESI. 
 
Conclusions 

 For the first time, certain COEs have been shown to 
improve electrical contacts and photocurrent generation in 
thylakoid-membrane-based photobioelectrochemical devices. 
The chemical features associated with these enhancements have 
been determined by systematic variation of the added COE 
molecules, and we imagine that these results have the potential 
to extend to other subcellular light-driven systems. COE1-4C 
appears to have the most ideal combination of molecular 
structure and pendant charge functionality, making it the 
recommended derivative for use in practical 
photobioelectrochemical devices. Amperometric and bio-solar 
cell data highlight several conclusions regarding these COE 
properties, as follows. 
 Within the class of compounds studied here, the molecular 
length of COE1-4C appears to be the most ideally suited to 
enhance thylakoid dark- and photo-current outputs, as 
compared to its shorter and longer counterparts (COE1-3C and 
COE1-5C, respectively). This agrees with similar observations 
in microbial systems that produce dark current.1,4 Lipid bilayer 
modelling studies help rationalize this, suggesting that COE1-
3C may aggregate and harmfully pinch a membrane to a greater 
degree than COE1-4C.55 However, considerations of molecular 
length are insufficient as a direct design element for estimating 
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biocurrent performance impact. Consider that COE1-4C and 
COE2-4C have similar lengths, and yet we point out that their 
photobioelectrochemical effects on thylakoids are different. 
Due to optoelectronic differences in their chromophores, these 
molecules may have tendencies to accumulate in subtly 
different locations within the complex thylakoid membrane 
suspensions, thereby differentiating their ability to influence the 
thylakoid-electrode contact. An improved contact when using 
COE1-type molecules, as compared to COE2-type molecules, 
would aid in photocurrent collection, thus enabling the 
observed enhanced photobioelectrochemical energy conversion. 
The situation between COE1-4C and COE3-4C, which also 
have similar dimensions, is discussed in more detail below. 
  COE1-4C bears quaternary ammonium pendant groups, 
while COE3-4C bears carboxylate pendant groups, and both 
molecules have the same π-conjugated phenylenevinylene 
chromophore with distal N atoms. COE1-4C and COE3-4C will 
therefore have opposite coulombic interactions with charged 
surfaces, while keeping the conjugated segment constant. The 
thylakoid membrane surface carries a net negative charge from 
carboxylate moieties,61 so thylakoid/COE3-4C coulombic 
repulsion should limit COE3-4C incorporation in the 
membrane. This reasoning is bolstered by new research 
showing that COE3-4C does not spontaneously intercalate into 
bacterial membranes (which are also negatively charged), nor 
does it enhance dark current extraction from bacteria, and these 
appear to be strongly correlated.8 Indeed, in this present work, 
COE3-4C does not increase the thylakoid dark current (while 
COE1-4C does), and yet both COE1-4C and COE3-4C increase 
photocurrent. These results are consistent with the proposed 
differences in the location of accumulation in the thylakoid 
matrix as a function of molecular structure. 
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Systematic modification of thylakoid bioanodes with conjugated oligoelectrolytes 

reveals the structural features that increase photocurrent densities and improve 

electrode contacts in photobioelectrochemical devices. 
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