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ABSTRACT 

 

Natural photosynthetic proteins can convert solar energy into electrical energy with close to 

100% quantum efficiency, and there is increasing interest in their use for sustainable 

photoelectrochemical devices. The primary processes of photosynthesis remain operational 

and efficient down to extremely low temperatures, and natural photosystems exhibit a 

variety of self-healing mechanisms. Herein we demonstrate the use of an amphiphilic triblock 

copolymer, Pluronic F127, to fabricate a self-healing photosynthetic protein 

photoelectrochemical cell that operates optimally at sub-zero temperatures. A concentration 

of 30% (w/w) Pluronic F127 depressed the freezing point of an electrolyte comprising 50 mM 

ubiquinone-0 in aqueous buffer such that optimal device solar energy conversion was seen at 

-12◦C rather than at room temperature. Fabrication of the protein photoelectrochemical cells 

with flexible electrodes enabled the demonstration of self-healing of damage caused by 

repeated mechanical deformation. Multiple bending cycles caused a marked deterioration of 

the photocurrent response to around a third of initial levels due to damage to the gel phase 

of the electrolyte, but this could be restored to ~95% by simply cooling and rewarming the 

device. This self-recoverability of the electrolyte extended the operational life of the protein 

cell through a process that increased its photoelectrochemical output during the repair. Utility 

of the cells as components of a touch sensor operational across a wide temperature range, 

including freezing conditions, is demonstrated. 

 

Keywords: Protein photoelectrochemical cells, self-recovery, quasi-solid electrolyte, 

amphiphilic triblock copolymer, low temperature, Rhodobacter sphaeroides 
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1. Introduction 

Solar radiation is an abundant and sustainable source of energy that has the potential 

to satisfy mankind’s energy and fuel demands without contributing to growing environmental 

concerns, including carbon dioxide emission and climate change.  Alongside concerns over 

the sustainability of future energy supply, there is also a growing awareness that many 

existing and developing technologies are not environmentally sustainable because of the 

(often finite) resources they consume and/or non-renewable end-of-life disposal. This has 

driven efforts to develop more versatile, clean, renewable and environmentally sustainable 

approaches to a wide variety of technological challenges, with a particular interest in devices 

that directly utilise sunlight.  

In nature, the photosynthetic process provides a means for sunlight to satisfy most of 

the energy needs of the biosphere in a manner that is sustainable and does not depend on 

non-renewable or scarce resources. The fundamental principles of photosynthesis, solar 

energy capture, energy transfer and photochemical charge separation, have influenced the 

design of a variety of photovoltaic cells that are capable of converting solar energy directly to 

electrical energy (Ciesielski et al., 2010; Das et al., 2004; Kay and Graetzel, 1993; Tan et al., 

2012). Some have embraced photosynthesis further by using photosynthetic organisms, 

organelles, membranes or proteins as components in biohybrid devices (Friebe and Frese, 

2017; Milano et al., 2019; Nguyen and Bruce, 2014; Ravi et al., 2018b; Ravi and Tan, 2015; 

Yehezkeli et al., 2014). In addition to studying power conversion by photoproteins in vitro, 

efforts have been put into rationally designing light-powered biohybrid devices and materials 

for a variety of applications including solar fuel synthesis (Badura et al., 2006; Nam et al., 

2018; Reisner, 2011), biosensing (Breton et al., 2006; Chatzipetrou et al., 2016; Medintz et al., 

2003; Swainsbury et al., 2014), photodetection (Suresh et al., 2019) and touch sensing (Ravi 

et al., 2020, 2018c). Recent years have seen rapid expansion of this research field, with 

significant improvements in device design and output (Friebe et al., 2016; Ravi et al., 2018a; 

Singh et al., 2018), but challenges remain in a number of areas including cost, performance 

and the durability of the photosynthetic components. From a materials perspective, these 

limitations can be overcome by designing and producing advanced hybrid materials and 

architectures at the nanoscale.  
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One of most widely utilised natural pigment-proteins in bio-photovoltaics research is 

the Reaction Centre – Light Harvesting 1 (RC-LH1) complex from the purple photosynthetic 

bacterium Rhodobacter (Rba.) sphaeroides (Qian et al., 2013). These RC-LH1 complexes have 

a central core reaction centre (RC) domain where the photochemical charge separation 

process takes place that is surrounded by a hollow cylindrical LH1 light harvesting pigment-

protein (Figure 1a). In the variant used in the present work (Liu et al., 2018), which has an LH1 

cylinder that fully encloses the RC, solar energy is captured by 36 bacteriochlorophylls (BChls), 

33 carotenoids and two bacteriopheophytins (BPhes) (see Figure S1 in supplemental material 

for details). Photochemical charge separation is initiated at a pair of BChls (denoted P) that 

are excited to a singlet electronic state (P*) on receipt of energy from the light harvesting 

system. A high energy electron is then transferred across the RC protein to a dissociable 

ubiquinone-10 (QB) (Figure 1a and Figure S1)(Liu et al., 2018). In nature, formation of the 

resulting P+QB- radical pair across the photosynthetic membrane powers a cyclic flow of 

electrons during which energy is conserved as a proton electrochemical gradient. In a device, 

energy can be captured by either direct or mediated transfer of electrons and holes to 

opposing electrodes. Both energy transfer and charge separation within the protein exhibit a 

very high quantum efficiency, and a remarkable feature of both processes is that they operate 

with high efficiency at temperatures as low as 4 K (Fleming et al., 1988; Huber et al., 1998; 

Kirmaier et al., 1985; Lauterwasser et al., 1991; Rijgersberg et al., 1980; van der Laan et al., 

1990; Wang et al., 2009). This type of pigment-protein is not damaged by exposure to very 

low temperatures, and indeed it is routine to store natural photosynthetic materials at 

cryogenic temperatures between production and analysis (including live bacteria which 

remain viable for decades in the presence of a cryoprotectant such as glycerol). Cryogenic 

temperatures are also often employed to limit photodamage during processes that expose 

photosynthetic materials to intense irradiation such as laser spectroscopy or X-ray diffraction. 

This study was inspired, in part, by the ability of RC proteins to efficiently separate 

charge down to extremely low temperatures. In addition to being attractive for the 

development of devices that can operate at low environmental temperatures, such 

conditions are favourable for maintaining protein stability and device lifetime. However, if 

charge transfer from the photosynthetic protein to one or both electrodes relies on a 

diffusional process then this is problematic, and indeed many conventional energy harvesting 
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devices and sensors based on a typical electrolyte operate well at room temperature but fail 

to work at sub-zero temperatures due to freezing of the redox mediator and cessation of 

electron and ion transport (Chhor et al., 2011). One way to tackle this is to formulate a redox 

electrolyte with a depressed freezing temperature and which, ideally, displays optimal charge 

transport at low temperature.  

In order to be useful for practical applications, devices must also be able to withstand 

mechanical damage without compromising their performance and desired lifetime. However, 

in real situations the interfacial contact between the electrolyte and electrode can weaken if 

exposed to bending or twisting, introducing defects that can render the device inoperable 

and also lead to hazards such as the leaking of toxic components (Chen et al., 2016). In nature, 

such defects caused by mechanical damage can often be repaired through processes such as 

wound healing in which defective tissues are replaced. In photosynthesis, a variety of 

mechanisms exist to repair photodamaged components (Takahashi and Badger, 2011), one of 

the best-known being replacement of the D1 protein of Photosystem II that provides the 

immediate environment in which the photo-oxidation of water takes place (Aro et al., 1993; 

Barber and Andersson, 1992; Järvi et al., 2015). The very high oxidising potentials required 

cause continuous photodamage, and the photosynthetic apparatus engages in continuous 

replacement of damaged components by new ones, and recycling of discarded components. 

This ability of natural systems to self-heal was a second inspiration for the present study.  

In the past few years, several solar-powered devices have been developed to provide 

pressure sensing information (Ravi et al. 2020; Yang et al. 2020). Many have been fabricated 

using expensive, scarce, or environmentally problematic materials such as silicon, 

polyvinylidene fluoride, polydimethylsiloxane and graphene. These materials are often 

display additional limitations due to their rigid structure and fragility. Our pioneering concept 

herein primarily uses sustainable, non-toxic, and natural RC-LH1 photoprotein complexes that 

are the source of a continuous, non-pulsating power supply to fabricate a bio-hybrid pressure 

sensor capable of operating over a wide temperature range. 

In this work we explore the use of a triblock copolymer as a thermo-reversible gel (TRG) 

medium for a mobile electrolyte in a photoelectrochemical cell based on the Rba. sphaeroides 

RC-LH1 complex. A flexible cell was fabricated using Indium Tin Oxide-coated Polyethylene 

Terephthalate (PET-ITO) and carbon cloth as the front and rear electrodes, respectively 
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(Figure 1b).The electrolyte was ubiquinone-0 (Q0), a water-soluble analogue of natural 

ubiquinone-10, that was dissolved in a buffered solution of Pluronic F127 (Shirwaiker et al., 

2014), an amphiphilic poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-

PPO-PEO) triblock copolymer (Figure 1c). Aqueous solutions of this copolymer undergo a sol-

to-gel transition as the temperature is raised due to a loss of hydrogen bond interactions with 

solvating water molecules that causes the formation of copolymer micelles with PPO units at 

the core (Al Khateb, 2016; Johnston et al., 1992). These micelles then interact to form a gel 

phase (Figure S2a in supplemental material) (Kumar et al., 2011; Jindal and Mehta, 2015). The 

temperature of this transition from a liquid state to a quasi-solid state depends on the 

chemical formulation of the triblock copolymer, its concentration and the nature of the 

solvent in which it is dispersed (Park and Char, 2002). Crucially, the individual copolymer units 

depress the temperature at which the electrolyte system freezes to below the normal freezing 

point of water, enabling operation at sub-zero temperatures. The sol-gel transition also 

facilitates self-healing of damage imposed by mechanical deformation during operation at 

room temperature. The utility of these self-healing protein photoelectrochemical cells is 

demonstrated through the fabrication of a self-powered pixelated touch sensor.  

 

2. Experimental 

2.1. Reagents and materials 

Pluronic F127 (molecular mass 12,600 Da; 30 wt% of polypropylene oxide (PPO)), ubiquinone-

0 (Q0, 2-3-dimethoxy-5-methyl-p-benzoquinone, 98%) Tris(hydroxymethyl)aminomethane 

hydrochloride (Tris HCl) and sealing materials (Surlyn; thickness 25 µm) were purchasedfrom 

Sigma Aldrich. PolyEthylene Terephthalate-Indium Tin Oxide (PET-ITO) and carbon cloth were 

from Latech Scientific Supply (Singapore).  RC-LH1 complexes devoid of the PufX protein were 

extracted from photosynthetic membranes using 1% (w/v) n‐dodecyl β‐D‐maltopyranoside 

(DDM), and purified as described previously (Ravi et al., 2017; Friebe et al., 2016) using a 

combination of nickel affinity chromatography and size exclusion chromatography in buffers 

supplemented with 0.04% (w/v) DDM. Removal of the PufX polypeptide produces a RC-LH1 

complex with increased solar energy harvesting capacity in which an enlarged LH1 antenna 

fully encircles the central RC core. This PufX-deficient variant is fully functional for solar 
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energy conversion and demonstrates enhanced stability likely due to the closed nature of the 

LH1 ring (Liu et al. 2018) These engineered protein complexes were stored at −80°C as a 

concentrated solution in 20 mM Tris (pH 8.0)/0.04% (w/v) DDM before use. The solution had 

an absorbance at 875 nm of 374 cm-1, corresponding to a protein concentration of 98.8 µM 

(Liu et al., 2018)) Structural models of PufX-deficient RC–LH1 complexes are based on the X-

ray crystal structure of the similar complex from Thermochromatium tepidum (Niwa et al., 

2014). 

 

2.2. Electrolyte synthesis 

Pluronic F127 powder was dissolved at concentrations ranging from 10% to 35% (w/w) in 0.01 

mM Tris HCl (pH 7.5) using the “cold-method” in which the powder was added slowly to cold 

buffer with gentle mixing to allow water to coat each particle for easy dissolution (Schmolka, 

1972). The dispersion was kept overnight at 2°C in a refrigerator until a transparent and 

uniform gel was obtained. Ubiquinone-0 (Q0) was then dissolved in the solution with 

ultrasonic agitation at 2°C to obtain a final concentration of 50 mM. For most studies a 

formulation of 30% (w/w) Pluronic F127 in 0.01 mM Tris HCl (pH 7.5) was used. Electrolyte in 

control cells comprised 50 mM Q0 in 0.01 mM Tris HCl (pH 7.5). 

2.3. Device fabrication 

A precleaned PET-ITO substrate used as a top transparent electrode was drop-cast with 24 µL 

of concentrated protein solution (see above) and vacuum dried for 10 minutes to form a dry 

protein film on the electrode surface. A 12 µL aliquot of refrigerated electrolyte solution was 

deposited on the protein film and the electrode was placed in a refrigerator at 2°C for 10 

minutes to allow penetration of the electrolyte into the protein multilayer. This coated front 

electrode was then sandwiched with a carbon cloth rear electrode and the structure was 

sealed using thermoplastic Surlyn film (25 µm) to produce a flexible protein 

photoelectrochemical cell. A scanning electron microscopy (SEM) image of the carbon cloth 

is shown in Figure S3 in Supplemental material, revealing the presence of a smooth fibrous 

structure. 

Each of the above fabricated device served as a single pixel, with a precleaned PET-ITO as the 

top transparent electrode and Carbon cloth as the bottom electrode. The protein along with 
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the electrolyte (2:1) was then sandwiched between the top electrode and Carbon cloth 

working electrode to assemble a flexible cell. A six-pixel sensor was fabricated by assembling 

six such cells of 3 x 2 cm area and connecting them in series using copper tape. They were 

mounted onto a non-conductive epoxy substrate to facilitate handling. Cells contained RC-

LH1 protein solution and 30% (w/w) Pluronic F127 solution in a 2:1 volume ratio, as above. 

This sensor was stored in the dark inside a refrigerator maintained at 10◦C for a period of 60 

days for the stability study. 

2.4. Electrical measurements 

Rheological tests were carried out using an Anton Paar modular compact rheometer 

(MCR302) with a parallel plate probe (PP25-SN 17002). Measurements were performed using 

a 1 mL aliquot of the sample in rotation mode and under temperature sweep mode. The 

temperature was decreased at a constant rate from 20°C to -20°C using a Peltier system. 

Storage modulus and loss modulus were plotted against temperature automatically using 

Rheoplus software to determine the absolute freezing and gelation temperatures. The 

absorbance spectrum of the deposited protein was measured using Shimadzu UV-Vis 

spectrophotometer. Differential Scanning Calorimetry (DSC) was carried out using a Perkin-

Elmer DSC-7 calorimeter (Perkin-Elmer, Norwalk, CT). Scans were recorded using 13 mg of 

sample in the aluminium pans at a cooling rate of 5°C/min from 30°C to -20°C. An Alpha Step 

D500 Profiler (KLA Tencor) was used to record the thickness of the protein film. Images were 

recorded using optical microscope at various magnifications to observe the integrity of the 

electrode-electrolyte interface. Electrochemical impedance spectroscopy (EIS) was carried 

out using a CHI 660D potentiostat (CH Instruments) over a frequency range of 10−1 to 105 Hz 

with a 10 mV amplitude. Cyclic Voltammetry (CV) of the electrolyte was performed using a 

CHI 660D potentiostat at a scan rate of 50 mV s-1. All bending actions were performed using 

a bespoke laboratory-built apparatus using two C- clamps. The distance between the clamps 

were reduced to obtain a 160o bend for each cycle and relaxed by moving back the clamps to 

original distance/position.  

Indoor photocurrent measurements were carried out using a Keithley source meter (model 

no. K2450) and a tungsten halogen light source with an intensity of 1000 W/m2 and an average 

solar radiation spectrum of AM 1.5. For individual cells a black mask with a 0.2 cm2 aperture 

was placed on top of each device for all photoelectrochemical measurements. For 
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measurements of temperature dependence, the protein photoelectrochemical cells were 

placed inside a closed Styrofoam chamber packed with ice and gel packs that could maintain 

temperatures down to -30°C, and temperatures were recorded using a thermocouple 

touching the device (Figure S4 in Supplemental material). Devices were left inside the 

chamber for 30 mins to attain thermal stability prior to photocurrent measurements. In 

addition, devices were covered with crushed ice of 0.5, 1 or 1.5 cm thickness for 5 mins and 

photo response measurements were carried out using the tungsten halogen light. For the six-

pixel sensing devices an active area of 0.15 cm2 was used for all photoresponse measurements 

which were carried under ambient indoor light conditions using a Keithley K2450 source 

meter. Measurements were also recorded outdoors under different climatic conditions with 

light intensities measured with a photodetector. 

 

3.  Results and discussion 

To formulate a TRG-based electrolyte, Pluronic F127 block copolymer powder was 

dissolved in 0.01 mM Tris HCl (pH 7.5) at six concentrations between 10 and 35% (w/w) and 

then Q0 was mixed-in with sonication to 50 mM, as described in Materials and Methods. At 

20% (w/w) and above the mixture formed a gel at room temperature (Figure S2b in 

Supplemental material). The viscosity of these formulations was examined between 20°C to -

20°C (Figure 2a). Above 0°C, the gradual increase in viscosity for the 25%, 30% and 35% 

formulations can be attributed to the nucleation of copolymer micelles and their association 

to form a dual phase gel network (Emilia et al., 2016). Below 0°C the viscosity of all 

formulations increased markedly as the solution froze. The 30% (w/w) TRG-Q0 formulation 

exhibited a freezing point at -12°C, below which there was a steep increase in viscosity. 

Formulations with a lower or higher wt% of Pluronic F127 froze at higher temperatures of 

between -9°C for the 35% mix and -3.5°C for a formulation without Pluronic F127.  The 30% 

TRG-Q0 formulation was selected for subsequent analysis.  

The 30% TRG-Q0 gel electrolyte showed the characteristics of a non-Newtonian 

pseudoplastic fluid with viscosity dropping on increasing shear rate (Antunes et al., 2011) 

(Figure S5a in Supplemental material). Loss modulus (G’’) and storage modulus (G’) were 

plotted against temperature to determine its gelation temperature (Figure 2b). Below zero 
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the system was in a liquid phase as G’’ always had a higher value than G’, with a freezing point 

again at -12°C. The crossover of G’ and G’’ was at ~2°C (Figure 2b, inset), this being the 

temperature (Tl-qs) where the phase of the system transitioned from a low viscosity liquid to 

a higher viscosity quasi-solid gel. DSC confirmed that Tl-qs was at -2°C (Figure 2c).  In this plot 

Tonset was the temperature at which the liquid phase separation started and Tendset was the 

temperature at which the melting process was complete. The mid-point, Tm, is the 

thermodynamic melting temperature where both the liquid and quasi-solid coexist (Ur-

Rehman et al., 2010).  

Prior to the fabrication of the protein photoelectrochemical cells the redox 

performances of the electrolyte components against carbon as the working electrode were 

examined by cyclic voltammetry (Figure S5b, Supplemental material). The anodic and 

cathodic peak potentials obtained for Q0 alone and the TRG-Q0 blend were comparable, with 

higher current output observed for the TRG-Q0 blend. This indicated that TRG in presence of 

the Q0 mediator is a highly effective electrolyte matrix for a protein photoelectrochemical cell. 

To explore the effect of temperature, electrochemical impedance spectroscopy (EIS) was 

carried out using dummy cells with two Pt electrodes and either a TRG-Q0 blend or Q0 alone 

as electrolyte (Figure S6a in Supplemental material). Nyquist plots of EIS data for these 

Pt/TRG-Q0/Pt and Pt/Q0/Pt cells at five temperatures between 40°C and -20°C (Figure 2d-f) 

were fitted with an equivalent electrical circuit model (Figure S6b of Supplemental material). 

This circuit included an ohmic sheet resistance (RS) at the electrodes, a charge transfer 

resistance (RCT) at the electrode/electrolyte interface, a time-dependent Warburg constant 

(ZW) resulting from charge diffusion to the electrode, an electrical double layer capacitance 

(Cdl),  and a constant phase element (CPE) which was used as a substitute for one capacitor 

element by taking the roughness of the carbon cloth electrode into account, hence reducing 

the percentage error and improving the fitting quality. The general circuit equation could be 

written as: 

              Zeq= RS + (𝑹𝑹𝑪𝑪𝑪𝑪+𝒁𝒁𝑾𝑾)(𝑪𝑪𝒅𝒅𝒅𝒅+𝑪𝑪𝑪𝑪𝑪𝑪)
𝑹𝑹𝑪𝑪𝑪𝑪+𝒁𝒁𝑾𝑾+𝑪𝑪𝒅𝒅𝒅𝒅+𝑪𝑪𝑪𝑪𝑪𝑪

  

The best-fit parameters for the Pt/TRG-Q0/Pt cell at different temperatures are 

summarised in Table 1. In the plots (Figure 2d-f) the intercept of the line plot with the X-axis 

is regarded as the RS value. Impedance spectra of the TRG-Q0 cells at room temperature and 
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above (both 25◦C and 40◦C) showed a well-known mixed diffusion-kinetic process with an 

evident charge transfer limited process (a shallow dip, Figure 2d, inset) at low frequencies 

and a diffusion-controlled process at high frequencies (straight line). In contrast, at -2°C and 

-12°C only a diffusion-controlled process was seen and there was a decrease in RS and RCT 

(Figure 2d-f). Both RS and RCT were lowest at -12◦C (Table 1) indicating the presence of a 

favourable conducting path to promote effective electron transport at the 

electrode/electrolyte interface at this temperature. RS and RCT showed gradual increase as 

the temperature increased from -12◦C and a drastic increase when the temperature dropped 

to -20◦C (Table 1). Higher impedance values at room temperature and above can be attributed 

to the self-assembled micellar structure of TRG obstructing the conductive path for charge 

transport, whereas at temperatures below the critical micellar transformation temperature 

(2◦C for this TRG), dissociation of micellar structure occurs and offers a less resistive medium 

for efficient charge conduction and diffusion (gel to liquid transition) until freezing at beyond 

-12◦C. In contrast to the optimal performance of the Pt/TRG-Q0/Pt cell at -12◦C, the control 

Pt/Q0/Pt cells showed a strong increase in RS below 0◦C (Fig. 2e compared with Fig. 2c) with a 

value of 354 Ω at -12◦C compared with 36.7 Ω for the Pt/TRG-Q0/Pt cell. The data on RS and 

RCT thus correlated well with the data on the temperature-dependence of viscosity. 

Impedance studies on a Pt/Tris-HCl/Pt cell showed that conductivity was contributed to by 

excess H+ and Cl- ions in the TRG-Q0-Tris-HCl matrix (data not shown). 

Photochronoamperometry was performed on cells fabricated as described in Materials 

and Methods by vacuum drying a RC-LH1 protein film onto the PET-ITO front electrode. Liquid 

TRG-Q0 electrolyte was then soaked into this protein film, the carbon cloth back electrode 

placed on top and the cell sealed. Illumination produced a photocurrent with electron 

injection into the carbon cloth counter electrode (Figure 3a). Variation of the volume of 

concentrated protein solution used to form the film showed that the photocurrent density 

(Jsc) increased with volume and film thickness up to a 24 µL aliquot which, by profilometry, 

formed a ~64 µm film, beyond which the current dropped drastically (Table S1 in 

Supplementary Information). This drop was likely due to inadequate penetration of TRG-Q0 

electrolyte to the protein layers closest to the electrode in the thickest films, thereby reducing 

the photochemical current conduction, and also poor light penetration into the thicker 

protein films producing lower generation of photo electrons and holes. For scale, a single RC-
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LH1 protein is expected to have a mean diameter of ~12 nm in its detergent micelle and so a 

64 µm thick, closely-packed protein film would correspond to approximately 5333 layers of 

RC-LH1 complexes acting as the photoactive component for the cells. Given these findings, all 

subsequent studies were carried out by drop casting 24 µL of RC-LH1 solution to form the 

protein film. 

That the RC-LH1 protein was the source of electrons responsible for the photo response 

was validated by comparing an External Quantum Efficiency (EQE) action spectrum of the 

assembled cell with the absorbance spectrum of the protein-TRG-Q0 blend (Figure 3b). The 

two showed good correspondence, with a broad band between 420 and 650 nm attributable 

mainly to the carotenoids of the LH1 component, and bands in the near IR region around 874 

attributable to the LH1 bacteriochlorophylls and at 806 nm specific to two of the RC 

bacteriochlorophylls. The proposed mechanism for photocurrent generation based the 

vacuum potentials of the components is shown in Figure 3c,d. Illumination causes 

photoexcitation of the P BChls in the RC domain of the protein (PP*) and charge separation 

across the protein to oxidise P to P+ and reduce a ubiquinone-10 at the QB binding site to QB– 

(see also Figure 1a and S1 from Supplemental material). The water-soluble Q0 mediator 

shuttles electrons to the counter electrode from the QB site of the protein, followed by direct 

re-reduction of the oxidized P BChls at the ITO electrode. Although freezing of the liquid 

electrolyte would be expected to hinder processes such as diffusion of the Q0 it does not 

hinder photochemical charge separation, which can occur with unimpaired efficiency down 

to temperatures as low as 4 K (Fleming et al., 1988; Huber et al., 1998; Kirmaier et al., 1985; 

Lauterwasser et al., 1991; Wang et al., 2009).  

To examine the temperature dependence of photocurrent output, cells formed from 24 

µL of protein and the TRG-Q0 electrolyte were maintained at temperatures between 40°C and 

-20°C for 30 minutes to achieve thermal equilibrium. The highest photocurrent density was 

achieved at -12°C with a gradual decline above this temperature and a sharp decline below 

(Figure 3a). This trend was consistent with the outcome of the impedance study summarised 

in Table 1. Setting aside the data recorded at -20°C the photocurrent showed an inverse 

relationship with both the sheet resistance Rs and charge transfer resistance RCT that, in the 

case of the former, was strikingly linear (Figure S7 in Supplemental material). The 

temperature dependence of the photocurrent is attributed to a change from a self-assembled 
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micellar structure for the TRG at 40°C and 25°C (Figure 3d) to a non-micellar structure at -

12°C that offered a low-resistance conducting path (Figure 3c), the transition point being at 

around 0°C. The drastic decrease in photocurrent density observed at -20°C is ascribed to 

freezing of electrolyte, as indicated by the viscosity measurement in Figure 2a, that prevents 

diffusion of the charge carrier Q0. The small residual photocurrent is likely due to effective 

charge separation processes being carried out by RC-LH1 layers close to the counter electrode 

supported by very ineffective electrolyte mediation.  

In order to demonstrate reproducibility, five devices of same active area were tested 

for photocurrent responses at each temperature and the resulting plot is shown in Figure S8 

in Supplemental material; there was only very low variance in output between devices. The 

open circuit voltage (Voc) of the TRG-Q0 cells showed a similar response to temperature, with 

a maximum of ~0.15 V at -12°C, a gradual decline to ~0.1 V as the temperature rose to 40°C, 

and a sharp decline in voltage between -12°C and -20°C (Figure 3e). The photocurrent output 

of control cells lacking the TRG component showed a different temperature response (Figure 

3f). Photocurrents measured at 40°C and 25°C were similar to those recorded for the TRG-

containing cells, but only residual photocurrents were obtained at -2°C and below where the 

electrolyte solution lacking TRG would be expected to be frozen. Thus, the effect of the TRG 

was to enable both continuity and enhancement of the photocurrent output in the 

temperature window between 0°C and -12°C. 

To further validate the electrical performance of the protein solar cells under different 

climatic conditions, photocurrents from a device were measured outdoors on days with 

sunny, cloudy or rainy weather. Photocurrents recorded were 0.45 µA/cm2, 0.4 µA/cm2 and 

0.375 µA/cm2, respectively, at measured outdoor light intensities of approximately 900, 700 

and 450 W/m2 (Figure S9 in Supplemental material). To study the effectiveness of the device 

to operate under wet, sub-zero conditions, a device was covered with either 0.5, 1 or 1.5 cm 

of crushed ice (Figure S10a in Supplemental material) and its electrical responses recorded. 

Current densities were 5.1, 4.2 and 3.6 µA/cm2, respectively (Figure S10b in Supplemental 

material), with values of VOC of 140, 115 and 97 mV, respectively (Figure S10c in Supplemental 

material). The decrease in output on increasing the thickness of ice was likely due to 

attenuation of light penetration and increased light scattering.  
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The use of PET-ITO and carbon cloth as electrode materials offered the possibility of 

fabrication of protein photoelectrochemical cells with a non-planar conformation and/or the 

deformation of cell architecture and contents during operation. Such flexibility also raises the 

question of the robustness of cell architecture. To investigate this, assembled TRG-Q0 cells at 

room temperature were subjected to 1300 bending cycles and the photocurrents were 

measured before, mid-way through and after this procedure. The photocurrent density 

dropped to around 40% of its initial value during this procedure but, remarkably, could be 

restored to around 95% of its initial value by incubating the cell at 2°C for 5 minutes (Figure 

4b). SEM showed that repeated bending cycles at room temperature produced cracking in 

the TRG-Q0 electrolyte that was no longer present after cooling at 2°C for 5 minutes (Figure 

S11a in Supplemental material). This bending also led to the absence of a distinct and clear 

boundary between the protein and the electrolyte, integration of the protein into the 

electrolyte and the appearance of voids at the interface with the ITO (Figure 4a). Given that 

cracking and delamination of the electrolyte layer from the electrode surface could cause 

discontinuities that increase interfacial resistance and hinder movement of electrons across 

the electrolyte-electrode junction, it seemed plausible that this could be responsible for the 

drop in photocurrent output caused by repeated bending.  

To investigate the possibility of self-healing, a device with reduced output caused by 

repeated bending cycles at room temperature was cooled to 2 °C for 5 minutes before 

returning to room temperature. After the cooling and re-warming process, during which the 

electrolyte underwent a reversible gel-to-solution phase change, the photocurrent density 

was restored to around 95% of its initial value. SEM showed that the cracked and delaminated 

quasi-solid electrolyte transformed into a continuous phase with no cracks (Figure S10b, 

Supplemental material) and a good contact at the interface with the ITO (Figure 4a), 

accounting for the recovery in output. Differences in the images indicated increased mixing 

of the initial TRG-Q0 and RC-LH1 layers after cooling (Figure 4a), suggesting that the current 

output was not dependent on the detailed morphology of the protein/electrolyte phase, 

provided it was continuous with no cracks or voids. 

To explore the ability of these protein photoelectrochemical cells to form the basis of a 

touch sensor, a cell was subjected to different ambient temperatures and the electrical 

responses to touch stimuli were recorded. Sensing was achieved by monitoring modulation 
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of the current when force was applied, the decreased gap between flexible electrodes 

providing a lower resistance path for electrons to flow resulting in an increase in the JSC (Figure 

S12 in Supplemental material). At all temperatures between 40°C and -20°C the current 

response increased with increased applied force (Figure 5a-e), with the magnitude of the 

effect increasing as the temperature declined from 40°C to -12°C after which there was a 

decline on dropping further to -20°C. As discussed above, this variation with temperature 

could be attributed to the non-micellar structure of the TRG at low temperatures offering low 

resistance conducting path, whereas at room temperature the TRG is expected to be in a self-

assembled micellar structure owing to its amphiphilic nature. That a touch response could 

still be observed at temperatures as low as -20°C would make this sensor operable in 

countries with very cold climates.  

To assess the pressure up to which it was possible deform the Pluronic electrolyte 

without changing it into a fluid state, and so cause structural damage, the Yield Stress (Ys) of 

different formulations of the TRG gel was examined. Figure 5f shows the flow curves for the 

different concentrations of the TRG gel. In all cases, the shear stress increased rapidly on 

increasing the shear rate before entering a linear regime at high shear rates indicating the 

presence of yield stress. The experimental values of the yield stress were determined by 

drawing a tangent to the linear regime and extrapolating it (Figure S13 Supplemental 

material) (Caenn et al., 2011). The yield stress calculated from these curves increased 

approximately linearly with the weight concentration of the TRG. At higher concentrations, 

the dense micelles are more closely packed which restricts the mobility of the polymer chains.  

To explore potential device applications of the BPECs, a six-pixel sensor was fabricated 

by assembling six cells in series on a plastic support and pressure induced current changes 

were recorded by stepping on the sensor array (see Supplementary Movie S1). The recorded 

current change in response to foot pressure as shown in Movie S1 is illustrated in Figure S14 

in Supplemental material).  

The stability of the six-pixel sensor over time was investigated by measuring its response 

to the application of a force of 5 N, storing it for 60 days and then measuring its response 

again under the same conditions (Figure S15 in Supplemental material).  Even after 60 days, 

no major change in the current response was observed indicating that the RC-LH1 protein 

complexes were able to retain their native conformation without any structural degradation 
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even after long exposure to the electrolyte matrix. The current response was also measured 

after subsequent 2 hr, 3 hr and 5 hr intervals, revealing good reproducibility in response.  

As illustrated in Figure 5g,h and Figure S16 of Supplemental material, such a sensor 

could be embedded in a surface such as a running track to monitor parameters such as lap 

number and time under wide-ranging climactic conditions, providing an example of a new 

way to exploit a photosynthetic protein in an outdoor application. 

Operation at temperatures below zero presents challenges for photovoltaic cells and 

other light-powered devices that rely on processes such as diffusion for charge separation 

and transport (Feng et al., 2013; Chhor et al., 2011). In work aimed at addressing this issue, a 

variety of ionic liquids and organic solvents have been reported as suitable electrolytes for 

the low temperature operation of energy storage devices. Safe operation at sub-zero 

temperatures has been attained using an electrolyte based on mixture of 

acetonitrile/tetraethylammonium tetrafluoroborate (AN/TEA-BF4) and low boiling point 

solvents such as methyl acetate and 1,3-dioxolane (Ruemmele et al, 2010). Attempts have 

also been made to fabricate a high-performance supercapacitor that can operate in a 

temperature range varying from 45°C to -20°C using a Li2SO4 based aqueous electrolyte 

(Vellacheri et al., 2014). Such attempts to identify suitable solvents and electrolytes are 

somewhat constrained by growing pressure to use chemicals that are non-toxic and 

environmentally-benign (Chen and Fuchs, 2015). 

An additional issue pertinent to operation at sub-zero temperatures is the potential for 

mechanical or physical damage, particularly for flexible materials. It is known that build-up of 

damage caused by external cutting, breakage, rubbing or bending can lead to degradation of 

device performance and thus reduce working life (Li et al., 2014; Lipomi and Bao, 2011). There 

is also the issue that mechanical damage can lead to release of cell contents that are 

potentially harmful or non-degradable. Hence, resistance towards mechanical stress is one of 

the most crucial factors in improving the long-term durability of electrolyte-based devices. 

Several methods have been reported to “heal” the failure in device, restoring the original 

performance, improving reliability and providing a potential means to lower electronic waste 

and fabrication costs (Ahner et al., 2017). For, example, Zhao et al. have demonstrated a self-

healing perovskite solar cell using a polyethylene glycol-based absorbing film that exhibits 

high stability in ambient humid environments without substantial dissolution and degradation 
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(Zhao et al., 2016). Researchers have also described a coumarin functionalized 

polyisobutylene polymeric protective coating that can shield a device from external moisture 

and oxygen and which can recover from surface damage through exposure to UV light 

(Banerjee et al., 2015). The self-healing of a hybrid perovskite photovoltaic cell has been 

reported to occur after placing the device in the dark for less than a minute due to the loss of 

light-stimulated trap states, while degradation could be completely avoided by operating the 

cell at 0°C (Nie et al., 2016).  

Purple bacterial RC-LH1 proteins are one of a group of photosynthetic pigment-protein 

complexes that provide interesting, environmentally-benign and sustainable materials for 

devices based on solar energy conversion. The RC domain contains a chain of cofactors that 

achieve photochemical charge separation with a very high quantum efficiency, and a 

remarkable feature of this protein is that the charge separation is still effective at 

temperatures as low as 4 K (Fleming et al., 1988; Huber et al., 1998; Kirmaier et al., 1985; 

Lauterwasser et al., 1991; Wang et al., 2009). This feature inspired us to develop a protein 

photoelectrochemical cell that can operate below 0◦C, and to achieve this the triblock 

copolymer Pluronic F127 was employed as an additive to an electrolyte comprising 50 mM Q0 

in Tris buffer. Rheological studies showed that inclusion of this copolymer was associated with 

two significant phase changes, a quasi-solid to liquid change (melting or critical micelle 

temperature) at ~2◦C and a liquid to solid change (freezing) at below -12◦C. In the window 

between 2 and -12◦C the Pluronic F127-based electrolyte exists as flowable viscous liquid and 

facilitates a less resistive path for the movement of electrons between the electrodes. On 

increasing the temperature, the electrolyte converts into a quasi-solid state hydrogel and 

provides a somewhat higher resistive path for the electron movement, producing a gradual 

drop in performance. The inclusion of Pluronic F127 depressed the freezing point of the 

electrolyte, extending the operating temperature of the device into the sub-zero range. Both 

photocurrent and photovoltage output were optimal at -12◦C and displayed temperature 

dependencies that were in accord with analyses of the temperature dependence of 

impedance in the device. The Pluronic F127 also enabled ~95% recovery of device 

performance that was lost when a device was subjected to multiple cycles of mechanical 

bending, by simply cooling the device to achieve a quasi-solid to liquid phase transition. Thus, 

the TRG possesses both the diffusive property of liquid electrolytes and the cohesiveness of 
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a solid, high ionic conductivity (with addition of Q0), low reactivity, low toxicity, low volatility 

and good mechanical stability, which mitigates leaking problems  and paves way for 

developing more robust flexible protein photoelectrochemical cells (Stephan and Nahm, 

2006). 

 

4. Conclusion 

We have demonstrated a flexible, self-healing protein photoelectrochemical cell comprising 

bacterial photosynthetic proteins, a ubiquinone charge carrier and a block copolymer-based 

electrolyte that can operate over a broad temperature window, including over ten degrees 

below zero Celsius. A formulation of 30% (w/w) Pluronic F127 in buffer was optimal for 

lowering the freezing point of the electrolyte, and in the presence of Q0 supported a maximal 

photocurrent output (5.52 µA/cm2) at -12°C. The quasi-solid to liquid phase change associated 

with the block copolymer enabled self-recovery of device performance after repeated 

deformation through a simple cooling process. The utility of these flexible bio-

photoelectrochemical cells as touch sensors capable of operating across a wide temperature 

range, including adverse freezing weather conditions, was also demonstrated. This work is a 

first step in the direction of developing futuristic self-healing photoelectrochemical cells that 

can exploit the ability of photosynthetic proteins to efficiently separate electrical charge 

across a very wide temperature range and may aid in developing the next generation smart, 

versatile and flexible electronics with enhanced performance under challenging climatic 

conditions. 
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Figure 1. Component structure and architecture of the protein photoelectrochemical cells. 

a) Structure and mechanism of the Rba. sphaeroides RC-LH1 complex. The cofactors of the RC 

domain (spheres) facilitate a protein-spanning charge separation (black solid arrow) from the 

P BChl pair (yellow carbons) to the QB ubiquinone (cyan carbons) via a monomeric BChl (slate 

carbons) and a BPhe (pink carbons). Q0 acts as a mediator to collect electrons from the RC QB 

site, whilst electrons enter the RC to re-reduce the photooxidised P+. The surrounding LH1 

BChls (alternating deep-teal and purple sticks) and carotenoids (green sticks) are arranged in 

closed rings around the RC in the PufX-deficient RC-LH1 complex (three BChls and two 

carotenoids nearest the viewer have been removed for clarity; more detail on energy capture 

and transfer is shown in Figure S1). Inset are side-on and top-down views showing how the 

central RC domain (white surface) is surrounded by the LH1 protein (cyan/magenta ribbons) 

and cofactors.  b) Schematic of device architecture. c) Molecular structure of Pluronic F127 (C-

blue, H-white, O-magenta).  
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Figure 2. Characterization of the TRG electrolyte. a) Viscosity of TRG-Q0 electrolytes with 

different concentrations of Pluronic F127 versus temperature, at a heating rate of 2°C/min 

and shear rate of 10 s-1. b) G’-G’’ modulus curves for 30% (w/w) TRG-Q0. c) DSC thermogram 

of 30% (w/w) TRG-Q0. d) Nyquist plots (at high frequency) of a dummy Pt/TRG-Q0/Pt device at 

four temperatures. e) Nyquist plots (at high frequency) of a dummy Pt/Q0/Pt device at four 

temperatures. f) Nyquist plots (at high frequency) of the Pt/TRG-Q0/Pt and Pt/Q0/Pt devices 

at -20°C.  
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Figure 3. Performance and mechanism of protein photoelectrochemical cells. a) 

Photocurrent density obtained for devices fabricated with 30% (w/w) Pluronic F127 as a 

function of temperature. b) Absorbance spectrum of the RC-LH1 pigment-protein in the TRG-

Q0 electrolyte compared to the EQE action spectrum of an RC-LH1 cell. c) Mechanism of 

photocurrent generation in presence of isolated PEO-PPO-PEO molecules at temperatures 

below the critical micelle formation temperature of 2◦C. The direction of electron transfer is 

denoted by the arrows. For the block copolymer, colour coding is PEO-green and PPO-red. d) 
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Mechanism of photocurrent generation in the presence of the micelles formed above the 

critical micelle formation temperature of 2◦C. e) VOC obtained for a protein 

photoelectrochemical cell as a function of temperature. f) Photocurrent density obtained for 

control devices fabricated using only Q0 (in 0.01 mM Tris HCl (pH 7.5)) as the electrolyte. 

 

 

Figure 4. Effects of device bending and performance recovery. a) Optical microscopy images 

demonstrating the cracking caused by repeated bending and the self-healing capability of the 

TRG electrolyte through a simple cooling and rewarming process. Interfaces are demarcated 

using white dotted lines.  b) Effect of two sets of 1300 bend/relax cycles on photocurrent 

density and recovery through cooling.  
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Figure 5. Touch sensing and potential applications. a-e) Change in current density in response 

to different applied forces at 40°C (a), 25°C (b), -2°C (c), -12°C (d), -20°C (e). Force was applied 

for 2 s.  f) Shear stress as a function of shear rate for different TRG-Q0 electrolyte 

concentrations. g) Sensing of foot pressure by a six-pixel device (see Movie S1). h) Schematic 

of integration of a multipixel sensor on a monitored running track.  

 

 

 

Table 1. Impedance and photocurrent values measured at different temperatures for protein 

photoelectrochemical cells with 30% (w/w) TRG-Q0 electrolyte. 

Temperature 
(°C) 

RS 
(Ω) 

RCT 
(Ω) 

ZW 
(S s0.5) 

CDL 
(Farad) 

CPE 
(S sn) 

JSC 

(µA/cm2) 
40 58.4 0.00146 1.16x10-5 9.49x10-6 1.90x10-4 3.46 

25 52.4 0.00143 2.96x10-5 4.12x10-6 1.75x10-4 4.06 

-2 38.2 0.00115 6.17x10-6 0.997x10-6 2.40x10-5 5.33 

-12 36.6 0.00100 1.00x10-4 1.00x10-6 1.00x10-4 5.52 

-20 1.32x103 57.2 9.61x10-6 4.88x10-6 1.85x10-4 0.30 

 

 

 

 

 


