
                          Suresh, L., Vaghasiya, J., Nandakumar, D. K., Wu, T., Jones, M., & Tan, S.
C. (2019). High-Performance UV Enhancer Molecules Coupled with
Photosynthetic Proteins for Ultra-Low-Intensity UV Detection. Chem, 5(7),
1847-1860. https://doi.org/10.1016/j.chempr.2019.04.017

Peer reviewed version

License (if available):
CC BY-NC-ND

Link to published version (if available):
10.1016/j.chempr.2019.04.017

Link to publication record in Explore Bristol Research
PDF-document

This is the author accepted manuscript (AAM). The final published version (version of record) is available online
via Cell Press at https://www.sciencedirect.com/science/article/abs/pii/S2451929419301755 . Please refer to any
applicable terms of use of the publisher.

University of Bristol - Explore Bristol Research
General rights

This document is made available in accordance with publisher policies. Please cite only the published
version using the reference above. Full terms of use are available: http://www.bristol.ac.uk/pure/user-
guides/explore-bristol-research/ebr-terms/

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Explore Bristol Research

https://core.ac.uk/display/200761761?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://doi.org/10.1016/j.chempr.2019.04.017
https://doi.org/10.1016/j.chempr.2019.04.017
https://research-information.bris.ac.uk/en/publications/highperformance-uv-enhancer-molecules-coupled-with-photosynthetic-proteins-for-ultralowintensity-uv-detection(8e03e3db-b8fe-4ad6-982f-d1ef538d70b2).html
https://research-information.bris.ac.uk/en/publications/highperformance-uv-enhancer-molecules-coupled-with-photosynthetic-proteins-for-ultralowintensity-uv-detection(8e03e3db-b8fe-4ad6-982f-d1ef538d70b2).html


1 
 

 

High performance UV enhancer molecules coupled with 

photosynthetic proteins for ultra-low intensity UV detection 

Lakshmi Suresh,1,3 Jayraj V. Vaghasiya,1,3   Dilip Krishna Nandakumar,1 Tingfeng Wu,1 

Michael R. Jones,2 Swee Ching Tan1,4,* 

 

1Department of Materials Science and Engineering, National University of Singapore, 

9 Engineering Drive 1, Singapore 117574 

2School of Biochemistry, Biomedical Sciences Building, University of Bristol, University 

Walk, Bristol BS8 1TD, UK. 

3These authors contributed equally. 

4Lead Contact 

*Corresponding Author: msetansc@nus.edu.sg  (S.C. Tan) 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:msetansc@nus.edu.sg


2 
 

Summary 

Dual attributes of UV-photoresponsive organic-ionic conductors are exploited in bio-

photoelectrochemical cells based on photosynthetic RC-LH1 proteins from 

Rhodobacter sphaeroides. These UV-enhancer molecules (UVEM) can generate 

small photocurrents in the absence of protein and are also effective electrolytes for 

photocurrent generation by RC-LH1 complexes in response to near-infrared 

excitation. Mixing RC-LH1 and UVEM components strongly enhanced UV 

photocurrents relative to those obtained with protein or UVEM alone, an effect that is 

attributed to energy transfer from the heteroanthracene chromophore of the UVEM to 

the carotenoids of the RC-LH1 complex. RC-LH1/UVEM bio-photoelectrochemical 

cells were superior to conventional RC-LH1 cells in terms of UV external quantum 

efficiency, photo-response sensitivity and photocurrent rise-decay times. These bio-

photodetectors could detect weak UV radiation with intensities as low as 2 µW/cm2. 

This combination of photosynthetic proteins with dual-function electrolytes is the first 

attempt to construct fully-functional bio-photoelectrochemical UV photodetector based 

on natural components. 

 

Keywords: Bio-photoelectrochemical cell, FRET, organic UV enhancer molecule, 

UV-detector, ultra-low intensity UV detection. 
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Introduction 

Over the past two decades the development of new ultraviolet (UV) detectors 

has drawn extensive attention owing to their versatility in applications with scientific, 

technical, environmental, medical and military relevance. 1-5 An important driver of this 

research is concern over how human activity is impacting on the ability of stratospheric 

ozone to absorb UV radiation and the complex links between climate change, ozone 

depletion and UV exposure.6,7 Despite the positive role played by UV B in the 

biosynthesis of vitamin D in the skin, most forms of UV, especially UV A and UV B, 

can penetrate the hypodermis and dermis to cause cell damage.8 Safe exposure limits 

restrict humans in the range of 180 nm - 400 nm to 30 J m-2 and, specifically, to only 

3 mJ cm-2 s-1 at 270 nm.8 One area of particular interest is the development of self-

powered UV photodetectors that make use of the broader spectrum to provide the 

power for UV detection, employ circuitry that is less heavy and more economical, and 

can power associated functions such as wireless data transmission.6 

One attractive route to a self-powering UV detector is through the adaptation of 

a photovoltaic device for solar energy conversion. However, well-established 

photovoltaic devices based on silicon are susceptible to degradation from UV light 

exposure. As a consequence, high energy UV cannot be harnessed for energy 

generation by such devices and these material limitations make it difficult to develop 

silicon-based photodetectors despite their good sensitivity and efficiency.9-11 Wide 

band gap semiconductors such as TiO2, GaN, ZnO and SiC have been used for the 

fabrication of UV detectors that display a good wavelength sensitivity and fast photo-

response.1-5,12 However, in addition to complications associated with their large size 

and weight, use of heavy metals like cadmium, complex assembly processes and high 

production costs, a major drawback of semiconductor-based photodetectors is a 

requirement to use amplifiers and high precision measurement systems to detect the 

very low photocurrents produced due to low intensity UV.5 

An area of growing interest is the use of natural photosynthetic pigment-proteins 

for alternative technologies to burning of fossil fuels such as bio-photoelectrochemical 

cells (BPECs).13,14 In these, the light capture, charge separation and radical pair 

stabilization are brought about by chlorophylls, bacteriochlorophylls, carotenoids, 

quinones and iron-sulphur centres incorporated in a variety of combinations into light 

harvesting proteins and reaction centres (RCs).15 RCs are highly effective solar energy 
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conversion systems, capable of operating at close to 100 % quantum efficiency 

(charges separated per photon absorbed).16,17 The simplest RC that has been 

assembled into a BPEC is that from the purple photosynthetic bacterium Rhodobacter 

(Rba.) sphaeroides,17-20 and numerous studies have explored its potential for 

technologies based on solar energy conversion.21-24 RCs contain four 

bacteriochlorophylls (BChls), comprising the primary electron donor BChl pair (P) and 

two monomeric BChls, BA and BB (Figure 1a). The remaining cofactors are two 

bacteriopheophytins (BPhe - HA and HB), two ubiquinones (QA and QB), a carotenoid 

(Crt) and a Fe2+ atom. Charge separation involves photoexcitation of P to its lowest 

energy singlet excited state (P*), initiating transfer of the photoexcited electron 

sequentially to BA, HA, QA and QB (arrows in Figure 1a). At this stage, the negative 

and positive charges are well separated, and the P+QB
- state is stable for 1-5 seconds. 

In nature this purple bacterial RC is always enclosed in a cylindrical light harvesting 1 

complex (LH1) which uses up to 32 BChls and 32 carotenoids to capture solar 

energy25-28 (Figure 1b). As it is more strongly absorbing than a RC, the Rba. 

sphaeroides; reaction centre-light harvesting 1 (RC-LH1) complex has also been used 

in a variety of BPECs.29-33 

In addition to solar energy conversion,21-24 various applications of RCs in BPECs 

and on electrodes have been explored including as biosensors,34 components for 

molecular electronics,35 electrodes for solar fuel synthesis,36 photocapacitors37 and 

photosensors.38 BPECs based on the Rba. sphaeroides RC or RC-LH1 complex could 

also form the basis of a UV detector, because these pigment-proteins have two 

absorbance bands in the UV range in addition to multiple absorbance bands across 

the visible and near-infrared spectral regions. A band with a maximum around 390 nm 

in RC-LH1 complexes arises from the bacteriochlorin pigments (the so-called Soret 

band) whereas a band with a maximum around 280 nm arises from the amino acids 

of the RC-LH1 protein, principally tryptophan (Trp) and tyrosine. In Rba. sphaeroides 

RCs it has been shown that photo-excited Trp residues undergo a fluorescence decay 

with a 60 ps time constant, consistent with energy transfer to the RC 

bacteriochlorins.39,40 The locations of the 38 Trp residues of the Rba. sphaeroides RC 

are shown in Figure 1a, and those of 80 Trp residues in the cylindrical LH1 pigment-

protein that surrounds the RC are shown in Figure 1b (and see Experimental 

Procedures).  
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Although, in principle, a RC-LH1 BPEC could act as a UV photodetector, in 

practice the photocurrent response to UV excitation is relatively weak. To address this, 

we have replaced the quinone electrolyte widely used for RC or RC-LH1 BPECs with 

molecules that have a dual role as a UV light absorber and a redox mediator.40,41 

These UV enhancer molecules (UVEMs) comprise twin hetero-anthracene based 

phenoxazine (UVEM-1) or phenothiazine (UVEM-2) donor moieties substituted with 

benzimidazolium iodide (BIMI) to provide an I-/I3- redox mediator (Figure 1c).41 These 

molecules absorb principally in the UV, and in previous publications these and related 

molecules were explored as single component solid-state electrolyte in TiO2 dye-

sensitized solar cells.41-43 The BIMI group facilitates Grotthuss type electron transfer 

through a polyiodide chain and is responsible for high ionic conductivity. The role of 

the phenoxazine/phenothiazine donor group is to absorb light and enhance dye 

sensitization. In principle these UVEMs can support a photocurrent alone in a 

photoelectrochemical cell, the UV-absorbing moiety donating a photoexcited electron 

to the BIMI group to separate charge. However, interestingly, the UV absorbance and 

emission bands of these UVEMs overlap with absorbance bands of the RC-LH1 

complex, raising the prospect that they could enhance UV photocurrent generation by 

acting as an auxiliary UV light harvesting system in addition to providing a redox 

electrolyte.  

In this work we examine solar energy conversion in RC-LH1/UVEM BPECs with 

a focus on the response and sensitivity to UV radiation. We find that UVEMs can 

substitute for water-soluble quinones as an effective redox electrolyte, and 

simultaneously enhance the UV excitation photoresponse to an extent that implicates 

energy donation to the RC-LH1 complexes. Potential use of these materials in 

sensitive UV photodetectors is demonstrated and discussed.  

 

Results  

The assembled BPEC comprised a transparent FTO-glass front electrode, a 

concentrated mixture of 28.6 mM RC-LH1 complexes and 85.7 mM UVEM-1 or UVEM-

2, and a Pt-coated carbon cloth back electrode (Figure 2a). Cells were also 

constructed in which the UVEM electrolyte was replaced by 85.7 mM ubiquinone-0 

(Q0), which is the conventional choice of electrolyte for cells based on purple bacterial 

photoproteins,44 and control cells with just UVEM electrolyte were also constructed.  
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The envisaged mechanism operating in the RC-LH1/UVEM cells, consistent with 

known vacuum potentials and the direction of current flow, is shown in Figure 2b. Light 

absorption by the BChls and carotenoids of the RC-LH1 complex culminates in 

excitation of the RC primary electron donor BChl pair (P*) followed by charge 

separation to the QB ubiquinone of the RC to form the radical pair P+QB
- (Figure 1a), 

and transfer of electrons to the counter electrode by the I-/I3- redox couple of the 

UVEMs (Figure 2b). The circuit is completed by hole migration to the FTO-glass front 

electrode, either by direct transfer (as shown) or mediated by the electrolyte (Figure 

2b). From the point of view of electron transfer, this mechanism is similar to that 

proposed previously for RC-LH1 photoelectrochemical cells employing Q0 or a variety 

of alternative mediators.29-34,44 The novel aspect of this new cell design was the use of 

the photo-responsive UVEM electrolyte which brings the possibility of enhanced 

current flow through two mechanisms (Figure 2b). The first is oxidation (reduction) of 

the photo-excited UVEM electrolyte at the anode(cathode) with no involvement of the 

RC-LH1 protein. The second involves both nonradiative and radiation assisted energy 

transfer between the UV-absorbing phenoxazine or phenothiazine moiety of the UVEM 

and the visible-absorbing multi-chromophore RC-LH1 complex, with current flow then 

driven by normal RC-LH1 photochemistry. 

The UVEM-1 and UVEM-2 electrolytes exhibited absorbance maxima at 376 nm 

and 352 nm respectively, with a second band at ~270 nm (Figure 2c, black). The first 

of these bands either completely or partially coincided with the Soret absorbance band 

of the RC-LH1 bacteriochlorophylls at 372 nm, and the second overlapped the RC-

LH1 protein absorbance band at 280 nm (Figure 2c, red). The effect of mixing either 

UVEM-1 or UVEM-2 with the RC-LH1 complex was therefore to enhance absorbance 

in the UV A (315-400 nm) regions and at the interface between the UV B (280-315 

nm) and UV C (100-280 nm) regions. UV excitation of either UVEM produced visible 

region emission (see insets to Figure 2c), the emission bands of UVEM-1 and UVEM-

2 (Figure 2c, green) overlapping with the broad RC-LH1 absorbance band between 

450 nm and 600 nm that arises largely from the spheroidenone carotenoids of the LH1 

protein (32 per RC-LH1 complex). Adding either UVEM to the RC-LH1 complex 

resulted in over 90 % absorbance of UV light at 365 nm and 50 % absorbance at 254 

nm (Figure 2d).  

The roles of different cell components were examined by recording external 

quantum efficiency (EQE) action spectra. Cells without RC-LH1 complexes 
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(FTO/UVEM/carbon cloth) gave a low EQE response with a line shape that 

approximated to the absorbance spectrum of each UVEM between 300 and 700 nm, 

with maximal efficiencies at 370 nm (UVEM-1) and 363 nm (UVEM-2) (inset to Figure 

2e)). This showed that these photo-responsive electrolytes were able to generate a 

photocurrent in the absence of the RC-LH1 protein. Cells fabricated from a mixture of 

RC-LH1 and Q0 yielded a multi-band EQE spectrum with bands above 700 nm and 

centered at 386 nm attributable to the LH1 and RC BChls, and a broad band between 

450 and 650 nm attributable mainly to the LH1 carotenoids (Figure 2e). The maximum 

EQE in the UV, at around 0.048 %, was 5 to 10-fold higher than that obtained with 

UVEM-1 or UVEM-2 alone (Figure 2e). Mixing UVEM-1 or UVEM-2 with the RC-LH1 

complex did not increase the EQE in the region above 650 nm. However, the 

photocurrent response across the visible and, in particular, UV region was enhanced, 

with a maximum of 0.086 % at 381 nm for UVEM-1 and 0.066% at 378 nm for UVEM-

2. This enhancement was 4-5-fold larger than could be accounted for by direct 

photocurrent generation by either UVEM-1 or UVEM-2 alone, and we attribute it to 

energy transfer from the UVEM chromophores to the carotenoids of the RC-LH1 

complex. The spectral overlap illustrated in Figure 2c would be consistent with Förster 

resonance energy transfer (FRET) from the phenoxazine or phenothiazine moiety of 

the UVEM to the 32 carotenoid cofactors of each RC-LH1 complex, and/or carotenoid 

absorption of UVEM emission. 

Evidence for energy transfer was obtained by measuring excited state lifetimes 

of the UVEM molecules with and without RC-LH1 complexes by time-resolved 

photoluminescence. Accurate fitting of decay curves required a tri-exponential function 

(Figure S1); lifetime parameters are collated in Supplemental Information, Table S1. 

Average lifetimes for emission decay (<τ>) in the absence of RC-LH1 were 1728 ps 

for UVEM-1 and 1415 ps for UVEM-2. When RC-LH1 were mixed with either UVEM 

there was a drastic decrease in the average lifetime to 335 ps for UVEM-1/RC-LH1 

and 539 ps for UVEM-2/RC-LH1. This validated an energy transfer mechanism 

between the UVEM donor and RC-LH1 acceptor. The percentage energy transfer 

efficiency (ɳFRET, %) was calculated for both mixtures from the ratio of amplitude-

weighted lifetimes (τamp - see Table S1). Energy transfer from UVEM-1 to RC-LH1 

exhibited an efficiency of 74.1% and UVEM-2 to RC-LH1 exhibited a slightly lower 

efficiency of 61.6%. 



8 
 

Responses of the BPECs to UV excitation were also measured by photo-

chronoamperometry with illumination at 365 nm or 254 nm (average photocurrents are 

compiled in Table 1). UVEM-only cells generated photocurrents of the order of a few 

tens of nA cm-2 (Figure 3a), with ~3-fold higher currents seen with 365 nm excitation 

(intensity 1350 μW cm-2, Figure 3a, left) than 254 nm excitation (intensity 110 μW cm-

2, Figure 3a, right). A consistently somewhat higher output was obtained from UVEM-

1 cells than UVEM-2 cells under either type of excitation (Figure 3a), in accord with 

their relative responses in EQE action spectra (Figure 2e, inset). Average 

photocurrents from RC-LH1 cells with UVEM-1 or UVEM-2 as electrolyte were higher 

than those with Q0 as electrolyte (Figure 3b, c), with the highest output being obtained 

with UVEM-1; again, photocurrents were higher with 365 nm excitation than with 254 

nm excitation in all cases. Photocurrents produced by RC-LH1/UVEM cells showed 

an initial decline that stabilised after ~15 s; this effect was likely due to limitations 

produced by mediator diffusion as discussed previously.33 

The relative outputs of the RC-LH1/UVEM cells were stable over time, as 

assessed from light-on/light-off measurements repeated at 100 sec intervals (Figure 

3d). Further, the stability of RC-LH1/UVEM-1 cells under 5-hour periods of outdoor 

sunlight or UV irradiation (1350 µW cm-2, 365nm) was monitored over a period of 10 

days (Supplemental Information, Figure S2). Cell contents (Figure S2a, b) and output 

(Figure S2c) showed good stability in either case, with a decrease in output of only 

~10 % over this period. 

Photocurrent rise times (τrise) and decay times (τdecay) in response to UV 

excitation of RC-LH1 cells are compared in Figure 4a, b (values in supplemental 

information Table S2. The detector recorded a τrise of ~0.54 s and ~0.70 s under 365 

nm illumination and ~0.44 s and ~0.60 s under 254 nm illumination for UVEM-1 and 

UVEM-2, respectively, with very good reproducibility under repeated cycles of light-

on/light-off. In contrast the response of the RC-LH1/Q0 cells was much slower, with a 

τrise and τdecay of a few seconds with either type of illumination (Figure 4a, b). These 

results indicated that the RC-LH1 cells with an UVEMs were quicker in detecting UV 

radiation than cells with Q0, possibly because their output is less dependent on 

mediator diffusion through the device. 

Another key characteristic for validating a bio-photodetector is its sensitivity. As 

shown in Figure 4c, d, for both 365 nm and 254 nm excitation the photocurrent 

amplitude scaled with light intensity. At the lowest intensity tested, 2 μW cm-2, 
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measurable photo-responses were obtained with either UVEM and with either 

wavelength of excitation. However, RC-LH1/Q0 tested under similar conditions under 

varying intensities showed lower photo-responses thus confirming that UVEMs boost 

the UV detectability of RC-LH1.  

The photovoltage response of the RC-LH1/UVEM-1 BPEC was maximally 310 

mV under 365 nm excitation and 200 mV under 254 nm excitation (intensities of 1350 

μW cm-2 and 110 μW cm-2, respectively). The response to 365 nm excitation was 

intensity dependent, declining to 100 mV at 2 μW cm-2. This variable photovoltage 

response was used as the basis of a prototype working Bio-UV sensor capable of 

detecting a range of UV intensities, fabricated by connecting a RC-LH1/UVEM-1 

BPEC to a microcontroller board and an LED display (Figure 5a). The setup was 

programmed to display colour-coded alert symbols (“H”- high intensity, “M”- medium 

intensity and “L” - low intensity) when exposed to different intensities of 365 nm 

illumination (ranges 1350-800 μW cm-2, 800-100 μW cm-2 and 100 to 2 μW cm-2, 

respectively). Sensor responses illustrated in Figure 5a are demonstrated in Movie 

S1 of Supplemental information. 

As a proof of concept of a wearable detector, a demonstration RC-LH1/UVEM-1 

device was constructed by replacing the glass used as substrate for the transparent 

front electrode with flexible polyethylene terephthalate (PET) substrate. The Pt-coated 

carbon cloth back electrode was retained, producing a flexible cell with a PET-ITO/RC-

LH1/UVEM-1)/carbon cloth architecture. This could power a small display when 

exposed to a UV intensity above 200 μW cm-2 (Figure 5b).  

 

Discussion 

The typical approach to fabrication of a BPEC is to combine a photoactive RC 

protein with one or more redox electrodes, with the RCs either free in solution or 

adhered to one of the electrodes. The wavelength-dependence of the cell’s 

photoresponse is then determined by the absorbance properties of the photoprotein, 

which in turn are determined by the profile of bound pigments and their connectivity 

(i.e. the efficiency of inter-pigment energy transfer). In addition, photosynthetic 

proteins contain aromatic amino acids that contribute to an absorbance band with a 

maximum around 280 nm, that straddles the UV-B and UV-C spectral regions. The 

location of the 38 Trp residues in the Rba. sphaeroides RC are shown in Figure 1a 
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and it has been estimated that around 20 of these Trp residues participate in energy 

transfer to its six bacteriochlorin cofactors, with a mean Trp-bacteriochlorin distance 

of around 20 Å.39 Thus, provided they are sufficiently close, Trp residues can act as a 

UV-responsive antenna to drive RC photochemistry, and hence a BPEC photocurrent 

and photovoltage. The RC-LH1 complex used in the present work has an additional 

80 Trp residues in the surrounding LH1 antenna (Figure 1b), and it is evident from the 

small photocurrents derived from 254 nm excitation of the RC-LH1/Q0 cells (Figure 

3c) that excitation of these can drive some RC photochemistry, corroborating and 

extending previous findings from spectroscopy.39  

A possible way to enhance the spectral response of the protein in a BPEC is to 

physically attach dyes sufficiently close to the protein surface to enable energy transfer 

through mechanisms such FRET. Such modified RCs have been engineered and 

shown to engage in enhanced energy capture,45-50 but have not been tested in a 

BPEC. In the present work we have established the feasibility of an alternative 

approach in which the small molecule electrolyte fulfils a dual function as a redox 

mediator and an energy harvester. For the former, consideration of the EQE spectra 

above 700 nm (i.e. outside the absorbance range of either UVEMs) shows that these 

UVEMs can replace Q0 as effective redox mediators. To do so the UVEMs must be 

able to engage in a close-range physical interaction with the RC-LH1 complex (<2 nm) 

so that it can transfer electrons created by charge separation within the RC. In addition, 

the enhanced EQE seen below 600 nm, and particularly below 450 nm, demonstrates 

that the UVEMs are also able to transfer energy to the RC-LH1 pigments. As far as 

we aware this is the first example where a dual-function energy harvesting electrolyte 

has been used in a BPEC, and also the first example of augmentation of RC-LH1 

energy harvesting by a molecule that is not physically attached through a specific 

binding interaction. One possibility is that the mechanism of energy transfer is FRET, 

with the 32 LH1 carotenoids that absorb between 400 and 600 nm acting as the energy 

acceptors. FRET would require an intimate interaction between RC-LH1 complexes 

and UVEMs that brings the participating chromophores within FRET distance, 

expected to be a few nm, and the effectiveness of the UVEMs as redox mediators, 

which requires shorter range electron transfer between the RC-LH1 quinones and the 

UVEMs, shows that these molecules are indeed capable of closely interacting and 

therefore satisfying this condition for FRET. The alternative possibility, given that both 

components are present at tens of millimolar concentration in the BPEC, is that energy 



11 
 

transfer is mediated by RC-LH1 absorption of UVEMs emission (i.e. the inner filter 

effect encountered in fluorescence spectroscopy of concentrated samples). These 

radiation-less and radiation-dependent mechanisms are not mutually exclusive and 

could be operating side-by-side in these UV-enhanced BPECs. 

The strongest enhancement of photocurrent generation by the UVEMs was seen 

in the UV, as evident from the EQE spectra below 425 nm (Figure 2e) and from 

photocurrent measurements using standard UV sources with outputs peaking at 365 

nm or 254 nm. These UV responses were more rapid than those obtained with Q0 as 

mediator (Figure 4a, b), and were obtainable at excitation intensities down to 2 μW 

cm-2. This sensitivity is comparable to that reported for a variety of materials that have 

been put forward as self-powered UV photodetectors.51,52 Thus, in addition to their 

potential as a UV-enhanced solar energy convertor, these BPECs could also form the 

basis of a UV-photodetector based on a natural photosynthetic protein and a novel, 

optically-active electrolyte. The demonstration summarised and shown in Movie S1 

represents the first step in this direction, using UV light to activate a warning display.  

To conclude, in a recent report we demonstrated single and multi-pixel BPEC 

cells formed from flexible electrode materials and a gel phase electrolyte/RC-LH1 

blend that were capable of touch sensing and touch tracking through pressure 

modulation of their open circuit voltage.53 The electrolyte comprised the conventional 

mediator Q0 dispersed throughout a plastic crystalline succinonitrile matrix, mixed in a 

1:5 ratio (by volume) with the RC-LH1 protein. This prototype, self-powered “e-skin” 

material was UV-responsive due to the protein and BChl absorbance bands of the RC-

LH1 complex, but at a ~5-fold lower sensitivity than the RC-LH1/UVEM system used 

in the present study. In future work it may be possible to incorporate UVEMs into this 

type of flexible BPEC material to enhance the sensitivity of its UV detection and also, 

based on the present work, the rate of signal response to harmful radiation. More 

generally it will also be interesting to explore, in BPECs with diverse designs and 

compositions, the benefits of replacing single function electrolytes with variations on 

the UVEM theme that have the dual function of redox mediation and the enhancement 

of the solar energy harvesting capacity of the cell. 

 

Experimental procedures 
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Ubiquinone-0 (Q0 - 2-3-dimethoxy-5-methyl-p-benzoquinone, 98 %) was 

obtained from Merck. The synthesis of UVEM-1 and UVEM-2 was performed as 

previously reported.40 The PufX-deficient Rba. sphaeroides RC-LH1 protein was 

purified as described previously33 and stored as a concentrated solution in 20 mM Tris 

(pH 8.0)/0.04% (w/v) n-dodecyl β-D-maltopyranoside at -80°C until use. 

The device structure constituted pieces of FTO conducting glass and platinum-

coated carbon cloth (ACME Research support Pte. Ltd. Singapore) separated with a 

paraffin spacer. This created a cavity which was filled with a mixture of 4 µL of RC-

LH1 protein solution (50 mM) and 3 μL of UVEM-1 or UVEM-2 (both 0.2 M) in 0.1 M 

Tris-HCl (pH 8). The cells were then sealed with epoxy resin. Counterpart RC-LH1/Q0 

cells were also prepared using 3 μL of 0.2 M Q0 in 0.1 M Tris-HCl (pH 8) instead of 

the UVEM solution.  Protein-free cells were prepared using 10 μL of 0.2 M UVEM-1 or 

UVEM-2 in 0.1 M Tris-HCl (pH 8). For flexible cells, the FTO-glass front electrode was 

replaced by polyethylene terephthalate coated with indium tin oxide (PET-ITO - Latech 

Scientific Supply, Singapore).  

Photo-chronoamperometry was carried out using a Keithley 2400 Source Meter 

under UV light irradiation from a WFH-204B Portable Ultraviolet Analyzer Lamp (5W) 

either at 365 nm or 254 nm. The active area of all cells was maintained at 0.2 cm2 

using a black mask with an aperture placed on the front electrode (FTO glass) before 

measurement. Intensity was modulated by varying the distance of the light source from 

the cell and was calibrated using reference standard cells and a photo-detection meter 

(Newport, Oriel Instruments, USA). 

EQE measurements were carried out using light from a 250 W quartz tungsten 

halogen lamp dispersed through a monochromator and focused on the cell with a spot 

size smaller than the device active area. Action spectra of EQE versus excitation 

wavelength were calculated from the photocurrent action spectra. The incident light 

intensity was monitored and calibrated using a silicon photodiode. UV-visible 

absorption and emission spectra were measured using a UV160A spectrophotometer 

(Shimadzu, Japan) and Cary Eclipse Fluorescence Spectrophotometer (Agilent 

Technologies).   

To examine photostability, RC-LH1/UVEM-1 cells were either exposed to 

outdoor sunlight or to high intensity (1350 µW cm-2) UV light for 5 hours per day for 10 

days. UV-vis absorbance spectroscopy was carried out daily to monitor the structural 
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(and hence functional) stability of cell contents and photo-chronoamperometry was 

used to monitor cell output. 

For a practical demonstration (see Movie S1 and Scheme S1) a simple UV 

detector circuit was designed using an Arduino Uno microcontroller board and a half-

sized solderless breadboard. The detector BPEC was constructed as described 

above. The OLED display panel and BPEC were connected to the Arduino board using 

jumper wires. The thresholds to display “H”, “M” and “L” were set to 0.3 V, 0.2 V and 

0.1 V in the code which were uploaded using Arduino IDE 1.8.5 open source software. 

Excitation was supplied using a WFH-204B Portable Ultraviolet Analyzer Lamp (5W) 

and intensity was modulated by varying the distance between lamp and BPEC.  

Representations of protein structure were produced using the PyMOL Molecular 

Graphics System (Schrödinger, LLC). Images of the cofactor structure of the Rba. 

sphaeroides RC were produced using Protein Data Bank entry 3ZUW.50 Colour coding 

for carbon atoms: yellow – P BChl pair; green – BA/BB BChls; pink – HA/HB BChls; cyan 

– QA/QB ubiquinones; dark-teal – carotenoid; orange – tryptophans. Oxygens were in 

red and nitrogens in blue. Iron was shown as an orange sphere and magnesium as a 

magenta sphere.  Cofactor side chains and backbone atoms were not shown for 

clarity. Images of the cofactor structure of the RC-LH1 complex were produced using 

Protein Data Bank entry 3WMM for the Thermochromatium tepidum RC-LH1 

complex.27 This was used as it has a closed LH1 ring around the central RC, as in the 

PufX-deficient Rba. sphaeroides RC-LH1 used in the present work, and a high-

resolution structure has not been determined for the latter. Colour coding for carbon 

atoms: yellow – RC P BChl pair; teal – LH1 BChls; dark green – LH1 carotenoid; 

orange – tryptophans. Oxygens in red, nitrogens in blue and magnesium as magenta 

sphere.  BChl side chains and backbone atoms are not shown for clarity. For the 

UVEMs, colour coding: grey – carbon; white – hydrogen; blue – nitrogen; red – oxygen, 

gold – sulphur, and magenta – iodine. 
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Figure and Table legends 

 

 

Figure 1. Structures of components. (a) Arrangement of 38 UV-absorbing Trp 

residues in the vicinity of the RC cofactors that carry out charge separation (black 

arrows). (b) The RC (represented by the P BChl pair only) is surrounded by a ring of 

32 BChls and two rings of 16 carotenoids in the Rba. sphaeroides PufX-deficient RC-

LH1 complex. In the similar Tch. tepidum used to prepare this Figure only one ring of 

carotenoids is present. Both types of RC-LH1 complex have five Trp residues per LH1 

subunit at similar positions as inferred from protein sequence alignments. (c) Chemical 

structures of UVEM-1 (left) and UVEM-2 (right). Sources of the structures used in (a) 

and (b) and details of colour coding are described in Experimental Procedures. 
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Figure 2. Device construction and components. (a) Schematic of BPEC 

architecture. (b) Energy level diagram of UVEM-only and RC-LH1/UVEM cells; energy 

transfer is to the RC-LH1 pigments (probably carotenoids), initiating P photoexcitation 

in the RC (FRET- Fluorescence resonance energy transfer and RAET- Radiation 

assisted energy transfer). (c) Optical spectra of RC-LH1, UVEMs and a 4:3 mixture of 

RC-LH1/UVEMs. (d) Percentage absorbance of UV light by RC-LH1 with ubiquinone-

Q0 or UVEMs. (e) EQE action spectra (inset shows spectra of UVEM-only control 

devices). 
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Figure 3. Cell photocurrents. (a) Photo-chronoamperometry of UVEM-only cells 

under 365 nm (left) and 254 nm (right) excitation. (b) Photo-chronoamperometry of 

RC-LH1 cells under 365 nm excitation. (c) Photo-chronoamperometry of RC-LH1 cells 

under 254 nm excitation. (d) Reproducibility of light-on/light-off photocurrent density at 

100 s intervals with 365 nm excitation. For all panels 365 nm excitation was at 1350 

µW cm-2 intensity and 254 nm excitation at 100 µW cm-2 intensity. 
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Figure 4. Speed and sensitivity of response to UV excitation. (a) Rise time (τrise) 

and (b) Decay time (τdecay) of RC-LH1 BPECs with indicated electrolytes under UV 

illumination. These time constants are the time taken to achieve 90% of the maximum 

current or decay to 10% of the maximum current, respectively. (c) Photocurrent as a 

function of excitation intensity at 365 nm. (d) Photocurrent as a function of excitation 

intensity at 254 nm. 
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Figure 5. Schematic representation of possible device applications (RC-

LH1+UVEMs). (a) Working model of a UV bio-sensor with a display powered by 

Arduino (Signs; H=High intensity light, M= medium intensity light and L=low intensity 

light). (b, c) Demonstration of a prototype wearable device powering a small display 

(b) when exposed to low UV intensity (200 µW cm-2) (c) in the absence of UV in a dim 

room.  
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Table 1. Photocurrent response of BPECs under 365 nm or 254 nm excitation at 

maximum intensity. 

 

Movie S1. Working prototype of BPEC UV-photodetector. Demonstration of UV 

detector being used to trigger an LED display board. The highest intensity of 365 nm 

UV light (1350-800 μW cm-2) triggers a red “H”, medium intensity UV (800-100 μW cm-

2) triggers a green “M” and the lowest intensity of UV (100 to 2 μW cm-2) triggers a 

blue “L”. The distance between bio-UV sensor and UV source for each category.  
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Device contents Jsc (nA/cm2) at 254 nm Jsc (nA/cm2) at 365 nm 

RC-LH1/UVEM-1 86 (± 4) 665 (± 5) 

RC-LH1/UVEM-2 49 (± 4) 437 (± 4) 

RC-LH1/Q0 37 (± 3) 120 (± 4) 

UVEM-1 20 (± 3) 55 (± 2) 

UVEM-2 12 (± 3) 45 (± 2) 

 

Table 1. Photo-chronoamperometry of RC-LH1/UVEMs. Photocurrent response of 

BPECs under 365 nm or 254 nm excitation at maximum intensity.  
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Supplemental Information 

 

 

Figure S1. TRPL study. Related to Figure 2 b, c. Decay of phospholuminescence following excitation 

at 370 nm, with tri-exponential fits of the decay. 
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Figure S2. Stability of photosynthetic protein/UVEM mixture and device output. Related to figure 

3 d. (a) Mixture exposed to 5-hour periods of sunlight for 10 days (b) Mixture exposed to 5-hour periods 

of high intensity UV for 10 days (c) Percentage of photocurrent response retained after sunlight or UV 

exposure.  



 
 

 

 

 
Scheme S1. Illustration of working BPEC UV-photodetector. Related to Movie S1 and Figure 5. 
 

 

Sample τ1 (ps) τ2 (ps) τ3 (ps) <τ> (ps)* τamp (ps)# χ2 ɳFRET (%)$ 

UVEM-1 202.5 923.96 2738 1728 1115 1.81 -- 

UVEM-2 821.5 821.56 2688 1415 1054 1.71 -- 

RC-LH1 48.84 543.01 1596 1064 725 1.64 -- 

UVEM-1/RC-LH1 71.57 326.11 469 335 289 0.80 74.1 

UVEM-2/RC-LH1 96.8 0 330.74 749 539 404 0.91 61.6 

 

Table S1. Time resolved PL measurement analysis of UVEM and RC-LH1 (phospholuminescence 
decay). Related to Figure 2 c. Parameters τ1, τ2 and τ3 are excited state lifetimes, <τ> is the average 
lifetime, χ2

 is fitting parameter, ɳFRET is energy transfer efficiency and τamp is the amplitude weighted 
lifetime. 

*The average exciton lifetime, <τ> is calculated; < 𝜏 > =  
∑ 𝐴𝑖𝜏𝑖

2

∑ 𝐴𝑖𝜏𝑖
⁄  

#The amplitude weighted lifetime, τamp is obtain using equation; 𝜏𝑎𝑚𝑝  =  
∑ 𝐴𝑖𝜏𝑖

∑ 𝐴𝑖
⁄  

$The percentage of energy transfer efficiency is calculated from the amplitude weighted donor lifetime, 

τamp in the presence and absence of the RC-LH1 molecules using following equation.  

ɳ𝐹𝑅𝐸𝑇  = (1 −
𝜏𝑅𝐶−𝐿𝐻1+𝑈𝑉𝐸𝑀

𝜏𝑈𝑉𝐸𝑀
⁄ ) × 100 

 



 
 

UV intensity, 
µW/cm2  

UVEM-1 UVEM-2 

(365 nm) τrise (sec.) τdecay (sec.) τrise (sec.) τdecay (sec.) 

1350 0.54 (± 0.05) 1.60 (± 0.06) 0.70 (± 0.06) 1.69 (± 0.05) 

900 0.60 (± 0.06) 1.82 (± 0.09) 0.72 (± 0.07) 1.83 (± 0.10) 

600 1.28 (± 0.08) 2.12 (± 0.10) 1.64(± 0.10) 2.26 (± 0.11) 

100 2.33 (± 0.09) 2.47 (± 0.13) 2.43 (± 0.12) 2.61 (± 0.13) 

10 2.84 (± 0.10) 2.41 (± 0.18) 2.92 (± 0.15) 2.50 (± 0.15) 

2 3.95 (± 0.13) 4.16 (± 0.20) 4.02 (± 0.16) 4.56 (± 0.20) 

     

UV intensity, 
µW/cm2  

UVEM-1 UVEM-2 

(254 nm) τrise (sec.) τdecay (sec.) τrise (sec.) τdecay (sec.) 

110 0.44 (± 0.06) 1.29 (± 0.07) 0.60 (± 0.08) 1.40 (± 0.08) 

80 0.69 (± 0.08) 1.61 (± 0.07) 0.99 (± 0.09) 1.68 (± 0.10) 

30 2.48 (± 0.11) 2.41 (± 0.10) 2.66 (± 0.10) 2.47 (± 0.11) 

10 2.67 (± 0.10) 2.81 (± 0.12) 2.82 (± 0.12) 2.88 (± 0.11) 

2 3.06 (± 0.14) 2.98 (± 0.14) 3.21 (± 0.15) 3.31 (± 0.113) 

     

 

Table S2. Device responsiveness and sensitivity. Related to Figure 4. Consolidated rise time, 

decay time and sensing range observed for RC-LH1/UVEMs based photodetector. 

 

 

 

 


