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1. Introduction

The transition from inorganic to organic photosensitive mate­
rials has been a significant milestone in the evolution of photo­
voltaic materials and dye-sensitized solar cells (DSSCs).[1–3] 
While the former exploit properties of solid-state semicon­
ductors such as Si, GaAs, and CIS to generate photoinduced 
electron–hole pairs, the latter synergize the properties of 
semiconductors such as TiO2 nanoparticles (NPs) and photo­
excitable dyes.[4–6] More generally, organic DSSCs[7] are fab­
ricated by immobilizing ruthenium-based light-absorbing 
chelates over a titania (TiO2)-based working electrode in the 
presence of an electrolyte.[8] Nevertheless, despite reporting 
significant leaps in their photovoltaic efficiencies in recent 
years, fabrication of organic DSSCs still requires use of toxic 
solvents and chemicals, is very expensive, and necessitates 
tight control of processing conditions in a clean-room environ­

A proof-of-concept for the fabrication of genetically customizable biogenic 
materials for photovoltaic applications is presented. E. coli is first genetically 
engineered to heterologously express the carotenoid biosynthetic pathway 
from plants. This modification yields a strain that overproduces the photo
active pigment lycopene. The pigment-producing cells are then coated with 
TiO2 nanoparticles via a tryptophan-mediated supramolecular interface, and 
subsequent incorporation of the resulting biogenic material (cells@TiO2) as 
an anode in an I−/I3

−-based dye-sensitized solar cell yields an excellent photo
voltaic (PV) response. This work lays strong foundations for the development 
of bio-PV materials and next-generation organic optoelectronics that are 
green, inexpensive, and easy to manufacture.

Biogenic Photovoltaics

ment. These challenges greatly limit their 
range of applications. A potential solution 
to these challenges involves combining 
light-harvesting (LH) and reaction center 
(RC) proteins from photosynthetic organ­
isms with man-made materials in biohy­
brid devices.[9–12] LH and RC proteins can 
transduce solar energy toward the genera­
tion of a potential difference at quantum 
efficiencies that approach unity, and a 
variety of these proteins have been incor­
porated into devices to harness charge 
separation for photocurrent generation.[13] 
For instance, Janfaza et  al. combined the 
LH protein bacteriorhodopsin with TiO2 
nanoparticles in a solar cell and observed 

an efficiency (η) of 0.35%.[14,15] Likewise, Muthupandian and 
co-workers reported enhanced photocurrent generation in 
bacteriorhodopsin-based solar cells incorporating gel electro­
lytes (η = 0.49%) compared to liquid electrolytes (η = 0.19%).[16] 
Alternatively, biohybrid electrodes comprising photosynthetic 
RC proteins can also be used in the fabrication of DSSCs.[17,18] 
Similarly, naturally occurring dyes too have been utilized as 
photosensitizers in DSSCs. For example, when Perez-Donoso 
and co-workers employed pigments that had been isolated from 
non-photosynthetic, UV-resistant bacteria, Hymenobacter spp. 
and Chryseobacterium spp., as photosensitizers in a DSSC, they 
observed an overall efficiency of 0.03%.[19] Nevertheless, while 
the use of LH and RC proteins, aqueous electrolytes,[20] and 
natural dyes[21] may overcome most of the challenges associ­
ated with fabrication of DSSCs, the extraction of proteins from 
biological hosts, their subsequent purification—often through 
expensive downstream processing—and preservation of biolog­
ical function are nontrivial. Moreover, these materials require 
supporting matrices and covalent linkers in their assembly. As 
a consequence, not only is the chemical processing that is typi­
cally employed to coat proteins and natural dyes onto semicon­
ductors complicated and difficult to scale, but also the devices 
exhibit poor stability and long-term performance.[22] To this 
end, we have developed an entirely novel class of biohybrid 
photovoltaic (bio-PV) materials that can be manufactured eco­
nomically and sustainably, and can perform at comparable, if 
not better, efficiencies as biohybrid DSSCs.

2. Results and Discussion

The material that we have developed is biogenic[23,24] and com­
prises of a porous mesh of E. coli BL21 cells that are encapsu­
lated with TiO2 (Scheme 1). The bacterial cells are genetically 
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engineered to synthesize lycopene, a photosensitive dye, and 
TiO2 is deposited onto the cells via a tryptophan-mediated 
supramolecular interface to produce a core@shell-like mor­
phology. The resulting biogenic complex is then coated onto a 
conductive glass surface (FTO) in the presence of an electrolyte 
mixture to yield a functioning DSSC. Unlike other biological 
or biohybrid photovoltaic materials, not only is our synthetic 
scheme uncomplicated but also the resulting material is excep­
tionally stable and exhibits impressive PV properties when used 
as an anode in an I−/I3

−-based DSSC.
We cloned the lycopene biosynthetic cluster comprising the 

genes crtE, crtB, and crtI from Erwinia herbicola (Figure 1b) 
into an E. coli BL21 (DE3) strain that had been previously engi­
neered to express additional copies of the rate-limiting genes 
of the non-mevalonate (MEP) pathway.[25] Transcription of the 
lycopene biosynthetic pathway is controlled by a constitutive 
promoter, whereas transcription of the additional genes of the 
MEP pathway is driven by a trc promoter that is induced with 
isopropyl β-d-1-thiogalactopyranoside (IPTG).

These modifications generate a strain (referred to, hereinafter, 
as lyc-E. coli) that produces lycopene at yields and titers that are 
comparable to the best-in-class strains.[26,27] While cells that lack 
the lycopene pathway do not synthesize the product (Figure 1a), 
the trc promoter is inherently leaky,[28] which implies that the 
pathways that are transcribed under its control always exhibit a 
basal activity (Figure 1b). Addition of IPTG fully activates lycopene 
production, which is confirmed analytically and visually (Figure 
1c). Lycopene is a natural carotenoid pigment that provides toma­
toes their characteristic orange-red color. It is a highly stable redox 
pigment that efficiently harvests light and mediates electron 
transfer. It also absorbs light in the range of 380–520 nm. These 
properties make it an excellent candidate for use as a photosensi­
tizer in PV and photocatalytic applications.[29,30] Nevertheless, its 
use in DSSCs has been hitherto limited by the absence of cova­
lent linker groups that can bind it with semiconductors such as 
TiO2.[31] We overcame this challenge by coating the bacterial cells 
with a conductive tryptophan (Trp)-mediated, supramolecular 
bilayer. This transformation makes the cells more amenable to 
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Scheme 1.  Sequential representation of the synthesis of whole-cell bio-PV materials highlighting: a) molecular cloning of E. coli for expression of lycopene;  
b) non-covalent surface binding of TiO2 nanoparticles resulting in core@shell-like morphology; c) deployment of biogenic PV material toward DSSC fabrication.

Figure 1.  a) Lycopene expression in plates of E. coli BL 21 (DE3) cells. b) Genetic construct exhibits a basal level of lycopene production, addition of 
IPTG stimulates overproduction, which imparts the cells a deep orange-red color. c) We confirmed successful deposition of TiO2 onto the lyc-E. coli 
cells using UV–vis. The change of absorbance with time (top) and material-specific absorbance spectra (bottom) confirm successful complexation.
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being coated with TiO2 NPs. Our methodology for anode fabrica­
tion is quite distinct from the traditional approach of coating the 
semiconducting material with the dye or photosensitizer. Trp acts 
as a highly stable, electrocatalytic bi-linker, and such Trp-mediated 
interfaces have been previously employed toward the synthesis of 
core@shell nanoparticles such as Au@(Pd, Pt, Ag, Rh).[32–34]

Accordingly, a colloidal suspension of TiO2 nanoparticles 
was synthesized via hydrolysis and condensation of titanium 
alkoxides in a two-step reaction (Supporting Information). 
Hydrolysis of the alkoxides and their subsequently polymeriza­
tion forms a 3D oxide network[35]

( )( ) ( )+ → +Ti OR 4H O Ti OH 4ROH hydrolysis4 2 4 	 (1)

( )( ) ( )→ + −Ti OH TiO . H O 2 H O condensation4 2 2 2x x 	 (2)

Next, a solution of Trp was mixed directly with cultures of lyc-E. 
coli and colloidal TiO2 was subsequently added to the mixture. Trp 
initially forms a polymeric layer around the cells through hydrogen 
bonding between its indole group and the negatively charged cel­
lular surface. Next, active carboxyl groups within Trp adhere to 
and reduce the metallic species, which produces a core@shell 
structure, hereinafter referred to as cells@TiO2. The formation of 
cells@TiO2 was confirmed by UV–vis (Figure 1c, top). The UV–vis 
spectrum of TiO2 NPs does not exhibit any absorbance maxima in 
the visible region, whereas lyc-E. coli characteristically absorbs at 
450, 485, and 595 nm. Likewise, pure lycopene has an absorption 
maxima at 450, 475, and 505 nm (Figure S2, Supporting Informa­
tion). Depositing TiO2 onto lyc-E. coli markedly shifts the latter’s 
UV–vis spectrum, and this transition can be attributed to inter­
facial rearrangement that occurs during formation of the bilayer 
of the core@shell morphology. Time-dependent UV–vis scans 
of TiO2 NPs, lyc-E. coli and cells@TiO2 further corroborate suc­
cessful deposition of the NPs onto the cells (Figure 1c, bottom).

Cells@TiO2 were also analyzed by scanning electron micros­
copy (SEM), bright-field and dark-field transmission electron 
microscopy (TEM), and TEM-selected area electron diffraction 
(SAED) (Figure 2). The scanning electron microscopy image 
of the cells following formation of the Trp-mediated supra­
molecular interface reveals that TiO2 neatly and discretely 
adheres to the individual cells, which are roughly 2 µm in 
length (Figure 2a,b). SAED also confirms that the TiO2 parti­
cles, which are ≈2–4 nm in diameter and exhibit a character­
istic (101) fringe spacing, uniformly coat the cells (Figure 2c). 
Bright- and dark-field TEM conclusively determine that the 
TiO2 layer completely envelops the bacterial cells (Figure 2d–f). 
We captured dark-field and false color TEM images to con­
firm the presence of a metal coating around the target cells  
(Figure 2e,f) on account of a relatively thicker nanoparticle layer. 
Finally, agglomeration of the cells@TiO2 into larger structures 
was confirmed by bright-field imaging (Figure 2g, also refer to 
Figure S3, Supporting Information, for energy-dispersive X-ray 
(EDX) analysis).

X-ray diffraction (XRD) was subsequently employed to iden­
tify the mineral form of TiO2 in cells@TiO2. A comparison 
between the XRD patterns of cells@TiO2 and TiO2 confirms the 
formation of the TiO2 NPs (Figure 3). The (101) and (110) plane 
diffraction peaks correspond to anatase and rutile, respectively. 
The diffraction pattern of TiO2 matched those in the PDF data­
base (00-021-1272; TiO2, anatase syn.), with a major peak for 
(101) at 29.48° followed by minor peaks for (004) at 45.24°, (200) 
at 56.28°, and (211) at 64.89° (Figure 3c), which confirms syn­
thesis of nanocrystalline anatase (TiO2), the desired precursor. 
XRD also confirmed the presence of anatase in the cells@TiO2 
(Figure 3a). Incidentally, cells@TiO2 also produce a new peak 
at 22.73° that is not observed in the spectra of either anatase 
or TiO2 NPs that are coated with lycopene. Incidentally, lyco­
pene has a major peak at 22.42° corresponding to (311) Bragg’s 
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Figure 2.  a) SEM image of uniformly coated cells@TiO2; b) inset of the highlighted region in (a) reveals how individual cells are coated by the TiO2 
NPs; c) TEM image of TiO2 NPs with a SAED image in the inset; d) bright-field and e) dark-field TEM images of cells@TiO2 confirm the presence of 
TiO2 around the cells; f) a representative false color image of the dark-field TE image clearly shows TiO2 NPs (black regions) coating the E. coli cells 
(purple mass); and g) bright-field image of multiple TiO2-coated lyc-E. coli cells.
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diffraction. We speculate that the crystals of the intracellular 
lycopene rearrange following the deposition of TiO2 onto the 
cellular surface, which induces a shift in the peak from 22.42° 
to 22.73° (Figure S5, Supporting Information). This character­
istic peak was absent when TiO2 NPs were coated with extracted 
lycopene (Figure 3b), which suggests that coating the cells with 
TiO2 protects lycopene from thermal degradation.

Finally, the biogenic photovoltaic composite (bio-PV) was 
coated onto fluorine-doped tin oxide (FTO) glass and pressed 
between an I−/I3

− electrolyte and graphite cathode to investigate 
its PV properties. We recorded an open-circuit (VOC) potential 
of 0.289 V, a short-circuit (ISC) current of 0.19 mA, and a cor­
responding short-circuit current density (JSC) of 0.686 mA cm−2 
(Figure 4a). Further, the difference between light and low light 
was insignificant, indicating suitability of usage under ambient 
light conditions.[36] The photocurrent measurements were 

made under an air mass coefficient of 1.5 (AM 1.5), standard 
simulated sunlight with precisely controlled active surface area 
(0.25 cm2), and continuously calibrated, spectral-mismatch cor­
rected sunlamps, as is the standard in the conventional photo­
voltaic experimentation.[37] Under these conditions, which 
closely simulate outdoor sunlight, the total external efficiency 
(η) for the conversion of incident sunlight to usable electricity 
was about 0.057%. This efficiency should not be confused with 
quantum or internal efficiencies, which are usually higher. 
In fact, despite having a much simpler design and being sig­
nificantly easier to fabricate, our bio-PV system compares very 
favorably with another photosensitizer-based bio-PV system 
developed by Mershin et  al., that, according to the authors, 
was “over four orders of magnitude higher than any PS-based 
bio-PV till date.”[38] The system in Mershin et  al. achieved a 
VOC, η, and JSC of 0.5 V, 0.08%, and 0.362 mA cm−2, respec­
tively, for a similar working area.

The Voc of our bio-PV system can be further enhanced by 
minimizing dark currents in the DSSC, which are generated 
owing to a loss of the injected electron from TiO2, a nanostruc­
tured, wide-bandgap semiconductor, to I3

−, the hole carrier in 
the solution electrolyte.[39,40] Wu and co-workers have proposed 
utilization of a bilayer dye using I−/I3

− redox as a new design 
strategy in aqueous p-type DSSCs to address the concerns of 
both stability and recombination in aqueous phase.[41] Addi­
tionally, coating TiO2 NPs around dye-encapsulating bacteria 
generates a preponderance of hydrophobic interfaces that sig­
nificantly increase the resistance of the material (Figure 4a). 
A similar effect was reported by Palomares and co-workers, 
who used trifluoroacetic acid (TFA) to create the hydrophobic 
interfaces in their system.[42] TFA forms a hydrophobic bar­
rier over TiO2 and impedes direct contact with the electrolyte, 
which significantly decreases the slope of the corresponding 
I–V curve. We did not detect an I–V response when lycopene 
was coated onto the TiO2 particles with the same fabrication 
scheme (Figure S4, Supporting Information), which corrobo­
rates our hypothesis that the photocurrent is not attributable 
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Figure 3.  XRD diffraction patterns of a) cells@TiO2; b) lycopene dye 
coated over TiO2; c) TiO2 NPs.

Figure 4.  Electrochemical measurements of bio-PV DSSC depicting a) I–V curves; b) open-circuit (time dependent) photovoltage response;  
and c) cyclic voltammetry curves.
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to sensitization by the leached lycopene. At any rate, lycopene 
cannot act as a photovoltaic sensitizer unless it is encapsulated 
within the cell. The time-dependent (ON/OFF) illumination of 
the bio-PV DSSC (Figure 4b) exhibited temporal variation of 
potential when the AM 1.5 illumination was periodically turned 
on and off every 30 s. This observation confirms the material’s 
PV effect. When illuminated, a net potential difference of about 
≈0.2 V was observed over a period of 5 min with minimal decay. 
We also recorded cyclic voltammograms (CV) to confirm the PV 
effect (Figure 4c). Moreover, when the illumination was turned 
off, we observed a capacitive-like voltammogram.[43] However, 
when the DSSC was illuminated, we measured a current flow 
of ≈5 µA (≈0.02 mA cm−2). The absence of any reduction-
oxidation peaks suggests that the bio-PV material and associ­
ated DSSC are fairly stable in the operational range of −0.1 to 
0.2 V, which is also the range of the working potential. Our 
initial study clearly confirms that genetically engineered E. coli 
cells producing lycopene can be coated with TiO2 NPs for use 
as the anode of a DSSC with measureable PV effects.

3. Conclusion

The current study demonstrates a novel methodology for rapid 
and efficient synthesis of a biogenic photovoltaic material that 
can be incorporated as an anode in a DSSC. While associ­
ated PV parameters are of considerable importance, our work 
directly addresses the challenge of reducing the cost of fabrica­
tion of bio-based DSSCs, which have hitherto been high owing 
to the vagaries in the supply of natural dyes, inconsistencies in 
the source material, and inefficiencies in extraction.[44,45] Our 
proof-of-concept study clearly suggests that metallic encapsula­
tion of microbial cells that can synthesize photoexcitable dyes 
can produce materials with acceptable photovoltaic charac­
teristics. Admittedly, there is considerable room for improve­
ments in the performance of our first-generation material. The 
external efficiency of the DSSC incorporating cells@TiO2 is 
0.057%, whereas conventional DSSCs typically achieve efficien­
cies near 13%. Significant gains in efficiency can be expected 
from the ordered deposition of the biogenic material, use of 
platinum as the counter electrode, incorporation of coadsor­
bents into the anode for minimizing dark currents, utilization 
of MOF complexes as photoactivators, better matching of elec­
trolytes, and use of more light-sensitive dyes.[1] The importance 
of this study can also be understood as a new perspective by 
which bio-PV materials can be designed for applications pre­
viously limited only to conventional optoelectronics.[46,47] For 
example, although β-substituted Zn (II) porphyrins achieve 
solar conversion efficiency of 10.5% when they are incorporated 
into DSSCs, they suffer from having multistep syntheses that 
have very low yields compared to thin photovoltaic films.[48–50]

The biogenic synthesis scheme reported herein offers several 
advantages over other biohybrid photovoltaic systems. Among 
others, it entirely obviates the need for extraction and purification 
of dyes, does not require covalent linkages to coating the dye onto 
conductive particles, and can be easily scaled up in a fermenter. 
The use of microbial chassis for dye synthesis is also beneficial in 
regard to improving photovoltaic performance since genome engi­
neering can be employed to increase the yield of the dye or syn­

thesize alternative dyes that can generate greater stoichiometric 
equivalents of free radicals. Finally, it offers a green chemical route 
for DSSC fabrication which otherwise utilizes extremely toxic sol­
vents and chemicals, thereby limiting their practical applications. 
Additionally, elucidation of the material’s underlying mechanism 
of action, its highest occupied molecular orbital-lowest unoccupied 
molecular orbital (HOMO-LUMO) dependency with redox shut­
tles and its long-term PV performance are beyond the scope of this 
preliminary report and will be investigated in future studies. In 
conclusion, we have combined synthetic biology and biogenic syn­
thesis to fabricate a novel bio-PV material. Our synthesis is rapid, 
convenient, flexible, and modularizable; and the bio-PV material 
can be directly incorporated as an anode into DSSCs without any 
additional downstream processing. This work lays strong founda­
tions for future fundamental and applied research that could even­
tually spawn a new class of bioorganic optoelectronics.
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