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Knocking the Stability of Solar Cells with Fluorescent Protein
Donors upon Rationalizing Design, Integration, and

Mechanism
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Luca M. Cavinato, Juan Pablo Fuenzalida-Werner, Miquel Garcia Lled, Simone Ligi,

and Rubén D. Costa>

Though photon-induced electron donor features of fluorescent proteins (FPs)
in solution suggest them as excellent photosensitizers, their poor stability
upon device fabrication/operation is the today’s frontier. This relates to their
immediate denaturation in water-free/less environments: inorganic/organic
device interfaces and/or organic solvent surroundings. This study provides a
fresh solution with a family of hybrid FPs, in which the peripheral carboxylic
groups of archetypal FPs -superfolder green fluorescent protein (sfGFP) and
mCherry- are transformed into alkoxysilane groups, enabling a
straightforward integration with surprising stabilities over months in devices
— arbitrary n/p-type semiconducting metal oxide/FP/organic-solvent
electrolyte interfaces — attributed to the formation of an ion-silica shell around
the FP. This further allowed to understand the charge injection mechanism
applying steady-state/time-resolved spectroscopy on different FP-variants
with key single-point aromatic amino acid mutations at the chromophore
nearest, revealing the electron-donor hopping pathway via the initial loop of
the strand 7. Finally, devices with state-of-the-art solar-to-energy conversion
efficiencies that are stable >2,000 h under operation nicely outperform the
prior-art stability of a few seconds/minutes in FP-based solar cells. Hence,
this work solves the integration/stability issues which blocking the application
of FP-based sensitizer, as well provides a solid understanding of their
photo-induced electron transfer mechanism.
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1. Introduction

Biogenic materials/compounds, such as
photosynthetic light-harvesting systems,
DNA, polysaccharides, and fluorescent
and/or redox proteins, have always drawn
the attention as a paradigm of sustainable
energy materials in solar cells to meet
eco-efficiency and device performance
expectations.['"*!  Concerning solar-to-
energy conversion efficiencies (y), the
leading examples are i) bio-derived dye-
sensitized solar cells (BSSCs) based on
chlorophyll photosensitizer with short-
circuit currents (J,) of 13.7 mA cm™
and 7 of 4.2%,7! i) bio-based perovskite
solar cells (BPSCs) using functionalized
TiO, with bacteriorhodopsin protein as
electron transport layer, realizing slightly
enhanced device performance compared
to reference devices (4>17%),®] and iii)
bio-hybrid organic solar cells (BOSC)
with 5 of 10.88% upon enhancing the
panchromatic absorption of the active
layer combining the light-harvesting
complex II and polymer:[6,6]-phenyl-
C61-butyric acid methyl ester.l°]

Despite the above promising #n val-
ues, the major concerns in bio-hybrid
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solar cells are i) the need for easy ways to implement biogenic ma-
terials into conventional device fabrication methodologies,1%!!]
and ii) the common poor device stability caused by the quick
bio-functionality loss in water-free/less environments/interfaces
and working temperature/irradiation conditions, leading to the
formation of dielectric materials that hamper charge separation
and transport processes.['213] These are especially critical for bio-
genic photosensitizers rather than biogenic charge transport lay-
ers and/or doping agents. In detail, the most stable BPSCs refer
to those implementing DNA as hole-transport material, retain-
ing 90% of stability after a long-term air exposure,?! as well as
dopamine doped PEDOT:PSS and amino acid-doped TiO, trans-
port layers —, i.e.,15% 7 loss after 28 days.[1*15] Likewise, best bio-
DSSCs with stabilities >1,000 h were achieved using liquid and
quasi-solid polysaccharide-based aqueous electrolytes,!'®! while
BOSCs bearing poly-lysine as electron transport layers showed an
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Figure 1. A,B) Concept highlighting the synthesis and C) the benefits of the hybrid FPs showing the successful sensitization and stability of standard

TiO, electrodes.

improved # with a record stability of 20% loss after 400 h under
operation.['7] In contrast, the most stable devices with bio-derived
photosensitizers are bio-DSSCs with curcumin dyes featuring
<200 h at 5 0.18%.[8] In comparison, those integrating more
complex biogenic photosensitizers, such as light-harvesting com-
plex and/or fluorescent/redox proteins, have typically exhibited
very poor stabilities ranging from seconds to minutes.*) In
particular, bio-DSSCs with protein-like photosensitizers are re-
stricted to enhanced green fluorescent protein (eGFP), reaching
average 7 values <0.3%,!2% and bacteriorhodopsin protein, reach-
ing average n values <0.4%.2!l Here, the blessing and curse is
the protein skeleton that shields the chromophore from the en-
vironment, maximizing its photoluminescence behavior, but it
is prone to severe structural distortion upon adsorption onto the
semiconducting metal oxide electrodes and under redox regener-
ation with organic solvent electrolytes. These lead to a quick loss
of the protein functionality and, in turn, to a complicated device
fabrication and very poor device stabilities that have not allowed
us to understand their photon-induced electron donor/acceptor
behavior in solid-state or thin-films.[??] Hence, the implementa-
tion/operation stability of protein-based photosensitizers is a ma-
jor challenge in the field of bio-hybrid solar cells.

Herein, we demonstrate a fresh concept to realize this mile-
stone with the design of a family of hybrid FPs with archetypal
super folder green fluorescent proteins (sfGFP) and mCherry,
in which the peripheral carboxylic groups are straightforwardly
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transformed into alkoxysilane groups — Figure 1. The advantage
of this functionalization is two-fold: i) the enhancement of the FP
adsorption onto arbitrary n/p-semiconducting metal oxide elec-
trodes via alkoxysilane condensation, and ii) an excellent stabi-
lization of the FP-electrodes over months under ambient storage
and device working conditions attributed to the formation of a
partial ion-silica shell around the protein surface that prevents
denaturation without affecting charge injection from FP to metal
oxide and the subsequent FP-electrolyte regeneration process.
What is more, this allowed us to determine the exclusive electron-
donor hopping mechanism of FPs applying time-resolved spec-
troscopy to i) sensitized p/n-type electrodes with/without dielec-
tric interlayers along with FPs with/without proven charge trans-
fer character —, i.e., sSfGFP versus mCherry,?}l and ii) n-type
electrodes with sfGFP variants with key single-point aromatic
amino acid mutations at the chromophore nearest, revealing an
electron-donor hopping pathway via the initial loop of the strand
p—7. Finally, after optimizing device fabrication and all compo-
nents —, i.e., photoanode, electrolyte, counter-electrode, these bio-
DSSCs featured J,. of 0.66 mA cm~2, open-circuit voltage (V,.) of
0.66 V, and fill factors (FF) of 0.70 that resulted in slightly en-
hanced # values of 0.3% compared to the prior-art of GFP-based
photosensitizer.2°l What is more striking, these figures-of-merit
held constant over 2,160 h, representing a significant jump com-
pared to the most stable solar cells with biogenic photosensitizers
(<200 h at 20% efficiency loss),'®] in general, and protein-based
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Figure 2. A) Excitation (dashed line) and emission (solid line) of native (black) and hybrid (red) sfGFP as well as their respective 7 and ¢ figures gathered
in the table. B) Excitation (dashed line) and emission (solid line) spectra of fresh (black) and 6-month old (red) aqueous solution of hybrid sfGFP as
well as their respective 7 and ¢ figures gathered in the table. Pictures of fresh and 6-month old solutions of hybrid sSfGFP under UV lamp. C) Excitation
(dashed line) and emission (solid line) of native (black) and hybrid (red) mCherry as well as their respective = and ¢ figures gathered in the table, D)
Excitation (dashed line) and emission (solid line) spectra of fresh (black) and 6-month old (red) aqueous solution of hybrid mCherry as well as their
respective T and ¢ figures gathered in the table. Pictures of fresh and 6-month old solutions of hybrid mCherry under UV lamp. *All 7 fittings and ¢ gave

errors <0.03 and <2% respectively.

photosensitizers (second to minutes), in particular.?) Overall,
this work provides a successful concept with a straightforward
external functionalization of, in principle, any photo/redox pro-
teins, overcoming the implementation and stability challenges in
protein-based solar cells.

2. Results and Discussion

2.1. Synthesis and Characterization of Hybrid FPs

As above mentioned, the fabrication of FP-based active layers
for solar cells has always faced limitations with respect to their
immediate denaturation of FPs in dry films and their weak ad-
sorption onto metal oxide electrodes despite the high number
of anchoring groups at the FP surface —, i.e., carboxylic, phe-
nol groups, etc. As an example, Figure 1 and Figure S1 (Sup-
porting Information) depict the weak adsorption of native stGFP
onto standard transparent TiO, electrodes applied to DSSCs us-
ing aqueous (phosphate buffer pH ~7.4) solutions and litera-
ture procedures of 70 °C and 4 °C for short (1 or 2 h) and long
(24 and 48 h) of soaking time, respectively — see supporting
information.[?*2*] While these conditions can preserve protein
structure with a negative surface to ensure covalent attachment
onto the metal oxide electrode, the hydrophobic nature of TiO,
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prevents an efficient wettability of the electrode surface even at
high temperatures.[?! Here, the most promising sensitization
method was 4 °C for 24 h; though the FP uptake remains very
poor — Figure S1 (Supporting Information). Indeed, these de-
vices featured a very low 5 of 0.004% at 1 sun AM1.5 illumina-
tion, regardless of the type of electrolyte — Figure S1 (Supporting
Information). Hence, other attaching concepts must be identi-
fied to meet high compatibility with FPs and a high affinity with
metal oxide electrodes at the above aqueous conditions. Inspired
by the sol-gel field,12*?”] we proposed to functionalize the periph-
eral carboxylic groups of native FPs with amino-alkoxysilane link-
ers (APTES, or (3-Aminopropyl)triethoxysilane) that should eas-
ily condensate onto the metal oxide surface electrodes enhanc-
ing FP uptake.[?#2] At first, the amidation reaction is straight-
forward by drop-wise adding APTES in a concentrated solution
(5 mg ml™) of either sfGFP or mCherry at pH = 7 phosphate
buffer under gentle stirring conditions at room temperature for
24 h— Figure 1 and supporting information. IR spectroscopy of
the hybrid FP confirmed the presence of a Si-O stretching band
~1070 cm™!, while elemental analysis and mass spectroscopy
suggested a functionalization of 14-17 carboxylic acid groups on
both protein surfaces — Figure S2 (Supporting Information).
As shown in Figure 2A,C, the hybrid FPs featured a similar
excitation and emission spectra to those of the native FPs, but
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Figure 3. Exemplary UV-vis absorption spectra of FTO/TiO, films soaked with hybrid sfGFP A) and hybrid mCherry B) at 70 °C for 1h (blue) and 4 °C for
24 h (red). Inset: Pictures of the sensitized FTO/TiO, electrodes with hybrid sfGFP and mCherry under UV lamp. C) Adsorption kinetics of hybrid-sfGFP
at 4 °C and 70 °C (inset). D) Adsorption kinetics of hybrid-mCherry at 4 °C and 70 °C (inset). E) Excitation (dashed line), emission (solid line), and
their respective figures-of-merit of hybrid sfGFP solution (black), FTO/SiO, /hybrid-sfGFP (red). F) Excitation (dashed line), emission (solid line), and
their respective figures-of-merit of hybrid mCherry solution (black), FTO/SiO,/hybrid-mCherry (red). *All 7 fittings and ¢ gave errors <0.03 and <2%

respectively.

the excited state lifetimes (r) and photoluminescence quantum
yields (¢) are slightly enhanced -, i.e., 7 of 3.09 ns versus
3.12 ns and 1.62 versus 1.77 ns and ¢ of 63% versus 66% and
21% versus 29% for native sStGFP and mCherry versus respective
hybrid derivatives (see Table in Figure 2). Thus in both cases,
the hybrid FPs might feature a more rigid p-barrel, increasing
the chromophore rigidity.?*-32! In addition, the lack of emission
features at the 400-470 nm region in sfGFP derivatives attests
that the chromophore did not change into its neutral form
upon functionalization.[3*33] Finally, the hybrid FPs are stable
in aqueous media, as confirmed by the lack of sediments and
changes of the above figures upon storage under ambient and
dark conditions over 6 months — Figures 1 and 2B,D.

2.2. Characterization of Sensitized Electrodes with Hybrid FPs

Standard n-type TiO, and p-type NiO electrodes and reference
SiO, layers were prepared onto fluorine tin-oxide (FTO) glass
substrates following the reports elsewhere — see Supporting
Information.3#35] At first, adsorption kinetics assays were per-
formed monitoring the absorption features of the films im-
mersed in the hybrid FP aqueous solutions over time following
the above best conditions. In stark contrast to the native reference
FPs — Figure 1 and Figure S1 (Supporting Information) — the sen-
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sitized electrodes feature a significantly improved FP uptake, as
highlighted by their colorful aspect, while the absorption inten-
sity saturates at 24 h, suggesting a full coverage of the electrode
— Figure 3A-D.

Further corroboration about the FP stability upon adsorption
onto the electrodes came from photoluminescence assays. In
reference FTO/SiO, /FPs films, the shape of the excitation and
emission spectra are similar to those in solution — Figure 3E,F
— showing a slightly red-shifted emission maxima wavelength
(ca. 10 nm) and a slightly higher intensity of the neutral form.
In addition, both hybrid FPs showed faintly shorted 7 and re-
duced ¢ values compared to those in solution —, i.e., 2.5 ns and
53% versus 3.1 ns and 66% for FTO/SiO, /hybrid sfGFP versus
hybrid sfGFP solution; 1.6 ns and 24% versus 1.8 ns and 29%
for FTO/SiO, /hybrid mCherry versus hybrid mCherry solution.
These findings suggest a partial distortion of the protein barrel
structure upon adsorption onto the SiO, layer,*%3] likely due to
the autocatalytic condensation of the alkoxysilane groups form-
ing an ion silica shell around the FP structure.*®]

In stark contrast to the FTO/SiO,/FPs reference films, the
7 and ¢ values of the hybrid sfGFP are strongly reduced to
1.9 ns and 39% upon adsorption onto the FTO/TiO, electrodes
— Figure 4A, while those with hybrid mCherry electrodes hold
fairly constant —, i.e., 1.5 ns and 22% — Figure 4C. This could
be related to either a severe distortion of the hybrid sfGFP upon

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 4. A) Excitation (dashed line) and emission (solid line) of FTO/TiO,/hybrid-sfGFP. B) Electron acceptor residues at less than 4 A from the
chromophore in sfGFP. C) Excitation (dashed line) and emission (solid line) of FTO/TiO, /hybrid-mCherry. D) Electron acceptor residues at less than

4 A from the chromophore in mCherry.

adsorption onto TiO, electrodes or an effective charge transfer
process from the excited hybrid sfGFP to the conduction band
of the TiO, electrode. The earlier is not supported by the similar
emission and excitation spectra shape of the electrodes compared
to those of reference films and solution — Figure 3E,F. Thus, we
recall the photo-induced oxidation reactions in GFP derivatives
have been shown in solution!?*%”:38] and application in cell bio-
imaging.[*-*!] Here, the aromatic tryptophan, tyrosine, or pheny-
lalanine amino acids located at the immediate vicinity of their
chromophore (< 4 A) enable a carrier hopping mechanism.[*>43]
In stGFP, two phenylalanines (PHE145 and PHE165) are adja-
cent to the chromophore at 2.28 and 3.92 A, respectively. Thus,
they can act as initial electron acceptors for two-step-mediated
electron transfer pathways toward the conduction band of the
metal oxide electrodes — Figure 4B. First support on this state-
ment comes from the similar = and ¢ values found in FTO/TiO,
or SiO,/hybrid-mCherry films — vide supra, since this protein
does not feature any photo-induced redox behavior in solution
as no aromatic amino acids near its chromophore are present —
Figure 4D.[23:37-41]

To further validate our hypothesis, three additional experi-
ments were carried out. At first, the electron-accepting features
of both hybrid FPs were studied in p-type FTO/NiO electrodes.
In line with the above results, the emission/excitation spectra
— Figure 5A,C - and the photoluminescence figures are simi-
lar to those of reference sensitized SiO, films —, i.e., 2.3 ns /
51% and 1.5 ns / 23% for FTO/NiO/hybrid-sfGFP and -mCherry,
respectively, indicating that both hybrids are not photo-induced
acceptors.[?2] Second, the photo-induced electron transfer pro-
cess from the hybrid sfGFPs to TiO, electrode was studied
in FTO/TiO,/Si0, /hybrid-sfGFP, promoting the formation of a
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very thin SiO, dielectric interlayer (< 1 nm, ca. 5, 15, and 25 nm)
onto the TiO, electrode by spin coating TEOS solution prior sen-
sitization with the hybrid FP — see supporting information. As
shown by atomic force microscopy (AFM), the mesoporous mor-
phology of the TiO, electrodes is preserved for interlayers of a
few nm, while it became less rough with thicker SiO, interlay-
ers — Figure S3 (Supporting Information). The use of very thin
interlayers (<5 nm) leads to a three-fold increase of the hybrid
sftGFP uptake — Figure S4 (Supporting Information) — and a fur-
ther reduction of 7 and ¢ values to <1.3 ns and <25%. In addition,
these electrodes feature a remarkable stable photoluminescence
features over 6 months under storage conditions — Figure 5B,D.
This is in perfect agreement with the excellent stability of the ref-
erence films attributed to the formation of the partial ion silica
shell around the FPs — vide supra. Finally, thick interlayers re-
duce the mesoporosity of the electrodes, reducing the FP uptake
— Figures S3 and S4 (Supporting Information) —, and act as an
electron transfer barrier, increasing the 7 and ¢ values to those
noted for reference FTO/SiO, /hybrid-sfGFP films —, i.e., 1.82 ns/
45% and 2.04 ns/ 46% for FTO/TiO, /SiO, (15 and 25 nm) /hybrid-
stGFP films versus 2.48 ns / 52% for FTO/SiO, /hybrid-sfGFP
films.

As third and final experiment, the electron transfer mech-
anism from sfGFP to the TiO, electrode was controlled by
simple single point mutations of the aromatic amino acids
nearest to the chromophore by residues with higher or none
reducing potential. Due to the higher structural conservation
of PHE165 across the fully characterized GFP-like fluorescent
proteins lineages — Figure S5A (Supporting Information), we
preferentially targeted the pathway at position 145, mutating
PHE either to a stronger electron acceptor Tyrosine (TYR)[*! or

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 5. A) Excitation (dashed line) and emission (solid line) of FTO/NiO/hybrid-sfGFP (green). B) Excitation (dashed line) and emission (solid line)
spectra and their respective figures-of-merit gathered in the table of fresh (black) and 6 months-old (red) FTO/TiO,/SiO, /hybrid-sfGFP. C) Excitation
(dashed line) and emission (solid line) of FTO/NiO/hybrid-mCherry (green). D) Excitation (dashed line) and emission (solid line) spectra and their
respective figures-of-merit gathered in the table of fresh (black) and 6 months-old (red) FTO/TiO,/SiO,/hybrid-mCherry. Electron acceptor residues at

less than 4 A from the chromophore in sSfGFP-TYR145 E) and sfGFP-LEU145 F).

to a poor acceptor Leucine (LEU)[*! — Figure 5E,F. The presence
of TYR145 is directly reflected on sfGFP’s photoluminescence
figures in solution, showing the same emission band shape —
Figure S5B,C (Supporting Information) —, but with a decrease
in both 7 —, i.e., 2.7 ns — and a two-fold quicker photobleaching
(450 nm; 95 mW cm?) in the presence of acceptor species in
solution compared to native sSfGFP — Figure S5D (Supporting
Information). While the mutation to LEU145 leads to enhanced
7 —, i.e., 3.3 ns — and a 1.5-fold enhanced photostability in the
presence of acceptor species in solution compared to sfGFP
— Figure S5D (Supporting Information). In other words, the
photo-induced electron donor capacity goes from sfGFP-TYR145
to native sfGFP and finally to sSftGFP-LEU145. This trend is also
nicely reflected in the FTO/TiO,/SiO,(5 nm) sensitized with
their above respective hybrids. In short, the electrodes with
stGFP-TYR145 featured the same emission band with a strong
reduction of the r and ¢ compared to the same films with native

Adv. Mater. Technol. 2024, 9, 2301968 2301968 (6 of 10)

*All 7 fittings and ¢ gave errors <0.03 and <2% respectively.

sfGFP (i.e., 0.9 ns vs 1.3 ns and 6.2% vs 25%), while those with
sfGFP-LEU145 showed an increase of 7 and ¢ up to 1.8 ns and
32%.

Inlight of these findings, we conclude that i) the hybrid sfGFPs
can act as an efficient and stable electron donor photosensitizer
coupled with TiO, electrodes and ii) the photo-induced electron
transfer hopping mechanism is mediated by the aromatic amino
acids placed at positions 145 and 165, being the most relevant
the electron transfer pathway via the position 145 that is located
at the initial loop of the strand f7 and, in turn, it is more exposed
to the outside surrounding of the FP — Figure 5.

2.3. Optimization of Bio-DSSCs with Hybrid FPs

The optimization of the bio-DSSCs was achieved by combining
FTO/TiO, (12 um)/SiO, (0 and <5 nm)/hybrid-sfGFP photoan-
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Figure 6. A) Step-to-step fabrication method of bio-DSSCs with hybrid FPs. J-V curve B) under 1 sun AM 1.5 conditions and IPCE C) of TiO,/hybrid
SfGFP/ACN/Pt (black), TiO,/SiO, /hybrid sFGFP-F145L/MCN/Pt (violet), TiO,/hybrid sSfGFP/MCN/Pt (red), TiO,/SiO, /hybrid sfGFP/MCN/Pt (blue),
TiO,/SiO, /hybrid sfGFP-F145Y/MCN/Pt (green). J-V curve D) under 1sun AM 1.5 conditions and IPCE E) of TiO,/SiO, /hybrid sfGFP-F145L/MCN/Pt-
Gr (violet), TiO,/SiO, /hybrid sfGFP/MCN/Pt-Gr (blue), TiO,/SiO, /hybrid sfGFP-F145Y/MCN/Pt-Gr (green).

odes with either Pt/FTO or Pt/graphene/glass counter electrodes
using different solvent-based electrolytes along with reference
devices without hybrid sfGFP — see supporting information.
Step-to-step fabrication methodology, current-voltage (J-V)
curves, and incident-photon-to-current conversion efficiency
(IPCE) spectra are shown in Figure 6, while the performance of
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the most representative devices is gathered in Table 1.

At first, the standard bio-DSSC architecture —, i.e., acetonitrile
(ACN) based electrolyte and Pt/FTO counter-electrode, 224 —
and the native sfGFP hybrid were applied to devices with both
photoanodes — see Supporting Information. Unfortunately, the
sensitized photoanodes FTO/TiO,/SiO, /hybrid-stGFP were
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Table 1. Device performance of the most representative sfGFP-based bio-
DSSCs.

Voc Jsc FF n
mV] [mAcm™] [%]  [%]
Pt
TiO, /hybrid sftGFP/ACN/Pt 620 0.11 61  0.04
TiO, /hybrid sfGFP/MCN/Pt 701 0.24 52 0.09
TiO,/SiO, /hybrid sfGFP/MCN/Pt 650 0.69 70  0.32
TiO, /SiO, /hybrid sfGFP-F145Y/MCN /Pt 625 1.21 60  0.45
TiO, /SiO, /hybrid sfGFP-F145L/MCN/Pt 613 0.18 64  0.08
Pt-Gr
TiO,/SiO, /hybrid sfGFP/MCN/Pt-Gr 620 0.66 63 026
TiO, /SiO, /hybrid sfGFP-F145Y/MCN/Pt-Gr 581 0.91 56 030
TiO, /SiO, /hybrid sfGFP-F145L/MCN/Pt-Gr 591 0.07 56  0.02

quickly photo-bleached in contact with this electrolyte — Figure
S6 (Supporting Information), leading to state-of-the-art device
stabilities of a few seconds/minutes.['?2] Indeed, the devices
showed a similar performance to that of reference devices with
bare TiO, photoanodes — Figure S6 and Table S1 (Supporting
Information), while the IPCE spectra is featureless in the
450-550 nm region, confirming the lack of the electron
transfer from the hybrid sfGFP to the TiO,. This might be
related to the protonation of the chromophore upon contact
with the ACN electrolyte as shown in Figure S7 (Supporting
Information).

Among the family of organic nitrile solvents, we selected
the low-volatile and highly bio-compatible methoxypropionitrile
(MCN) organic solvent.[*®l In detail, a mixture of MCN:H, O at
different volume ratios (100:0 and 80:20) was studied in concert
with iodide/triiodide redox pairs. As shown in Figure 5B and
Figure S8 (Supporting Information), the FTO/TiO, /SiO, /hybrid-
sfGFP photo-anodes exposed to MCN-based electrolytes were
stable over months, leading to a 2-fold increase of the J
(240 pA cm™?) and slightly enhanced V. (0.701 V) compared to
reference bare TiO, devices — Table 1. This goes hand-in-hand
with the contribution of FP sensitizer in the IPCE - Figure S8
(Supporting Information). Unfortunately, the ], and the FP con-
tribution at the IPCE is significantly reduced using a 80:20 elec-

www.advmattechnol.de

trolyte due to the hydrophobic nature of TiO, that might hamper
regeneration processes.[*’! Although photocurrent is not high,
MCN-based electrolyte assurance device stability and, in turn,
this represents the best option to develop highly performing bio-
DSSCs.

In this rationale line, bio-DSSCs were fabricated by combin-
ing i) the best FTO/TiO,/SiO, (5 nm) photo-anode, which showed
a higher FP loading (three-fold) and enhanced charge injection
— vide supra, ii) the three sfGFP hybrid variants to corroborate
the electron transfer mechanism in solar cells, and iii) Pt/FTO
and Pt/graphene/glass electrodes with the above MCN-based
electrolyte to show the versatility of our approach — Figure 6
and Table 1. Regardless of the type of counter-electrode, devices
with native stGFP hybrid featured a strongly increased J,. up to
660 pA cm~2 — Figure 6. This goes hand-in-hand with ca. 3-fold in-
tensity increase in both the absorption features of the electrode
and the IPCE response at the 450-550 nm region compared to
those of devices with FTO/TiO,/SiO, /hybrid-sfGFP — Figures S4
and S8 (Supporting Information), while those with ACN-based
electrolyte were featureless as the reference bare TiO, devices —
Figure 6. These findings confirm the electron injection from the
hybrid sfGFP to TiO, upon direct excitation. As expected, the J.
improvement is also associated with an increase of the FF from
52% to 70% — Table 1, as the TEOS addition also acts as a protec-
tive layer of the FTO, reducing undesired electron-back transfer
process at both FTO/electrolyte and FTO/TiO, /electrolyte inter-
faces. Overall, these figures led to an increase of n up to state-of-
the-art values of 0.3% — Table 1.12%]

In line with the above spectroscopic studies, devices with
the variant sfGFP-LEU145 hybrid exhibited a very poor J
of 0.18 mA cm? associated with a low IPCE contribution, as
the electron transfer pathway via position 165 is unfavorable
— Figure 6. As expected from the 7 and ¢ changes in films — vide
supra, devices with the variant sfGFP-TYR145 hybrid featured
a two-fold enhancement of the J,. and IPCE contribution com-
pared to those with native sfGFP hybrid — Table 1 and Figure 6.
Indeed, the photogenerated current of 1.2 mA cm™ represents
a record in FP-based bio-DSSCs.'9-?2 This goes hand-in-hand
with a similar Voc and FF values that lead to an efficiency value
of 0.6% that is the most efficient bio-DSSCs with biogenic
photo-sensitizers (0.18%),®! in general, and the most efficient
protein-based solar cells to date (0.35%),[2) in particular. As a
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Figure 7. Figures-of-merit of sfGFP-based bio-DSSCs over time.

Adv. Mater. Technol. 2024, 9, 2301968 2301968 (8 of 10)

© 2024 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmattechnol.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

final remark, the device stability under 1 sun AM1.5 illumina-
tion was studied (Figure 7). In short, figures-of-merit of devices
with sfGFP-TYR145 hybrid gradually reduced, reaching their
half values after 300 h, while those with native sfGFP hybrid
were stable (<5% loss). Spectroscopic analysis of the sensitized
electrodes indicates that the chromophore is deactivated via
H-transfer process to its inert neutral form. Indeed, the above
described photobleaching studies in solution also confirmed
that this variant sSfGFP-TYR145 is 2-fold less stable than the
native one — Figure S5D (Supporting Information). What is
more striking, the device with the native sSfGFP hybrid was fully
operative with a <10% loss after 2,200 h (90 days; Figure 7), truly
attesting to the success of using hybrid FPs photosensitizers in
solar energy conversion schemes as the most stable biogenic
photosensitizer led to device stabilities of <200 h at 0.18%.[18]

3. Conclusion

This work sets in a successful strategy to exploit the photo-
induced electron donor features of fluorescent proteins in solar
cell schemes. This requires a straightforward chemical function-
alization with alkoxysilane groups that leads to hybrid FPs with
i) enhanced stabilities over six months in both aqueous solu-
tions and foreign environments, such as organic solvent-based
electrolytes and sensitized dry n-/p-type metal oxide films, ii)
easy adsorption and enhanced uptake (three-fold) on n-/p-type
metal oxide films, allowing to study and optimize their elec-
tron donor and acceptor features, and iii) outstanding solar cell
figures-of-merit compared to the prior-art FP-sensitizer based de-
vices. Here, the optimized device configuration using our hy-
brid FPs (TiO,/SiO, (<5 nm)/hybrid-stGFP/MCN-electrolyte/Pt-
FTO/graphene) results in J,. of 660 pA cm™2, V,_ 0f 0.66 V, FF of
70%, and 5 of 0.3% that are stable >2,000 h, outperforming both,
the prior-art stability (a few seconds/minutes) of FP-based solar
cells and bio-DSSCs with biogenic donor materials (curcumin
dyes; < 200 h at n of 0.18%). Overall, this work provides a suc-
cessful concept that could be applied to any photo/redox protein,
enabling further advances in the implementation and stability of
FP-based photosensitizers for solar-energy driven technologies,
in general, and bio-hybrid solar cells, in particular.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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