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Implementing proteins in optoelectronics represents a fresh idea toward a
sustainable new class of materials with bio-functions that can replace
environmentally unfriendly and/or toxic components without losing device
performance. However, their native activity (fluorescence, catalysis, and so
on) is easily lost under device fabrication/operation as non-native
environments (organic solvents, organic/inorganic interfaces, and so on) and
severe stress (temperature, irradiation, and so on) are involved. Herein, a gift
bow genetically-encoded macro-oligomerization strategy is showcased to
promote protein—protein solid interaction enabling i) high versatility with
arbitrary proteins, ii) straightforward electrostatic driven control of the
macro-oligomer size by ionic strength, and iii) stabilities over months in pure
organic solvents and stress scenarios, allowing to integrate them into
classical water-free polymer-based materials/components for optoelectronics.
Indeed, rainbow-/white-emitting protein-based light-emitting diodes are
fabricated, attesting a first-class performance compared to those with their
respective native proteins: significantly enhanced device stabilities from a few
minutes up to 100 h keeping device efficiency at high power driving
conditions. Thus, the oligomerization concept is a solid bridge between
biological systems and materials/components to meet expectations in
bio-optoelectronics, in general, and lighting schemes, in particular.

programmed to optimize their bio-
functionality  (fluorescence, redox be-
haviors, catalytic activity, transport phe-
nomena, and so on) in living systems.
While protein engineering and synthetic
biology have mastered an excellent genetic
toolbox, enabling the tuning of protein
functionality in vivo with high relevance
in medicine (imaging, biosensors, etc.),[*!
their stabilization with respect to their
natural functions outside of their native
environments (aqueous solutions with
controlled pH, ionic strength, and temper-
ature) has been unsuccessful, limiting the
progress of the emerging field of protein-
based materials and optoelectronic.>
Here, the challenge is twofold: i) device
fabrication using traditional techniques
(organic solvent deposition techniques,
inert atmospheres, and so on) and ar-
chitectures (organic/inorganic interfaces,
electrodes, water-free environments, and
so on), as well as ii) operating conditions
(in-/out-door temperature and irradiation

1. Introduction

Proteins and enzymes are a paradigm of smart materials,
in which chemical diversity and hierarchical structure are
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stress, dry/inert atmosphere, and so on).

In this context, leading concepts in pro-

tein/enzyme stabilization in non-aqueous

environments are divided into two main categories: i) isolation
strategies, such as reverse micelles, sol-gel chemistry, chemi-
cal modification, and use of random heteropolymers,!®13] which
shield them from the surrounding denaturing environment, and
ii) genetically encoded approaches, such as directed evolution
and engineered inclusion bodies,['*??] that modify them increas-
ing their resistance to the hostile environment. On the one hand,
isolation strategies via reverse micelles led to up to 24 h stabil-
ities only in mixed organic-aqueous solvents.['?! Sol-gel chem-
istry achieved function retention (80%) up to 5 days in pure or-
ganic solvents but risking both enzyme inactivation and end ma-
terial optical and mechanical properties.[!*] In addition, surface
polymer decoration relies on the need of specific amino acidic
residues and has featured a low compatibility with polymer com-
posites of relevance for optoelectronics.[') The use of random
heteropolymers has also stabilized proteins in organic solvents
for a short period of up to 25 h.l'!l On the other hand, directed
evolution, which led to improved stabilities in diluted organic
solvents,[*1°] cannot be generalized to pure organic solvents,
polymer environments, and device interfaces. Finally, genetically
induced incorporation in inclusion bodies results in partially
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Figure 1. Characterization of LEGFP. A) LEGFP genetic construct. B) Alphafold2 model of monomeric LEGFP; the leucine zipper region is indicated
in blue (N-terminal) and orange (C-terminal). C) Superposition of LEGFP dimer (grey ribbons) with its columbic surface coloring. D) EGFP, LEGFP
monomer, and LEGFP dimer root-mean-square deviation (RMSD) analysis of Rosetta minimized populations. E) SEC of LEGFP and EGFP; dotted lines
indicate the volumes of elution LEGFP dimer, LEGFP monomer, and EGFP. F) Excitation and emission spectra of LEGFP. G) Melting temperature (T,,) of
LEGFP and EGFP. H,l) Non-reversibility folding temperatures (T,,,) of EGFP and LEGFP in the presence and absence of bPEO 30%. |) Overview of LEGFP
and EGFP main photophysical properties and production yields. K) Graphical overview of LEGFP and EGFP non-reversibility folding temperatures in the

presence and absence of synthetic polymers.

unfolded proteins along with other cell components, exhibiting
a tradeoff in processability, accessibility, and loss of native func-
tion of up to 85%.221 Unfortunately, none of these strategies has
shown to be effective to integrate proteins/enzymes as active
components in energy-related bio-optoelectronic devices yet.
Herein, we capitalize on a purely electrostatic driving force
to promote protein—protein interactions fusing the N and C ter-
minus of arbitrary fluorescent proteins (FPs; enhanced green
fluorescent protein or EGFP and mNeptune2.5) with antiparal-
lel leucine zippers in a gift bow fashion (Figure 1). The engi-
neered constructs allowed us to easily generate FP-based macro-
oligomers via simple ionic strength change, controlling size dis-
tribution and protein selectivity. This versatile concept led to
highly emissive macro-oligomers with an excellent stability in
pure organic solvents (>3 months) and stress scenarios com-
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pared to both their respective native FPs and the prior-art (vide
supra). What is more, this allowed us to easily implement them
in a myriad of water-processed and water-free polymer com-
posites commonly applied to develop bio-hybrid light-emitting
diodes (Bio-HLEDs). This technology promises to satisfy Eu-
rope and US regulatory agencies’ priorities for eco-friendly and
sun-like illumination technologies.l>»] In short, the lighting
market is dominated by inorganic white light-emitting diodes
(WLEDs) based on inorganic phosphors (IPs) such as unsustain-
able Ce-doped Y;Al;O,, (YAG:Ce) or toxic Cd-based quantum
dots (CdQDs) employed in commercial WLEDs and displays.
Thus, extensive research is being done on hybrid light-emitting
diodes (HLEDs), in which organic color down-converting fil-
ters based on small molecules, conjugated polymer, coordina-
tion complexes, and so on, embedded into polymer/epoxy are
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investigated.”?311 Among them, FPs are considered a model
of sustainability with respect to their cheap bacterial production,
easy recyclability, water-processability, excellent emission merits,
and low-cost as high purification levels are not required.[**°] In
addition, the performance of Bio-HLEDs is becoming more and
more appealing with stabilities of >3000 h and efficiencies of
>1301m W~ at low-power conditions (<50 mW cm~2 photon flux
excitation)”] compared to other devices with traditional organic
phosphors: i) perylene diimide-polymer with <700 h@130 Im
W-1,[2] ii) BODIPYs-polymer with <10 h@13 Im W1, and
iii) Iridium(I1I) complex-polymer with <1000 h@100 Im W~1.130]
In contrast, the device stability is typically reduced to <5 min at
high-power operation conditions (200 mW ¢cm~2 photon-flux ex-
citation; due to photo-induced heat generation (up to 70 °C) in
the color down-converting coating caused by FP motion and effi-
cient heat transfer in a water-rich environment.[®’! In this work,
rainbow- and white-emitting Bio-HLEDs with FP-based macro-
oligomers operating at photon flux excitation of 200 mW cm™2
featured significantly enhanced stabilities of up to 100 h due to
the lack of heat generation in water-free coatings, resulting in
first-class devices.I*7] Thus, the oligomerization concept makes
closer the development of sustainable protein-based optoelec-
tronics, bridging the worlds of protein and device engineering.

2. Results and Discussion

2.1. Genetically Encoded FP Macro-Oligomerization

As the N and C terminus are facing the same side of the typical
p-barrel structure of FPs, a complementary pair of leucine zip-
pers were genetically attached to this flexible region of EGFP to
increase protein’s surface and block the g-barrel’s unfolding by
restricting the motions of the flexible ends (Figure 1A,B). More
importantly, the leucine zippers were selected to bear a high
number of complementary exposed charges to promote strong
interactions between monomers. Rosetta minimization*®! on
AlphaFold2®”] models of the leucine zipper EGFP protein
(LEGFP) showed no negative effect on conformational stability
in comparison to EGFP, confirming a preference for a dimeric
conformation with predicted interface interaction in the range of
natural FP dimers (Figure 1B-D; Table S1, Supporting Informa-
tion).

LEGFP production in Escherichia coli is similar to EGFP
(Figure 1J) and can be purified via affinity chromatography and
size exclusion chromatography (SEC), confirming similar lev-
els of protein solubility. Analytical SEC analysis corroborated
the oligomeric AlphaFold2 model, showing that LEGFP elutes
mostly as a dimer in standard PBS buffer (Figure 1E). The ab-
sorption extinction coefficient (¢), fluorescent quantum yield (¢),
and excitation/emission spectra are the same for LEGFP and
EGFP, indicating that our modification did not alter the chro-
mophore environment (Figure 1F,]). The excited state lifetime ()
of LEGFP (2.8 ns) is; however, shorter than that of EGFP (3.0 ns)
caused by the higher refractive index of the neighboring proteins
in its dimeric conformation.3!

The dynamic/static stability of LEGFP was studied using mod-
ulated scanning fluorimetry (MSF). While both proteins share
a melting point of 69 °C (T,,-50%; Figure 1G), LEGFP fea-
tures a lower non-reversibility temperature compared to EGFP
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(T,,; Figure 1H,I). Conversely, the leucine zippers confer better
thermodynamic parameters to LEGFP in the presence of syn-
thetic polymers used in bio-hybrid light-emitting diodes (Bio-
HLEDs).[*7] Upon addition of the archetypal branched polyethy-
lene oxide (bPEO), LEGFP showed a slight change in T, from
75 °C to 74 °C, while EGFP refolding capability is reduced from
79 °C to 73 °C (Figure 1H,I). To confirm the superior stability of
LEGFP in various polymers, we performed MSF of protein solu-
tion with polymethyl methacrylate (PMMA) and PEOs of differ-
ent molecular weights ranging from 750 to 5 000 000. In all the
cases, the T, of LEGFP remained mostly unaffected, while the
T, of EGFP was negatively impacted (Figure 1K; Figure S1, Sup-
porting Information). The denaturing effects of synthetic poly-
mers are mainly ascribed to their direct interaction with hy-
drophobic patches in the protein backbone, forcing a change
in protein conformation.®! Thus, the larger volume and the
dimeric character of LEGFP shield the protein from the dena-
turing effect of the synthetic polymers (Table S2 and Figure S2,
Supporting Information).

Based on our computational model that predicts an inter-
face strongly stabilized by electrostatic interactions between com-
plementary pairs of leucine zippers (Figure S2, Supporting In-
formation) and SEC studies showing that LEGFP elutes as a
dimer in standard PBS buffer and is more monomeric at 1 M
NacCl (Figure 2A), we were able to easily form macro-oligomers
by simple decreasing the ionic strength of the solution. The
photoluminescence figures of the large macro-oligomers held
compared to those of the dimer form (Figure 2B). In addition,
macro-oligomerization degree correlated with the applied ionic
strengths (Pearson’s r = —0.96; Figure 2C). This was further con-
firmed by dynamic light scattering (DLS), showing that LEGFP
was predominantly found in dimeric form at 150 mwm NaCl,
while large macro-oligomers started to form at 130 mm NaCl
(Figure 2D). In addition, DLS showed a relationship between
the gradual ionic strength reduction and the increase in parti-
cle size (Pearson’s r = —0.95; Figure 2E). This became obvious
to the naked eye at low NaCl concentrations (Figure 2F). DLS
also confirmed the creation of macro-oligomers upon addition
of 50% bPEO to LEGFP solution due to the relative decrease
in ionic strength of the solution (Figure S3, Supporting Infor-
mation). A better understanding of the macro-oligomers’ forma-
tion came from the analysis of AlphaFold2 models of 25 possible
tetramers, which produced only a few energetically viable can-
didates, with the best interface energy of only —2.6 kcal mol~!
in contrast to the dimer interface of —6.4 kcal mol~! (Figure S4,
Supporting Information) with the interaction between dimeric
units possibly taking place between surface charges of the beta-
barrel section of LEGFP. Thus, our in silico results suggested that
the oligomer is only possible in artificial conditions of low ionic
strength. To assess the fine control of the genetically encoded
oligomerization process, a LEGFP variant bearing shorter leucine
zippers was designed (one less repeated unit, Figure S5, Sup-
porting Information). The short LEGFP variant was less prone
to form macro-oligomers at the same conditions and did not
show the same thermodynamic figures as LEGFP in the pres-
ence of synthetic polymers used in Bio-HLEDs (Figure S5, Sup-
porting information), indicating the need of a full-length con-
struct to achieve on-demand macro-oligomerization mediated
stabilization.
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Figure 2. LEGFP dimerization and macro-oligomerization. A) SEC analysis of LEGFP upon increasing NaCl concentration, highlighting a parallel increase
in LEGFP monomeric fraction. B) Comparison of excitation and emission spectra of LEGFP dimer and macro-oligomer. C) Negative correlation between
ionic strength and scattering measured by UV-vis absorption spectroscopy. Macro-oligomerization is described as the intensity ratio between 375 and
650 nm. D) DLS intensity size distributions and corresponding autocorrelation functions of LEGFP measured at 150 and 130 mm NaCl. E) Negative
correlation between ionic strength and radius of the macro-oligomers measured by DLS. F) LEGFP solutions at different ionic strengths under blue light

(450 nm) illumination.

2.2. Benéefits of Leucine-Zippers Induced Macro-Oligomerization

The superior stability of LEGFP macro-oligomers compared to
their dimeric or monomeric counterparts was confirmed in a se-
ries of harsh conditions. At first, chemical denaturation using 4 m
guanidinium hydrochloride was tested (Figure S6, Supporting
Information), showing that the fluorescence of LEGFP macro-
oligomers remained more stable over time compared to the refer-
ence EGFP and LEGFP dimer. In addition, the T, was measured
changing the acetonitrile (AcN) concentrations, which is known
to alter protein stability in a non-linear fashion,[*) showing that
LEGFP macro-oligomers always outperformed EGFP and LEGFP
dimers (Figure 3A; Figure S6, Supporting Information). More
importantly, the oligomer stability was enhanced upon increas-
ing the AcN concentration, resulting in a fully stabilized fluo-
rophore up to 75 °C (Figure 3B). This uncommon stability also

Adv. Mater. 2023, 35, 2303993 2303993 (4 of 9)

allowed us to study the behavior of LEGFP oligomers in the pres-
ence of concentrated polymers, which required pure organic sol-
vents to solubilize (Figure S6, Supporting Information), show-
ing, for example, that in the presence of AcN and 10% PMMA,
LEGFP retained its emission up to 75 °C. More strikingly, LEGFP
macro-oligomers re-suspended in AcN did not show a significant
loss (<5%) in ¢ over the course of 2160 h (Figure 3C), while the fi-
nal excitation and emission spectra slightly broadened compared
to those of the macro-oligomers in MQ (Figure 3D). This goes
hand-in-hand with a decrease of the 7 values from 2.5 ns (0 h)
to 2.3 ns (2160 h) (Figure 3E), indicating an even tighter protein
macro-oligomerization(*!! after 3 months of incubation in AcN.
As water and AcN are mixable, the entrapped water in the macro-
oligomer structure could diffuse over time modifying the packing
density. Finally, macro-oligomers were also incubated in toluene
and dichloromethane (DCM), exhibiting stable ¢ and 7 values

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 3. LEGFP macro-oligomers characterization in harsh conditions. A) T, of LEGFP macro-oligomers, dimers, and EGFP in 95% AcN. B) T, of
LEGFP macro-oligomers in 50%, 75%, and 95% vt. of AcN. C) ¢ over time of LEGFP macro-oligomers in pure AcN, DCM, and toluene. D) Excitation
and emission spectra of LEGFP macro-oligomers in MQ water and after 2160 h in AcN. E) 7 values of LEGFP macro-oligomers in MQ water, LEGFP

macro-oligomers in AcN at time 0 h, and after 2160 h of incubation.

over 1080 h (Figure 3C; Figure S6, Supporting Information). The
slightly enhanced emission figures compared to those in AcN
could be attributed to tight immobilization of the entrapped wa-
ter inside the protein macro-oligomer structure due to the lack of
solvent exchange.

Based on these results, we can state that LEGFP macro-
oligomers act as a stiff protein assembly, keeping the protein in
the correct folding even under harsh environmental conditions,
effectively preserving the protein function. This contrasts with
natural tetramerization, in which photophysical properties are
commonly affected.[*?]

2.3. Reference Water-Processed Green-Emitting Devices

The Bio-HLED concept aims to replace color rare earth
based down-converting filters, which are typically deposited
onto the blue-LED chip by FPs embedded into polymers
(water-processed mixture of a branched and linear polyethy-
lene oxide composite),l**] metal-organic frameworks,!*>*4 and
biopolymers.|*’] As reference, a blue-emitting LED chip (450 nm;
Winger Electronics, 1 W) was directly covered by the op-
timized water-processed FP-polymer down-converting filter

Adv. Mater. 2023, 35, 2303993 2303993 (5 of 9)

(dome-shaped with LEGFP macro-oligomers and EGFP [0.5 mg]
in the so-called on-chip architecture; that is zero distance between
LED chip and color filter). While both coatings showed a simi-
lar green emission spectra that is more red-shifted for the EGFP
compared to those in solution (25 nm), the ¢ and 7 figures held
for LEGFP and were reduced for EGFP (Figure 4A). This is asso-
ciated to the distortion in the f-barrel structure due to the dense
polymeric surrounding,®”! while LEGFP remained mostly unaf-
fected due to its oligomeric character.

All the devices showed an almost full conversion (~90%) of
the blue-emitting chip with an overall green emission (x/y CIE
color coordinates of 0.25/0.50 and color purity of ~80) stable in
the range of the applied currents (Figure 4B). In line with the
¢ values of the color filters, the efficacy of the Bio-HLEDs with
LEGFP was superior, reaching a maximum value of 94 Im W~
upon increasing the applied current (Figure 4B). Concerning de-
vice stability (Figure 4C), high-power driving conditions were
applied (i.e., 200 mW cm™ incident photon flux excitation or
200 mA), reaching a 50% loss of the initial luminous intensity
in 30 s and 24 min for devices with EGFP and LEGFP macro-
oligomers, respectively. The stability difference is attributed
to: i) the photon-induced heat generation process that reaches
70 °C for EGFP-devices and is strongly reduced to 42 °C in

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH
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Figure 4. Reference water-processed LEGFP- and EGFP-based coatings characterization. A) Emission spectra and photophysical characterization of
reference LEGFP and EGFP coatings shown on the right under room illumination (left) and blue light (right). B) Efficacy versus applied current of reference
LEGFP- and EGFP-based on-chip Bio-HLEDs and their respective x/y CIE color coordinates at 10 and 200 mA, highlighting the device chromaticity
stability. C) Stability and D) temperature rise of reference LEGFP- and EGFP-based coatings applied to on-chip Bio-HLEDs driven at 200 mW cm™2.
E) Non-reversibility folding temperatures (T,,) of reference EGFP- and LEGFP-based polymer coatings.

LEGFP-devices (Figure 4D) because photo-induced protein mo-
tion and heat transfer to the trapped water molecules are reduced
by the macro-oligomer structurel®’] and ii) the superior thermo-
dynamic stability of LEGFP in the polymer coatings with a stable
T,, as the macro-oligomers structure effectively shielded from
the surrounding denaturing polymers (Figure 4E), while EGFP
coatings showed a reduced T, similar to that in solution with
the addition of bPEO (Figure 1H).

2.4. Water-Free Rainbow- and White-Emitting Devices

Capitalizing on the extraordinary stability of LEGFP macro-
oligomers in organic solvents (vide supra), we used a commer-
cial color down-converting filter composition based on AcN-
processed PMMA coating with 5 mg of protein content and the
above on-chip device architecture.[##%] In contrast to the water-
processed reference coatings, the emission spectrum is slightly
broader and the ¢ is slightly reduced (62 vs 57%,; Figure 5A), high-
lighting that the oligomer structure effectively shields the FPs un-
der these harsh processing conditions. These Bio-HLEDs showed
a full conversion with a green emission (x/y CIE coordinates of
0.29/0.57 and color purity of 83) and a slightly reduced efficacy
(80 Im W~1; Figure S7, Supporting Information) that held at all
the driving current regime. The devices were driven at the above

Adv. Mater. 2023, 35, 2303993 2303993 (6 of 9)

high-power conditions, reaching a moderate increase in tempera-
ture (<40 °C) and a remarkable stability value of 21 h (Figure 5B),
representing i) one order of magnitude enhancement with re-
spect to the best reported on-chip Bio-HLEDs with 2 h stability
using an optimized EGFP variant in a bPEO:PMMA matrix and
the same driving conditions!”! and ii) two orders of magnitude
enhancement with respect to on-chip HLEDs with the patented
color converter dye-based BASF LUMOGEN 83 F Yellowl!”46-#]
embedded in the same PMMA matrix, which reached L50 of
7 min at the same driving conditions (Figure S8, Supporting In-
formation).

As a final step, we turned to demonstrate the versatility of
the genetically encoded oligomerization concept to other FPs
to create red- and white-emitting Bio-HLEDs. Thus, we fused
leucine zippers in a gift bow fashion to the N- and C- terminals
of mNeptune2.5 (LmNeptune2.5) that features excellent photo-
physical properties for color down-conversion in protein-based
lighting and is not phylogenetically close to EGFP (Figure S9,
Supporting Information). Similarly to EGFP, the leucine zippers
provide mNeptune2.5 with the ability to create macro-oligomers
controlled by the ionic strength without affecting the protein’s
yield of production and emission figures, while increasing its
resistance under harsh conditions (Figure S10, Supporting In-
formation). Indeed, the emission features of the LmNeptune2.5
held constant in AcN-processed PMMA coatings (Figure SE;
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Figure 5. Water-free green-, red-, and white-emitting devices. A) Emission spectrum of Bio-HLEDs with LEGFP-PMMA coatings at a driving current of
200 mA. The inset table gathers the emission figures of the color filters. B) Stability and C) temperature reached in on-chip Bio-HLEDs with LEGFP-PMMA
coatings at a driving current of 200 mA. D) Coatings under room illumination (left) and under blue light illumination (right). E) Emission spectrum of
Bio-HLEDs with LmNeptune2.5-PMMA coatings at a driving current of 200 mA. The inset table gathers the emission figures of the color filters. F) Stability
and G) temperature reached in on-chip Bio-HLEDs with LEGFP-PMMA coatings at a driving current of 200 mA. H) 7 values of EGFP in co-precipitates
with mNeptune2.5 obtained via the leucine zipper macro-oligomerization strategy and via ammonium sulfate precipitation. I) = values of LEGFP in
green- and white-emitting coatings. |,K) white emission spectra changes over time of on-chip Bio-HLEDs with LEGFP-LmNeptune2.5-PMMA at a driving

current of 20 mA. Pictures of the white-emitting Bio-HLEDs at time 0 and

Figure S10, Supporting Information).The on-chip Bio-HLED
(590 nm; Winger Electronics, 1 W) featured a full conversion with
a deep-red color (x/y CIE color coordinates of 0.73/0.26 and color
purity of 85) associated to an external quantum efficiency of 1%
in the applied driving currents range (Figure S11, Supporting In-
formation). At 200 mA (55 mW cm2) driving conditions, the de-
vice did not exhibit an increase of the temperature, reaching a
remarkable L50 of 110 h comparable to the prior-art.[*3%]
White-emitting Bio-LEDs have been successfully produced us-
ing micropatterning or layer-by-layer deposition techniques.!*>"]
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72 h are provided on the right.

However, integrating both green and red-emitting proteins in a
single-coating has always been challenging due to uncontrolled
FRET (Forster resonance energy transfer), which caused the
higher energy component’s emission to be sacrificed.[!! Macro-
oligomerization of LmNeptune2.5 and LEGFP offered a solu-
tion to this problem. Indeed, while the co-precipitation of mNep-
tune2.5 and EGFP using ammonium sulfate at a mass ratio that
enables white emission results in a significant reduction in the =
of EGFP (Figure 5H), the co-oligomerization of LEGFP with
LmNeptune2.5 at the same mass ratio showed no detectable ¢
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reduction, indicating the absence of FRET and the creation of
macro-oligomers mainly enriched by one FP specie. In silico data
confirmed that the higher-order oligomers of hybrid species con-
taining LmNeptune2.5 and LEGFP are less energetically favor-
able (Table S3, Supporting Information), further validating the
absence of FRET. Consequently, we could easily fabricate white-
emitting coatings by a simple mixture of both types of oligomers
in a single PMMA matrix. At 450 nm excitation, the emission
spectrum featured the emission peaks of each protein associated
with ¢ 60% and unchanged r values for each oligomer, confirm-
ing the total absence of FRET in the PMMA matrix (Figure 5I).
This led to on-chip white-emitting Bio-HLEDs (450 nm; Winger
Electronics, 1 W) with a warm white emission (x/y CIE color coor-
dinates of 0.32/0.34, color correlated temperature of 5843 K, and
color rendering index of 63) at the applied current regime (Figure
S12, Supporting Information). At 20 mA (40 mW cm~2), the de-
vice chromaticity was stable over 70 h (Figure 5],K), comparable
with the best reported Bio-HLEDs.335%7] This nicely highlights
the success of our simple, versatile, and selective genetically en-
coded oligomerization concept to realize protein-based optoelec-
tronics.

3. Conclusion

Proteins and enzymes have been traditionally designed and
evolved to function in aqueous environments and mild stress
scenarios, representing a major roadblock toward advancing
protein-based optoelectronics fulfilling the green photonics con-
cept: the further development of our current technology using
eco-efficient and highly performing materials/components re-
placing those toxic, non-abundant, and hard-to-recycle. How-
ever, the mature knowledge to genetically modify them target-
ing several functionalities and to upscale their production makes
them ideal candidates. In this sense, efforts to preserve pro-
tein/enzyme functions in non-aqueous environments and harsh
environment conditions have typically led to low stabilities terms
(a few days), a significant function loss, and lack of specificity,
among others. In stark contrast to the prior-art, we have demon-
strated that the leucine zipper gift bow strategy is a versatile
and protein specific concept to produce LEGFP and LmNep-
tune2.5 macro-oligomers via electrostatic driven control, achiev-
ing remarkable function stability (emission merits preserved
for >3 months) and thermal folding stability (enhanced T,,) in
pure AcN, toluene, and DCM solvents, and even in the pres-
ence of synthetic polymers. This allowed us to fabricate first
water-free green-, red-, and white-emitting Bio-HLEDs showing
first-class performance compared to those with their respective
native proteins and the prior-art (i.e., enhanced device stabili-
ties going from a few minutes to up to ~100 h). Thus, macro-
oligomerization applied to biological systems opens the door to
develop high-end biogenic and/or bio-hybrid functional materi-
als/components.

Supporting Information

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