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Fully Biogenic Near-Infrared Phosphors: Phycobiliproteins
and Cellulose at Force Toward Highly Efficient and Stable
Bio-Hybrid Light-Emitting Diodes

Marco Hasler, Marta Patrian, Jesus A. Banda-Vidzquez, Sara Ferrara, Andre C. Stiel,
P Fuenzalida-Werner,* and Rubén D. Costa*

Stable/efficient low-energy emitters for photon down-conversion in bio-hybrid
light-emitting diodes (Bio-HLEDs) are still challenging, as the archetypal
fluorescent protein (FP) mCherry has led to the best deep-red Bio-HLEDs with
poor stabilities: 3 h (on-chip)/160 h (remote). Capitalizing on the excellent
refolding under temperature/pH /chemical stress, high brightness, and high
compatibility with polysaccharides of phycobiliproteins (smURFP), first-class
low-energy emitting Bio-HLEDs are achieved. They outperform those with
mCherry regardless of using reference polyethylene oxide (on-chip: 24 h vs.

3 h) and new biopolymer hydroxypropyl cellulose (HPC; on-chip: 44 h vs. 3 h)
coatings. Fine optimization of smURFP-HPC-coatings leads to stable record
devices (on-chip: 2600 h/108 days) compared to champion devices with
perylene diimides (on-chip: <700 h) and artificial FPs (on-chip: 35 h). Finally,
spectroscopy/computational /thermal assays confirm that device degradation
is related to the photo-induced reduction of biliverdin to bilirubin. Overall,
this study pinpoints a new family of biogenic emitters toward superior

protein-based lighting.

1. Introduction

Over the last decade, inorganic light-emitting diodes (LEDs)
have steadily replaced incandescent light bulbs and compact
fluorescent lamps.l!! However, they are not considered to be
the final solution since i) they contain rare earth and/or toxic
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materials, ii) they require expensive and
harsh production conditions for both, the
emitting chips and the inorganic phos-
phors (IP), and iii) there is a lack of effi-
cient recycling protocols.l In other words,
materials and processes employed in the
fabrication of white-emitting LEDs ques-
tion the long-term perspective of this
technology. In this context, organic LEDs
(OLEDs) have been considered as an alter-
native. Still, they face market entry bar-
riers due to the lack of highly-performing
blue-emitting devices and proper recycling
protocols, among other problems.3#

In this scenario, hybrid LEDs (HLEDs)
are quickly evolving with the prospects
for replacing IPs by i) organic color down-
conversion filters or organic phosphors
based on polymer matrices containing
small molecules, conjugated polymers,
coordination complexes, etc.51% as emit-
ters, ii) perovskite phosphors, in which
all-inorganic and metal-halide lead-based perovskites are
used,™ and iii) bio-phosphors.['!? The latter are related to an
emerging device concept called-Bio-HLED, in which a blue-
and/or UV-emitting chip is covered by the bio-phosphor filter
that consists of i) a mixture of traditional emitters in biogenic
matrices, 319 ii) a blend of biogenic emitters (FPs) with con-
ventional polymers,78l or directly in solution,”) and MOFs, "]
and iii) all-bio color filters, in which both emitters and matrices
are biogenic.2

FP-based bio-phosphors have shown outstanding develop-
ment over the last five years.[>171821.22l The first devices based on
FP-polymer photon down-converting coatings showed >100 h of
stability with a 10% loss of luminous efficiency (>50 Im W) at
continuous ambient operating conditions.> The reduction in
luminous efficiency of the FP-polymer coating over time can
be explained by the thermally-induced quenching of the fluo-
rophore (FP) caused by protein motion at high photon flux
excitation.l??]

Recently, efficient suppression of heat generation was
achieved by mastering the mechanical features of the FP-
polymer coatings, reaching record efficiencies of =130 Im W
and stabilities up to 150 days in green-emitting Bio-HLEDs.!8l
Besides, FPs were also stabilized in solvent FP-based bio-
phosphors, but the device stability was only measured until
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100 h. In addition, devices with FP-MOF bio-phosphors were
also realized showing maximum efficiencies of 100 Im WL120
Finally, fully biogenic phosphors combining FPs and silk
fibroin as packaging matrix were also effective in reducing
working temperatures (<40 °C) due to the excellent thermal
conductivity of the silk matrix. However, their stability con-
cerning morphological changes over time was critical for the
device’s performance (i.e., 40 Im W~! stable over 500 h).l2!

All the aforementioned bio-phosphors share the lack of
highly emissive and stable deep-red and/or NIR-emitting
FPs?%l as a common concern that hinders their application
in key areas, such as environmental protection, phototherapy,
biosensing, agriculture,” night vision technologies,”’ and
space communication systems.?®! In this context, mCherry,
an FP evolved from DsRed for use in the imaging of mam-
malian cells,21727.28] hag been the traditional benchmark for
red-emitting FPs in lighting devices. Though mCherry fea-
tures good photostabilities, high expression yields, and good
pH tolerance, the emission features are limited by photo-
luminescence quantum yields (PLQY) of =22 % at 610 nm and
a molar absorptivity 72000 M cm™, that is, a small brightness
coefficient of 15.8.

In this quest for stable and highly emissive deep-red FPs for
lighting applications, we present a new design strategy based
on proteins of prokaryotic origin. This is motivated by their
generally higher stability than that exhibited by their eukaryotic
counterparts (i.e., quicker refolding at a much higher tempera-
ture, wider pH windows, and higher chemical denaturation tol-
erance),?>3% which makes them better suited for the operating
conditions of Bio-HLEDs. A prototypical representative of this
family is the small Ultra Red Fluorescent Protein (smURFP),B1
a biliverdin binding derivative of a phycobiliprotein that acts
as an antenna protein in the photosynthesis process of cyano-
bacteria. smURFP shows a twofold increased brightness
coefficient (i.e., 32.4, molar absorptivity and PLQY values are
180000 M cm™ and 189%) and a red-shifted emission spectrum
compared to those of mCherry.3!

Taking inspiration from the polysaccharide-rich environment
in which phycobiliproteins typically work,?? we have intro-
duced a new biogenic HPC matrix. This matrix provides a high
density of hydrogen donors and acceptors that can interact with
the protein backbone, thus preventing FP motion and photo-
bleaching.3334 We demonstrated that the photoluminescent
features of smURFP were successfully retained in HPC,
leading to fully biogenic NIR-emitting Bio-HLEDs featuring
enhanced stabilities compared to those with mCherry (on-chip:
44 h vs. 3 h). In comparison, further optimization of the on-
chip configuration led to 2 orders of magnitude enhanced sta-
bilities of 2600 h (108 days). This significantly outperforms the
prior-art on-chip HLEDs with perylene diimides (=700 h)B*l and
deep-red Bio-HLEDs with artificial FPs (35 h).l

Overall, this work sets in three innovative aspects: i) the first
establishment of prokaryotic phycobiliproteins as low-energy
emitters in lighting devices, outperforming archetypal FPs to
date, ii) spectroscopic analysis, computational simulations,
and thermal studies to reveal the photo-induced degradation
mechanism of smURFP in polymer matrices as stepping stone
to better-engineered phycobiliproteins for lighting applications,
and iii) the second fully biogenic phosphor using HPC,¥
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which is a morphologically and optically much more stable
matrix under device operation conditions than those with silk
fibroin,?! leading to record NIR Bio-HLEDs meeting stabilities
of 108 days at EQE of 0.82%.

2. Results and Discussion

2.1. Protein Preparation and Characterization

The expression of mCherry and smURFP (Figure 1) in bac-
teria and its further purification were performed following
recent protocols reported elsewhere.*!l The absorption spectra
of both proteins consist of a well-structured band centered
at 587 and 642/390 nm with molar extinction coefficients of
72000 M~ cm™! for mCherry and 180000/60000 M~! cm™ for
smURFP (Figure 1) corresponding to their respective chromo-
phores. In addition, both proteins showed the typical absorp-
tion band of the aromatic amino acid tryptophan (Ttp) centered
at 280 nm. The emission spectra show similar well-structured
bands peaking at 612/657 and 672/730 nm (Figure 1), respec-
tively. This is associated with similar PLQYs and mono-
exponential excited-state lifetimes (7) of =20% and 1.9 ns for
both proteins (Table 1).

2.2. Preparation and Characterization Protein-Polymer Coatings

Following the standard procedure (see Experimental Sec-
tion),1>17:223¢] the same amount of proteins (5 nmol) were
incorporated in reference non-biogenic polymers that con-
sist of a mixture of trimethylolpropane ethoxylate (TMPE) as
a stabilizer and linear poly(ethylene oxide) (PEO) to control
the elastomeric features of the final self-standing coatings
(Figure 2). In the case of the new biogenic HPC matrix, the
same amount of both proteins was implemented using the
optimized protocol that consists of 3 steps (see Experimental
Section): i) dissolve HPC in type I water by gentle stirring, ii)
mixing both, HPC and FP solutions, under stirring, and iii)
drying following an optimized vacuum protocol. The resulting
HPC-protein coatings are stable films that can easily adopt
any desired shape (Figure 2).

To the naked eye, the color of the polymer coatings is similar
to those of the protein solutions, indicating that the chromo-
phore and its immediate surrounding withstand the coating
fabrication (Figure 2). Further confirmation comes from their
excitation and emission features. In detail, the excitation and
emission spectra of mCherry in TMPE: PEO and HPC coatings
are well-structured and slightly blue- and red-shifted compared
to those in solution, respectively (Figures 1,2; Table 1). This
indicates that the interaction of mCherry with the polymers
hinders protein agglomeration. However, this might lead to a
slightly disrupted tertiary structure, causing a different micro-
environment of the chromophore. Indeed, the PLQY increased
in TMPE: PEO coatings, while HPC coatings exhibited similar
values to those in solution (Table 1). To further investigate the
aggregation phenomena,®*! the amount of mCherry was
6-fold increased in the polymer coating, showing a broadened
excitation spectra shape and a red-shifted emission wavelength
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Figure 1. Properties of smURFP and mCherry in solution. Structure of mCherry (A) and smURFP (B), chromophores and directly connected amino
acids represented as sticks. Absorption (C) and emission (solid)/excitation (dotted) spectra (D) of mCherry (pink) and smURFP (blue) in PBS buffer

solutions.

maxima (=25 nm) with slightly decreased PLQY andr values
(Figure S1, Table S1, Supporting Information). Therefore, a sig-
nificant aggregation of the FPs in the coating can be ruled out.
Next, the partial disruption of the tertiary structure of the pro-
tein structure was analyzed monitoring the emission features
of Trp (Figure S2, Supporting Information)."! These showed
a large blue-shifted emission maximum wavelength (=20 nm)
in TMPE: PEO coatings and a reduced 7 (0.77 ns) compared to
those in solution (1.23 ns). This suggests a more constrained
barrel, enhancing the energy transfer process to the chromo-
phore.! As such, the protein skeleton is expected to be more
distorted, leading to an enhanced PLQY. By contrast, the Trp
emission in HPC coatings is slightly red-shifted (=5 nm) with 7

values of 1.03 ns, indicating that the native protein structure is
better retained.

As far as smURFP-polymer coatings are concerned, they
showed a similar excitation spectrum with three bands cen-
tered at 560, 675, and 390 nm. This strongly contrasts with the
spectrum in solution, in which the broadband at 560 nm is not
present (Figures 1,2). In line with the excitation features, the
emission spectra also consist of a broad emission band with
an increased full width at half maximum (FWHM) of 79 and
82 nm and significantly red-shifted maxima to 700 and 719 nm
for TMPE: PEO and HPC coatings, respectively. Regardless of
the polymer coatings, the PLQY holds constant, while 7 slightly
changes compared to those in solution (Table 1). In contrast to

Table 1. Photophysical and thermal features of smURFP and mCherry in solution and polymer coatings.

Protein Matrix Photophysical characterization Thermal characterization
Ao [MM] A [nm] FWHM [nm]  PLQY [%] ¥ [ns] 7 [ns] ko 51 ka® ST TaPPCQl hoss) [%]  1ed) [%]

mCherry PBS buffer 586 612 60 21 1.23 1.88 1.2 42.0 64 - -
TMPE: PEO 567 606 74 28 0.77 21 13.3 341 44 33 85
HPC 587 617 66 21 1.03 1.69 12.4 46.7 40 54 52

smURFP PBS buffer 644 672 49 17 2.07 2.00 8.5 41.5 37 - -
TMPE: PEO 672 700 79 18 177 2.45 7.35 335 44 35 74
HPC 672 719 82 16 1.51 193 8.3 43.5 87 16 96

2 Excitation maximum; Plemission maximum at excitation wavelength ¢, =590 nm; 9full width at half maximum; 9 4., = 280 nm; A, = 320 nm; short component; 9 A, =
280 NM; Aem = Amag radiative constant; x107; &non-radiative constant; x10”7; "non-reversible folding temperature; intensity loss at 50 °C; recovered intensity after

heating at 50 °C for 1 h.
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Figure 2. Photophysical and thermal properties of polymer coatings. Photographs of mCherry (A) and smURFP (B) PBS buffer solution and polymer
coatings. Excitation (dotted line) and emission (solid line) spectra for mCherry (C) and smURFP (D) in TMPE: PEO (light) and HPC (dark) coatings.
Modulated scanning fluorometry curves for mCherry (E) and smURFP (F) in TMPE: PEO (light) and HPC (dark) coatings.

archetypal mCherry, these differences point toward a signifi-
cant aggregation phenomenon. As shown by the X-ray struc-
ture (Figure 1),1! the biliverdin chromophore of smURFP is
placed in a partially solvent-exposed cavity created by forming
a homodimer of two non-covalently bound proteins. Addi-
tionally, smURFP, like every other phycobiliprotein, is prone
to form multimeric species in solution.*®*! Indeed, a 6-fold
increase in the protein amount in both coatings led to a slightly
broader excitation spectrum. Furthermore, the bands located
at =390 and 560 nm are more intense, becoming dominant at
high protein concentrations. The emission spectra are also red-
shifted to =735 nm for TMPE: PEO and HPC coatings without
affecting the PLQY and 7 values upon increasing the protein
amount (Figure S1, Table S1, Supporting Information). Thus,
aggregation cannot be ruled out in phycobiliprotein-polymer
coatings. In addition, the biliverdin chromophore is much
more exposed to the solvent environment and exhibits a larger
degree of conformational flexibility (i.e., degree of coplanarity,
etc.) than the mCherry chromophore.**#l Here, water elimina-
tion or replacement by the polymer matrices may decrease the
polarity of the biliverdin surrounding. At the same time, pro-
tein compression upon drying can lead to different biliverdin

Adv. Funct. Mater. 2024, 34, 2301820 2301820 (4 of 10)

conformations, as noted in, for example, the above-mentioned
mCherry-polymer coatings. Indeed, the short component for 7
of the Trp residue is also reduced in the TMPE: PEO and HPC
coatings compared to those in solution (Table 1), indicating that
in the distorted protein the Trp to biliverdin distance decreases
promoting the energy transfer process. Overall, the complex
interplay of the aforementioned factors determines the differ-
ences in emission maxima and 7 values. All-in-all, smURFP
allows the fabrication of photon down-conversion filters with
NIR emission maxima (700-750 nm) without affecting PLQY
values.

As the next important aspect, we studied the stability of
both, TMPE: PEO and HPC self-standing coatings with low
amounts of proteins to investigate differences in a shorter
timescale. Excellent stability under ambient storage conditions
was confirmed for all mCherry polymer coatings as only minor
spectroscopic changes (excitation/emission band and PLQY;
Figure S3, Supporting Information) over more than one month
were noted. While for smURFP, the excitation and emission
bands in the TMPE: PEO coating are blue-shifted and less
broadened, indicating a slow degradation upon storage. This
is also noted by a reduced PLQY. In stark contrast, smURFP
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Figure 3. Docking of glucose. Docking of glucose units (green) with
mCherry (A) and smURFP (B).

exhibits only slight changes in the HPC coating pointing
toward a Dbetter stabilization. Furthermore, the temperature-
dependent emission upon heating and the thermal stability
at 50 °C were studied (Figure S4, Supporting Information;
Table 1). Both mCherry-polymer films showed a temperature-
induced emission quenching with a loss of emission intensity
(Loss) of =33% and 45% when reaching 50 °C for the TMPE:
PEO and HPC coatings, respectively. In addition, the HPC
coatings showed a further linear decrease in emission inten-
sity of =10% at 50 °C, suggesting a strong denaturation of the
protein over time. Indeed, for TMPE: PEO coatings the emis-
sion intensity recovery (I upon cooling reaches 85% of the
initial emission intensity, while only 52% is recovered for HPC
coatings (Table 1). For smURFP, the TMPE: PEO coatings
showed a temperature-dependent emission quenching of =30%
and a further drop in the emission intensity of =5% at 50 °C
(Table 1). In stark contrast, the HPC coatings exhibited an emis-
sion intensity loss of only 16% and superior thermal stability,
with no emission intensity change at 50 °C for 1 h and almost
full recovery upon cooling (Table 1). As expected, phycobilipro-
teins are much more stable in HPC coatings than archetypal
mCherry as they have naturally evolved in rich polysaccharide
environments.?? In line with this rationale, computational
analysis using the Rosetta suite coupled with Autodock*>?! (see
Experimental Section) revealed that smURFP has more exposed
atoms able to interact via hydrogen bonding with cellulose than
mCherry (i.e., 147 vs. 111; Figure 3). Additionally, the Docking of
cellulose monomers into all these positions resulted in a total
interaction energy of —598.8 and —483.0 Kcal mol~! for smURFP
and mCherry, respectively. Thus smURFP is more prone to be
stabilized in the HPC matrix than mCherry — vide infra.

To further confirm the thermodynamic stability of the pro-
teins in polymer coatings, we carried out modulated scanning
fluorometry assay (Figure 2; Table 1).P7 In line with the above-
mentioned findings, mCherry films featured a non-reversible
folding temperature (T;,) that strongly reduces from 64 °C in
solution (Figure S5, Supporting Information) down to 44 and
40 °C in TMPE: PEO and HPC matrices, respectively (Figure 2;
Table 1).22I A superior stabilization in the TMPE: PEO matrix
is expected as it has been optimized to stabilize similar
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Bbarrel proteins derived from Aequorea victoria (i.e., GFP
derivatives).>"”] An opposite behavior is noted for smURFP
coatings. On the one hand, the HPC coating showed a stable
profile up to 45 °C followed by a slow decrease reaching T,
values 87 °C (Figure 2) that are higher than those in solution
(37 °C; Figure S5, Supporting Information), confirming a posi-
tive interaction of HPC and smURFP.>>4 On the other hand,
TMPE: PEO coatings showed a gradual decrease reaching T,
values of 44 °C. TMPE is a low molecular weight oligomer
and offers a less rigid surrounding than HPC. As a result, it
could easily get inside the chromophore cavity of the smURFP,
resulting in its irreversible bleaching or quenching. In contrast,
HPC offers a more rigid environment with a higher density of
hydrogen donors and acceptor groups that can interact with
the protein backbone, preventing protein motion and reducing
photobleaching, >34 as suggested by computational studies.
Likewise, polysaccharides have widely led to enhanced stabili-
ties for both, enzymes and proteins,> by acting as a crowding
agent.’®] Furthermore, the addition of sugars, sugar alco-
hols, and polysaccharides has also improved the thermal sta-
bility feature of phycobiliproteins.”®%% Thus, the combination
of smURFP with cellulose derivative matrices is an appealing
approach toward fully bio-based phosphors for highly per-
forming HLEDs - vide infra.

2.3. Preparation and Characterization Bio-HLEDs

Bio-HLEDs were prepared by covering a commercial yellow-
emitting LED chip (590 nm) with a dome-shaped polymer
coating at zero- (on-chip) and 2 cm (remote) distance from the
emitting chip (see Experimental Section; Figure 4).

To determine the photostability behavior of the protein-
polymer coatings, on-chip Bio-HLEDs with both mCherry-
polymer coatings with small amounts of protein (5 nmol) were
first driven at high applied currents of 200 mA (55 mW cm™2),
showing a partial conversion of the LED emission to a well-
structured emission band centered at 620/675 (shoulder) nm
related to the emission of the FP (Figure 4). Likewise, on-chip
Bio-HLEDs with both smURFP-polymer coatings (5 nmol)
exhibited a partial conversion toward a broad emission band
centered at =720 nm (Figure 4). Next, the device stability was
studied by monitoring the emission intensity and the tem-
perature of the protein coatings over time. In both mCherry-
and smURFP-based on-chip devices, the coating temperature
quickly increases up to 30-35 °C for both polymer matrices
in similar time scales (Figure 4). Heat generation is related to
the non-radiative deactivation of the chromophore and the sub-
sequent heat transfer across the polymer networks depending
on the remaining solvent and polymer network morphology.?
Independent of the type of polymer coatings, the rise of the tem-
perature leads to an initial exponential decrease in the emission
intensity for both proteins (Figure 4). In the case of the mCherry
devices, this is followed by a rapid exponential reduction of the
emission intensity, reaching similar device stabilities of 3 h (i.e.,
time to get 50% of the initial intensity). In stark contrast, on-chip
smURFP-based devices exhibited three processes for both types
of polymer coatings: i) an exponential decay related to the rise of
temperature, ii) a plateau, and iii) a linear decay (Figure 4). This
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Figure 4. Performance of Bio-HLEDs. Sketch of on-chip and remote HLED architectures (A) and a photograph of the mCherry-HPC-HLED under
operation (B) as an example. Emission spectra (C) of the mCherry Bio-HLEDs based on TMPE: PEO (pink) and HPC (red) coatings at 200 mA. Emis-
sion intensity decay (solid line) and temperature rise (dashed line) profiles of the mCherry Bio-HLEDs with on-chip (D) and remote (E) configurations
based on TMPE: PEO (pink) and HPC (red). Emission spectra (F) of the smURFP Bio-HLEDs based on TMPE: PEO (light-blue) and HPC (dark-blue)
coatings at 200 mA. Emission intensity decay (solid line) and temperature rise (dashed line) profiles of the smURFP Bio-HLEDs with on-chip (G) and
remote (H) configurations based on TMPE: PEO (light-blue) and HPC (dark-blue).

leads to stabilities (50% initial intensity) of 24 h for TMPE: PEO
coatings and 44 h for HPC coatings, that is, an enhancement of
one order of magnitude compared to those based on mCherry.
The superior performance of SmURFP compared to mCherry
is attributed to its bilin-like chromophore, which neither shows
dark singlet excited states in the range of energies of interest
as those reported for mCherry and other structural analogs of
eGFPM28U nor significant triplet excited states’ population.[®? In
addition, the difference in stability between polymer coatings is
much more significant in sSmURFP coatings as per mCherry.
This is rationalized on the basis of the more favorable interac-
tion/environment that HPC provides for smURFP, enhancing
its thermodynamic stability as illustrated by computational
studies and the increase in T,, from 44 to 87 °C for TMPE: PEO
and HPC coatings, respectively (Table 1).

To further assess the superior photostability of sSmURFP in
polymer matrices with respect to mCherry, remote Bio-HLEDs
were studied. Here, the device does not exhibit an increase
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in temperature upon excitation (Figure 4). In both mCherry-
polymer devices, a linear decay of the emission intensity
without changing the emission band shape is noted. By con-
trast, smURFP-based Bio-HLEDs display an initial exponential
decrease of the emission intensity over the first 20 h (Figure 4).
As above described, smURFP is a homodimer that can feature
several conformations with different photostabilities.[*46:63]
Indeed, this has also been described in photostability studies
of smURFP in solution, and it has been typically ignored upon
comparing photostabilities between proteins.l*!l Thus, the first
exponential decay is assigned to quick photobleaching of the
less photostable oligomers of smURFP. Once this process is
over, the emission remains stable for both TMPE: PEO and
HPC polymer coatings, showing a small linear decrease related
to losses of 35% and 30% over 150 h, respectively. Overall, the
device stability using different configurations outperforms
those of mCherry devices and is among the best reported to
date in the field of hybrid LEDs.’!

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Performance and degradation of smURFP. Emission intensity decay of the smURFP Bio-HLED in on-chip configuration based on HPC (A).
EQE values at different driving currents of the smURFP Bio-HLED (B). Excitation spectra of the smURFP Bio-HLED coating over time (C). Emission
spectra (solid line) of the smURFP Bio-HLED coating over time and excitation spectra (dashed line) of the newly formed species excited ~452-470 nm

and emitting =500-515 nm (D).

To substantiate this statement, we optimized the photon
down-conversion features by increasing the amount of
smURFP up to 30 nmol and pre-bleaching less stable oli-
gomers in HPC coatings for the on-chip architecture. This
allowed us to achieve a total conversion of the LED emission
regardless of the applied current, leading to a NIR-HLED with
a broad emission band centered at 740 nm that is associated
with maximum EQE values of =0.82% (Figure 5). The stability
of the device was monitored at 200 mA (55 mW cm™2), showing
a three-stage degradation (Figure 5), that is, a plateau (<15%
loss) over 1000 h, followed by a slight linear decrease up to 15%
loss for =1100 h, and a final quick linear intensity decay of 45%
over the following 1000 h. This leads to impressive stability of
=2600 h or 108 days, which strongly contrasts with the prior-art
low-energy bio-HLEDs (on-chip: 30 h).53¢!

The device chromaticity holds up to =1500 h, when an addi-
tional shoulder centered at =700 nm starts evolving over time
(Figure S6, Supporting Information). Unfortunately, we were
unable to study changes in the UV and visible regimes of the
coatings in operando devices. This is, indeed, instrumental to
understand the photo-induced degradation of smURFP in the
HPC matrix. Thus, we coupled this experiment to steady-state/
time-resolved emission spectroscopy to monitor changes in the
emission/excitation spectra. As shown in Figure 5, the excita-
tion spectra over the first 1200 h changes only slightly, in which
a prolonged reduction of the bands centered at 390 and 560 nm
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occurs. While the latter suggests that aggregated species are
first photo-degraded, the change in the Soret emission intensity
indicates that the biliverdin dye is damaged. Indeed, this was
confirmed by excitation-dependent emission scans (Figure 5),
showing a new emission band after 1800 h, which is centered
at 500-515 nm (A, = 450-470 nm), and the appearance of a
shoulder in the emission band of SmURFP at =700 nm. The
new high-energy emission band is associated with an average
<> of 1.78 ns and an excitation spectrum peaking at 452 and
470 nm that is not noted in the excitation spectra of the fresh
smURFP-polymer and solution (Figures 1,2 and 5), infer-
ring the lack of an efficient energy transfer process from the
degraded species to the smURFP chromophore. This suggests
the photo-induced formation of bilirubin via the reduction of
the biliverdin chromophore.[%4

3. Conclusion

This work sets in a prokaryotic phycobiliprotein (smURFP) as
a new family of low-energy biogenic emitters in Bio-HLEDs,
outperforming the stability of state-of-the-art devices using the
archetypal mCherry regardless of the type of polymer coatings
(i-e., TMPE: PEO: 3 h vs. 24 h; HPC: 3 h vs. 44 h), while fine
optimization of fully biogenic photon down-converting coat-
ings based on HPC led to Bio-HLEDs featuring a NIR emission

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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centered =740 nm associated to EQEs of 0.82% and record sta-
bilities of 108 days that represent 2 orders of magnitude jump.
This enhancement has been rationalized by combining steady-
state and time-resolved spectroscopic/computational/thermal
studies. In short, our findings are attributed to the intrinsic
photostability of phycobiliproteins that is further enhanced
in polysaccharide environments, such as HPC. Finally, spec-
troscopic assays pointed out that the degradation mechanism
of the smURFP devices consists of the formation of bilirubin
upon reduction of the native biliverdin chromophore rather
than the typical protonation of the chromophore in archetypal
FPs.

Overall, this work describes the first integration of phyco-
biliproteins as emitters in lighting technologies, while we are
confident that protein engineering protocols could easily be
applied to develop targeted phycobiliproteins for lighting pur-
poses. Here, the investigation of the role and amount of trapped
water as well as variants to prevent photon degradation are key
aspects. These are ongoing strategies in our labs aiming at
enhancing the current devices, which have already overpassed
the best performance with respect to low-energy/NIR HLEDs
and Bio-HLEDs up to date.

4. Experimental Section

Protein Production: Both proteins, mCherry and smURFP, were
expressed in Escherichia coli BL21 (DE3) cells in liquid lysogeny broth
medium at 30 °C. The cultures were induced with Isopropyl-f-D-1-
thiogalactopyranoside at ODggy = 0.4 and grown for 24 h at 16 °C. Cells
were harvested by centrifugation at 4000 g for 30 min, yielding a pellet
that was disrupted with sonication. After centrifugation at 38758 g
for 1 h the supernatants were purified using a Ni?* His-Trap column
and desalted. A size-exclusion chromatography was carried out for
smURFP to separate the dimer. The proteins were flash-frozen in PBS
buffer with a 10 mg mL™ concentration and stored at —80 °C. Before
use, the proteins were thawed and centrifuged to remove aggregated
proteins.

Preparation of Protein Coatings: A mixture of a 4:1 ratio of TMPE: PEO
was added to 120 pL of FP solution and stirred under ambient conditions
to form a hydrogel. The TMPE: PEO polymer coatings were obtained
after a vacuum process from ambient to 15 mbar overnight.2223¢ The
HPC coatings were prepared as follows. HPC was dissolved in Milli-Q
water, type | water, with a concentration of 230 mg mL™" 500 pL of the
HPC solution were mixed with 100 uL of FP solution. The final film
was obtained after stepwise drying of the solution by vacuum to form
a dome-shaped coating. Finally, the coating was dried overnight with a
vacuum process going from ambient to 15 mbar.

Experimental ~ Characterization — Techniques:  Absorption  spectra
of thawed FP solutions were recorded with a UV-vis-2600i
spectrophotometer (Shimadzu) from 250 to 900 nm, with slow scan
speed, a data interval of 1 nm, and 1 nm slit width. Photophysical studies
were carried out at room temperature using an FS5 spectrofluorometer
(Edinburgh Instruments) with a SC-10 module for solid samples, SC-05
for liquid samples, and SC-30 integrating sphere to determine the PLQY.
A 280 nm time-correlated single photon-counting module was used to
determine 7 and adjusted to a monoexponential decay fit with Origin
2021b (OriginLab Corporation, Northampton, MA, USA). The 7 of Trp
was adjusted to a biexponential decay fit. For the new species formed
in smURFP, a 450 nm TCSPC module was used and the average 7 was

calculated based on the following formula:[°!

2
Zair,

<T> = a7
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where g; are the amplitude fractions and 7; are the lifetimes.
Obtained curves are shown in Figures S7-S9 (Supporting Infor-
mation). The thermal stability of the FP coatings was meas-
ured using the SC-80 module. Coatings were heated from 30 to
50 °C and the temperature was constant for 1 h at 50 °C. After-
ward, the coatings were slowly cooled down to 35 °C, and the
changes in the emission intensity were monitored.

Modulated Scanning Fluorimetry was performed as previously
described in the literature.’"l The Thermocycler CFX96 Touch Real-time
PCR System (Bio-Rad) was employed to perform MSF measurements.
One program composed of heating and cooling cycles ranging from 25
to 99 °C was used to measure the progressive loss of fluorescence and
the irreversible unfolding of the FPs studied in this work. The samples
were heated at 5 °C sec™' and held for 1 min at the temperature peak,
followed by a recovery period of 5 min at 25 °C. The thermograms
were buffer-subtracted and normalized by the highest fluorescence
intensity of each sample. Data analysis was performed using Origin
2021b (OriginLab Corporation, Northampton, MA, USA). Mean values
and standard deviations of triplicates were calculated and plotted.
Modulated scanning fluorometry curves were obtained by plotting the
fluorescence values obtained at 25 °C. The nonreversibility temperatures
(T,,) were defined as the temperature when 90% of the initial intensity
was still recovered upon cooling.

Computational Characterization Techniques: The proteins smURFP
(PDB ID 6FZN) and mCherry (PDB ID 2H5Q) were depleted from their
heteroatoms with UCSF Chimera 1.16 and relaxed 1000 times with tools
with the Rosetta suite,®l keeping the models with the lowest Total
Score for the docking step. For either smURFP or mCherry, the chosen
relaxed structure was parameterized with AutoDockTools 1.5.7, as well as
the glucose molecule (substance ZINC3833800 at the zinc.docking.org
database). The protein structures were scanned for the atoms in their
surfaces at a 2.5 A depth with the FindSurface tool for PyMol 2.3.0. From
the surface atoms belonging to side chains of polar or charged amino
acids (Arg, Asn, Asp, Cys, GIn, Glu, His, Lys, Pro, Ser, and Thr), the
coordinates of N, O or S were used as centers for independent dockings
in 20 x 20 x 20 grid boxes. The top solution per docking was kept for
estimating the total interaction energy per protein with glucose.

Device Fabrication and Characterization: The dome-shaped phosphors
(=9, 4, and 2 mm for diameter, height, and thickness) were placed either
directly on top of the LED (on-chip configuration) or with a distance
of 2 cm (remote configuration) and 3—4 replicates were measured
for each configuration to exclude external influences. In the remote
configuration, a shortpass filter with a cut-off wavelength of 600 nm
(Thorlabs) was placed between the LED and the coatings. A 590 nm
LED (1 W, WINGER Electronics) was used and driven at 200 mA at
ambient conditions. To operate the LED a Keithley 2231A-30-3 was
used. Electroluminescence spectra were recorded with an AvaSpec-
ULS2048CL-EVO spectrophotometer and an AvaSphere-30 integrating
sphere. The temperature was monitored using a thermographic camera
ETS320 (FLIR).

Supporting Information

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