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Fluorescent Protein PEGylation for Stable Photon
Manipulation in Deep-Red Light-Emitting Devices

David Gutiérrez-Armayor, Sara Ferrara, Mattia Nieddu, Anna Zieleniewska,

and Rubén D. Costa>

PEGylation is a classic strategy to reduce denaturation and immunogenicity in
therapeutic proteins, bioimaging, and drug delivery. However, this concept
has not been applied to incorporate biogenic materials as functional
components in optoelectronics. Herein, PEGylation is rationalized as an
effective tool to stabilize fluorescent proteins in solid-state photon
manipulation down-converters integrated into bio-hybrid light-emitting
diodes. In short, the archetypal red-emitting protein mCherry is
nonspecifically PEGylated with methoxypolyethylene glycols (mPEG) chains of
different lengths (mMPEG-350/-750/-2000). These derivatives hold the same
photoluminescence figures-of-merit of mCherry, but an improved resistance

against organic solvents, pH, temperature, and polymers (in

solution /dry-coatings) upon increasing the mPEG length. Indeed, the
best-performing mCherry-mPEG-2000 adduct leads to deep-red devices with
threefold enhanced color stability (>300 h) under harsh operation conditions
(150 mW cm~2) over the prior art. Different device architectures along with
spectroscopic, thermocycling, and electrochemical impedance spectroscopy
studies of the prepared coatings aid in rationalizing that PEGylation
successfully reduces i) nonreversible thermal denaturation, ii) aggregation in
solid-state, and iii) photo-induced oxidation and H* -transfer deactivation of
the chromophore, since oxygen diffusivity and H*-reorganization across the
protein skeleton are slowed down by strong H*-bonding/hydrophobic
mCherry-mPEG interactions. Hence, this simple supramolecular modification
is of utmost relevance for future advances in protein-based optoelectronics.

1. Introduction

Synthetic biology is a key player in advancing new discoveries
in the fields of medicine,!l agriculture,/”) and environmental
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science,3#l among others. However, re-
cent milestones in bio-electronics,>
bio-optoelectronics (photovoltaic, lighting,
sensing),”*l and bio-robotics!*>*8! are
pointing out that synthetic biology will be
paramount in setting in highly adaptive,
programmable, stable, and eco-friendly bio-
components for the sustainable technology
transition. Nevertheless, adopting these
technologies faces the scientific community
with a number of challenges to overcome:
i) mastering protein engineering tools to
preserve functionality under relevant stress
conditions (harsh temperature-/irradiation-
Jelectrical-stimuli, processing techniques,
and organic solvents);l'! ii) creating
programmable and stimuli-responsive
oligonucleotide-based assemblies (DNA,
RNA and hybrids thereof), going from
nano- to micro-scales, allowing spectral
and/or spatial resolution readout (e.g., com-
puting, data storage, and logic gates);[?*-%¢]
iii) designing simple and robust bio-
interfaces that allow intimate and stable
integration of all-human-made devices
with Dbiological tissues (e.g., healthcare,
human-machine interfaces, therapeutics,
and self-powering);!¥’] and iv) engineer-
ing living materials (i.e.,, combination
of living cells and polymeric matrices),
introducing a game-changing character in eco-efficient and low-
cost material production, self-regeneration, environmental adap-
tation/responsivity, and genetically programmed functionalities
and designs.!?8-32]

In this context, although fluorescent proteins (FPs) are well-
known in medical imaging and sensing,[** only recently they
have seen their successful debut in photon manipulation compo-
nents for luminescent solar concentrators,**3%! bio-hybrid light-
emitting diodes (BioHLEDs),”#2] and lasers,[** as well as
new photo-induced electron donors in solar cells.[***”] Common
to all these works are i) the high interest in FPs as alterna-
tive emitters/sensitizers due to their high photoluminescence
quantum yields, wide gamut of colors, and easy/economical
production,[*#%] and ii) the great efforts made to stabilize them
upon processing and under relevant device operation conditions.
In this context, our and other teams are exploring a variety
of approaches: i) genetically encoded modifications,[*1#50:51] i)
enhanced FP-polymer interfaces,?>? iii) sol-gel formation of
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Figure 1. Synthetic strategy of mPEG functionalization (top) and PEGylation process of mCherry (bottom).

FP@metal oxide nanoparticles,?*>3-55] and iv) entrapment of FPs
in metal-organic frameworks,>°®’] among others. This has led
to impressive FP resilience toward foreign environments, such
as year-long stable emission in organic solvents and dry coatings,
thermal stabilities over 100 °C in solid-state, and irradiation sta-
bilities over 6 months in devices operating under ambient condi-
tions.

These achievements have been mostly realized with green-
emitting FPs (i.e., eGFP, mGL), while the deactivation mecha-
nism of red-emitting FPs (i.e., archetypal mCherry, smURFP)
has been only recently deciphered in terms of oxygen- and H*-
mediated processes in polymer coatings.[*>8] This has allowed
us to realize record BioHLED stabilities by embedding mCherry
in a selected polyvinyl alcohol (PVA) matrix that significantly
reduces water content and oxygen permeability upon vacuum
drying.[**]

Building on this knowledge, we hypothesize that the PEGyla-
tion concept applied to mCherry could further boost the stabil-
ity of protein-based lighting devices. On the one hand, methoxy-
polyethylene glycols (mPEG) units exclude water from the pro-
tein surface by reinforcing mPEG-protein interactions via H-
bonds and hydrophobic interactions,®*%* reducing the likeli-
hood of oxygen diffusion and photo-induced H*-transfer deac-
tivation of the chromophore, as well as preventing nonreversible
temperature denaturation. On the other hand, long mPEG units
allow a flexible long-range water molecule network to perfectly
intermix with hydrophilic PVA units, without affecting its struc-
tural, thermal, mechanical, optical, and dielectric features when

staying in low doping levels.[65-¢7]
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To this end, this work describes the nonspecific PEGylation of
mCherry with mPEGs of different chain lengths (i.e., mCherry-
mPEG350/-mPEG750/-mPEG2000, Figure 1). These derivatives
hold an improved resistance against organic solvents, pH, tem-
perature, and polymers (solution/dry-coatings) upon increasing
the mPEG chain length. Most importantly, emission and photolu-
minescence figures-of-merit, such as photoluminescence quan-
tum yields (¢), excited state lifetimes (z), and luminescence dis-
symmetry factor (g,,,,), are also preserved. This encouraged us to
prepare mCherry-mPEG-2000-PVA coatings leading to deep-red
BioHLEDs with threefold higher color stabilities than those re-
cently reported for mCherry-PVA references (i.e., 100 h vs 300 h
at 150 mW cm™2). This is attributed to the synergistic interplay of
reduced chromophore oxidation and photo-induced H*-transfer
chromophore deactivation as well as enhanced renaturation ki-
netics as supported by spectroscopic, protein-modulated scan-
ning fluorimetry, and electrochemical impedance spectroscopy
studies of the mCherry-polymer coatings. Hence, this work high-
lights how simple supramolecular protein modification and coat-
ing engineering could be of utmost relevance for future advances
in protein-based optoelectronics.

2. Results and Discussion

2.1. Synthesis and Characterization of mCherry-mPEG
Derivatives

As shown in Figure 1, functionalized mPEG derivatives (1-6)
have been synthesized and further used for the FP PEGylation
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Figure 2. Top: From left to right, pictures of aqueous PBS buffer solution of mCherry and mCherry-mPEG350/750/2000 derivatives under ambient light
(left) and UV irradiation (right). Bottom: Normalized absorption (left), excitation (center), and emission (right) spectra of native mCherry (orange),
mCherry-mPEG350 (violet), mCherry-mPEG750 (blue), and mCherry-mPEG2000 (red) derivatives in aqueous PBS buffer solution.

process according to similar reported procedures (Experimental
Section and Supporting Information).[®®%] In short, the synthetic
pathway involves first the mPEG functionalization with a termi-
nal carboxylic group in the presence of succinic anhydride and
triethylamine at 60 °C for 24 h and their activation using cou-
pling agents (EDC-HCI, NHS) at RT for 24 h. All mPEG deriva-
tives were purified following common methodologies and were
characterized using usual spectroscopic techniques (Experimen-
tal Section; Figures S1-S12, Supporting Information). Finally,
mCherry PEGylation was successfully carried out using boric
buffer (pH 8.4) at RT for 72 h by amidation reaction of the above-
activated mPEGs (4-6) with accessible FP lysine residues, leading
to the formation of mCherry-mPEG adducts (Figure 1). The suc-
cessful functionalization of the native mCherry was confirmed
by mass spectroscopy, indicating a chemical functionalization
ranging from 15 to 12 units of the 20 accessible external lysine
residues upon increasing mPEG length — Figure S13 (Support-
ing Information). This is expected as long chains introduce steric
hindrances. Thus, mPEG-2000 was chosen as the longest chain

for this study showing a good compromise between the highest
level of functionalization and chain length.

As expected, the color of the solution of both mCherry and the
mPEG- derivatives is similar to the naked eye (Figure 2). This is
also confirmed by the similar shape of the absorption, excitation,
and emission spectra in the solution (Table 1 and Figure 2). In
particular, the emission spectra (4., = 280 nm) consist of two
main emission bands centered at ~#330 and 610 nm that corre-
sponds to the fluorescence of the aromatic amino acid resides and
the ionic form of the mCherry chromophore, respectively. The in-
tensity ratio between these emission bands is typically used to in-
dicate the degree of distortion of the tertiary structure of the pro-
teins upon denaturation.’>7%72! In this case, PEGylation slightly
increases the ratio from 0.1 to 0.2, suggesting a small distortion of
the p-barrel structure upon functionalization as commonly noted
in the literature.”’! Indeed, the photoluminescence figures-of-
merit (z, ¢, and g,,) values associated with the chromophore
are in the same range as those of the native mCherry (reference),
confirming that the chromophore cavity is not impacted by the

Table 1. Spectroscopical figures of merit of mCherry and mCherry-mPEG derivatives in aqueous PBS buffer.

Aaps?) eb) Zum®) Ao ® Aem®) f) @8 Fh)
[nm] fa.u] [nm] [nm] [ns] [%]
mCherry 586 1+ 0.03 1.4 x 1072 585 613 1.57 21 51.16
mCherry-mPEG350 586 1.13 + 0.05 1.5 x 1072 585 613 1.59 18 55.07
mCherry-mPEG750 586 0.99 + 0.03 1.4 x 1072 585 611 1.61 20 56.30
mCherry-mPEG2000 586 0.97 + 0.04 1.6 X 1072 585 613 1.64 18 57.34

? Maximum absorbance wavelength; ®) Extinction coefficient relative to the one of native protein; 9 Luminescence dissymmetry factor; 9 Maximum excitation wavelength

at A, = 645 nm;
at Aexc =590 nm;
Supporting Information) can be found.

) Maximum emission wavelength at 4., = 565 nm;

Adv. Funct. Mater. 2025, 35, 2412921 2412921 (3 0f11)

) Excited state lifetime at 4
b Folding reversibility. Plots for the estimation of z (Figure S15, Supporting Information), g, (Flgure S16, Supportlng Information), and F, (Figure S17,

exe =375 nm and Aqy, = Aoy NM; & photoluminescence quantum yield
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Figure 3. Left: Absorption spectra in AcN/water-based solutions of native mCherry (top) and mCherry-mPEG2000 (bottom) at different %v/v of ACN
(see legend). Center: Absorption spectra of native mCherry (top) and mCherry-mPEG-2000 (bottom) in aqueous buffer solutions of different pH values
(see legend). Right: Modulated scanning fluorimetry (MSF) experiments of native mCherry (top) and mCherry-mPEG2000 (bottom) in aqueous PBS

buffer solution.

PEGylation process at the protein surface (Table 1). Most interest-
ingly, spectroscopical characterization has shown that even after
1 year in cold storage (4 °C) the samples have suffered little to no
degradation (Figure S14, Supporting Information).

The beneficial impact of the mPEG shell was confirmed upon
monitoring i) the solubility and compatibility in organic solvents
of mCherry and its derivatives, ii) the effect of the PEGylation on
the pH-dependent chromophore denaturation, and iii) refoldabil-
ity of mCherry and its derivatives after thermally induced denat-
uration in solution. At first, Figure 3 and Figure S18 (Supporting
Information) show that native mCherry undergoes a reduced sol-
ubility (i.e., formation of nonemissive aggregates) in acetonitrile
(AcN) /water-based solutions at mixtures >65% v/v of AcN, while
the modified mCherry-mPEG derivatives exhibit a lack of spec-
tral changes up to mixtures > 85% v/v of AcN, pointing out the
effective strengthening of the H*-bonding network at the protein
surface by the PEG chain interactions. Second, mCherry-mPEG
derivatives show a higher tolerance toward harsh pH conditions
than mCherry (Figure 3; Figures S19 and S20, Supporting Infor-
mation). In short, the exposition of mCherry to pH > 9 leads to a
significant blue shift of absorption and emission spectra caused
by the deprotonation of the Lys70 and Glu215, amino acids close
to the chromophore that interact with it through H-bonds.”* In
contrast, mCherry-mPEG derivatives demonstrate excellent re-
silience even after 24 h incubation (Figure S19, Supporting In-
formation). Similar behavior is also noted at pH values >10, sug-
gesting that the mPEG preserves the local pH in the surround-
ings of the protein scaffold.1* Concerning the acidic conditions

Adv. Funct. Mater. 2025, 35, 2412921 2412921 (4 Of'”)

(pH 3), all the proteins exhibit a similar absorption spectrum with
a new broadband located at 450 nm that is associated with the
protonated form of the chromophore (Figure 3; Figures S20 and
S21, Supporting Information).l”] This allows us to determine the
degree of chromophore deactivation via the absorption intensity
ratio of the neutral to anionic forms (I,5,/Lsg;) that follows an em-
pirical correlation with the mPEG length (Figure S21, Supporting
Information). This finding underscores the remarkable ability of
mPEG to endow mCherry with enhanced protection against H*-
transfer chromophore denaturation, which is highly remarkable
if long mPEG chains are used. Finally, the temperature of non-
reversibility (T,,), depicts irreversible changes in protein struc-
ture by monitoring the changes in emission intensity after expo-
sure to a specific temperature and subsequent cooling to room
temperature.l’®! As shown in Figure 3 and Table 1, mCherry mod-
ification results in an increase of the total area of T,, (F,: fold-
ing reversibility) upon increasing the mPEG length. This is at-
tributed to the string interactions between mPEG chains that ef-
fectively shield the hydrophobic parts of the protein from the en-
vironment and prevent aggregation between protein units.!”’]

2.2. Reference Elastomeric mCherry-mPEG Color
Down-Converting Polymer Coatings Applied to BioHLEDs

At first, reference FP-based color down-converting coatings ap-
plied to BioHLEDs were prepared and characterized (Experi-
mental Section and Supporting Information).l***8] The coatings

© 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Normalized excitation spectra (left), emission spectra (center), and MSF curves (right) of native mCherry (orange), mCherry-mPEG350 (violet),
mCherry-mPEG750 (blue), and mCherry-mPEG2000 (red) derivatives in reference TMPE:PEO coatings. Inset: Picture of the mCherry-mPEG2000 coatings

under ambient light (left) and UV irradiation (right).

consist of a mixture of TMPE:PEO (trimethylpropane ethoxy-
late:polyethylene oxide) in a 4:1 mass ratio with the desired vol-
ume of the FP solution to meet the desired amount (typically
of <1 wt% or 37.4 nmol). The mixture is stirred followed by a
drying process at 3 mbar as described elsewhere (Experimen-
tal Section).?®] This results in an elastomeric coating with a
5 mm length and 2 mm height (Figure 4). We refer to mCherry-
R, mCherry-mPEG-350-R, mCherry-mPEG-750-R, and mCherry-
mPEG-2000-R.

All the coatings exhibit emission and excitation features that
resemble those in solution (vide supra). In short, mCherry-R
coatings feature an emission band centered at 626 nm that is
slightly broadened and 13 nm redshifted when compared to
that in solution (Figure 4 and Tables 1 and 2). In addition, the
excitation spectra resemble that in solution (bands ascribed to
the protein chromophore at 450-600 and 320-430 nm), show-
ing a significant broadening with a poor vibrational resolution
(Figures 2 and 4). As already noted in the literature, this is ex-
pected, since a certain degree of agglomeration upon coating
preparation occurs, leading to structural distortions of the g-
barrel and/or the H*-chain distribution. This slightly changes i)
the chromophore conformation,”®! ii) the protonation degree of
its imidazolinone moiety in the ground state,’*”>! and/or iii) the

Table 2. Photoluminescence and thermal features of fresh mCherry
and mCherry-mPEG TMPE:PEO (R) and PVA (P) coatings applied to
BioHLEDs.

Aoy Do) 7€) e Fre)

[nm] [nm] [ns] [%]
mCherry-R 565 626 1.45 20 40.11
mCherry-mPEG350-R 565 628 2.02 24 39.21
mCherry-mPEG750-R 565 632 2.01 23 40.16
mCherry-mPEG2000-R 565 620 2.02 22 45.05
mCherry-P 590 630 1.35 16 32.64
mCherry-mPEG2000-P 585 630 1.35 18 50.07

2 Maximum excitation wavelength at 4., = 645 nm; b Maximum emission wave-
length at A, = 565 nm; ) Excited state lifetime with Aex =375 nm and A, = Apay

d . . e) . cLsle
nm; ' Photoluminescence quantum yield at 4., = 590 nm; ~ Folding reversibility.
Plots for the estimation of = (Figures S22 and S25, Supporting Information) can be
found.
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H*-bonding network interacting with the acylimine oxygen in the
excited state.”®] However, the most relevant photoluminescence
figures are not significantly affected with 7 values of 1.45 ns and
¢ values of 20% (Tables 1 and 2; Figure S22, Supporting Infor-
mation). Interestingly, it is expected that the PEGylation should
reduce the agglomeration phenomena due to the compatibility
with the polymer network. This is confirmed by i) the blueshifted
maximum emission wavelength in mCherry-mPEG2000-R coat-
ings compared to that of mCherry-R (Figure 4), ii) the overall
slightly increased = and ¢ values (Table 2), and iii) the well-
defined excitation spectra noted for mCherry-mPEG2000-R coat-
ings (Figure 4). Finally, the folding recovery capacity is also
nicely enhanced with F, values going from 40.11 (mCherry-R) to
45.05 (mCherry-mPEG2000-R) as shown in Figure 4 and Table 2.
The MSF profile also indicates that there are two types of FP-
species that resulted in two decays (45-55 °C) and a second
decay starting from temperatures 70 °C. This should be re-
lated to the presence of poorly stabilized aggregates that are less
present in the mCherry-mPEG2000-R. Here, the temperature de-
cay shows a less steep slope and a larger temperature plateau.
This nicely correlates with the spectroscopy findings (vide supra)
as well as the device degradation profiles, as explained in the next
section.

Encouraged by these results, deep-red BioHLEDs were pre-
pared by covering a commercial 590 nm LED pumping chip
with the above coatings (see Experimental Section; Supporting
Information). Following the literature, the device were driven at
200 mA (i.e., 55 mW cm~2 incident photon flux) under ambient
conditions (i.e., 25 °C and 45% moisture), monitoring both tem-
perature and emission intensity profiles of the mCherry-based
coatings over time. The temperature slightly increases up to
30 °C and holds constant over time, indicating that the deacti-
vation of the chromophore is only related to photo-induced pro-
cesses, such as oxidation and H*transfer. The devices showed
an emission spectrum featuring a total down-conversion, show-
ing only a peak at 630 nm (down-conversion band related to the
mCherry emission). In line with the literature, the emission in-
tensity decay profile of the down-conversion band consists of
three regimes (Figure 5). The first step is characterized by an ex-
ponential intensity loss of #20% attributed to the degradation of
poorly stabilized aggregate-like FPs with the exception of devices
with mCherry-mPEG2000-R that feature a #10% intensity loss
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Figure 5. Top: Overall intensity decay profiles of devices with native mCherry-R (orange), mCherry-mPEG350-R (violet), mCherry-mPEG750-R (blue),
and mCherry-mPEG2000-R (red) coatings upon 590 nm irradiation at 55 mW cm~2 in ambient (left) and device chromaticity changes in the x/y CIE 1931
color coordinates (right). Bottom: Normalized emission decay profile of the first (left), second (right), and third (right) regimes.

caused by the less degree of agglomeration as pointed out by spec-
troscopy and thermal data (vide supra). The second regime con-
sists of the recovery of the emission intensity caused by a further
oxygen-mediated maturation of the TagBFP-like chromophore to
its red-emitting form.[7?8% This recovery is ~#20% for devices with
mCherry-R (i.e., full recovery of the initial intensity; Figure 5) and
takes ~40 h to be completed. In stark contrast, the PEGylation
process shines as the expected effective oxygen barrier, leading to
a significant decrease of the recovery percentage with the mPEG
chain length going down to <5% recovery (Figure 5), and can be
completely eliminated if performing the measurement in com-
pletely inert conditions (Figure S23, Supporting Information).
The third last regime exhibits a linear emission intensity decay
related to chromophore isomerization induced by the deprotona-
tion of the Glu215 as an H*-exchange mechanism at the protein
surface.l**] Here, the PEGylation process is also effective in re-
ducing the H*-transfer mechanism as the mPEG chains strongly
interact with the protein surface via H*-bonding and hydrophilic
interactions. This is reflected by the decrease of the linear slope
going from —0.0183 to —0.0133, to —0.0096, and to —0.0052 upon
increasing the mPEG chain length (i.e., mCherry-R, mCherry-
mPEG350-R, mCherry-mPEG750-R, and mCherry-mPEG2000-
R, respectively).

Overall, mCherry-mPEG2000-R coatings showed the highest
device stability (i.e., time to reach half of the initial emission
intensity), reaching an almost twofold enhancement compared
to reference with mCherry-R coatings (i.e., 95 h vs 56 h). This
again highlights the beneficial impact of the PEGylation concept
in protein-based lighting.
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2.3. Best Performing mCherry-mPEG Color Down-Converting
PVA Coatings Applied to BioHLEDs

We have recently identified that PVA polymer coatings with low
permeability to oxygen and reduced H*“motion improve device
stability.[*”] Thus, our next step was to evaluate the synergistic
effect of combining the above best-performing mCherry-mPEG-
2000 and PVA-based matrices to outperform current deep-red
mCherry-based BioHLEDs.

To this end, reference mCherry-P, and mCherry-mPEG-2000-
P coatings were prepared following the previous report (Experi-
mental Section; Supporting Information).[*) In short, mCherry-
mPEG-2000 or native mCherry PBS solutions (<0.5 wt%,
37.4 nmol) were added to a Mowiol 28-99 gel in milli-Q wa-
ter under gentle stirring conditions at room temperature. This
was followed by a drying process under vacuum in a dome-like
mold, resulting in a rigid coating with 5 mm diameter and 5 mm
height.

The emission and excitation spectra of all PVA-based coatings
mainly consist of a broad and intense emission band centered
at 630 nm and three broad excitation bands located at 590, 390,
and 280 nm (Figure S24, Supporting Information). This is as-
sociated with = and ¢ values of ~1.4 ns and 20%, respectively
(Table 2). As expected from the above notes about reference coat-
ings, the mCherry-mPEG-2000-P coatings showed slightly en-
hanced photoluminescence features and a structurally shaped
spectrum, pointing out a lower degree of agglomeration. Indeed,
MSF studies showed the above-described two-step thermal de-
naturation steps for mCherry-P with a much less pronounced
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Figure 6. Left: Emission spectra (top) and the external quantum efficiency (bottom) of devices with mCherry-mPEG2000-P at applied currents of
10-600 mA (4 = 590 nm). Center: Changes of the emission spectra over time of devices with mCherry-P (top) and mCherry-mPEG-2000-P (bottorn)
devices at an applied current of 600 mA (see legend, A =590 nm, 150 mW cm~2). Inset: Picture of a working device). Right: Changes of the LED emission
intensity (top) and x/y CIE color coordinates evolution (bottom) of devices with mCherry-P (triangles) and mCherry-mPEG-2000-P (squares) devices at

an applied current of 600 mA (A =590 nm, 150 m\W cm~2).

first regime and a final F, of 32.64, while mCherry-mPEG-2000-
P is featured by a faint first regime and a significantly enhanced
F, reaching values 50.07 (Figure S24, Supporting Information;
Table 2). Hence, both, the spectroscopic and thermal features
of mCherry-mPEG-2000-P seem to promise an enhanced device
performance compared to reference devices.

To confirm this statement, deep-red BioHLEDs were fabricated
as above mentioned with both PVA coatings and measured at dif-
ferent currents under the same ambient conditions (Experimen-
tal Section; Supporting Information). All the devices showed a
full conversion of the LED emission at the applied current range
of 10-600 mA (Figure 6). The device chromaticity corresponds to
the deep-red region associated with a broad emission band cen-
tered at 620 nm and x/y CIE color coordinates of 0.61/0.28 and
maximum external quantum efficiency (EQE) values of ~0.7%
(Figure 6). The device stability was carried out with a high-power
excitation flux (600 mA, 150 mW c¢cm™) under ambient condi-
tions to speed up data acquisition. Despite the harsher driving
conditions compared to the reference devices (threefold higher
photon flux excitation), the temperature of the coatings holds
constant (<30 °C), but the emission of pumping LED becomes
broader hampering the clean monitoring of the emission inten-
sity changes of the down-converting emission band. Thus, the de-
vice stability is discussed in terms of chromaticity corruption as
the LED emission band at 590 nm is becoming more prominent.
In detail, the emission band at 590 nm evolves quicker for devices
with mCherry-P coatings than those with mCherry-mPEG2000-
P coatings as indicated by the slopes of the emission intensity

Adv. Funct. Mater. 2025, 35, 2412921 2412921 (7 0f11)

increase versus time shown in Figure 6 (i.e., 0.085 vs 0.058). In-
deed, the time needed to reach a 1:1 emission intensity ratio be-
tween the bands centered at 590 and 620 nm is ~200 and ~500 h
for devices with mCherry-P and mChery-mPEG2000-P coatings
(Figure 6). Finally, the enhanced device stability is also corrob-
orated by the color corruption of the devices, in which the x/y
CIE color coordinates of the device with mCherry-mPEG2000-P
did not change for over 200 h, reaching meaningful chromaticity
changes after >300 h (Figure 6). In stark contrast, devices with
mCherry-P show an evident color corruption after 100 h, quickly
evolving to the x/y CIE coordinate 0.57/0.43 of the pumping chip.

Similar to the above reference coatings, the overall device
stability is also enhanced approximately threefold upon PEGy-
lation (mCherry-mPEG2000). However, oxygen-mediated reac-
tions and temperature denaturation cannot be considered in
PVA coatings. The changes in photostability point out a slower
deprotonation process of the Glu215 that induces the forma-
tion of the neutral chromophore species that can easily lose co-
planarity.7#%!) In order to further corroborate this H*-transfer de-
activation process, electrochemical impedance spectroscopy was
applied to mCherry-P and mCherry-mPEG2000-P films as well as
blended PVA mPEG2000 (mPEG2000-P) films for reference pur-
poses (Experimental Section; Supporting Information for more
details).

The Nyquist and equivalent circuits used for the fittings are
shown in Figures 7 and S26 (Supporting Information), while
the resistances (R) are gathered in Figure 7. In line with the
prior art, the Nyquist plot of the mPEG2000-P films consists of
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Figure 7. Nyquist (left) and table gathering the main resistance values of mPEG2000-P (purple), mCherry-P (orange), and mCherry-mPEG-2000-P (red)
over the frequency range of 0.01 Hz—150 kHz. The solid lines represent the fitting of the impedance based on the model equivalent circuit shown in

Figure S26 (Supporting Information).

two semicircles related to the charge transfer event at the elec-
trode/PVA interface (R, = 3.08 GQ) and a H*-transfer event at
the mPEG2000-PVA interface (Rpy, = 1.45 MQ).1782] In the case
of mCherry-P films, three semicircles are noted, showing simi-
lar resistances for the electrode/PVA interface and an H* -transfer
event at the mCherry-PVA interface (Rpy, = 52.4 MQ), and finally
the H*-chain re-orientation at the mCherry surface with R, =
152 kQ.[®%] Finally, mCherry-mPEG2000-P films showed similar
R, to the other samples and a similar Ry, to those of mPEG2000-
PVA films (Figure 7). In contrast, the most significant change
is the Rp,, of mCherry-mPEG2000-P which is fourfold higher
compared to that of mCherry-P (Figure 7), indicating that the dy-
namics of H*-chain re-orientation at the mPEG200-mCherry in-
terface is slow down. This is attributed to the exclusion of water
molecules at the mCherry surface by the mPEG units, %% gen-
erating a negative H*-gradient at the mCherry and PVA interface
that reduces the H* transfer. Hence, PEGylation effectively as-
sists in decreasing photo-induced H*-transfer deactivation pro-
cesses in polymer coatings, becoming a relevant tool to further
enhance protein-based optoelectronics.

3. Conclusion

This work sets in PEGylation as a successful strategy to further
stabilize fluorescent proteins in solid-state photon manipulat-
ing filters for BioHLEDs. This is attributed to strong protein-
mPEG interactions (H*-bonding and hydrophobic) that effec-
tively shield the protein chromophore from oxidation and photo-
induced H*-transfer chromophore deactivation. In addition, this
simple protein surface functionalization reduces the agglomer-
ation upon preparation of polymer coatings, while the protein
refolding capability in the polymer coatings is significantly en-
hanced (>50% increase in PVA coatings). These benefits in solid-
state complement other classical ones noted in solution, such as
enhanced tolerance to organic solvents and pH, while retaining
its photoluminescence figures-of-merit. Hence, we could safely
state that PEGylation holds great potential to further advance
protein-based optoelectronics, in general, and FP-based lighting,
in particular. This is supported by a threefold enhanced color sta-
bility when compared to the best-reported mCherry-PVA-based
devices up to date in deep-red BioHLEDs, through the combi-
nation of mCherry-mPEG-2000 and PVA matrix. What is more,
selective PEGylation as well as other linear and branched motifs
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could lead to further stabilization in different FPs. This repre-
sents an on-going work in our laboratory.

4. Experimental Section

FP Production: mCherry was produced in Escherichia coli BL21(DE3).
The cultures were induced with Isopropyl-g-D-1-thiogalactopyranoside
(IPTG) at ODgyy = 0.4. Cells were harvested, yielding a red pellet, and
disrupted via sonication (Amplitude 80, pulse on-time: 1's, off-time 3 s).
After centrifugation, the supernatant yielding the protein was purified us-
ing a HisTrap HP 5 mL column of Akta pure cytiva and desalted using a
HiPrepTM 26/10 Desalting column (Akta pure cytiva). After desalting, the
proteins were flash-frozen in PBS buffer with a 10 mg mL~" concentra-
tion and stored at —80 °C. Before use, the proteins were thawed and cen-
trifuged to remove aggregated proteins. The mCherry protein sequence is
MVSKGEEDNM AIIKEFMRFK VHMEGSVNGH EFEIEGEGEG RPYEGTQ-
TAK LKVTKGGPLP FAWDILSPQF MYGSKAYVKH PADIPDYLKL SFPEGFK-
WERVMNFEDGGVV TVTQDSSLQD GEFIYKVKLR GTNFPSDGPV MQKK-
TMGWEA SSERMYPEDG ALKGEIKQRL KLKDGGHYDA EVKTTYKAKK
PVQLPGAYNV NIKLDITSHN EDYTIVEQYE RAEGRHSTGG MDELYK.

FP-PEGylation Procedure and Characterization in Solution: Starting
material such as N-hydroxysuccinimide (NHS), boric acid, methyl-
polyethylene glycol (mPEG-350, mPEG-750, mPEG-2000), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC-HCI), Trimethy-
lolpropane ethoxylate (TMPE-450) were purchased from Sigma. Millipore
Amicon Ultra-50 filters (MWCO = 30 000) were purchased from Merck. 'H
and 3C spectra were recorded at 25 °C on a JNM ECS 400 MHz NMR spec-
trometer (Jeol, Freising, Germany). Samples were prepared by dissolving
a small amount of the product in deuterated chloroform inside a 5 mm
glass tube. Chemical shifts in "H NMR and *C NMR spectra are reported
in SI. 1 mL of 10 mg mL~" mCherry was prepared for the functionalization
through buffer exchange to 1 m borate buffer using Millipore Amicon Ultra-
50 filters (MWCO = 30000). The resultant solution, of an approximate
volume of 2 mL, is then mixed with 100 pmol of the previously prepared
polymer. The mixture is heated up to 32 °C and covered with aluminum
foil to prevent photodegradation. The solution is vigorously stirred for
72 h, before separating the unreacted polymer by exchanging the buffer for
10 mm PBS buffer through ultrafiltration using Millipore Amicon Ultra-50
filters. Absorption spectra were acquired with a UV-vis spectrometer UV-
2600 (Shimadzu), using a wavelength range of 300-800 nm, scan speed
medium, threshold 0.07, and a slit width of 2.0. High-resolution Matrix-
Assisted Laser Desorption/lonization (MALDI) spectra were recorded on
a Maldi-TOF Microflex mass spectrometer. The photophysical characteri-
zation (excitation and emission spectra, ¢, 7) of all the samples was car-
ried out with an FS5 Spectrofluorometer from Edinburgh Instruments, us-
ing an SC-5 module for liquid samples and an SC-30 Integrating Sphere to
determine ¢ (Aeye = 590 nm). All measurements were performed at RT in
ambient.
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pH and Organic Solvents Solubility Study: The studies were carried out
in a 2 mL polystyrene cuvette, mixing the protein with PBS buffers and so-
lutions of organic solvents with the required characteristics. Immediately
upon mixing, the absorbance was recorded as indicated previously. The
lower tail of the data was removed due to the absorbance of the plastic
cuvette. In all studies, the concentration of protein was 0.1 mg mL™".

Extinction Coefficient Determination: Following the procedure de-
scribed by W.Ward,[®¥] measurements were carried out in a 2 mL
polystyrene cuvette, mixing the protein with PBS pH 7.4 to a final con-
centration of 0.1 mg mL~". The same amount of protein was then mixed
with a solution of NaOH 0.5 M, ensuring total protonation of the chro-
mophore without denaturation. From the values of the absorbance of the
neutral peak and the original one of the protein, the extinction coefficient
is determined as:

Absnative
= ———— X 44000 1
Abs; M

in basic media

3

All measurements were carried out in triplicates to obtain statistically
meaningful values.

Thermocycler-Based Modulated ~ Scanning  Fluorimetry: Modulated
Scanning Fluorimetry (MSF) was performed as described in Svilenov
et al. 2020.I76] The Thermocycler CFX96 Touch Real_time PCR System
(Bio-Rad) was employed to perform MSF measurements. One standard
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 s~' and held for 1 min at the temperature peak, followed
by a recovery period of 5 min at 25 °C. Due to the high sensitivity of
the Thermocycler detector and high QY of the FPs used in this study,
only 1 um of FPs, either in a 50 uL volume of solution or in 10 mg of
coating, were added per well to avoid saturation. The thermograms
were buffer-subtracted and normalized by the highest fluorescence
readout of each sample. Data analysis was performed using Origin 2019
(OriginLab Corporation, Northampton, MA, USA). Mean values and
standard deviations of quintuplicate were calculated and plotted. Melting
curves were obtained by plotting the fluorescence values obtained at peak
temperatures, while nonreversibility curves were obtained by plotting the
fluorescence values obtained at 25 °C.

CPL Measurements: The data were recorded using an Olis CPL Solo
(circular polarized luminescence) spectrometer and the software Olis-
GlobalWorks. Raw data were processed by an in-house Python script that
averaged and processed the data with a Savitzky—Golay filtering of the re-
peated measurements. The final CPL raw curves were fitted by the least-
squares method using the LMFIT and SciPy Python toolboxes to the best
double Gaussian. Protein concentration was kept at 0.2 mg mL~" for all
measurements.

Preparation and Characterization of FP-Polymer Coatings: The rubber-
like coatings mCherry-mPEG-350/PEO-750/PEO-2000-R and the reference
mCherry-R were prepared with a mass ratio of 4:1 (TMPE:PEO). A PBS so-
lution containing 37.4 nmol of either mCherry-mPEG350/750/2000 (see
the preparation of modified mCherry with mPEGs) or native mCherry
in analog amount was added to TMPE and stirred together with PEO.
The samples were dried overnight in a vacuum chamber at 3 mbar, fol-
lowing reported procedures.®] The PVA-based bio-phosphors mCherry-
mPEG-2000-P and the reference mCherry-P PVA-based samples were pre-
pared by adding a PBS solution bearing 37.4 nmol of either mCherry-
mPEG350/750/2000 or analog amount of native mCherry to a solution
of Mowiol 28-99. The samples were dried overnight in a vacuum cham-
ber at 1 mbar. mCherry-mPEG-2000-P and mCherry-P samples for EIS es-
says have been prepared following the described procedure to form the
mCherry—Mowiol solutions. Such mixtures are then poured into a Teflon
mold and dried overnight in ambient. The photophysical characterization
(excitation and emission spectra, ¢, 7) of all the samples was carried out
with an FS5 Spectrofluorometer from Edinburgh Instruments, using an
SC-10 module for solid samples and SC-30 Integrating Sphere to deter-
mine ¢ (Aexe = 590 nm). All measurements were performed at RT in am-
bient. The impedance measurements were carried out using a potentio-
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stat PGSTAT204, Metrohm Autolab with FRA32M module for impedance
analysis. The protein-PVA films were placed between two FTO electrodes.
A frequency range of 0.01 Hz—150 kHz was used with an applied ac bias
of 100 mV (no dc bias was applied). All the reagents were acquired from
Sigma Aldrich.

Device Fabrication and Characterization: The devices were fabricated
using commercial 590 nm LED chips (WINGER WEPYE1-S1 Power LED
Star) as a pumping source and the FP-polymer coatings were placed onto
the LED without further modification. The devices were driven either at
different currents to study conversion and efficiency or at 200/600 mA
(55 mW cm=2/150 mW cm~2) for long-term stability at ambient condi-
tions. The emission spectra were recorded through Avantes Spectrometer
2048L (300 VA grating, 200 um slit, CCD detector) coupled with an Ava-
Sphere 30-Irrad Integrated sphere, monitoring the temperature using a
thermographic camera FLIR ETS320. The employed power source was a
Keithley 2231-A-30-3.

Supporting Information

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