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Simple Encoded Circularly Polarized Protein Lighting

Stephanie Grümbel, Marco Hasler, Sara Ferrara, Marta Patrian,
Jesús Agustín Banda-Vázquez, Pedro B. Coto, Juan Pablo Fuenzalida Werner,*
and Rubén D. Costa*

Lighting systems with circularly polarized luminescence (CPL) are an
emerging field with high hopes in, for example, neural cell circuits and
encoding applications. The major challenges that forfeits their real-world
application are i) the design of chiroptical materials (CMs) with high CPL
brightness (BCPL; today’s record is Eu-based compounds with average
287 M−1cm−1, while 90% of other CMs show <150 M−1cm−1 in solution) and
ii) how to keep CPL response in films/coatings of technological relevance.
Since natural evolution is driven by chiral selectivity at the supramolecular
level, fluorescent proteins (FPs) are ideal candidates to provide large BCPL

spanning visible and near-infrared regions. This hypothesis is confirmed for
all the known FP classes, demonstrating high emission intensities
(photoluminescence quantum yields (ϕ) up to 76%) and record average BCPL

of |200| M−1cm−1 (solution). What is more, the CPL response is also kept in
polymer coatings. It is rationalized that structural factors (chromophore
rigidity, surrounding amino acids, supramolecular packaging, and exciton
coupling) hold a significant influence, regardless of the ϕ values. Finally,
proof-of-concept CPL-encoded signals in monochromatic/white hybrid
light-emitting diodes with FP-polymer filters show exceptional stabilities.
Overall, this work stands out FPs toward a new CM family, in general, and
biogenic CPL-encoded lighting systems, in particular.
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1. Introduction

Chiroptical materials (CMs) based on chiral
luminophores that emit circularly polar-
ized luminescence (CPL) are essential for
next-generation photonics, as they can be
applied to i) enantioselective polymeriza-
tion, ii) guided development of neural cells
and circuits, iii) thin-film lighting, and iv)
smart sensing materials for object identi-
fication, among others.[1–5] However, this
emerging field is limited by three major
aspects: i) the existence of a limited num-
ber of materials that combine efficient CPL
with high photoluminescence quantum
yields (ϕ) and molar extinction coefficients
(ɛ), ii) low photo-stabilities and difficult
handling of polymer coatings keeping CPL
response for technology, and iii) lack of
eco-designed CM synthesis routes and/or
materials.[6,7] In detail, most native CMs
show CPL brightness values <10 M−1cm−1

(i.e., BCPL as a product of ɛ, ϕ, and the
dissymmetry factor (glum) as shown in
Equation (1)[8–10]

BCPL = Φ × 𝜀 ×
glum

2
(1)

where BCPL is the circularly polarized luminescence brightness,
ϕ is the photoluminescence quantum yield, ɛ is the molar extinc-
tion coefficient and glum is the dissymmetry factor.

Recently, efforts on designing CMs has followed two main
paths: i) small organic compounds (i.e., ketones, cyclophanes,
BODIPYs, helicenes and helicenoids, pyrene intramolecular ex-
cimers) at the common cost of extensive synthesis routes with
low yields and hard purification processes to avoid enantiomeric
excess in concert with low ϕ and glum,[10,11] and ii) complexes
(i.e., d-metal and rare earth compounds) sacrificing ɛ, process-
ability, and sustainability for high glum.[6,10] In summary, >90% of
published CM families show average BCPL values <150 M-1cm-1

(e.g., ketones: 1.1 × 10−3 M−1cm−1, cyclophanes: 67 M−1cm−1;
BODIPYs: 47 M−1cm−1; helicenes: 18.7 M−1cm−1; pyrene ex-
cimers: 127 M−1cm−1; d-metal compounds: 29.7 M−1cm−1;
Tb-based compounds: 146.4 M−1cm−1; Yb-based compounds:
3.75 M−1cm−1) with only Eu-based compounds holding to-
day’s record average BCPL of 287 M−1cm−1.[10] In this con-
text, supramolecular assemblies and liquid crystals have been
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widely studied, achieving impressive glum values, an almost full
polarization, and BCPL values as high as 300 M−1cm−1 for
supramolecular assemblies, as leading example.[12–15]

Finally, most of these BCPL values refer to studies in diluted
solutions, as it is not easy to calculate the effective absorption
efficiency in aggregated, supramolecular, and solid-state sam-
ples. More specifically, CPL response measurements in thin-
films and/or self-standing coatings of relevance for technological
applications are challenged by aggregation-emission quenching
causing low ϕ and high scattering rendering low glum. At the same
time, the impact of irradiation stress on the CPL signal has not
been addressed.[16–18] Thus, ideal highly efficient CMs and their
respective materials fulfilling the Green Photonics targets have
not been met yet.[19]

In view of this scenario, we start investigating fluorescent pro-
teins (FPs) as a potential biogenic CM family encouraged by three
aspects: i) natural evolution is driven by chiral selectivity at the
supramolecular level and, in turn, FPs could be considered as
ideal natural emitters to provide large BCPL spanning visible and
near-infrared regions, ii) their cost-effective bacterial production
and easy recyclability and/or degradability, and iii) the recent ad-
vances on stabilizing FPs in polymer-coatings for high-end use
in optoelectronics and photonics.[20–23] Thus, FPs have success-
fully crossed the bridge from biology to material science as an
emerging approach for i) polymer and solution color convert-
ing filters applied to hybrid light-emitting diodes (HLEDs),[24,25]

solar concentrators,[26] data storage,[27] test samples for imaging
validation,[23] etc., ii) color sources in exciton-polariton lasers,[28]

and iii) easy to engineer materials in photochromic molecular
sensing.[23,29]

Herein, we demonstrate that FPs are a new relevant family of
biogenic CMs by evaluating the CPL response of all the known
classes of FPs covering the visible and near-infrared regimes
(i.e., ligand-based and 𝛽-barrel FPs; Figure 1), reaching record
average BCPL values of |200| M-1cm−1 (vide supra). What is more,
theoretical and structural analyses enabled us to elucidate the
complex interplay of parameters (i.e., ϕ, chromophore rigidity,
surrounding amino acids, aggregation, and exciton coupling)
ruling the CPL response. In this respect, positive and negative
CPL signals have been noted in FPs with covalently bound
biliverdin (BV) chromophores, depending on their structural
conformation. In 𝛽-barrel FPs, BCPL reaches a remarkable value
of −425 M−1cm−1 for the green-emitting protein mGreen-
Lantern (mGL) and −239 M−1cm−1 for the red-emitting Dis-
cosoma red fluorescent protein (DsRed). This CPL response
is attributed to the excited state chirality of the isolated chro-
mophore (threonine – tyrosine – glycine; TYG),[30] which
features orders of magnitude reduced ϕ compared to that of
the respective FP, but a similar glum. Finally, we capitalize
on our know-how in stabilizing FPs in self-standing poly-
mer coatings for photon manipulation in HLEDs to encode
monochromatic and white CPL signals in blue, green, amber,
and white HLEDs without affecting their color and luminous
efficiency.

In view of all the aforementioned, this work sets in FPs as a
new family of biogenic CMs with a remarkable average BCPL, easy
processability in thin-films that are, in addition, easy-to-apply to
encode CPL signal in monochromatic and white protein-based
hybrid lighting systems.

2. Results and Discussion

2.1. CPL Response of Ligand-Based FPs in Solution

Since induced CPL via supramolecular chiral templating is a
known phenomenon,[13] we first focus on natural ligand-based
FPs in which the protein scaffold offers a binding pocket for
natural chromophores. Here, the best representative examples
are FPs binding bilin-like chromophores (i.e., bilirubin (BR)
and biliverdin (BV); Figure 1a–c).[31,35–37] According to the lit-
erature, BR shows a weak CPL emission when it is artificially
docked into a human serum albumin (HSA) protein featuring
a glum of 1 × 10−3 and BCPL <1 M−1cm−1.[8,9,38] In contrast, BR
alone or in the presence of bovine serum albumin (BSA) did not
show a CPL response.[8] From all FPs reported to date, UnaG
is the only one that bears BR as chromophore[31,37] and fea-
tures a clear differential CPL emission between left and right cir-
cularly polarized emission (Figure 2a,b), reaching superior val-
ues of glum of −1.3 × 10−2 and BCPL of −246 M−1cm−1 com-
pared to the BR-HSA complex (Table 1). Interestingly, the neg-
ative CPL signal indicates a right-handed helical conformation
of the excited sate of BR[9,38,39] that contrasts with a positive
CPL signal of the BR-HSA complex.[9] This was nicely con-
firmed upon analyzing the crystal structure of both proteins.
As shown in Figure 2c,d, the locked conformation of BR re-
ported for UnaG is exactly the opposite conformer found for
BR-HSA.[31,37] Circular dichroism (CD) measurements also con-
firmed that the conformation in the crystal structure matches the
conformation in solution (Figure S1a, Supporting Information).
Specifically, UnaG shows a more prominent glum in the ground
state and the opposite CD signal with respect to the BR-HSA
complex.[9,40] According to the classical understanding, the CPL
signal of small organic molecules is opposed to ϕ as it is based
on electronically forbidden transitions.[41] Therefore, it is surpris-
ing that UnaG with ϕ ∼50% features a more prominent CPL
than that of the BR-HSA complex with a ϕ <1%.[40] But, com-
pared to small organic molecules in solution, the chromophores
of FPs are buried and partially locked through bonded and non-
bonded interactions with the surrounding amino acids in a spa-
tially organized protein cavity. This strongly determines the op-
tical properties of the chromophore with protein scaffolds being
able to induce ground state chirality,[42] and other biopolymers,
like DNA, triggering CPL features in non-chiral molecules.[43]

This suggests that the chiral environment offered by the pro-
tein backbone is able to keep BR in a highly emissive confor-
mation and to induce structural distortions that increase its chi-
ral character. Interestingly, it is worthwhile to mention that Na-
gata et al. demonstrated that the inverse relation between ϕ and
CPL is not clearly present in most of the experimental data
available.[11]

Next, FPs containing BV, such as smURFP and iRFP720, were
also studied. BV ground state chirality in solution and bound
to proteins, like HSA, has been widely studied, but the CPL re-
sponse has not been disclosed.[8,9,38] In this respect, we noted a
positive CPL signal for smURFP with a glum of 5.0 × 10−3 and
BCPL of 76 M−1cm−1, while iRFP720 shows a negative CPL signal
with a glum of −1.3 × 10−2 and BCPL of −20 M−1cm−1 (Table 1
and Figure 2e,f,h,i). This is also in line with the positive and
negative CD absorption features at low energies (Q-bands) of
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Figure 1. a) Exemplary structures of FPs covering visible and near-infrared regions: UnaG (Protein Data Bank (PDB: 4I3B[31])), smURFP (PDB: 6FZN[32]),
iRFP720 (AlphaFold (AF) prediction), EGFP (PDB: 4EUL[33]), dTomato (AF) and DsRed (PDB: 1ZGO[34]). b) Chromophores of ligand-based FPs: Bilirubin
in UnaG, biliverdin in smURFP, and iRFP720 as well as the chromophore in 𝛽-barrel FPs autocatalytically formed by the following amino acids threonine
(T, Thr), tyrosine (Y, Tyr), glycine (G, Gly), methionine (M, Met), glutamic acid (E, Glu) and glutamine (Q, Gln). c,d) Exemplary of the emission spectra
of ligand-based FPs (c) and 𝛽-barrel FPs (d) in aqueous phosphate buffered saline (PBS) solution.
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Figure 2. UnaG: a) left and right circularly polarized emission spectra, b) CPL signal in aqueous PBS buffer solution, c) crystal structures of UnaG
(blue, PDB: 4I3B[31]) and HSA (gold, PDB: 2VUE[44]) binding BR, and d) comparison between the locked conformation of BR bound by UnaG (green,
PDB: 4I3B[31]) and HSA (silver, PDB: 2VUE[44]) obtained from their respective crystal structures. smURFP: e) left and right circularly polarized emission
spectra, f) CPL signal in aqueous PBS buffer solution, and g) crystal structure of smURFP (PDB: 6FZN,[32] purple) and AF model of iRFP720 (salmon).
iRPFP720: h) left and right circularly polarized emission spectra, i) CPL signal in aqueous PBS buffer solution, and j) comparison between the locked
conformation of BV bound to smURFP (blue, PDB: 6FZN[32]) and iRFP720 (turquoise, PDB:8AFK[45]) obtained from their respective crystal structures.

smURFP and iRFP720, respectively (Figure S1b,c, Supporting
Information). This has been attributed to different chromophore
conformations induced by the protein cavity (Figure 2g,j).[32] The
fact that iRFP720 shows a glum value three times higher than that
of BV in smURFP could be attributed to i) the interplay between
the chromophore and the protein scaffold that imposes rigid-
ity constraints, induces cavity polarity effects, and determines

the degree of exposition of the chromophore to the surrounding
solvent, and ii) exciton coupling between chromophores since
both proteins are dimers.[13] The latter is ruled out, since their
CD absorption spectra neither exhibit Davydov splitting at the
Soret bands (biphasic negative and positive CD bands) nor any
peak shift (Figure S1b,c, Supporting Information).[46–48] Indeed,
the smURFP dimer only contains one BV, while the distance

Table 1. Photo- and circularly polarized luminescence parameters of the ligand-based FPs containing BV and BR chromophores in PBS buffer solutions.

FP Chra) ɛ

[M−1 cm−1 × 103]b)

𝜆ex

[nm]c)

𝜆em

[nm]d)

ϕ

[%]e)

𝜏375 nm

[ns]f)

glum

10−2h)

BCPL

[M−1 cm−1]i)
ALeft-Aright

10−2j)

UnaG BR 77.3 497 528 49.0 2.34g) −1.3 −246 −0.3

smURFP BV 180 644 671 16.9 1.73g) 0.5 76 1.9

iRFP720 BV 96.0 702 722 3.16 0.74 −1.3 −20 −1.4
a)

Chromophore of the proteins, bilirubin (BR) or biliverdin (BV);
b)

Molar extinction coefficient;
c)

Excitation wavelength maximum;
d)

Emission wavelength maximum;
e)

Photoluminescence quantum yield;
f)

Excited state lifetime at 375 nm;
g)

Average excited state lifetime;
h)

Dissymmetry factor;
i)

CPL brightness;
j)

CD emission difference
of left – right.
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Figure 3. EGFP: a) left and right circularly polarized emission spectra and b) CPL signal in aqueous PBS buffer solution. sfGFP: c) left and right circularly
polarized emission spectra and d) CPL signal in aqueous PBS buffer solution. mGL: e) protein structure (AF), f) overlap of the chromophore structure
of EGFP (gray, PDB: 4EUL[33]) and mGL (green, AF), g) left and right circularly polarized emission spectra and h) CPL signal in aqueous PBS buffer
solution. TYG-like chromophore: i) left and right circularly polarized emission spectra and j) CPL signal in glycerol and NaOH.

between BV chromophores exceeds the classical range for exci-
ton coupling in iRFP720.[49] Thus, the different BV environments
are key. Here, a significant difference is that iRFP720 provides a
more tightly packed surrounding than smURFP, as for typical
bacterial phytochromes like iRFP720, the buried surface area is
ca. 90%, while smURFP features a buried surface of ca. 70%.[32,50]

Indeed, the more exposed and motile BV chromophore has also
been used to justify the blue-shifted emission in smURFP.[32]

Thus, the higher glum response in iRFP720 might be related to
a more tightly packed surrounding that induces a more promi-
nent chiral character to the BV.[42,43]

2.2. CPL Response of 𝜷-Barrel FPs in Solution

We next focus on determining the CPL response of the enhanced
green fluorescent protein (EGFP) and its structural analogs, FPs
whose chromophore is autocatalytically formed inside the pro-
tein 𝛽-barrel. In short, EGFP exhibits a glum of −1.1 × 10−2

and BCPL of −208 M−1cm−1 (Figure 3a,b and Table 2) that is
in line with our data concerning ground state chirality (Figure
S2a, Supporting Information) and the previously reported CD
data.[46] As a comparison, we also characterized superfolder GFP
(sfGFP) and mGreenLantern (mGL), as they all share similar
emission features with respect to maximum emission wave-

length and emission band shape (Figure 1d and Table 2). sfGFP
exhibits a reduced ϕ (56%) and enhanced glum (−1.3 × 10−2)
and ɛ (83300 M−1cm−1) values that resulted in an overall bet-
ter BCPL of −304 M−1cm−1 (Figure 3c,d and Table 2).[51] mGL
shows a different chromophore (GYG) but a similar 3D struc-
ture to EGFP (Figure 3e,f; Figure S3, Supporting Information).[52]

This chromophore gifts mGL with almost a double ɛ and a supe-
rior ϕ (76%) compared to those of EGFP,[33,52] but similar glum
(−1.1 × 10−2). This resulted in a much higher BCPL of −425
M−1cm−1 (Figure 3g,h and Table 2), the highest reported value
for an organic emitter.[10]

Interestingly, there is no clear relationship between ϕ and glum
values in these three green-emitting FPs. The origin of the CPL
signal in the three proteins can be assigned to that of their chro-
mophore. Ground state chirality of the isolated chromophore of
EGFP has been theoretically shown[53] and we have also studied
the excited state chirality of the isolated TYG-like chromophore,
noting a ϕ <1% and a glum of −1.8 × 10−2 (Figure 3i,j and Table 2;
Figure S4, Supporting Information). The glum values are in the
same range as those noted for EGFP, sfGFP, and mGL, but
the ϕ values of these proteins are significantly higher than that
of the TYG-like chromophore. To get insight into the chiropti-
cal properties of the TYG-like chromophore in the excited state,
we have carried out relaxed scans along the dihedral angles 𝛼

and 𝛽 (Figure S4, Supporting Information) using time-dependent

Adv. Optical Mater. 2024, 12, 2400106 2400106 (5 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Table 2. Photo- and circularly polarized luminescence parameters of TYG-like chromophore and 𝛽-barrel FPs in aqueous PBS buffer solutions as well as
the average dielectric on chromophore pocket and the interplane angles.

FP Chrb) ɛ

[M−1 cm−1 × 103]c)

𝜆ex

[nm]d)

𝜆em

[nm]e)

ϕ

[%]f)

𝜏375nm

[ns]g)

glum 10−2i) BCPL

[M−1 cm−1]j)
ALeft-Aright

x 10−2k)

ADCPl) IPAm)

TYG-like chromophorea) – – 444 500 <1 0.59h) −1.8 – – – –

EGFP TYG 55.9 488 510 67.8 3.31h) −1.1 −208 −0.07 15.3 8.50

sfGFP TYG 83.3 487 510 56.2 3.15 −1.3 −304 −0.22 15.3 7.44

mGL GYG 101.8 500 515 75.9 3.36 −1.1 −425 −0.38 16.0 6.26

DsRed QYG 72.5 559 584 73.2 3.80 −0.9 −239 −0.29 16.6 5.47

HcRed EYG 20.0 606 651 5.49 1.07 −1.5 −8.24 −0.47 16.3 7.64

mCherry MYG 72.0 585 612 22.9 1.63 −1.5 −124 −0.50 17.0 18.1

dTomato MYG 69.0 555 583 70.2 3.60 −1.3 −315 −0.34 17.0 18.1
a)

In glycerol and NaOH;
b)

Amino acid composition of the chromophore; Threonine (T), tyrosine (Y), glycine (G), glutamine (Q), glutamic acid (E), and methionine (M);
c)

Molar extinction coefficient;
d)

Excitation wavelength maximum;
e)

Emission wavelength maximum;
f)

Photoluminescence quantum yield;
g)

Excited state lifetime excited
at 375 nm;

h)
Average excited state lifetime;

i)
Dissymmetry factors;

j)
CPL brightness;

k)
Difference of the CD emission of left – right;

l)
Average dielectric on chromophore

pocket (5 Å);
m)

Interplane angles range.

density functional theory (TD-DFT).[54] This allowed us to sim-
ulate the impact that the excited state relaxation of the chro-
mophore in a frozen environment has on its chiroptical proper-
ties (Discussion S1 and Tables S1–S6, Supporting Information).
The results show that small geometrical distortions trigger the
emergence of a sizeable rotational strength. This suggests that
the chiral environment offered by the protein scaffold could keep
a significant CPL response, while locking the chromophore struc-
ture in a cis conformation to exert a high ϕ. This exemplifies that
ϕ and glum are not clearly linked in FPs, but could be tuned by
structural factors of the protein cavity. For example, mGL features
a higher ϕ than EGFP, but the same glum, though the ground state
chirality for EGFP is nearly an order of magnitude lower than for
mGL (Figure S2a,c, Supporting Information). Here, the sign of
the ground state chirality and CPL for the isolated TYG-like chro-
mophore, mGL, sfGFP, and EGFP confirms that the radiative ac-
tive structure of the chromophore should be in a cis conforma-
tion (Figure S2, Supporting Information). Rosetta energy mini-
mization of 1000 structures showed that mGL with the higher
BCPL value has the most pronounced cis conformation possible,
followed by sfGFP and EGFP with minimum interplane angles
range of 6.3, versus 7.4 and 8.5 degrees. This is also in line with
the lower BCPL for sfGFP and EGFP compared to mGL (Table 2;
Figure S5, Supporting Information). Thus, we hypothesize that
mGL can hold its CPL values as the protein scaffold might pro-
mote a more effective cis conformation to keep high ϕ and glum
values compared to sfGFP and EGFP. However, we must also
consider the interplay of the transition dipole moments that de-
fines CPL response, as indicated in Equation (2)

glum =
IL − IR

1
2

(
IL + IR

) = 4 |𝜇| |m| cos 𝜃

|𝜇|2 + |m|2 (2)

Here glum is the dissymmetry factor, IL and IR are the fluorescence
intensity of left- and right-circularly polarized light, respectively. μ

is the electric transition dipole moment, m is the magnetic transi-
tion dipole moment and 𝜃 is the angle between both vectors.[10,41]

Indeed, our TD-DFT calculations on the isolated TYG-like
chromophore (Discussion S1, Supporting Information) showed

that an increase in environmental polarity impacts both transi-
tion dipole moments with a major effect on the electric tran-
sition dipole moment.[55] In this context, mGL also offers a
more polar environment (Table 2) when compared to EGFP.
Thus, both, the environmental polarity of the protein cavity
and a more prominent cis conformation, might rule the mag-
nitude of glum and ϕ, resulting in remarkable BCPL values;
though a more thoughtful investigation must be focused on
disentangling the impact on the magnetic transition dipole
moment.

As a final step, we studied the CPL response of low-energy
emitting FPs that are represented by mCherry, dTomato, DsRed,
and HcRed.[56–58] Thanks to the tetrameric character of DsRed
and HcRed, their chromophores (QYG and EYG, respectively)
exhibit an exciton coupling between protein subunits, lead-
ing to a significant red-shifted emission (Figure 1a,b,d and
Table 2).[46,59–61] However, they feature different photolumines-
cence and CPL characteristics. In short, DsRed shows a ϕ of 73%,
glum of −9.0 × 10−3, and BCPL of −239 M−1 cm−1 (Figure 4a,b),
while HcRed provides a ϕ of 5.5%, glum of −1.5 × 10−2, and
BCPL of −8.2 M−1 cm−1 (Figure 4c,d). The two tetrameric pro-
teins show a high degree of sequence similarity (Figure S6, Sup-
porting Information); however, DsRed has around one-half of
the ground state chirality signal intensity of HcRed (Table 2;
Figure S7a,b, Supporting Information). While some correla-
tion between ground state chirality and CPL could be noted,
this does not explain the good CPL signal despite the sig-
nificantly high ϕ value of DsRed. Here, there is a clear ex-
citon peak in the CD absorption spectrum of DsRed, that
is, the presence of the Davydov splitting at the chromophore
peak and the shift on the transition maxima. In contrast, CD
absorption spectrum of HcRed does not show the Davydov
splitting feature (Figure S7a,b, Supporting Information).[46–48]

While DsRed high probability of radiative decay could de-
crease the chances of exhibiting significant CPL, the exciton
coupling in a chiral environment could, therefore, support its
presence.[13,43]

The DsRed chromophore is more prone to be in cis confor-
mation with a minimum interplane angle range of 5.5 versus

Adv. Optical Mater. 2024, 12, 2400106 2400106 (6 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. DsRed: a) left and right circularly polarized emission spectra and b) CPL signal in aqueous PBS buffer solution. HcRed: c) left and right circularly
polarized emission spectra, d) CPL signal in aqueous PBS buffer solution, e) overlap of the structure of DsRed (red, PDB: 1ZGO[34]), HcRed (grey, PDB:
1YZW[62]) and mCherry (purple, PDB: 2H5Q[63]), f) overlap of the chromophore of DsRed (red), HcRed (grey) and mCherry (purple). mCherry: g) left
and right circularly polarized emission spectra and h) CPL signal in aqueous PBS buffer solution. dTomato: i) left and right circularly polarized emission
spectra and j) CPL signal in aqueous PBS buffer solution.

7.6 degrees for HcRed. Further, it is in a more polar environ-
ment than the chromophore of HcRed (Table 2 and Figure 4e,f).
Thus, the interplay of these factors most likely assists DsRed
in keeping its CPL response despite the high ϕ, allowing it to
reach a very high BCPL, one of the highest ever reported for a red
emitter.[10]

We further investigated the monomeric and dimeric proteins
derived from DsRed; mCherry and dTomato bearing a MYG
chromophore.[56,57] mCherry featured a ϕ of 23% and glum of
−1.5 × 10−2, while dTomato has a higher ϕ of 70% and a sim-
ilar glum of −1.3 × 10−2. Ground state chirality of dTomato is
around one-half of mCherry (Table 2; Figure S7c,d, Supporting
Information) and, in turn, neither ground state chirality nor ϕ

correlates with the high glum of dTomato compared to mCherry, or
with their ancestor DsRed. As per our calculations, the structural
model of dTomato shows a chromophore that has a similar likeli-
hood to be in a cis conformation as the one for mCherry, but both
show less likelihood cis conformation than DsRed (Table 2 and
Figure 4e–j). However, the polarity of the cavity is significantly
higher for dTomato and mCherry with respect to DsRed (Table 2).
Here, a remaining parameter is the mCherry 𝛽-barrel flexibility,
leading to a large volume of the binding pocket and a strong influ-
ence of the surrounding environment on the chromophore.[64,65]

As described above, the chromophores of red- and green-
emitting structural analogs of GFP (GLPs), all 𝛽-barrel FPs, are
generally found in the cis conformation, allowing the proteins
to fluoresce. However, not all the GLPs stabilize the same cis
conformation or to the same degree as our calculation shows
(Table 2). Additionally, some proteins can fit a non-fluorescence
trans conformation.[66] Thus, the volume of the binding pocket
and the interactions with the chromophore define its chiral con-
formation. Our data show that CPL in GLPs arises from the
chiral cis conformation present in the ground state, which is
preserved in the excited state in all the evaluated GLPs. Fur-
ther, variations in the electric transition dipole moment, deter-
mined by the inner polarity of the 𝛽-barrel and conformation
of the chromophore, have been associated with chromophore
packing as a critical parameter.[63,67] Our data shows that pro-
teins with high ϕ and glum, consequently large BCPL, like DsRed,
dTomato, and mGL, provide a more polar environments to their
chromophores than their counterparts with less ϕ and similar or
lower glum.

To further clarify the effect of environment polarity on the
CPL signal of FPs, we used mCherry as target system. Due
to its 𝛽-barrel unique structure, which is less densely packed
compared to green or tetrameric 𝛽-barrel FPs, it allows for

Adv. Optical Mater. 2024, 12, 2400106 2400106 (7 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. a) Emission spectra, b) CPL emission of mCherry in different solvent mixtures (water: blue, ACN: pink, DMSO: orange), and c) the correlation
between the dielectric constant of the solvent and glum.

enhanced interaction between the chromophore and its sur-
rounding environment.[64,65] This distinction facilitates the inter-
action of the solvent molecules with the protein chromophore.
We evaluated the CPL intensity of mCherry across various solvent
polarities by incorporating 20% acetonitrile (ACN) and dimethyl
sulfoxide (DMSO), as detailed in Figure 5 and Table S7 (Sup-
porting Information). The concentrations were selected not to af-
fect the tridimensional structure of the protein (Figure S8 and
Table S7, Supporting Information). As shown in Figure 5a, the
emission spectra of mCherry did not change with the different
environment polarity, but a reduction in CPL intensity that fur-
ther associates with a decrease in the radiative decay constant
(Figure 5b,c). This is in line with Equation (2),[10,41] where CPL
arises from the interplay between magnetic and electric transi-
tion dipole moments. Changes in environmental polarity will ex-
ert a significant impact on the electronic structure of the chro-
mophore affecting the magnitude of both the electric and mag-
netic transition dipole moments, thereby altering the intensity of
the CPL as expected.[68,69]

2.3. CPL Response of 𝜷-Barrel FPs in Materials

mGL and DsRed were further implemented in polarizer polymer
coatings as they featured the highest BCPL values (vide supra),
high compatibility with polymers, and known photostability for
lighting purposes.[52,70] As polymer matrix, we select hydrox-
ypropyl cellulose (HPC) that has already been used for i) FP-
lighting devices,[71] ii) CPL applications due to the chiral nematic
structure,[72–74] and iii) CPL enhancing of small molecules and
carbon dots.[16,75] Self-standing films of arbitrary shapes are eas-
ily prepared as reported elsewhere (see Experimental Section).[71]

Here, we focus on large area films of 2 cm diameter containing
0.25, 0.5, and 1 mg of each FP (Figure 6).

At first, we evaluated the thermodynamic stability of mGL in
HPC matrix (Figure S9b,c, Supporting Information). Modulated
scanning fluorimetry shows that neither the melting temperature
(Tm) nor the non-reversible folding temperature (Tnr) was drasti-
cally affected by the HPC matrix, confirming their compatibility.
Further confirmation came from spectroscopic studies (Figure 6

Figure 6. a,e) Excitation (Ex) and emission (Em) spectra as well as film photographs (insert). b,f) Left and right circularly polarized emission and c,g)
CPL signal for mGL (top) and DsRed (bottom) in HPC films with 0.25 mg of each FP. d,h) Changes of CPL signal upon increasing the FP loading for
mGL (top) and DsRed (bottom).

Adv. Optical Mater. 2024, 12, 2400106 2400106 (8 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Table 3. Photo- and circularly polarized luminescence parameters of mGL
and DsRed in aqueous PBS buffer solution (reference**) and in coatings
with different FP loading.

FP-polymer 𝜆ex

[nm]a)

𝜆em

[nm]b)

ϕ

[%]c)

𝜏450nm

[ns]d)

glum 10−2f)

mGL ** 500 515 76 3.20e) −1.1

mGL 0.25 mg 500 522 75 3.23 −2.2

mGL 0.5 mg 501 523 75 3.49 −2.1

mGL 1 mg 502 526 75 3.67 −0.5

DsRed ** 559 584 73 3.81 −0.9

DsRed 0.25 mg 559 590 69 3.37 −2.0

DsRed 0.5 mg 559 594 66 5.03 −1.7

DsRed 1 mg 560 613 29 - −1.3
a)

Excitation wavelength maximum;
b)

Emission wavelength maximum;
c)

Photoluminescence quantum yield;
d)

Excited state lifetime at 450 nm;
e)

Average excited state lifetime;
f)

Dissymmetry factor.

and Table 3). mGL coatings showed a slightly red-shifted emis-
sion (7 nm) compared to that in solution, while the excited state
lifetime (𝜏) decay fits better to a mono-exponential equation in-
stead of the common bi-exponential equation in solution. Here,
the faster component is identified with the B anionic form and
the slower component with the I form of the chromophore.[76–78]

The absence of the faster component and the redshifted emis-
sion band suggest that the chromophore is in its emissive I form.
More importantly, the ϕ is not affected (Table 3). The absorption
spectra of the films reveal a very low scattering in the visible range
with no appreciable change in the absorption spectrum of mGL
(Figure S9 a, Supporting Information). This allows us to deter-
mine the CPL properties in the thin-films. In short, glum values
increase up to −2.2 × 10−2 compared to that in solution (Figure 6
and Table 3). This holds up to mGL loadings of 0.5 mg, while the
CPL signal is significantly reduced at higher amounts (1 mg) as
shown in Figure 6 and Table 3. The increase of the mGL amount
does not promote more scattering on the films (Figure S9a, Sup-
porting Information), rather than a more prominent protein-
protein interaction (agglomeration) as indicated by the further in-
creased 𝜏 and red-shifted emission wavelength maxima.[79] Sim-
ilar behavior has been already noted for CNC coatings, in which
the dilution of the emitter resulted in a higher glum.

[80] For ref-
erence purposes, we also carried out a control using polyviny-
lalcohol (PVA) polymer coating that has been used to stabilize
CPL emitters in the solid state[81] and recently FPs for lighting
devices.[82] Here, the FP-loading threshold to detect CPL signal
was as low as 0.01 mg, reaching a glum of −0.6 × 10−2 (Figure
S10, Supporting Information). Further, an increase in mGL load-
ing leads to undetectable CPL, confirming the beneficial effect
of HPC and its nematic crystal structure toward developing FP-
polymer filters to encode CPL signals in lighting devices. Un-
fortunately, the remaining FP-polymer down-converting class ap-
plied to protein-based hybrid lighting devices is based on a mix-
ture of branched and linear polyethylene oxide that leads to an
opaque coating unsuitable for CPL detection.[79,83,84]

Likewise mGL coatings, we noted a slightly red-shifted (6 nm)
emission in the DsRed films (Figure 6 and Table 3). However,
both the ϕ and 𝜏 are slightly reduced compared to those values
in solution (Table 3). These changes are typically related to the

easy agglomeration of DsRed due to its tetrameric nature, affect-
ing the excitonic interaction between protein subunits. This is
also confirmed by i) the decreased thermodynamic stability of
DsRed in the HPC matrix, featuring a reduced Tm and Tnr with re-
spect to those in solution (Figure S9e,f, Supporting Information),
and ii) the further red-shift of the emission maximum wave-
length and reduction of the photoluminescence properties upon
increasing DsRed loading. At low DsRed loading (0.25 mg), the
glum of the coatings feature a remarkable value of −2 × 10−2. Un-
fortunately, further increase of the DsRed loading led to a grad-
ual decrease of these parameters, despite the reduction of ϕ (i.e.,
−1.7 × 10−2/66% (0.5 mg) and −1.3 × 10−2/29% (1 mg)).

The reduction in CPL intensity in both films observed at in-
creasingly higher protein concentrations arises from the increase
in protein structural perturbation due to the more protein-protein
interaction (protein agglomeration). This is clearly noted in the
increase in 𝜏 values that are related to changes in its conforma-
tion and environment,[79,85] resulting in reduced ϕ and CPL sig-
nal. Finally, the protein loading seems to exert a less significant
effect in HPC coatings than in PVA films. This could be related
to i) better interaction between protein-HPC preserving the na-
tive structure or ii) the presence of right-handed chiral nematic
phase of HPC that preserves the CPL signal.

2.4. Encoding Protein CPL in Monochromatic and White Lighting
Devices

The next question was whether the above FP-coatings were able
to keep their polarization capacity over time under constant ir-
radiation stress. Thus, the low-loaded FP coatings (0.25 mg)
were deposited onto a blue-emitting LED chip operating to
provide a photon flux excitation of 7 mW cm−2 (see Experi-
mental Section). At these excitation conditions, the emission
band intensity related to the FPs was easily monitored over
time, while the CPL signal was measured for each film at
certain times (Figure 7). Importantly, the glum holds constant
even when 80% loss of the emission intensity is present for
both FPs, indicating the CPL signal holds constant over time.
CPL is a differential value that arises from emitting pro-
teins and, in turn, reducing the population of emissive pro-
teins through photobleaching does not affect the CPL inten-
sity of the remaining active proteins in the film. This phe-
nomenon is analogous to that observed in photoswitchable pro-
teins, where the photoswitching speed remains constant despite
the photobleaching.[86,87]

Next, we tried to realize a broad polarized emission band cov-
ering the whole visible range with the combination of both FPs.
Attempts to incorporate both proteins in the same film yield
a strong Förster resonance energy transfer phenomenon that
makes CPL undetectable. To solve this issue, we used a cascade
approach, placing a mGL film and a DsRed film on top of each
other, where the DsRed film is first excited by the 450 nm light
source, leaving enough light to pass through to excite the mGL
film. This approach yields a strong CPL signal in the green re-
gion and a decreased signal in the DsRed emission region due to
the architecture of the cascade coating. With this device struc-
ture, we tried to optimize the performance taking advantage
of potential enhancement parameters, namely i) an increased

Adv. Optical Mater. 2024, 12, 2400106 2400106 (9 of 13) © 2024 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 7. Intensity decay of the FP-HPC materials and glum spectra of the cascade device over time with their respective film sketches of: a) mGL-HPC
0.25 mg, b) of DsRed-HPC 0.25 mg, c) coupled DsRed and mGL-HPC films each 0.25 mg. d) CPL signal at 0 h (red) and 22 h (black) of coupled
DsRed-mGL-HPC films.

content of HPC that can enhance the glum like reported for CNCs,
and ii) separate layers that can enhance the glum luminophore-
independently. Unfortunately, we were unable to fabricate pure
color down-converting HLEDs with encoded CPL signal as this
feature gets lost upon increasing FP loading (vide supra) that
is required to reach a full conversion of the pumping LED.
Indeed, though the FP emission can be monitored, the color cor-
ruption (Δx and Δy are ≤0.02) and luminous efficiency varia-
tion (ca. 20%) of monochromatic (450, 520, and 590 nm) and
white LEDs are minor in a broad range of operation condi-
tions (10–200 mA), while a stable CPL encoded signal is al-
ways successfully integrated (Figures S11 and S12, Supporting
Information).

3. Conclusion

This work sets in FPs as a relevant class of CMs with record av-
erage BCPL compared to classical small molecules, supramolecu-
lar dimers, and d-complexes. In ligand-based FPs, the CPL sig-
nal arises from both the protein environment and how the chro-
mophore conformation is locked. In 𝛽-barrel FPs, their isolated
chromophore already exhibits good glum, but poor ϕ and ɛ values.
The protein environment leads to a significant increase in these
photoluminescence parameters while maintaining the glum. This
results in an average BCPL of |200| M−1cm−1 with peak BCPL of
−425 and −239 M−1cm−1 for the green- (mGL) and red-emitting
(DsRed) regions. Thus, this type of CM does not follow the stan-
dard correlation between ϕ and glum. We highlighted the com-
plex interplay between chromophore rigidity, surrounding amino
acids, supramolecular packaging, and exciton coupling along sev-
eral FP examples. Ongoing work is devoted to elucidate the role
of each parameter in the CPL signal in solution. Likewise, it is ex-
pected that a further enhancement of CPL signal will be achieved
with a better understanding about the protein-polymer interac-
tion as well as the possibility to investigate supramolecular as-
semblies and liquid crystals with FPs. Another asset of FPs as
CMs is their easy integration into polymer coatings, keeping an
excellent glum factor even under irradiation stress. This contrasts
to other CMs, which typically lose their CPL or ϕ in solid-state
due to agglomeration phenomena that leads to self-quenching
and high scattering, while CPL stability studies are not reported.
Here, we showed that the CPL signal can be kept in a good FP
loading range, enabling us to fabricate monochromatic and white
lighting devices with encoded green-, red-, and white-CPL signals
that are stable over time. Further work in our labs moves on in-
creasing FP loading without losing CPL signal to achieve dual-

functional color filters (i.e., fully color down-conversion with de-
fined glum). All-in-all, FPs are a promising CM family with highly
relevant CPL behavior in solution and coatings toward simple
biogenic CPL protein-lighting systems.

4. Experimental Section
FP Production and Purification: The FPs were expressed in Escherichia

coli BL21DE3 containing the plasmid pET21a(+) for EGFP, mGL,
sfGFP, mCherry, and UnaG, the plasmid pETDuet for iRFP720 and
smURFP, as well as the plasmids pQE30_HcRed, pRSETb_dTomato
and pET-29b(+)_DsRed. For cultivation the standard lysogeny
broth medium (pH 7.4) was used. For bacteria containing the
pET21a(+)/pETDuet/pQE30/pET-29b(+) plasmid the following produc-
tion protocol was used: several days at 16 °C at 200 rpm. Induction with
10 g L−1 glycerol and 0.5 mm/1 mm Isopropyl-𝛽-d-thiogalactopyranosid
(IPTG). For the green FPs a final chromophore maturation for 90 min
at 30 °C was added, while for DsRed the time was prolonged to 3 h
at 30 °C. The bacteria containing pRSETb_dTomato were cultivated
at 30 °C and 200 rpm after induction with 1 mm IPTG and 10 g L−1

Glycerol for several days. After the cultivation the cells were pelleted
by centrifugation (4.000 g, 20 min, 4 °C). Before freezing −20 °C, the
bacteria were resuspended in 1xPBS pH 7.4, and pelleted again. The cell
opening was performed by sonication using an amplitude of 70% and a
1 s pulse time paired with a 1 s pause for a process time of 8 min. The
sonication followed a centrifugation step (38.000 g, 1 h, 4 °C) and an
affinity purification via a His-Trap column, followed by desalting in 1xPBS.
The proteins were concentrated to 10 mg mL−1 and frozen in liquid
nitrogen before storage at −80 °C.

Experimental Characterization Techniques: Absorption spectra are
recorded with an UVvis-2600i spectrophotometer (Shimadzu) from 250
to 900 nm, with scan speed slow, data interval of 1 nm, and 1 nm slit
width using an integrating sphere for solid films. Photophysical studies
were carried out at room temperature using a FS5 spectrofluorometer
(Edinburgh Instruments) using an SC-10 module for solid samples, an
SC-05 for liquid samples and SC-30 integrating sphere to determine the
ϕ. A time-correlated single photon-counting (TCPSC) module was used
to determine 𝜏 and evaluated with Origin 2021b (OriginLab Corporation,
Northampton, MA, USA). The average 𝜏 was calculated based on the fol-
lowing formula:

⟨𝜏⟩ =
∑

ai𝜏
2
i∑

ai𝜏i
(3)

where ai are the amplitude fractions and 𝜏 i are the lifetimes.[88]

CPL Measurements: The data was recorded using a Olis CPL Solo (Cir-
culary polarized luminescence) spectrometer and the software OlisGlob-
alWorks. Raw data were processed by in-house Python script that averaged
and processed the data with a Savitzky-Golay filtering of the repeated mea-
surements. The final CPL raw curves were fit by the least-squares method
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using the LMFIT and SciPy Python toolboxes to the best double gaussian.
The FPs are analysed in 1xPBS buffer pH 7.4, except for mCherry where a
20% ACN and 20% DMSO solution were additionally measured. Accord-
ing to the photophysical characteristics different excitation wavelengths
were used. For solid samples the solid holder with an angle of 33° was
used for HPC materials while for the PVA materials an angle of 50° was
used. The CPL brightness was calculated using Equation (1).[10]

Circular Dichroism (CD) Measurements: The spectra were recorded us-
ing a JASCO J-710 CD spectrometer. The proteins are in 1xPBS buffer so-
lution pH 7.4, except for mCherry where a 20% ACN and 20% DMSO
solution were additionally measured. For the protein chromophore, the
samples were measured in a 1 cm cuvette with an absorbance of 1 at the
extinction wavelength. In the case of mCherry for the tryptophan analysis,
an absorbance of 0.1 at 280 nm and a 0.1 cm cuvette were selected.

Modulated Scanning Fluorimetry: Modulated scanning fluorimetry
(MSF) was performed as previously described in literature.[89] The Ther-
mocycler 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 progres-
sive loss of fluorescence and the irreversible unfolding of the FPs studied
in this work. The samples were heated 5 °C sec−1 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 fluo-
rescence intensity of each sample. Data analysis was performed using Ori-
gin 2021b (OriginLab Corporation, Northampton, MA, USA). Mean values
and standard deviations of quintuplicates were calculated and plotted.

Preparation of Protein-Based Materials: HPC (Sigma-Aldrich, MW
∼80 000) was dissolved in Milli-Q water, type I water, with a concentration
of 230 mg mL−1. mGL or DsRed-PBS solutions were added to the HPC-
solution. After mixing to obtain a homogeneous solution the mixture was
drop-casted and dried under ambient conditions via evaporation-induced
self-assembly.

Illumination of Protein-Based Materials: The films were placed on top of
the LEDs (1 W, WINGER Electronics) with a diffuser (Thorlabs, DG10-220-
MD). Electroluminescence spectra, luminous efficiency loss, and color
coordinates were recorded with AvaSpec-2048L spectrophotometer and
an AvaSphere-30 integrating sphere. To measure the FP intensity decay a
shortpass filter with a cut-off wavelength of 450 nm (Thorlabs) was placed
between the diffuser and the film to reduce the irradiation intensity to ca.
7 mW cm−2. A 450 nm LED (1 W, WINGER Electronics) was used and
driven at 200 mA at ambient conditions in the photostability studies. To
operate the LED a Keithley 2231A-30-3 was used.

Computational Characterization Techniques: When crystal structures
were unavailable, AlphaFold[90] was used to model molecular structures
out of sequence. The chromophore forming residues were replaced by the
corresponding chromophore using Coot.[91] Given atomic coordinates for
the protein structures of interest, homemade bash and python scripts were
used for calculating the average dielectric chromophore according to Li et
al. given the amino acid residues within a distance of 5 Å to any of the pro-
tein chromophore atoms.[92] For calculating the interplane angles, planes
were fitted with homemade bash and python scripts for the imidazolinone
and p-hydroxybenzyl rings as described in GFPLANE by M. L. Quillin.[93]

For both chromophore estimations, the calculations were performed for
each member in every population of at least 1000 relaxed protein struc-
tures as reported previously.[71,85]

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