Showecasing research from Professor Rubén D. Costa’s
laboratory, formerly at IMDEA Materials, Madrid, Spain and
now at Technical University Munich, Munich, Germany.

Biogenic fluorescent protein-silk fibroin phosphors for
high performing light-emitting diodes

We present a new class of high performing bio-hybrid
light-emitting diodes with fully biogenic phosphors as colour
filters. We demonstrate how a silk fibroin matrix significantly
stabilizes highly emissive fluorescent proteins against
thermal/photo stress.
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This work presents a new family of bio-hybrid light-emitting diodes
(Bio-HLEDs) using all-bio color down-converting coatings that
combine silk fibroin (SF) as a packaging matrix and fluorescent
proteins (FPs) as emitters. The thermal, mechanical, optical, and
luminescent features of the FP-SF bio-phosphors were optimized
with respect to the blend composition and the FP stability under
thermal and irradiation stress. Bio-HLEDs with FP—SF filters feature
stabilities of 1.2 h and 500 h (200 mA) at efficiencies of ~40 Im W™
for on-chip and remote configurations, respectively. This is signifi-
cantly superior to devices with FP—polymer bio-phosphors — i.e.,
1.8 min (on-chip) and 300 h (remote) at <35 Im WL, The excellence
of the biogenic phosphors is attributed to (i) the ideal optical
features of the SF films, (ii) the highly efficient emission of the
FPs, and (iii) the high thermal- and photo-stabilities of FPs in the
SF matrix. Finally, we revealed that the emission deactivation
process of FP—SF phosphors is related to a very slow protonation
of the ionic form of the FP chromophore along with large morpho-
logical changes due to thermal- and photo-induced FP motions.
Overall, this work shows the promising prospects of fully biogenic
phosphors en route to designing highly stable bio-based lighting
devices.
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Biogenic fluorescent protein—silk fibroin
phosphors for high performing light-emitting
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New concepts

This is a seminal work presenting fully biogenic phosphors as color
down-converting filters for a new class of bio-hybrid light-emitting diodes
(Bio-HLEDs). This emerging lighting technology promises to replace toxic,
unhealthy, and unsustainable inorganic phosphors for biological ones that
promises to reduce costs and enhance the color quality if high stabilities
are met. To date, the most stable devices - ie., 1.8 min (on-chip) and
<300 h (remote) at 200 mA - consist of hybrid bio-phosphors based on
fluorescent proteins (FPs) stabilized in polymers and metal organic
frameworks. Herein, we describe the preparation, implementation, and
limitations of the first biogenic phosphors combining the ideal optical/
mechanical/thermal features of silk fibroin (SF) as a packaging matrix to
significantly stabilize highly emissive FPs against thermal/photo stress.
This led to new biological lighting devices outperforming the prior-art with
stabilities of 1.2 h (on-chip) and >500 h (remote) at 200 mA and enhanced
device efficiencies (20% increase).

1. Introduction

The excellent mechanical and thermal features of silk fibroin
(SF) are fueling its wide use in tissue engineering, drug delivery,
diagnostics, and sensing."” For instance, SF from the Bombyx
mori cocoon features high tensile strength values around
300-740 MPa> along with a breaking elongation of 15% and
breaking toughness of 6 x 10* ] kg™ "> These properties are highly
dependent on the spinning rate of the silk fiber, being able to
reach similar mechanical properties to those obtained with
Nephila spider dragline silk with a breaking strength of 1.3 GPa.?

Recently, the optical features of SF including a refractive
index of 1.54%” and a high light-guiding efficiency,®® in concert
with outstanding environmental and thermal stabilities,"
are attracting increasing attention in the green photonics
field."**™*® In this context, the first SF-lasers were provided by
Omenetto and co-workers, who reported cocoon silk 1D dis-
tributed feedback lasers with a stilbene as a laser dye, showing
an optical pump threshold intensity of 180 yj cm™> (427 nm)."®
Béche and co-workers described the integration of pristine
spider silk fibers in a photonic chip made of polymer

This journal is © The Royal Society of Chemistry 2020
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microstructures.>’

They also demonstrated efficient optical
fibers with different arrangements, showing optical losses of
10.5 dB cm™'. In this line, Sun et al studied the linear and
nonlinear optical properties of natural silk fibers,*! indicating
that unprocessed silk featured an average waveguide loss of
2.8 dB mm ' In a follow up study, Wang and colleagues
proposed the application of recombinant spider silk protein
and silkworm silk for optical waveguides.*” This work demon-
strated that spider silk presents a smoother surface, a higher
refractive index (n = 1.70) and a lower optical loss in air
(0.8 dB ecm™ ") compared to the silkworm protein (n = 1.52
and 1.7 dB ecm™ ).

Despite all the above interesting findings in lasers and light-
guiding applications using different types of SF derivatives,
SF-based light-emitting diodes (LEDs) have barely been inves-
tigated. In 2015, Zhang and co-workers transformed SF films
into electrodes for an array of LEDs embedding silver nano-
wires into the SF network.>® Recently, SF hydrogels have been
used to control the light distribution and light-extraction
efficiency in LEDs. These lenses featured high thermal stability
(70 °C) and a low refractive index (n = 1.35). However, the
stability of the bare SF-lenses was < 150 h under illumination.>*

Herein, we describe a new use of SF as a matrix to stabilize
fluorescent proteins (FPs) to design fully biogenic phosphors for a
new family of bio-hybrid light-emitting diodes (Bio-HLEDs).>>*®
Bio-HLEDs promise to replace inorganic phosphors (IPs) - ie.,
color down-converting materials based on rare-earth elements
and Cd-based emitters - for environmentally friendly bio-
phosphors. IPs are, indeed, considered one of the most critical
roadblocks towards the sustainable development of LED
technology. This is related to (i) their negative ecological impact,
i.e., mining, lack of recycling, and use of toxic elements,””*® and
(ii) the visual and non-visual health effects under long exposure to
blue light - ie., irreversible damage of photoreceptors in young
children and elderly people along with the alteration of the
natural biorhythm of the body (circadian rhythm).2-3

To date, there are two types of bio-phosphors, namely
(i) biogenic emitters like FPs stabilized in polymer matrices
(FP-polymer)**~*° and metal organic frameworks (FP-MOF)*"*>
and (ii) artificial emitters stabilized in biogenic matrices like
DNA,*® proteins,>****° polysaccharides,”®>> and cellulose.>*">?
Table S1 (ESIT) summarizes the most important figures of merit of
these contributions.

As described above, SF has been widely used as a scaffold to
embed different artificial emitters, such as QDs, AuNCs, dyes,
etc.5'” There are, however, a few studies combining SF with FPs
via genetic engineering®*® and in the solid-state.’® None of
them has, surprisingly, been applied to solid-state lighting.””
Having in mind the excellent optical features of SF films and
the efficient color down-conversion of FPs, this combination
could be of utmost interest to develop a third family of fully
biogenic phosphors (packaging and emitters) towards highly
efficient bio-based lighting systems. This constitutes the major
thrust of the work at hand.

In this context, we provide straightforward preparation and
optimization of FP-SF color down-converting coatings and
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their application in high performing Bio-HLEDs. Compared
to Bio-HLEDs based on FP-polymer,*® the FP-SF bio-phosphors
provide devices featuring enhanced stabilities - i.e., 1.2 h vs.
1.8 min and >500 h vs. <300 h at 200 mA for on-chip
and remote configurations, respectively - and slightly better
efficiencies - i.e., 40 Im W~ ' vs. 35 Im W™ '.%>° These results also
stand out among the prior-art Bio-HLEDs as summarized in
Table S1 (ESIY).

The excellence of the new class of fully biogenic phosphors
is attributed to (i) the ideal optical features of the SF films,
(ii) the highly efficient emission of the FPs, and (iii) the very
slow deactivation mechanism related to protonation of the
ionic form of the FP chromophore in concert with large
morphological changes due to thermal- and photo-induced
FP motion. Overall, this work shows the promising prospects
of fully biogenic phosphors en route to designing a third family
of Bio-HLEDs towards highly stable bio-based lighting devices.

2. Results and discussion

2.1. Preparation and characterization of SF-based coatings

Flexible and self-standing FP-free SF-films were prepared by
drop-casting water solutions with 3, 6, and 9 wt% of SF derived
from B. mori onto a Teflon surface and dried under room
conditions - Fig. 1. The solutions were prepared with lyophi-
lized degummed SF using a procedure reported elsewhere - see
the Experimental section for details.’® The SF-films presented a
similar thickness (ca. 30 um), while optical microscope pictures
and atomic force microscopy (AFM) measurements showed a
homogenous morphology (Fig. S1, ESIT) with root mean square
(RMS) roughness values of 7.5 + 1.7 nm, 2.2 + 0.7, nm, and
1.7 £+ 0.1 nm for 3, 6, and 9 wt% SF films, respectively.

The thickness, weight, and morphology of the SF-films did
not change after 1 month under ambient storage conditions,
indicating that the water content holds constant. Likewise, the
transmittance and color features of fresh and 1 month-old
films were similar regardless of the SF amount - Fig. 1 and
Fig. S2 (ESIY). In general, the SF-films featured transmittances
>80% in the visible range and a refractive index of 1.5,

Transmittance (%)

0 T T T T
300 400 500 600 700 800
Wavelength (nm)

Fig. 1 Transmittance spectra of fresh (solid line) and 1 month-old (dashed
line) SF-films with 3 (orange), 6 (black) and 9 (blue) wt% SF compared to a
fresh polymer (branch/linear PEO) film (dashed-dotted line). Pictures
of 3 (a), 6 (b) and 9 (c) wt% SF-films (inset) and those highlighting the
flexibility of 3 wt% SF-films (right) are also shown.
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Table 1 Thermal, optical, and mechanical features of fresh, 1 month-old,
heated, and irradiated films with different amounts of SF

T, T°  x/yCIE

Sample (°C) (%) coordinates H (GPa) E (GPa)

3 wt% 182 92/91 0.33/0.34 0.48 £ 0.05 7.76 £ 0.57
6 wt% 181 87/85 0.32/0.33 0.52 £ 0.05 10.06 & 0.81
9 wt% 182 84/84 0.32/0.34 0.48 £ 0.07 10.02 £ 0.98
3 wt% heated” 185 88 0.32/0.33 0.6 £ 0.1 10.11 £ 0.61
3 wt% irradiated® 181 79 0.40/0.43 0.52 £ 0.05 8.73 & 0.60

“ Transmittance of SF-films in the visible region fresh/1 month-old.
b Heated at 50 °C for 24 h under dark conditions. ¢ Irradiated with a
450 nm LED for 24 h under dark conditions.

indicating good optical properties for color down-converting
packaging purposes. In particular, the transmittance of the
3 wt% SF-films was 10% higher than those with 9 wt%. This
small loss may be related to the increase of scattering events
related to the number of crystalline domains.”>®® Finally, all
the SF-films featured a similar whitish color with x/y CIE color
coordinates of 0.33/0.34 - Fig. S2 (ESIY).

The thermal properties of the SF-films were studied using
thermogravimetric analysis (TGA) under an inert atmosphere
and modulated differential scanning calorimetry (MDSC). TGA
showed three well-defined regions for all samples - Fig. S3
(ESIT) and Table 1: (i) a loss of free water accounting for <10%
(35-150 °C), (ii) <5% loss of trapped water (150-250 °C), and
(iii) fibroin degradation (>250 °C).®** MDSC, in heat flow
profiles, Fig. S3 (ESIf), presented a broad endothermic peak
starting at 50 °C that corresponds to water evaporation. This
endothermic peak was followed by an endo-exo transition
peaking at 170 °C and 210 °C, respectively. The endothermic
process is associated with the glass transition of the silk as it is
observed in reversible heat flow. This provides a high molecular
motion of the a-helix fibroin region, while the exothermal band
is linked to the P-sheet formation from random coils.®*™®’
Finally, the films presented an endothermal band peaking at
260 °C that corresponds to the decomposition of the B-sheet
fibroin.%%°%°8

The mechanical features - ie., hardness (H) and reduced
modulus (E); Table 1 - were studied using quasi-static and
cyclic nanoindentation assays at maximum applied loads of
4 and 12 mN, respectively. The H and E features reached
constant values in the depth range of 400-600 nm. Within this
displacement range, the tip penetration is enough to avoid
surface roughness, tip rounding, and compliance effects on the
measured H and E values. All the films showed similar H values
(~0.50 GPa), while the E values were close to 10 GPa for
the 6 and 9 wt% SF-films and ~7.8 GPa for the 3 wt% films -
Fig. S4 (ESIt). These values are in line with previous reports,
suggesting that the morphology of the SF-films consists of a
well-interconnected fibroin network.®

2.2. Preparation and characterization of FP-SF coatings

In light of the high transmittance, the ease of handling of
the aqueous solutions, and the degree of flexibility of the 3 wt%
SF-films, they were doped with the enhanced green fluorescent
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Fig. 2 Top: Pictures of the FP—SF aqueous solutions (left) and films (right)
under room and UV irradiation. Bottom: Emission spectra at excitation
wavelengths of 375 nm (left) and 490 nm (right) of FP—SF aqueous
solutions (green), FP aqueous solution (orange), FP-SF films (black), and
FP—polymer films (blue).

protein (eGFP) as a color down-converting material. Similar
to the SF-films, the FP-doped films were prepared with
a homogeneous aqueous solution of SF-eGFP with a total
concentration 1.5 mg mL™"' and a FP:SF mass ratio of 1:20.
This mass ratio was previously optimized to ensure a quantita-
tive conversion efficiency of the LED excitation source in
Bio-HLEDs - vide infra.

To the naked eye, the FP-SF films showed the characteristic
pale yellowish white color appearance and strong green emis-
sion of the eGFP - Fig. 2, Fig. S2 (ESIf), and Table 2. Close
inspection of the photoluminescence features indicated an
increase of the photoluminescence quantum yields (¢) from
50% (aqueous solution) to 65% (film) and the excited state
lifetimes (t) from 2.55 to 2.97 ns, respectively. These values
account for the enhanced radiative and non-radiative rate
constants, while confirming that the chromophore of the eGFP
is present in its ionic form (Jee = 490 nm).”°”7* Indeed,
excitation at 375 nm did not reveal any emission feature of
the neutral form of the chromophore in the wavelength range
of 400-475 nm - Fig. 2. However, the overall emission band of
the FP-SF films was slightly red-shifted with a maximum
wavelength emission (Amax = 490 nm) of 520 nm compared to
that in solution (510 nm). This suggests that during the drying
process the SF-FP interaction is enforced, leading to a slightly
distorted B-barrel that promotes small structural changes of the
microenvironment surrounding the chromophore without
changing its ionic form. This behavior has also been identified
in FP-polymer bio-phosphors as shown in Fig. 2 and Table 2.
However, this feature is a key aspect towards highly stable Bio-
HLEDs, since the kinetics of the photo-induced deactivation of
the chromophore from its ionic to neutral forms is significantly
slowed down in this distorted conformation promoted by the
interaction with the surrounding matrix.*’

Further confirmation of the FP-SF interaction was acquired
from the thermal and mechanical features of these films.
On one hand, MDSC assays did not display the characteristic
endo-exo transition between 170 and 200 °C in SF-films, as it
was overlapped with the broad endothermic process related to

This journal is © The Royal Society of Chemistry 2020
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Table 2 Mechanical, optical, and photoluminescent properties of FP—SF solution, FP—polymer, and FP—SF bio-phosphors

Sample H (GPa) E (GPa) x/y CIE coordinates  Ama” (nm)  ¢°(%) ' (ns) & (x 10°s7Y)  kye (x 10°s7Y)
FP-SF solution® — — — 510 50 2.55 1.96 1.96
FP-polymer — — — 524 70 2.03 3.45 1.48
FP-SF 0.56 + 0.02 9.76 + 0.11 0.31/0.33 520 65 2.97 2.19 1.18
FP-SF heated® 0.17 + 0.02 1.35 + 0.20 0.33/0.35 524 47 2.47 1.82 2.23
FP-SF irradiated® 0.17 4+ 0.02 0.13 4+ 0.01 0.40/0.43 520 60 2.90 2.07 1.38

@ Milli-Q water. ” Heated at 50 °C for 24 h under dark conditions. ¢ Irradiated with a 450 nm LED for 24 h under dark conditions. ¢ Excitation at
375 nm. ¢ Excitation at 485 nm. / Average excited-state lifetimes at 450 nm excitation.

the protein degradation - Fig. S5 (ESIT). On the other hand, the
presence of the FP leads to stiffer films as both the H and E
values increase compared to those of the pristine SF-films -
Tables 1 and 2. TGA assays indicated that the FP-SF films
contain a lower amount of water - i.e., <1 or 2% - but enough
to have an influence on the mechanical properties. However,
the morphology of the fresh FP-SF films showed the same
homogenous morphology as that of the SF-films - Fig. S6
(ESIt). Importantly, the global molecular motion of the
a-helix fibroin region is restricted due to the strong FP-SF
interaction. This prenvents, in addition, that the B-sheet for-
mation turns to a random coil. As such, the enhanced mechan-
ical behaviour is related to the presence of the FP, which
slightly reduces the water content after drying and interacts
with the SF matrix leading to a significant plasticizer effect.

2.3. Preparation and characterization of Bio-HLEDs with
FP-SF coatings

Bio-HLEDs were prepared using the named on-chip configu-
ration, in which a commercial blue-emitting chip (450 nmy;
WINGER electronics) was directly covered with the above SF
and FP-SF filters prepared with a dome form (25 um thick and
7 mm in diameter) as shown in Fig. 2 and 3 - see the Experimental
section for preparation details. For reference purposes, devices
with FP-polymer bio-phosphors are also discussed.

At first, the changes of the electroluminescence spectrum
and luminous efficiency were monitored upon increasing the
applied current from 5 to 200 mA - Fig. 3 and Fig. S8 (ESIT).

70000
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>
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d
/
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Fig. 3 Top: Pictures of Bio-HLEDs with FP-SF filters. Bottom: Luminous
efficiency vs. applied current (left) for a commercial 450 nm LED (blue),
Bio-HLEDs with SF-films (orange), Bio-HLEDs with FP—SF-films (black),
and Bio-HLEDs with FP-polymer (green). The electroluminescence
spectra (right) of Bio-HLEDs with FP—SF-films at different driving currents
are also shown.

This journal is © The Royal Society of Chemistry 2020

Regardless of the applied current, the maximum luminous
efficiencies (ca. 20 Im W™ ' at 30-50 mA), which are dominated
by the blue-emission electroluminescence spectrum, of both
the commercial LEDs and the Bio-HLEDs with SF-filters exhib-
ited similar values - Fig. S8 (ESIt). This corroborates the
excellent optical features of the SF-films for color down-
conversion purposes in hybrid LEDs - vide supra. In contrast,
Bio-HLEDs with FP-SF filters featured slightly higher luminous
efficiencies (ca. 40 Im W' at 30-50 mA) caused by their better
transmittance values compared to the polymer films - ie.,
mixed branch/linear PEO - as shown in Fig. 1 and see the
Experimental section. The device emission is dominated by an
electroluminescence spectrum centered at 520 nm that corre-
sponds to the FP emission. Common to all the devices, the
maximum luminous efficiency is followed by a significant
reduction caused by the loss of the internal quantum efficiency
of the electron-hole recombination at the emitting chip -
Fig. 3.7

Like Bio-HLEDs with FP-polymer filters, the major limitation
of using FP-SF filters is the photo-induced heat generation,
reaching a maximum temperature of 43 °C at 200 mA - Fig. 4.
This contrasts with the maximum temperature of <30 °C at
200 mA for commercial LEDs and Bio-HLEDs with SF filters. The
heat generation in Bio-HLEDs has recently been attributed to the
photo-induced vibrational and rotational FP motions.>® Upon
strong photon flux fluencies, FPs act as a hot spot that transmits
the heat to the polymer surroundings until the melting tempera-
ture of the polymer network is reached. This strongly weakens
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Fig. 4 Changes in the temperature vs. applied current for a commercial
450 nm LED (black) and Bio-HLEDs with FP—polymer (blue), FP-SF
(orange), and SF (green) bio-phosphors.
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the FP-matrix interaction, provoking quick and irreversible FP
denaturation. Thus, devices with FP-polymer coatings feature a
linear increase of the temperature with the applied current up to
values close to 60 °C at 200 mA - Fig. 4.>° In contrast, Bio-HLEDs
with FP-SF coatings featured (i) a much lower maximum
temperature and (ii) a different photo-induced temperature
generation behavior that consists of two linear regimes going
from 0 to 100 mA reaching 40 °C and from 100 to 200 mA in
which the temperature slightly increases up to 42 °C. This
behavior is also noted for devices with SF-filters and commercial
LEDs. Thus, SF filters show effective heat dissipation at high
applied currents, which is attributed to (i) the higher thermal
conductivity of the SF films compared to those of the polymer
coatings, i.e., ~6.50 WmK " vs. ~0.3-0.5 W mK",”* and (ii) the
enhanced mechanical features, which constrain FP motion.

The Bio-HLED stability - i.e., ¢50 or time to reach half of the
initial emission intensity - was studied at high driving currents
of 200 mA, monitoring the intensity decay of the color down-
converting band and the temperature of the filters - Fig. 5. The
emission decay obeyed a bi-exponential behavior. The first
decay regime went hand-in-hand with a quick increase of the
filter temperature without showing any change in the emission
band - Fig. 5. The second regime was characterized by a slow
decay in both the temperature and the emission intensity,
which is associated with a slightly blue-shifted emission band
(<5 nm). Here, the emission plateaus at ca. 30% of the initial
value for more than 16 h. This behavior significantly contrasts
with that of Bio-HLEDs with FP-polymer, in which the emission
band is red-shifted in >15 nm and the emission intensity
completely vanished - Fig. 5. Indeed, Bio-HLEDs with FP-SF
filters featured a two orders of magnitude higher ¢5, value
(1.2 h) than those with FP-polymer filters (1.8 min) - Fig. 5.
All-in-all, these findings suggest that FP-SF bio-phosphors
provide Bio-HLEDs with a superior performance caused by less
severe heat generation and FP deactivation processes than
those noted in FP-polymer filters.

2.4. Deactivation mechanisms in Bio-HLEDs with FP-SF
coatings

To determine the degradation mechanism in FP-SF filters
towards long-living Bio-HLEDs, we decided to decouple the

Intensity counts (a.u.)

Normalized Intensity (a.u.)
Temperature (°C)

500 520 540 560 580 600
Wavelength (nm)

Time (h)

Fig. 5 Typical performance of ‘'on-chip’ Bio-HLEDs operating at high-
applied currents of 200 mA. Left: Overall emission intensity decay (black)
along with the temperature changes (red) over time for Bio-HLEDs with
FP-SF (solid line) and FP—polymer (dashed line). Right: Electrolumines-
cence spectra of Bio-HLEDs with FP—SF phosphors over time.
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thermal and irradiation stresses, monitoring the changes of
the photophysical, thermal, mechanical, and morphological
features of the filters.

2.4.1. Temperature induced degradation mechanism. The
isothermal stability assays were carried out placing fresh FP-SF
filters onto a dark heating station (50 °C for 24 h), monitoring
their emission features upon exciting at 450 nm for 5 s every
10 minutes - Fig. 6 and Fig. S9 (ESIf). During the heating
process, the loss percentage of the emission intensity (I)
associated with a quenching rate k, is obtained. This is
followed by a cooling down process to room temperature under
dark conditions, in which the gain percentage of the emission
intensity (I,) at a certain recovery rate (k) is noted. Typically,
there is a further emission intensity recovery (Iy,) that is related
to a self-healing process taking place at room temperature and
in dark conditions over long periods of time.

In particular, heating led to a quick emission loss (I; = 65%;
kq = 0.5 h™") followed by a slight reduction of the emission
intensity (<5%) after 24 h. The emission band shape held
constant, showing a slightly blue-shifted maximum emission
wavelength (<5 nm; Fig. 6), which suggests a partial change in
the microenvironment of the protein chromophore - vide infra.
Cooling provoked a quick gain in emission intensity (I; = 40%;
kre = 0.2 h™") that accounts for a recovery up to 70% of the fresh
emission intensity of a FP-SF coating. This is slightly enhanced
after the heated FP-SF coatings were kept in the dark and at
room temperature for ca. 200 h, reaching a final I, value of
~80%. Both recovery processes did not show any significant
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(450 nm) for 5 s every 10 min.
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Table 3 Thermal deactivation parameters associated with the isothermal
assay at 50 °C under dark conditions of FP—polymer and FP-SF bio-
phosphors

Sample I (%) k(™ I (%) ke (™) Iy (%)
FP-polymer 73 0.97 40 0.67 >80
FP-SF 65 0.5 40 0.2 >80

change of the emission band shape. For reference purposes,
FP-polymer coatings showed more pronounced and quicker
thermal emission quenching (I = 73%; kq = 0.97 h™ '), while the
sum of both thermal and self-healing recoveries does not
present a significantly higher I, value than the FP-SF films -
see Table 3, Fig. 6 and Fig. S10 (ESIt).

To get more insights into the degradation mechanism, the
photophysical features of fresh and heated FP-SF filters were
compared - Fig. S10 (ESIT) and Table 2. In short, several studies
have shown that the emission deactivation of the FP could be
related to (i) changes in the nature of the emitting excited state
via excited state proton transfer (ESPT), i.e., neutral, anionic,
and intermediate forms,”® (ii) population of dark states, ie.,
dark state, triplet or cis/trans isomerization,”® (iii) photooxida-
tive reddening,”” and (iv) reversible photochromism.”®”® The
last two processes are discarded as they lead to the formation
of highly emissive red-emitting species that are not noted in
SF-FP filters.

Excitation at 375 nm revealed the band shape of the ionic
chromophore (Zmax = 522 nm; corroborated by excitation at
490 nm) and the arising presence of its neutral form (Aynax =
430 nm) - Fig. S11 (ESIt). This implies that the deactivation
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mechanism is related to a slow transformation of the FPs
featuring highly emissive ionic forms of the chromophore to
those with the poorly emissive neutral form. This is driven by
the partial distortion of the B-barrel caused by temperature-
induced variations of the external environment, which pro-
motes small changes in the chromophore cavity leading to a
slow ESPT process. This is further confirmed by the decrease in
¢ and 1 (47% and ca. 2.47 ns (Aexe = 450 nm), respectively)
after thermal stress compared to fresh SF-FP filters — Table 2.
Please note that deactivation via the population of dark states
and/or full denaturation of the protein leads to a lack of
emission.”®

Finally, AFM and optical images of the heated films revealed
a dramatic change in the film morphology, showing a higher
degree of heterogeneity and roughness that is strongly juxta-
posed to that of heated FP-free SF films - Fig. S6 and S7 (ESIY).
For instance, heated SF-films exhibited similar thermal and
mechanical features with a slight loss in transmittance of <5%
compared to the fresh SF-films - Fig. S2, S5 (ESIT) and Table 1.
These findings indicate that a small degree of short range
rearrangement might be present in heated SF-films. In stark
contrast, the morphological changes of the heated FP-SF films
translated into, for example, a significant reduction of the H
and E values compared to fresh FP-SF films - i.e., H: 0.17 GPa
vs. 0.56 GPa; E: 1.35 GPa vs. 9.76 GPa, respectively — Table 2.

All-in-all, the use of a SF packaging matrix enhances the
thermal stability of the embedded FPs compared to those with
polymers. The temperature induced deactivation mechanism
seems to be similar through a small distortion of the B-barrel
promoting the protonation of the ionic chromophore form.
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Fig. 7 Typical performance of remote (2 cm) FP-SF based Bio-HLEDs operating at high applied currents at 200 mA. Top: Overall emission intensity

decay (left) and the electroluminescence spectra changes (right) over time.
(inset graph), 24-120 h (left), 120-450 h (centre), and 450-1000 h (right).
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Table 4 Photoluminescence parameters of fresh FP—SF films and those
used in remote Bio-HLEDs (2 cm) at different degradation stages

Sample Jma (nm) @? (%) 7° (ns) ke (x 10°s7Y) kne (x 10° s7Y)
FP-SF fresh 520 65 2.97 2.19 1.18
“On-chip” 520 25 2.58 0.97 2.90
100 h 521 55 2.55 1.86 1.52
375 h 522 50 2.58 1.68 1.68
600 h 521 44 2.21 1.99 2.53
975 h 516 30 1.82 1.65 3.85

“ Excitation at 375 nm. ? Excitation at 485 nm. ¢ Average excited-state
lifetimes at 450 nm excitation.

This process should also be promoted by long range morpho-
logical arrangements of the FP-SF network upon heating.

2.4.2. Irradiation induced degradation mechanism. To avoid
photo-induced heat generation at high applied currents, we fabri-
cated the named remote Bio-HLEDS, in which the FP-SF filters are
placed at a 2 cm distance from the emitting chip. At 200 mA, the
emission intensity and electroluminescence emission band of
these Bio-HLEDs were monitored — Fig. 7.

The decay of the emission intensity followed four well-defined
regimes. First, a small emission decrease is related to the slight
increase in temperature, which rose during the first 24 h and held
fairly constant at <30 °C for the whole measurement. This is
followed by a second emission decrease of <10%, reaching a
plateau that holds for 120 h. In both regimes, the emission band
shape remains constant. At this point, the emission intensity
exhibited another 18% loss until 150 h along with slightly blue-
shifted emission (521 nm). These emission features kept constant
until 450 h, at which another slow decay of 11% took place. This is
in concert with a blue shift of /. to 516 nm and a new emission
plateau at approximately 40% of the initial intensity for > 1000 h.
This resulted in a device lifetime (¢5) of around 500 h, which is
much higher than the previous record noted for Bio-HLEDs with
FP-polymer (<300 h).*® This is in perfect agreement with the
stability enhancement noted for on-chip Bio-HLEDs operating at
the same high applied currents - vide supra.

The spectroscopic changes of the FP-SF coatings were also
obtained at each plateau regime - Fig. S11 (ESIt) and Table 4. As
stated above, the emission features slightly changed during the
first 120 h - i.e., ¢ of 55% and t of 2.55 ns, indicating that the
majority of the FPs presented the ionic chromophore form;
though a slight conversion to the neutral chromophore form is
noted - Fig. S11 (ESIt). However, the most critical aspect is the
large morphological changes that might be promoted by FP
motion upon constant excitation - Fig. S6 and S7 (ESIt). Similar
to the isothermal assays, the mechanical and optical features of
the irradiated FP-SF films were dramatically affected by the
morphological changes - Fig. S2 (ESIt) and Table 2. For refer-
ence purposes, the irradiated SF-films did not show any change -
Fig. S2 and S6 (ESIt). Thus, the initial loss in the device intensity
might be mainly related to (i) the slight increase in temperature
and (ii) changes in the transmittance and refractive index values
caused by the large morphological arrangements.

During the third regime (150-450 h), the emission band shape
is significantly broadened and slightly blue-shifted - Fig. S11 (ESI{)
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and Fig. 7. This is in concert with a reduction of the ¢ and 7 values
associated with the arising of the emission band of the neutral
form of the chromophore - Fig. S11 (ESIt). Both findings indicate a
partial distortion of the p-barrel promoting the deactivation of the
chromophore to its neutral form. Finally, this is even more
pronounced during the fourth regime (500-1000 h), showing a
further broadening of the ionic emission band, a reduction of ¢,
and an increase of the emission band of the neutral chromophore
form - Fig. S11 (ESIt) and Table 4. Hence, Bio-HLEDs with
FP-SF filters showed enhanced stabilities compared to FP-polymer
coatings, since the deactivation process is related to a very slow
protonation of the ionic form of the FP chromophore in concert
with large morphological changes upon irradiation.

3. Conclusions

This work presents the first study dealing with fully biogenic
phosphors for HLEDs. In particular, the preparation and optimiza-
tion of self-standing color filters combining SF as a packaging
matrix and FPs as emitters is presented. The major interest in SF-
FP bio-phosphors lies in (i) the ideal optical features of the SF films,
(ii) the highly efficient emission of the FPs, and (iii) the high
thermal- and photo-stabilities of FPs in the SF matrix. This leads to
Bio-HLEDs with enhanced stabilities of 1.2 h (on chip) and >500 h
(remote) operating at high applied currents of 200 mA compared to
those using FP-polymer as bio-phosphors - e.g;, 1.8 min (on-chip)
and <300 h (remote). It is noteworthy that the device performance
of this novel class of fully biogenic phosphor-based Bio-HLEDs
stands out among other Bio-HLEDs based on biogenic matrices
embedding artificial emitters****>#*8! and biogenic emitters in
MOFS,41'42 polyn,lers’33—36,39,40,47,82 48,49,53
ized in Table S1 (ESIt).

The major limitations of this family of bio-phosphors were
also deciphered. On one hand, the presence of FPs in the SF
matrix strongly affects the thermal and mechanical features
compared to pristine SF-films. This is even more dramatic
under thermal and irradiation stress, leading to large morpho-
logical changes due to FP motion. On the other hand, the SF
matrix effectively enhances both the thermal and photo-
stabilities of the FPs, but the deactivation mechanism via the
protonation of the ionic chromophore form is still active. It is
therefore highly desired to control the content and water
motion in these coatings. Both limitations could be tackled
by (i) using SF of different lengths, (ii) chemical cross-linking of
the SF matrix, and (iii) bio-conjugating the FP-SF moieties.
These actions are on-going in our laboratories.

Overall, the major thrust of the work at hand is to assert the
brilliant prospects of a new family of all-bio phosphors en route
to biogenic lighting applications.

and dry films as summar-

4. Experimental section
4.1. Materials

All materials were purchased from Sigma-Aldrich and used
without further treatment. Teflon molds were prepared and

This journal is © The Royal Society of Chemistry 2020
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cut forming a curved coating with a width of 8.0 mm and
depth of 5 mm.

4.2. Protein expression and purification

eGFP was expressed in Escherichia coli DH10b cells grown in
Luria-Bertani (LB) liquid medium for 24 h at 37 °C. The cells
were harvested by centrifugation at 4500 rpm for 15 min and
the pellets were resuspended in lysis buffer (300 mM NacCl,
50 mM Tris/HCl pH 7.4) with 1 mg mL™" lysozyme, 5 mM
B-mercaptoethanol and 5 puL of DNase stock solution. The lysate
was sonicated for 5 min with 30 s intervals and 40% amplitude,
and then centrifuged at 10 000 rpm for 45 min. The supernatant
solution was loaded into a Ni** HisTrap™ column, and the
protein was eluted with 300 mM NacCl, 300 mM imidazole, and
50 mM Tris/HCl pH 7.4. The fractions containing the protein
were pooled and dialyzed into Milli-Q water. The purity of the
samples was determined by SDS/PAGE and spectrometrically.
The protein was concentrated to 10 mg mL™" and then stored
in aliquots at —20 °C.

4.3. Preparation of silk fibroin powder

In accordance with previous work, B. mori cocoons, kindly
provided by IMIDA (Murcia, Spain), were cut into small pieces
and soaked in a bottle with 0.2% (w/v) Na,CO; solution, at a
concentration of cocoon/solution of 2% (w/v). They were
degummed by boiling for 30 min in an autoclave (121 °C,
103.4 kPa), followed by 20 min drying under ambient condi-
tions. During the degumming process, sericin is removed from
the cocoons and fibroin is the only remaining protein. After the
procedure, silk fibroin fibers were repeatedly rinsed in tap water,
followed by rinsing in distilled water, and dried overnight at
room temperature. Then, the dried fibers were dissolved in 9.3 M
lithium bromide (LiBr) solution at a concentration of fiber/
solution of 20% (w/v) during a period of 4 hours at 60 °C under
gentle stirring. LiBr was cleaned from the solution by dialysis
against 50 mM Tris base, pH 8, and 4 °C water for 72 h using
BioDesignDialysis Tubing™ (MWCO 3.5 kDa). After dialyzing, the
solution was centrifuged at 5000 rpm for 20 min and the super-
natant was frozen at —80 °C and lyophilized. Finally, the silk
fibroin (SF) obtained was ground to make a powder and it was
sealed and stored at —20 °C for further use.

4.4. Preparation of protein coatings

The FP-polymer coatings were prepared as follows. A mixture of
a 4:1 ratio of TMPE:PEO was added to an eGFP solution
(0.45 mg) and stirred (300 rpm) under ambient conditions
overnight, forming a hydrogel. The FP-polymer films were
obtained after a gentle vacuum process from 200 to 3 mbar
for 4 h. The FP-free coatings were also prepared following the
above description without eGFP for reference purposes. The
FP-SF coatings were prepared as follows. First, a SF solution of
3 wt% was dissolved in a final volume of 300 pL of Milli-Q
water. The mixture was stirred (400 rmp) for 3 h under ambient
conditions. The eGFP solution (0.45 mg) was added to the SF
preparation, and stirred under mild conditions (400 rpm); the
final mixture was poured into Teflon molds with a dome-like

This journal is © The Royal Society of Chemistry 2020
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design, and left to dry under ambient conditions overnight,
forming a perfectly curved thin film. The SF coatings were
prepared using the protocol above-named, dissolving different
wt% of SF into 300 pL of Milli-Q water. Once the solutions were
prepared, they were stored at —4 °C until further use.

4.5. Characterization techniques

The photophysical studies were carried out using an FS5
spectrofluorometer (Edinburgh Instruments) with an SC-10
module for solid samples, an SC-30 integrating sphere to
determine ¢, and a 450 nm time-correlated single photo-
counting or TCSPC (64.3 ps pulse width) module to determine
7. The measurements were performed at room temperature.
The FP-coatings were also measured under constant heating at
50 °C in dark conditions. Both the devices after the photo- and
thermal-processes were spectroscopically analyzed using the
spectrofluorometer above-mentioned. Emission spectra under
excitation of 375 nm and 490 nm as well as ¢ were measured.
The time decay values were monitored and then adjusted to a
biexponential decay fit using Origin 8b. To calculate the average
lifetime for each FP-coating, the following equation was used:*?

X t
- Jot>a exp<fr—i) dt - Sl

e ool

: )

where a/) are the amplitude fractions and 7, are the lifetimes.

The SF-films were subjected to constant heating at 50 °C for
24 h, and the changes of the emission were also monitored.
Both the devices after the photo- and thermal-processes were
spectroscopically analyzed using the aforementioned spectro-
fluorometer. Transmittance spectra were acquired with a UV-vis
spectrometer UV-2600 (Shimadzu), using a wavelength range
200-800 nm, scan speed medium, threshold 0.01 and a slit
width of 2.0.

Thermogravimetric curves were measured with a TGA-Q50
(TA instruments) analyzer under an N, atmosphere with a flow
rate of 90 mL min "', and a temperature ramp of 10 °C min~*
from room temperature up to 450 °C. Modulated differential
scanning calorimetry was performed with a Q200 (TA Instru-
ments) with a modulation of 0.48 °C every 60 s and a tempera-
ture ramp of 3 °C min~" from 20 to 300 °C.

Atomic force microscopy (AFM) was performed with a Park
XE150 instrument in ambient conditions, using Si cantilevers
with a nominal spring constant of 40 N m ", and a tip radius
<10 nm. Topography images (45 x 45 pm scan size) were
obtained by scanning the sample surface in non-contact mode,
with a resolution of 512 pixels and a scan rate of 0.5 Hz.
Roughness data were calculated using the image analysis
XEI Park Systems software. Further characterization of the
film morphology was performed using an optical microscope
Olympus BX51 with an Olympus camera adaptor U-TV0.5XC-3-8.
The films were placed onto a quartz slide and analyzed at
10x magnification. An augmentation of 10x was used to take
the images.
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The mechanical properties of the material were measured by
applying the instrumented nanoindentation technique using a
Hysitron TI 950 TriboIndenter equipped with a pyramidal
Berkovich diamond indenter, with a tip radius of ~350 nm.
The area function for the tip was calibrated from indentations
into a fused silica reference sample of known elastic modulus.
Two types of load-controlled tests were performed: (1) “load-
partial-unload” tests, up to a maximum load of 12 mN, which
were used to identify penetration depths for which the hard-
ness and modulus values are not affected by roughness and tip
rounding effects and (2) quasi-static indentation tests, up to a
maximum load of 4 mN and performed using load-hold-
unload cycle times of 10-30-3 s, which were used to study the
effects of creep on the measured properties. Arrays of 2 x 7
indentations were performed on each sample, with a spacing
between indents of 25 pm in both the vertical and horizontal
directions. Reduced elastic modulus (E) and hardness (H) were
obtained from the analysis of load-displacement curves by the
Oliver and Pharr method,® using the following equations:

_Vn
E= 2\/AS @)
Pmax
H==" 3)

where P,y is the peak indentation load, A is the projected area,
and S is the contact stiffness value.

4.6. Device preparation and characterization

The bio-phosphors were placed at different distances from a
450 nm LED (WINGER Electronics) and irradiated at 200 mA at
room conditions. The Bio-HLEDs were characterized using a
Keithley 2400 as a current source, while the changes in
the electroluminescence spectrum were monitored using an
AVS-DESKTOP-USB2 (Avantes) in conjunction with a calibrated
integrated sphere Avasphere 30-Irrad, while changes in the bio-
phosphor temperature were monitored using a thermographic
camera T430sc (FLIR).
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