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Bio-Based Solar Energy Harvesting for Onsite Mobile
Optical Temperature Sensing in Smart Cities

Sandra F.H. Correia, Ana R.N. Bastos, Margarida Martins, Inês P.E. Macário,
Telma Veloso, Joana L. Pereira, João A.P. Coutinho, Sónia P.M. Ventura, Paulo S. André,*
and Rute A.S. Ferreira*

The Internet of Things (IoT) fosters the development of smart city systems for
sustainable living and increases comfort for people. One of the current
challenges for sustainable buildings is the optimization of energy
management. Temperature monitoring in buildings is of prime importance, as
heating account for a great part of the total energy consumption. Here, a solar
optical temperature sensor is presented with a thermal sensitivity of up to
1.23% °C−1 based on sustainable aqueous solutions of enhanced green
fluorescent protein and C-phycocyanin from biological feedstocks. These
photonic sensors are presented under the configuration of luminescent solar
concentrators widely proposed as a solution to integrate energy-generating
devices in buildings, as windows or façades. The developed mobile sensor is
inserted in IoT context through the development of a self-powered system
able to measure, record, and send data to a user-friendly website.
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1. Introduction

The building sector is among the world’s
largest energy consumers,[1] leading to an
intensification in the promotion of net-
zero emission building, often mentioned
as Zero Energy Buildings (ZEBs).[2] The
net-zero emission buildings require three
fundamental conditions (Figure 1a): i) in-
crease energy efficiency, ii) use renew-
able energies, and iii) implement post-
occupancy evaluation (POE).[3] Items (i) and
(ii) are mainly addressed by selecting ef-
ficient devices and integrating renewable
energy sources. Nevertheless, more effi-
cient energy management strategies are re-
quired, which can be achieved by the knowl-
edge of population habits related to energy

consumption, making POE a key step. Heating is responsible
for ≈60% of global CO2 emissions[1] and thus, thermal comfort
is one of the most evaluated parameters in POE protocols[4] as-
sessed through surveys and measurements using sensors[5] re-
quiring electrical energy. Moreover, those sensors are unable to
provide continuous information, simply providing a low sam-
pling rate or unique measurements.

Windows, which account for a significant part of heat
gain/loss, can be transformed into energy-harvesting/generating
units through the luminescent solar concentrator (LSC) concept
(Figure 1b). LSCs are also an option for on-site electrical power
generation that is environmentally beneficial by avoiding the
waste of energy that is lost in transmission and improving en-
ergy supply reliability.[6] The possibility of using natural renew-
able materials for LSC applications has been pointed out,[7–11] in
line with the crescent demand for natural products to be applied
in other sectors of activity (e.g., pharmaceutical and biomedicine
applications). This is justified by the combined use of bio-based
compounds to increase human health and decrease environmen-
tal concerns, considering the use of natural sources instead of
synthetic alternatives.[12,13] This trend is even more reinforced
due to the actual concerns about climate change, but also the
new policies to reduce the environmental impact of industrial
processes and products,[14] particularly when integrated into a
smart and low-waste chain of different products or within a cir-
cular economy approach.[12,13,15,16]

A recent example of bio-based materials for energy conversion
is the enhanced green fluorescent protein (eGFP)[11,17] character-
ized by high thermal, chemical (alkaline pH, detergents, organic
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Figure 1. a) Scheme of ZEB implementation fundamentals. b) Schematic representation of the building integrated luminescent solar concentrators
(LSCs) as double-glazed windows attached to Si photovoltaic (PV) cells with intrinsic ability to monitor temperature. LSCs consist of planar waveguides
doped or coated with emissive materials that absorb sunlight and re-emit it at distinct wavelengths. The emitted light is guided toward PV cells coupled
to the edges and converted into electricity. The red arrows inside the LSC indicate the total internal reflection of the emitted light. c) Scheme of data
transmission to a user-friendly app/website.

salts, proteases), and mechanical (up to 600 MPa) stabilities.[18,19]

From the optical point of view, eGFP displays emission in the
green spectral region, high emission quantum yield (≈0.50),
and photostability,[11,17] as well as temperature-dependent optical
properties.[17] Nonetheless, the emission lies on the green spec-
tral region with a small overlap with Si photovoltaic (PV) cells’
maximum absorbance. C-phycocyanin (PC), a photosynthetic
pigment found mainly in cyanobacteria (renewable and sustain-
able feedstock)[14] that can be extracted with high efficiency[20,21]

and stability[22–24] may also be considered for LSCs. PC is charac-
terized by emission in the red spectral region[25] closer the maxi-
mum absorption of Si PV cells. The concomitant individual con-
tribution of both proteins is beneficial as they present comple-
mentary absorption, allowing the application of the concept of
tandem LSC formed by two adjacent window panels (LSCs as
double-glazed windows, Figure 1b).

In parallel with improved performance and sustainability, new
features must be added to LSC toward sensing to be active in
climate change-related actions and substantial long-term bene-

fits for society concerning energy consumption habits. The gen-
eral idea lies in upgrading the concept of LSCs to behave as
sunlight-powered optical temperature sensors. Luminescence is
a noninvasive spectroscopic method for temperature measure-
ment based on the thermal dependence of the phosphor emis-
sion combining high relative thermal sensitivity (Sr > 1% K−1)
and spatial resolution (10−6 m) with short acquisition times
(<10−3 s).[26–28] Very recently, the concept of luminescence ther-
mometry was pushed to mobile optical sensing mediated by
smartphones establishing an intriguing strategy to enable large-
scale sensing.[29–31] Going beyond the state of the art, we pro-
pose novel thermometric parameters that include PV cells and
smartphones. The thermal-dependent luminescent properties of
emissive materials applied in the LSC will directly impact the
number and energy of the photons reaching the PV cells and
thus, will determine their electrical output. To keep the sys-
tem running overnight or during sunlight intermittence peri-
ods, indoor lighting can be used to activate artificial PVs (Fig-
ure 1b), using an approach similar to that already reported to
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Figure 2. Temperature-dependent a,c) emission excited at 315 and 380 nm and b,d) excitation spectra monitored at 545 and 715 nm of a,b) eGFP and
c,d) PC. The normalized thermometric parameters ∆i are obtained as ratios of the integrated areas in the e) emission and f) excitation spectra; the lines
are the best linear fit (r2 > 0.9).

efficiently pump solid-state lasers.[32] As an added benefit, we
will demonstrate the use of the excitation spectra to monitor
temperature.

In this pioneer work, a sustainable solar optical temperature
sensor based on bio-based fluorescent proteins was successfully
applied using eGFP- and PC-based aqueous solutions for build-
ing integration. The thermometric parameter lies on the coupled
PV cell open-circuit voltage, showing a relative thermal sensitiv-
ity up to 1.23% °C−1. The electrical power delivered by the cou-
pled PV cells under solar radiation is enough to power a small
circuit able to read voltage values, convert it to temperature and
send real-time data through Wi-Fi to a smartphone app or web-
site, bridging these sensors to the Internet of Things (IoT) with-
out increasing the overall energy consumption of the building
(Figure 1c). The prototype lies on an integrated device that har-
vests solar energy and provides continuous measurement of the
temperature using bio-based fluorescent proteins integrated into
tandem LSC. This unique combination of sustainable smart pho-
tonic windows, optical sensing, and IoT is on the way to con-
tribute to the future design of ZEBs able to enhance energy gen-
eration from renewables, increase energy efficiency and manage-
ment, and shape POE with the users.

2. Results and Discussion

2.1. Temperature-Dependent Optical Characterization

Figure 2 shows the photoluminescence features of aqueous solu-
tions of eGFP and PC for selected temperature values. The emis-
sion spectra of eGFP are dominated by a band ≈510 nm and a
shoulder at 540 nm arising from the I and B excited states,[11]

respectively. A supplementary emission at 450 nm is due to the
relaxation to the ground state of the protonated form (A band).[33]

For the PC-based aqueous solution, a red emission centered
≈665 nm is observed.[34] The excitation spectra were monitored
at the emission maximum intensity. The spectra of eGFP show
two components in the blue region ascribed to the A (400 nm)
and B (480 nm) bands. [35,36] The spectra of PC are formed by
a main PC-related component (≈660 nm) and the contribution
of R-Phycoerythrin protein excited states in the green spectral
region (≈555 nm)[25] (Figure 2d). As the temperature is varied,
the emission and excitation spectra of eGFP and PC reveal a de-
crease in the emission intensity (Figure 2). Additionally, a red-
shift of the emission spectra with the temperature was observed
for the eGFP (inset Figure 2a), which is attributed to a charge
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density transfer occurring between the close neighbors oxygen
atoms upon chromophore solvent exposure.[17,37]

As designed, the PC- and eGFP-based solutions have comple-
mentary light-harvesting ability (Figure S1a, Supporting Infor-
mation) with the eGFP-based solution displaying absorption in
the 300–500 nm range and the PC-based solution in the 500–
700 nm range with molar extinction coefficient (𝜖) values up to
104 m−1 cm−1 (PC) and ≈8 × 104 m−1 cm−1 (eGFP). This opti-
cal feature will translate into complementary sunlight harvesting
ability of the aqueous solutions in which the eGFP lower light
harvesting in the red spectral region is raised by the PC contri-
bution, keeping a nearly constant sunlight harvesting ability. The
maximum absolute emission quantum yield (q) values found are
0.51 ± 0.01 and 0.31 ± 0.03 for the eGFP-based sample (488 nm
excitation) and for the PC-based aqueous solutions (585 nm ex-
citation), respectively (Table S1, Supporting Information), ensur-
ing efficient sun power conversion, as detailed next.

The light emission efficiency and light harvesting ability can
be related by the brightness B = q × 𝜖.[38] The B values for eGFP
and PC solutions are ≈0.5× 104 and ≈2.5× 104 m−1 cm−1, respec-
tively, which are similar to those reported for orange/red-emitting
organic dyes that are known for their light-harvesting ability[39]

and to those previously reported for eGFP-based materials.[11,40]

By the estimation of the overlap integral O between the absorp-
tion spectra and the solar irradiation (AM1.5G), it is found that
the eGFP- and PC-based aqueous solutions have the potential to
absorb ≈8% (300–700 nm) and ≈3% (500–600 nm) of the solar
photon flux on the Earth (4.3 × 1021 photons s−1 m−2),[41] respec-
tively (Figure S1b, Supporting Information), while keeping trans-
parency.

Based on the dependence of the photoluminescence on the
temperature, we propose the definition of two ratiometric ther-
mometric parameters[27–29,31] based on the simultaneous use of
the emission (Δ1 ) and excitation (Δ2) spectra, providing dual
temperature sensing.

Δ1 ≡

SA

S1
(1)

and

Δ2 ≡

SB

S2
(2)

where Si is the total integrated area of the emission (i = 1) and ex-
citation (i = 2) spectra and SA and SB stand for the partial spectral
integrated intensity, respectively (shadowed areas in Figure 2; Ta-
ble S2, Supporting Information). The ratiometric thermometric
parameters are independent of sun irradiance fluctuations dur-
ing a diurnal cycle and reveal a linear dependence on the temper-
ature (Table 1). This is one of the few examples, where the excita-
tion spectra are used to infer temperature being termed as excited
state absorption.[42,43]The figures of merit to evaluate the perfor-
mance of the thermometers are the relative sensitivity, Sr,

[44] and
the temperature uncertainty, 𝛿T, defined as:[28]

Sr =
1
Δ

|
|
|
|

𝜕Δ
𝜕T

|
|
|
|

(3)

Table 1. Calibration curve slope (°C−1), thermal sensitivity (%°C−1) at
25 °C and temperature uncertainty (°C) of the distinct thermometric pa-
rameters ∆1 – ∆4.

Slope [°C−1] Sr [% °C−1] 𝛿T [°C]

eGFP PC eGFP PC eGFP PC

∆1 −0.0123 ± 0.0005 −0.009 ± 0.001 1.13 ± 0.01 0.91 ± 0.02 0.9 1.3

∆2 −0.020 ± 0.001 −0.0065 ± 0.0007 2.00 ± 0.03 0.65 ± 0.01 0.4 0.6

∆3 −0.0039 ± 0.0003 −0.0068 ± 0.0003 0.41 ± 0.01 0.72 ± 0.01 0.4 0.1

∆4 −0.012 ± 0.004 - 1.23 ± 0.03 - 0.02 -

and

𝛿T = 1
Sr

𝛿Δ
Δ

(4)

where 𝛿Δ is the uncertainty in the determination of the thermo-
metric parameter Δ. The large Sr values are among the best val-
ues found in literature for molecular thermometers[29] and the
𝛿T values are typically below 1 °C (Table 1; Figure S2c,d, Sup-
porting Information) granting the possibility to accurately sense
temperature. Moreover, the repeatability tests were performed by
measuring the Δ1 variation during five sequential cycles between
20 and 35 °C (Figure S3, Supporting Information), showing a re-
peatability >99% (Supporting Information for details). We note
that although Sr is commonly used as a figure of merit to compare
different thermometers, it depends on experimental conditions
(e.g., emission spectra resolution) and on the sample character-
istics, such as concentration and media.[28] Nonetheless, we note
that the values here reported are larger than that reported for a
thermometer based on eGFP (0.23% °C−1).[17]

The combination of these intriguing figures of merit for the
thermometric parameter with the optical features (transparency,
sunlight harvesting, and down-shifting) grant both the eGFP
or PC solutions as ideal candidates for sustainable temperature
sensing. Nonetheless, although the use of a spectrometer is rea-
sonable under laboratory conditions (Δ1 and Δ2), it is inappro-
priate if real application is envisaged. With the goal of achiev-
ing a temperature sensor to be applied in buildings, as a step
forward for the popularization of luminescence thermometry in
real-world applications, we propose a novel thermometric param-
eter based on the electrical output of PV cells coupled to LSC.

2.2. Optical Temperature Sensor Based on LSCs

The luminescent solutions were used to fill a glass container
emulating a window and fabricate optical temperature sensors
(Figure S5a,b, Supporting Information). The photonic sensors
were first characterized as LSCs, and the eGFP-based sensor
yielded optical conversion efficiency (𝜂opt) and power conversion
efficiency (PCE) values (Supporting Information for details)
of 3.3 ± 0.1% and 0.12 ± 0.01%, respectively. For the case
of PC-based sensor, the maximum 𝜂opt and PCE values were
2.65 ± 0.03% and 0.21 ± 0.01%, respectively. As EQE measure-
ments are the indicators of the number of incident photons of a
specific wavelength arriving at the PV cell, an increase in EQE,
while illuminating the sensors with eGFP or PC absorption
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Figure 3. Cross correlation between the EQE of the PV cell coupled to the a) eGFP- or b) PC-based sensors and the excitation spectrum of the corre-
spondent solution. Temperature-dependent short-circuit current (Isc) of c) eGFP- or d) PC-based optical sensors under solar simulator irradiation. e)
Temperature calibration curves with the thermometric parameter measured through the Isc (the lines are the best linear fit with r2 > 0.97).

wavelengths indicates that the light arriving at the PV cell has
a strong contribution of eGFP or PC converted photons (solar
photons absorbed by the luminophores and reemitted). For
both cases, EQE measurements showed good correlation with
the absorption–excitation spectra of the aqueous solutions,
with maximum values of ≈7.6% and ≈2.5% for the eGFP- and
PC-based LSCs, respectively (Figure 3a,b).

As the photoluminescence spectra of eGFP and PC are tem-
perature dependent (Figure 2), the optical and electrical perfor-
mances of the sensors will also vary as function of the tempera-
ture under solar simulator irradiation (Figure 3c,d; Figure S5c–
e, Supporting Information). It is observed that the short-circuit
current (Isc) decreases as the temperature elevates enabling the
definition of a new thermometric parameter (Δ3) based on the
PV cell performance:

Δ3 ≡

Isc1

Isc
(5)

where Isc and Isc1 are the integrated short circuit electrical current
values (in the spectral ranges selected for Δ1, Table S2, Support-

ing Information). For both samples, the thermometric parame-
ter Δ3 also follows a linear dependence with temperature (Fig-
ure 3e and Table 1). The figures of merit are analogous to those
found for Δ1, revealing that the PV thermometric parameter (Δ3)
is able to sense temperature inside buildings, with Sr values up
to 0.73% °C−1 for (Figure S6a,b, Supporting Information) and 𝛿T
below 0.4 °C (Table 1; Figure S6c,d, Supporting Information).

Further exploring the definition of the PV thermometric pa-
rameter Δ3, a sensor prototype was developed. The LSC was ex-
posed to AM1.5G radiation and coupled to commercial Si-based
PV cells. For the illustrative case of the eGFP-based sensor, as
a proof-of-concept, the electrical performance of the coupled PV
cells was analyzed as function of the temperature, and a thermo-
metric parameter based on the open-circuit voltage (Voc) was im-
plemented:

Δ4 ≡

Voc1

Voc
(6)

where Voc1 is the open-circuit voltage values measured at the PV
cell coupled to the sensor, when coupled to a 515 nm longpass

Adv. Sci. 2022, 2104801 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2104801 (5 of 9)



www.advancedsciencenews.com www.advancedscience.com

Figure 4. a) Scheme and b) photograph of the setup used for LSC characterization for temperature assessment. The filter used was a 515 nm longpass.
c) Temperature calibration curves with the thermometric parameter measured through the delivered Voc of the LSC coupled PV cells (the line is the best
linear fit with r2 > 0.95). d) Relative thermal sensitivity Sr calculated using Equation (3) and temperature uncertainty 𝛿T calculated using Equation (4)
for ∆4.

filter (Figure 4a,b). Similar to the above cases, Δ4 follows a linear
dependence with temperature (Figure 4c,d) with Sr = 1.23% °C−1

and 𝛿T = 0.02 °C (Table 1).
After establishing the concept of an optical temperature sensor

based on sustainable molecules using the LSC configuration, a
practical example for applicability was performed through the de-
velopment of an IoT system implemented using a programmable
board to measure the Voc and Voc1 values (Figure S7, Supporting
Information). The voltage values and the estimated temperature
are sent by Wi-Fi to an IoT analytics platform service allowing to
aggregate, visualize, and analyze real-time data streams (Figure 5;
Video S1, Supporting Information). The overall sensor electrical
output is enough to use part of the PV cells generated electri-
cal current for the measurements and the remaining current be-
ing used to power the IoT system, constituting a self-powered
system arising from the fact that the whole sensing and IoT de-
vice (in which a battery is included) is powered by the LSC, with
no additional need for a power supply. The important issue is
to ensure that the average energy consumption (measured over
a large period) is less than the energy produced (over the time),
which is true in this case. These sensors present the additional
advantages of being photostable and the fact of being based on
aqueous solutions confers them easy processing and, if neces-
sary, replacement. Moreover, through the collection of tempera-
ture data in real-time through IoT, the involvement of people in
today-decisions related to energy consumption is fostered, mak-

ing a huge step toward smart and healthy cities. This work states
the potential of natural-based optically active centers to be applied
in smart-windows with inherent sensing abilities.

3. Conclusion

A proof-of-concept for a solar optical thermal sensor based on the
optical properties of natural-based LSCs with thermal dependent
features was reported.

From the concept of LSC a fully functional photonic sensor
device operating in the IoT field was demonstrated. This self-
powered system was developed to measure the Voc values, es-
timate temperature, and send through Wi-Fi to a platform ser-
vice that allows to visualize real-time data. The obtained informa-
tion can be used to optimize heating–cooling processes of build-
ings, with the ultimate purpose of reducing the energy consump-
tion. The thermometric parameter based on the coupled PV cell
electrical performance showed a high relative thermal sensitivity
(Sr = 1.23% °C−1) able to ensure the real temperature sensing.
As LSCs are mainly projected to be included in building win-
dows or façades, this work envisages opening the possibility to
structures with intrinsic sensing ability. These results validate the
potential development of natural-based LSCs for future energy-
efficient buildings and smart cities, making use of sustainable
resources.
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Figure 5. Mobile phone print screen images of the ThingSpeak platform accessed by mobile phone upon temperature measurements with the sensor
self-powered prototype.

4. Experimental Section
Chemical Compounds: The sodium phosphate buffer was prepared us-

ing di-sodium hydrogen phosphate anhydrous (Na2HPO4, purity 99.0%)
and sodium phosphate monobasic (NaH2PO4, purity 99–100.5%) both
acquired at Panreac. Ammonium sulfate (purity 99%) and sodium azide
(purity 99%) were purchased from Panreac and Acros Organics, respec-
tively.

Proteins Extraction: The production of eGFP was performed following
the standard procedures described in literature.[11,45] An eGFP solution
with molecular weight between 25 and 30 kDa was obtained for further
use.[46] For the PC production and extraction, non-axenic cultures of the
cyanobacteria Anabaena cylindrica were established in 5 L schott flasks
containing sterilized MBL—Woods Hole culture medium,[47] in an incu-
bation chamber at 20 ± 2 °C, with 16 h light(L):8 h dark(D) photoperiod
using 23 00lx provided by cool white fluorescent tubes. After 13 days in cul-
ture, the biomass was harvested and concentrated through centrifugation
(4 °C; 4111 × g for 5 min; Eppendorf 5810 R) for further extraction of PC.
The production of the PC solution was performed following standard pro-
cedures described in literature.[48] As several works have reported light,
temperature, and pH as the most relevant parameters disturbing the PC
stability,[49] which may be attenuated in aqueous solution and controlled
by the addition of the sodium azide as a stabilizing agent,[50] the fresh
biomass was homogenized in sodium phosphate buffer 100 × 10−3 m
at pH 7, containing 1 × 10−3 m of sodium azide to avoid microorganism
growth, in a solid–liquid ratio of 1:10. The extraction was performed in an
Eppendorf Thermomixer Comfort equipment at 8 × g and 30 °C during
50 min. After, the cell suspension was centrifuged at 12 000 × g for 10 min
in a VVR microstar 17 centrifuge, being the pellet discarded and the super-

natant purified. To the liquid fraction (supernatant), 20% (w/v) of ammo-
nium sulfate was added and dissolved, being at 4 °C overnight. The precip-
itated proteins were recovered by centrifugation at 900 × g for 15 min in a
VWR microstar 17 centrifuge. The supernatant was discarded, and the pel-
let was re-suspended in the same initial volume. A second centrifugation at
9632× g for 5 min was performed. The pellet was discarded, and the super-
natant stocked. An ultrafiltration system was performed to the recovered
protein fraction after the precipitation step. A 500 μL sample was added in
each Amicon Ultra-0.5 mL Centrifugal Filter Unit 100 K. The sample was
centrifuged at 14 000 × g during 15 min in a VWR microstar 17 centrifuge.
The permeate was discarded and 400 μL of ultrapure water was added to
the concentrate and centrifuged in the same conditions, being this last
step repeated twice. Lastly, 500 μL of ultrapure water was added to recover
the concentrated sample after a centrifugation during 2 min at 1000 × g.
In the end, a blue extract rich in PC (molecular weight ≈96 kDa)[51] was
obtained. The concentration for each sample was selected considering the
highest performance (molar brightness). The concentration dependence
study was performed in the range between 1.4 × 10−5 and 5.5 × 10−5 m
for both eGFP and PC-based aqueous solutions (Table S1, Supporting In-
formation). The selected concentrations for the sensing application were
5.5 × 10−5 m(eGFP)[11] and 1.4 × 10−5 m (PC).

Optical Characterization: UV–vis absorption spectra were measured
using a Lambda 950 dual-beam spectrometer (Perkin–Elmer). The absorp-
tion spectra were recorded in the temperature range of 15—40 °C with a
step of 5 °C. The temperature was increased with a Peltier system (PTP 1,
Perkin–Elmer) and recorded using an immersed thermocouple (0.1 °C ac-
curacy, K-type, VWR). The photoluminescence spectra were recorded with
a modular double-grating excitation spectrofluorometer with a TRIAX 320
emission monochromator (Fluorolog-3, Horiba Scientific) coupled to a
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R928 Hamamatsu photomultiplier. The emission and excitation spectra
were recorded in the temperature range of 25—45 °C with a step of 5 °C.
The temperature was increased with a homemade Peltier system (0.1 °C
accuracy) and recorded using an immersed thermocouple (0.1 °C accu-
racy, K-type, VWR). To ensure that the solutions reached the steady-state
temperature, a time interval of 300 s was allowed between consecutive
temperature measurements. Emission decay curves (Figure S1c,d, Sup-
porting Information) were recorded at room temperature on a Fluorolog
TCSPC spectrofluorometer (Horiba Scientific) coupled to a TBX-04 photo-
multiplier tube module (950 V) and a 200 × 10−9 s time-to-amplitude con-
verter with a delay of 70 × 10−9 s. The exciting source was a Horiba/Jobin–
Yvon pulsed diode (NanoLED-390, peak at 388 nm, 1.2 × 10−9 s pulse du-
ration, 1 MHz repetition rate, and 150 × 10−9 s synchronization delay).
The absolute emission quantum yield (q) values were measured at room
temperature using a system (Quantaurus-QY Plus C13534, Hamamatsu)
with a 150 W xenon lamp coupled to a monochromator for wavelength
discrimination, an integrating sphere as the sample chamber, and a mul-
tichannel analyzer for signal detection. The method is accurate to within
10%. The eGFP-based aqueous solution was reported to be stable for sev-
eral months.[11] Both eGFP- and PC-based aqueous solutions kept their
optical properties after more than 12 months storage and regular testing.

Temperature-Dependent Measurements: Temperature-dependent fluo-
rescence emission spectra of eGFP and PC solutions were obtained when
the solution was irradiated with AM1.5G solar simulator. The detection
system to collect the emission spectra used an optical fiber connected
to a portable spectrometer (SensLine, AVANTES, slit 100 μm) for real-
time acquisition (integration time of 6 ms and 50 readings). For cali-
bration measurements, the temperature was increased using a Peltier-
based temperature-controlled cuvette holder (TLC 50, Quantum North-
west) with accuracy of ±0.2 °C, and recorded using an immersed thermo-
couple (0.1 °C accuracy, K-type, VWR). The temperature dependence of the
Isc delivered by the PV cell coupled to the LSCs was measured in the tem-
perature range of 15—40 °C with a step of 5 °C. To have a calibration curve
independent of the power fluctuations of the solar simulator, theΔ3 values
were normalized to the ones at 15 °C. The temperature was increased with
a homemade Peltier system (0.1 °C accuracy) and recorded using an im-
mersed thermocouple (0.1 °C accuracy, K-type, VWR). For the LSC sensor
prototype testing, one of the edges was directly coupled to a PV cell and
the other edge had a longpass filter, with a transmission edge at 515 nm,
between the LSC and the PV cell (Figure 4a,b). The longpass filter was in-
cluded to discriminate the LSC emitted photons with a wavelength higher
515 nm from the remaining emitted photons. This approach allowed the
implementation of a ratiometric thermometer, following the methodolo-
gies above mentioned, which was less prone to external influences. In this
case, to have a calibration curve independent of the power fluctuations of
the solar simulator, the Δ4 values were normalized to the ones at 20 °C.
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[27] M.-. Dramícanin, Luminescence Thermometry: Methods, Materials, and

Applications, 1st ed., Woodhead Publishing, Sawston, UK 2018.
[28] C. D. S. Brites, A. Millán, L. D. Carlos, in Handbook on the Physics and

Chemistry of Rare Earths, Vol. 49, (Eds: J.-C. Bünzli, V. K. Pecharsky),
Elsevier Science B V, Amsterdam 2016.

[29] J. F. C. B. Ramalho, L. D. Carlos, P. S. André, R. A. S. Ferreira, Adv.
Photonics Res. 2021, 6, 2000211.

[30] J. F. C. B. Ramalho, L. M. S. Dias, L. Fu, A. M. P. Botas, L. D. Carlos,
A. N. Carneiro Neto, P. S. André, R. A. S. Ferreira, Adv. Photonics Res.
2022, https://doi.org/10.1002/adpr.202100206, 2100206.

[31] J. F. C. B. Ramalho, A. N. Carneiro Neto, L. D. Carlos, P. S. André, R.
A. S. Ferreira, Handbook on the Physics and Chemistry of Rare Earths,
(Eds: J.-C. Bünzli, V. K. Pecharsky), Elsevier Science B V, Amsterdam
2022.

[32] A. Barbet, A. Paul, T. Gallinelli, F. Balembois, J. P. Blanchot, S. Forget,
S. Chenais, F. Druon, P. Georges, Optica 2016, 3, 465.

[33] M. Cotlet, J. Hofkens, M. Maus, T. Gensch, M. Van der Auweraer, J.
Michiels, G. Dirix, M. Van Guyse, J. Vanderleyden, A. J. W. G. Visser,
F. C. De Schryver, J. Phys. Chem. B 2001, 105, 4999.

[34] K. S. Rowan, Photosynthetic Pigments of Algae, 1st ed., Cambridge Uni-
versity Press Archive, Cambridge, UK 1989.

[35] R. Heim, D. C. Prasher, R. Y. Tsien, P. Natl. Acad Sci. USA 1994, 91,
12501.

[36] R. Y. Tsien, Annu. Rev. Biochem. 1998, 67, 509.
[37] A. M. dos Santos, J. Fluoresc. 2012, 22, 151.
[38] P. Reineck, A. Francis, A. Orth, D. W. M. Lau, R. D. V. Nixon-Luke,

I. D. Rastogi, W. A. W. Razali, N. M. Cordina, L. M. Parker, V. K. A.
Sreenivasan, L. J. Brown, B. C. Gibson, Adv. Opt. Mater. 2016, 4, 1549.

[39] A. N. Butkevich, V. N. Belov, K. Kolmakov, V. V. Sokolov, H. Shojaei,
S. C. Sidenstein, D. Kamin, J. Matthias, R. Vlijm, J. Engelhardt, S. W.
Hell, Chem-Eur. J. 2017, 23, 12114.

[40] R. Heim, R. Y. Tsien, Curr. Biol. 1996, 6, 178.
[41] R. Rondão, A. R. Frias, S. F. H. Correia, L. S. Fu, V. de Zea Bermudez,

P. S. André, R. A. S. Ferreira, L. D. Carlos, ACS Appl. Mater. Interfaces
2017, 9, 12540.

[42] J. Drabik, L. Marciniak, ACS Appl. Mater. Interfaces 2021, 13, 1261.
[43] K. Trejgis, A. Bednarkiewicz, L. Marciniak, Nanoscale 2020, 12, 4667.
[44] S. A. Wade, S. F. Collins, G. W. Baxter, J. Appl. Phys. 2003, 94, 4743.
[45] M. Martins, C. W. Ooi, M. C. Neves, J. F. B. Pereira, J. A. P. Coutinho,

S. P. M. Ventura, J. Chem. Technol. Biotechnol. 2018, 93, 1864.
[46] N. V. dos Santos, M. Martins, V. C. Santos-Ebinuma, S. P. M. Ventura,

J. A. P. Coutinho, S. R. Valentini, J. F. B. Pereira, ACS Sustainable Chem.
Eng. 2018, 6, 9383.

[47] H. W. Nichols, Handbook of Phycological Methods: Culture Methods
and Growth Measurements, (Eds: J. R. Stein), Cambridge University
Press, Cambridge, UK 1973.

[48] M. Martins, B. P. Soares, J. H. P. M. Santos, P. Bharmoria, M. A. T.
Acosta, A. C. R. V. Dias, J. A. P. Coutinho, S. P. M. Ventura, ACS Sus-
tainable Chem. Eng. 2021, 9, 3942.

[49] L. Jespersen, L. D. Stromdahl, K. Olsen, L. H. Skibsted, Eur. Food Res.
Technol. 2005, 220, 261.

[50] S. K. Mishra, A. Shrivastav, S. Mishra, Process. Biochem. 2008, 43, 339.
[51] M. Sitohy, A. Osman, A. G. A. Ghany, A. Salama, Int. J. Appl. Res. Nat.

Prod. 2015, 8, 27.

Adv. Sci. 2022, 2104801 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2104801 (9 of 9)


