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BIOPHYSICS

Unveiling long-range forces in light-harvesting
proteins: Pivotal roles of temperature and light

Elsa Perez-Martin't, Tristan Beranger11', Laurent Bonnet?t, Frederic Teppez, Alvydas Lisauskas®,
Kestutis Ikamas?, Elwin Vrouwe®*, Elena Floriani®, Gergely Katona®, Didier Marguet7,
Vania Calandrini®, Marco Pettini’"°, Sandra Ruffenach?, Jeremie Torres>°*

Electrodynamic interactions between biomolecules are of potential biological interest for temporal and spatial molecu-
lar controls, warranting investigation of their activation through various mechanisms in living systems. Using a light-
harvesting protein in the phycobilisome antenna system of red algae, we proved that not only light exposure but also
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thermal energy alone can trigger attractive electrodynamic interactions up to hundreds of nanometers, sustained by
low-frequency collective modes. Activation of such modes and interactions might influence conformational rearrange-
ments and energy transport within the phycobilisome system. This paradigm shift underscores the immense potential
of biological systems in exploiting different forms of energy to achieve optimal energy transfer.

INTRODUCTION
Nature has evolved a number of different strategies to maintain cel-
lular homeostasis and ensure proper physiological functions (1, 2).
These strategies rely on a precise combination of temporal and spa-
tial molecular controls, ensuring that molecular interactions occur at
precise times and places. Living systems operate over a wide range of
energy scales, from low-energy interactions (e.g., van der Waals forc-
es, hydrogen bonding, and electrostatic interactions) to more spe-
cific high-energy interactions (e.g., covalent bonds and stereospecific
interactions between macromolecular complexes). In this context,
low-energy interactions appear to be crucial as they produce collec-
tive effects that are involved in the cohesion of intracellular compart-
mentalization. When they occur in the vicinity of critical phase
transition conditions, these low-energy, weakly specific interactions
lead to the formation of biocondensates (e.g., the formation of struc-
tures separated by a liquid-liquid phase in the cytoplasm) that serve
as temporary storage or organizing centers for molecular activities
(3). However, although conventional (quasi)electrostatic interac-
tions are crucial (4) for short-range interactions, their effectiveness is
limited both by the Debye screen in the crowded cellular environ-
ment and by the high permittivity values of water. To complete the
picture, selective, long-range electrodynamic (ED) interactions must
also be considered (5). These ED interactions resulting from external
energy input above a certain threshold are sustained by giant oscillat-
ing electric dipoles induced by a nontrivial energy condensation into
[subterahertz (sub-THz)] collective modes.

Experimental evidence for energy condensation into low-frequency
collective modes at room temperature in open thermodynamic
systems, where the energy is continuously transferred between
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biomolecules and their surroundings, has only recently been dem-
onstrated (6, 7). In addition, resonant dipole-dipole intermolecular
ED forces, which act over long distances of several hundreds of ang-
stroms and directly stemming from energy condensation, have been
found (8) (see movie S1 for a general explanation). Consequently, there
has been renewed interest in the field, either from a quantum mechan-
ical point of view (9-12), with the terminology of phonon conden-
sation, or from a (semi)classical perspective (13-15), in terms of
collective oscillations/excitation, attracting a wide scientific audi-
ence spanning from (bio)physics (16) and technology (17, 18) to biol-
ogy (19, 20), chemistry (21), and even quantum consciousness (22).

Here, using as model system R-phycoerythrin (R-PE), a light-
harvesting protein naturally equipped with fluorochromes (see also
fig. S1) sensitive to visible light (23), we have compared the sub-THz
spectrum of R-PE protein in solution upon illumination with a
488-nm laser (i.e., protocol 1), with the one obtained without laser
(i.e., protocol 2), both at increasing powers of the THz probe. To com-
pensate for the thermal energy loss upon switching off the laser, the
temperature in the second protocol has been adjusted in such a way as
to match the temperatures achieved in the experiment with laser. The
corresponding temperature ramp varies in the interval 20° to 29°C,
which is below the protein denaturation temperature (thermal unfold-
ing transitions at 56° and 72°C) (24, 25). Although both experimental
protocols feature a collective vibration at 73 GHz, a second collective
vibration at 103 GHz is excited only upon laser illumination, after the
saturation of the first mode. Because of the low frequency of the sec-
ond mode, one could expect that it is always populated within the in-
vestigated temperature range, which is not the case. This suggests a
nontrivial role of the electronic excitation of the protein fluorochromes
in providing the protein with an additional path for energy transfer/
dissipation at low frequency (103 GHz). Last, the observed frequency
dependence of those modes on protein concentration proves that they
are accompanied by the activation of ED forces between proteins over
distances of several hundreds of angstroms.

RESULTS

Evidencing thermal activation of biomolecule

collective oscillations

Under laser light illumination conditions (see Materials and Methods),
when the laser power exceeds a threshold value, R-PE protein diluted
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in a phosphate-buffered saline (PBS) solution enters into a coherent
vibrational state, exhibiting two distinct spectral resonances, as
indicated by arrows in Fig. 1A (pink curve). These two resonances
correspond to the fundamental mode (~73 GHz) and the second
order mode (~103 GHz) of the collective oscillations of the R-PE
protein, respectively. The frequencies of each of these modes are
in agreement with previous experiments carried out on the same
biological system with a different experimental setup (8). The
high sensitivity and reliability of our THz biosensor enable precise
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Fig. 1. Fingerprints of protein collective oscillations. (A) Protein solutions are
excited by either laser light (pink) or thermal energy (purple). In both protocols, the
protein concentration, C, is 7.2 pM and the THz source power is 100 mW. The laser
power is 60 mW. The temperature in the thermal setup is fixed to 29°C, which
matches the one achieved upon laser illumination (see Methods for more details).
Collective oscillations at 73 and 103 GHz are indicated by arrows and highlighted in
gray. (B) Normalized transmission spectra upon laser illumination (continuous line)
or without laser (dashed line) with varying THz source power from 38 to 100 mW,
all at C = 4.0 pM. Spectra without illumination are taken at temperatures matching
those of the setup with the laser on (see Methods for more details). All spectra are
vertically translated for clarity. A.U., arbitrary units.
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temperature control throughout experimental procedures (see Ma-
terials and Methods), thus allowing the extraction of very faint THz
signals from noise (fig. S1) (see the Supplementary Materials).
To verify whether the excitation of such low-frequency vibrations
can be explained in terms of simple thermal effects induced by the
laser and the THz source (operated at 60 and 100 mW, respectively,
and resulting in a measured temperature of 29°C in the sample), we
performed an experiment without laser but fixing the temperature
at 29° + 0.05°C (purple curve in Fig. 1A). Notably, only the funda-
mental oscillation mode is excited, whereas the second-order mode
is not sustained by thermal excitation. To further investigate the in-
terplay between optical and thermal excitations, we run two sets of
experiments, with and without laser, each at different THz source
powers. The temperature of the setup without the laser is set in such
a way as to match the corresponding steady-state temperature of the
experiment with the laser. Figure 1B shows the corresponding nor-
malized transmission spectra for optical excitation (solid lines) and
thermal excitation (dashed lines) at different THz radiation powers.
This systematic investigation further corroborates the fact that,
whereas the fundamental mode at 73 GHz is excited in both experi-
mental protocols, the second mode at 103 GHz can be activated only
in the presence of light excitation. By increasing the THz power,
which results in an effective temperature increase, the mode at 103 GHz
is progressively populated, after a saturation effect on the mode at
73 GHz for a THz source power above 50 mW. In the experiment
without light, an analogous increase in the THz power accompanied
by temperature adjustment, to compensate for the loss of the laser
thermal energy, does not result in the activation of the second col-
lective vibration. Together, these experiments suggest that the exci-
tation of the electronic degrees of freedom of the fluorochromes by
laser light plays a fundamental role in making possible the excita-
tion of the second collective mode at 103 GHz at room temperature.
Upon light excitation, an additional efficient path for energy transfer
into the low-frequency collective modes is available to the system.

The activation of collective intramolecular vibrations

Once established that the fundamental mode at 73 GHz can be ther-
mally excited, the dependency of this collective vibration on tem-
perature has been systematically studied in the range of 22° to 29°C
with 0.5°C steps, for three different concentrations (Fig. 2, A, C, and
E). Temperature was varied following a ramp with steps of 0.1°C
(see temperature control in fig. S3). To ensure consistency, the aver-
aged PBS buffer spectrum at 22°C is used as reference. The fundamen-
tal mode at 73 GHz is more and more populated as the temperature
rises above a threshold value, until becoming fully excited, with its
amplitude remaining constant upon further temperature increase.
The temperature interval where this transition occurs matches the
optimum temperature range for red algae growth (26), observed within
arestricted temperature range of 20° to 28°C (27). Accordingly with
the natural physiological conditions of red algae, temperature was
identified as the principal physical determinant influencing the
seasonal and latitudinal distribution of seaweed (28). Research con-
ducted at Klein Oesterwal, Langebaan Lagoon, South Africa, revealed
a positive correlation between the growth of red algae and elevated
temperatures, with increased growth measurements recorded between
22° and 30°C and a decline in growth at 18°C (29). This tempera-
ture range is also very far below the thermal unfolding of R-PE
protein (24).
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Fig. 2. Thermal activation of collective oscillations (concentration dependent). In
all panels, the temperature varies from 22°C (top) to 29°C (bottom) with 0.5°C steps,
whereas the laser is off and the THz source power is set to 100 mW. (A) THz transmission
spectra of R-PE protein at C = 7.2 pM normalized to averaged PBS buffer spectra at
22°C. Gray area marks the fundamental mode zone used to extract the Q-factor. (B) Fun-
damental mode Q-factor dependence with temperature at C = 7.2 pM. The threshold-
like behavior characteristic of a phase transition is highlighted by the continuous line.
Same at C=4.0 uM (C and D) and at C = 1.0 uM (E and F). Open circles are set to zero.
Error bars were estimated using the SD coefficient multiplied by a concentration depen-
dent factor to overestimate the errors at low concentrations. All spectra are vertically
translated for clarity.
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Notably, for all the investigated concentrations, the variation of
the quality factor Q indicates that the saturation of the fundamental
mode follows a threshold-like behavior (Fig. 2, B, D, and F). This
feature resembles a nonequilibrium phase transition; when the
energy input rate exceeds a critical value, thermal energy is chan-
neled by the system into this coherent oscillation. Even if this behavior
has been previously reported for proteins subjected to light excita-
tion (8), this phase transition-like behavior induced by the increase
in temperature alone has never been reported before.

For the investigated protein concentrations, the transition from
unexcited to fully excited collective oscillation occurs at ~4°C, i.e., with
an extra energy above the threshold temperature of ~0.3 meV (see also
fig. S4). Notably, there is a slight decrease in the threshold temperature
as the concentration increases, and the Q-factor values in the concen-
tration range of 1.0 to 6.0 pM are almost half of the one at 8.0 pM.
The threshold is also more abrupt in the latter cases. Drawing an anal-
ogy with (collective) spontaneous emission (Schawlow-Townes law) or
super-radiance mechanism (30-33), the Q-factor increase with increas-
ing concentration is consistent with the picture that the number of
proteins involved in the in-phase collective oscillation also increases,
this behavior being also reproduced under the laser light excitation
protocol (fig. S5). The observation that, at lower protein concentra-
tions, a higher energy input is required to initiate the collective oscilla-
tion suggests a possible cooperative effect between proteins.

Thermally activated long-range ED interaction

Figure 3A shows the normalized transmission THz spectra for dif-
ferent concentrations, subjected to optical (solid lines) or thermal
(dashed lines) excitation. For a direct comparison, the thermal excita-
tion spectra are provided at temperatures equivalent to those produced
by laser light excitation. As previously remarked, the fundamental
mode at ~73 GHz can be excited in both cases, whereas the second
mode at ~103 GHz is excited only upon laser light illumination
(starting from a protein concentration of 1.0 pM). The slight discrep-
ancy in the fundamental mode frequency between the two excitation
processes can be attributed to possibly different states explored by
the proteins during these excitation processes. Figure 3B also depicts
the normalized transmission THz spectra at different concentra-
tions as obtained solely through thermal excitation at temperature at
which the fundamental mode is fully populated regardless of con-
centration. After extracting the dependency of the fundamental
mode frequency v on concentration, we report the corresponding
normalized frequency shift variation Av = v — v, versus the average
intermolecular distance, vy being the unperturbed frequency at infi-
nite dilution, i.e., < r > => 4 oo (Fig. 3C). The fundamental mode
frequency shifts, both for optical (orange circles) and thermal (pur-
ple squares) excitation, are found to be inversely proportional to the
cube of the intermolecular average distance. This serves as a proof of
concept for the thermal activation of long-range ED attractive and
selective forces, which is consistent with our classical version of the
Frohlich hypothesis (13). In this scenario, the proteins are all in a
collective oscillation state, leading to the activation of long-range
ED forces over distances up to < r > ~ 1350 A, upon thermal activa-
tion, and ~1750 A, upon laser light excitation. It is thus clear that
light is more efficient at activating intermolecular forces because the
damping of the fundamental collective oscillation within this excita-
tion mechanism is lower than in the thermal one. Experimental data
have been fitted with a power law of the form Av/vy = A< r >3,
where A is a real number. For thermal excitation, A = 2.60 x 10° A’
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Fig. 3. Thermal activation of ED forces. (A) Normalized transmission spectra with
varying protein concentration. From top to bottom: C=0.5, 1.0, 2.0, 4.0, 6.0, 7.2, and
8.0 pM. Solid lines: laser light excitation protocol (laser power = 60 mW). Dashed lines:
thermal excitation protocol (laser off and the temperature at each concentration is
adjusted to match the temperature achieved in the corresponding laser light exci-
tation setup). (B) Normalized transmission spectra with varying protein concentra-
tion at a fixed excitation temperature of T = 28°C (thermal excitation protocol). Spectra
are vertically translated for clarity. (C) Frequency shift dependence to intermolecu-
lar distance for the fundamental mode upon thermal excitation at T = 28°C (purple
squares) and the fundamental mode (orange circles) and the second mode (pink
triangles) upon optical excitation. For all, THz power is set at 100 mW.
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whereas for laser excitation, A = 7.14 x 10° A%, in good agreement
with theoretical expectations (8). This increase in A might be related
to the enhancement in the oscillation amplitude, which entails a
larger oscillating dipole moment, consistent with the increase in Q
values with laser light excitation (fig. S5). Consequently, this results
in stronger intermolecular ED interactions and a larger frequency
shift for a given distance (i.e., concentration). The larger strength of
ED interactions generated by light could also be related to some pro-
tein conformational changes upon light illumination at high con-
centrations, as further supported by circular dichroism experiments
(table S1). Atlow concentrations (large interprotein distance), the peak
depicting the fundamental mode shows a similar frequency in both
excitation experimental protocols, whereas a progressive frequency
shift is observed at higher concentrations (fig. S6). However, laser
light activation of ED interactions, supported by giant collective
oscillations, remains a reversible mechanism (fig. S7), suggesting that
any subunit of a phycobilisome can be quenched and light-controlled
switches are activated to intrinsically available energy-dissipating
states (34-36). At high concentrations, as clearly illustrated in Fig.
3C, the data point at 684 A (corresponding to 8 M) does not follow
the expected tendency, which is entirely understandable consider-
ing that a conformational changes in the protein are observed at
concentrations above 6 pM (see fig. S5 and table S1) even if dena-
tured R-PE subunits remain photosensitive (37). Last, we note that
also the frequency shift of the mode at ~103 GHz (optical setup) as
a function of the average interprotein distance (Fig. 3C, pink trian-
gles) shows an < r > dependence (A = 2.55 x 10° A%), thus suggest-
ing a further source of ED interactions sizably active over distances
up to < r>~1750 A.

DISCUSSION

The reported experiments provide a proof of concept for the possi-
ble activation, by means of thermal energy alone, of attractive long-
range ED intermolecular interactions up to ~1350 A, correlated to
the excitation of collective (coherent) low-frequency vibrations of
the protein at ~73 GHz. Although we could not clarify whether the
excitation of such collective low-frequency vibrations is accompa-
nied by an energy condensation phenomenon as hypothesized by
Frohlich (5), i.e., by a redistribution of the energy from the high-
frequency modes to the lowest frequency one, the corresponding
Q-factor features a typical phase transition-like evolution when the
temperature rises above a threshold value. Furthermore, the Q-factor
evolution with protein concentration increase is compatible with the
occurrence of in-phase collective oscillations, i.e., with the synchroni-
zation of the oscillators in the sample, which results in enhanced
dipole moment fluctuations.

The mechanisms behind the activation of coherent oscillations and
attractive “giant dipoles” upon excitation by “disordered” thermal en-
ergy remain elusive. Water restructurings at the water-protein interface,
i.e., the dynamic exchange between free and bound water species and
the strength of the hydrogen bonds (38), might play a role. Recently, it
has been proposed that sub-THz electromagnetic fields could, by re-
ducing the orientational polarization of water molecules at the inter-
face, decrease the dielectric permittivity of a lysozyme solution (18). In
(39), anisotropic heat transfer from solvent through a protein has been
discussed for soybean lipoxygenase (SLO) enzyme, a prototypical ther-
mally activated enzyme. Specifically, it has been proved that SLO’s cata-
lytic activity involves quantum mechanical tunneling of a hydrogen
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atom from the substrate to the active site cofactor, which critically
depends on the thermal activation of the protein scaffold. Collisions
between water and a solvent-exposed loop initiate thermal activa-
tion at the protein surface that is then propagated toward the reactive
site through a discrete thermal network within the protein (20). Analo-
gous thermal activation has been reported for thermophilic alcohol de-
hydrogenase (40). Such anisotropic networks provide an efficient route
for productive heat transfer in thermally activated enzyme reactions
(20). The impact of thermal excitation has also been investigated in self-
organized processes such as tubulin polymerization (41). Microtubules
growth distortion upon exposure to microwave radiation, infrared
laser, or hot air turns out to be independent of the external excita-
tion process as long as the corresponding thermal history is the same.
Also in R-PE protein, both thermal and optical excitations can activate
the same low-frequency mode at 73 GHz when operated under equiva-
lent temperature conditions. Conversely, the second mode at 103 GHz
appears only upon laser excitation. These findings suggest that, whereas
the activation of the first vibrational mode can be related to a pure
thermal effect, the second one indicates a nontrivial role of the elec-
tronic excitation of the protein fluorochromes in allowing the pro-
tein to tunnel the absorbed energy into this additional low-frequency
vibrational mode.

The energy conversion pathway going from the electronic ex-
citation of the fluorochromes until the activation of such low-
frequency modes is an intrinsically multiscale problem both in time
and space. Many papers have addressed the role of intramolecular
charge transfer and vibronic excitons of the chromophores to explain
energy transfer mechanisms in light-harvesting proteins [see, for
instance, (42-45)]. Here, we provide the experimental evidence that
light plays a key role in the activation of a specific collective mode at
very low-frequency collective modes at (103 GHz). The correspond-
ing frequency shift with protein concentration indicates that attractive
long-range (up to ~1750 A) ED interactions are, in turn, activated.
However, whereas in a previous study (8), we demonstrated that
such ED forces lead to the formation of molecular clusters; the ac-
curate description of such out-of-equilibrium systems, which are in
constant evolution, remains a notable scientific challenge (46, 47).
Buffers and water might play a crucial role in sustaining collective
oscillations of proteins (48). To address this topic, a natural follow-
up of this research would be the investigation of the effect of cosol-
vents able to modify water polarizability and viscosity.

Last, being out-of-equilibrium conditions ubiquitous in living
systems, thermal activation of long-range ED interactions sustained
by collective vibrations may help into the context of more general
mechanisms such as molecular cascade of events. This insight alters
the perspective on how concentration might affect chemical poten-
tial and may influences biomolecular reaction rates, in both in vitro
and in vivo environments. Although increasing the concentration of
noninteracting molecules can raise the frequency of productive ran-
dom collisions, potentially enhancing reaction rates, our findings
suggest that other concentration-dependent factors, such as ED
forces, may also drive the assembly and conformational changes of
biological macromolecules.

MATERIALS AND METHODS

Sample preparation

The R-PE is composed of an af-hexamer (ap)6y structure. Each a
subunit contains two phycoerythrobilins, the f subunit contains

Perez-Martin et al., Sci. Adv. 11, eadv0346 (2025) 30 April 2025

three phycoerythrobilins and one phycourobilin, and the y subunit
contains two or three phycoerythrobilins and one or two phycouro-
bilins. This arrangement allows for some variability in the number
of fluorochromes, typically around 38 (fig. S1A). R-PE exhibits one
of the most intense fluorescence signals among all known fluores-
cent dyes. The pigments in R-PE are highly responsive to light with
a wavelength of 488 nm, which was used in these experimental in-
vestigations (fig. S1B).

R-PE was purchased from Antibodies.com Europe AB with ref.
A269981. PBS and Slide-A-Lyzer 10K MWCO dialysis cassettes
were purchased from Thermo Fisher Scientific. R-PE was prepared
by dialyzing ~1.4 ml of stock protein (~31 mg) against 500 to 700 ml
of PBS at 4°C for 2 hours with continuous stirring and then, after
exchanging PBS, for overnight at 4°C and stored at 4°C in PBS.

Design and fabrication of integrated THz biosensors

The THz biosensor specially developed for the experiments is made
up of a microfluidic cartridge and a THz electronic system, assem-
bled together with a special clamping platform from Micronit BV.
This platform ensures that the protein solution flows through the
cuvette (fig. S2A).

The electronic system includes a highly efficient THz detector
based on silicon field-effect transistors developed by the Taiwan
Semiconductor Manufacturing Company (TSMC). It features a spiral
antenna that covers the 0.1- to 0.3-THz frequency band. Together with
its readout circuit, this forms a so-called “rectenna” A 500-pm-thick
silicon plate is mounted under the chip to position a silicon hyper-
hemispherical lens (about 12 mm in diameter). This technology was
chosen to create low-cost biosensors that can work with proteins of
different masses and resonances signatures appearing across a wide
frequency range. A typical photoconductivity response from the THz
electronic system alone is shown in fig. S2B.

The microfluidic platform effectively addresses the major chal-
lenge of THz absorption by water with a well-designed microcuvette
that is a few tenths of the wavelength (fig. S2C). However, developing
this platform requires careful selection of materials and structures as
they widely affect bandwidth, frequency resolution, signal-to-noise
ratio, and dynamic range of measurements (49). The materials used
should have low absorption characteristics at THz frequencies and be
suitable for low-cost processing techniques. Suitable materials include
cyclic olefin polymer (COP), high-density polyethylene, polystyrene,
and quartz, although quartz is challenging to process. Polydimethylsi-
loxane is also a good option due to its excellent molding properties,
despite higher THz absorption. We chose a COP that balances low
cost, short processing time, transparency in the frequency band of
interest (fig. S2C), and the ability to be machined to the desired
characteristics. A wide serpentine (fig. S2D) filled with pure water is
used to absorb unwanted THz radiation.

Last, a second silicon-based hemispheric lens efficiently couples
the THz beam into the electronic system, whereas proteins lying in
the microfluidic cuvette are excited by either a 488-nm laser or a
thermal heater. This setup protects the electronic system from po-
tential damage caused by the protein solution and improves stability
and reliability by keeping the THz system at a constant temperature,
unaffected by the blue light and heat from the protein bath.

Metrology of temperature control
All experiments were conducted at room temperature to main-
tain consistent conditions throughout the study. The biosensor’s
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temperature regulation relies on two key components: a thermal
bath surrounded by a heating foil and a microthermocouple. The
thermal bath, positioned directly on top of the microfluidic chip,
ensures efficient thermal conduction and indirectly heats the micro-
fluidic chip. A proportional-integral-derivative controller precisely
regulates the temperature, maintaining a precision of +0.1°C. The
microthermocouple, placed as close as possible to the microfluidic
chip, allows for real-time temperature monitoring. Moreover, because
the water absorption in the THz frequency range is temperature de-
pendent and because the laser illumination caused a slight increase
in the thermal bath temperature, especially when the protein is im-
mersed into the buffer, we have characterized the dependence of
amplitude on temperature for several frequency bands ranging from
60 to 120 GHz with a 5-GHz step (fig. S3A) over almost 10 hours of
experiments. As expected, the bands follow the temperature varia-
tion (shown in red) of the thermal bath during an experiment. Thus,
we implemented a temperature regulation on the biosensor. To con-
trol and monitor the thermal bath temperature, a heating foil and a
microthermocouple were respectively installed as close as possible
to the chips, inside the cuvettes of both experiments. In addition,
changes in ambient temperature were monitored using a ThorLabs
TSP01-USB DataLogger with an negative temperature coefficient
(NTC) probe. This temperature and humidity probe, equipped with
a USB interface, allowed real-time monitoring of room temperature
changes. Temperature control stability of the thermal bath for an
incident radiation of 90 GHz is plotted in fig. S3B. A control of 1 mV
of THz-induced photoconductivity by 0.1°C was thus obtained.

The metrology of the biosensor was assessed by measuring the
variation in spectra amplitude over 15 scans (equivalent to 1350 s)
and by ensuring accuracy with temperature fluctuations or devia-
tions. Figure S2E thus illustrates the reproducibility of THz spec-
trums with temperature regulation at T = 22°C measured in the
buffer of reference (PBS) with temperature regulation. The spec-
trums obtained with the biosensor demonstrate a typical relative
deviation in percent of +0.25%.

THz spectroscopy protocol

The continuous wave THz radiation (WR10 waveguide) was gener-
ated using a Signal Generator Extension (SGX) module from Virginia
Diodes Inc. The averaged power over the recommended frequency
band (70 to 110 GHz) was ~100 mW (20 dBm). For optical excita-
tion, a Spectra Physics blue laser (Excelsior One 488C-50) was emit-
ting at 488 nm and delivering a maximum power of 50 mW. This
wavelength was selected because it provided sufficient energy to put
the proteins under out-of-equilibrium conditions. The output power
was controlled by a series of optical density filters, allowing for pre-
cise adjustment of the optical power density. It is worth noting that,
whereas each measurement was at least two or three times repro-
duced (fig. S8), showing similar responses and indicating robust re-
sults [data availability at (50)]. Averaging these measurements was
so avoided as averaging could introduce significant errors and mask
the true protein response due to slight variations under experimen-
tal conditions and potential protein degradation over time. This
approach prevents misrepresentation of the actual protein behavior
under nonequilibrium conditions.

Protocols for THz spectroscopy experiments

Thermal excitation prior to laser excitation. The protocol followed
for thermal excitation before laser excitation can be summarized in
five steps:

Perez-Martin et al., Sci. Adv. 11, eadv0346 (2025) 30 April 2025

1) Fast ramp from room temperature (usually 19°C) up to 22°C
during 15 min.

2) Checking the system stabilization in temperature by verifying
a normalized signal amplitude variation of less than 1% for at least
10 consecutive THz scans (~15 min) at 22°C.

3) Ramp up to high temperature (29°C for C < 4 pM and 33°C
for C > 4 pM). THz spectrums are acquired during a temperature
ramp with an average rate of ~#0.4 hours/°C). This allows us to deter-
mine the equivalent temperature (Teg), i.e., the variation of temperature
induced by the laser, for each frequency and for each concentration,
by comparing those measurements with those obtained with optical
excitation (see below).

4) Then, a slow temperature decrease up to 22°C to control any
discrepancies between before/after temperature ramp.

5) Last, we repeat the second step, recording at least 10 consecu-
tive THz scans at 22°C with a normalized signal variation of less
1%. The average of those scans is used as reference for normaliza-
tion procedure.

Optical excitation. Just after thermal excitation, the optical excita-
tion is carried out in a single step: Spectra are acquired once the laser
is turned on during 45 min of illumination.

Thermal excitation post-laser excitation. Last, immediately after
optical excitation, we proceed to reanalyze the thermal stability of
the system. Specifically, this process can be divided into three parts:

1) First, right after switching off the laser, 10-THz scans are
acquired for a duration of ~15 min.

2) Follows a rest period of 45 min, also named dark period, dur-
ing which both laser and THz radiations are turned off.

3) Next, 10-THz spectra are acquired once the THz radiation is
turned on again to check the reversibility of the process and as a first
step to discriminate proteins spectral fingerprints from experimen-
tal artifacts.

Data analysis and normalization procedure

A THz normalized transmission spectra consists of the division of
the spectra at a defined temperature for thermal excitation and at a
define time of illumination for the optical excitation by the average
obtaining at 22°C without illumination (step 5 in thermal excitation
prior to laser excitation). An average of the data with 15 window
points is performed as smoothing.

Supplementary Materials
The PDF file includes:

Figs.S1to S8

Table S1

Legend for movie S1

Other Supplementary Material for this manuscript includes the following:
Movie S1
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