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Intracellular thermal conductivity determined by
dual-functionalized diamond nanosensor

Madoka Suzuki'
!Institute for Protein Research, Osaka University

suzu_mado@protein.osaka-u.ac.jp

Introduction

Cellular thermogenesis is an origin of rising body temperature. However, it is difficult to examine thermal effects in a
small scale such as a cell or a nanoparticle. The difficulty is caused by a simple reason; i.e., the thermogenesis occurs within
the volume of the heat source, while the heat escapes from its surface. When the size of a heat source (a fixed shape and
volume is considered) decreases by half, the volume of the heat source becomes 1/8, whereas the surface area decreases only
by 1/4. Therefore, as the scale of a system is reduced, the temperature rise can be orders of magnitude smaller and quicker
than in larger systems such as a tissue and an organism. This difficulty has been eased recently by a variety of temperature
nanoprobes and local heating methods. We can measure and manipulate temperature locally at the subcellular scale. Yet, the
heat diffusion in cells, an essential knowledge to understand the results provided by those new methods, have never been
determined experimentally [1]. In many cases, the heat diffusion in a cell has been considered as similar to that in cells.

Method

Here, our recent study provided a new methodology to measure the thermal conductivity at the nanoscale [2]. The method
utilizes a dual-functionalized diamond nanosensor that functions as both a nanothermometer and a nanoheater. We found
that the thermal conductivity in HeLa and MCF-7 cell lines is surprisingly smaller (about 1/6) than in water. This new finding
that the heat diffusion in a cell is significantly hindered than in water may suggest a new role of cellular thermogenesis in
biology beyond the conventional understanding of rising body temperature. Now we can expect that larger or longer heat
pulses are formed by metabolic processes in cells [3]. Intracellular signaling is a biochemical reactions caused by a diffusion
of molecules. We propose that "thermal" signaling could also be a part of this intracellular process.

This work was supported by JSPS KAKENHI Grant No. 19H03198 and by the Human Frontier Science Program No.
RGP0047/2018.
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Label-free analysis of diffusion constant in lipid bilayers
using nanoscale diamond magnetometry
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2Quantum Computing Center, Keio University
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Introduction

The NV center in a diamond is a quantum sensor with exceptional quality for highly sensitive nanoscale analysis of NMR
spectra. In this study, we investigate diffusion constant of a lipid bilayer, a biological parameter that determines the dynamics
of the lipid bilayer, utilizing ensemble-averaged nuclear spin detection from small volume ~ (6 nm)*, which was determined
by the depth of the NV center [1]. Observation of diffusion constant at different temperature reveals different phases of lipid
bilayer [2]. The result builds foundation for label-free imaging of cell membranes for observation of phase composition and
pristine dynamics that determines cellular functions.

Result

In Figure 1, the result of the correlation spectroscopy was compared with the 2D molecular diffusion model constructed
by Monte Carlo simulation combined with results from molecular dynamics simulation. There is a change in diffusion
constant from 1.5 £ 0.25 nm?%ps to 3.0 + 0.5 nm?/us when the temperature changes from 26.5 °C to 36.0 °C. Observation of
diffusion constant reveals different phases of lipid bilayer which identifies sub-compartment domains that are critical for
cellular functions. In Figure 2, diffusion constant obtained from various different methods are shown. Previous results from
Fluorescence Recovery After Photobleaching (FRAP) vary significantly depending on the selected markers as shown in
Figure 2. Our results obtained from nanoscale diamond magnetometry are consistent with the results obtained from label-
free bulk measurement using Magic-Angle Spinning Pulse Field Gradient NMR (MAS PFG NMR). Our method builds
foundation for label-free imaging of cell membranes for observation of phase composition that determines cellular functions.
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FIG. 1. Absolute value of correlation spectrum at FIG. 2. Diffusion constant obtained from various measurement
26.5 °C (Ist and 2nd) and 36.0 °C are shown and method compared with nanoscale correlation spectroscopy
compared with results of 2D molecular diffusion
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'H. Ishiwata, et al, APL, 111, 043103 (2017). 2H. Ishiwata, et al, Adv. Quantum Technol. 4, 2000106 (2021)

This research was supported by JST PRESTO Grant number JPMJPR17G1 and the MEXT Quantum Leap Flagship Program
(MEXT Q-LEAP) Grant Number JPMXS0118067395, JPMXS0120330644.
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Temperature sensing using silicon-vacancy centers in detonation nanodiamonds

Masanori Fujiwara!, Gaku Uchida!, Izuru Ohki!, Ming Liu?, Akihiko Tsurui?, Taro Yoshikawa?,
Masahiro Nishikawa?, and Norikazu Mizuochi'
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Introduction

Nanodiamonds containing silicon-vacancy centers (SiV-NDs) are promising candidates for all-optical nanoscale
thermometry. For the practical application of SiV-NDs into a biological system like a living cell, NDs smaller than 30 nm
are suitable to pass through their membrane with minor damage. However, since the particle size of SiV-NDs reported
for temperature sensing is larger than 200 nm!, it is difficult to introduce such NDs into the target position without invasive
and complicated methods. As one of the efforts to overcome this problem, we developed SiV containing NDs via
detonation process (SiV-DNDs)? since the detonation method can create small-size and massive NDs at a low cost. In this
presentation, we show the photoluminescence (PL) spectral response to the temperature of SiV-DNDs.

Method

We first prepared polyglycerol-coated SiV-DNDs after purification and dispersion processes. The particle size of SiV-
DNDs is distributed at around 20 nm judging from the size histogram of 208 DNDs selected from a transmission electron
microscope (TEM) image as shown in Fig. 1(a). The particle size of the DNDs is small enough to use inside the cell. We
next prepared the SiV-DND suspension, dropped them on a coverslip, and dried them in ambient conditions. We observed
the PL image and spectrum by a homebuilt confocal microscope with a thermoplate to control the sample temperature.
From the confocal image, we found several bright spots (SiV-DND’s aggregations) with the SiV center’s zero phonon
line (ZPL) at a wavelength of 737 nm. Figure 1(b) shows ZPL peak wavelength (4,) as a function of the sample
temperature for a bright spot. We confirmed the 4, linearly red-shifted with increasing temperature ranging from 22 °C to
40.5 °C. The peak wavelength sensitivity to temperature (44/47) is 0.015 nm K!, which agrees with the result of SiV
center’s ensemble in a diamond substrate (0.0124 nm K")!. Using 44/47, we evaluated the temperature sensitivity 57
which is defined the uncertainty o7 at a unit measurement time #y (Fig. 1c). We found a bright spot with y7=1.1 K/v/Hz,
which indicates sub-Kelvin precision was realized for 10 s integration time. All-optical thermometers such as small
nanoparticles will be a key factor for thermometry of nanosystems like organelle in the living cell.

This work was supported by MEXT Q-LEAP No. JPMXS0120330644.
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Figure 1 (a) TEM image of SiV-DNDs. Scale bar indicates 100 nm. (b) ZPL peak wavelength (/) as a function of the
sample temperature for a bright spot (SiV-DNDs’ aggregation) selected from a confocal image. The peak sensitivity to
temperature (44/4T) was obtained by a line fit from the experimental data (filled circles). (b) Temperature uncertainty
(o7) of the spot as a function of measurement time #y. The experimental data (filled circles) are fitted on a curve oc
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Quantum-inspired machine learning
for exponentially big neural data analysis

Kei Majima'+?
!Institute for Quantum Life Science, National Institutes for Quantum Science and Technology (OST), Chiba, Japan
’PRESTO, Japan Science and Technology Agency (JST), Japan

majima.kei@qst.go.jp
Introduction

Machine learning algorithms specialized for neural data have allowed the extraction of information encoded in the brain. As
an example, in previous studies, the images human subjects see were reconstructed from their brain activity measured via
functional magnetic resonance imaging (fMRI) [1]. However, the application of those machine learning algorithms to high-
resolution fMRI data, which may become mainstream in the near future, is limited due to their high computational cost. To
solve this problem, scalable machine learning algorithms are being designed by utilizing computational techniques developed
in the field of quantum computation [2,3]. In this report, taking one of the popular statistical methods, principal component
analysis (PCA), as an example, we show that machine algorithms can be approximated with the use of such quantum-inspired
techniques. The computational time and approximation performance of quantum-inspired PCA are demonstrated. The main
results of this report have been presented in a previous paper by the author [3].

Methods

In this report, the computational time and performance were compared between quantum-inspired PCA and its exact
counterpart (i.e., exact PCA). Due to space limitations, the details of the algorithms and datasets used are omitted in this
report; however, they have been explained in the previous study [3]. Briefly, the computational times of the two algorithms
were measured by applying them to simulation data. To characterize the dependence on the input dimensionality, the number
of input dimensions in the simulation data was systematically changed. The performances of those two algorithms were
evaluated by applying them to five benchmark datasets, and the variance explained by the top 100 PCs was measured and
used as a performance metric in this report.

Results

Both the computational time and performance (i.e., explained variance) are shown in Figure 1. Results show that quantum-
inspired PCA was significantly faster than the exact PCA, and its performance was maximally 7% worse than the exact PCA
for these five datasets.
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FIG 1. Comparison of the computational time and performance between quantum-
inspired PCA and its exact counterpart.

Discussion and Conclusions

In this report, quantum-inspired PCA was applied to simulation and real benchmark datasets, and its computational time and
performance were compared with those of the exact PCA. As results, quantum-inspired PCA was significantly faster than
its exact counterpart, and it showed moderate approximation performance on the five datasets. These results suggest a
possibility that high-dimensional neural data whose size is intractable with previous machine learning algorithms can be
efficiently analyzed using such quantum-inspired algorithms.

References
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Empirical verification of the violation of the temporal Bell inequality in
bistable perception
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Introduction

The purpose of the present study is to investigate quantum-like properties of mental states in bistable perception. In
order to do this, we tested whether the temporal Bell inequality applied to bistable perception experiments[1] can be
violated. In the present study, we used visual stimuli [2], where we can continuously and systematically manipulate two
types of ambiguities in the perceived rotation of dots. When the rotation angle is large, the stimuli induce bistable

percept. When the angle is small, the direction of rotation of the stimuli becomes difficult to judge. We use the stimuli
to test if the temporal Bell inequality can be violated, and if so, under what parameter regime, it can be violated.

Method

Two patterns were presented alternately: a visual stimulus consisting of four disks, and one in which the disks were
rotated by a specific angle (5-45 degrees) in each trial [FIG. 1(A)]. When the angle of rotation was close to 45 degrees,
stimuli were perceived to rotate in one of the two directions for a while with occasional reversals at random times (i.e.,
bistable perception). When the angle of rotation was close to 5 degrees, no rotation was perceived beyond the angle of
rotation of the stimulus, and left and right rotations were perceived alternately, but the angle of rotation was so small
that it was difficult to determine the direction of rotation [FIG. 1(B)]. At two time points after the beep, the participants
responded by pressing a button in the direction of rotation that they saw at that time [FIG. 1(C)].
® ©
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FIG. 1. (A) Schematic illustration of the task. (B) A set of rotation angles (5-45 degrees in 5 degree steps). (C) Three
timings on the measurement of perceived stimuli. The perceived rotation direction was measured at two out of three
timepoints for the calculation of the temporal Bell inequality.
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Tracking radiation damage induction pathway following core-hole creation of
DNA molecules in aqueous solution
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Introduction

Ionizing radiation often causes irreversible DNA damage in a living cell of tissue and the mutation or cell death are thought
to arise from localization of damage known as a clustered DNA damage site[1]. Recently, it is recognized that the production
of the DNA molecules with inner-shell vacancies after irradiation can be a cause of clustered DNA damages [2]. We have
reported the x-ray absorption near-edge structure (XANES) spectra at photon energies near the nitrogen K-shell ionization
potential of the base moieties of aqueous nucleotides [3]. The measuring excitation energies and binding energies of the
electrons in the nitrogen K-shell orbitals at different pH conditions predicted the hydration interaction of bases in nucleotides
with hydrated water molecules. This hydration interaction has been further confirmed by the spectroscopy of the secondary
and Auger electrons [4] (FIG.1). These findings gave rise to a possible deposition of excess charge from doubly ionized

DNA to water molecules, which may suppress the clustered DNA damage
induction. We studied the reaction pathways and dynamics of core-hole
DNA molecules in the aqueous solution with their identified electronic
states toward chemically stable and irreparable damages.

Results

We used monochromatic soft x-rays at SPring-8 BL23SU to selectively
excite or ionize an inner shell electron of a specific atom in aqueous
nucleotide molecules, which have been introduced into the vacuum using
a liquid micro-jet technique. In order to track the chemical reaction
sequences following initial core-hole states created by the primary
radiations, we have focused on particular events by excitation and to probe
outcoming luminescences [5]. This is a nondestructive analysis of the
excited intermediate species produced in a molecular reaction on the
damage induction pathway. We obtained the first evidence of
luminescence spectra of aqueous uridine-5’-monophosphate (UMP) after
x-ray absorption (FIG.2). The cause of luminescence can be due to the
parent species produced following the double ionization of aqueous UMP,
and emission of excess positive charge and excess internal energy from
double charged UMP.

We also established the mass spectroscopy for the secondary ion
fragments produced via the relaxation of core-hole nucleotide molecules
in aqueous solution which extended the adaptabilities of the soft x-ray
spectrosopy for the DNA damaging using a liquid-jet technique.
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This work was supported by JSPS KAKENHI (Grant Nos. 20H04338).

Reference

'D. Goodhead, Int. J. Radiat. Bio., 65,7 (1994).

2A. Yokoya et al., in Charged Particle and Photon Interaction with
Matter, (CRC Press: Boca Raton, 2011), pp.543-574.

3H. Shimada et al., Chem. Phys. Lett., 591,137 (2014); H. Shimada et al.,
J. Chem. Phys., 141, 055102 (2014); H. Shimada et al., J. Chem. Phys.,
142, 175102 (2015).

4Y. Takeda et al., Quantum Beam Sci., 4, 10 (2020)

5Y. Terao et al., Int. J. Radiat. Bio., (published online; 2021)

s | gam

=

Z of

wv

= L}

g '

£ 0 : : . ‘i-‘" ha

b hv=480eV
L S
340 360 380 400

Kinetic energy (eV )

FIG. 1. Electron kinetic energy spectra for
aqueous UMP at pH = 7.5 at the x-ray
photon energies of 480 eV and 490 eV [4].
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Introduction

High-potential iron-sulfur protein (HiPIP) is a component of electron transfer from cytochrome bc; complex to light-
harvesting-reaction center complexes (LH1-RC) in bacterial photosynthesis. HiPIP possesses a cubane-like FesS4 cluster at
its center with a redox potential of above +300 mV. This high potential arises from the hydrogen bonds and hydrophobic
environment around the iron-sulfur cluster [1-3]. In order to clarify the effect of hydrogen bond on the redox potential and
reaction mechanism, we determined the neutron structure of HiPIP and obtained the precise locations of the hydrogen nuclei.

Methods

We collected X-ray and neutron diffraction data of oxidized HiPIP at 0.66 and 1.2 A resolution, respectively, from the
same crystal at a cryogenic temperature of 100 K. The initial refinement of X-ray data was performed at 1.2 A resolution.
Then, the refinements with anisotropic atomic displacement parameters were performed at 0.66 A resolution. After that, the
joint refinement of neutron and X-ray data was performed. The amide protons that had occupancies more than or equal to
0.60 that of deuterium or 0.75 that of protium and the deuterium atoms of the side chains in a single conformation were
refined without geometry restraints.

Results

In the case of the NH...O hydrogen bond, most of the nucleus positions of the amide protons shift toward the acceptor
atoms. These hydrogen atoms are attracted by the electrostatic force. On the other hand, some hydrogen atoms point away
from the acceptor atoms. Around these hydrogen atoms, there is another oxygen atom nearby that can form a hydrogen bond.
Generally, the planarity of the peptide bond is discussed based on w-angles due to the insufficient structural data for the
amide protons. In this study, we focus on the planarity of the H;-N;-Ci.;=0;.; planes, where i represents the residue number,
in the peptide bond. To evaluate the planarity of peptide bonds including hydrogen atoms, the positions of hydrogen atoms
and oxygen atoms are defined with the in-plane angle (yu, Yo), the out-of-plane angle with the C;.;-N;-Cq; plane (8u, do).
There is a substantial correlation between 6u and do. When the amide protons deviate from the peptide plane owing to the
electrostatic interaction, the position of the oxygen atoms of previous residues shifts in the opposite direction. Consequently,
the planarity of the H;-N;-Ci.;=O;.; planes is mainly preserved. Moreover, the orientation of the amide proton of Cys75 is
different in the reduced and oxidized states possibly due to the electron storage capacity of the iron-sulfur cluster. The change
in the electron storage capacity will facilitate the electron transfer from HiPIP to LH1-RC.
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Abstract

At first, I’1l talking about a topic of thermal physiology in myocardial contraction to introduce the importance of focusing
on temperature in biological viewpoint. During excitation-contraction coupling of striated muscle, sarcomeres are activated
via thin filament structural changes, i.e., from the “off” state to the “on” state, in response to a rise in the intracellular Ca>*
concentration. We systematically investigated the effects of rapid heating by infra-red (IR) laser irradiation on the sliding of
thin filaments reconstituted with human cardiac a-tropomyosin (Tm) and bovine ventricular troponin (Tn), or rabbit fast
skeletal Tm-Tn complex in the in vitro motility assay. The findings in our studies suggest that the “on-off” equilibrium of
the cardiac thin filament state is partially shifted toward the “on” state in diastole at the body temperature, enabling rapid
and efficient myocardial dynamics in systole [1,2].

Next, I’ll show you a study of fabricating a quantum sensor (under submission), which has been getting a lot of attention
in biological field. Negatively charged nitrogen-vacancy (NV") center in diamond is known as quantum sensor, can be used
to measure small changes in physical quantities, such as temperature [3]. Electron beam irradiation into type-Ib diamond is
known as a good method for the creation of high concentration negatively-charged nitrogen-vacancy (NV") centers by which
highly sensitive quantum sensors can be fabricated. In order to understand the creation mechanism of NV- centers, we study
the behavior of substitutional isolated nitrogen (P1 centers) and NV centers in type-Ib diamond, with an initial P1
concentration of 40-80 ppm by electron beam irradiation up to 8.0 x 10'® electrons/cm?. P1 concentration and NV~
concentration were measured using electron spin resonance and photoluminescence measurements. Comparing
concentration of P1 centers with that of NV~ centers, it suggests that a part of P1 centers plays a role in the formation of other
defects. The usefulness of electron beam irradiation to type-Ib diamonds was confirmed by the resultant conversion
efficiency from P1 to NV~ center around 12-19%. The result obtained in this study is useful to understand the creation
mechanism of NV- centers, leading to realize highly sensitive quantum sensors.
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Introduction

Nanodiamonds containing negatively-charged Nitrogen-Vacancy (NV") centers are versatile room-temperature quantum
sensors in a growing field of research. Yet, knowledge regarding the formation mechanism in very small particles is still
limited. Here, the study was focused on the formation of the smallest NV -containing diamonds, 5 nm detonation
nanodiamonds (DNDs). As a reliable method to quantify NV centers in nanodiamonds, half-field signals in electron
paramagnetic resonance (EPR) spectroscopy are recorded. By comparing the NV~ concentration in a series of nanodiamonds
(5 - 100 nm), it was shown that the formation process in DNDs is unique in several aspects. NV~ centers in DNDs are already
formed during electron irradiation, without the need for high-temperature annealing. The effect was interpreted in terms of
“self-annealing”, where size and type dependent effects enable vacancy migration at lower temperature. Although NV-
concentration increases with particle size, the NV- concentration in NDs surpasses that of 20 nm-sized nanodiamonds. Using
Monte-Carlo simulations, we show that the higher substitutional Nitrogen concentration compensates the vacancy loss
induced by the large particle surface. Upon 1.5 x 10" e/cm? electron irradiation, DNDs show a 12.5-fold NV~ increment
with no sign of saturation. These findings can be of interest for the creation of defects in other very small semiconductor
nanoparticles.

This work was supported by MEXT Q-LEAP Grant Number JPMXS0120330644 & JPMXS0118067395, KAKENHI
(Grants 20H00453, 18K19297)
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Figure 1. (a) Continuous-wave half-field EPR spectra of electron-irradiated (2 MeV, 5x10'® e/cm?) nanodiamonds with
different particle size after high-temperature annealing. The double integral of the signal at ges = 4.227 provides the NV-
concentration. (b) A summary graph of NV~ content (ppm, in units of atomic ratio) in NDs of different sizes, measured via
the half-field EPR technique. Blue bars are the pristine nanodiamonds; Orange bars are the electron-irradiated nanodiamonds;
Yellow bars are the electron-irradiated and subsequently annealed nanodiamonds (derived from the g.rr=4.227 signal in the
EPR spectrum of Fig. 1(a)). Electron irradiation was conducted with 2 MeV electrons at a fluence of 5x10'® e/cm?;
Annealing was performed at 800 °C in vacuum for 2 h. All samples were boiling acid treated to remove Fe*" impurities,
which overlap with the half-field EPR NV signal. Inset table shows the corresponding NV- concentrations in ppm. Errors in
NV~ concentration do not exceed £15%.
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Introduction ; ;
RY RY
Many animals, such as avian and insects, exhibit light-dependent QAQ QO
magnetoreception [1] that is likely mediated by the magnetic field-dependent [D A] [D° A]
chemical reaction of a pair of entangled radicals, called radical pair mechanism
(RPM) [2].

Avian CRY4 is a plausible magnetoreceptor operating through RPM (FIG. 1)

in the retina [3,4]. Our previous study suggested that chicken CRY4 (cCRY4)
. . RSO . . —<CRY—

changes its conformation upon blue light irradiation [4] along with the formation pu oot
of neutral radical FAD (FADH®) [5]. Together with the retinal localization of [D ALD o %] ' A.]*/i*[ D A]
CRY4, it is a leading candidate of magnetoreceptor in birds. Therefore, analysis  singlet state ~~ Tivletstae i singltsiate ™ Triplet state
of the molecular changes after photoreception by CRY4 will be a key step for FIG. 1. Radical pair model
elucidation of RPM in the magnetoreception. mediated by cryptochrome

In this study, we measured the transient reactions up to the formation of FADH* CRYs . photoactivation follovyed by
after photoreception of CRY4 by millisecond timescale spectroscopy. Singular ~ formation of two entangled radicals are
value decomposition (SVD) was applied to detailed analysis of the photoreactions. ~ 25Sumed to detect the geomagnetic

. . . . . . field.

For comparative analysis, the recombinant CRY4 of magnetically migrating
European robin (ErCRY4) was prepared.
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Method

Recombinant cCRY4 samples were purified by GST-tag purification system. Transient reactions of each sample were
measured by laboratory-built, time-resolved spectrophotometry system. Obtained data were decomposed by SVD analysis
and reconstructed into the spectra of each independent reaction (B spectra). SVD analysis yielded the spectrum representing
steady state difference spectrum (B0 spectrum) and the two spectra representing the spectral changes occurring up to steady
state (B1 and B2 spectra).

Results and discussion

Regardless of the presence of dithiothreitol (DTT), flavin anion radical (FAD*®"), a precursor of FADH?®, was formed just
after the blue light irradiation of ground state of cCRY4 and ErCRY4 (having oxidized FAD: FADox). FAD®*™ was then
protonated to FADH® on the time scale of sub-seconds. In the absence of DTT, FAD*®~ was oxidized to FADox more rapidly
than the protonation.

The spectral data were decomposed to three difference spectra (B0—B2) by SVD, representing two independent reactions;
the oxidation and protonation. Time constants for the protonation from FAD*" to FADH® and the oxidation from FAD*" to
FADox was 200 ms and 34 ms, respectively. Such a large difference in the time constants between the oxidation and
protonation suggests the bifurcation of FAD*” bound to cCRY4 and ErCRY4. Furthermore, the presence of tyrosine neutral
radical (Tyr-O®) was suggested by the spectrum for FAD®*" oxidation in cCRY4. Based on these results, we speculate that
FAD® could be paired with Tyr-O°®, and that magnetoreception may be achieved by detecting the ratio of the state of
entangled [FAD®* Tyr-O°®]. A comparison of photoreactions in cCRY4 and ErCRY4 would allow us to consider the
differences in magnetoreception mechanisms between nesting and migrating birds.
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Introduction
Binocular rivalry refers to a phenomenon in which the perceived image changes spontaneously over time when the two
eyes are presented with different images. The purpose of this study is to test whether the violation of temporal Bell
inequality can be experimentally observed in binocular rivalry. If the temporal Bell inequality is violated (under no-
signaling in time: NSIT), it implies that the perception of the rival stimuli cannot be assumed to be definite at each point
in time (i.e., “realism” in the corresponding mental representations is violated), which is a key indication of non-classical
behavior (as in, for example, quantum-like systems) [1]. Here, to test the violation of the inequality, we used binocular
rivalry and measured both subjective reports and electroencephalogram (EEG). With EEG, we used frequency-tagging
technique to track the cortical signal driven by each eye’s stimulus, known as the steady-state visual evoked potential
(SSVEP). We present the conceptual and methodological approaches to test the temporal Bell inequality.

Method

Two checkerboards flickering at different frequencies (red stimulus at 7.5 Hz; blue stimulus at 6.6 Hz) were
dichoptically presented, one to each eye [FIG. 1(A) (B)]. Participants were asked to report their perception of the rival
stimuli at two out of three different timepoints [FIG. 1(C)]. The electroencephalogram (EEG) was recorded from 28 scalp
sites at a sampling rate of 1000 Hz. The EEG was re-referenced to the averaged mastoids and band-pass filtered with a
0.1-50 Hz cutoff. The prominent artifacts were identified and removed by the individual component analysis. The SSVEP
signals were extracted by using an adaptive recursive least-square (RLS) filter [FIG. 1(D)].
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FIG. 1. (A) Schematic illustration of the task for a block. A participant conducted a total of 10 blocks. (B) Time-course
modulation of checkerboard patterns. (C) Three timings on the measurement of perceived stimuli. The perceived stimulus
was measured at two out of three timepoints for the calculation of the temporal Bell inequality. (D) Steps for SSVEP
calculation using a 30-second binocular rivalry data. An adaptive RLS filter was applied to the raw EEG data in the top
figure. In the middle figure, the extracted frequency-tagged amplitudes of 7.5 and 6.6 Hz were depicted. The bottom
figure indicates that the frequency-tagged amplitude extracted by SSVEP was consistent with the subjective report.
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Introduction

Photoimmunotherapy (PIT) has been recognized as one of the most promising methods in advanced cancer therapies [1].
A silicon phthalocyanine derivative (IR700) conjugated to a monoclonal antibody (mAb) targeting epidermal growth factor
receptors of cancer membranes is used as a photosensitizing molecule. Irradiating the mAb-IR700-bound cancer cells with
near-infrared (NIR) light, axial ligands of the IR700 are released. It makes the cell membranes brittle and, as a result, prompts
cell death. Though the evidence clearly shows a strong potential of the PIT, the short penetration depth of NIR (a few
centimeters) might be controversial when it is applied to deeply located tumors. We have focused on X-ray-induced core
level excitations as alternative initiation probes owing to those long penetration depths. In this work, the reaction probability
of the IR700 with X-rays was evaluated by measuring atom selective K-shell X-ray absorption spectra using a synchrotron
radiation soft-X-ray beamline.

Methods

Thin films of IR700 were prepared on gold plates by drying an aqueous solution of IR700 at room temperature. X-ray
absorption spectroscopy of the films was performed in the BL23SU at SPring-8 in Japan. The absorption spectra were
measured in the nitrogen, oxygen, and silicon K-edge energy regions, in which corresponding K-shell electrons were excited
selectively. The optical absorption cross-section in each region was evaluated.

Results and Discussion

The absorption cross-section of the oxygen K-shell resonance excitation o, (~536 ¢V) was almost two folds of that at the
pre-edge region o, (~530 eV) in which the oxygen atoms were not excited (FIG. 1). It was larger than those of the nitrogen
and silicon K-shell resonance excitations.

X-ray-induced bond breakages often occur in the vicinity of the excited atoms. Since the axial ligands and the
phthalocyanine body of the IR700 are linked via oxygen atoms, the oxygen K-shell excitations could be effective to detach
the axial ligands, similar to the NIR irradiations.
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FIG. 1. X-ray absorption spectrum of the IR700 thin film in the oxygen K-edge energy region.
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Introduction

Migratory birds use the earth’s magnetic field to navigate during their spectacular migratory journeys'. The avian magnetic
compass was proposed to be based on quantum effects in radical pairs (RP) in cryptochrome (CRY) proteins®*. Specifically,
transfer of an electron along a chain of tryptophan residues to the photoexcited chromophore, flavin adenine dinucleotide
(FAD), in CRY generates a spin-correlated flavin-tryptophan radical pair. An external magnetic field could alter the time-
dependent fractions of RPs present in the singlet and triplet states and change the product yields of spin-selective RP chemical
reactions*. However, there had been no experimental evidence showing a magnetic sensitivity of CRY proteins from any
migratory bird.

Method

Cryptochrome 4 proteins from the migratory European robin (Erithacus rubecula, ErCRY4) and non-migratory birds
pigeon (Columba livia, CICRY4) and chicken (Gallus gallus, GgCRY4) were produced using an E.coli expression system.
Magnetic field effects on CRY4 proteins were measured optically using various spectroscopic techniques, including

picosecond transient absorption spectroscopy, cavity ring-down spectroscopy, broadband cavity-enhanced absorption
spectroscopy, and electron paramagnetic resonance.

Results

A long-lived spin-correlated radical pair is formed via light-induced electron hopping along a tetrad of tryptophan residues
to FAD in European robin CRY4 (FIG. 1A and 1B). ErCRY4 is more sensitive to weak magnetic fields than the plant CRY
given other factors being equal, e.g., pH7 and tryptophan-triad (FIG. 1C). Moreover, ErCRY4 shows a more pronounced
magnetic field effect than non-migratory pigeon and chicken CRY4s (FIG. 1D).
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FIG. 1. A light-induced magnetically sensitive radical pair in cryptochrome proteins. A, Structural homology model of
European robin CRY4 (ErCRY4) showing sequential electron transfer from tryptophan residues (Trp, W) to the FAD. Inset
shows a robin and a CRY4 protein sample with FAD bound. B, Time-resolved X-band (9.75 GHz) electron paramagnetic
resonance spectra of wild-type ErCRY4 and the terminal tryptophan mutant (WpF) recorded at 1 °C, 0.5 ps after a 450-nm
laser pulse. In the ErCRY4 WpF mutant, the fourth tryptophan was replaced by a redox-inactive phenylalanine residue to
block the fourth electron transfer step. C, Comparison of magnetic field effects on ErCRY4 WpF and Arabidopsis thaliana
cryptochrome (AtCRY). By is the intensity of a magnetic field that produces 50% of the overall magnetic field effect. D,
Change in the optical absorbance of photoinduced radicals in three avian CRY4 samples induced by a 30-mT magnetic field.
ErCRY4 spectra are shown at two different times after the start of illumination.

Conclusion:

Cryptochrome 4 from the European robin is magnetically sensitive in vitro and could be the long sought-after magnetic
sensor in night-migratory songbirds.
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