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(b) Plasmonic nanovortex field excited by a circu-
larly polarized plane wave

We previously reported on how a plasmonic multimer antenna
may enable a conformable transfer of angular momentum state
between incident photons and the resonant evanescent electric
field localized in the central nanogap of the antenna. We report
now on how plasmonic multimer nanoantennas can convert an—
gular momentum. We especially demonstrate how creating an

optical nanovortex in a nanogap is possible when irradiating a

multimer antenna with a circularly polarized incident plane wave.

For this purpose, we have designed hexamer antennas com-—
posed of two interlocked trimer structures with 7 phase delay
difference. In this case, an optical nanovortex of the same spin
and the same topological charge as the incident photons’ spin
number is generated. The topological charge of the optical na—
novortex can be increased by increasing the number of metal
nanoparticles forming the two interlocked structures. Whereas
a non—resonant nanovortex antenna is formed by combining two
multimer antennae with red—shifted and blue—shifted dipole res—
onances, a 3D assembly of dipole resonators is needed to design
a resonant nanovortex antenna. Alternatively, a 2D resonant
nanovortex antenna may alternatively be designed by combining

dipole and longitudinal quadrupole resonators (see Figure 3).

3 2D nanovortex antenna composed of two interlocked
trimer antennas. The resonant excitation of both dipole and
quadrupole modes results in the presence of a phase

singularity of the electric field localized in the nanogap.
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Cellular Responses Upon Photothermal Therapy in 3D
Cancer Cell System

[Background]

Nanoparticle-mediated photothermal therapy (PTT)
has attracted much attention as an alternative tumor
treatment that allows to control their actions in a
spatio—temporal manner. However, while many studies
have demonstrated great laboratory promises and fair
clinical trials, the physiologically active responses
of cancer cells or tumor tissues by PTT, such as
stress—induced cell behavior and cell-cell signaling,
have not been unveiled. In this regard, extracellular
signal-regulated kinase (ERK) activity, which plays
a key role in cell proliferation and differentiation
cellular adaptation/survival, and apoptosis, might be
a signaling pathway to monitor in order to predict
the therapeutic outcome. Nonetheless, effective meth—
ods for studying such phenomena, especially in solid
tumors, are lacking; therefore, minor knowledge is
available, hindering further therapy development.
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Figure 1 ERK activity and signal propagation in response to
photothermal stimulation

We investigate how nanoparticle—mediated local heat
generation induced by plasmon affects cellular behav—
ior and fate in solid tumors by monitoring changes in
the ERK activity at a single—cell level. We used gold
nanostars (GNS) as photothermal transducers to gen—
erate localized temperature increases in 3D cancer

spheroid models (Figure 1). The active response of
cancer cells expressed with FRET biosensor for ERK
activity is visualized in real-time using two—photon
microscopy, in combination with the 3D image analysis
tool, 3DeeCellTracker. The results obtained by our
method will offer vital insights for developing next—
generation nanoparticle—mediated photothermal ther-—
apy and establish a new practical toolset for uncov—
ering and understanding complex biological processes
in 3D cancer models.

[Results and Discussions]

Gold nanostars (GNS) in this work were synthesized
via seed—mediated growth according to the previously
reported literature. The surface of GNS was modified
by cysteamine to promote the adsorption of the par-—
ticles to cell and spheroid surfaces. The size and
morphology of cysteamine-modified GNS (GNS—Cys) were
evaluated using STEM (Figure 2A). The obtained par—
ticles displayed a well-defined star shape with mul-
tiple spikes. An averaged particle size and core di-
ameter were acquired from independent images and de—
termined to be 37.8 = 6.5 nm and 101.3 = 15.0 nm,
respectively. Surface charges of the synthesized GNS
and GNS-Cys were determined by zeta potential meas—
urements (Figure 2B). The positive shift in surface
charge of GNS—Cys (+19.5 =+ 5.1 mV) as compared to
GNS (-40.4 =+ 4.9) confirmed the successful cysteam—
ine functionalization. The extinction spectrum of
GNS-Cys showed a very broad plasmonic band, typical
of the star shape, which falls in the NIR region,
with a peak at 890 nm (Figure 2C). The photothermal
conversion efficiency was estimated to be 32.4%, en—
abling heating by irradiating near—infrared light.
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Figure 2 Characterization of GNSs (A) STEM image of GNS-Cys
(C) Zeta-potential measurements of GNS (left) and GNS—Cys

(right). (D) Extinction spectra of GNS—-Cys in water

3D spheroids of HelLa cells expressed with EKAREV-—
NLS, FRET biosensor for ERK activity, were prepared
in a 96—well U-shape plate. GNS—Cys were added to the
spheroid 48 h after seeding and incubated for 10 min
followed by washing to remove the non—adsorbed par-—
ticles from the culture medium. Cancer spheroids in—
cubated with GNS—Cys were then transferred to a glass
bottom dish and imaged by a two—photon excitation
microscope using 850 nm excitation wavelength pulse
laser. The confocal fluorescence images revealed that
GNS-Cys were mainly localized in the peripheral layer
of the spheroid (Figure 3A and 3B), with most of the
particles adhering to the surface

Upon GNS—mediated photothermal stimulation, a
drastic increase in the FRET intensity ratio of can—
cer cells inside the spheroid was observed, indicat—
ing the active ERK response. This activity gradually
decreases over time and returns to normal after 10
min. As GNS—Cys were located mostly on the spheroid



periphery, suggesting that immediate photothermal
stimulation would be more likely to happen on cells
located on the outer layer of the spheroids. Inter-—
estingly, ERK-active cells were observed even in a
few cellular layers beneath the surface of the sphe-—
roid, indicating the occurrence of intercellular sig—
naling events upon local thermal stress.
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Figure 3 Two-photon laser confocal fluorescent images of
control spheroid (A) and of spheroids after 10 mins of in-
cubation with GNS-Cys. GNS-Cys (B) are observed from their
photoluminescence. X-Y images are extracted from the Z-stack
at 100 pm depth from the coverglass.

Further analysis was performed using 3Dee-—
CellTracker to extract the ERK signal variation over
time from single cells in a spheroid. Cells exhibit-
ing high FRET efficiencies (>2 SD above the overall
mean) were identified as ERK-active cells. The fre—
quency of ERK occurrence in control spheroids and
spheroid with GNS—Cys was plotted as a function of
time (Figure 4). Basal ERK activity of the control
spheroid is as low as 3.9 = 0.6 %, which was expected
due to its high cell density. This is similar to what
was observed in 2D cell monolayers approaching con—
fluency, where ERK activity decreases as cells un—
dergo contact inhibition of growth, functioning as a
mechanism controlling proliferation. On the other
hand, transient increases in ERK activity occurred in
53.7 = 11.0 % of the cells in the spheroid with GNS—
Cys immediately after the two—photon excitation. In-—
terestingly, after 15 min of the initial activation
upon the laser excitation, the frequency of ERK ac—
tive cells significantly dropped, and the activity in
most of the cells was suspended for a long period
only returning to the normal state after 95 min
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Frequency of ERK activity [%]
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Figure 4 Frequencies of ERK-active cells as a function of

time with (black) and without GNS-Cyn (gray).

We observed the cell proliferation effect under
mild photothermal stimulation (1.5 mW mm?). It is
known that ERK activity can govern cell proliferation,
and increased ERK activity can, in turn, promote cell

division. Cell division was determined as the divi-
sion of cell nuclei that occurred 2 h after the pho—
toexcitation. The photo—thermal stimulation increased
the frequency of ERK activity and also promoted the
number of following cell divisions significantly
Consequently, the present method can visualize the
ERK activity and related photo—thermal response in
the cells in spheroid at the single cell level, al-
lowing us to reveal dosed photo—energy dependent
events with deactivation or activation of the cells.

HHBROMEDEE
The study uncovered new insights into how cells within
a spheroid respond to locally generated heat. The
results obtained showed that (i) ERK activity occurs
randomly and spontaneously in a small number of cells
within an unperturbed spheroid, (ii) the number of
ERK-activated cells drastically increased when the
spheroid was exposed to plasmon—induced heat, (iii)
the ERK signal propagates for several microns from
the local heat source, (iv) the signal propagation
could be associated to intercellular communication
The unique information revealed by our study is cru-
cial for predicting the therapeutic effect of photo—
thermal treatments, which will help in shaping the
design of the next—generation photothermal strategies.
Additionally, the approach developed in this work
could serve as a universal tool for studying the ef-
fect of various therapeutic stimuli at the single-—
cell level in solid tumor.
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Fig. 1 Laser propulsion of a thin disk (a) without and (b)
with nanostructure optical actuator.
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Fig. 2 (a) Nanostructure model. (b) Restoring optical
forces and torques acting on the center—symmetric dis—
tribution of the nanostructures in Fig. 2.
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Fig. 3 Optically trapped microplatform (MPF).
Nanostructures are embedded in the center of the MPF.
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Fig. 4 Transverse optical torque around y—axis acting
on V-shaped nanostructures in Fig. 1 for different wave—
lengths and helicity of an incident light.
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Fig. 5 Schematic illustration of the optical system
for the rapid modulation of the left—handed and
right—handed optical vortices and the helical di-
chroism (HD) measurements.
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Fig.1 (a) Schematic illustration of ionic layer epitaxy
(ILE) Zn0 nanosheet growth. Spatial distribution of Zn
precursor is controlled by that of surfactant at the
air-water interface. (b) SEM image of selectively grown
Zn0 nanosheets.
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Fig.2 (a) Schematic illustration of formation mechanism
of surface nano-pleated Zn0 nanowire array. The nano-
pleated surface is formed by an interplay of chemical
etching and crystal growth. (b) SEM image of surface
nano-pleated Zn0 nanowire array. Inset shows a magni-
fied-image. (c) FTIR spectra of nonanal adsorbed onto
smooth surface Zn0 nanowire array and nano-pleated ZnO
nanowire array.
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Fig.3 (a) Schematic illustration of ZnO/Au nanowires—
FLISA. (b) STEM image (upper image) and EDS elemental
mapping (lower image) of ZnO/Au nanowire. (c) Dengue NS1
concentration dependence on fluorescence intensity of
Zn0/Au nanowires—FLISA. (d) Urinary Dengue NS1 detection
via our Zn0/Au nanowires-FLISA. Samples are healthy con-
trol (H1-H3), Dengue negative (N1-N3), Dengue positive
(P1-P3), respectively.
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(o) #paFmEMD oK L1-RKEHDNA I & S MHEEOHEEE
Yiak

MR THEORRBIZLY, BETEROFEAN L > THilao
PE AR U7 WRER T 532 Z LR AlfE & I o 723,
EBRAOHE ZBNCSEET D L IHEKRE LTHELL,
—J5. BIROENTZ VAT DEFT DA A I AT 47
ADLyE T AR~ 7 U T AURBR I TR,
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7=. CR O F 1 1X4-hydroxyproline (HYP) DV K L~
TFF REMLFEET D20 [PVAS, 2005, 102, 11963], N
Kbz~ LA I NETEM L0 mer & HYP ~TFF K
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CRAMAEBRIZHES L2 Z R0 o7 (X6),
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FIG. 1 | Fabrication of freestanding Bai;C00; single
crystalline films. (a) Photograph of the as—grown
Bai/3C00; epitaxial film (7600-nm thick) on the (0001)
a-Al0; substrate. (b) Photograph of the separation of
the Bai3000; epitaxial film in hot water (40 ° C) gives
a freestanding Bai/3000; film. The Bai;3Co0; epitaxial film
floated on the surface of the water |ike seaweed. (c)
Photograph of the peeled-off BaisCo0; epitaxial film
pasted on a glass substrate.

(b) EHEEETIEHBILYBENS LV CRIDEEE S
it

BB EERT, ATEYERICH L CTRAZEHCTH D
WCHELLT, ¥ U T7EFEZEATL I LK pEK
OMEFCTH BSID X H ICEREMENHETE D & )ik
DMELE LTHBNTEY, BlIE, AMELT LESR, 47
L' hPC, A=— N7 4 > O % BRE T 5 72 D O -
TV AE (TFT) OFEMBICELISAERTWS, ¥%
<HBNTWDBHEB LY ERO T TH, InOsld, BAE
DOARELT L B EIZSH SN TV BIGZODRI0fE D E
W v U TETFBEE (~100cm®*Vis) ZRT I EMnD,

BEeET VEROMEBLE LTH SR TWD, Ll
EKEIZHOWBIATFTIZIE, RN 248 E LB A
FLATIZBWCREBET A Z ko onsn (85
FAME) . InpO; TRTO 7 — MEMRIZANSA 7 A % KRR
L7 % b L 23R (NBS) (2B W T, L& VMEBEOKIEA
A7 b (FESL) BBIHIS TR Y., EEMEICEREN
Hotz (X2a),

AW TIL, BEBENE & R 24 fhIn, O, W I OO S A
SDOKGFIREDHTADBEEIZL DX VT HEK - T
v TIMEEMEL LD FER &A% 32T, In,03 TEFTO R
EAk e IR (BRGEIE) TR, In,Oy TRTO(SHEME % §F
fli L=, BARAIIZIZ, In,O5& Rl Ukt daiit 2 A+ 57 48
e{t®) : Ln,Os (Ln: fiv £JETLHRW, Er, Gd, Yb, S, Nd)) %
ORI 2 S L, In,03 TRTOZ — FNEMIZIEASA T
2 (#20 V) BLOBAASL T Z (=20 V) %5000 RIFIIN L
fell. LEVWEEBEOEEEZT -, TOKE, DY,0s
B L OERO R #EE A TERL L= 5A O EN - BN 2
32 & (K2b), OY,0:/InOs A C~T RZEX F v )L
RENEE TN Z L, On0; & 7] Uit iE O 4
PRI WD Z & TH ARBINE Z Bl LS fEME S dE T
HZ &, LML,

a Without passivation b with Y,0; passivation

E L B L R R B
103 7 103
< 105 11050
- E
- g E Source Drain
& 107 1 107F
‘sg‘ P Vq Y,05
c 109 1 109F In,0,
< k L AlO,
S o1y 10'11%‘
E i “ Glass substrate
M b
10-13’ L I 1 10-13 ‘m'“ L L h]
-10 0 10 20 -10 0 10 20

Gate voltage, V, (V) Gate voltage, V, (V)

FIG. 2 | Negative bias stress () = 20 V) test results
of the In,0; TFTs (a) without and (b) with Y03 passivation
|ayer.
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FIG. 3 | Change in the out-of-plane XRD patterns of a
Ce02 film grown on a (001) YSZ substrate upon electro-
chemical redox treatment.
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