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Optical microscopy has enabled in vivo monitoring of brain structures and functions with high spatial re-
solution. However, the strong optical scattering in turbid brain tissue and skull impedes the observation of
microvasculature and neuronal structures at a large depth. Herein, we proposed a strategy to overcome the
influence induced by the high scattering effect of both skull and brain tissue via the combination of skull
optical clearing (SOC) technique and three-photon fluorescence microscopy (3PM). The visible-NIR-II
compatible skull optical clearing agents (VNSOCA) we applied reduced the skull scattering and water ab-
sorption in long wavelength by refractive index matching and H,O replacement to D,0 respectively. 3PM
with the excitation in the 1300-nm window reached 1.5 mm cerebrovascular imaging depth in cranial
window assisted by a kind of bright aggregation-induced emission (AIE) nanoprobe we developed with a
large three-photon absorption cross section. Combining the two advanced technologies together, we
achieved so far the largest cerebrovascular imaging depth of 1.0 mm and neuronal imaging depth of >
700 pm through intact mouse skull. Dual-channel through-skull imaging of both brain vessels and neurons
was also successfully realized, giving an opportunity of non-invasively monitoring the deep brain structures
and functions at single-cell level simultaneously.
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Introduction

Brain structural and functional imaging is essential for mon-
itoring neuronal circuitry and pathogenesis of brain diseases in-
cluding Alzheimer's disease and Parkinson’s disease [1-6]. Optical
imaging is optimal for its high spatial resolution, real-time perfor-
mance and free of ionizing radiation. However, the strong scattering
effect of biological tissues 7] has impeded it from observing vas-
culature and neuronal structures at a large depth. Many technologies
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have been developed to reduce the scattering effect, including
photoacoustic tomography [8-12] with acoustic penetration, optical
coherent tomography [ 13-15] with optical heterodyne amplification,
and so on. However, these modalities performed poorly in neuronal
structure imaging due to the lack of specific mark to neuron,
let alone neuronal dynamic imaging.

The mouse cortex is mainly protected by the skull, which exhibits
strong scattering, causing a severe limitation for large-depth and
high-contrast optical imaging. In fact, several technologies have been
proposed to avoid the influence of optical scattering caused by the
skull, including the open-skull glass window [17], the thinned-skull
cranial window [18,19] and the skull optical clearing window
[20,21]. The open-skull glass window, which is formed by removing
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Fig. 1. Skull scattering reduction improved performance of through-skull 3PM. (A- B) R-Z plane light distribution simulation of excitation light in the 1300-nm window (A) and the
1700-nm window (B) penetrating through skull and brain tissue with different remaining skull scattering ratio (100-1%). Focal depth = 1 mm. Each photon package, which was
generated randomly outside the tissue, propagated toward the focus point in tissue. Stimulated imaging contrast in (A) and (B) was adjusted respectively. (C, E) Light intensity
profiles along the depth (Radial distance = 0 mm) from 0.8 mm to 1.2 mm with different remaining skull scattering ratios (100-1%) in the 1300-nm window (C) and the 1700-nm
window (E). (D, F) Light density (light intensity divided by focal spot area at focal plane) at the focal point with different remaining skull scattering ratio (100-1%) in the 1300-nm
window (D) and the 1700-nm window (F). (G) Absorption spectra of H,O and deuterium oxide (D,0). (H, I) Absorption spectra of solution 1 (S1) and immersed solution 2 (S2) of

USOCA and VNSOCA. (Optical length = 1 mm).

a part of skull and replacing with a glass coverslip, tends to induce a
series of inflammatory reactions and increase intracranial pressure
[22]. The thinned-skull cranial window, which is literally formed by
thinning the skull, requires operating repeatedly due to bone growth
and is difficult to use [18]. However, the skull optical clearing
window, which locally applies some chemical agents to the skull for
refractive index matching, is safe and repeatable, without any cra-
niotomy [20]. Previously developed skull optical clearing windows
have enabled repeated imaging of the dendritic protrusions, micro-
glia dynamics and blood capillaries, combined with optical micro-
scopy [20,21]. Nevertheless, most of them employed H,0 as solution,
which has large absorption coefficient in near-infrared region,

especially beyond 1300 nm. This would inevitably cause adverse
impact on optical imaging with near-infrared excitation or emission.

In addition, mouse brain tissue also exhibits strong scattering
effect and impedes deep imaging, unable to be resolved by in vivo
tissue optical clearing technology at present. Fortunately, three-
photon fluorescence microscopy (3PM) is a typical way for deep
imaging with high contrast in turbid tissue [23]. The character of
long-wavelength excitation light with low tissue scattering guaran-
tees 3PM large penetration depth, thus maintaining well focus effi-
ciency in turbid tissue [24]. Meanwhile, high-order nonlinear optical
effect of three-photon fluorescence (3PF) ensures the localized ex-
citation, and therefore improves imaging resolution and contrast.
The two acknowledged long-wavelength excitation windows for
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3PM are the 1300-nm and 1700-nm spectral ranges [25]. both of
which have long attenuation length at brain tissue. Among the two
excitation windows, the 1300-nm window is favored for its lower
tissue absorption induced heating effect. Moreover, considering
universal commercial fluorescent probes for neuronal labeling, the
1300-nm window is more commonly used in 3PF neuronal structural
and functional imaging [26,27]. and more capable of simultaneous
multi-color imaging [28]. However, 3PM using the 1300-nm excita-
tion under the intact skull currently achieved only ~300 pm neuronal
imaging depth [27] and 510 um cerebrovascular imaging depth [27]
owing to the low excitation efficiency.

Developing fluorescent probes with bright 3PF intensity would
be helpful for increasing three-photon brain imaging depth. The 3PF
intensity of a probe attributes to its three-photon action cross sec-
tion, which consists of three-photon absorption cross section (c3)
and quantum yield [28]. Aggregation-induced emission (AIE) lumi-
nogen [29] is a kind of ideal organic three-photon fluorophore.
When forming aggregates in nanoprobes, the intramolecular motion
of AIE molecules are restricted and their nonradiative process is
restrained. Thus, the quantum yield of AIE nanoprobes can be en-
hanced accordingly [30]. In addition, the large amount of AIE mo-
lecules inside can improve the o3 of nanoprobes effectively [31].
Though some of the AIE molecules are photobleached by femtose-
cond (fs) irradiation with high peak power during imaging, most
ones are unbleached and can still emit fluorescence. Thus, the
photostability of AIE molecule encapsulated nanoprobes are main-
tained [32]. Moreover, when AIE molecules are coated with amphi-
philic organic polymers to form AIE nanoparticles (NPs), the
hydrophilicity and biocompatibility of AIE NPs are also ameliorated.
Features above including highly bright 3PF intensity, high photo-
stability and excellent biocompatibility insure AIE nanoprobes quite
appropriate for 3PM. However, recently reported AIE nanoprobes
were mostly excited by the fs laser at 1500-1700 nm spectral region
[33-35]. Few of them were applied in the 1300-nm excitation
window [36].

Herein, we combined in vivo skull optical clearing (SOC) tech-
nique and 1300-nm excited 3PM to overcome the scattering and
absorption of the skull as well as brain during deep-cortical visua-
lizing. Skull scattering reduction could improve the performance of
3PM effectively according to Monte Carlo simulation results. The
visible-NIR-II compatible skull optical clearing agents (VNSOCA) we
applied introduced D,0 solution to replace H,O solution. Therefore,
the light scattering and absorption of skull in the 1300-nm window
were both reduced effectively. Afterwards, we realized largest 3PF
through-skull cerebrovascular imaging depth (1.0 mm), assisted by a
kind of AIE nanoprobe called DCBT NP, whose isolated molecule
possesses extremely larger o5 (3.53 x 107’8 cm® s? photon™ at
1300 nm) than other reported organic probes [36]. Meanwhile, 3PF
through-skull neuronal imaging also improved to> 700 pm depth.
With prominently reduced scattering effect and near-infrared ab-
sorption of skull, 3PM in the 1300-nm window achieved dual-
channel deep imaging of both brain vessels and neurons under the
intact skull for the first time.

Results
Skull scattering reduction improved performance of through-skull 3PM

Skull scattering is one of the major barriers that constrains the
through-skull imaging quality. And SOC technique could reduce the
skull scattering effectively. Herein, we performed Monte Carlo si-
mulation to investigate how SOC would enhance the performance of
three-photon excitation due to the better focusing inside brain
tissue. Fig. 1A shows the simulated distribution of light intensity
when the 1300-nm light was focused on the brain tissue through
skull with the scattering of skull decreasing. Fig. 1B states the
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situation when a 1700-nm light was focused on the brain tissue. It
was obvious that reducing the skull scattering would effectively
reduce the out-of-focus light both for 1300-nm window and 1700-
nm window (Fig. 1A-B and Fig. S1). In addition, quantitative analysis
demonstrated that, both the light intensity and light density at the
focus point were getting better as the skull scattering coefficient
decreased in the 1300-nm window (Fig. 1C and 1D) and the 1700-nm
window (Fig. 1E and 1F). In addition, we simulated the amount of
signal intensity left at the skull surface after penetrating through
brain tissue and skull when the emission was generated at certain
depth of brain. As shown in Fig. S2, the signal light showed similar
distribution on the surface as the skull scattering coefficient de-
creased. However, the overall light intensity penetrating successfully
to the surface obviously increased as the skull scattering coefficient
decreased (Fig. S3). Simulation results above verified the skull
scattering reduction induced by SOC could promisingly increase the
light density of the three-photon excitation light at focus point, and
decrease the attenuation of the generated three-photon emission
signals before detected.

Light absorption by water in near-infrared region was another
factor that should be considered while applying the skull optical
clearing agent (SOCA) to 3PM. Since deuterium oxide (D,0) has been
applied as an immersion medium in near-infrared imaging for its
reduced absorption in near-infrared region (Fig. 1G) [37]. In this
work we prepared VNSOCA which replaced H,0 in urea-based skull
optical clearing agents (USOCA) with deuteroxide solution. Then we
used Monte Carlo simulation to compare two SOCAs to investigate
the impact of absorption of the SOCA (Fig. 1H and 1I) on 3PM. As
shown in Fig. S4, after SOC treatment, solution 2 (S2) of the SOC was
remained on the skull for imaging. Therefore, simulations were
performed to investigate the 1300-nm and 1700-nm light focusing
ability when S2 of USOCA and VNSOCA covered skull. As shown in
Fig. S5, compared with USOCA, VNOSCA can increase the 1300-nm
light density at the focal point by 1.25 times. Similarly, as shown in
Fig. S6, VNSOCA can increase the 1700-nm light density at the focal
point by 2 times. However, in the case of VNSOCA, the absolute value
of 1700-nm light density was lower than that of 1300-nm light
density at the focal point (1.4 x10% VS 3.1 x10%), due to stronger brain
tissue absorption.

Furthermore, we also performed ex vivo 3PM test to verify the
skull clearing effect by VNSOCA. A kind of lab-synthesized AIE na-
noprobe named DCBT NP (the details will be discussed later), and a
lab-built three-photon microscopic system (Fig. S7), were used for
the test. The results indicated that, covered by an intact skull, the 3PF
signals of DCBT NPs-filled capillary were rather weak. On the con-
trary, when the skull was treated by VNSOCA, the signals were re-
markably increased (Fig. S8). In addition, VNSOCA treatment also
increased the signal-to-background ratio (SBR, Fig. S9) and the re-
solving power (Fig. S10) of 3PM.

Overall, VNOSCA assisted skull optical clearing could reduce both
light absorption by water in near-infrared region and skull scat-
tering, therefore enhanced the performance of through-skull 3PM.

3PF properties of DCBT NPs under 1300-nm and 1700-nm excitation
windows

The benefits of long excitation wavelength and high-order non-
linear optical confinement attributed to 3PM were effective ways to
overcome the scattering effect in deep brain imaging. The greatest
advantages of the 1300-nm excitation window against the 1700-nm
excitation window are its much lower tissue absorption and higher
excitation efficiency.

We conducted the Monte Carlo simulation of temperature rising
caused by tissue absorption of excitation light in Fig. S11-S13.
Compared with 1700-nm window, temperature rising in the 1300-
nm window was obviously milder. Also, the temperature
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Fig. 2. Optical properties of DCBT NPs. (A) Molecular structure and (B) optimized molecular geometry of DCBT. (C) Schematic illustration of the fabrication of DCBT NPs. (D) DLS
results of DCBT NPs. (E) Normalized extinction and PL spectra of DCBT NPs. (F) Plot of relative 3PF intensity (I/Ip) vs different water fractions (f,) of the acetone/water mixtures of
DCBT, [DCBT] =20 pM. (G) 3PF spectrum of DCBT NPs under the excitation of 1300 nm fs laser. (H) Power dependence of fluorescence intensity of DCBT NPs under the 1300 nm fs
excitation intensity. (I) Photostability of DCBT NPs under the continuous irradiation of 1300 nm fs laser (Average power: 7 mW). (J) Measured o3 of DCBT molecules in CHCl3
solution from 1300 nm to 1750 nm. (K) 3PF intensity of DCBT NPs under the excitation of 1300-nm window and 1700-nm window. Insert: 3PF images of DCBT NPs filled in the

glass capillary.

distribution in the 1300-nm window was more dispersive, avoiding
local overheating at focused point. On the contrary, 1700-nm light
would cause a sharp temperature rise near the focus, where over-
heated damage tended to happen easier.

In addition, compared with the 1700-nm excitation window, the
1300-nm excitation window should obtain higher excitation effi-
ciency and fluorescence intensity for its shorter wavelength ac-
cording to the multi-photon fluorescence photon flux formula [38].
However, the low o3 of most fluorescence probes restricted their 3PF
intensity from further strengthening. Fortunately, we currently

developed an AIE fluorophore named DCBT with large o3 which was
realized by the intra- and intermolecular synergistic engineering.
The compound (Fig. 2A) can be facilely synthesized, and the detailed
synthetic process are presented in Supporting Information (Scheme
S1). The optimized molecular geometry of DCBT indicated that 2-
benzothiazoleacetonitrile and carbazole skeleton were essentially
planar, which allowed good m-electron delocalization over the whole
molecule (Fig. 2B). The strong push-pull character and the extended
n-conjugation of DCBT may effectively led to near-infrared emission
and large o3 value. The photophysical property of DCBT at aggregated
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state was studied by increasing the water fraction (f,= volume
(water)/ volume (water+ acetone)) in acetone/water mixture (Fig.
S$14-5S15). The photoluminescence (PL) intensity of DCBT was dra-
matically decreased as the water fraction increased from 0% to 50%,
while further increasing f,, from 60% to 90% resulted in the enhanced
PL intensity because of the aggregates formation. This phenomenon
revealed the AIE feature of DCBT. Then, we tried to seal it into the
aggregated nanoparticles. As shown in Fig. 2C, DCBT were en-
capsulated by F-127, which was approved by the US Food and Drug
Administration (FDA), to form amphipathic organic nanoparticles.
The results of dynamic light scattering (DLS, 36.2 + 1.9 nm, Zetasizer
Nano-ZS) in Fig. 2D showed the micellar systems were uniformly
distributed. The extinction and PL spectra were displayed in Fig. 2E.
The quantum yield of DCBT NPs was measured as 3.17%. Afterwards,
we measured the nonlinear optical character of DCBT. With in-
creasing f,, from 60% to 90% in acetone/water mixture, DCBT mole-
cules showed similar enhanced 3PF intensity under the 1300-nm fs
excitation, which further confirmed aggregation-induced 3PF en-
hancement (Fig. 2F and Fig. S16). As shown in Fig. 2G, DCBT NPs
generated red emission spectrum with a peak at ~640 nm under the
1300-nm fs excitation. In addition, the dependence relationship
between the nonlinear fluorescence intensity and the excitation
light intensity was measured. As shown in Fig. 2H, the logarithm of
the emission intensity against that of the excitation intensity
showed a linear slope of approximately 2.95, indicating a major
three-photon absorption process under 1300-nm fs excitation.
Moreover, 3PF intensity decreased by only 30% over 16 min of con-
tinuous irradiation (Fig. 21), suggesting the promising photostability
of DCBT NPs for 3PM. Furthermore, o3 of DCBT at various wave-
lengths were measured, since it was the major feature manifesting
the 3PM capability of an optical probe. Results showed that, the o3 of
DCBT at 1300 nm was much larger than that at 1700 nm (Fig. 2]). The
largest o3 at 1300 nm within the test range was calculated to be
3.53 x 10778 cm® s? photon2, which is a much higher value than the
reported organic probes [28,36]. Hence, 3PF intensity excited at the
1300-nm wavelength was ~10 times higher than that excited at the
1700-nm wavelength (Fig. 2K).

Therefore, with the help of the improved o3 of DCBT NPs and
lower heating effect, in vivo 3PF imaging in the 1300-nm window
would be more suitable for the observation of brain tissue with the
high scattering.

In vivo deep 3PF brain vasculature imaging of the mouse with the open-
skull glass window

With the assistance of DCBT NPs and utilization of open-skull
glass window (Fig. 3A), we adopted 3PM to perform ultra-deep vi-
sualization of mouse cerebral vessels. The mouse was imaged after
injected with DCBT NPs dispersion (1.5 mg/mL, 0.2 mL). DCBT NPs in
blood and liver (Fig. S17) showed slightly blue-shifted fluorescence,
which brought no influence for in vivo three-photon fluorescence
cerebrovascular imaging. Fig. 3B showed 3D reconstruction of cer-
ebral vessels under the excitation of 1700-nm window and 1300-nm
window. The imaging depth of 3PM using the 1700-nm window only
reached 1.1 mm (Fig. S18) due to the low three-photon action cross
section. In contrast, 3PM performed with the 1300-nm window
could reach 1.5-mm imaging depth. This imaging depth has already
passed through the white matter layer and reached the hippo-
campus regions, and broke the previously reported organic probe-
assisted 3PF imaging depth record (1.4 mm [36]) using the 1300-nm
window.

Brain vessels at various depth was shown in Fig. 3C-]. The tiny
blood capillary with a size of 3.7 um could be distinguished at the
1.5 mm depth (Fig. 3] and Fig. S19). We firstly verified the position of
white matter based on the third-harmonic generation (THG) mi-
croscopic imaging of mouse brain using a kind of nanocrystal. As
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shown in Fig. S20, THG signal outside blood vessels appeared from
850 um depth and disappeared at 1050 pm depth, which indicated
that the position of white matter was within depth between 850 um
and 1050 um roughly. Images at neocortex layer maintained ex-
tremely high SBR due to the background-free feature of 3PM as
shown in Fig. 3K. Some large blood vessels were observed from
white matter layer to hippocampus layer, which was consistent with
the results in previous 3PF deep imaging works [39-41]. Because of
the higher scattering effect of white matter, SBR appeared to de-
crease when the region of interest (ROI) travelled through it (Fig. 3K).
Such situation is similar to what was observed in long-wavelength
excited confocal fluorescence imaging [42].

Nevertheless, even with relatively low SBR (~2), the vessels were
still distinguishable. 3D reconstruction of brain vessels in the 1.1-1.3
and 1.3-1.5 mm was displayed in Fig. 3L-M. Large blood vessels ex-
tended up to 1.5 mm below was displayed clearly. However, it was
the working distance of the objective (2 mm) that constrained
imaging depth available in our experiment. As demonstrated by the
results above, the scattering effect of brain was effectively overcome
by 3PM with the improved o3 of DCBT NPs in the 1300-nm eXcitation
window.

In vivo deep brain 3PM under the 1300-nm excitation window with the
optical clearing window

Combining the SOC technique and 3PM together, we performed
3PF microscopic imaging of the mouse with the skull optical clearing
window. The schematic of mouse head imaging was displayed in
Fig. 4A. The typical bright field view of the mouse brain vasculature
after skull clearing in Fig. 4B showed more apparent than that before
skull clearing. Intensity analysis of vasculature under the VNSOCA
treated skull in Fig. 4C demonstrated four distinct brain vessels,
which were almost invisible under the untreated turbid skull.
Afterwards, the 3PF cerebrovascular imaging before and after skull
clearing were carried out on mouse injected with DCBT NPs. As
Fig. 4D-G showed, 3PF imaging performed through the original skull
had only reached 550 pum, which was comparable with the pre-
viously reported imaging depth [27]. On the contrary, after VNSOCA
treatment on the skull to decrease its scattering, 3PF imaging of the
same field of view showed enhanced signal intensity and optimized
SBR (Fig. 4H-0), especially at large depth. The final 3PF imaging
depth reached 1.0 mm through the skull optical clearing window
(Fig. 4P-S). The small blood vessel with a diameter of 4.5 um at 700-
pm depth was clearly visualized (Fig. 4P, T). Moreover, a 10.4-pm
vessel at 1000 pm depth could also be distinguished (Fig. 4S, U). 3D
reconstruction of brain vessels from 0 to 1000 pm was displayed in
Fig. 4V. To the best of our knowledge, our 3PM achieved the largest
millimeter-level imaging depth under the intact skull, thanks to the
reduced skull scattering induced by VNSOCA and reduced brain
tissue scattering overcome by 3PF.

Apart from cerebrovascular imaging, visualization of mouse brain
neurons at neocortex layers was also conducted under the intact
skull. As shown in Fig. 5A-D, not only the signal intensity, but also
the SBR and resolution of neuronal dendrite were considerably en-
hanced at shallow depth after skull optical clearing. Fig. 5E-F showed
that the skull optical clearing treatment introduced a 6-time im-
provement of the 3PF intensity, and compressed the half-height full
width of an imaged dendrite from 3.1 pm to 1.2 pm at 25-pm depth.
More abundant dendrites emerged at the depths of 75um and
160 um after skull optical clearing compared with those observed
through original skull (Fig. 5G-]).

Thanks to the strengthened signal level and improved image
contrast after skull clearing, we were able to track the deep axons of
Thy-1-GFP neurons from 250 to 700 um (Fig. 5K and Fig. S21). The
vivid Thy-1-GFP neuron structures were visualized clearly after skull
optical clearing, with improved imaging depth up to> 700 pm. In
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1300-1500 pm depth.

virtue of the red emission of DCBT NPs under 1300-nm three-photon
excitation, multicolor fluorescence imaging was also carried out. The
3D reconstruction in Fig. 5L clearly displayed the merged image of
the Thy-1-GFP neurons and DCBT NPs-labeled vessels from 0 to
600 um. So far as we know, this is the first reported 3PF deep and
simultaneous imaging of brain vessels and neurons under the intact
skull.

Discussion and conclusion

We proposed a solution to the high scattering effect of both skull
and brain tissue through the combination of SOC technique and
3PM, and therefore realized ultra-deep cerebrovascular and neu-
ronal imaging under intact skull. While previous skull optical
clearing agents were mainly applied in two-photon fluorescence
microscopy, overlooking large light absorption by water at long ex-
citation wavelength, the VNSOCA we prepared could efficiently re-
duce both scattering and absorption coefficients of skull during 3PM

process (Fig. 1). We also proposed a kind of AIE NPs named DCBT NPs
with large o3 in the 1300-nm excitation window (Fig. 2). Meanwhile,
we confirmed its great 3PF performance on the mouse brain imaging
with an open-skull glass window, and achieved 1.5-mm imaging
depth employing the 1300-nm excitation window, which was the
largest one ever known (Fig. 3). Such imaging depth reached hip-
pocampal region, and was almost comparable to the depth achieved
by the 3PM excited in the 1700-nm window [40]. In addition, DCBT
NPs assisted 3PM on the mouse’s brain with intact skull combined
with SOC technique enabled 1-mm cerebrovascular imaging depth
(Fig. 4), which broke the through-skull 3PM depth record using the
1700-nm excitation window [43]. Finally, the 3PF through-skull
imaging depth of neuron achieved over 700 um. In addition, dual-
channel deep imaging of both vessels and neurons under intact skull
was also realized thanks to the reduced scattering of skull and brain
tissue (Fig. 5).

The combination of the two techniques is quite reasonable. On
the one hand, despite that 3PM alone could reduce the skull
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Fig. 4. In vivo deep 3PF brain vasculature imaging of the mouse with the optical clearing window. (A) Schematic of mouse head imaging with the optical clearing window. (B)
Typical bright field pictures of the mouse brain vasculature before and after skull clearing. (C) Intensity profiles along the white dashed lines across the vasculature in (B). The
arrows indicated the positions of vessels. (D-G) 3PF imaging of the mouse brain vasculature at various depths with original skull. (H-K) 3PF imaging of the mouse brain vasculature
at various depths after skull clearing. (L-O) Intensity profiles along the white dashed lines across the brain vasculature in (D)-(K) respectively. (P-S) Deep 3PF images of the mouse
brain vasculature after skull clearing. (T-U) FWHM analysis of the brain vasculature at the depths of 700 pm (T) and 1000 um (U). (V) 3D reconstruction of the cerebrovascular

imaging with the optical clearing window (0-1000 pum).

scattering effect to a certain extent, the efficiency is not enough
owing to the extremely higher scattering of skull compared with the
brain tissue [7]. Our previously reported 3PM on the mouse brain
with intact skull reached only 400-pm [31,34] depth in cere-
brovascular structure imaging with excitation wavelength at
1550 nm. On the other hand, although in vivo skull SOC could over-
come the skull scattering, itself was unable to conquer the scattering
effect of brain tissue. For instance, 2PM through the optical skull
clearing window only reached ~300-pm depth in the cortex [20].
Therefore, the combination of SOC technique and 3PM is a rather
necessary solution to through-skull ultra-deep brain imaging. Ac-
cordingly, we realized 1000-um 3PF cerebrovascular imaging and
over 700 pm 3PF neuronal imaging of mouse brain with intact skull.

~&

Even with the assistance of SOC technique and 1300-nm excited
3PM, ideal optical probes are still important for the final imaging
performance. Although 3PM excited in the 1300-nm window has
lower heating effect and higher excitation efficiency compared with
that in the 1700-nm window, the stronger scattering in the 1300-nm
window still constrained its imaging depth ever reported [36,44]. As
a solution, we proposed a new kind of AIE NPs with extraordinarily
large o3 at 1300 nm to improve the brightness of 3PF, and eventually
achieved 1.5-mm 3PM depth with open-skull glass window, which
was the deepest one in the 1300-nm window.

Since neuronal imaging is more important in monitoring brain
function, we achieved three-photon through-skull neuronal imaging
over 700 pym and dual-channel imaging of both vessels and neurons
over 600 pm. This would be helpful for through-skull visualization of
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imaging through the original skull (0-400 um) and the skull optical clearing window (0-800 um). (L) 3D reconstruction of the neuron-vessels dual channel imaging of the mouse

with the optical clearing window (0-600 um).

interaction between neuron and cerebral vessels at a large depth,
and thus provide useful tool for monitoring brain disease such as
epilepsy and stroke. Moreover, another possible way to imaging
deeper neuron is to apply brighter foreign three-photon fluorescent
probes to stain neurons. SNAP-tag is a very convenient technique for
labeling specific cells [45-47]. Briefly, first, a specific kind of cells
(such as nerve cells) is transfected with virus to express a specific
protein. Then a specific marker for the protein is conjugated with the
optical probe, making it able to selectively target the specific cells.
Here, DCBT was encapsulated with F-127 polymer, which is lack of
functional groups (e.g. NH,- and -COOH) for marker conjugation. The
AIE molecules can also be doped into organic NPs by other polymers,
such as DSPE-PEG- NH, and DSPE-PEG-COOH [48,49], which can be
easily conjugated with the specific marker of the protein. Therefore,
it is possible to use DCBT NPs for three-photon neuron imaging by
the SNAP-tag technology in the future work.

The scattering reduction strategy presented here opens the op-
portunity for in vivo ultra-deep brain 3PM under the intact skull,
where the imaging depth was nearly comparable with 3PM through
the cranial window [50]. In addition, the 1300-nm excitation rea-
lized multi-color 3PM, making it possible for in vivo observation of
molecular and cellular interactions in the brain under intact skull
over a large depth in future. Moreover, the SOC procedure presented
here is safe and easy-handling, not as difficult as craniotomy.
Therefore, 3PM based on the skull optical clearing window can be
widely used in various situations. We believe that in vivo 3PF ima-
ging of hippocampus region under the intact skull of mouse brain
will be realized with further reduced scattering effect of both brain
tissue and skull, as well as improved 3PF probes. The combination of
SOC technique and 3PM will contribute to faster and deeper imaging
in scattering tissues including skull and brain.
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The details for DCBT synthesis were described in the Supporting
Information. Pluronic F-127 was bought from Sigma-Aldrich (USA).
Deionized (DI) water with a resistivity of 16-18.2 MQmucm was pre-
pared an Eco-Q15 DI water system (Shanghai Hitech Instruments
Co., Ltd.).

Preparation of DCBT NPs

DCBT NPs were prepared according to the standard procedure
reported previously [51]. Briefly, 1 mg DCBT molecules and 12 mg
Pluronic F-127, which were dissolved in 0.5 mL tetrahydrofuran
(THF) respectively, were mixed together and sonicated for 9 min.
Then, the mixture solution was dropped into 12mL DI water.
Afterwards, the residue THF was evaporated in the fume hood
though stirring for 5h. Finally, the DCBT NPs solution was con-
centrated in ultrafiltration tube.

Monte Carlo simulation of NIR photon penetration in skull and brain
tissue

The Monte Carlo method was utilized to simulate the propaga-
tion of light beams in biological tissues. There are two layers of
tissue in the simulation, representing the mouse skull and mouse
brain tissue, respectively. We rasterized the tissue to record the
scattering and absorption events of photons. In the simulation of
focusing light in the tissue, photons enter the immersion media from
the air, pass through the skull and focus on a specific depth in brain
layer. The position of photon is randomly set within the beam radius.
Meanwhile, the focal point was set at 1 mm depth in the skull and
brain tissue after refracting in multiple tissue layers. Absorption
matrix is formed to record absorbed energy of photons in tissue. The
temperature profile of brain can be calculated by solving the thermal
diffusion equation with absorption distribution. We set the re-
fractive index of the skull and brain tissue as 1.369, and the scat-
tering anisotropy factor as 0.98. The absorption coefficient of skull
and brain tissue was set according to the water absorption coeffi-
cient in 1300 nm and 1700 nm. The reduced scattering coefficient of
brain tissue was calculated using the following formula: [7]
W, = 242 (g5-—)"61 . Thus, the brain tissue scattering
coefficient in Fig. 1 was set as 5.192 cm™' in the 1300-nm window
and 3.370cm™' in the 1700-nm window respectively. The reduced
scattering coefficient of skull was calculated using the following
formula: [7]w;, = 229 (ﬁ)ft’-ﬂﬁ. Accordingly, the remaining
skull scattering coefficient in Fig. 1 was set as 11.554 cm™! (100%),
5.777 cm™! (50%), 3.466 cm™! (30%), 1.155 cm™! (10%), 0.116 cm™! (1%)
in the 1300-nm window and 9.534 cm™ (100%), 4.767 cm™ (50%),
2.860cm™! (30%), 0.953 cm™! (10%), 0.095 cm™' (1%) in the 1700-nm
window respectively.

Preparation and vis-NIR-II absorption measurement of optical clearing
agents

VNSOCA contain a saturated supernatant solution of urea and
ethanol (named S1), and a high-concentration sodium dodecyl
benzenesulfonate (named S2). To prepare S1, 75% (vol/vol) ethanol in
deuteroxide solution was dropped onto the excessive urea and
mixed together in a beaker. The mixture was stirred for 10 min and
stayed for 15 min to dissolve urea fully. The synthesized S1 was then
obtained after the supernatant solution was transferred. As to S2, the
sodium dodecyl benzenesulfonate (mass = 5g) and 0.7 M NaOH in
deuteroxide solution (volume = 24 mL) were mixed together, under
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the condition of 7.2-8 pH value. Finally, both S1 and S2 solution of
VNSOCA were sealed and stored at room temperature. USOCA were
prepared under the similar procedure, apart from deuteroxide re-
placed by deionized water. The absorption spectra of both VNSOCA
and USCOA were measured from 500 to 1880 nm with two spec-
trophotometers (PG2000, Ideaoptics Instruments and NIR2200-Px,
Ideaoptics Instruments).

3PF microscopic system

3PF microscopic system included two major parts, a non-colli-
near optical parametric amplifier (NOPA) with wavelength-tunable
femtosecond (fs) laser output and a commercial Bruker scanning
microscope. The NOPA system included a 1030 nm fs pump laser
(Spectra-Physics, Spirit) and an OPA system (Spectra-Physics, NOPA-
VISIR). 1300-nm fs laser beam (115 fs, 1 MHz) and 1700-nm fs laser
beam (203 fs, 1 MHz) were obtained through two amplification
stages in NOPA-VISIR and introduced into the scanning microscope
as excitation source. The excitation beam was focused on the sample
through the objective (XLPLN25XWMP2, Olympus, NA=1.05), and
the excited three-photon fluorescent signals were then collected by
a GaAs PMT (H7422-40, Hamamatsu), after reflected by a 700 nm
DMLP and passing through a 560 nm DMLP. The filters for red
channel and green channel were FF02-641/75 (Semrock) and
FF02-525/40 (Semrock).

Optical Characterization of DCBT NPs

The absorption spectra and fluorescence spectra of DCBT NPs
were measured on a UV-vis scanning spectrophotometer (UV-2550,
Shimadzu, Japan) and a HITACHI F-2500 fluorescence spectro-
photometer. The PL of DCBP NPs under 1300 nm fs excitation was
carried out as following. The fs laser beam traveled through a focal
lens (f= 30 mm) and was focused on a cuvette, which contained the
dispersion of DCBT NPs. The 3PF signal was recorded with an optical
fiber spectrometer (PG2000, Ideaoptics Instruments) through an
objective (XLPLN25XWMP2, Olympus, NA= 1.05). The fluorescence
quantum yield of DCBT NPs was measured via the comparative
method with Rhodamine 6 G in DI water as reference. Details were
described in our previous work [52].

P-I relationship measurement and o3 cross section measurement

The DCBT NPs were contained in the glass capillary and imaged
under the 3PF microscopic system. The 3PF images under various
excitation powers were recorded. The intensity of 3PF (I) vs the
average power of 1300 nm fs laser (P) was plotted to determine the
P-I relationship of DCBT NPs.

To obtain 63 of DCBT, the comparison method was applied. The o3
of TPATCN in CHCl; solution at 1550 nm [52] was selected as the
reference. DCBT and TPATCN in CHCls solution were excited by the
1550 nm fs laser, and their 3PF signals were collected by a photo-
multiplier tube (PMT). The mean 3PF intensities were calculated by
Image]. The o3 value of DCBT molecules was calculated by the fol-
lowing equation:

Fingcong
00————
Fomam 1)

031 =

Where Fis the 3PF intensity, 5 is the fluorescence quantum yield, c is
the molar concentration of sample, n is the refractive index of the
solvent, and the subscripts 1 and 0 represent DCBT and TPATCN,
respectively.

o3 of DCBT at other excitation wavelengths were referenced to
the value at 1550 nm measured above and calculated by the fol-
lowing equation:
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P1550°0:2F; A 7

o= P3s50%F1s50 1550 (2)

03, 1550
Where o3, is the wavelength dependent three-photon absorption
cross section, 63550 iS 63 of DCBT at 1550 nm, P;s50 and P, are the
measured excitation powers on the sample, 7;559 and z; are the
measured pulse widths on the sample, and F;s50 and F, are the
measured 3PF intensities with excitation at 1550 nm and other
wavelengths, respectively.

Ethical approval

All animal experiments performed in this study were conducted
strictly in compliance with the ethical standards of the Institutional
Ethical Committee of Animal Experimentation of Zhejiang
University.

In vivo 3PF microscopic cerebrovascular imaging of the mouse with the
cranial window

The C57 mouse (male, 8-10 weeks old) was anesthetized by
pentobarbital sodium (0.14 mL, mass concentration = 1%), and a
cranial window with diameter of around 6 mm was produced by
removing the scalp and a small piece of skull. After injected with
DCBT NPs (1.5 mg/mL, 200 pL) via the tail vein, the mouse was im-
mobilized on a lab-built plate and imaged under the 3PF microscopic
system. The z-stack images were taken at 2-um step and the scan-
ning speed was 2.2 ps/pixel (512 x 512 pixels per frame).

In vivo 3PF microscopic brain imaging of the mouse with intact skull

Animal preparations with intact skull window and optical
clearing window followed standard surgery reported previously
[53]. The Balb/c mice (male, ~6 weeks old) with intact skull window
were injected with DCBT NPs (1.5 mg/mL, 200 pL) through tail vein.
Through-skull imaging was then carried out on the 3PF microscopic
system. To evaluate the improved effects of imaging depth as well as
imaging quality of 3PF microscopic cerebrovascular imaging through
the established vis-NIR-II skull optical clearing window, the skull
window was treated with S1 and S2 of VNSOCA to get skull optical
clearing window. After that, imaging of the same field of view was
conducted on the 3PF microscopic system. Thy-1-GFP-M-line male
mice (~6 weeks old) were treated by the operation mentioned above
to obtain the skull optical clearing window. And 3PF neuronal ima-
ging and dual-channel cerebrovascular and neuronal imaging were
carried out under the same 3PF microscopic system.

Data analysis

Image ] software (Version 1.6.0, National Institutes of Health,
USA) was applied for quantitative analysis of each fluorescent image.
Origin Pro software (Version 9.0, OriginLab Company, USA), Imaris
(Version 9.0, Oxford Instruments) and Adobe Illustrator CC (Version
2018) was applied for graph generation.
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Lipid droplets (LDs) participate in many physiological processes, the abnormality of which will
cause chronic diseases and pathologies such as diabetes and obesity. It is crucial to monitor the
distribution of LDs at high spatial resolution and large depth. Herein, we carried three-photon
imaging of LDs in fat liver. Owing to the large three-photon absorption cross-section of the
luminogen named NAP-CF; (1.67 x 10~ ™ cm® s?), three-photon fluorescence fat liver imaging
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reached the largest depth of 80 um. Fat liver diagnosis was successfully carried out with excellent
performance, providing great potential for LDs-associated pathologies research.

Keywords: Lipid droplets; three-photon fluorescence microscopy; fat liver, deep-tissue imaging.

1. Introduction

Lipid droplets (LDs) are intracellular organelles for
storing neutral lipids, including triglycerides and
cholesterol esters, which are widely present in adi-
pocytes, hepatocytes, and the adrenal cortex.! LDs
are involved in many physiological processes, in-
cluding membrane synthesis and trafficking,” in-
flammation,” and protein degradation,* and are
associated with chronic diseases pathologies such as
diabetes, obesity, atherosclerosis, and viral replica-
tion.” Thus, it is critically important to image LDs
for localization and analysis in biomedical research
and clinical diagnosis.

Optical imaging is preferred for the location and
analysis of LDs due to its high spatial resolution,
real-time performance, and specifically staining
ability. Many optical imaging technologies have
been applied to LDs imaging, including confocal
laser scanning microscopy (CLSM), ¥ Raman mi-
croscopy,'’ and multi-photon microscopy.''!”
CLSM enables high spatial-resolution performance
of LD imaging, while super-resolution microscopy
including stimulated emission depletion (STED)
and structured illumination microscopy (SIM),
further improves the spatial resolution of LDs’ im-
aging.'1'%19 However, they were constrained within
shallow imaging depth due to large scattering effect
of short wavelength. As a solution, multi-photon
microscopy is an effective way to improve penetra-
tion depth owing to its long-wavelength excitation
and nonlinear confinement. Two-photon microsco-
py (2PM) to LDs has been successfully used in cells,
mouse tissues, and living zebrafish with good per-
formance.'®'9"17” Moreover, three-photon microsco-
py (3PM) holds an even larger penetration depth
than 2PM, maintaining high contrast in turbid
tissue including mouse brain®’?* and liver.?” How-
ever, few three-photon fluorescence imaging of LDs
were reported,”” where the imaging depth as well as
resolution could be further improved.

In this study, we employed a luminogen named
NAP-CF; with enhanced fluorescence in oleic acid
(OA) for LDs imaging in fatty liver through con-
focal and three-photon microscopy. Moreover,

three-photon fluorescence imaging of LDs in the
fatty liver was conducted and reached the largest
depth ever reported,'®?* which would be significant
for fatty liver diagnosis and obesity research. The
primary objective of this study was to improve the
imaging depth of LDs at the tissue level.

2. Methods

2.1. Materials

Chemicals and reagents were purchased from qual-
ified chemical sources. NAP-CF3; was synthesized
according to a previously published literature.? OA
was bought from Sigma-Aldrich (USA). The mouse
(C57BL/6JGpt DIO) was purchased from Gem
Pharmatech Company.

2.2. Characterization of NAP-CFy

The synthetic process of NAP-CF; was referred to
our previous work.?® The absorption spectra of
NAP-CF; were recorded by a UV-vis—NIR scan-
ning spectrophotometer (UV-2550, Shimadzu,
Japan), while photoluminescence spectra of the
NAP-CF; were measured by a HITACHI F-2500
fluorescence spectrophotometer with an excitation
wavelength of 405 nm. To measure the fluorescence
of the NAP-CF3 mixture in OA, the same concen-
tration of NAP-CFj3 in dimethyl sulfoxide (DMSO)
and OA was illuminated by a Xenon lamp at
405 nm.

2.3.

Confocal fluorescence imaging was conducted on a
Zeiss LSM 800 laser confocal microscope. HeLa cells
were cultured in standard 5%CO,/air 37°C envir-
onments. NAP-CF; (50 nM) and Nile Red (100 nM)
were both dispersed in Dulbecco’s modified eagle
medium (DMEM). HeLa cells were further incu-
bated with these compounds. After incubation, the
cells were washed three times with phosphate-
buffered saline (PBS, pH = 7.4). To obtain co-stain
imaging, NAP-CF3 was excited by 405-nm laser and

Confocal imaging
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we collected the fluorescence in the 400-500nm
range, while Nile Red was excited by 488 nm laser
and its fluorescence was collected in 540-700 nm
range.

2.4. Guinea pig tissue preparation

The high-fat fed and normal guinea pig tissue
samples were obtained from the Experimental An-
imal Center of Guangzhou University of Chinese
Medicine (SYXK (Yue) 2018-0085). 30 Male Hart-
ley guinea pigs were obtained from the Guangdong
Experimental Animal Center. The living condition
of guinea pigs were at constant temperature
(20-25°C) and 65-70% humidity with a 12-h light/
dark cycle in independent ventilation cage. After
one week of adaptive feeding, all guinea pigs were
randomly divided into control group (5 guinea pigs)
and experimental group (25 guinea pigs). The con-
trol group was under normal diet whereas the ex-
perimental group was under high-fat diet. The
guinea pigs were anesthetized with 10% chloral
hydrate (0.3mL/100g), and the whole livers were
taken every week for five weeks.

The frozen liver tissue was embedded with opti-
cal cutting temperature (OCT) agent in a cryostat
(Thermo Scientific, USA) and sectioned with the
thickness of 10 um. Tissue samples were stained
with the culture medium containing 1 M of NAP-
CF3 in 5% COs/air humidified incubator at 37°C
for 1h. The tissues were washed three times with
PBS (pH =7.4) prior to imaging. Fluorescent
images were obtained on Zeiss LSM 800 confocal
scanning microscope (excitation = 405nm and
emission collection = 480-560 nm for NAP-CFj).

2.5. Three-photon fluorescence
characterization of NAP-CF

The glass capillaries contained NAP-CF3 in DMSO,
and OA were imaged under a 3PF microscopy.
The 3PF images were recorded under different ex-
citation powers to get the P-I relationship of
NAP-CFs;.

The comparison method was applied to measure
o5 of NAP-CF; according to our previous work.?”
Fluorescein in saline solution at 1300 nm was se-
lected as the reference.”® NAP-CF3 in DMSO and
fluorescein in saline solution were excited by the
1300nm fs laser, and their 3PF signals were

Lipid droplets imaging with three-photon microscopy

collected by a photomultiplier tube (PMT). The
mean 3PF intensities were calculated by Imagel.
The o3 value of NAP-CF3 was calculated by the
following equation:

Finycony

= —_ 1
73 = % F077101n1’ ( )

where F' is the 3PF intensity, n is the fluorescence
quantum yield, ¢ is the molar concentration of
sample, n is the refractive index of the solvent, and
the subscripts 1 and 0 represent NAP-CF3; and
fluorescein, respectively.

03 of NAP-CF; at other excitation wavelengths
were referenced to the value at 1300 nm measured
above and calculated by the following equation:

I 133007'?\13 A
= 2
O3\ = 031300 Pj\3 D) 1300 ) (2)

T 1300F1300

where o3, is the wavelength dependent three-
photon absorption cross-section, 03139 is o3 of
NAP-CF;3 at 1300nm, P53y, and P, are the time-
averaged excitation photon flux (photons/s) on the
sample, 71390 and 7, are the measured pulse widths
on the sample, and Fjsp and F are the measured
3PF intensities with excitation at 1300nm and
other wavelengths, respectively.

The 3PF photostability of NAP-CF; was tested
as following. 0.1 mg/mL NAP-CF3 in OA was con-
tained in a tube capillary and imaged for 24 min
continuously under the 1300-nn-fs excitation (av-
erage power: 10mW). The fluorescence intensity
was taken from the average intensity of the pixel
counts on tube capillary in the field of view
(Zoom =1). Dwell time = 2.2 pus/pixel; field of
view: 480 x 480 um; frame rate: 4 frame/slice.

2.6. Three-photon fluorescence
imaging of mice liver tissue

The adult model mouse (C57BL/6JGpt DIO) was
sacrificed to obtain the fresh mice liver tissues.
Immediately, the tissues were incubated with NAP-
CF;3 (100 nM) at room temperature in culture me-
dium (DMEM) for 2 h. Afterwards, the tissues were
washed with PBS (pH = 7.4) before three-photon
fluorescence imaging. The 3PM used a non-collinear
optical ~parametric amplifier (NOPA) with
wavelength-tunable femtosecond (fs) laser output
and a commercial Bruker scanning microscope. The

2250033-3



M. He et al.

NOPA part consisted of a 1030-nm fs pump laser
(Spectra-Physics, Spirit) and an optical parametric
amplifier system (Spectra-Physics, NOPA-VISIR).
1300-nm fs laser beam was selected as the excitation
source and a 60X oil objective (Filling factor = 1;
effective NA = 1.35, UPlanSApo60X, Olympus)
was applied for high-magnified fluorescence imag-
ing. The full width at half maximum of 1300-nm fs
laser beam was measured as 115 fs after the objec-
tive. Laser power before objective: 15mW for
0-30 pm imaging, 30mW for 31-45pum imaging,
60mW for 46-60 ym imaging, and 90mW for
61-80 um imaging. The experiments above were
performed in compliance with the ethical standards
of the Institutional Ethical Committee of Animal
Experimentation of Zhejiang University (ZJU-
IACUC: ZJU20210222).

3. Results and Discussions

The structure of NAP-CF; is shown in Fig. 1(a).
The normalized extinction and FL spectra of NAP-
CF3; have been demonstrated in our previous
work.?0 We first testified the fluorescent enhance-
ment of NAP-CF3 when bound to LDs. Figure 1(a)
showed the extinction spectra of NAP-CFj3 in
DMSO and OA. NAP-CF5; showed an absorption
peak at around 420nm both in DMSO and OA.
There is little difference in the extinction spectral
shape. However, the fluorescence of NAP-CF5 in
OA showed a strongly enhanced intensity compared
with that of NAP-CF3; in DMSO [Fig. 1(b)]. The

0.8
——NAP-CF: in DMSO
——NAP-CF: in OA
— 0.6 CF3
= ~,
: o
S 0.4 N U 3
5 ‘ NAP-CF;
.
X 0.2
w
0.0+ T T T T
350 400 450 500 550 600

Wavelength (nm)
(a)
Fig. 1.

blue-shifted and enhanced fluorescence of NAP-CF5
in OA is attributed to the nonpolar character of OA
and solvatochromic property of NAP-CFs.

With enhanced emission in OA, NAP-CF; could
possibly target to LDs specifically, since the vis-
cosity inside LD is very high. Our previous work
have confirmed a high clog P value of NAP-CF3.%¢
Therefore, NAP-CFs-labeled LDs possibly have
extremely high contrast in imaging.?® To illustrate
it, we performed the co-staining LD imaging with
commercially available LD-labeled probe, Nile Red
(Fig. 2). As shown in Figs. 2(a) and 2(b), LDs were
clearly stained with NAP-CF3; and Nile Red. The
merged imaging in Fig. 2(c) demonstrated that the
fluorescence of NAP-CF3 and Nile Red were over-
lapped well, confirming the high staining specificity
of NAP-CF3 to LDs. The enlarged images in
Figs. 2(d)-2(f) showed LDs with high spatial reso-
lution. In Fig. 2(d), other parts which were out
of LDs emitted little fluorescence. As shown in
Fig. 2(h), NAP-CF; displayed clear background,
whereas Nile-Red showed partly nonspecific fluo-
rescence from cells that are stained with LDs. The
case above verified the enhanced fluorescence of
NAP-CF;3; when binding to LDs.

Sequentially, we monitored the development
process of fatty liver through confocal microscopy.
As shown in Fig. 3, small LDs could be discrimi-
nated at an early stage (Week 1). Over time, the
size and density of LDs grew bigger and higher.
Finally, the fatty liver was full of large LDs, indi-
cating that the fatty liver was mature. High-

—— NAP-CFs in DMSO
1200+ ——NAP-CFs in OA
>
s
> 800
)
[
9
£ 400-
-l
[T
0 T T T T
450 500 550 600 650 700

Wavelength (nm)
(b)

Optical characterization of NAP-CF3. (a) The extinction spectra of NAP-CF3 in DMSO and oleic acid (OA). The

concentration of NAP-CFj; is 10 pug/mL, optical length = 1 mm. Insert: The structure of NAP-CF;3. (b) The fluorescence spectra of
NAP-CF; (10 pg/mL) in DMSO and OA (Excitation wavelength is 420 nm).
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Colocalized and zoomed-in confocal laser scanning microscope images (Ao, = 405 nm for NAP-CF; and )., = 488 nm for

Nile-Red) of HeLa cells stained with (a, d) NAP-CF3 (50 nM) and (b, ) Nile Red (100 nM). (c, f) merged images obtained from two
different fluorescent panels and (g) image obtained from the bright field. (h) Fluorescent intensity obtained from NAP-CF; and

Nile-Red.

contrast LDs imaging labeled by NAP-CF; success-
fully monitored the fatty liver at different stages,
ensuring the high efficiency of fatty liver diagnosis.
Although confocal imaging of LDs could realize
fatty liver diagnosis, the imaging was constricted
within shallow slices (within 10-pm thickness).
However, multi-photon imaging allows imaging
with larger depth. Therefore, we tested multi-
photon absorption performance of NAP-CF;. First,
we measured the power dependence relationship
between the fluorescence intensity of NAP-CF5 and
the excitation intensity. The fitted curve between
logarithm of the fluorescence intensity and the ex-
citation intensity was measured with a slope of 2.91
in Fig. 4(a), which indicated that a major three-

photon absorption process happened under 1300-
nm fs excitation. We then measured three-photon
absorption cross-section (o3) spectrum of NAP-CF3
through comparison method reported previously.?”
The results showed that NAP-CF3 had peak o3 at
1300 nm. The o5 at 1300 nm was calculated to be
1.67 x 107" cm®s?, which is larger than most of
commercial fluorophores.?? Moreover, we compared
three-photon fluorescence imaging of NAP-CF3 in
DMSO and OA. The three-photon fluorescence of
NAP-CF3; in OA was brighter than it in DMSO.
Fluorescence intensity of NAP-CF3; in OA in
Fig. 4(c) was 2.2 times as high as the fluorescence
intensity of NAP-CF3 in DMSO. The NAP-CF; in
OA also showed excellent photostability under
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Fluorescence Bright Field

Enlarged

Overlay

Fig. 3.

Week 3 Week 4 Week 5

Confocal laser scanning microscopic images (Aox = 405 nm) of high-fat feeding control (Week 0) and experimental (Week 1

to Week 5) guinea pig liver tissues stained with NAP-CF;3 (50 nM) within 10-pum depth.

continuous 1300nm fs excitation for more than
20min in Fig. 4(d), where a power intensity of
10 mW is enough for three-photon imaging of LDs
in liver tissues. The three-photon fluorescence had
only been bleached by less than 15%. The remark-
able three-photon performance of NAP-CF5; guar-
antees its potential for 3PF LDs imaging.

4.0
3.0+
-
o
g
= 2.0+ Slope: 2.91
1.0
' 1 d I i I N I
2.7 3.0 3.3 3.6 3.9
Log P,

(a)
Fig. 4.

Given its remarkable 3PF imaging performance,
we further performed three-photon fluorescence
imaging of LDs in liver tissues. The intensity of 3PF
mainly constrains the imaging depth, while the
emission wavelength plays a small role because the
emission wavelength from green to red in 3PM does
not significantly influence the fluorescence collection

20
1oy
o |
£l [\
L
5 8
b4 [ ]
2 .
< 4 /
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(b)

(a) The logarithm of the fluorescence intensity of NAP-CF3 against that of the 1300-nm fs excitation intensity curve.

(b) The three-photon absorption cross-section spectrum of NAP-CF3 in DMSO. (c) Quantitative analysis of fluorescence intensity of
NAP-CF;3 (10 ug/mL) in DMSO and OA. Insert: three-photon fluorescence imaging of NAP-CF; (10 ug/mL) in DMSO and OA
under 1300-nm fs excitation. (d) Photostability of NAP-CF3 (10 pg/mL) in OA under the continuous irradiation of 1300 nm fs laser

(Average power: 10 mW).
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Fig. 5. Ez vivo three-photon fluorescence imaging of LDs in live mice fatty liver tissues. (a—i) Three-photon fluorescence micro-
scopic imaging of LDs from 0 to 80 um depth. (j) Reconstructed 3D three-photon fluorescence imaging of LDs (0-80 ym). (k-m)
Gaussian analysis of arrow-pointed LD at imaging depth of 10 ym (b), 40 ym (e), and 80 um (i).
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efficiency.?” Thus, the blue shift of NAP-CF;3 in OA
would not hinder the 3PF imaging depth. Due to the
enhanced three-photon fluorescence intensity of
NAP-CF; in OA, deep LDs imaging was carried out
in Fig. 5. The high nonlinear effect of 3PM guarantees
good optical tomographic capability. Three-photon
fluorescence imaging of LDs at different depths from
0 to 80 um was shown with high contrast in Figs. 5
(a)-5(i). Single LD as small as 1.1 pm was shown with
high SBR [Fig. 5(k)]. Big LD at depth of 40 ym was
also analyzed and was measured to be 11.7 ym [Fig. 5
(1)]. Even small LD at depth of 80 um was distin-
guishable with large SBR around 12 [Fig. 5(m)]. Fi-
nally, the reconstructed 3D images of LDs in Fig. 5(j)
clearly showed the distribution of LDs. The effective
attenuation length of 3PF imaging in liver was
measured as around 15.0 ym, which demonstrated
very high turbidity of liver tissue. In wvivo, three-
photon fluorescence imaging of LDs in our work was
not achieved due to the fast jitter caused by mouse’s
breathing. Three-photon fluorescence imaging of LDs
demonstrated lots of advantages, including high
contrast, high resolution, and large imaging depth.

4. Conclusion

Our study demonstrated excellent imaging perfor-
mances of NAP-CF3 in precise high-resolution
confocal imaging in wvitro, and three-photon fluo-
rescence imaging of LDs ex vivo. Due to the high
specificity of this marker for LDs staining, the
background fluorescence interference in imaging is
dramatically reduced compared with commercial
Nile Red. Meanwhile, the high specificity of NAP-
CF3 to LDs guarantees the diagnosis of fatty liver at
an early stage. Three-photon fluorescence imaging
promotes LDs imaging to a large depth. The high
resolution and deep-tissue imaging of LDs achieved
using NAP-CF; are important for future LDs-
assisted pathologies research.
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Near-Infrared Photothermal Manipulates Cellular
Excitability and Animal Behavior in Caenorhabditis elegans

Siyi Zhuang, Mubin He, Jiaqi Feng, Shiyi Peng, Haochen Jiang, Yunhao Li, Ning Hua,
Yujie Zheng, Qizhen Ye, Miaojin Hu, Ying Nie, Peilin Yu, Xiaomin Yue,* Jun Qian,*

and Wei Yang*

Near-infrared (NIR) photothermal manipulation has emerged as a promising

and noninvasive technology for neuroscience research and disease therapy for

its deep tissue penetration. NIR stimulated techniques have been used to
modulate neural activity. However, due to the lack of suitable in vivo control
systems, most studies are limited to the cellular level. Here, a NIR
photothermal technique is developed to modulate cellular excitability and
animal behaviors in Caenorhabditis elegans in vivo via the thermosensitive
transient receptor potential vanilloid 1 (TRPV1) channel with an
FDA-approved photothermal agent indocyanine green (ICG). Upon NIR
stimuli, exogenous expression of TRPV1 in AFD sensory neurons causes CaZ*
influx, leading to increased neural excitability and reversal behaviors, in the
presence of ICG. The GABAergic D-class motor neurons can also be activated
by NIR irradiation, resulting in slower thrashing behaviors. Moreover, the
photothermal manipulation is successfully applied in different types of
muscle cells (striated muscles and nonstriated muscles), enhancing muscular
excitability, causing muscle contractions and behavior changes in vivo.

been developed, such as optogenetics,!!
chemogenetics,>” electrical stimula-
tion,!® 1! ultrasound stimulation,!'>"%!
and magnetothermal modulation.[1¢1°]
Among them, the most widely used
neuromodulation technique is optoge-
netics, which can manipulate neurons by
optical stimulation with spatiotemporal
precision and sensitivity. However, im-
plantation of optical fibers often causes
tissue damage and immune response,
and the penetration of visible light is
too shallow to stimulate deep brain
tissues.[2%21] The invasive problem also
exists in traditional electrical stimulation,
due to the electrodes are needed to be im-
planted into the mouse brain.??3] Then
some non-invasive techniques emerged,
such as the magnetothermal modula-
tion, which can perform strong tissue

Altogether, this study demonstrates a noninvasive method to precisely
regulate the excitability of different types of cells and related behaviors in vivo
by NIR photothermal manipulation, which may be applied in mammals and

clinical therapy.

1. Introduction

In order to explore the complex nervous system and achieve pre-
cise therapy, a variety of neural manipulation techniques have

penetration without brain implants con-
cerns, has been applied to evoke motor
behaviors in mice. Yet, the activation
requires high magnetic field strength,
a resonant coil in close vicinity to the
subject’s head is needed.'*'8] Another
option for non-invasive manipulation
is chemogenetics, using small chemical molecules to regu-
late target cells through ligand receptors. But the time reso-
lution is coarse and hard to control, because the drugs have
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long residence time in vivo.l®’] Ultrasound stimulation is also
a non-invasive technique for neural modulation, which can pass
through the skull to deep brain regions. And the derived sono-
genetics, refers to using ultrasound to modulate neural activity
through ultrasound-responsive channels, such as MscL, Prestin,
Piezol and TRP family channels.[?*-2%] However, since the devel-
opment of ultrasound stimulation is still in its infancy, the un-
derlying mechanism and potential side effects are poorly studied,
there are still many uncertainties in its specificity and safety.*!
Therefore, it is desirable to develop a non-invasive technique to
precisely modulate neural activity with high biosafety, especially
in vivo.

Near-infrared (NIR) light modulation with a wavelength of
700-1880 nm, which is well known as “biological transparency
window” due to its deep tissue penetration, has emerged as
a promising and noninvasive technology for neuroscience re-
search and disease therapy.’*3!l Especially, NIR-stimulated op-
togenetic tools have been used to directly regulate neural activity
through NIR-responsive materials. Such as the lanthanide up-
conversion nanoparticles (UCNPs), which can convert NIR light
into short wavelength visible light emission to stimulate pho-
tosensitive proteins sensitive to visible light (ChR2, Chrimson
and NpHR, et al.).??34 Another type of emerged NIR responsive
materials is NIR-responsive photothermal materials, which can
convert NIR light energy into heat and then trigger thermosen-
sitive proteins expressed on cell membranes. Various kinds of
photothermal agents have been synthesized and studied, includ-
ing organic polymers,3>3¢] gold nanoparticles,’*! carbon-based
materials,[*¥3% semiconductors,|*’l and samll dyes.[*!] Although
some NIR-responsive materials have excellent photoconversion
or photothermal conversion properties, and already be used to
regulate cellular signaling pathways and gene transcription in a
noninvasive manner. However, it should be noted that most of
the NIR-responsive materials are inorganic or metal nanomateri-
als, which are difficult to apply in modulation of neural activity in
vivo or clinical therapy, due to their biological toxicity and safety
hazards.

Indocyanine green (ICG) dye is an FDA-approved photother-
mal agent, which can effectively transfer optical energy to ther-
mal energy in response to NIR stimuli. And ICG can be metab-
olized by livers, has a short life time in blood circulation. Due
to its excellent photothermal conversion efficiency and biosafety,
ICG is widely used in angiography and photothermal treatment
of tumor.[*>*] Therefore, ICG may be a promising candidate ma-
terial for photothermal modulation of cellular activity in vivo.

The nematode Caenorhabditis elegans (C. elegans) is an exten-
sively used model organism with numerous advantages for neu-
roscience research, including the small but well-characterized
nervous system, complete connectome, amenability to ge-
netic manipulation, short life span, and complex behavioral
characteristics.[*®#7] C. elegans offers a fast and mature in vivo ex-
perimental system to critically evaluate and optimize the effects
and efficacy of neural modulation techniques.

In the present study, we developed a NIR photothermal system
to regulate C. elegans cellular excitability and related behaviors
in freely moving animals through thermosensitive TRPV1 chan-
nel with ICG in vivo. We successfully applied the photothermal
modulation specifically in different types of neurons and muscle
cells to mediate corresponding behaviors. Upon NIR stimuli at
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793 nm with ICG, TRPV1 exogenously expressed AFD sensory
neurons showed Ca?* influx and increase of neural excitability,
and then induced backward locomotion. The GABAergic D-class
motor neurons can also be activated by NIR irradiation, resulting
in slower thrashing behaviors. Moreover, our system can also ac-
tivate body wall muscles and vulva muscles, enhancing muscular
excitability, leading to muscle contractions which induced paral-
ysis and egg-laying behaviors respectively in C. elegans. Mean-
while, ICG showed no negative effects on survival, reproduction
and lifespan of the nematodes. Altogether, we demonstrate a non-
invasive and effective method to precisely regulate the excitabil-
ity of different types of cells and animal behaviors in vivo by NIR
photothermal manipulation.

2. Results

2.1. Optical and Photothermal Characterization of ICG in vitro

ICG is a tricarbocyanine dye with a molecular weight of 751.4 Da.
It is an FDA-approved clinical drug with high biocompatibil-
ity and has been widely used in angiography and fluorescence
imaging.I***! First, we measured the optical and photothermal
characterization of ICG. In our test, ICG showed an absorp-
tion spectrum ranging from 600 to 850 nm, the maximum
absorption peak was observed at 796.5 nm, and the emission
spectrum ranging from 700 to 1100 nm with a peak value at
865.2 nm (Figure 1a). These results suggested that ICG can be
effectively excited by NIR stimuli at 793 nm, which would be
used in our following experiments. Then, we tested the pho-
tothermal efficacy of ICG. After continuous irradiation by 793 nm
(10 mW mm~2) near-infrared laser, the temperature increased in
a dose-dependent manner with ICG concentration at 1, 3, 10, 30,
50, and 100 uyg mL~! (Figure 1c). The temperature of ICG reached
plateau to 28.40 + 0.10, 30.17 + 0.23 °C, 40.40 + 1.00 °C, 46.00 +
0.95 °C, 50.97 + 0.90 °C and 52.17 + 0.12 °C, at the time of 0.67,
2.33,3.00,4.33,4.91, and 5.33 min, respectively (Figure 1c-d), but
did not change upon laser irradiation at the absence of ICG. The
photothermal efficacy of ICG reached saturation level from the
concentration of 50 pg mL~1.

We then evaluated the temperature oscillation of ICG in fetal
bovine serum (FBS) or in ultrapure water under a pulsed NIR
irradiation (10 mW mm~2, 4 min duration, 4 min intervals, 5 cy-
cles). It was observed that the peak temperature of ICG dissolved
in ultrapure water did not decrease significantly during the first
three NIR exposures, but began to decrease significantly at the
fourth irradiation. However, there was no significant change in
the ICG solution mixed with FBS during the entire irradiation
(Figure 1b). We also confirmed that pure FBS solution has no
temperature oscillation under NIR irradiation (Figure S1, Sup-
porting Information). These results showed a more stable pho-
tostability of ICG in FBS at NIR laser irradiation, which can be
used for photothermal manipulation, so we performed our exper-
iments with ICG dissolved in FBS.

2.2. In Vitro NIR Photothermal Activation of TRPV1 with ICG

We further evaluated the photothermal efficiency of ICG under
NIR illumination in cultured cells. First, we examined whether

2300848 §0f14) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Optical and photothermal characterization of ICG. a) The absorption and fluorescence spectra of ICG. b) The temperature oscillation of
100 pg mL~" ICG in FBS or ultrapure water, within five irradiation-cooling cycles (793 nm, 10 mW mm™2). c¢) 793 nm NIR-induced photothermal effect
of ICG. Data shown as mean + SEM, n = 3. d) The temperature change of ICG with different concentration when reached the final plateau under NIR

irradiation, as in (c). Data shown as mean + SEM, n = 3. ns, not significant (p > 0.05), * p < 0.05, **

ICG can be effectively taken up by cells. After 1 h incubation, both
the SY5Y neuroblastoma cells (Figure S2a, Supporting Informa-
tion) and HEK293T cells (Figure S2d, Supporting Information)
were effectively labeled by ICG and sustained a detectable signal-
to-noise ratio fluorescence in NIR fluorescence microscopic
imaging.

Then, to explore if the NIR-ICG photothermal system can
modulate cellular activity, we transfected the mouse TRPV1
(mTRPV1) tagged with mCherry in HEK293T cells. The tran-
sient receptor potential cation channel subfamily V. member
1 (TRPV1) is a well-known temperature-sensitive ion chan-
nel. Activating TRPV1 by high temperature (>43 °C) can in-
duce Ca?* influx, which is a vital physiological process in neu-
ral firing [*%] The Ca** influx was monitored using an intra-
cellular calcium fluorescent indicator Fluo-8am in our study.
When elevated both temperature to 45 °C, a calcium increase
was observed in mTRPV1-mCherry transfected HEK293T cells
(Figure S2b, Supporting Information), but not in control cells
which were transfected with mCherry only (Figure S2c, Sup-
porting Information). Importantly, the mTRPV1 transfected
HEK293T cells can also be activated by NIR irradiation af-
ter ICG incubation, exhibited a significant calcium increase
(Figure S2e, Supporting Information). When the cells were
treated with ICG or NIR only, or not transfected with mTRPV1,
there was no significant change in intracellular calcium sig-
nal. These cells could still be activated by capsaicin, the ago-
nist of TRPV1, suggested the effective expression of TRPV1 and
normal cellular physiological functions after treatment with the
NIR and ICG. These data demonstrated that exogenously ex-
pressed TRPV1 could be activated by NIR stimuli with pho-
tothermal agent ICG, leading to a calcium response in HEK293T
cells.

Small Methods 2023, 2300848

* p < 0.0001 by one-way ANOVA.

2.3. Photothermal Characterization of ICG in C. elegans In Vivo

Having demonstrated the effectiveness of NIR-ICG system in
vitro, we asked whether the photothermal manipulation can be
used in living animals. We chose Caenorhabditis elegans as the ex-
perimental model, and investigated the photothermal character-
ization of ICG in vivo. In order to test whether ICG could be in-
troduced into the nematodes, we mixed ICG with Escherichia coli,
the food of C. elegans. After ~12 h of feeding, the wide-field near-
infrared fluorescence imaging was performed. And the ICG fluo-
rescence signals could be firstly observed in the anterior pharynx
in C. elegans after feeding with 0.2 pg mL~! ICG. Moreover, when
increasing the ICG concentration to 1 ug mL~! and 2 pg mL™?,
the whole pharynx and intestine of the nematode progressively
exhibited obvious ICG fluorescence signals (Figure 2a). These re-
sults indicated that ICG could enter the nematodes by feeding
and distribute along the digestive system of the worms.

To explore whether the heat generated by NIR-ICG photother-
mal system was sufficient to regulate the physiological activities
of C. elegans, we generated a transgenic strain carrying a tran-
scriptional reporter gene gfp driven by the promoter of hsp-4 gene
(heat shock protein). Using this transgenic strain, we can directly
detect the expression of HFP-4 by observing the GFP fluores-
cence intensity changes. HSP-4 is expressed in several tissues
including hypodermis, intestine, spermatheca, and some neu-
ron cells. And the transcription of hsp-4 can be upregulated in
response to endoplasmic reticulum stress induced by dithiothre-
itol (DTT) or tunicamycin (unfolded protein response) as well
as in response to heat shock.>*! To test the thermal activation
efficiency of Phsp-4::GFP strain, we incubated the nematodes at
33 °C for different lengths of time, then detected the GFP fluores-
cence intensity of the worms. We found that the GFP represented
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Figure 2. Photothermal characterization of ICG in C. elegans in vivo. a) Wide-field near-infrared fluorescence images of C. elegans after feeding with ICG
(0,0.2, 1, 2 ug mL™', 12 h). Scale bar = 50 um. b) Confocal images of Phsp-4::GFP strain C. elegans after heating at 33 °C (0, 1, 10, 30 min). Scale
bar = 200 um. c) Confocal images of Phsp-4::GFP strain C. elegans after NIR irradiation (0, 1, 5, 10 min, 793 nm, 10 mW mm~2) with ICG (10 pg mL™").
Scale bar = 200 um. d,e) Quantification of Phsp-4::GFP expression in the entire animals as depicted in (b) and (c). Fluorescence intensity was detected

2 h after treatment. Data shown as mean + SEM, n > 35. ** p < 0.01, *

expression of HSP-4 increased obviously and progressively after
heating from 1 to 30 min (Figure 2b,d). Then, we performed the
heat shock experiment through our NIR-ICG photothermal sys-
tem. Excitingly, the photothermal manipulation also induced sig-
nificant heat shock effect. After feeding with 10 ug mL~! ICG for
12 h, worms were irradiated by continuous NIR light (793 nm,
10 mW mm~2). We also applied gradient experiments at different
stimulation times. With the extension of NIR irradiation time,
the expression of HSP-4 also increased, in the presence of ICG.

Small Methods 2023, 2300848
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p < 0.0001 by Brown-Forsythe and Welch ANOVA tests.

It showed that the expression of HSP-4 was visibly upregulated
under NIR irradiation for only 1 min. And treated worms with
NIR-ICG photothermal stimulation for 5 min or 10 min was suf-
ficient to fully activate HSP-4 expression, which demonstrated
the high efficiency and effectiveness of our photothermal system
(Figure 2c,e). NIR irradiation at 793 nm had no effect on temper-
ature change of the NGM plates per se (Figure S3, Supporting
Information). Collectively, these data suggested that ICG could
successfully perform photothermal conversion response to NIR

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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stimuli in vivo. Moreover, it is the first time to modulate the ex-
pression of heat shock proteins by a photothermal system, rather
than direct heat in C. elegans.

2.4. Distribution of ICG in C. elegans Ingested by Feeding

To further test if our NIR-ICG photothermal system can regulate
the activity of specific tissue cells in vivo, we constructed trans-
genic nematode strains expressing TRPV1 in different types of
neurons and muscle cells. DsRed was used to label the target tis-
sue cells. Confocal images showed the exogenously expression
of mTRPV1-s12-DsRed in AFD sensory neurons, the GABAergic
D-class motor neurons (D-MNs), body wall muscles and vulva
muscles in C. elegans driven by their own tissue-specific promot-
ers, respectively (Figure S4, Supporting Information). Then to
test if these tissue cells can be activated specifically by NIR with
ICG, these transgenic worms were fed by Escherichia coli food
mixed with ICG, as in the previous photothermal heat shock ex-
periment indicated. After about 12 h of feeding, two-photon scan-
ning fluorescence microscopic (TPFSM) imaging was performed
to detect the expression of mTRPV1-s12-DsRed and the location
of ingested ICG on the same worm. The ICG fluorescence sig-
nals were widely distributed along the alimentary canal of C. el-
egans (Figure 3). We then measured the distance between ICG
and TRPV1 expressed tissue cells (Figure 3b—d). We found that
the ingested ICG has a distance ~5 pm from AFD sensory neu-
rons, 9 um from D-class motor neurons, 8 um from vulva mus-
cles and 10 pm from body wall muscles, respectively. As the data
showed, the distance between ICG and tissue cells was less than
10 um, indicating a possible effective photothermal transfer to
targeted cells. Next, we examined the activation of these specific
tissue cells by NIR-ICG photothermal stimulation and detected
some interesting corresponding behavioral output.

2.5. In Vivo NIR Photothermal Modulation of AFD Sensory
Neurons Excitability and Reversal Locomotion

AFD neurons are the main thermosensors in C. elegans, which
respond to thermal fluctuations at temperatures above its culti-
vation temperature (Tc).’2°%! The animal increases its reversal
and turn frequency when detects a rise in temperature and then
moves back down the gradient toward Tc (negative thermotaxis).
This avoidance response requires the cell autonomous func-
tion of cGMP-dependent TAX-2/TAX-4 cation channels in AFD
neurons.>*>] We constructed a transgenic strain expressing
mTRPV1 in AFD neurons in tax-2 mutant worms (tax-2; Pgcy-
8:mTRPV1:sl2::Dsred, also shown as tax-2; AFD:mTRPV1).
When performed NIR irradiation at 50 mW mm~? power den-
sity, N2 worms fed with ICG showed a rapid retreat behav-
ior, and the reversal rate increased with the concentration of
ICG (Figure 4a-b). This result proved our NIR-ICG photother-
mal system can effectively induce thermal sensing retreat be-
havior. While there was no obvious behavioral response to the
photothermal system in tax-2 mutant worms, which is consis-
tent with previous research that tax-2 mutations lost the ma-
jor heat sensing abilities. Excitingly, tax-2; AFD:mTRPV1 trans-
genic worms showed a rescued heat sensing phenotype, exhib-
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ited a ICG concentration-dependent (from 0 to 4 ug mL~!) pho-
tothermal reversal behavior as N2 worms (Figure 4a-b). What's
more, both N2 and tax-2, AFD:mTRPV1 transgenic worms
showed NIR power-dependent (from 0 to 16 mW mm~2) pho-
tothermal reversal behavior with ingested ICG concentration at
2 ug mL™!, but not in tax-2 mutations (Figure 4a,c). These re-
sults showed that our NIR-ICG manipulation can effectively in-
duce thermosensitive reversal behavior through the thermosen-
sitive TRPV1 channel expressed in AFD sensory neurons in
vivo.

Previous research reported AFD neurons responded to ther-
mal stimuli above Tc with Ca?* influx via cGMP-dependent
TAX-2/TAX-4 cation channels.**=8! To further test if our NIR-
ICG photothermal system can regulate the excitability of AFD
sensory neurons through TRPV1, we co-expressed TRPV1 and
GCaMP5 in AFD neurons in the background of tax-2 muta-
tion (tax-2; Pgey-8:mTRPV1:s12::Dsred+Pgcy-8:GCaMP5, also
showed as tax-2; AFD:mTRPV1+ GCaMP5), which enabled us
to measure the intracellular calcium changes in AFD neurons.
When we rapidly raised the temperature of the bath solution
in which the C. elegans were incubated to ~45 °C, the AFD
neurons showed an increase in calcium signal. Interestingly,
a large increase in calcium was also observed in AFD neu-
rons upon NIR irradiation at 25 mW mm~2 power density with
ICG concentration of 10 ug mL-'. But there was no response
when NIR was performed alone (Figure 4d—f). Compared with
direct heating, it took a longer time for AFD neurons to in-
crease the intracellular calcium to the peak value under NIR-
ICG photothermal stimulation, although the peak values were
almost equal (Figure 4d). The different dynamic characteristics
suggested that photothermal manipulation can activate AFD neu-
rons in a slower and gentler manner, indicating a better controlla-
bility in vivo. Together, these results demonstrated our NIR-ICG
manipulation can effectively activate AFD sensory neurons and
regulate thermosensitive reversal behavior through TRPV1 in
vivo.

2.6. NIR Activate D-Class Motor Neurons to Reduce Thrashing
Frequency in Swimming Behavior

Next, we examined if our NIR-ICG photothermal system
can regulate the activity of motor neurons which did not
have temperature sensitivity. We constructed a transgenic
strain expressing mTRPV1 in D-class motor neurons (tax-
2; Pttr39:mTRPV1:sl2:Dsred, also shown as tax-2; D-
MNs:mTRPV1). In C. elegans, D-MNs are inhibitory motor
neurons which can release GABA neurotransmitter to muscle
cells, causing muscle relaxation along the body, then slow
down or halt locomotion.[*>%°l We performed a thrashing assay,
wherein nematodes generated body bends in M9 solution. NIR
illumination (793 nm, 12.5 mW mm~2) induced a significantly
reduced thrashing frequency with ICG (1 pg mL™) in tax-2;
D-MNs::mTRPV1 animals. And the motor behaviors can resume
after the light was removed, which showed that the photother-
mal manipulation did not cause any tissue damage (Figure 5a).
Neither N2 nor tax-2 mutant animals showed obvious slower
thrashing upon NIR stimulation with ICG, suggested that TAX-2
did not function in D-MNs, it was the exogenously expressed
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Figure 3. The distribution of ICG ingested by feeding and the expression of mTRPV1 in specific tissue cells in C. elegans. Representative two-photon
fluorescence images of ICG distribution (gray) after feeding (2 ug mL™", 12 h) and mTRPV1-sI2-DsRed (red) expression in C. elegans. a) tax-2(p691) was
imaged as a control group. mTRPV1-sI2-DsRed were specifically expressed in AFD sensory neurons b), D-class motor neurons c), body wall muscles
and vulva muscles d), respectively. Scale bar = 100 um (a,c), 20 um (b), 25 um (d). White arrows, the position of tissue cells. Yellow line in Merge group,
the position where fluorescence intensity was determined. Right panel in each row showed fluorescence intensity value along the line (yellow, in merge

group) and the distances between mTRPV1 and ICG in each group.

mTRPV1 which be activated by the photothermal stimulation.
And applying NIR or ICG alone also did not slow down the
swimming behaviors (Figure 5a-b). What’s more, the D-MNs
regulated thrashing had NIR intensity dependence and ICG
dose dependence (Figure 5c¢-d). These results suggested that NIR
irradiation can activate mTRPV1 expressed in D-MNs to excite
the motor neurons through photothermal conversion material
ICG, and then induce motor behavior changes mediated by
the motor neurons. In conclusion, our photothermal system
regulates not only the activity of thermosensory neurons, but
also the activity of motor neurons and related behaviors.

Small Methods 2023, 2300848

2.7. NIR Photothermal Modulation of Muscle Cells and
Physiological Behaviors in C. elegans

So far, our NIR-ICG photothermal manipulation has been effec-
tively applied in nervous system in vivo, then we wondered if it
could also be used in other systems to manipulate the excitability
of other excitable cells besides neurons in freely behaving ani-
mals. To explore the possibility, we expressed mTRPV1 in mus-
cle cells driven by muscular system specific promoter Pmyo-3
(Pmyo-3:mTRPV1::512::Dsred). There are two main types of mus-
cle in C. elegans: multiple sarcomere/obliquely striated muscles
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Figure 4. In vivo NIR photothermal modulation of AFD sensory neurons excitability and reversal locomotion. a) Representative track graphs of N2,
tax-2(p691) and tax-2;Pgey-8:mTRPV1::s|2::Dsred C. elegans strains, when treated with ICG and/or NIR. Also see Video S1 (Supporting Information). b)
Quantification of reversal rate under NIR (793 nm, 16 mW mm~2) irradiation fed with different concentration of ICG. c) Reversal rate under different
power densities of NIR laser irradiation fed with ICG (2 pug mL™"). Each measurement was repeated 3 times, n > 20. Data shown as mean + SEM. ns,
not significant (p > 0.05), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by two-way ANOVA. d) Calcium responses of AFD neurons in tax-2;
AFD:mTRPV1 C. elegans upon heatmg (45°C, 15 s) or NIR (25 mW mm™2, 30 s) with/without ICG (10 ug mL™"). e) Representative time-lapse rainbow
images of GCaMP5-based calcium responses (up) and soma fluorescence change (down) from an AFD neuron. NIR (25 mW mm~2) was applied for
30 s with ICG (10 ug mL™"). f) Representative calcium responses of AFD neurons upon NIR or heating as in (d). The ordinate indicated the number of
worms used in the experiments.
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Figure 5. NIR activate D-class motor neurons to reduce thrashing frequency in swimming behavior. a) The series images of thrashing in tax-2; D-
MNs:mTRPV1 animals before (upper panel NIR-), during (middle panel NIR+) and after (lower panel NIR-) NIR (793 nm, 12.5 mW mm~2) illumination,
with ICG concentration at 1 pug mL™" in M9 solution. Thrashing was significantly reduced during NIR illumination. Scale bar = 200 um. Also see
Video S2 (Supporting Information). b) Quantification of thrashing frequency during NIR irradiation in respective genetic backgrounds and experimental
conditions. Control: no NIR, no ICG; NIR: 793 nm, 12.5 mW mm™2, ICG: 1 ug mL~1. n > 34. Data shown as mean + SEM. ns, not significant (p >
0.05), **** P < 0.0001 by two-way ANOVA. c) Quantification of thrashing frequency in tax-2; D-MNs::mTRPV1 animals before (left column NIR-), during
(middle column NIR+) and after (right column NIR-) NIR (793 nm, 12.5 mW mm~2) illumination, with different concentrations of ICG dissolved in
M9 solution. d) Quantification of thrashing frequency in tax-2; D-MNs:mTRPV1 animals in the presence of ICG (1 ug mL™") before (left column NIR-),
during (middle column NIR+) and after (right column NIR-) NIR (793 nm) illumination of different intensities. c,d) Data shown as mean + SEM. n >35.
The NIR+ data were compared with both before and after NIR application. ns, not significant (p > 0.05), **** p < 0.0001 by two-way ANOVA.

and nonstriated muscles.[®’] The 95 striated body wall muscle
cells are the functional equivalents of vertebrate skeletal mus-
cles. First, we examined the effects and efficacy of the NIR-ICG
photothermal system on body wall muscles. Other studies have
shown that activating body wall muscles with drugs or optoge-
netic tools will cause muscle contraction and induce nematodes
to be stiff and paralyzed. As we expected, our photothermal ma-
nipulation (200 mW mm~2 NIR with 10 uyg mL~! ICG) could also
induced stiffness and paralysis of C. elegans by excited the body
wall muscles. And the mTRPV1 expressed worms (also shown
as BM::mTRPV1) had a much higher ratio of paralysiscompared
with N2 worms(Figure 6a). At the same time, the BM:mTRPV1
worms took significantly shorter time to be stiff respond to NIR
irradiation (Figure 6b). These results proved the effectiveness
of our photothermal system in activating body wall muscles in
vivo.

Next, we examined its modulatory effect on another type of
muscle, the vulva muscles, which belong to the nonstriated mus-
cles and directly regulate egg-laying behavior in C. elegans. A
young adult hermaphrodite generally has a store of 10-15 eggs

Small Methods 2023, 2300848

in its uterus at any given time. Increasing the cellular excitabil-
ity of the vulva muscles can result in muscle contractions, open
the vulva and compress the uterus, then allow the eggs to be ex-
pelled into the environment.[®? In our previous study, we suc-
cessfully used Channelrhodopsin-2 (ChR2) optogenetic tools to
activate vulva muscles and induced nematodes egg-laying.[**! In-
terestingly, the egg-laying behavior driven by vulva muscles also
be triggered by NIR-ICG photothermal system (50 mW mm~2
NIR with 7.5 pg mL~! ICG) in mTRPV1 expressed worms (also
shown as VM::mTRPV1), but notin N2 worms (Figure 6¢-d). And
the egg laying could not be stimulated by ICG alone (Figure 6d).
So, our photothermal system can modulate not only straited mus-
cles, but also nonstriated muscles in vivo.

Collectively, we successfully modulated two types of neurons
(AFD sensory neurons and D-MNs motor neurons) and two types
of muscles (BM straited muscles and VM nonstriated muscles)
through our photothermal system in freely moving animals. As
far as we know, it was the first time to achieve precisely pho-
tothermal modulation of different types of excitable cells and cor-
responding behaviors in different systems in vivo.
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Figure 6. NIR photothermal modulation of paralysis and egg-laying behaviors through mTRPV1 expressed in muscles with ICG. a) Ratio of paralysis in
N2 and BM::mTRPV1 animals under NIR (793 nm, 200 mW mm~2) illumination for 10 s, with ICG (10 uyg mL™"). n > 70. Also see Video S3 (Supporting
Information). b) NIR irradiation time required for animals to be stiff. Data shown as mean + SEM. n > 35. *** p < 0.001 by Welch's t test. c) Time
course of laid eggs upon NIR (793 nm, 50 mW mm~2) stimulation with ICG concentration at 7.5 ug mL™". d) The number of eggs laid per min before
or during NIR illumination. Also see Video S4 (Supporting Information). c,d) Data shown as mean + SEM. n > 58. ns, not significant (p > 0.05), *¥*¥**

p < 0.0007 by two-way ANOVA.

2.8. Biological Safety of ICG

ICG is an FDA-approved photothermal agent. It has been largely
used in fluorescent imaging and photothermal therapy. In or-
der to widely apply our photothermal manipulation in mammals
or other experimental systems, we tested the biological safety of
ICG. We incubated nematodes with different concentrations of
ICG (up to 10 pg mL™!), then counted the survival rate of the
worms after 24 h of feeding. In our experiments, almost all the
worms were still alive with ingested ICG (Figure S5a, Supporting
Information). To examine the long-term toxicity of ICG, we com-
pared the lifespan and reproduction of C. elegans cultured with
or without ICG. When worms were continually fed with ICG,
the lifespan of adults showed no significant difference compared
with the control animals. Interestingly, worms fed with ICG at a
concentration of 10 pg mL™" even had a slight increase in lifes-
pan (Figure S5b, Supporting Information). The reproduction was
examined by measuring the number of eggs. We found the ne-
matodes did not exhibit any egg-laying defects when fed with
different concentrations of ICG (0, 2, 10 ug mL™'). The number
of eggs accumulated in uterus in D2 worms, which represented
the ability of egg-laying behavior was almost equal (Figure S5e,
Supporting Information). And the number of eggs laid per day
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also exhibited no difference (Figure S5c, Supporting Informa-
tion), showing that ICG did not affect the brood size of the worms
(Figure S5d, Supporting Information). These results all demon-
strated the high biological safety of ICG.

Taken all together, we developed a 793 nm NIR light irradiation
photothermal manipulation system with ICG to regulate cellular
excitability in different systems through thermosensitive TRPV1
channel, and mediated corresponding physiological behaviors in
vivo (Figure 7).

3. Discussion

Non-invasive neuromodulation techniques have attracted much
attention in neuroscience research and disease therapy in recent
years. Photothermal modulation offers a new approach to this
field. However, due to the lack of research in vivo, most stud-
ies and applications were limited to the cellular level. Our study
first achieved precise photothermal modulation of different types
of excitable cells and related behaviors in freely moving animals
with a non-invasive manner.

In our study, by activating the thermosensitive channel TRPV1
under NIR irradiation with photothermal agent ICG, which has
excellent photothermal conversion efficiency and biosafety, we

23008486 0f14) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 7. NIR modulates C. elegans cellular excitability and animal behaviors through TRPV1 with ICG. NIR light (793 nm) irradiation can activate the
thermosensitive TRPV1 channel through photothermal agents ICG to precisely regulate the excitability of different types of cells and related behaviors
in C. elegans in vivo. Mouse TRPV1 channels are expressed exogenously in AFD sensory neurons, D-class motor neurons (D-MNs), body wall muscles
and vulva muscles. In the presence of ICG, NIR illumination effectively activate TRPV1, cause Ca?* influx, lead to increased excitability of tissue cells,
and then induce reversal, slower thrashing, paralysis and egg-laying behaviors, respectively.

successfully achieved in vivo precise regulation of the cellular ex-
citability in both nervous and muscular systems, and mediated a
variety of related physiological behaviors. In order to fully demon-
strated the effectiveness of our photothermal manipulation, we
performed multiple experiments including animal behaviors, in
vitro and in vivo calcium imaging, wide-field near-infrared flu-
orescence imaging, two-photon fluorescence imaging, confocal
imaging, heat shock assay, biosafety test, and pharmacological as-
say. After demonstrated TRPV1 expressed HEK293T cells could
be activated by NIR stimuli with photothermal agent ICG with
a calcium response, we applied our photothermal modulation in
C. elegans for in vivo detection. In our test, ICG showed widely
distribution in C. elegans after 12 h of feeding, and performed
photothermal conversion response upon NIR stimuli to induce
the expression of heat shock protein HSP-4 in vivo. And then
we successfully modulated two types of neurons (AFD sensory
neurons and D-MNs motor neurons) and two types of mus-
cles (BM straited muscles and VM nonstriated muscles) through
NIR stimulation with ICG. We specifically excited these different
types of excitable cells and induced reversal locomotion, slower
swimming, paralysis and egg-laying behaviors, respectively. In
addition, we tested the biosafety of ICG for survival, reproduction
and lifespan, and found no negative effect. We developed a non-
invasive photothermal manipulation system to regulate cellular
excitability in different systems and mediated related physiologi-
cal behaviors in vivo.

The wavelength of NIR we used in our experiments was
793 nm, which belongs to the range of NIR-I, due to ICG showed
the highest absorption peak at this value (Figure 1a). Compared
to visible light, NIR-I light exhibits a deeper tissue penetration.
Compared to NIR-II light, the NIR-I light shows less water ab-
sorption, non-specific thermal effect and hyperthermia effect.
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However, it cannot be avoided that NIR-I light possessed rela-
tively lower tissue penetration depth compared to NIR-II, which
might hinder deep NIR photothermal manipulation. In our in
vivo experiments, the minimum NIR light intensity used was
only 4 mW mm~2, and the concentration of ICG just ranged
from 0.2 pg mL™" to 10 pg mL~'. Both the NIR light intensity
and ICG concentration we applied were at a very low level, al-
most the lowest values used for cellular activity modulation in
vivo. The low light power density and low agent concentration re-
quirement demonstrated the sensitivity and effectiveness of our
photothermal manipulation.

There are several NIR stimulated photothermal materials have
been synthesized and studied. Such as the semiconducting poly-
mer nanoparticles have been applied to target TRPV1-expressed
neuron cells response to NIR stimuli in vitro, or as a cargo en-
capsulating TRPV1 agonist capsaicin in cancer therapy.#%! The
gold nanoparticles packed microcapsules were used to regulate
Wnt signaling pathway upon NIR stimuli in Hydra.[*’! And Cu2-
x Se-anti-TRPV1 nanoparticles were used to target the microglia
and open TRPV1 channels under NIR irradiation to promote
phagocytosis and degradation of a-syn in PD model.[®®) However,
the biosafety of these inorganic or metal nanomaterials still needs
to be considered and further tested, which resulting in the re-
search and application of these materials still be limited to the cel-
lular level in vitro. In our study, the photothermal conversion ma-
terial ICG showed excellent photothermal conversion efficiency
compared to these materials, as well as excellent photostabil-
ity in FBS solution (Figure 1b). ICG showed higher photother-
mal stability when binding to FBS, because ICG could bind to
the hydrophobic region of protein, avoiding aggregation induced
quenching effect.”%] Due to the weak photodynamic character
of pure ICG, we didn’t observe ICG induced ROS production in
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C. elegans. Meanwhile, ICG exhibited high biocompatibility and
high biosafety performance. Long term continuously fed by ICG
had no negative effects on survival, reproduction and lifespan
in C. elegans (Figure S5, Supporting Information). What’s more,
worms fed with ICG at a concentration of 10 ug mL™" even had a
slight increase in lifespan. As an FDA-approved agent, ICG has
already been widely used in angiography and photothermal treat-
ment of tumor. And clinical studies have shown that ICG has a
short life time in blood circulation, which can be metabolized by
the livers. Due to its excellent photothermal conversion efficiency
and biosafety, ICG exhibited its advantages in photothermal reg-
ulation in vivo.

Recently, some other neural activity modulations by NIR were
also performed in behaving animals. Gao’s group has applied
NIR to manipulate the upconversion nanoparticles (UCNPs)
for motor regulation and neuron ablation in C. elegans. NIR at
808 nm stimulated Er-UCNPs and specifically controlled Chrim-
son expressed DVC interneuron and D-class motor neurons.!*?]
In addition, they used orthogonal emissive UCNPs excited by
dual-NIR illumination (808 and 980 nm) to activate the opto-
genetic sensor BiPOLES expressed cholinergic motor neurons,
which enabled bidirectional control of motor behaviors.[®”) And
they also developed an 808 nm NIR light-induced neuron abla-
tion method by simultaneously activating miniSOG and Chrim-
son based on UCNPs.["% Another work needs to be mentioned
is made by Hong and Pu’s group, TRPV1 ectopically expressed
neurons in the hippocampus, motor cortex and ventral tegmen-
tal area of mice can be activated upon NIR-II illumination at
1064 nm, with macromolecular transducers consisting of a semi-
conducting polymer core and an amphiphilic polymer shell.l”!]
However, in both works, only the neurons were modulated. In
our study, in addition to in vivo manipulate neural activity and
motor behaviors in two different types of neurons, the AFD ther-
mosensitive neurons and the D-class motor neurons, we also suc-
cessfully performed the NIR photothermal modulation in mus-
cular system. Both the straited muscles (body wall muscle cells,
functional equivalent to vertebrate skeletal muscles) and nons-
triated muscles (vulva muscles) can be excited by NIR stimuli,
induced paralysis and egg-laying behaviors respectively, which
verified a broader application of our photothermal manipulation.
So far, our approach appears to be the first photothermal modula-
tion method to regulate different types of excitable cells and corre-
sponding behaviors in vivo. In clinical treatment for neurodegen-
erative diseases and movement disorders (Parkinson’s disease,
Alzheimer’s disease, Huntington’s disease, amyotrophic lateral
sclerosis, et al.), as well as in sports rehabilitation trainings, direct
regulation of neurons often cannot achieve desired therapeutic
effect, due to the complexity of neural circuits. Our photother-
mal manipulation can also regulate muscle cells directly in vivo,
providing a new approach for clinical treatment. And the efficacy
and specificity of our photothermal manipulation suggest it may
also be applied in some other type of excitable cells or in other
experimental systems. At the same time, some photothermal
heater-thermometer platforms that can simultaneously achieve
heating and thermometry have been standardized, which will
accelerate the application of photothermal manipulation and
therapy.”>74]

In conclusion, this study demonstrates a noninvasive and ef-
fective method to precisely regulate the excitability of different
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types of cells and mediate related animal behaviors in vivo by
NIR photothermal manipulation. The approach appears to be the
first photothermal modulation method to be applied in both ner-
vous and muscular systems in freely moving animals with a non-
invasive manner. And the manipulation system shows excellent
effectiveness, specificity and biological safety, suggesting a wide
range of application prospect.

4. Experimental Section

Optical and Photothermal Characterization of ICG: The absorption
spectra of ICG (10 ug mL~" dissolved in ultrapure water) were measured
by a UV-vis-NIR scanning spectrophotometer (UV-2550, Shimadzu Co.,
Ltd). And the emission spectra were recorded by a PG2000 spectrometer
(Ideaoptics Instrumnets). For photothermal efficacy measurement, ICG in
FBS solutions (0, 1, 3, 10, 30, 50, and 100 ug mL~", 100 uL) were irradi-
ated by a 793 nm CW laser (Suzhou Rugkuta Optoelectronics Co., Ltd.,
China) at a power density of 10 mW mm~2. Temperatures were recorded
every 15 s by an infrared thermal imaging camera (Ti25, Fluke IR Fusion
Technology Inc., USA). For photostability test, 100 ug mL~" ICG in FBS or
ultrapure water were irradiated by NIR (793 nm, 10 mW mm™2) for 4 min,
following with 4 min cooling time. The irradiation and cooling cycles were
repeated 5 times. Temperatures were recorded every 30 s by an infrared
thermal imaging camera (Ti25, Fluke IR Fusion Technology Inc., USA).

Cell Culture and Transfection: SY5Y neuroblastoma cells were cul-
tured in DMEM/F-12 (Gibco) and HEK293T cell were cultured in DMEM
(Gibco), containing 10% Fetal Bovine Serum Premium (PAN, ST30-3302)
and 1% Pen Strep-Penicillin Streptomycin (Gibco), maintained at 37 °C
with 5% CO,. Cell transfection was performed using lipofectamine 3000
(Thermo Fisher) with 1.5 ug of mouse TRPV1 (mTRPV1) plasmid or 0.2 ug
mCherry plasmid in 3.5 cm plates.

C. elegans Strains and Culture: Strains were maintained at 20 °C
on nematode growth medium (NGM) plates seeded with the OP50
strain of Escherichia coli under standard conditions,[”>] unless otherwise
stated. For ICG-feeding groups, ICG was mixed with E. coli to a final
diffusion concentration on the plates as needed, then fed nematodes
for 12 h before experiments. The N2 Bristol strain of C. elegans was
used as wild-type. Transgenic lines used in this study include: Ym_ST089
YmIS6[Phsp-4::GFP], Ym_STO55 tax-2(p691), Ym_STO087 tax-2(p697);
YmEx27[Pgcy8::mTRPV1::sI2::Dsred+Pgey8::GCaMP5], Ym_ST198
tax-2(p691); YmEx28[Pttr-39::mTRPV1::s12::Dsred+Pttr39::GCaMP5],
Ym_ST059 YmEx1[Pmyo-3::mTRPV1::sl2::Dsred+Ptmc-2-GCaMPx].

NIR Fluorescence Microscopic Imaging In Vitro:  NIR-I fluorescence mi-
croscopicimaging of SY5Y neuroblastoma cells were operated on confocal
microscopy (STELLARIS 8 FALCON, Leica). NIR-Il wide-field fluorescence
microscopic imaging of HEK293T cells were operated on NIR-1I-MS opti-
cal system (Sunnyoptical). The cells were incubated with ICG (50 ug mL™")
in HBSS solution for 1 h. The extra ICG was washed away or just left while
imaging.

Confocal Imaging of C. elegans: The NaN; anesthetized young adult C.
elegans were immobilized on a glass slide with an agar pad. After cover
the agar pad with a coverslip, the fluorescence signals were recorded us-
ing Z axis scanning mode by a confocal microscope (FV1000, Olympus)
with a Plan-Apochromatic 20x (Figure 2a,c) or 60x (Figure S4, Supporting
Information) objective.

Two-photon Fluorescence Imaging of C. elegans: Worms were fed with
ICG (0, 0.2, 1, 2 ug mL™") for 12 h, then anesthetized and immobilized
as described before. The images were taken by a two-photon fluorescence
scanning microscope (Olympus, FV1200). A 1040 nm femtosecond (fs)
laser (150 fs, 50 MHz) was introduced as excitation source. The signal
of DsRed fluorescent probe was recorded by inner photomultiplier tube
(PMT), while the fluorescence of ICG was collected by an outer photomul-
tiplier tube (PMT, H7422-50, Hamamatsu) through NDD mode using a
750 nm long-pass filter.

Calcium Imaging: HEK293T cells were incubated with calcium indi-
cator Fluo-8am for 30 min at 37 °C in the dark. Cells transfected with
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mTRPV1-mCherry or mCherry only were used to detect the fluorescence
intensity changes under heat, capsaicin or NIR treatments. The heating
process was controlled by perfusing preheated bath solution at 45 °C. And
then 10 uM capsaicin was given after 5.5 min. The optical fiber was used
to lead the light source of NIR stimulation (793 nm, 10 mW mm~2) to
detect photothermal effect. HEK293T cells in ICG group were incubated
with 50 pg mL~1 ICG for 1 h. After washing twice with HBSS, Fluo-8am
was added for incubation. The extracellular solution (ECS) for cell calcium
imaging contained 140 mM NaCl, 5 mM KCl, 1.2 mM MgSO,, 1.5 mM
CaCl,, 10 mM HEPES, 10 mM D-glucose, and pH 7.4.

For calcium imaging in vivo, AFD::GCaMP5 expressed young adult C.
elegans were immobilized with surgical glue (Gluture Topical Tissue Ad-
hesive, Abbott Laboratories) on a glass pad, covered with bath solution
(145 mM Nacl, 2.5 mM KCl, T mM MgCl,, 5 mM CaCl,, 10 mM HEPES,
20 mM glucose, 325~335 mOsm, pH 7.3). Heat stimulation was per-
formed by perfusing preheated bath solution at 45 °C. The worms in the
NIR+ICG group were fed with 10 ug mL~" ICG for 12 h and covered in a
bath solution with 10 ug mL~" ICG when recording. The optical fiber was
used to lead the light source of NIR stimulation (793 nm, 10 mW mm™2).
Calcium imaging was acquired on an inverted microscope (Olympus IX71)
with a 40x objective lens. Raw images were acquired with a Qlmag-
ing optiMOS Scientific CMOS (sCMOS) camera controlled by the micro-
Manager 1.4 software. All image stacks were analyzed using the Image)
software.

Optical System for Photothermal Manipulating of C. elegans Behaviors In
Vivo: The optical system was based on a stereomicroscope (SZN71 Sun-
nyoptical). 793 nm CW laser was focused on the plate through a focus lens
(focus length = 160 mm) and control the spot diameter of 2 mm or as
needed. The behavior changes of C. elegans was recorded by a VIS CCD
(RETIGA-SRV, Qlmaging) with a white LED illumination.

Heat Shock of C. elegans: A total of 100 adult worms of YmIS6[Phsp-
4::GFP] were placed on a seeded NGM plate to lay eggs for 2 hours, and
the eggs were cultured at 20 °C until the young adult stage. For the heat
group, enough nematodes were transferred to fresh NGM plates. Then the
plates were heated in water bath at 33 °C for 0, 1, 10, 30 min, respectively.
For the NIR+ICG group, nematodes were incubated on fresh NGM plates
with ICG (10 ug mL™") for 12 h to get the young adult stage. Then trans-
ferred enough nematodes to M9 droplets with ICG (10 uyg mL~") on glass
pads. 793 nm CW laser was focused on the droplets for 0, 1,5, 10 min, re-
spectively. Fluorescence intensity was detected 2 h after treatment. Worms
were anesthetized and immobilized as described before. Imaging was per-
formed using an upright fluorescence microscope (Olympus, BX51WI)
with a 5x objective lens (Figure 2d,e). Raw images were acquired with a
Qlmaging optiMOS Scientific CMOS (sCMOS) camera controlled by the
micro-Manager 1.4 software. All image stacks were analyzed using the Im-
age] software.

Reversal Assay:  After fed with different concentrations of ICG for 12 h,
young adult C. elegans were transferred to a fresh test plate without Es-
cherichia coli food on it. After a few minutes of acclimatization, NIR irra-
diation (793 nm) was performed with different power densities as stated.
The NIR spot with a diameter less than 2 mm was placed in front of the
C. elegans when the worm moved forward. The response behaviors when
worms moved into the NIR spot were recorded and classified as go for-
ward and go backward (reversal behavior). A stereoscope (SZN71 Sun-
nyoptical) equipped with a high-sensitivity digital CCD camera (RETIGA-
SRV-Qimaging, Fast1394) was used for recording.

Thrashing Assay: M9 solution with different concentrations of ICG
were dropped (50 pL each) on glass pads. Young adult nematodes fed by
the equal concentration of ICG were transferred into the droplets to accli-
mate for ~1~2 min. Then thrashing behaviors were recorded by a digital
camera. For NIR irradiation experiments, animals were first recorded for
20's as a baseline value, then illuminated under 793 nm NIR light for 20 s to
detect the effect of photothermal stimulation, finally recorded for another
20 s after removing NIR to examine the recovery of swimming behaviors.

Paralysis Assay:  Young adult worms fed by ICG (10 ug mL™", 12 h) were
transferred to a fresh plate without E. coli food on it. After a few minutes of
acclimatization, the NIR (793 nm, 200 mW mm’z) light was placed onto
the body of the nematodes. The motor behaviors upon NIR were recorded
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and classified as movement and paralysis. And the NIR irradiation time
(within 10 s) required for animals to be stiff was also be counted.

Egg-Laying Assay:  For the egg-laying behavior test under photothermal
manipulation, nematodes in D2 stage which have been fed by 7.5 uyg mL™!
ICG were transferred to fresh NGM plates with ICG. After a few minutes of
acclimatization, laid eggs by each worm before or during NIR irradiation
(793 nm, 50 mW/mm?) were recorded by a digital camera (Figure 6c-d).
For biological safety test of ICG, the effects on reproduction were examined
by counting the number of eggs laid per day by each worm in the whole life,
and the unlaid eggs in D2 animals, respectively. Worms were incubated on
NGM plates with different concentrations of ICG (0, 2, 10 ug mL™"), sin-
gle worm on single plate. Then the worms were transferred to fresh ICG
plates every day after D1 stage, until the egg-laying physiological behav-
ior was over. The number of eggs laid per day was recorded and manually
counted (Figure S5¢, Supporting Information), and the number of progeny
was calculated by accumulating all data (Figure S5¢c, Supporting Informa-
tion). For egg retention assays, individual D2 worm was dissolved in a
10 pL droplet of 50% NaOCI solution and the number of retained eggs
was counted after 5 min.

Lethality Assay: 1CG at different concentrations was added to NGM
plates mixed with E. coli. After dry for 1-2 h at room temperature, the L4
larva were allowed to transfer onto the plates. Number of dead worms
was recorded after 24 h incubation and the viability rate of C. elegans was
estimated after 3 times repetition.

Lifespan Analysis:  For biological safety test of ICG, the effects on lifes-
pan were performed by counting the number of survival nematodes cul-
tured on NGM plates at 20 °C with different concentrations of ICG (0, 2,
10 pg mL™") until all tested animals were dead. Every 15220 N2 worms
at L4 stage were cultured on a 6 cm NGM plate with ICG, and needed to
be transferred to a fresh plate every day in egg-laying period. The survival
number was recorded from D1 stage. And the nematodes lost or died acci-
dentally due to crawling off or drilling into the NGM plates were removed
out from the test. The number of valid worms was more than 110 in each
group.

Quantification and Statistical Analysis: ~ All statistical tests in this study
were performed using GraphPad Prism 8. Student’s t test, or one- or two-
way ANOVA were performed to determine statistical significance. If the
variances were significantly different, the Welch'’s t test or Brown-Forsythe
and Welch ANOVA tests were used. P values below 0.05 were considered
significant. Data were presented as mean + SEM. Details of the statistical
analyses performed for each figure were provided in the figure legends.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

S.Z.,M.H., J.F.,, and S.P. contributed equally to this work. This research was
supported by the National Natural Science Foundation of China (82030108
to W.Y.) and the MOE Frontier Science Center for Brain Science & Brain-
Machine Integration, Zhejiang University. The authors were grateful to the
Core Facilities of Zhejiang University Institute of Neuroscience for techni-
cal assistance. The authors thank Shangbang Gao and Suhong Xu for their
generous gifts of the plasmid and C. elegans strains.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH

85U801 7 SUOWILLIOD BAIERID 3o ! dde 3y} Aq pauRA0D 8Je Sa[oe YO ‘SN 0 S8INJ 0} AeIq 1T 3UIIUO A1V UO (SUO 3 IPUCD-pUB-SLUIBY WD A8 |IMARRIq 1 BU1|UO//:SARY) SUORIPUCD PUe SWie 1 84} 835 *[£202/60/£2] U0 ARiqiT 8ulluO /8|1 ‘8¥800£202 PIUS/Z00T OT/I0p/Wwod 8| im Afeiq 1 pul|uo//sdny wouy papeojumod ‘0 ‘80969962



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

small

methods

Keywords

animal behavior, Caenorhabditis elegans, cellular excitability, near-infrared
(NIR) light, TRPV1

Received: July 9, 2023
Revised: August 12, 2023
Published online:

(1]
(2

(3]

(4]

3]

(6]

Y
(8]
9]

(1]

(1
(12]
(13]
(14]
(15]
(6]
(17]
(18]

(19]

(20]

(21]

(22]

Small Methods 2023, 2300848

L. Fenno, O. Yizhar, K. Deisseroth, Annu. Rev. Neurosci. 2011, 34, 389.
E. S. Boyden, F. Zhang, E. Bamberg, G. Nagel, K. Deisseroth, Nat.
Neurosci. 2005, 8, 1263.

V. Gradinaru, M. Mogri, K. R. Thompson, J. M. Henderson, K.
Deisseroth, Science 2009, 324, 354.

N. C. Klapoetke, Y. Murata, S. S. Kim, S. R. Pulver, A. Birdsey-Benson,
Y. K. Cho, T. K. Morimoto, A. S. Chuong, E. J. Carpenter, Z. Tian, J.
Wang, Y. Xie, Z. Yan, Y. Zhang, B. Y. Chow, B. Surek, M. Melkonian,
V. Jayaraman, M. Constantine-Paton, G. K. Wong, E. S. Boyden, Nat.
Methods 2014, 11, 338.

J. L. Gomez, |. Bonaventura, W. Lesniak, W. B. Mathews, P. Sysa-Shah,
L. A. Rodriguez, R. J. Ellis, C. T. Richie, B. K. Harvey, R. F. Dannals, M.
G. Pomper, A. Bonci, M. Michaelides, Science 2017, 357, 503.

G. M. Alexander, S. C. Rogan, A. |. Abbas, B. N. Armbruster, Y. Pei, ).
A. Allen, R. J. Nonneman, J. Hartmann, S. S. Moy, M. A. Nicolelis, .
O. McNamara, B. L. Roth, Neuron 2009, 63, 27.

C. ). Magnus, P. H. Lee, |. Bonaventura, R. Zemla, . L. Gomez, M. H.
Ramirez, X. Hu, A. Galvan, ). Basu, M. Michaelides, S. M. Sternson,
Science 2019, 364, eaav5282.

G. V. Goddard, D. C. Mclntyre, C. K. Leech, Exp Neurol 1969, 25, 295.
H.S. Mayberg, A. M. Lozano, V. Voon, H. E. McNeely, D. Seminowicz,
C. Hamani, ). M. Schwalb, S. H. Kennedy, Neuron 2005, 45, 651.

B. D. Greenberg, L. A. Gabriels, D. A. Malone, Jr., A. R. Rezai, G.
M. Friehs, M. S. Okun, N. A. Shapira, K. D. Foote, P. R. Cosyns, C.
S. Kubu, P. F. Malloy, S. P. Salloway, ). E. Giftakis, M. T. Rise, A. G.
Machado, K. B. Baker, P. H. Stypulkowski, W. K. Goodman, S. A.
Rasmussen, B. J. Nuttin, Mol. Psychiatry 2010, 15, 64.

N. Grossman, D. Bono, N. Dedic, S. B. Kodandaramaiah, A. Rudenko,
H. ). Suk, A. M. Cassara, E. Neufeld, N. Kuster, L. H. Tsai, A. Pascual-
Leone, E. S. Boyden, Cell 2017, 169, 1029.

G. T. Clement, K. Hynynen, Phys Med Biol 2002, 47, 1219.

Y. Tufail, A. Matyushov, N. Baldwin, M. L. Tauchmann, . Georges, A.
Yoshihiro, S. I. Tillery, W. ). Tyler, Neuron 2010, 66, 681.

D. Folloni, L. Verhagen, R. B. Mars, E. Fouragnan, C. Constans, J. F.
Aubry, M. F. S. Rushworth, ). Sallet, Neuron 2019, 101, 1109.

X. Hou, Z. Qiu, Q. Xian, S. Kala, J. Jing, K. F. Wong, J. Zhu, J. Guo, T.
Zhu, M. Yang, L. Sun, Adv. Sci. (Weinh) 2021, 8, 2101934.

R. Chen, G. Romero, M. G. Christiansen, A. Mohr, P. Anikeeva, Science
2015, 347, 1477.

H. Huang, S. Delikanli, H. Zeng, D. M. Ferkey, A. Pralle, Nat. Nan-
otechnol. 2010, 5, 602.

R. Munshi, S. M. Qadri, Q. Zhang, |. Castellanos Rubio, P. Del Pino,
A. Pralle, Elife 2017, 6, €27069.

S. A. Stanley, L. Kelly, K. N. Latcha, S. F. Schmidt, X. Yu, A. R. Nectow,
J. Sauer, ). P. Dyke, ). S. Dordick, ). M. Friedman, Nature 2016, 537,
647.

X. Gong, D. Mendoza-Halliday, ). T. Ting, T. Kaiser, X. Sun, A. M.
Bastos, R. D. Wimmer, B. Guo, Q. Chen, Y. Zhou, M. Pruner, C. W.
Wu, D. Park, K. Deisseroth, B. Barak, E. S. Boyden, E. K. Miller, M. M.
Halassa, Z. Fu, G. Bi, R. Desimone, G. Feng, Neuron 2020, 107, 197.
F. Zhang, A. M. Aravanis, A. Adamantidis, L. de Lecea, K. Deisseroth,
Nat. Rev. Neurosci. 2007, 8, 577.

S. K. Kalia, T. Sankar, A. M. Lozano, Curr. Opin. Neurol. 2013, 26, 374.

(23]
(24]

(25]

28]

(27)

(28]

(29]

(30]

(31]
(32]

33]

(34]
35]
(36]
137]

38]

139

[40]
1

[42]
[43]
[44]
[45]
[46]
[47]
48]
[49]
[50]
(51

[52]
(53]

www.small-methods.com

M. H. Histed, V. Bonin, R. C. Reid, Neuron 2009, 63, 508.

S. Ibsen, A. Tong, C. Schutt, S. Esener, S. H. Chalasani, Nat. Commun.
2015, 6, 8264.

M. Duque, C. A. Lee-Kubli, Y. Tufail, U. Magaram, ]. Patel, A.
Chakraborty, ]. Mendoza Lopez, E. Edsinger, A. Vasan, R. Shiao, C.
Weiss, ). Friend, S. H. Chalasani, Nat. Commun. 2022, 13, 600.

J. Ye, S. Tang, L. Meng, X. Li, X. Wen, S. Chen, L. Niu, X. Li, W. Qiu, H.
Hu, M. Jiang, S. Shang, Q. Shu, H. Zheng, S. Duan, Y. Li, Nano Lett.
2018, 18, 4148.

Y. S. Huang, C. H. Fan, N. Hsu, N. H. Chiu, C. Y. Wu, C. Y. Chang, B.
H. Wu, S. R. Hong, Y. C. Chang, A. Yan-Tang Wu, V. Guo, Y. C. Chiang,
W. C. Hsu, L. Chen, C. Pin-Kuang Lai, C. K. Yeh, Y. C. Lin, Nano Lett.
2020, 20, 1089.

Z.Qiu, J. Guo, S. Kala, J. Zhu, Q. Xian, W. Qiu, G. Li, T. Zhu, L. Meng,
R. Zhang, H. C. Chan, H. Zheng, L. Sun, iScience 2019, 21, 448.

C. Rabut, S. Yoo, R. C. Hurt, Z. Jin, H. Li, H. Guo, B. Ling, M. G.
Shapiro, Neuron 2020, 108, 93.

Z. Feng, T. Tang, T. Wu, X. Yu, Y. Zhang, M. Wang, J. Zheng, Y. Ying,
S. Chen, ). Zhou, X. Fan, D. Zhang, S. Li, M. Zhang, . Qian, Light Sci
Appl 2021, 10, 197.

A. M. Smith, M. C. Mancini, S. Nie, Nat. Nanotechnol. 2009, 4, 710.
Y. Ao, K. Zeng, B. Yu, Y. Miao, W. Hung, Z. Yu, Y. Xue, T. T. Y. Tan,
T. Xu, M. Zhen, X. Yang, Y. Zhang, S. Gao, ACS Nano 2019, 13,
3373.

S. Chen, A. Z. Weitemier, X. Zeng, L. He, X. Wang, Y. Tao, A. J. Y.
Huang, Y. Hashimotodani, M. Kano, H. Iwasaki, L. K. Parajuli, S.
Okabe, D. B. L. Teh, A. H. All, I. Tsutsui-Kimura, K. F. Tanaka, X. Liu,
T. ). McHugh, Science 2018, 359, 679.

A. H.All, X. Zeng, D. B. L. Teh, Z. Yi, A. Prasad, T. Ishizuka, N. Thakor,
Y. Hiromu, X. Liu, Adv. Mater. 2019, 31, 1803474.

J. Yang, J. Choi, D. Bang, E. Kim, E. K. Lim, H. Park, J. S. Suh, K. Lee,
K. H. Yoo, E. K. Kim, Y. M. Huh, S. Haam, Angew Chem Int Edit 2011,
50, 441.

Z.B. Zha, X. L. Yue, Q. S. Ren, Z. F. Dai, Adv. Mater. 2013, 25, 777.
A. Ambrosone, V. Marchesano, S. Carregal-Romero, D. Intartaglia, W.
J. Parak, C. Tortiglione, ACS Nano 2016, 10, 4828.

C. A. Poland, R. Duffin, I. Kinloch, A. Maynard, W. A. H. Wallace, A.
Seaton, V. Stone, S. Brown, W. MacNee, K. Donaldson, Nat. Nan-
otechnol. 2008, 3, 423.

K.Yang, S. A. Zhang, G. X. Zhang, X. M. Sun, S. T. Lee, Z. A. Liu, Nano
Lett. 2010, 70, 3318.

R. F. Zhang, F. Yan, Y. Chen, Adv. Sci. 2018, 5, 1801175.

B. Li, H. Liu, Y. He, M. Zhao, C. Ge, M. R. Younis, P. Huang, X. Chen,
J. Lin, Angew Chem Int Ed Engl 2022, 61, €202200025.

J. Yu, D. Javier, M. A. Yaseen, N. Nitin, R. Richards-Kortum, B. Anvari,
M. S. Wong, J. Am. Chem. Soc. 2010, 132, 1929.

E. P. Porcu, A. Salis, E. Gavini, G. Rassu, M. Maestri, P. Giunchedi,
Biotechnol. Adv. 2016, 34, 768.

L. Luo, L. Yan, A. Amirshaghaghi, Y. Wei, T. You, S. Singhal, A.
Tsourkas, Z. Cheng, ACS Appl. Bio Mater. 2020, 3, 2344.

J. T. Alander, |. Kaartinen, A. Laakso, T. Patila, T. Spillmann, V. V.
Tuchin, M. Venermo, P. Valisuo, Int. J. Biomed. Imaging 2012, 2012,
1.

T. Kaletta, M. O. Hengartner, Nat Rev Drug Discov 2006, 5, 387.

W. R. Schafer, Curr. Biol. 2005, 15, R723.

M. ). Caterina, M. A. Schumacher, M. Tominaga, T. A. Rosen, J. D.
Levine, D. Julius, Nature 1997, 389, 816.

M. J. Caterina, A. Leffler, A. B. Malmberg, W. J. Martin, |. Trafton, K.
R. Petersen-Zeitz, M. Koltzenburg, A. I. Basbaum, D. Julius, Science
2000, 288, 306.

V. Prahlad, T. Cornelius, R. I. Morimoto, Science 2008, 320, 811.

M. Al-Amin, |. Kawasaki, J. Gong, Y. H. Shim, Mol. Cells 2016, 39, 163.
M. Beverly, S. Anbil, P. Sengupta, J. Neurosci. 2011, 37, 11718.

D. Ramot, B. L. Maclnnis, M. B. Goodman, Nat. Neurosci. 2008, 11,
908.

2300848 %3 0f14) © 2023 The Authors. Small Methods published by Wiley-VCH GmbH

85U801 7 SUOWILLIOD BAIERID 3o ! dde 3y} Aq pauRA0D 8Je Sa[oe YO ‘SN 0 S8INJ 0} AeIq 1T 3UIIUO A1V UO (SUO 3 IPUCD-pUB-SLUIBY WD A8 |IMARRIq 1 BU1|UO//:SARY) SUORIPUCD PUe SWie 1 84} 835 *[£202/60/£2] U0 ARiqiT 8ulluO /8|1 ‘8¥800£202 PIUS/Z00T OT/I0p/Wwod 8| im Afeiq 1 pul|uo//sdny wouy papeojumod ‘0 ‘80969962



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

[54]
(53]
[56]

[57]

[58]
[59]

(60]
[61]

(62]
(63]

(64]

Small Methods 2023, 2300848

small

methods

H. Komatsu, I. Mori, J. S. Rhee, N. Akaike, Y. Ohshima, Neuron 1996,
17,707.

A. Takeishi, Y. V. Yu, V. M. Hapiak, H. W. Bell, T. O’Leary, P. Sengupta,
Neuron 2016, 90, 235.

A. Kuhara, N. Ohnishi, T. Shimowada, |. Mori, Nat. Commun. 2011,
2, 355.

L. Luo, N. Cook, V. Venkatachalam, L. A. Martinez-Velazquez, X.
Zhang, A. C. Calvo, J. Hawk, B. L. Maclnnis, M. Frank, . H. Ng, M.
Klein, M. Gershow, M. Hammarlund, M. B. Goodman, D. A. Colon-
Ramos, Y. Zhang, A. D. Samuel, Proc Natl Acad Sci U S A 2014, 1117,
2776.

Y. Tsukada, M. Yamao, H. Naoki, T. Shimowada, N. Ohnishi, A.
Kuhara, S. Ishii, I. Mori, J. Neurosci. 2016, 36, 2571.

S. L. Mclntire, E. Jorgensen, |. Kaplan, H. R. Horvitz, Nature 1993,
364, 337.

J. E. Richmond, E. M. Jorgensen, Nat. Neurosci. 1999, 2, 791.

K. Gieseler, H. Qadota, G. M. Benian, WormBook 2017, 2017,
1.

W. R. Schafer, C. elegans biology 2005, 1.

X. Yue, J. Zhao, X. Li, Y. Fan, D. Duan, X. Zhang, W. Zou, Y. Sheng, T.
Zhang, Q. Yang, J. Luo, S. Duan, R. Xiao, L. Kang, Neuron 2018, 97,
571.

Y. Lyu, C. Xie, S. A. Chechetka, E. Miyako, K. Pu, J. Am. Chem. Soc.
2016, 138, 9049.

(65]
(66]
(67]

(68]

(6]

[70]

(71

[72]

[73]

[74]

[75]

2300848 (14 of 14)

www.small-methods.com

X. Zhen, C. Xie, Y. Jiang, X. Ai, B. Xing, K. Pu, Nano Lett. 2018, 18,
1498.

J. Yuan, H. Liu, H. Zhang, T. Wang, Q. Zheng, Z. A.-O. Li, Adv. Mater.
2022, 34, 2108435.

A. C. Bhasikuttan, ). Mohanty, W. M. Nau, H. Pal, Angew Chem Int Ed
Engl 2007, 46, 4120.

M. S. Baptista, G. L. Indig, J. Phys. Chem. B 1998, 102, 4678.

J. Guo, L. Chen, F. Xiong, Y. Zhang, R. Wang, X. Zhang, Q. Wen, S.
Gao, Y. Zhang, Nanoscale 2023, 15, 7845.

Y. Zhang, W. Zhang, K. Zeng, Y. Ao, M. Wang, Z. Yu, F. Qi, W. Yu,
H. Mao, L. Tao, C. Zhang, T. T. Y. Tan, X. Yang, K. Pu, S. Gao, Small
(Weinheim an der Bergstrasse Germany) 2020, 16, 1906797.

X. Wu, Y. Jiang, N. J. Rommelfanger, F. Yang, Q. Zhou, R. Yin, . Liu,
S. Cai, W. Ren, A. Shin, K. S. Ong, K. Pu, G. Hong, Nat. Biomed. Eng.
2022, 6, 754.

E. Carrasco, B. del Rosal, F. Sanz-Rodriguez, A. |. de la Fuente, P. H.
Gonzalez, U. Rocha, K. U. Kumar, C. Jacinto, J. G. Sole, D. Jaque, Adv.
Funct. Mater. 2015, 25, 615.

Y. K. Wu, M. N. A. Alam, P. Balasubramanian, A. Ermakova, S. Fischer,
H. Barth, M. Wagner, M. Raabe, F. Jelezko, T. Weil, Nano Lett. 2021,
21, 3780.

Ferdinandus, M. Suzuki, C. Q. Vu, Y. Harada, S. R. Sarker, S. Ishiwata,
T. Kitaguchi, S. Arai, ACS Nano 2022, 16, 9004.

S. Brenner, Genetics 1974, 77, 71.

© 2023 The Authors. Small Methods published by Wiley-VCH GmbH

85U801 7 SUOWILLIOD BAIERID 3o ! dde 3y} Aq pauRA0D 8Je Sa[oe YO ‘SN 0 S8INJ 0} AeIq 1T 3UIIUO A1V UO (SUO 3 IPUCD-pUB-SLUIBY WD A8 |IMARRIq 1 BU1|UO//:SARY) SUORIPUCD PUe SWie 1 84} 835 *[£202/60/£2] U0 ARiqiT 8ulluO /8|1 ‘8¥800£202 PIUS/Z00T OT/I0p/Wwod 8| im Afeiq 1 pul|uo//sdny wouy papeojumod ‘0 ‘80969962



ﬂP I

KSCH
310012
BT PEIXCOR L 46 57 AR 1301 = HiNA sk R 3555 7
HBRAF]
AL (17764577667) 2023 ﬁ ()4 H 25 H
HIES: 202310454120.8 EXFE: 2023042501688590

THHEBEXEEMNP

FRI 2 T 56 28 £ M HLIANMIES 38 45 28 39 SKIUAE ,, HE ABE IO LR RS L E S AR =AU
S, RS HES . Al H S E BlmAa b

G5 2023104541208

S H: 2023404 J 25 H

s LR

KN Ao, B8R, e tge, T B AR, /5 R B 5K

LB 2R — Pl 2k BB P S T AL AR LA PR 7 1 e L

E425¢, R IR BUS BRI

RCRIESRA 14 2 DUAGRERIEL « 10 B

W 147 I

WEHTBIE 1 £ 4 1T

YEHPBHEE 1 0 1 It

KIHEFERAS 1435 U1

SR SR 1

iG55 23-212069-00069613

LHE AR LR i@ 2 )a, e BN S S Has AR AR N BB, TR ER AR AU
WREIE,
2 HHE AR LR g @AM 2 e, HRERANR AU RS R, BN Y HE . WSS .
A)
y;&'l//l:{/lfé‘

S
0 1
l0g1357

oA b HEX R Gl
PEAHLIE: 010—62356655

200101 ACAEIR, [EleRiERT e 100088 AUSTHTRREDCHT] P -LIER 6 %5 SRR AR 4 A fR 2 EEAL IR
2022.10 LT, RSB AN S EE R G AR S ST ARSI o BRSAMESD, DA At e 52
SRR o 35


mbhe9
高亮


L

ZENZEA:
315 A -
B E L RR -
I=EE e
EHi#%H:
i & A
B chi
R B 4 R -
FE T R4
RFE AL
B & A
HFRBHH:

0 H LS 61975172

FRIE AR F051201

VA A T ]

IKFCATARTE 131005808A1112-2096

172

ERAANEEEERS
ZEh H it $

i _E 5 H

CWI A I TCGIT AL S r T s Mr i e 1 S i AR Ty e

6375 7T PATEPR: 2020.01-2023. 12

BIR

LR SR I A DR RO S R T 5T h 0021955 1)

310058 =2 1H: 0571-88206515%£215

gianjun@z ju. edu. cn

WL R
35 )4 =2} 1E: 0571-88981080

2019408 H17H

EXREANFEEERSH

Version: 1.005.706

36



o 1% SRR AT H

EZRBARFEEE RS R AR B IERITA

v BH AT AR GRS E SRR < 08 B I H HEHE S A S F U@ ) (LU i
FRCHEAETEAND O J5, TN BEATER Y], SIS R AL GO H B
INEL CHEZ ARR AR T I A BT S HIMNEA)  GEA R E K ARR A S Z R

ST E I CBERE A HD % GEER D RESRNEIHE MR (EX

HRRE A2 R BRI H I CRUR AR GFRI) D .

~ BE GERIAY) NEOREEA M SRR RIBTEMWT. dE.  GERI) @EEA

IRPH AT 2 DR ORI H A BEAR T ) At i, RV I H PSSRl A T A

BT R o

o) AR I 2R AT

() . HARG AL

() B R ] IR T B I H AR AURE b L DS B R B ]

(=) BIHATE O HRIF R 2 0 H A 2l h R4 B3, HH
TR AR — 80 AR R . QR S T H PR R L B L
R RS FAME ORI R FAT A H A G A DG ESR N, £y
IEHIFAHRAT )G 35T R D AR R 53 AT IR B

(PO BTk MIEAHES B HRN, ZE (EX B RREER I H TR
Gl e ) SR B e R B ]S SRR IR H L K
I 3 2 SR 5 SR A B B R H R B e AR . U
W] 5 B AR L (R TR BT 4 4

(1) IEX:

L OELESUH . THERES T . ARSI I Gma) s
PRI, RARE “BISCN 2RI FRRHER s T BT G
HEREE AT b I F PP R RS B AR P ST I R B L R
s AT T AT 5 A1, SR LI5S ki 0 T
B A A P 2

2. EASIH. TAEE GRK) AERFFHE . TABH. 85 E AR 6T
B BUER “HURITSOr R ISR TR, B IR R
THS BTED N2, ARG, TSI E bR (R T A A
R B ARIRRR LU R RS RR SRARRITIT CHFRD W28, AN, 5
LR LA
(1) BFFEHIAME ORI ST R e T R 0 A A g BSFRU%)  BLR
HORFSE CBIFED) 5 SR AR s 2k
(2) BiHEEBEHN T, AERSOARZ MEIR S5 T, B A i
T 2 7 5
(3) VEANAERERTSE CIFED 34l



[ 5 B AR AR T R

E XN F RS IUFHE RIS SO 78 G AEDT UL 6 T
H: ZksE “WIEIRT BB S W7, & PR NS

(1) BT A5

(2) &5 ENAMIEFTIVIR, 3BT AR ) AR EARRTRE 3 S (RPN TR
) ;

(3) BN W07 B EH bR (BRSBTS

(4) FEFFHRI;

(5) BT 2 R 17 Dt o

2% [ ARRE A GIEA R = DI H - 20k $E “MRIEHH 707 R 0us W s
o YR VE R 2 S I 52 S M R LA, 2D sE s IR 4t
FOHRL AR PR RIS A . 4 T YIRS

(D) FFERIF R TAE COREFEF . CHRHE SR N2

(2) W% CHFE TR A 7> T a7 AR X & it T k-4l
)

(3) AFEEREFTT R

(4) TUAEFIUY H AR AT AT REIUAS I R SR AR

(5) WFFT AL ZH BT B o

X HARSER I H , S B 05 A TIE A

20T

38



[ 5 B AR AR T R

W 4 % v | | B | esiror | R ik ok
% WA [k
E:;l% LA 5 HL BT Jaianjun@zju. edu. cn
1;_—' i i (1)271—88206515?'52 AT Ettp://mypage. z ju. edu. cn/qianju
TR
it B R BT DGR TR
Bloa m ok fr P1005808A11
Glom R A e TS howdzju, edu. cn
E FH, 1% 0571-88981080 P i lE www. z ju. edu. cn
i IR
WOH 4 B ORI TCGIT £T A B TG 5 T e A S Aol i P
vy % W |EESA % )
1%1 W W W
SDom o foom [OSURLESIREN B 51006 iz iny
Blom % w0 orrasmsmsms
AT F B [2020.01-2023. 12
T I TV




o 1% SRR AT H

Bl o EE 4

“BRIRE, RUERE” o BRI BT RMEA G RIEAOET AR, HRAT SRR BRI, S AR
I H R M TE R SR B R .

® “REFNE, MEFRET . BRER R TR AERURUE X, LAY BER] 5] 40
PESOT GIPERFAE, B AR I MR BRSO T PR, 51 el e Rt 2 i

“TRES|, FEERI” . B EE T E K E TR Ly, AT SRR S i )
SPIEATH bR T AL, S AR AR R AT 5 A% DR EL, e RTS8 AL 1 B o

“HMSE, TXEE” . BB T2 ARSI E MR, BAT SR R 2R SRR, 5
FEX A SO0 Y SRR 58 (b 20 B R RH A e b S8 I ARTRA R

T P e PR 1) U PR B (BOOF-LAAY) - ‘

SMHE TR RERS KK (IR AE ) RO TR I (Rifie i) FRSE T, NI, RIT
SR E AR BATAE MR Ly s R RN AR LS . 2206 19 AR AL 17 L 40 Kk
1 LHAAOE B H AT TS 2 PR ST s Wroe St AP edi Jr 50, 51 1 B A SMIFTE A AT
ZRE . HEAIANFENAE, BT RIS ) ST e ko nl B CWEOE O S0, FLUAO G35 dl 4K
MRS, UEAE, e BATEEUR RN, B A EEUR AN SRR HAT, B ORI T
VIS AR . BRI, W TSR Z ORI PO RS B AL T LU AN B B R R AR
FRVE AN R, GO BB s RO R H TR DT IR AT, O TR
X, G AR A, Gl A ST, RGN AE (1C6) X —ME— 7RI R b HEAEAL
I LLAN PG UGG 52 R (K170 1 S R AR R B IR 73 1 polyme thi ine [RIZ5MIAALL, R I E Mgk Bl fig
PALER; BEAh, TCCIEEATRIIRMC . 556 R LUK/ RIS FE se iR —— LA B LR W] TCGAR by
W& TR BHFEAO G . AGSFAIE . I RTIIOEGT, I N CUEMITCGRA R4 vt Mot
o HHGEIE RGOt 2R 1. SET 0, Hs AR AE AT H HhOsk TCG 1 vy e 5 3 S e e e Aot
FREEAT RAUEIT, SR RTT e PO N e S IR RS R RS AR RS, JTREICGHETS 1A
DIRER . ey AR N AL, W ANaha B g e SR & SOt
LA R L A SN SEERIA A IR S o SN IROSO N R REIL 21 AN BE LD A A N H
s, 78 ST ROt A Y X BN AR AU T IR TR, MR AR S E AT T AORT i)
LT AN RO B AU SE, DR AL B2 2 W SURIEAE (K I R N B (12 %

SBATT

40



o 1% SRR AT H

ISEE:S

IR E

B FE e RO G E Y AR BAT S b s IR R MDA N RS T TPy Il
WEFR) AL s e A G T B CWIO GO SEIL, - HLR 5 OB TS, Coge i T2 E W R
VU AR IREE . AR, TR ORGSR AR I LA B HLAAT R
AVE AR N> T ERER, BT B RO ST S A AR AR A H T AR T S
FEARTHH Ff,  JRAT UG ME—ZE Il PR 1A I3 21 050l e A5t 5% 77 TCG FA) R R AL 15 5
WAL RO R VE AT R, 53 ST e o e N ah W) 4 5 R R G 14 Uk
BRAGE, TTIRICGIES AThRERUR . JEHAYT . AW P RN, W a4 5k
B NI AR TR EGRT R IR RS I SRS A i A
AL ARTSEEHA T R AT 2T SR OBV R S A RS DoRg ok B RS R = A AT SR8
RN 7 SV EE e

Abstract:

Anti-stokes luminescence bioimaging possesses the advantages of high signal to
noise ratio, large penetration depth and low photon—damage. Anti-stokes
luminescence based on hot—band absorption can be directly excited by the
continuous wave (CW) laser and is highly dependent on the temperature, and has
been gradually employed for bioimaging, temperature sensing and so on.

However, due to the lack of biocompatible and clearable small-molecule probes
whose excitation and emission wavelength are both in the near infrared (NIR)
spectral region, optical bioimaging based on hot-band absorption induced
anti—-stokes luminescence are rarely utilized for in vivo study. In this
proposed project, we will systematically investigate the hot-band absorption
induced anti-stokes luminescence features of indocyanine green (ICG), which is
the only kind of NIR optical contrast agent adopted in clinically
applications. We will further build anti-stokes fluorescence in vivo
whole—-body and scanning microscopic imaging systems, and utilize ICG for in
vivo functional imaging, photothermal therapy, and biological regulating,
including small animal whole—body organ imaging, real-time temperature
monitoring during in vivo photothermal therapy, photon—induced cooling for
biological stimulation, and so on. We really hope that our work can provide
references for developing new NIR-emitted hot—-band absorption materials, as
well as be helpful for the future basic medical research and potential
clinical applications.

?ﬁﬁ@%ﬁ%ﬁﬁ:%%%ﬁ%;@%%ﬁ;%%%%;&%Eﬁ%ﬁ%;ﬁ%%%ﬁ

Keywords (FHH4r54FF) : fluorescent liposome; indocyanine green (ICG); hot—band
absorption; anti—stokes luminescence; in vivo functional applications
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Abstract:

Tumor microenvironment is characteristic of hypoxia and weak acidity, closely related to
the metastasis, recurrence and drug-resistance. It is possible to solve the problem by
altering cellular metabolism via tumor microenvironment regulation; however, there is
lack of highly-sensitive detection approaches. Lifetime imaging of metabolic molecules is
a potential promising approach, while it has several limitations, including its limited
time—efficiency for in vivo imaging, relying on exogenous labels, and the inability to
detect non—fluorescent samples. In this project, we have proposed the stimulated emission
based time-resolved lifetime imaging mechanism, applied the parallel detection along the
axial direction by frequency—domain optical coherence microscopy, so as to achieve fast
lifetime imaging of both non-fluorescent and fluorescent specimens, with about one order
of improvement in time—efficiency. We will develop nano—materials aiming at adjusting
oxygen concentration and pH value of cervical tissues, build the lifetime imaging
endoscope, and perform highly—quantitative image analysis, so as to achieve accurate
description of cellular metabolism and quantitative feedback of regulation ability of the
nano—materials in cervical cancer. This project provides a scheme that enables lifetime
imaging for non—fluorescent specimens, avoids the possible disruptions to tumor
microenvironment by exogenous labels, and provides new insights into understanding

drug-resistance, as well as improving and/or developing treatments for cervical cancer.

REEHE (HA52T0) : MEEONE; Rarlfs: MM SCAMT 20 s

Keywords (FH4r54FF) : Tumor microenvironment; Lifetime imaging; Stimulated
emission; Optical coherence tomography; Microenvironment regulation
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