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Noninvasive near-infrared light triggers the remote
activation of thermo-responsive TRPV1 channels
in neurons based on biodegradable/photothermal
polymer micelles
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In this study, we developed a novel biodegradable/photothermal polymer micelle-based remote-acti-
vation method for a temperature-sensitive ion channel, namely transient receptor potential cation
channel subfamily V. member 1 (TRPV1). Biodegradable/photothermal polymer micelles containing indo-
cyanine green (ICG-micelles) were prepared using a simple one-pod mixing method. The obtained ICG-
micelles showed biocompatibility and biodegradability. Furthermore, under tissue-penetrable near-infra-
red (NIR) laser irradiation, the ICG-micelles exhibited excellent photothermal effects and NIR emission.
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Moreover, NIR light-induced remote activation of neurons was successfully performed. ICG-micelles
loaded with anti-TRPV1 antibodies effectively bound TRPV1 on cell membranes, and accelerated Ca®* ion
influx into neuronal cells was induced under NIR irradiation. Based on these findings, it is anticipated that
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Introduction

Stimuli-responsive nanomaterial-based remote-activation tech-
niques for cellular functions have attracted much attention in
biological and medical research because of their noninvasive
nature and effectiveness in cell manipulation.' Most of these
techniques control the functions of ion channels in cellular
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the ICG-micelles can serve as a novel noninvasive remote-activation tool for neuronal cells.

membranes using external stimuli and stimuli-responsive
nanomaterials. Under external stimuli (such as a magnetic
field,*® wultrasound waves,”'® or light irradiation,'™"?
mechano- or temperature-sensitive ion channels are activated
and an ion efflux and/or influx is promoted, resulting in the
activation of cellular functions. In addition, these manipu-
lation techniques have great potential for novel therapeutic
applications for intractable diseases,'>'* such as neurodegen-
erative diseases'®'? and cancer.”*>*

In particular, photo-responsive nanomaterials are the most
promising candidates for the remote activation of cellular ion
channels.” It is well known that photo-irradiation-based tech-
niques for cellular manipulation or observation are superior to
other approaches, given their spatiotemporal controllability.
Thus, fluorescence microscopy and various photo-responsive
reagents, including fluorescent markers, are commonly used
in biological research. Regarding the cell-manipulation
method, optogenetics is a paradigm-shifting technique based
on photo-irradiation.>* > Optogenetics is a method for manip-
ulating cell functions using genetically encoded light-sensitive
ion channels and light irradiation. This technique can control
a neuron’s activity using light irradiation and thus has great
potential for cranial nerve research. However, most current
optogenetics approaches are difficult to use in deep tissues
because of limited light penetration. Although most optoge-
netics methods use short-wavelength blue or green light-sensi-
tive ion channels, these short wavelength lights permeate
poorly into the body due to strong light absorption, as well as
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scattering off of various biomolecules and water in the body.
To address this issue, tissue-penetrable near-infrared (NIR)
light-induced optogenetics methods, based on upconversion
nanoparticles (UCNPs), have been proposed.*”>°

The NIR wavelength region (700-1700 nm) is well known as
a tissue-penetrable “biological window” region.>’ Because of
the low absorption or scattering of biomolecules and water in
this region, NIR light can penetrate deep tissues. UCNPs can
be manipulated to emit short-wavelength visible light under
NIR excitation by using a stepwise excitation scheme. Thus,
UCNP-based optogenetics can control ion channels responsive
to blue or green light under NIR light irradiation and can be
used for deep tissue in vivo manipulation. However, it is
difficult to use optogenetics approaches in human clinical
applications because genetic engineering is required to
express light-sensitive ion channels in the cells of interest.

More recently, temperature-sensitive ion channels that
naturally exist in the body have received much attention as
targets of remote activation. For example, transient receptor
potential cation channel subfamily V member 1 (TRPV1) is
one of the most well-known temperature-responsive ion chan-
nels expressed on the cell membrane.>" TRPV1 is well known
as the capsaicin receptor; this receptor is also opened by high
temperatures (>43 °C), which accelerates the influx of cations.
In addition, because TRPV1 is widely expressed throughout
the nervous system, it is a potential target for neuronal cell
activation. Several researchers have proposed the remote acti-
vation of the TRPV1 channel by eliciting the “photothermal
effect” with various nanomaterials, such as carbon nano-
materials,** gold nanorods,'”?*?* semiconductor quantum
dots,>*** and synthesized semiconductor polymer dots.'®*° It
is well known that these nanomaterials generate an increase in
the temperature under NIR photo-irradiation. This phenom-
enon is known as the “photothermal effect”, and it is well
established for use in cancer photothermal therapy (PTT).*
However, the synthesis of these nanomaterials requires tech-
niques that can be adapted to large-scale production, consider-
ing that the price of commercially available materials may be
prohibitive. Thus, it is difficult to popularise these material-
based, cell-activation techniques in normal laboratories. In
addition, most of these NIR light-responsive nanomaterials are
inorganic or metal nanomaterials. Thus, these materials are
difficult to use in human clinical purposes, because of their
toxicity and problems in disposing of them after use.

To address these issues, it is expected that a low-cost and
safe material-based photothermal activation method for
TRPV1 will be developed. For example, indocyanine green
(ICG)*® is a low-cost and commercially available organic dye.
ICG has already been approved by the Food and Drug
Administration in the US, and the low molecular weight dye
can be cleared from the blood through the kidneys.
Furthermore, ICG has shown excellent photothermal effects
under NIR light irradiation. For example, ICG-based cancer
PTT under tissue-penetrable NIR light irradiation has been
performed successfully.*”*® In addition, ICG also shows NIR
emission under NIR excitation; thus, it can also be used as a
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fluorescence bioimaging probe.*>*® Therefore, ICG is a prom-
ising molecule for theranostic applications. Thus, ICG is a
potentially safe candidate for photothermal TRPV1 activation.
However, because ICG possesses cyanine structures, it is
hardly soluble in water, which makes it difficult to use in an
aqueous environment.

Amphiphilic block copolymer-based polymer micelles are
widely used as nanocarriers to deliver hydrophobic low-mole-
cular weight molecules, such as drugs or dyes in the body.*"*?
In these previous studies, hydrophobic molecules were loaded
into the stable hydrophobic cores of polymer micelles, and the
hydrophilic shell blocked the attack of external biomolecules
and improved the dispersion stability of polymer micelles
under physiological conditions. Thus, encapsulation of hydro-
phobic dyes is a promising method for successfully using dyes
in aqueous environments.

Therefore, we first developed ICG dye-loaded biodegradable
polymer micelles based on ICG and a biodegradable and
amphiphilic block copolymer, poly(ethylene glycol) (PEG)-
block-poly(e-caprolactone) (PCL) (PEG-b-PCL), which were used
to photothermally activate the TRPV1 ion channel of neurons
(Fig. 1). PEG-b-PCL is formed from a hydrophilic PEG segment
and a hydrophobic PCL segment, and thus can easily form a
stable polymeric micelle structure with a hydrophobic low-
molecular weight dye, ICG, in water via a simple “one-pod”
scheme. In addition, because the PCL segment contains bio-
degradable ester bonds, it is degraded by hydrolytic cleavage
in the body.** Therefore, PEG-b-PCL-based polymer micelles
are widely used as nanocarriers for hydrophobic anticancer
drugs and fluorescent dyes.**** Thus, the ICG and PEG-b-PCL
based polymer micelles possess biocompatibility and biode-
gradability, and they can be used as a novel and safe photo-
thermal activation tool for TRPV1. In addition, PEG-b-PCL
with various molecular weights is commercially available from
various chemical companies. Importantly, the photothermal
nanomaterials used for TRPV1 activation in this study were
produced using only commercially available reagents and can
be easily prepared without special synthesis techniques.

Materials and methods

Materials

PEG-b-PCL (M,: 5000-4000) and PEG-b-PCL possessing an
amine group at the a end of the PEG chain (NH,-PEG-b-PCL)
(M,: 5000-4000) were purchased from Polymer Source (Montreal,
QC, Canada). ICG, Nile red (NR), and 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) were purchased from
Tokyo Chemical Industry (Tokyo, Japan). Acetonitrile, dimethyl
sulfoxide (DMSO), N-hydroxysuccinimide (NHS), -capsaicin,
Hank’s buffer with HEPES (HHBS), and penicillin-streptomycin
were purchased from FUJIFILM Wako Pure Chemical Corporation
(Osaka, Japan). Pluronic® F-68 was purchased from Sigma-
Aldrich (St Louis, MO, USA). Fetal bovine serum (FBS) was pur-
chased from Biowest (Nuaille, France). Dulbecco’s modified
Eagle’s medium (DMEM), the Micro BCA Assay Kit, and
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Fig. 1 Schematic illustration of the NIR light-induced remote photoactivation of TRPV1 on a neuron.

CellMask™ Green Plasma Membrane Stain were purchased from
Thermo Scientific (Waltham, MA, USA). The Cell Counting Kit-8
containing a water-soluble tetrazolium (WST) assay reagent was
purchased from Dojindo Laboratories (Kumamoto, Japan). An
anti-TRPV1 antibody was purchased from Proteintech Group (IL,
USA). A Fluo-8® Ca®" indicator was purchased from AAT Bioquest
(CA, USA). All reagents were used without further purification.

Preparation of ICG-loaded polymer micelles (ICG-micelles)

ICG-micelles were prepared as follows. PEG-b-PCL (4 mg) and
ICG (20 pg) were dissolved in 1 mL of acetonitrile in a vial, fol-
lowed by the addition of 8 mL of ultrapure water. Then, aceto-
nitrile was allowed to evaporate from the aqueous ICG-micelle
dispersion while stirring it for 12 h at 25 °C. The obtained
ICG-micelles were purified by centrifugation four times
through a filter (MWCO: 10 kDa, 3500g, 15 min) and then dis-
persed in ultrapure water.

Preparation of anti-ICG-micelles and anti-NR-micelles

Anti-TRPV1 antibody-labelled micelles loaded with ICG (anti-
ICG-micelles) and anti-TRPV1 antibody-labelled micelles

2212 | Nanoscale, 2022, 14, 2210-2220

loaded with NR (anti-NR-micelles) were prepared using a
similar method. The anti-ICG-micelles were prepared as
follows: PEG-b-PCL (3 mg), NH,-PEG-b-PCL (1 mg), and ICG
(20 pg) were dissolved in 1 mL of acetonitrile in a vial, followed
by the addition of 8 mL of ultrapure water. Then, acetonitrile
was allowed to evaporate from the aqueous dispersion of ICG-
micelles possessing NH, groups while stirring for 12 h at
25 °C. The obtained ICG-micelles (possessing NH, groups)
were purified four times by centrifugation through a filter
(MWCO: 10 kDa, 3500g, 15 min), and then the obtained
micelles were dispersed in 2 mL of phosphate buffer (PB;
10 mM, pH 7.4). Subsequently, 100 pL of EDC solution
(40 mM in MES buffer, pH 6.0) and 100 pL of NHS solution
(40 mM in MES buffer, pH 6.0) were mixed, after which 2 pg of
anti-TRPV1 antibody was added to the mixture, followed by
gentle shaking for 20 min. Next, 2 mL of micelle dispersion was
added to the antibody solution, and the resulting mixture was
incubated for 12 h. The obtained anti-ICG-micelles were puri-
fied four times by centrifugation through a filter (MWCO:
300 kDa, 3500g, 15 min), and the obtained micelles were dis-
persed in ultrapure water. Antibody immobilisation on the

This journal is © The Royal Society of Chemistry 2022
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micelles was evaluated using the standard Micro BCA protein
assay method. After the stoichiometric components of the anti-
ICG-micelle aqueous solution and the Micro BCA reagent solu-
tion were mixed and stirred for 1 h at 60 °C, the absorbance of
the solution at 562 nm was measured using an ultraviolet-
visible (UV-VIS) light spectrophotometer (V-650, JASCO, Tokyo,
Japan). Anti-NR-micelles were prepared using the same pro-
cedure, except that NR (2.5 pg) was used as the encapsulate dye.

Characterization of the micelle samples

The particle size of the micelle samples was measured by
dynamic light scattering (DLS) using an ELSZ-2000 ZS instru-
ment (Otsuka Electronics, Osaka, Japan). The absorption
spectra of the micelle samples were recorded using a UV-VIS
spectrophotometer (V-650, JASCO). The loading amounts of
dyes in the micelles were calculated from the absorbance of
the samples. The micelle samples were dissolved in aceto-
nitrile and the absorption spectrum was recorded. The loading
amounts of ICG in the ICG-micelles and NR in the NR-micelles
were determined by measuring the absorbance at 785 nm and
535 nm, respectively. The emission spectra of the micelle
samples were recorded using a spectrometer (RF-6000,
Shimadzu, Kyoto, Japan). The stabilities of the encapsulated
dyes in the micelle samples were evaluated by measuring the
release rates of the dyes from the micelles. The ICG-release
properties of the ICG-micelles were evaluated as follows. The
release of ICG from the micelle core was examined in phos-
phate buffered saline (PBS; 10 mM, pH 7.4, 150 mM NaCl) at
25 °C by dialysis with a membrane (MWCO: 3500 Da). At
defined time intervals (0-24 h), 1 mL samples of dialysate solu-
tion were withdrawn and replaced with an equal volume of
fresh media. The ICG concentrations in the dialysate samples
were determined spectrophotometrically by measuring the
absorbance at 785 nm. NR dye release from the NR-micelles
was evaluated using the same procedure, except that the NR
concentrations in the dialysate samples were determined spec-
trophotometrically by measuring the absorbance at 535 nm.

Evaluation of the hydrolytic degradation of ICG-micelles

Hydrolytic degradation of ICG-micelles was evaluated under
acidic conditions. The ICG-micelles were dispersed in HCI
solution (0-1 M) and stirred for 48 h at 25 °C. ICG-micelle
degradation was evaluated using DLS measurements.

Evaluation of the photothermal effect of ICG-micelles

The ICG-micelles (50 ug mL~" on ICG) were dispersed in ultra-
pure water and poured into cuvettes. The photothermal effect
of the ICG-micelles was evaluated using a thermometer
(SN-3000, Netsuken, Tokyo, Japan) under 808 nm laser (1 W
em™?) irradiation (BWF2 laser; B&W Tek, DE, USA). During the
temperature measurements, the sample solutions were stirred
using a micromagnetic stirrer bar.

Cell culture

Mouse neuroblastoma/rat dorsal root ganglion neuron hybrid
ND7/23 cells were obtained from the European Collection of

This journal is © The Royal Society of Chemistry 2022
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Authenticated Cell Cultures (Salisbury, UK). ND7/23 cells were
cultured in DMEM containing 10% FBS and 1% penicillin-
streptomycin at 37 °C in a humidified atmosphere containing
5% CO,.

Cell cytotoxicity

The cellular cytotoxicity of the micelle samples was evaluated
using the WST assay. The cytotoxicity of ICG-micelles was eval-
uated as follows: ND7/23 cells were seeded in a 96-well plate at
1 x 10* cells per well. After incubation for 24 h, followed by
washing with PBS, ICG-micelles were added to each well at
various concentrations (0.01-50 pg mL™" on ICG). After incu-
bation for 24 h, followed by washing with PBS, the cell viability
was evaluated using the WST assay. The absorption value at
450 nm was measured using a microplate reader (Multiskan
FC, Thermo Scientific). The cytotoxicity of anti-NR-micelles
was evaluated using the same procedure, except that the cells
were exposed to anti-NR-micelles at various concentrations
(0.025-2.5 pg mL™" on NR).

Cell cytotoxicity of the photothermal effect under NIR
irradiation

The photo- and thermal toxicities of the photothermal effect
of ICG-micelles were assessed using a method similar to that
described above for studying the cellular cytotoxicity of the
micelle samples. ND7/23 cells were seeded in a 96-well plate at
1 x 10 cells per well. After incubation for 24 h, the cells were
exposed to ICG-micelles (50 pg mL ™" on ICG) for 3 h, washed
with PBS, and then irradiated with an 808 nm laser (1 W cm™?)
for 3 min at 25 °C in a normal atmosphere. After
washing the cells with PBS, the viability was evaluated by
performing WST assays and measuring the absorbance at
450 nm.

Fluorescence imaging of anti-NR micelle labelling on the cell
membrane

Cell membrane labelling with anti-NR-micelles was character-
ised by fluorescence microscopy using an IX81 microscope
(Olympus, Tokyo, Japan). ND7/23 cells were plated in live cell
chambers with 1 x 10° cells and allowed to adhere for 24 h.
Then, the cells were exposed to anti-NR-micelles for 30 min or
3 h. In parallel, the cells were incubated for 30 min with
CellMask™ Green Plasma Membrane Stain, a cell membrane
marker. The concentration of NR in the medium was 2.5 pg
mL™". Finally, the cells were washed three times with PBS and
maintained in complete media for fluorescence microscopy
imaging.

Photothermal manipulation of ND7/23 cells

ND7/23 cells were placed in live cell chambers with 1 x
10° cells and allowed to adhere for 24 h. Then, the cells
were exposed to anti-ICG-micelles (50 pg mL~' on ICG) for
3 h. Then, the cells were washed three times with PBS.
Next, the cells were incubated for 1 h with 1 mL of DMEM
containing Fluo-8® (2 pM Fluo-8®, 0.02% Pluronic® F-68,
0.004% DMSO, 99.976% HHBS), a marker of free Ca>".
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Finally, the cells were washed three times with PBS and Resuylts and discussion
maintained in complete media for the photothermal experi-

ments. The cells were irradiated with an 808 nm laser In this study, ICG-micelles were formed from hydrophobic
(1 W em™) for 3 min at 25 °C in a normal atmosphere, ICG and an amphiphilic block copolymer, PEG-b-PCL, via
and fluorescence images were obtained using a fluo- hydrophobic interactions. The hydrodynamic particle size of
rescence microscope (IX81, Olympus). Cell manipulation the prepared ICG-micelles was characterised using DLS.
using capsaicin was also evaluated with a similar pro- The hydrodynamic particle size and polydispersity index of
cedure, except that the cells were incubated in 1 mL of the ICG-micelles were ~35 nm and 0.175, respectively
DMEM containing capsaicin (100 pM, 1% DMSO, 99% (Fig. 2(a)). Therefore, the ICG-micelles were successfully
DMEM). The average pixel intensity of the observed images prepared.

was determined using Image] software (National Institute Next, the optical characteristics of the ICG-micelles were
of Health, MD, US). evaluated (Fig. 2(b)). Fig. 2(b) shows the absorption and emis-
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sion spectra of the ICG-micelles in pure water. A distinct
absorption spectrum for the ICG-micelles was obtained. This
result indicates that ICG was successfully loaded into the ICG-
micelles. The amount of dye loading was calculated from the
absorbance values. Our results showed that the loading
amount of the dye in the ICG-micelles was 0.4 wt%. In
addition, the ICG-micelles showed a strong NIR emission
(830 nm) under NIR excitation (790 nm) in an aqueous
environment. Thus, the prepared ICG-micelles also have the
potential for NIR fluorescence imaging applications.
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Furthermore, the stability of the ICG-micelles was evaluated
in PBS. No ICG leakage was confirmed for 24 h (Fig. 2(c)), indi-
cating that ICG loading in the core of ICG-micelles was quite
stable. Moreover, the average particle size of the ICG-micelles
remained constant (ca. 40-50 nm) for at least 48 h (Fig. 2(d)).
These results clearly showed that the obtained ICG-micelles
were stable in PBS and could be used for biological experi-
ments without dye leakage and particle aggregation.

The biodegradability of nanomaterials after use is required
for the safe use of nanomaterials in the body. Because the PCL
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Fig. 3 Characterization of the anti-NR-micelles. (a) Particle-size distribution of the anti-NR-micelles in ultrapure water, as measured by DLS. (b)
Absorption (black line) and emission (red line) spectra of the anti-NR-micelles in pure water. Excitation was performed at 540 nm. (c) Time-depen-
dent rate of NR dye release from anti-NR-micelles in PBS. The data are presented as the mean + SD (n = 3). (d) Time dependence of the average par-
ticle size of the anti-NR-micelles in PBS, as measured by DLS. The data are presented as the mean + SD (n = 3). (e) Cytotoxicity of the anti-NR-
micelles against ND7/23 cells. Cytotoxicity was evaluated by performing WST assays. The data are presented as the mean + SD (n = 4).
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segment of PEG-b-PCL possesses ester bonds, it can be
degraded by hydrolytic cleavage in an aqueous environment.
However, hydrolytic cleavage under neutral pH conditions
such as physiological pH (pH 7.4) occurs slowly because of the
mild effect of hydrolysis. Therefore, accelerated hydrolytic
degradation of the ICG-micelles was evaluated (Fig. 2(e)). The
ICG-micelles were dispersed in aqueous hydrochloric acid
(HCI) solutions, and the particle size of ICG-micelles was
measured. Our results showed that the average hydrodynamic
particle size of the ICG-micelles was almost constant in ultrapure
water (0 M HCI) over the course of 48 h. However, under acidic
conditions, the average hydrodynamic particle size of the ICG-
micelles clearly increased with increasing HCl concentrations
(0.01 and 0.1 M HCI). These changes were probably caused by
hydrolysis of the ester bonds of the PCL segment. It causes
agglomeration of the micelles and/or hydrophobic ICG dyes.
Furthermore, at a high HCI concentration (1.0 M HCl), the par-
ticle size of the ICG-micelles could be measured just after disper-
sing in a solution (0 h) with a slight increase in the particle size.
However, it could not be measured after 24 h and 48 h. A plaus-
ible explanation for this finding is that the ICG-micelles were
degraded immediately under highly acidic conditions. These
results suggest that the ICG-micelles are biodegradable.
Furthermore, the low toxicity of nanomaterials is important
for successful cell manipulation. Thus, the cytotoxicity of the
ICG-micelles was evaluated using a standard WST assay
(Fig. 2(f)). Our results showed that the free ICG dye alone did
not show any obvious cytotoxicity against ND7/23 neuron cells.
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Furthermore, empty micelles did not show cytotoxicity. In
addition, the ICG-micelles did not affect cell viability, even at
high concentrations (<50 pg mL™" on ICG). Therefore, the
ICG-micelles elicited minimal cytotoxicity and can be used as
safe materials for cellular studies.

Next, we evaluated the photothermal properties of ICG-
micelles under 808 nm NIR laser irradiation (Fig. 2(g)). The
results showed that laser irradiation at 808 nm did not cause
any temperature increase in water. It is well known that water
does not absorb 808 nm NIR light, which explains why the
temperature of water did not increase.>**® In addition, the
absorption and scattering of biomolecules in the body are also
minimised in this wavelength region. Thus, 808 nm is the
most tissue-penetrable wavelength in the NIR region
(700-1800 nm),*° and is suitable not only for fluorescence
imaging, but also light-induced manipulation techniques. In
contrast, free ICG molecules showed a time-dependent
increase in the temperature after laser irradiation. The temp-
erature of the sample increased to approximately 60 °C at
4 min after laser irradiation. Thus, ICG possesses sufficient
photothermal activity under 808 nm NIR laser irradiation.
Furthermore, the ICG-micelles also exhibited ideal photother-
mal effects in aqueous environments. The temperature-
increase profile of the ICG-micelles under 808 nm laser
irradiation was almost the same as that of free ICG molecules,
and the temperature of the ICG-micelle dispersion reached
43 °C (i.e. the activation temperature of TRPV1) at 1 min after
laser irradiation. Thus, the ICG-micelles can be used as photo-

Micelles Cell Membrane
(Nile Red) (CellMask™) Nergsd
NR-micelles
30 min
anti-NR-micelles
NR-micelles
3 h
anti-NR-micelles

Fig. 4 Fluorescence microscopy images of ND7/23 cells incubated with NR-micelles or anti-NR-micelles. Scale bar = 20 pm.
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thermal transducers. Based on these characteristics, we antici-
pate that the ICG-micelles can serve as stable, safe, and
effective photothermal materials, and thus they can be suc-
cessfully used as a tool for manipulating TRPV1.

Ideal manipulation of the TRPV1 channel also requires the
targeted activation of TRPV1 on the cell membrane. Therefore,
the surfaces of the micelles were labelled with an anti-TRPV1
antibody to enable targeted delivery to the TRPV1 channels on
the cell membrane. Fluorescence microscopy observation was
carried out to study micelle localisation on the target cells.
However, because the emission wavelength of ICG is in the
NIR region (830 nm emission under 780 nm excitation;
Fig. 2(b)), the emission of ICG-micelles is difficult to observe
using normal fluorescence microscopy. Thus, we prepared
micelles loaded with a fluorescent dye that emits in the visible
wavelength region for fluorescence microscopy observations
and micelle tracking in the cells. To this end, NR dye loaded
micelles, NR-micelles, were prepared using almost the same
procedure used for preparing ICG-micelles, as described
above. Then, an anti-TRPV1 antibody was incorporated into
the surface of the micelles (anti-NR-micelles).

The hydrodynamic particle size of the obtained anti-NR-
micelles was characterised by DLS. The hydrodynamic particle
size and polydispersity index of the anti-NR-micelles were
approximately 40 nm and 0.222, respectively (Fig. 3(a)).
Immobilisation of the anti-TRPV1 antibodies on the micelle
surfaces was confirmed by performing standard Micro BCA
protein assays. Furthermore, the optical properties of the anti-
NR-micelles were investigated. Fig. 3(b) shows the absorption
and emission spectra of the anti-NR-micelles in pure water.
These results indicate that the anti-NR-micelles could show
visible emission in an aqueous environment. The overall NR-
loading efficiency of the anti-NR-micelles was calculated to be
0.05 wt% (expressed as the mass of incorporated NR relative to
the mass of the original NR and PEG-h-PCL mixture).
Moreover, the anti-NR-micelles showed visible emission at
640 nm following excitation at 540 nm in an aqueous environ-
ment. Therefore, the emission of the anti-NR-micelles can be
observed using normal fluorescence microscopy.

Furthermore, the stability of the anti-NR-micelles was also
characterised in PBS. The anti-NR-micelles did not show NR
leakage over the course of 24 h (Fig. 3(c)), and the average par-
ticle size of the anti-NR-micelles was almost constant (approxi-
mately 35-40 nm) for at least 24 h (Fig. 3(d)). These results
suggest that the anti-NR-micelles are stable in PBS.
Additionally, the cytotoxicity of the anti-NR-micelles was evalu-
ated by performing WST assays (Fig. 3(e)). As shown in
Fig. 3(e), the free NR dye and empty micelles did not exhibit
obvious cytotoxicity against ND7/23 neuron cells. Furthermore,
the anti-NR-micelles did not show cytotoxicity even at high dye
concentrations (<1 pg mL™' on NR). Therefore, the anti-NR-
micelles were considered to be safe materials that could be
used for further experiments.

Adsorption of anti-NR-micelles to TRPV1 on the cell mem-
brane was observed in TRPV1-positive (+) ND7/23 cells. Fig. 4
shows the fluorescence microscopy images of ND7/23 cells

This journal is © The Royal Society of Chemistry 2022
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incubated with NR-micelles (without antibody conjugation or
anti-NR-micelles). After 30 min incubation, as anticipated,
low-intensity emissions of NR-micelles and anti-NR-micelles
were observed from cytosol. This is probably due to the
micelles started to enter the cells via the endocytosis pathway.
In addition, in the case of the anti-NR-micelle added sample,
almost no red emission of the anti-NR-micelles from the cell
membrane was also observed at 30 min incubation. This result
is probably due to the antibody-antigen recognition of the
anti-NR-micelles and the TRPV1 channel on the cell surface is
still not interacted in this status. After 3 h, in the case of NR-
micelles, red emission mainly occurred inside the cells after
3 h incubation with NR-micelles, although a low-intensity red
emission of NR-micelles was observed on the cell membrane.
These results indicate that the NR-micelles mainly entered the
cells via endocytosis or were washed away by rinsing before
observing the fluorescence. Therefore, most NR-micelles did
not remain on the cell surface. In contrast, in the case of the
anti-NR-micelles, a strong emission of the anti-NR-micelles
was observed on the cell membrane after 3 h of incubation
(yellow arrows in the merged image of the bottom row). This

a 10 -

—— |CG-micelles
anti-ICG-micelles
8l
R 6L m
=y
"
g
B
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>
8 40
20
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NIR Laser + - +
anti-ICG-micelles — + +

Fig. 5 Characterization of the anti-ICG-micelles. (a) Particle size distri-
butions of the ICG-micelles (black line) and anti-ICG-micelles (red line)
in ultrapure water, as measured by DLS. (b) NIR-induced photothermal
effect against ND7/23 cells. Cytotoxicity was evaluated by performing
WST assays. The data are presented as the mean + SD (n = 4).
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visual result indicates that a large number of the anti-NR-
micelles were probably located on the cell membrane. This
result likely reflects the conjugation of the antibody between
the micelle surface and the TRPV1 channel on the cell surface.
Thus, the antibody-labelled micelles are promising candidates
as specific tools for manipulating TRPV1.

To study the NIR light-induced activation of the TRPV1
channel on neuronal cells, anti-TRPV1 antibody-labelled ICG-

View Article Online
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micelles (anti-ICG-micelles) were prepared via almost the same
method used to prepare anti-NR-micelles, as described above.
The particle size of the anti-ICG-micelles was characterised by
DLS (Fig. 5(a)). Our results showed that, after antibody conju-
gation, the hydrodynamic diameter of the micelles increased
slightly from approximately 35 nm (ICG-micelles) to approxi-
mately 40 nm (anti-ICG-micelles). This difference likely reflects
antibody conjugation on the micelle surface. Furthermore,

(iii)

(iv)

a

Bright Field

Ca?* Fluorescence

Merged

Fluo-8® +
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anti-ICG-micelles =
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iy (i) (iv)

Fig. 6 NIR light-induced activation of ND7/23 cells. (a) Fluorescence microscopy images of ND7/23 cells incubated with ICG-micelle samples and
Fluo-8®. (b) Numeric analysis of the average fluorescence intensity of Fluo-8® in the treated single cells. The data are presented as the mean + SD

(n = 3). Scale bar = 50 pm.
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antibody conjugation on the micelle surface was confirmed by
performing Micro BCA assays. The labelling efficiency (~73%)
of the antibody on the micelle surface was also calculated from
the Micro BCA assay results.

Furthermore, the phototoxicity of the anti-ICG-micelles
against neurons after NIR irradiation was evaluated by per-
forming WST assays (Fig. 5(b)). The NIR light-induced photo-
thermal effect is used for cancer therapy where an elevated
temperature causes cancer cell death.?®> Therefore, appropriate
laser strength and irradiation time are required for safe acti-
vation of the TRPV1 channel. Fig. 5(b) shows the WST assay
results obtained after treating ND7/23 cells with anti-ICG-
micelles and subsequent NIR irradiation. The micelle concen-
tration, laser strength, and irradiation time were 50 pg mL™*
(on ICG), 1 W em™2, and 3 min, respectively. Treatment with
NIR laser irradiation alone showed almost no phototoxicity. In
addition, the use of anti-ICG-micelles without NIR laser
irradiation showed almost no cytotoxicity under the con-
ditions. These results indicate that NIR light irradiation did
not exhibit phototoxicity and that the prepared anti-ICG-
micelles did not exhibit cytotoxicity. Moreover, the anti-ICG-
micelles did not show obvious cytotoxicity after NIR laser
irradiation. As shown in Fig. 2(g), the ICG-micelle samples
showed an NIR light induced photothermal temperature
increase in the cuvette with magnetic stirring at same micelle
concentration, laser strength, and irradiation time of cell
experiment. However, in the case of cell experiment (Fig. 5(b)),
before NIR irradiation, the ICG-micelle added cells were
washed with PBS and the unconjugated ICG-micelles were
removed from the cells. Thus, the ICG concentration of the
cell experiment samples were probably reduced as compared
to the temperature measurement samples in the cuvette. In
addition, because of the adhered cell samples couldn’t stir
with stirring bars, only the local region of each ICG-micelles
was heated and thus, the temperature increase of culture
media was restricted. These results suggest that the photother-
mal effect of the anti-ICG-micelles does not cause serious cell
cytotoxicity under these conditions, and it can be used for the
local region heating of the TRPV1 channel. Thus, further
TRPV1-activation experiments of neuronal cells were carried
out using these conditions.

Finally, we investigated the NIR light-induced remote acti-
vation of the TRPV1 channel in neuronal cells (Fig. 6). TRPV1
activation on the cell membranes of neurons was evaluated
using TRPV1 (+) ND7/23 cells. The influx of Ca®" into the cells
was visualised using the Ca®" indicator Fluo-8® (Fig. 6(a)).
Fig. 6(b) shows the average fluorescence intensities of single
cells from Fig. 6(a), expressed in numerical terms. As a positive
control, because TRPV1 is known as the capsaicin receptor,
ND7/23 cells were treated with capsaicin, and Fluo-8® emis-
sion was observed. We observed an obvious increase in the
green Fluo-8® emission after capsaicin treatment (Fig. 6(a)(ii)),
when compared with the untreated sample (Fig. 6(a)(i)) and
micelles without NIR irradiation (Fig. 6(a)(iii)). These results
indicate that the TRPV1 channel of ND7/23 cells was activated
by capsaicin and that the Ca®*" ion influx occurred.

This journal is © The Royal Society of Chemistry 2022
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Furthermore, the strong Fluo-8® emission was confirmed after
incubation with anti-ICG-micelles and NIR light irradiation
(Fig. 6(a)(iv)). This result strongly supports the interpretation
that the TRPV1 channel was activated by the photothermal
effect of the anti-ICG-micelles under NIR light irradiation,
which was followed by a robust Ca** influx. In addition, con-
verting the results to a numerical form also support the
obtained results (Fig. 6(b)). Based on these results, we antici-
pate that the anti-ICG-micelles will be suitable for use as
remote-activation tools for TRPV1 channels in neuronal cells.

Conclusions

In this study, we developed a biodegradable material-based
remote-activation method for the temperature-sensitive
channel TRPV1 expressed on neurons. Biodegradable/photo-
thermal polymer micelles (ICG-micelles) were successfully pre-
pared via simple one-pod micelle formation. The obtained
nanoparticles were well dispersed and showed excellent biode-
gradability and biocompatibility. Furthermore, the ICG-
micelles also showed excellent photothermal effects under
tissue-penetrable NIR irradiation. Additionally, the ICG-
micelles exhibited strong NIR emission under NIR excitation.
Therefore, the ICG-micelles can also be used for deep-tissue
in vivo fluorescence imaging, indicating that they are promis-
ing nanomaterials for in vivo deep-tissue manipulations and
observations. Moreover, NIR light-triggered remote activation
of neurons was successfully performed. Specific conjugation of
the ICG-micelles with the TRPV1 channel on the cell mem-
brane was achieved by decoration of the micelle surface with
anti-TRPV1 antibodies, which accelerated the Ca*" ion influx
successfully induced by NIR
irradiation. Thus, the biodegradable/photothermal polymer
micelles developed here can be applied for the noninvasive
remote activation of neuron cells.

into neuronal cells and
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