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transducers. For example, transient receptor
potential vanilloid type 1 (TRPV1) is an ion
channel receptor specialized in noxious heat
sensing (≈42–45 °C) and expressed by ≈40%
of nociceptors. Once activated, it triggers
the uptake of sodium and calcium through
its ionic pore, leading to neuron depolarization and to neuropeptides release.[3]
The immune and sensory nervous systems work in concert to promote host
defense and homeostasis.[4] They share
metabolic pathways[5] and interact through
a common language of receptors, cytokines,
and neuropeptides. While this bidirectional
communication is often adaptive, helping
to protect from danger, in other settings, it
drives chronic inflammatory pathologies.[2]
Thus, the somatosensory nervous system
is anatomically positioned in primary and
secondary lymphoid tissues, and mucosa
to modulate immunity. As such, nociceptors were found to detect immunocytesreleased interleukin (IL), such as IL-23
produced during psoriasis, IL-4 released
in the context of atopic dermatitis as well
as IL-5 and immunoglobulin E (IgE)
released during allergic asthma.[1] Such
interaction results in pain hypersensitivity, but also lowers the
nociceptor firing threshold and leads to neuropeptide release.[4]
These findings strongly suggest that nociceptor neurons are
critical drivers of allergy and inflammation in a variety of
diseases by responding to immunocytes produced cues. Theselective silencing of nociceptors’ response to such cytokines can
transform established therapeutic approaches.

The sensory nervous and immune systems work in concert to preserve
homeostasis. While this endogenous interplay protects from danger, it may
drive chronic pathologies. Currently, genetic engineering of neurons remains
the primary approach to interfere selectively with this potentially deleterious
interplay. However, such manipulations are not feasible in a clinical setting.
Here, this work reports a nanotechnology-enabled concept to silence subsets of unmodified nociceptor neurons that exploits their ability to respond
to heat via the transient receptor potential vanilloid type 1 (TRPV1) channel.
This strategy uses laser stimulation of antibody-coated gold nanoparticles
to heat-activate TRPV1, turning this channel into a cell-specific drug-entry
port. This delivery method allows transport of a charged cationic derivative
of an N-type calcium channel blocker (CNCB-2) into targeted sensory fibers.
CNCB-2 delivery blocks neuronal calcium currents and neuropeptides release,
resulting in targeted silencing of nociceptors. Finally, this work demonstrates
the ability of the approach to probe neuro-immune crosstalk by targeting
cytokine-responsive nociceptors and by successfully preventing nociceptorinduced CD8+ T-cells polarization. Overall, this work constitutes the first
demonstration of targeted silencing of nociceptor neuron subsets without
requiring genetic modification, establishing a strategy for interfering with
deleterious neuro-immune interplays.

1. Introduction
Sensory or nociceptor neurons are high-threshold noxious
stimuli detectors that limit tissue damage by sensing chemical,
mechanical, or thermal threats, and in turn, initiate protective
withdrawal reflexes.[1,2] Nociceptor function is tuned to different
sensory modalities based on the expression of various membrane
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Various pharmacological strategies have been designed to
block the function of these nociceptors and their downstream
effects in inflammatory diseases, with varying degrees of
efficacy.[6,7] For instance, a novel cationic N-type calcium
channel inhibitor, coined CNCB-2, was found to be a longlasting voltage-gated calcium channel blocker, while possessing
some short-acting inhibitory activity on tetrodotoxin-sensitive
and tetrodotoxin-resistant voltage-gated sodium channels.
Relative to the native compound, the charge moiety traps
the drug inside the nociceptors, increasing its relative painblocking efficacy. Non-specific intracellular delivery of CNCB-2
in nociceptors produced prolonged analgesia in mouse models
of surgical and inflammatory pain and blunted allergic airway
inflammation.[7] Despite being simple and effective, conventional pharmacological strategies remain largely non-specific,
thus not suitable to block neuronal subsets.
The selective optical stimulation of specific classes of
excitable cells is a powerful technique in neurobiology, as
it is less invasive and more precise than using conventional
electrodes. A standard method to achieve such stimulation
is through optogenetics, which requires the expression of a
light-sensing ion channel typically found in algae to generate
the electrical activity.[8] While this is a powerful method, it
requires genetic manipulation and therefore, is unsuitable
for clinical use.
One alternative is the direct optical stimulation of unmodified neurons targeted with biocompatible gold nanoparticles
(AuNPs).[9–11] AuNPs enable unprecedented spatial confinement of heat at the nanoscale level (1–100 nm) with remarkable light-to-heat conversion efficiency due to the so-called
plasmonic effect.[12] Compared to conventional dyes, AuNPs do
not photo-bleach and can be functionalized to target specific
cells.[13] Moreover, their ability to convert light to heat and/or
to mechanical stimuli is tunable and highly predictable.[12,14,15]
Nakatsuji et al.[11] were among the first to show photothermal
TRPV1 activation and subsequent Ca2+ influx in dorsal root
ganglion (DRG) neurons, using near-infrared laser illuminated
functionalized AuNPs. Independent groups have used a similar
approach to generate axon potentials in DRG,[9] hippocampal
neurons,[16] or sciatic nerve.[17] Interestingly, for certain irradiation settings, action potential generation has been attributed
to an optocapacitance mechanism.[18] Despite the impressive
strides in light-enabled neuro-stimulation, specific tools to
block neurons subsets at the single cell’s resolution are yet to
be devised.
To circumvent these shortcomings, we devised a nano
photonics-based approach that uses laser-stimulated antibodycoated AuNPs to heat-activate TRPV1; turning this channel
into a cell-specific drug-entry port for delivering CNCB-2
into sensory fibers. Following intracellular delivery, CNCB-2
blocked neuronal calcium currents and neuropeptide release
resulting in a prolonged electrical silencing of targeted nociceptors. Using AuNPs functionalization, we achieved a targeted
blockade of nociceptor capable of sensing the TH1-driving
cytokine IL-1β or the TH2-driving cytokine IL-5. Finally, we
found that nanophotonics-enabled silencing of these neurons
also prevented nociceptor-induced CD8+ T-cells polarization,
demonstrating the ability of this strategy to blunt specific aspect
of the neuro-immune response.
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2. Results and Discussion
2.1. Targeting Neuronal Subsets with Functionalized AuNPs
We focused on targeting TRPV1+, IL-5R+, and IL-1R+ neurons.
By targeting TRPV1+ we sought to validate the applicability of
the method in all peptidergic neurons. We selected IL-5R+
neurons because of their implication in controlling type-2
inflammation[1,4,7,19,20] and IL-1R+ because they were previously shown to mediate type-1 inflammation.[21] Central to
our strategy to silence targeted neurons is the conjugation of
AuNPs (100 nm) to antibodies.[13] We conjugated αTRPV1,
αIL-1R, or αIL-5R monoclonal antibodies to OPSS-PEG-NHS
and mixed this with citrate-capped AuNPs and thiolated PEG
(HS-PEG) (Figure S1A, Supporting Information). We opted
for this approach as OPSS strongly binds to the surface of the
AuNPs while HS-PEG blocks free binding sites. We validated
our AuNPs functionalization strategy using salt-induced aggregation measurement which evaluates AuNPs free sites as a proxy
to determine the level of AuNPs functionalization. Unlike bare
AuNPs, αTRPV1-AuNPs were resistant to salt-induced aggregation (Figure S1B, Supporting Information) demonstrating
successful αTRPV1-AuNPs functionalization and stability in a
physiological setting. Next, we found that the zeta potential of
the functionalized AuNPs ranged from −10 to −17 mV, similar to
PEG-AuNPs (−16.7 mV) and higher than bare AuNPs (−42.9 mV;
Figure S1C, Supporting Information). This indicates a transition from electrostatic stabilization for bare AuNPs to mostly
steric stabilization for PEGylated AuNPs.[22] Lastly, we found
a larger hydrodynamic diameter for functionalized AuNPs
(131 to 139 nm) and PEG-AuNPs (137.9 nm) compared to bare
AuNPs (127.18 nm) (Figure S1D, Supporting Information), indicative of conjugation with PEG and the antibodies.
We then tested whether αTRPV1-AuNPs preferentially bind
to TRPV1+ nociceptors. To do so, fluorescently labeled TRPV1+
DRG neurons (TRPV1cre::GCaMP6ffl/wt) were cultured and
exposed for 2 h to functionalized (αTRPV1-AuNPs) and nonfunctionalized (PEG-AuNPs) AuNPs. Upon sequential washing,
we found that TRPV1-expressing nociceptors (GCaMP6f+)
bound 2.75-fold more αTRPV1-AuNPs than non-functionalized
AuNPs (Figure 1A). Along with a majority of surface binding,
occasional uptake of αTRPV1-AuNPs was also observed
(1:5 ratio). It is worth noting that only a subset of GCaMP6f
will express TRPV1, which could dilute and underestimate the
degree of αTRPV1-AuNP bound to TRPV1+ neurons.
To confirm targeting selectivity, we next exposed αTRPV1AuNPs to cultured DRG neurons from nociceptor-ablated mice
(TRPV1cre::DTAfl/wt; genetic elimination of TRPV1+ neurons)
or to B16F10 cells (a skin cancer cell line that does not express
TRPV1; Figure S2, Supporting Information). We did not observe
preferential binding of αTRPV1-AuNPs to either TRPV1-ablated
neurons (Figure S3A–C, Supporting Information) or B16F10
cells (Figure S3D–F, Supporting information). Besides, AuNPs
failed to bind to TRPV1+ neurons when conjugated with the
TRPV1 isotype control antibody (Figure S3G, Supporting
Information). Overall, these data confirmed αTRPV1-AuNPs
selectivity for TRPV1+ cells.
Beyond targeting TRPV1+ neurons, our silencing strategy
can be expanded to target nociceptor neuron subsets
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Figure 1. Targeting efficacy of functionalized AuNPs. Naïve TRPV1cre::GCaMP6ffl/wt mice DRG neurons were cultured for 24 h and exposed to native
(PEG-AuNPs) or functionalized nanoparticles (αTRPV1-AuNPs, αIL5R-AuNPs, αIL1R-AuNPs). A) Upon sequential washing, we found that αTRPV1AuNPs preferentially bind to the surface of TRPV1 neurons (blue square; representative of four independent replicates). In comparison to the nonspecific binding observed with PEG-AuNPs, αTRPV1-AuNPs, αIL5R-AuNPs, and αIL1R-AuNPs, respectively, binds to ≈40%, 30%, and 20% of TRPV1+
neurons (B). Representative images show C) PEG-AuNPs, D) αIL5R-AuNPs, E) αTRPV1-AuNPs, and F) αIL1R-AuNPs bindings to TRPV1cre::GCaMP6ffl/wt
cultured dorsal root ganglion neurons. Mean ± S.E.M; two-tailed unpaired Student’s t-test (A). Scale bar = 10 µm (C–F). The gold nanoparticles are
labeled in red and the images represent a maximum intensity z-projection of successive planes acquired with 1 µm spacing (C–F). TRPV1+ (harvested
from naïve TRPV1cre::GCaMP6ffl/wt mice) DRG neurons are showed in green (C–F).

co-expressing TRPV1 and a membrane-bound receptor of
interest. To select such population, we turned ourselves to
in silico analysis of single-cell RNA sequencing data. Out of
≈20 nociceptor subpopulations found in the mouse nodose
ganglia,[23] we discovered that some of these subsets can also
be defined by their enriched expression of specific cytokine
receptors (Figure S4, Supporting Information). Specifically,
our in silico analysis revealed that a subpopulation of neurons
strongly co-expresses IL-1R and TRPV1 (Figure S5, Supporting
information). In addition, we also have functionally defined
that a subset of peptidergic neurons co-expresses TRPV1 and
IL-5R.[24]
Given that the biological role of such cytokine-enriched
nociceptor subpopulations remains unknown[2] we sought to
devise a mean to investigate their biology. To do so, we functionalized AuNPs with monoclonal antibodies to block either IL-1R+
or IL-5R+ neurons. In comparison to αTRPV1-AuNPs which
target 43% of the overall neuronal population, αL1R-AuNPs and
αIL5R-AuNPs target 24% or 28%, respectively (Figure 1B). In
addition, αIL1R-AuNPs bind less to nociceptor-depleted DRG
neurons (Figure S3H, Supporting Information), supporting
its preferential targeting of the IL-1R+ TRPV1+ neuron subset
(n = 807/2198). The residual αIL1R-AuNPs binding is likely
due to the targeting of the IL-1R+ TRPV1− neuron subsets
(n = 1391/2198).
Small 2022, 2103364

2.2. Photothermal Stimulation Induces TRPV1-Mediated
Calcium Flux
To heat TRPV1-bound AuNPs, we used a continuous wave
λ = 488 nm laser (power: 286 µW, average irradiation time
per cell: 2.26 ms). As a proxy for nociceptor neurons photothermal activation, we monitored calcium flux using mice
whose nociceptors were genetically engineered to express the
calcium indicator GCaMP6f (TRPV1cre::GCaMP6ffl/wt) or cultured DRG neurons loaded with the fluorescent intracellular
calcium indicator Fluo-4. Laser-stimulation triggered calcium
flux (Figure 2A) in neurons pre-exposed to αTRPV1-AuNPs
(Figure 2B,C,F,K), αIL5R-AuNPs (Figure 2B,C,G,L) and αIL1RAuNPs (Figure 2B,C,H,M), but had no impact in absence of
nanoparticles (Figure 2B,C,D,I). It is worth noting that while
the laser stimulation was focused on a specific neuron, we occasionally observed that a neurite found in the field of stimulation
led to the activation of its cell body found outside of the stimulation zone (Figure 2L). For neurons pre-exposed to PEG-AuNPs,
we observed a trend in calcium flux increase (Figure 2B,C,E,J)
due to some non-specific binding on neurons (Figure 1).
As a proxy for the opening of large pore ion channels, we
exposed neurons to the small size green fluorescent dye
YO-PRO-1 (623da) and assessed its neuronal uptake. We found
that laser-stimulated αTRPV1-AuNPs exposed neurons induced
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Figure 2. Laser-stimulated AuNPs act as a TRPV1 photo-switch. A) Schematic representation of laser stimulation of αTRPV1-AuNPs triggering
TRPV1 channel opening and subsequent neuronal Ca+2 influx. B) Time-dependent and C) maximal calcium influx in cultured DRG TRPV1+ neurons
(TRPV1cre::GCaMP6ffl/wt; green) in response to laser stimulation (488 nm, 2 µs per pixel, 286 µW) of F,K) αTRPV1-AuNPs, G,L) αIL5R-AuNPs, and
H,M) αIL1R-AuNPs. Such effect was absent in D,I) neurons exposed to vehicle or E,J) PEG-AuNPs. L) Laser stimulation occasionally led to neurite
activation of neurons whose cell bodies are outside of the stimulation zone. Mean ± S.E.M; two-tailed unpaired Student’s t-test (C). Scale bar: 50 µm
(D–M). Red squares indicate the area illuminated by the laser (D–M). Cultured TRPV1+ (harvested from naïve TRPV1creGCaMP6ffl/wt mice) DRG neurons
are showed in green (D–M).

calcium flux (Figure S6A,B,G, Supporting Information) and
YO-PRO-1 uptake (Figure S6D,E,G, Supporting Information),
an effect absent when neurons were pre-treated with the nonselective TRP channels blocker ruthenium red (Figure S6C,F,G,
Supporting Information).
Next, we sought to validate whether the photothermalinduced calcium flux depends on TRPV1. To do so, we treated
cultured neurons with either ruthenium red (Figure S6C, F,G,
Supporting Information) or the selective TRPV1 antagonist
capsazepine (CZP; Figure S6H, Supporting Information). In
both cases, we found that laser stimulation of αTRPV1-AuNPs
exposed neurons failed to induce calcium flux. In addition,
laser-mediated calcium flux in nociceptor-ablated neurons
exposed to αTRPV1-AuNPs was equivalent to the one observed
with PEG-AuNPs (Figure S6I, Supporting Information). The
presence of calcium influx on the TRPV1-ablated neurons
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could be due to the activation of others channel receptors also
involved in noxious (42–45 °C) heat sensing, such as TRPM3
and TRPA1.[25] In addition, we tested whether laser stimulation
can harm the neurons. Using the dead cell indicator propidium
iodide, we observed marginal cell death post laser treatment
(Figure S6J, Supporting Information).
As a proxy for neuronal health, we also tested whether subsequent TRPV1-mediated calcium flux could be observed upon
photothermal activation. We found that approximately half the
neurons present three successive calcium flux response (3 min
washout period between stimulation) when αTRPV1-AuNP are
laser stimulated (Figure S7A,B, Supporting Information). This
is in line with the level of desensitization observed in nociceptor upon subsequent capsaicin stimulation. Lastly, in order
to better validate the dynamics of the calcium influx, we performed experiments using a faster recording speed (≈33 Hz).
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We observed a calcium influx starting at 44 ms after the laser
exposure (Figure S7C, Supporting Information). Altogether,
these findings demonstrate that the increase in intraneuronal
calcium originated from the photothermal activation of TRPV1
and not from non-specific mechanisms such as cell permanent
membrane damage or transient poration.
2.3. Heat Stimulus Is Confined at the Neurons’ Membrane and
Exceeds the TRPV1 Activation Threshold
We also evaluated the theoretical ability of laser-stimulated
AuNPs to trigger photothermal activation of TRPV1. Given
that the irradiation time per AuNP (2 µs) was sufficiently long
to establish a steady-state temperature distribution around
the particle, we calculated the temperature increase using the
following expression: ΔΤ = (σabs ∙ I)/(4 ∙ π ∙ R ∙ kw), where σabs is
the AuNP absorption cross-section (1.74 × 10−14 m2 at 488 nm),
I is the laser power density, kw the water thermal conductivity
(0.6 W m ∙ K−1), and R the distance from the AuNP center.[26]
We found that laser irradiation increased the temperature up to
43 °C (TRPV1 activation threshold) in a small region (170 nm)
surrounding the AuNP (Figure S8A,B, Supporting Information), allowing heat activation with single-cell precision without
affecting the neighboring cells or the culture media (Figure 8C,
Supporting Information).
We used 488 nm because it was the laser line of the available
confocal system closer to the absorption peak of the 100 nm
AuNPs. Although not perfectly tuned at the AuNP absorption
peak (548 nm), the use of 488 nm represents a small only compromise in terms of light-to-heat conversion efficacy (absorption cross-section: 1.74 × 10−14 m2 at 488 nm vs 2.14 × 10−14 m2
at 548 nm[27]). Note that an optocapacitance mechanism[18]
might also have contributed in the observed Ca2+ influx via
the opening of voltage-gated ion channels. This might explain
the trend of increased Ca2+ influx in TRPV1-ablated neurons
(Figure S6I, Supporting Information). However, the calculated
temperature as well as the TRPV1 blockade data (Figure S6H,
Supporting Information) supports the photothermal activation
of TRPV1 as the dominant mechanism of Ca2+ influx.
2.4. Photothermal Activation of TRPV1 Mediates Targeted
CNCB-2 Delivery and Subsequent Neuronal Silencing
We next sought to explore whether the selective opening of
TRPV1 by laser stimulation of αTRPV1-AuNPs can be used
to deliver a cationic derivative of an N-type calcium channel
blocker (CNCB-2) inside these neurons.[7] To do so, DRG
neurons were first exposed to functionalized and non-functionalized AuNPs and washed to remove unbound AuNPs. The
neurons were then exposed to CNCB-2, and laser stimulated,
at a single neuron resolution, to open the TRPV1 channel
and allow the uptake of CNCB-2 (Figure 3A). The TRPV1
agonist capsaicin-induced calcium flux in vehicle-treated
neurons (Figure 3B,C,H), but its effect was absent in neurons
co-exposed to CNCB-2 and either of αTRPV1-AuNPs
(Figure 3B,E,J), αIL5R-AuNPs (Figure 3B,F,K), or αIL1R-AuNPs
(Figure 3B,G,L). For treatments with αIL5R-AuNPs or
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αIL1R-AuNPs, only TRPV1+ neurons visibly bearing AuNP
were laser stimulated and analyzed. As expected, the neurons
found outside of the laser-stimulation zone (delimitated by the
red square) were not shielded from capsaicin-induced calcium
flux (Figure 3J–L). These data suggest that laser stimulation of
AuNPs allows the delivery of CNCB-2 inside targeted nociceptor neurons and their subsequent silencing (Figure 3B).
To the best of our knowledge, there is no previous demonstration of selective silencing of nociceptor neurons. Previous
efforts have focused on transient “desensitization” of the membrane as well as on non-selective pharmacological silencing.
Yoo et al.[28] employed photothermal stimulation of gold
nanorods (GRDs), localized to the plasma membrane, to induce
transient inhibition of neuronal electrical activity. The inhibition was present only during the photothermal-stimulation step
(few seconds), while electrical activity was fully restored upon
removing the photothermal stimuli. The authors attributed
this affect to the inhibition of the TREK-1 channel. Compared
to this work, our approach induces long-lasting silencing via
photothermally mediated intracellular delivery of CNCB-2. The
silencing duration is essentially governed by the intracellular
effect of CNCB-2[7] while the treatment itself is extremely short
(2.26 ms) and can be further shortened to the effective treatment duration per AuNPs (≈2 µs) if a non-scanning approach
is implemented. The Woolf group introduced a non-selective
approach to silence TRPV1+ neurons by co-administration of
the cationic derivative QX-314 with a TRPV1 agonist capsaicin.[6] Compared to pharmacological silencing, photothermal
silencing enables dual targeting, that is, silencing of single
cells of interest (low throughput) via a focused laser beam or
treatment of neuronal subsets of interest using functionalized
AuNPs and a loosely focused beam (high throughput). Naturally, in vivo applications will be eventually limited by the AuNP
and light delivery challenges, not encountered in conventional
pharmacological approaches.
2.5. Photothermal Silencing as a Means to Probe
Neuro-Immune Crosstalk
TRPV1 is the prototypical marker of peptidergic neurons and its
activation results in the release of immunomodulatory neuropeptides such as calcitonin gene-related peptide (CGRP).[29] We
then sought to test whether our silencing approach can be used
to inhibit CGRP release from thousands of cultured neurons.
Consistent with our calcium flux data (Figure 2), we found that
laser-stimulated neurons (whole dish laser exposure) exposed to
αTRPV1-AuNPs trigger CGRP release (Figure 4B). Laser-stimulated neurons co-exposed to αTRPV1-AuNPs and CNCB-2 were
shielded from the CGRP release occurring in response to the
second laser stimulation (Figure 4B).
Given that nociceptor neuron-released CGRP trigger
neurogenic inflammation and that CNCB-2 prevent its onset,[7]
we next aimed to test whether we could prevent the deleterious
interplay between nociceptors and CD8+ T-cells.[30] First, splenocytes-isolated CD8+ T-cells were cultured under Tc1-stimulating
conditions for 48h. In comparison to conditioned media from
control neuron cultures or the one supplemented with CNCB-2
only, the conditioned medium containing nociceptor-produced
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Figure 3. Laser-stimulated AuNPs trigger CNCB-2 uptake and silencing of nociceptors. A) Experimental scheme. In brief, culture DRG neurons were
first exposed (120 min) to C,H) the vehicle or D,I) PEG-AuNPs, E,J) αTRPV1-AuNPs, F,K) αIL5R-AuNPs, and G,L) αIL1R-AuNPs. The cultures are then
washed, and the neurons exposed (30 min) to CNCB-2 or vehicle. The cultures are then immediately laser stimulated. This will allow CNCB-2 uptake
in nociceptor neurons via heat-activated TRPV1 channels. The cultures are then washed to remove the extracellular CNCB-2 and allow to rest (10 min).
The neurons were finally challenged with capsaicin (A). Schematic representation of laser stimulation of αTRPV1-AuNPs triggering CNCB-2 uptake via
the αTRPV1 channel and the subsequent silencing of voltage-gated calcium channels (B). In comparison to baseline (C–G), the TRPV1 agonist capsaicin
(1 μM; H–L) induced calcium flux (H–L). This effect was absent in neurons co-exposed to CNCB-2, and either of αTRPV1-AuNPs (J), αIL5R-AuNPs
(K), or αIL1R-AuNPs (L). The neurons found outside the laser-stimulation zone (delimitated by the red square; C–L) were not shielded from capsaicininduced calcium flux (J–L). Mean ± S.E.M; two-tailed unpaired Student’s t-test (B). L+ indicates laser-stimulated cells while L− indicates the opposite
(B). Scale bar: 50 µm (C–L). TRPV1+ (harvested from naïve TRPV1creGCaMP6ffl/wt mice) neurons are showed in green (C–F).

neuropeptides (αTRPV1-AuNPs + first laser + second laser)
increased the proportion of cytotoxic T-cells expressing TNFα
(Figure 4C) and IL-2 (Figure 4D). Similarly, when the conditioned media was harvested from the cultures exposed to
CNCB-2 in the absence of the first laser stimulation, it also led
to cytotoxic T-cells polarization (Figure 4C,D). However, these
effects were absent when the conditioned media was harvested
from CNCB-2 silenced neuron culture—in which the first
laser stimulation was done in the presence of CNCB-2
(Figure 4C,D). This proof-of-concept data supports our strategy
as a targeted mean to abolished deleterious neuro-immune
crosstalk.
Small 2022, 2103364

3. Conclusion
To sum up, we developed a novel strategy to silence unmodified
nociceptor neurons by exploiting the photothermal activation of
TRPV1 with nanophotonics (Figure 5). Neuronal silencing with
single-cell precision was attained in vitro, while high targeting
efficacy is also expected in vivo given the versatility in functionalizing injectable biocompatible AuNPs. Given that AuNPassisted cancer photothermal therapies are currently tested in
clinical trials with promising results,[31] our strategy, using optimized nanomaterials and light delivery method, may hold similar translational potential. Note that contrary to conventional
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Figure 4. Photothermal silencing of nociceptor neurons interplay with CD8 T-cells. A) Experimental scheme. Culture DRG neurons were first exposed
(120 min) to αTRPV1-AuNPs or its vehicle. The cultures were then washed and exposed (30 min) to CNCB-2 or its vehicle. Subsequently, the neurons
were laser stimulated (denoted as first laser). This stimulation should allow neurons with heat-activated TRPV1 channels to uptake CNCB2. The cultures
are then washed to remove the extracellular CNCB-2 and allowed to rest (20 min). The neurons were finally re-exposed to the laser (denoted as second
laser). After 10 min, the neuropeptide-containing conditioned media was harvested and used to assess B) CGRP release or C,D) to stimulate culture
CD8+ T-cells. In comparison to control, CGRP was released from laser-stimulated (first laser + second laser) neurons exposed to αTRPV1-AuNPs. Similarly, when the neurons were exposed to CNCB-2 in absence of the first laser stimulation, they show CGRP release following the second laser stimulation
(B). However, this effect was absent when the first laser stimulation was done in the presence of CNCB-2. Splenocytes-isolated CD8+ T-cells were cultured
under Tc1-stimulating conditions for 48 h. The cells were then exposed to conditioned media harvested from laser-stimulated αTRPV1-AuNPs exposed
DRG neurons or silenced neurons. In comparison to conditioned media from control neuron cultures or the one supplemented with CNCB-2 only, the
conditioned medium containing nociceptor-produced neuropeptides (αTRPV1-AuNPs + first laser + second laser) increased the proportion of cytotoxic
T-cells expressing C) TNFα and D) IL-2. Similarly, when the conditioned media was harvested from the cultures exposed to CNCB-2 in the absence of the
first laser stimulation, it also led to cytotoxic T-cells polarization (C,D). However, these effects were absent when the conditioned media was harvested
from the culture in which the first laser stimulation was done in presence of CNCB-2 (C,D). Mean ± S.E.M; two-tailed unpaired Student’s t-test (B–D).

optogenetics, photothermal silencing requires no genetic engineering of the targeted nociceptors. Beyond targeting TRPV1+,
this approach can be potentially used to target neurons
expressing other heat-sensitive channels such as TRPV2. As
such, it can foster the development of novel treatments based
on targeted drug delivery to neurons and/or neuronal silencing.

4. Experimental Section
Mice: The Institutional Animal Care and Use Committees of the
Université de Montréal (CDEA: #19027; #19028) approved all animal
procedures. Mice were housed in standard environmental conditions
Small 2022, 2103364

(12 h light/dark cycle; 23 °C; food and water ad libitum) at facilities
accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care. Homozygote lox-stop-lox-GCaMP6f (GCaMP6ffl/fl;
#028865), TRPV1Cre (TRPV1Cre; #017769) and DTAfl/fl (#009669) and
C57BL/6J (#000664) mice were purchased from Jackson Laboratory. This
generated a TRPV1cre::GCaMP6f fl/wt, TRPV1cre::DTAfl/wt, and littermate
control by crossing male heterozygote Cre mice to female homozygous
loxP mice. Mice were used at 8 weeks of age.
Neuron Culture: Mice were euthanized, DRG (cell bodies of skininnervating neurons) harvested out into DMEM medium completed with
50 UmL−1 penicillin and 50 µg mL−1 streptomycin (#MT-3001-Cl, Fisher)
(Pen/Strep), 2 mm l-glutamine (#25030-081, Life Technologies) and
10% Hi FBS (#10082-145, Life Technologies). Cells were then dissociated
in PBS completed with 1 mg mL−1 collagenase A (#1108879300, Sigma)
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Figure 5. Nanophotonics-based strategy for selective silencing of nociceptor neurons. A) TRPV1 (and other large pore) channels are closed preventing
the uptake of CNCB-2. Laser-stimulated AuNPs trigger B) TRPV1 opening and C) uptake of CNCB-2 which in turn enables targeted blockade of
nociceptors excitability.
+ 2.4 U mL−1 dispase II (#4942078001, Sigma) and incubated for 80 min
at 37 °C. The ganglions were triturated with glass Pasteur pipettes in
DMEM medium + DNAse (#EN052, Thermo Scientific), then centrifuged
over a 10% BSA (#SH30574.02, HyClone/Fisher Scientific) gradient in
PBS, washed, and then plated on laminin (#L2020, Sigma-Aldrich)
coated cell culture dishes (#81218, Ibidi) or 96-wells plate (#89626,
Ibidi). Cells were cultured with Neurobasal-A medium with 0.05 ng µL−1
NGF (#13257-019, Life Technologies), 0.002 ng µL−1 GDNF (#450-51-10,
Peprotech), and 0.01 mm AraC (#C6645, Sigma) kept in incubator.
Materials: Anti-TRPV1 (#ACC-030) antibody was purchased from
Alomone labs. Anti-IL-5R (#LS-C177618) antibody was purchased
from LifeSpan BioSciences. OPSS-PEG-NHS (#PG2-NSOS-5k) and
HS-PEG (#PG1-TH-5k-1) were purchased from Nanocs. Citrate-capped
AuNPs (#A11-100; 50 µg mL−1, 100 nm in diameter) were purchased
from Nanopartz. HEPES-buffered saline (#51558), collagenase
A (#1108879300), dispase II (#4942078001), sodium chloride (#S9888),
sodium carbonate (#S7795), phosphate-buffered saline (#P3813),
ruthenium red (#557 450), and propidium iodide (#P4170) were
obtained from Sigma. DMEM (containing 4.5 g L−1 d-glucose, 584 mg L−1
l-glutamine, and 110 mg L−1 sodium pyruvate) (#11965118) and
neurobasal (#21103049) were purchased from Gibco. CZP (#0464) and
capsaicin (#0462) were purchased from Tocris. Anti-IL-1R (#MA1-82844)
antibody and YO-PRO-1 iodide (#Y3603) were obtained from Invitrogen.
Standard extracellular solution (#C-3030-4L, SES, 145 mm NaCl,
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5 mm KCl, 2 mm CaCl2, 1 mm MgCl2, 10 mm glucose, 10 mm HEPES,
pH 7.5) was purchased from Boston BioProducts Inc. The cationic
N-type calcium channel blocker (CNCB-2)[7] was donated by Prof. Bruce
P. Bean (Harvard Medical School). Water was purified (18.2 MΩ cm)
with a Millipore treatment system (Etobicoke).
Drug’s Preparation: The stock solutions of CZP (10 mm), capsaicin
(CAP, 1 mm), CNCB-2 (30 mm), and YO-PRO-1 (1 mm) were first
prepared in DMSO and then kept at –20 °C. ruthenium red (1 mm) and
propidium iodide (15 mm) were first prepared in ultrapure water and
aliquots were kept at –20 °C. The working solutions were diluted in SES
right before the experiments.
Antibody Conjugation to OPSS-PEG-NHS: The conjugation was
performed as previously described.[13] In brief, the αTRPV1, αIL-5R,
and αIL-1R antibodies were stored in PBS, diluted at 0.1 mg mL−1 in
aqueous sodium carbonate (Na2CO3) 10 mm pH 8.5, then nine parts of
these abs were quickly added to a filtered solution of OPSS-PEG-NHS
diluted in Na2CO3 10 mm pH 8.5 (58.9 µg mL−1). The reaction mixtures
(100 µg mL−1, antibody:OPSS-PEG-NHS molar ratio: 1:1.88) were vortexed
and kept at 4 °C for 3 h. Aliquots of the solution were kept at –20 °C.
Functionalization of AuNPs: αTRPV1-AuNPs, αIL-5R-AuNPs, and
αIL-1R-AuNPs were prepared as previously described.[32] In brief, an
aqueous solution of citrate-capped AuNPs was treated with aqueous
Na2CO3 10 mm pH 8.5, a solution of OPSS-PEG-NHS-Ab (100 µg mL−1)
and an aqueous solution of HS-PEG (0.4 mm). After 1 h incubation at
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4 °C, it was subjected to centrifugation at 3900 × g for 2 min to remove
the aggregates, the supernatant was then removed and replaced
with 1.34 mL phenol red-free DMEM. The PEG-AuNPs was prepared
following the same steps, except for the replacement of OPSS-PEG-Ab
by additional Na2CO3.
UV–Visible–NIR Spectroscopy: Samples of the different AuNPs were
treated with water or 10% NaCl for 30 min and then the UV–visible–
NIR absorption spectra (300 to 900 nm, 2 nm step) were acquired
with an TECAN microplate spectrophotometer (TECAN infinite M1000;
controlled with the TECAN i-control data analysis). A blank spectrum
was subtracted from each sample spectrum.[33]
Zeta Potential: The zeta potential of the AuNPs formulations was
measured using video analysis by laser scattering microscopy (ZetaView
19–470, ZetaView software version 8.05.11, camera 0.713 µm/px, Particle
Metrix).[34]
Neuron Labeling with AuNPs: After 16 to 24 h on culture, the dishes
containing the DRG neurons were incubated with 300 µL of the different
AuNPs for 2 h at 37 °C, then neurons were washed three times with
SES to remove unbound AuNPs, kept in 1 mL of SES, and used for
microscope imaging.
Single-Cell Photoactivation and/or Silencing of DRG Neurons: For
experiments using the calcium indicator TRPV1Cre::GCaMP6ffl/wt, dishes
containing DRG neurons on SES solution were placed on a Olympus
IX81 inverted confocal microscope (Olympus Microscopy) linked to a
laser merge module with AOTF controlled lasers: 405, 458, 488, 515, 543,
and 635 nm. The neurons were imaged/stimulated using the 488-laser
line and a 60× objective lens (NA = 1.4).
For the experiments using DRG neurons harvested from
TRPV1cre::DTAfl/wt and C57BL/6J mice, cells were loaded with 10 µm
Fluo-4 AM (#F14201, Life Technologies) at 37 °C for 30–45 min in
Neurobasal-A medium, then washed with SES. Cells were illuminated
with the excitation light filtered through a 460–490 nm band pass filter
and the emission light passed through a 515–550 nm band pass filter.
For the photoactivation experiments, individual neurons were laser
stimulated by irradiating a square region of interest (ROI) containing
a single cell. The following stimulation settings were used consistently
for testing the various treatments, ROI: 150 × 150 pixels, exposure time
per pixel: 2 µs, continuous wave 488 nm laser, power: 286 µW, power
density estimation: 2 mW µm−2, considering the theoretical spot size
at focus. Fluorescence emission was recorded continuously before
(10 frames) and after (20 frames) stimulation at 1 frame per second
using a pre-set experimental sequence. Fluorescence emission was
recorded by a QImaging Retiga EX monochrome CCD camera.
For the silencing experiments, neurons were also co-exposed with
CNCB-2 (30 µm) for 30 min and ≈4–6 neuron per field were laser
stimulated. After 10 min, the dishes were washed three times with
SES and the neurons were exposed to capsaicin (1 µm). The changes
in fluorescence were captured from previously laser silenced neurons
and control neurons. The number of laser-responsive neurons and the
amplitude of responses were measured and analyzed.
High-Throughput Photoactivation and/or Silencing of DRG Neurons:
For the conditioned media experiments, DRG neurons were harvested
and cultured (96-well plates; #89626, Ibidi) for 24 h. The neurons
were then incubated (2 h) with the functionalized AuNPs of interest
or its vehicle. The neurons were then washed three times with SES,
cultured with a modified T-cell media (DMEM + FBS 10%, 1000U mL−1
Pen/Strep, 0.1 mm non-essential amino acid (#25-025-Cl, Corning) +
vitamin + β-mercaptoethanol (#21985-023, Gibco) + 2 mm l-glutamine
(#02-0131, VWR) + 1 mm sodium pyruvate (#25-000-Cl, Corning))
supplemented with 1 µL mL−1 protease inhibitor (#P1860, Sigma),
0.05 ng µL−1 NGF (#13257-019, Life Technologies), and 0.002 ng µL−1
GDNF (#450-51-10, Peprotech) and co-exposed with CNCB-2 (30 µm) or
vehicle for 30 min. The cells were then imaged (20× Plan Apo objective;
Nikon Eclipse Ti2) and stimulated with a laser at 475 nm (power: 12 mW,
spot size at focus: 4.4 microns at 1/e2 of peak intensity). Scanning of
entire wells was attained using a Prairie galvanometer scanner (Bruker)
coupled to the microscope. Next, the dishes were kept in the incubator
for 10 min, then the supernatants were collected and used for measuring
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CGRP release or to stimulate CD8 T-cells experiment (as described
below).
AuNPs Imaging and Counting: To image AuNPs on neurons, the
Olympus IX81 system described above was used. The setup used a
60× objective lens (NA = 1.4), a 635 nm laser line, and an 80/20 beam
splitter cube, which permitted transmission of AuNP scattered light.
Z-stacks with 1 µm step size were captured and ImageJ was used to
manually count AuNPs on the surface and inside the neurons’ soma.
Note that non-fluorescence AuNPs were used in this work. These AuNPs
were detectable because they caused enormous elastic scattering of the
incident laser beam.
CGRP Release Assay: The CGRP was measured using the Rat CGRP
Enzyme Immunoassay Kit (#589001, Bertin Pharma/Cayman Chemical).
Plates were read at 414 nm on a Synergy H1 micro-plate reader
(#19121628, Biotek).[7]
CD8 T-Cell: For the T-cell isolation, 6–8-weeks-old C57BL/6J mice
were euthanized, spleen and lymph nodes harvested and mechanically
dissociated. The cells were strained (70 µm), RBC lysed for 2 min
(#A1049201, Life Technologies), and counted using a hemocytometer.
Naïve CD8+ T-cells were magnet sorted (#19853A, Stem cell) and
cultured in 96-well plate with T-cell media. To generate cytotoxic
T lymphocytes, 1 × ×106 naïve CD8+ T-cells were seeded and stimulated
for 48 h under Tc1 inflammatory condition (2 µg mL−1 plate bounded
αCD3/αCD28 (#BE00011, #BE00151, Bioxcell) + 10 ng mL−1 rIL-12
(#577008, Biolegend) + 10 µg mL−1 of anti-IL-4 (#BE0045, Bioxcell).
After the polarization to Tc1, the T-cells were exposed for 48 h to vehicle
or the conditioned media harvested out from neurons that were laser
stimulated (as described above). Later, the cells were stimulated
with Brefeldin A (#423303, Biolegend), washed, fixed/permeabilized
(#554714, BD Biosciences) and the intracellular cytokines (IFNγ, TNFα,
IL-2) were stained with anti-IFNγ-FITC (#505806, Biolegend),
anti-TNFα-PE (#506306, Biolegend) and anti-IL-2 (#503824, PE/cy5) and
analyzed by flow cytometry.
Viability and Uptake Staining: The neurons were incubated for 10 min
with YO-PRO-1 (1 µm) staining solution, then were laser stimulated
(as described), and finally washed with PBS. Neuron viability was
determined with propidium iodide (PI) staining. For this, the cells were
washed with PBS, then incubated with PI (500 nm) for 5 min, washed
five times with PBS. After the staining, the fluorescence was captured on
an Olympus IX81 inverted confocal microscope.
In Silico Analysis of JNC Neurons Single-Cell Transcriptome: Prescott
et al.[23] generated single-cell sequencing data of nodose ganglia cells
from 40 mice using 10× Genomics platform. The aligned data was
downloaded from NCBI Gene Expression Omnibus (GSE145216).
Neuronal cells were selected based on Vglut2 expression, before
analysis using Seurat. Standard workflow was used for quality control,
preprocessing, normalization, and clustering (resolution = 0.5,
PCs = 1:30). The UMAP and Violin plots were generated using the
software RStudio.
In Silico Analysis of B16F10 Transcriptome: Castle et al.[35] generated
sequencing data of B16F10 cells using next generation sequencing
technology. The RNA reads were aligned to the reference genome and
transcriptome and gene expression was determined by comparison with
RefSeq transcript coordinates, followed by normalization to RPKM units.
Detailed methods are described by Castle et al. in ref. [35].
Statistical Analysis: Results are expressed as mean ± standard error of
mean (S.E.M.) in all experiments. The statistical significance was tested
by one-way or two-way ANOVA, or two-tailed unpaired Student t-test for
single comparison. Values were considered significantly different when
p < 0.05. Statistical computations and graphs were made with GraphPad
8.1 software (GraphPad Software).
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