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Two Types of Neurotransmissions
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The
SECRET WORLD

in the GAPS 
between
BRAIN 
CELLS
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Courtesy of Terrence Sejnowski, Salk Institute for Biological
Studies; adapted from T. J. Sejnowski, “Nanoconnectomics,”
in Micro-, Meso- and Macro-Connectomics of the Brain, 
H. Kennedy, D. Van Essen, Y. Christen, eds., Springer (2016),
p. 4, under license CC BY-NC 2.5.

Neuromodulator Diffuse Through the Extracellular Space
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ECS Structure

Function
Diffusion
Property

Nagerl et al. Cell 2018: SUSHI
Korogod et al. eLife, 2015: cryoEM

1 µm

Cognet et al. Nat Nanotechnol. 2017 

Nicholson et al. PNAS 2006

Ultrastructure Imaging

Dye Diffusion Measurement

Nanoparticle Tracking

Question 1: 
How far and fast do neuromodulators 
send the signal in the brain?
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Release Sensing

Genetically encoded sensorsCaged compound

Banghart et al, Neuron, 2012 

Wang et al, BioRxiv 2022

Abraham et al, Neuropsychopharmacology 2021Optogenetic
s

Al-Hasani et al, eLife 2018

State-of-the-art



State-of-the-art: Caged Compounds
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[Leu5]-enkephalin (LE)

Banghart et al. Neuron, 2012
Challenges in caging molecules: 
• Make one caged molecule at a time
• Peptides: proteolytic degradation
• UV excitation

Need
• Adaptable for many molecules
• Stable in vivo
• Near infrared, deep penetration



Concept: Develop photosensitive nanovesicles
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Matter. 2021 
Mascaro et al. J. Biomedical Optics  2015, with modification 
Hong & Lieber, Nat. Rev. Neuroscience 2019

Photosensitive vesicles

NT

Nanovesicles (150nm)



Gold-coated Nanovesicles Allows Rapid Release

8

HAuCl4 and ascorbic acid
Liposome

NIR window

X. Li, Z. Che, K. Mazhar, T. J. Price, Z. Qin, Ultrafast Near-Infrared Light-Triggered Intracellular Uncaging to Probe Cell Signaling. Adv Funct Mater. 27, 1605778 (2017). 

Millisecond photorelease
103 faster than other systems (seconds)

Preparation and Near-Infrared Absorption

Xiuying Li



Neuropeptide Sensor: CNiFERs

9P. Slesinger (Sinai), D. Kleinfeld (UCSD)
Muller et al. Nat. Method. 2014; Lacin et al. JoVE. 2016

Nanomolar sensitivity

CNiFERs (Cell-based Neurotransmitter Fluorescent Engineered Reporters)

Detection of neurotransmitters in vivoCell-based sensor

Monitoring neuropeptide 
diffusion in vivo



Monitoring neuropeptide diffusion in vivo
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D1=110 μm

D2=160 μm

ROI-2

ROI-3

ROI-1
CNiFERs +
Au-nV-SST

CNiFERs

CNiFERs

STIM 
720 nm

H. Xiong, … P. A. Slesinger, Z. Qin, Probing Neuropeptide Volume Transmission In Vivo by Simultaneous Near-Infrared Light-Triggered Release and Optical 
Sensing. Angewandte Chemie Int Ed. 61, e202206122 (2022). 



Monitoring neuropeptide diffusion in vivo
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• < 130 µm: reduced but synchronized 
SST transmission

Time

Magnitude

• Longer distances: smaller and delayed 
transmission

• Max transmission: 240 µm 

H. Xiong, … P. A. Slesinger, Z. Qin, Probing Neuropeptide Volume Transmission In Vivo by Simultaneous Near-Infrared Light-Triggered Release and Optical 
Sensing. Angewandte Chemie Int Ed. 61, e202206122 (2022). 



Neuromodulator Diffuse Through the Extracellular Space
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ECS Structure

Function
Diffusion
Property

Nagerl et al. Cell 2018
Korogod et al. eLife, 2015; 

1 µm

Cognet et al. Nat Nanotechnol. 2017 

Thorne et al. PNAS 2006

Ultrastructure Imaging

Dye Diffusion Measurement

Nanoparticle Tracking

Distance and Time for Neuromodulation

H. Xiong, … P. A. Slesinger, Z. Qin, Probing Neuropeptide Volume Transmission In Vivo by Simultaneous Near-Infrared Light-
Triggered Release and Optical Sensing. Angewandte Chemie Int Ed. 61, e202206122 (2022). 



Reach Deep Brain Regions
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Light attenuation in tissue
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Chen et al. Science 2018

Upconversion nanoparticle 
mediated optogenetics

Question 2: engineer materials with high photosensitivity to reach deeper brain regions?

Hejian Xiong



Mechanorespnosive Nanovesicles (m-nV)

Zumbuehl group
Nat. Nanotechnol. 2012; 
Angew. Chem. 2017
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40x less energy

High photosensitivity

[H. Xiong, X. Li], …, P. A. Slesinger, A. Zumbuehl, Z. Qin, Near-Infrared Light Triggered-Release in Deep Brain Regions Using Ultra-photosensitive 
Nanovesicles. Angewandte Chemie Int Ed. 59, 8608–8615 (2020). 



Photorelease in Deep Brain Regions
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15[H. Xiong, X. Li], …, P. A. Slesinger, A. Zumbuehl, Z. Qin, Near-Infrared Light Triggered-Release in Deep Brain Regions Using Ultra-photosensitive 
Nanovesicles. Angewandte Chemie Int Ed. 59, 8608–8615 (2020). 



Azo-PC: Photo-switchable lipids 

DPPC

Modulator

Trans (dark)

Cis (365nm)

365nm

Azo-PC

trans

cis

365nm

Kol et al., 2019
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Phosphatidylcholine + azobenzene

- Released contents

- Protected contents

Dipalmitoyl-phosphatidylcholine (DPPC)
Courtesy of Dr. Paul Slesinger

455nm

Prof. Dirk Trauner
(Penn)

Johannes Morstein



Properties of azo-PC vesicles
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365 nm

455 nm
or thermal

Trans-azo-PC Cis-azo-PC

 

Figure 1.  Photoswitching properties of asozomes. (A) Schematic of the photoisomerization of 

azo-PC. (B) Cryogenic transmission electron microscopy (Cryo-TEM) image of azosomes. Scale 

bar: 100 nm. (C, D) UV-Vis spectra change of azosome upon the irradiation of (C) 365 nm light 

and (D) 455 nm light. (E) The absorbance change of azosome at 326 nm and 455 nm light as a 

function of irradiation time. (F, G) UV-Vis spectra change of azosome in the dark at (F) 22oC and 

(G) 37oC. 365 nm light irradiation (25 mW/cm2, 60 s) was performed on the azosome to switch all 

the trans-azo-PC to cis-azo-PC at 0 min. (H) The absorbance change of azosome at 326 nm over 

time in the dark at 22oC and 37oC. (I) Hydrodynamic diameter of azosome (azo-PC: 25%) under 

D volume
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100 nm 

EM
• Switchable / reversable

• ~150 nm size

• Change in volume

• [Azo-PC]

Courtesy of Dr. Paul Slesinger
H. Xiong, K. A. Alberto, J. Youn, J. Taura, J. Morstein, X. Li, Y. Wang, D. Trauner, P. A. Slesinger, S. O. Nielsen, Z. Qin, Optical control of 

neuronal activities with photoswitchable nanovesicles. Nano Res, 1–9 (2022). 



Photoswitchable Release: Bilayer Thickness Changes

18H. Xiong, K. A. Alberto, J. Youn, J. Taura, J. Morstein, X. Li, Y. Wang, D. Trauner, P. A. Slesinger, S. O. Nielsen, Z. Qin, Optical control of 
neuronal activities with photoswitchable nanovesicles. Nano Res, 1–9 (2022). 
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In vitro neuromodulation

Culture of mouse striatal neurons
(~50% neurons express D1 receptor) 
Fluo-4 as Ca2+ indicator

H. Xiong, K. A. Alberto, J. Youn, J. Taura, J. Morstein, X. Li, Y. Wang, D. Trauner, P. A. Slesinger, S. O. Nielsen, Z. Qin, Optical control of 
neuronal activities with photoswitchable nanovesicles. Nano Res, 1–9 (2022). 

Nanovesicles
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In vitro neuromodulation
29% activation 20% activation

30% activation

H. Xiong, K. A. Alberto, J. Youn, J. Taura, J. Morstein, X. Li, Y. Wang, D. Trauner, P. A. Slesinger, S. O. Nielsen, Z. Qin, Optical control of 
neuronal activities with photoswitchable nanovesicles. Nano Res, 1–9 (2022). 

SKF-azo liposome SKF-azo liposome

SKF-azo liposome



Take home messages
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Distance and Time for Neuromodulation Reach deep brain regions Photoswitchable vesicles

H. Xiong, K. A. Alberto, J. Youn, J. Taura, J. Morstein, X. 
Li, Y. Wang, D. Trauner, P. A. Slesinger, S. O. Nielsen, Z. 
Qin, Optical control of neuronal activities with 
photoswitchable nanovesicles. Nano Res, 1–9 (2022). 

H. Xiong, … P. A. Slesinger, Z. Qin, Probing Neuropeptide 
Volume Transmission In Vivo by Simultaneous Near-
Infrared Light-Triggered Release and Optical Sensing. 
Angewandte Chemie Int Ed. 61, e202206122 (2022). 

[H. Xiong, X. Li], …, P. A. Slesinger, A. Zumbuehl, Z. Qin, 
Near-Infrared Light Triggered-Release in Deep Brain 
Regions Using Ultra-photosensitive Nanovesicles. 
Angewandte Chemie Int Ed. 59, 8608–8615 (2020). 
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