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Photon upconversion (UC) 



Traditional downconversion:
Fluorescent dyes

https://www.thermofisher.com/ch/en/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-
basics/anatomy-fluorescence-spectra/jcr:content/MainParsys/textimage_b040/image.img.320.medium.jpg/1498935287060.jpg



Photon upconversion (UC) 

https://www.thermofisher.com/ch/en/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-basics/anatomy-fluorescence-
spectra/jcr:content/MainParsys/textimage_b040/image.img.320.medium.jpg/1498935287060.jpg

Emission Excitation

Jing Zhou, 2015 Chem. Rev.



Photon upconversion (UC) 
• sequential absorption of ≥2 photons 
 emission of light at shorter wavelength 

than the excitation wavelength
• anti-Stokes type emission
• E.g infrared light to visible light

https://www.thermofisher.com/ch/en/home/life-science/cell-analysis/cell-analysis-learning-center/molecular-probes-school-of-fluorescence/fluorescence-basics/anatomy-fluorescence-
spectra/jcr:content/MainParsys/textimage_b040/image.img.320.medium.jpg/1498935287060.jpg

Emission Excitation

Jing Zhou, 2015 Chem. Rev.



Photon upconversion (UC) 
• Organic (polycyclicaromatic hydrocarbons)
• Inorganic: often contain ions 

of d-block or f-block elements
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• Inorganic: 
– NaYF4 = popular host for lanthanide UCNPs

Sodium yttrium fluoride (1:1:4)
– Dopant ions Er3+, Tm3+ = activators (<2 mol %)
– Yb3+ is often codoped as a sensitizer to enhance 

upconversion emission
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Photon upconversion (UC) 

Jing Zhou, 2015 Chem. Rev.
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Photon upconversion (UC) 



• Opsins would have to be very sensitive to low 
energy

Near-Infrared Vision
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Absorption 
of light energy



• Opsins would have to be very sensitive to low 
energy  thermal noise

• Alternative:
Conversion to 
higher energy signal
via photoreceptor-
binding upconversion
nanoparticles 
(pbUCNPs)

Near-Infrared Vision
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photoreceptor-binding upconversion
nanoparticles (pbUCNPs)
• Self-powered
• Biocompatible
• Injectable



photoreceptor-binding upconversion
nanoparticles (pbUCNPs)
• Self-powered
• Biocompatible 
• Injectable

poly acrylic acid coated UCNPs (paaUCNP)
+ concanavalin A protein (ConA)
 glycosidic bonds with
sugar residues on OS of photo receptors



overlays of transmission and luminescence optical images (green: 980-nm ex/535-nm em) of retinal slices

emission spectrum recorded from retinal outer segment layers (OS) upon 980-nm light excitation

continuous inner 
and outer segments
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photoreceptor-binding upconversion nanoparticles (pbUCNPs)

 Assessment of Photoreceptor Activation:
• Single rod pipette recordings on acutely dissected retinae
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photoreceptor-binding upconversion nanoparticles (pbUCNPs)

 Assessment of Light Sensation in the Mice:
• Pupillary light reflexes upon NIR light stimulus  sub-conscious sensation
• Light-dark box experiments  conscious sensation
• Light-induced fear conditioning
• Recording visually evoked potentials (VEPs) in visual cortex
• NIR light pattern vision



photoreceptor-binding upconversion nanoparticles (pbUCNPs)

 Assessment of Light Sensation in the Mice:
• Pupillary light reflexes upon NIR light stimulus  sub-conscious sensation
• Light-dark box experiments  conscious sensation
• Light-induced fear conditioning
• Recording visually evoked potentials (VEPs) in visual cortex
• NIR light pattern vision

• All mice prefer dark box over VL illuminated box
• pbUCNP injected mice chose dark box over NIR illuminated box
• Control mice had no preference in dark vs NIR illumination
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photoreceptor-binding upconversion nanoparticles (pbUCNPs)

 Successful extension of the visible light spectrum towards NIR WLs by using 
nanoantennae added to endogenous visual system

 Both VL and NIR can be seen simultaneously

 Applications in visual repair and enhancement



Photon upconversion (UC) 



Deep brain stimulation
• Promising therapeutic options (e.g. Parkinson's)
• Permanently implanted electrodes
• Non-specific activation of neurons
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Deep brain stimulation
• Promising therapeutic options (e.g. Parkinson's)
• Permanently implanted electrodes
• Non-specific activation of neurons

Optogenetics
• Cell-specific expression of light activated channels
• Invasive optical fibres (light scattering and absorption)
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/01/Pittsburgh-researchers-use-light-on-animal-brains

-to-study-mental-disorders/stories/201502010006



Deep brain stimulation
• Promising therapeutic options (e.g. Parkinson's)
• Permanently implanted electrodes
• Non-specific activation of neurons

Optogenetics
• Cell-specific expression of light activated channels
• Invasive optical fibres (light scattering and absorption)
• Maximum penetration depth is possible with NIR light

But low energy cannot activate channels
• Two-photon optogenetics only in shallow brain areas

(scattering)
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L. Buchen (2010), Nature, doi:10.1038/465026a 

“Traditional”  optogenetics



L. Buchen (2010), Nature, doi:10.1038/465026a 

UCNP-mediated optogenetics



Injection of Virus carrying
Light-sensitive channel

Injection of UCNPs

UCNP-mediated optogenetics

Extracellular localization
of injected UCNPs



Extracellular localization
of injected UCNPs

Whole cell recording in 
acute slice

Whole cell recording in 
acute slice
 NIR evokes current in cells
expressing both ChR2 and UCNP
in laser intensity dependent manner
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UCNP-mediated optogenetics



Whole cell recording in 
acute slice
 NIR evokes current in cells
expressing both ChR2 and UCNP
in laser intensity dependent manner

UCNP-mediated optogenetics

In vivo recordings of hippocampal 
local field potential (LFP)
 Pulsed NIR stimulation entrained 
the hippocampal theta oscillation in 
a frequency-dependent manner



Modified from: Yizhar (2011), Neuron, https://doi.org/10.1016/j.neuron.2011.06.004
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Incorporation of another element
into the UCNP shifts emission WL
 Specific activation of

one type of channel
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of specific neuron
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 Hyperpolarization
 Less Action Potentials 

= Inhibition

 Depolarization
 More Action Potentials 

= Excitatory

NIRNIR

Modified from: Yizhar (2011), Neuron, https://doi.org/10.1016/j.neuron.2011.06.004

Incorporation of another element
into the UCNP shifts emission WL
 Specific activation of

one type of channel
 Specific activation or inhibition

of specific neuron
Channel-
rhodopsin-2
ChR2

Halorhodopsin (NpHR)
Archaerhodopsin (Arch)

Biocompatibility further optimized by
Silica Coating (NaYF4:Yb/Tm@SiO2)



In vivo alteration of behaviour using UCNP-mediated optogenetics

• Memory (engram) = encoded by a sparse population of neurons

• Neurons can be tagged during learning 

• Activation of those neurons  respective behavioural output
E.g. freezing in fear conditioning

• Here: optogenetic reactivation of hippocampal neurons activated
during fear conditioning induces freezing behaviour



In vivo alteration of behaviour using UCNP-mediated optogenetics

• C-fos is expressed upon neuronal activity

• Mice carry tetracycline transcriptional activator (tTA) 
under c-fos promotor

• tTA binds tetracycline-responsive element (TRE) site, 
triggering expression of Channelrhodopsin (ChR2, tagged with EYFP)
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In vivo alteration of behaviour using UCNP-mediated optogenetics

• C-fos is expressed upon neuronal activity
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• Training in environment B: fear conditioning using electric shocks
• ChR-expression in the active neurons (-Dox)
• UCNP have been injected before (but no effect, as no NIR illumination)



In vivo alteration of behaviour using UCNP-mediated optogenetics

• No new ChR-expression (+Dox)  only the cells that have been active during fear conditioning,
are equipped with channels

• UCNP have been injected before  freezing reaction upon NIR illumination is tested
• Environment A: is not associated with fear

• C-fos is expressed upon neuronal activity

• Mice carry tetracycline transcriptional activator (tTA) 
under c-fos promotor

• tTA binds tetracycline-responsive element (TRE) site, 
triggering expression of Channelrhodopsin (ChR2, tagged with EYFP)

• Tetracycline Off System: +Doxicycline = no ChR expression

Xu
 L

iu
 (2

01
2)

 N
at

ur
e 

Le
tt

er
, d

oi
:1

0.
10

38
/n

at
ur

e1
10

28

Dox



In vivo alteration of behaviour using UCNP-mediated optogenetics

• No new ChR-expression (+Dox)  only the cells that have been active during fear conditioning,
are equipped with channels

• UCNP have been injected before  freezing reaction upon NIR illumination is elevated
• Environment A: is not associated with fear

Controls



UCNP-mediated optogenetics

 Successful activation or inhibition of specific neuronal 
populations (spectral tuning of UCNPs)

 Successful implementation in vivo 
(biocompatible and long-term stability)

 Minimally invasive technique to change behaviour

 Potential in «remote» therapies for neurological disorders
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