
Week 6-7

Fluorescence and FRET
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1. Laser scanning confocal

2. Spinning disc confocal 

3. Multi-photon confocal microscopy 

Diffraction limited high resolution 

microscope Methods



Point Spread Function 

GFP expressing cells



Super Resolution Microscopy

• STORM : Stochastic Optical Reconstruction Microscope

• PALM : Photo activated Localization Microscope

• STED: Stimulated Emission Depletion

Can we reduce the size of the point spread function?

What other solutions are possible?





Many dye molecules are excited that reduce any good 

resolution. As the light of the different dye molecules can 

not be distinguished.

Many molecules are excited by a laser 

spot. 



How to make a hole at the center of 

the beam?

• Optical vortex method can be used to make a twisted light with a 

center in the hole. Phase plate can be used to make optical vortex.

• Optical vortex has a zero of an optical field. 



STED vs Confocal Microscope



The power dependence delivers subdiffraction size observation volumes on the 

spot. The volume in which fluorescence emission is allowed (green, insets) but 

decreases with increasing STED laser power.

STED Setup
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Confocal Spot illuminates many 

fluorophore distance less than 

diffraction limit

x
Fluorophore are imaged 

stochastically. Then, positions of 

fluorophore are determined 

STORM IMAGING



Each point are imaged stochastically



Fluorescence Resonance Energy Transfer 

(FRET)and its applications



Fluorescence 

Electronic transition during fluorescence

Vibrational 

states

Excitet state 

Ground state 

Photon 

Emission

Absorption 

of photon 

Fluorescein

Green

Fluorescent 

Protein

Vibrational 

Relaxation (nonradiative 

transition)



Different “GFPs”

mHoneydew, mBanana, mOrange, tdTomato, mTangerine, 

mStrawberry, mCherry

Absorption

Fluorescence

Shaner, Tsien,Nat. Bio., 2004



Förster resonance energy transfer 

(FRET)

Theodor Förster



Fluorescence Resonance Energy 

Transfer (FRET)
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Nonradiative energy transfer between two particles

FRET is a nonradiative energy transfer from donor to acceptor.

FRET arises from the transient dipole 

interaction of donor and acceptor. 



Quantum yield of fluorophore

The fluorescence quantum yield (ΦF) is the ratio of photons 

absorbed to photons emitted through fluorescence. 

kf = rate of fluorescence

ki = rate of nonradiative decay

kisc = rate of intersystem crossing

F =
kf

kf + knr + kisc

F =
numberofphotonsemittted

numberofphotonsabsorbed

Vibrational 

states

Intersystem crossing Triplet 

state



Distance and spectral overlap effect 

FRET
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The distance which can be probed by FRET is limited 

typically 1-10nm.

Due to the 1/R6 distance dependence, distances in the range 0.5-

1.5 R0

Efficieny in the range 0.98-0.10, are suitable for FRET 

measurements.

450 nm

A

D

r



Transfer efficiency is 50% when the donor-acceptor 

distance is equal to the Förster critical radius. 

Distance effect between donor and 

acceptor



FRET pair examples



FRET assays

Soderholm et all. Methods, 2010, 220



FRET Assay to monitor kinase 

activity in cells

Alice Ting et. al. PNAS, 2001, 98, 15003   
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Theory of Photochromic FRET 

for sensing protein dynamics
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pcFRET efficiency



Crystal structure of sensory 

rhodopsin II

Retinal

Asp 75

Lys 206

Royant et. al., PNAS, 2001, 98, 10131



Studying photosensitive membrane proteins

• Dynamic studies of photoactive membrane proteins are currently limited by 
absorption. 

• Can we measure the photocyle of membrane protein in the cell? What does 
protein work in the cell membrane?

• How does the photocycle of a single membrane protein differ from the bulk? 

• How different is the photocyle among single membrane proteins? 

Optogenetics

• Optical control of neuronal activity

• Optical probes for membrane environment

Prof. Cohen-Harvard

Prof. Diesseroth-Stanford 

Prof. Boyden-MIT

Kralj et al. Nature Methods 2012, 9, 95 



Ground state
Trans Retinal max = 520 nm

max = 620 nm

Blue-Proteorhodopsin

K state

Photocycle of photoactive 

membrane proteins

Ground state

O state

Trans Retinal

Cis Retinal

max = 490 nm

max = 400 nm

max = 570 nm

Sensory rhodopsin II

K state

O state

Spudich et. al.Trends Microbiol. 14: 480-487.



Photochromic FRET for SRII



O Intermediate state formation in SRII 

photocycle

SRIIAlexa546 (+Retinal)

Control = SRIIAlexa546 (-Retinal)

MovieS1.avi
MovieS2.avi


Distribution of number of SRII in 

vesicles

4 SRII

3 SRII

2 SRII

1 SRII
1 SRII/vesicle
2 SRII/vesicle



Photochromic FRET for Blue-Proteorhodopsin

Ground state absorption

Emission of Alexa 594

Photo&Photoboiology 2012, 88, 90 

Intermediate state absorption



(A)



Measuring Action Potential with 

FRET

Nature Communication 2014



Measuring molecular mechanics 

by using FRET



Computational Tools

Biological Tools

What tools do we need to advance biology in the future?

1. New biological fluorescent 

reporters

2. Optigenetic switch 

3. Optical and imaging 

methods

1. Advance programs  



Biological tool (optogenetics) to understand brain

• Optical control of neuronal activity

• Optical probes for membrane environment

Prof. Adam Cohen-Harvard

Prof. Karl Diesseroth-Stanford 

Prof. Ed Boyden-MIT

Kralj et al. Nature Methods 2012, 9, 95 



New optical tools and probes are needed to 

increase spatiotemporal resolution. 

Static Imaging of cell function

Low spatiotemporal resolution
Dynamic Imaging of cellular function

High spatiotemporal resolution



Optogenetic tools to understand Cancer

We need advance 

computational tools and 

biological probes to solve 

problems in cancer

Data and Video Courtesy - Z. Kaya, N. Lack, H. Bayraktar



Brain is a very complex organ

• Millions of neurons forms a highly complex architecture.

• Neurons are specialized to control certain function.

• A neuron subset are localized with other subsets so 

distinguish them are very difficult.

Livet, Litchman et. al., Nature, 450 56 2007

Advance Problems:



Neuron



Conventional Methods to measure membrane 

potential

80 years old conventional method



Video Courtesy Adam Cohen Harvard University

Nature Methods , 2014



Optic + genetic = Optogenetic

Optogenetic is the combination of genetic and optical methods to control and to 

monitor specific events in targeted cells of living tissue.



Photoactive membrane proteins

Stingl et. al., Nature Microbiology Reviews, p488, 2008



Channel rhodopsin

Retinal

Asp 75

Lys 206

Royant et. al., PNAS, 2001, 98, 10131

Light gated Ion 

channel

It control phototaxis

in algae. 

ChR2 absorbs blue light with 

A max wavelength 490 nm



Photoactive membrane proteins: energy 

harvesting, phototaxis, vision and optical 

control…

Halobacterium salinarum

Rhodopsin

Trans-Retinal

Cis-RetinalADP

ATP

Phototaxis 

Optogenetic Applications

• Optical control of neuronal activity

• Optical probes for membrane potential

Energy harvesting 

PHOTOACTIVE 

RHODOPSIN 

MEMBRANE 

PROTEIN

Vision



The a photon is 

absorbed by the retinal. 

The trans-retinal 

complex change its 

conformation from trans 

to cis.



The emerge of optogenetic methods

Dr. Karl Deisseroth Lab - Stanford

“Optogenetics is the combination of genetic and optical methods to control and 

to monitor specific events in targeted cells of living tissue.” Resource : Wikipedia 

Adamantidis, Deisseroth et. al, Nature, 450, 420, 2007



1. Optical control of cellular functions

Diesseroth lab-Stanford  

Hippocampus : Controls movement 

B) Control cell motility by activating Rac proteins using lasers 

A) Control of cell potential by activating Rhodopsin membrane proteins using lasers

Wu et. al. Nature 461, 104
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Figure 2

Optical-neural interfaces for light delivery to brain tissue in freely moving mammals. (a) T he original

fiberoptic neural interface (27a), in this case implemented via a cannula implanted over the brain region of

interest; the optical fiber coupled to a light source is inserted during behavioral testing. T hisapproach allows

for simple integration with pharmacological methods. (Panel modified with permission from 27a.) (b) L ight

delivery through an implanted fiber. An optical fiber stub is implanted over the brain region of interest and is

coupled to a fiberoptic tether with a ceramic sheath during behavior. T his approach iswell suited to

high-throughput behavioral testing but cannot be easily combined with pharmacology at the same site. Both

cannulasand optical fiber stubscan be used for single- or dual-site illumination. (Panel modified with

permission from 29 and 154.) Further advancements include (c) multisite light delivery (panel modified with

permission from 42) and (d) wirelesscontrol (panel modified with permission from 37), both appropriately

sized for use in freely behaving mice. (e) Injectable optoelectronics for wireless multisite multiwavelength

optical stimulation/sensing, electrophysiology, and temperature sensing with coregistration and minimal

tissue damage. Multiple µ-ILED light sources (a thousandth the size of conventional LEDs) can be

independently controlled and can deliver a choice of wavelengths. Abbreviations: µ-IPD, microscale

inorganic photodetector; µ-ILED, microscale inorganic light-emitting diode. (Panel modified with

permission from 48.)

sheath and commutated for free rotation during behavior as above. Significant advantages

of this system over the previously described cannula-based system include (a) avoidance of

repeated insertion of an external fiber into the brain, thereby reducing damage to neural tissue;

(b) reduced likelihood of breaking the external fiber upon insertion; and (c) reduced handling

stress for the rodent. H owever, the ability to simultaneously perform same-site intracranial

www.annualreviews.org • Optical Neural Interfaces 107
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How to modulate neurosignalling?

Small molecules can be used to affect the synapse 

activity

They are 

Noepinephrine

Acethycholine

Dopamine

Serotonin



Here is the problem:

• Neurons system is composed by a large subset of specialized 

neurons.

• If a neurons needs to be studied, it has be modulated without 

modulating other things belongs to a different set of speciazed cells

• Small molecules will be localized in all cells because of the diffusion 

and affect all neurons.

• The question is can we modulate individual neurons? If how? 

a) Optic methods

b) Genetic methods



Lasers to modulate neurons



Lentivirus for transferring genes

293Ft cells can be used for producing lentivirus.



Channel Rhodopsin



How Channel Rhodopsin Activates 

Neurons?



Rate of firing can be modulated

Frequency of spiking in a 

given time interval. When the 

brain for your hand holding a 

paper, the motor neurons 

controls the muscles by 

increasing firing rate.



Action Potential

gNa gNa Decrease

gK Increase



Regular Firing         Burst Firing        Cerebellar Purkinje Cell

Cornical Pyramidal Cell

Ion channel diversity leads to a neuronal diversity

Transfer 

mode 

Burst 

mode 

Medial Habenular Cell





On dendrites, the analog signal is received through 

synapse 

Signal is transmitted by action potential inside 

the neuron and exchange it across synapses 





The Axon,

Generally one per neuron

Many microtubules and neurofilaments are presents

A few micron to meter length

Transmit signal from some of the cell to the neuron 

synapses







Membrane potential of -70 mV means that the inside of the 

cell is negative compared to the outside (the outside of the 

cell is always of the opposite charge of what is inside).

-

+



Membrane potential of -70 mV means that the inside of the 

cell is less negative compared to the

-------

+++++++

+

------------
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The Nernst Equation and Concentration Dependence of the Emf

Nernst equation

At 25ºC (298.15 K),

At equilibrium, no net transfer of 

electrons, so         = 0, Q = K.



There is a high negative charge outside of the cell

155 mM inside while the outside concentration of K is typically about 4 mM.

Remember that negative charges attract positive ones such as K+ ions.
rnst Potential

EK = -59 

log(155/4) 

EK = -98 mV

E = - 59mV ln
Ki

Ko

If the membrane were permeable only to K, E would be -

90 mV. Since the electrical force exactly balanced with 

the diffusion force when the membrane potential was -92 

mV. 

n is the elementary charges 

E =  - ln
Ki

Ko

RT

nF

Nerst Equation is used to calculate the equilibrium potential 

F is faraday constant

T is temperature

R is gas constant 



The Sodium Nernst 

Potential

If Naoutside = 145 mM Nainside = 12 mM 

Then,

E = -59mV log(12/145) 

E = +67 mV

EK =      59 log       Nai

Nao

If the cell membrane is only 

permeable to Na ions. Then what is 

the membrane potential? 



Resting Membrane 

Potential

Summary:

Vm = -90 to -70 mV

EK = -98 mV

ENa = +67 mV

Since the membrane is more permeable to K than Na, The 

Vm is more close to EK than ENa



Molecular Gradients



Resting Membrane Potential Summary



Extracellular

Patch Clamp

Nobel Prize in Physiology & 

Medicine -1991

How the neuron activity can be 

measured?



Ion Channels

Na+

in

out

Figure 4-5; Guyton & Hall



• Cell membranes are 

impermeable to 

charged and most 

polar compounds

– Charged molecules 

must have an ion 

channel or transporter to 

move across membrane

Diffusion continued

6-11



Permeability coefficients (cm/sec)

10-2

10-4

10-8

10-10

10-12

water

urea

glycerol

glucose

Cl-

K+

Na+

10-6

high permeability

low permeability

(** across an artificial lipid bilayer)


