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* Fluorescence Lifetime Imaging 
Microscopy (FLIM)
* Förster Resonance Energy transfer 
Microscopy (FRET)
* FLIM-FRET Microscopy –
• Workshop Since 2002
* Endogenous Molecular Imaging
NADH, FAD, Tryptophan
Optical Redox Ratio
* Energy Metabolism –
Photoacoustic FLIM Imaging
* Intravital Imaging –
* Multiphoton Photoacoustic 
Imaging Microscopy (M-PAM)

* Cervical & Leukemia Cancer
* Prostate cancer
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15th Annual Workshop on FLIM and FRET Microscopy – March 7-11, 2016

Vladislav



What is FRET?
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Förster Resonance Energy Transfer
Or

Fluorescence Resonance Energy Transfer
FRET

FRET can tell us about dynamic behavior of
biological molecules and biological systems

RET or FRET
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History and Basics of FRET

Förster Resonance Energy Transfer
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Theory of FRET in the 1920s

Energy transfer by electrodynamical dipole-dipole 
interaction proposed by Jean Perrin and Francis Perrin.

Their equation for distance dependence gave 15-25 nm 
as the required separation for FRET.

Equation underestimated the dependence on separation 
distance. i.e. interacting molecules need to be closer 
than they thought.



Theodor Förster and FRET in the 1940s
Förster derived new equations consistent with experiments

R0 – Förster distance; the distance 
between donor and acceptor at which 
energy transfer is 50%

𝑹𝑹𝟎𝟎𝟔𝟔 =
9000 𝑙𝑙𝑙𝑙𝑙𝑙 κ2∅𝐷𝐷
𝑁𝑁𝐴𝐴128𝜋𝜋2𝑛𝑛4

∫0
∞ 𝜀𝜀𝐴𝐴(𝑣̅𝑣)𝐹𝐹(𝑣̅𝑣)𝑣̅𝑣−4𝑑𝑑𝑣̅𝑣

∫0
∞𝐹𝐹(𝑣̅𝑣)𝑑𝑑𝑣̅𝑣

Förster Resonance Energy Transfer happens at distances of 1~10 nm. 
This is good for looking at protein-protein interactions.

𝐸𝐸 =
1

1 + 𝑟𝑟
𝑹𝑹𝟎𝟎

6
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FRET is a process by which radiationless transfer of energy 
occurs from a donor fluorophore in the excited state to an 
acceptor molecule in the ground state in close proximity.

What is FRET?

Sensitized emission is a decrease in donor emission with 
increase in acceptor emission



(λex = 546 nm, λem = LP610 nm) (λex = 436 nm, λem = 515-565 nm) (λex = 436 nm, λem = LP610 nm)

Uster and Pagano, J Cell Biol  103:1221-1234, 1986

First FRET Microscopy images using video 
camera systems

• N-NBD-PE (donor, fluorescein) is excited at 
436 nm and emits at 515-565 nm

• N-SRh-PE (acceptor, rhodamine) is excited at 
546 nm and emits at 610 nm.

If excitation at 436 nm, we see emission at 610 
nm if and, only if, the donor and the acceptor are 
close together.



Three conditions for FRET to occur
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Condition 1:  Spectral overlap >30%
FRET can occur when the emission spectrum of a donor 
fluorophore significantly overlaps (>30%) the absorption 
spectrum of an acceptor.  

I

Donor absorption

Donor 
Emission

Overlap 
integral

Acceptor 
absorption Sensitized 

fluorescence 
(FRET signal)

Acceptor 
emission

No FRET if the spectrum is not overlapped. 

𝑅𝑅06 =
9000 𝑙𝑙𝑙𝑙𝑙𝑙 κ2∅𝐷𝐷
𝑁𝑁𝐴𝐴128𝜋𝜋2𝑛𝑛4

∫0
∞ 𝜀𝜀𝐴𝐴(𝑣̅𝑣)𝐹𝐹(𝑣̅𝑣)𝑣̅𝑣−4𝑑𝑑𝑣̅𝑣

∫0
∞𝐹𝐹(𝑣̅𝑣)𝑑𝑑𝑣̅𝑣
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Condition 2. Distance between molecules < 10 nm

r – distance between donor and acceptor

R0 – Förster distance

E – Energy transfer efficiency

No FRET Close enough for FRET

𝐸𝐸 =
1

1 + 𝑟𝑟
𝑅𝑅0

6
𝑟𝑟 = 𝑅𝑅0

1
𝐸𝐸
− 1

1
6

Inverse relationship between energy transfer efficiency 
(E) and sixth power of distance between donor and 
acceptor (r).
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Condition 3:  Favourable dipole orientation

𝑅𝑅06 =
9000 𝑙𝑙𝑙𝑙𝑙𝑙 𝜿𝜿𝟐𝟐∅𝑫𝑫
𝑁𝑁𝐴𝐴128𝜋𝜋2𝑛𝑛4

∫0
∞ 𝜀𝜀𝐴𝐴(𝑣̅𝑣)𝐹𝐹(𝑣̅𝑣)𝑣̅𝑣−4𝑑𝑑𝑣̅𝑣

∫0
∞𝐹𝐹(𝑣̅𝑣)𝑑𝑑𝑣̅𝑣

𝜿𝜿𝟐𝟐 is the orientation factor
𝜿𝜿𝟐𝟐 is 0 if the dipoles are perpendicular to 
each other.
𝜿𝜿𝟐𝟐 is at its maximum, 4, when the 
dipoles are in series
Any 𝜿𝜿𝟐𝟐 between 1 and 4 is okay. 

If dipoles are parallel, far field 
fluorescence happens instead



Benefits of FRET 
microscopy
- Live specimens

- Single cell assay

- Investigate subcellular 
compartments

- Spatial and temporal 
information of the interacting 
proteins

FRET microscopy enables study of protein 
interactions in live cells

Plotting distance information rather 
than E% shows that the interacting 
proteins are closer together at some 
sites than others.
(Wallrabe et al. Cytoskeleton, 2013)



Available FRET microscopy 
techniques

• Wide-field or digitized video FRET (WF-FRET)
• Laser Scanning Confocal FRET (C-FRET)
• Spectral Imaging FRET (psFRET)
• Multiphoton excitation FRET (2p-FRET)
• Acceptor Photobleaching FRET (apFRET)
• Lifetime Imaging FRET (FLIM-FRET)
• Photo-quenching FRET (PQ-FRET)
• Label-Free FRET Microscopy (NADH-TRP)
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Spectral FRET Microscopy

Zeiss 510META, 63x Oil, Ex 488 & 561 nm

Interactions of eGFP-Rac1 and IQGAP1-mOrange in MDCK cells

D
A



Major Contaminations in the FRET Channel

• Donor Spectral Bleedthrough (DSBT) – donor molecules excited by 
donor excitation wavelength yield its fluorescence into the FRET 
channel. What we call it as cross-talk.
• Acceptor Spectral Bleedthrough (ASBT) – acceptor molecules excited 
by donor excitation wavelength yield its fluorescence detected in the 
FRET channel.

2-color FRET

FRET+DSBT+ASBT



Data Analysis—PFRET Plugin

PFRET

uncorrecte
d

corrected

Bleed-
through

No 
correction

28%

49%

60

53

E = 1 – (IDA / ID)



Contamination or bleedthrough correction

BFP-GFP-Pit-1 
protein 
dimerization

En= 1 – {IDA / [IDA + PFRET * (ψdd / ψaa )* (Qd / Qa)]    }

Before Correction After Correction

E = [1 - (IDA/ID)]



Confocal FRET microscopy using the PFRET method

Images of live cells co-expressing Cerulean- (donor) and Venus- (acceptor) tagged bZip were 
acquired in the Donor, FRET and Acceptor imaging channels. The graph shows an increasing 
trend of E% with an increased ‘acceptor -to- unquenched donor’ ratio, by either a 2nd order 
polynomial (solid) or linear (dashed) curve fitting. 
(Zeiss 510 Meta; 63X / 1.4NA oil immersion; Donor Ex458 nm, Em470-500 nm; FRET : Dex 458 
nm Em535-590 nm; Acceptor Ex 514nm) 

Sun et al Cytometry A 83A:780-793, 2013 

Dr. Yuansheng Sun



Acceptor photobleaching spectral FRET microscopy

Live cells co-expressing Cerulean (donor) and Venus (acceptor) tagged bZip were excited by 
a 458 nm laser line, and spectral images (λ-stack for 470 ~ 640 nm) were acquired at the 
same imaging conditions, before and after photobleaching the acceptor with the 514 nm 
laser line (bleaching time: ~120 seconds). 

Sun et al Cytometry A 83A:780-793, 2013 



3-color FRET Microscopy



3-color FRET Microscopy 

Wallrabe et al., Cytoskeleton 70: 819-836, (2013)



3-Color FRET

Demonstration of the homo-dimerization of C/EBPα and its interaction with H1Pα 
in live mouse pituitary GHFT1 cells by 3-color spectral FRET (3sFRET) 
Microscopy. 
(Zeiss 510 Meta, 63 X / 1.4 NA Oil). Biophysical J. Vol. 99, 1274-1283, (2010).

Biophysical Journal 99, 1274-1283 (2010)

Dr. Yuansheng Sun



Representative images of 
cells co-expressing Teal-
N-WASP, Venus-IQGAP1 
and mRFP1-Cdc42, and 
exhibiting 3-color
FRET. Single 
fluorescence and 
composite images are 
shown, along with ROI’s 
and E%’s for the 
indicated protein pairs 
that exhibited
FRET within each ROI.

Leica SP5X, 63x 1.2 W; Cytoskeleton 70: 819-836, (2013)

Horst Wallrabe



FLIM Microscopy



WHAT’S FLUORESCENCE 
LIFETIME?

The Fluorescence Lifetime is 
the average time that a 
molecule remains in the 
excited state prior to return 
to the ground state.

Lifetime generally falls 
in the range of 1 to 100 
ns.

*Independent of change in excitation light intensity, 
probe concentrations, and light scattering, but highly 

dependent on the local environment of the fluorophore. 



Two-photon FLIM Microscopy

Chen and Periasamy, Molecular Imaging:FRET Microscopy and Spectroscopy, Chapter 13, 
Oxford University Press, 2005.

Synchronization of 
various signals 



FLIM-FRET Microscopy

Donor – Tryptophan
Acceptor – NAD(P)H 

E = R0
6 / (R0

6 + r6) [1]

E = 1 –(τDA/ τD) [2]

kT = (1/τD) (R0/r)6  [3]

r  = R0{ (1/E) - 1}1/6 [4]

R0 = 0.211{ κ2 n-4 QD J(λ)}1/6 [5]



Nature Protocols 6: 1324-1340, 2011

Dr. Yuansheng Sun



Sun et al Nature Protocols 6: 1324-1340, 2011



TCSPC FLIM-FRET Microscopy 1.5
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FRET based Biosensors

The genetically encoded biosensor probes enable noninvasive 
detection of spatial and temporal characteristics of specific cell 
signaling or metabolic events.

Biosensors typically contain reporter 
modules consisting of donor and 
acceptor FPs directly linked by a 
sensing unit that detects a specific 
cellular event.

Biosensor Probes

• If the biosensor conformation puts the 
acceptor (A) fluorophore close (<80A) 
to the donor, energy can be transferred 
directly by Förster resonance energy 
transfer (FRET).

Applications –
Ratio Biosnsor
Calcium biosensors
Intravital imaging 



Which fluorophore to choose? 
Not a trivial question! 

Fluorophores broadly fall into 3 categories

• Organic dyes, such as FITC, Rhodamine, Alexa and Cy 
varieties (secondary antibody-labeling, ligand-dye 
conjugates, etc)

• GFP-type fluorophores, (Visible fluorescent proteins) such 
as Cerulean, Teal, Venus, RFP, mCherry, mOrange, etc

• Semiconductor nanocrystals, widely called Quantum Dots 
(QDs)

…….each with their advantages and disadvantages



Important fluorophore properties
• Size of fluorophore; Organic dyes are small, GFP mutants 

are ~28-30 kd, QDs 1- >6 nm 

• Quantum Yield (QY), particularly the donor in FRET (QY 
changes from the published value upon conjugation or 
fusion)

• Molar extinction coefficient, the higher-the better

• Relative brightness, linked to above, particularly relevant 
for GFP-type fluorophores

• pH stability, particularly relevant for almost all FRET pairs 
Alexas shows excellent pH stability

• Photo-stability; how quickly do they bleach?

R0 –value for FRET-partners



FRET applications 
If you conduct fluorescence microscopy …  you can do 

FRET  - with some extra steps.

Qualitative FRET microscopy
• Do cellular components interact – yes/no?
• Is there a conformational change – yes/no?
• Have two ‘fretting’ components separated –Y/N?

Quantitative FRET microscopy
• Are we observing specific or random interactions
• Relative distances between cellular components, i.e. is ‘A’ 

closer to ‘B’ or ‘C’
• By quantifying ‘Regions of Interest’ (ROIs), we investigate 

the distribution, effects etc of D & A

Qualitative or Quantitative FRET Microscopy





Summary
* Three major conditions for FRET to occur –spectral overlap 
(>30% D to A), distance between molecules (1-10nm), dipole 
moment orientation (1-4).
* For 2-color FRET requires 2 fluorophores for 3-color FRET 3 
fluorophores are required
* Spectral bleedthrough correction is required for quantitative 
FRET data analysis
* Intensity based FRET can be implemented in any fluorescence 
microscopy system by selecting appropriate filters for the 
selected FRET pair.
* In FLIM-FRET method, one should follow the change in lifetime 
of the donor in the presence (D+A) and absence of acceptor 
(Donor alone).
* FLIM data analysis varies depending on the biological interest.

* Preparation of the FRET pair or labeling the proteins is 
important.



Oxford University Press, 2005



Society of Photo-Optical Instrumentation Engineers (SPIE)
Photonics West 2015, San Francisco, CA, USA

Visit SPIE web site http://www.spie.org/ for BiOS 2016
Multiphoton Microscopy in the Biomedical Sciences XVI

Abstract due date July 18, 2016
Conference Chairs: Ammasi Periasamy, University of Virginia 

Karsten König, Saarland University, Germany
Peter So, MIT

Students Poster Session Competition (SPSC-MP):
Graduate students and Postdocs are welcome to participate. US $500 
award each, maximum 4 poster awards.

JenLab Young Investigator Award
• Graduate students or postdocs or scientists who are not more than 32 
years old . Award Prize: US $2000 cash award 

January 28 - February 2, 2017

Topics Includes- Multiphoton Technology Development, SHG, THG, CARS, 
SRS, FCS, NADH, FAD, FRET, & FLIM Microscopy techniques & 
applications.

http://www.spie.org/


JenLab Award
$2000

Poster Awards-$500 each

SPIE-Photonics West
Multiphoton Microscopy 

2017



Special Issue 
on 

Metabolism 
in Cytometry A

Published in January 2019

Submission due date April 2018

Guest Editors
Dr. Ammasi Periasamy, University of Virginia, USA
Dr. Angelika Rueck, University of Ulm, Germany
Dr. Junle Qu, University of Shenzhen, China



University of Virginia at Charlottesville, USA

Thank you!! 
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