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“What is a lifetime?” 
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“What can lifetimes tell us?” 
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lifetime of the excited state:

MANY PHOTONS (hnex & hnem) AND MANY ESCAPE DOORS

Fluorescence photons are 
the“message” from a spy 
(the fluorophore). We 

are actually interested in 
the other pathways out 
of the excited state.

e.g. FRET



There are many pathways for an excited chromophore
to return to the ground state



How do we measure lifetimes?
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Frequency domain lifetime measurement
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This is the way we will discuss today
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- See later how to handle this -



We want to measure fluorescence 
lifetimes in a fluorescence image

at every location in the cell.



Measuring 
Nanosecond fluorescence lifetimes

at many pixels in an image
used to be difficult

First we look at
some early attempts



The instrument was capable of dissecting
the image into areas of interest, and can
therefore be classified as an imaging
fluorescence lifetime instrument. Lifetime
measurements were carried out on
“fluorphores bound to the nuclei of tumor
cells, as well as autofluorescence of
biological tissue samples.”

1959



“Ascites tumor cells, liver cells, 
fibroblasts, bacteria, and cell 
fractions, after incubation with a 
fluorochrome and appropriate 
washing, can be suspended in a 
cuvette (or in the case of single 
cells, placed on a microscope slide) 
and the fluorescent decay time can 
be read out digitally in 
nanoseconds. The instrument is 
most accurate where actual decay 
values are > 2 ns! “

1972



We explain this result on the basis of an 
energy transfer mechanism between dye 
molecules intercalating AT:AT sequences 
(donors) and dye molecules bound to 
either GC:GC or GC:AT sequences 
(acceptors). 

The fluorescence of several bacterial 
DNAs stained with quinacrine mustard 
have been investigated using a laser 
microfluorometer with a spatial 
resolution of -0.3 micro-m and a 
temporal resolution of -0.3 ns 
connected to a digital signal averager.

Andreoni, A., Sacchi, C.A., Svelto, O., Longoni, A., Bottiroli, G., and Prenna, G., in Proceedings of the Third 
European Elecrro-Optics Conference, H.A. Elion, Editor, SPIE, Washington, 258-270, (1976).

1976-
1979



1979



Interest grew in the
biology community

for quantitative imaging

What changed later in the 1980s?
Light sources, detectors (Intensifiers, CCDs), computers, etc.

Parts became available commercially; major progress in microscopes

Commercial packages for image analysis and date handling and display

The new laboratory based FLIM instruments
were first reported about 1989



And
many general and specific reviews.

Now many firms delivering FLIM instruments

100s of publications

Books dedicated to FLIM:
FRET and FLIM Techniques

Volume 33 (Laboratory Techniques in Biochemistry and Molecular 
Biology)

Ed by Theodorus W. J. Gadella 
FLIM Microscopy in Biology and Medicine

Ed by Ammasi Periasamy and Robert M. Clegg

By now the landscape has changed drastically

http://www.amazon.com/Techniques-Laboratory-Biochemistry-Molecular-Biology/dp/0080549586/ref=sr_1_1?ie=UTF8&s=books&qid=1232859262&sr=1-1
http://www.amazon.com/Techniques-Laboratory-Biochemistry-Molecular-Biology/dp/0080549586/ref=sr_1_1?ie=UTF8&s=books&qid=1232859262&sr=1-1
http://www.amazon.com/Techniques-Laboratory-Biochemistry-Molecular-Biology/dp/0080549586/ref=sr_1_1?ie=UTF8&s=books&qid=1232859262&sr=1-1
http://www.amazon.com/Techniques-Laboratory-Biochemistry-Molecular-Biology/dp/0080549586/ref=sr_1_1?ie=UTF8&s=books&qid=1232859262&sr=1-1
http://www.amazon.com/Techniques-Laboratory-Biochemistry-Molecular-Biology/dp/0080549586/ref=sr_1_1?ie=UTF8&s=books&qid=1232859262&sr=1-1
http://www.amazon.com/Microscopy-Biology-Medicine-Ammasi-Periasamy/dp/1420078909/ref=sr_1_1?ie=UTF8&s=books&qid=1232859367&sr=1-1




2 WAYS

TO DO IT

2-hn scanning

&

full-field

FLI

How do we do it?



Scanning 2-hn FLI

•Spatial confinement of excitation-

diffraction limited focussing

0.3 m x 1 m (hnex=700 nm, NA=1.3)

•confocal effect

•Little or no photodamage outside of 

2-hn region

•Depth of penetration

•3-D images possible

•UV-excitation (localized)

•PM detection - multifrequencies -

Fourier spectrum

•Detection straight forward

•Photoactivation  of caged compounds

Full-field FLI

•Simultaneous pixel measurement

•Attach to any microscope

•Simplicity of optical construction & 

operation

•FLIE (endoscopy)

•Real-time applications

•CCD data acquisition (long 

integration times possible without 

unreasonable total measurement time)

•Phosphorescence (DLIM)

•3-D possible with image 

deconvolution; spinning disk

•Rapid time resolution for

kinetics in millisecond range.

Fluorescence lifetime-resolved imaging microscopy

(FLI)



Boar sperm  labeled with a lifetime dye molecule; 

Note the variation of the fluorescence intensity over 

the period of the excitation modulation.
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Experimental setup of FLIM
FLIM is operated by modulating the excitation radiation and 
observing the phase delay and demodulation of the 
fluorescence emission

Target

Pockels’ Cell

HRI

CCD

Frequency 
Generator

Phase Delay

Computer

Light

Dichroic mirror



We want to make the measurements fast



Importance of rapid              display 

with large information content

Make the information in 

the image intelligible to the 

user

Real time 

communication to user

Medical Imaging



FLI

reactive oxygen species

determination

Detailed analysis of lifetimes

•accurate lifetimes

•component analysis

•multifrequencies

•global lifetime analysis

•HF chip frequency generator

Fast Lifetime-resolved imaging

•rapid data acquisition

•real-time updated display

•informative image display

•suppression & enhancement of components

•use of hardware to increase speed

•extension to endoscopes

FLI ion concentrations

Improving & extending

•image contrast

•component discrimination

•3-D capability

FLI pH determination

FRET applications

•Direct quantitative efficiencies

•combination of FLI  with other methods
[ratio imaging, photobleach FRET]  

Combine & quantify features

•lifetime-resolution

•spatial parameters

•spectral (+FLI) component analysis

•correction and utilization of “artifacts”

•global analysis
[photolysis, scattering, absorption]

What can we do with it?



SO, now we seem all set.

BUT…..



How do you interpret fluorescence decay?

Here I
(the theoretician) can tell you 

how to do it right. 

A theoretician solving the equations for 
fitting the fluorescence decay to multi-

exponentials

Com’on!, I don’t want all 
those equations!
I have 106 pixels!!

Gimme an easy way!

Experimentalist



I see two 
exponentials!

I see three 
exponentials!

Uh-Oh! I see 
a whole 

herd of ‘em!
Try it. You’ll like it. Just like green eggs and 

ham!
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We could fit the data analytically

DATA ANALYSIS



Model Independent Analysis
Some different ways to 

parameterize lifetime-resolved 
data

What now?
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Frequency domain lifetime measurement

Data analysis with a polar plot representation
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Observing the fluorescence of:

Product species of an excited state reaction
Product and directly excited species

Directly excited species



Enough talking! Now let’s see some 
real measurements!



Time-resolved 

images showing 

the presence of the 

monomer form of 

porphyrin, and the 

photolysis of the 

monomer form of 

PPIX. 

Medical imaging 

tumor diagnostics.

Monomeric PPIX 

20 ns

Is photolabile.

Used for 

phototherapy.

Endoscopy

&

Microscope

Fluorescence lifetime images of RMCD cells

lifetimes color coded

intensities in contour relief



Normal cellular

heme synthesis
-aminolevulinic-acid

1O2

8 x

PpIX-protoporphyrin IX

hn

Fluorescence

or

ALA

Photodiagnostics and phototherapy

The monomer of PpIX forms ROS
and is used for phototherapy



PDD and PDT using ALA
= ALA

= PPIX







Measured Lifetimes
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We could analyze the data in minute detail, 
and sometimes that is necessary

But sometimes that complicates things



Polar Plot analysis

PPIX in tumor cells
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Fluorescence intensity and dynamic response
change upon illumination



Protoporphyrin IX

Lifetime Location

Monomer 17-18 ns

Dimer ~2 ns

Primarily internal 

to the cell

Higher 

Multimers

<2 ns

Where is the monomer?

What are the concentrations?

Monomers and Multimers  same spectra



Two photon  excitation: Separation of Excitation and Emission
In

te
n

si
ty

400            500            600            700            800            900

1-photon Excitation

Emission

Stokes shift ~ 30 nm

emission filter 
used with 2-
photon excitation

2-photon Excitation

dichroic mirror to 
block 1-photon 
excitation

1 photon Raman

Wavelength (nm)

Near infra-red
wavelength of short

150 femtosecond
excitation pulse

No Raman Interference
With 2-photon excitation

Two-photon excitation

Deep penetration
into tissue;
little scattering

Confocal-type
localization

No photolysis
Outside focus



What do photons have to do
with our everyday life?

A lot!

Sunbathing can be  
(is) dangerous



Do sunscreens sensitize ROS in the 

skin?

Where do sunscreens localize?

•Do they penetrate the cell or 

nuclear membrane?

•Do they penetrate the Stratum 

Corneum Barrier?

Does sunscreen in vivo

photochemistry have photobiological 

influence?
•Pyrimidine Dimerization

•Immunomodulation

•Photoaging

Fundamental Questions on Sunscreen Behavior in the Skin

Dr. Kerry M. Hanson



Before UV-B After UV-B

Reactive oxygen species
Dihydrorhodamine 123 Rhodamine 123

UV-B-induced 
Oxidation of the 
Lipid Matrix of 

the Stratum 
Corneum

Human Epidermal

Stratum Corneum

Before and After 1 Sub-Erythemal UV-B Dose

Use FLI to determine
the concentration
of the ROS through
the indicator fluorescence.
Lifetimes are
concentration independent.

2-hn excitation FLI
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Stratum

Corneum

St. 

Granulosum

St. Spinosum

St. Basale

pH 4.5-5.6

pH 7.4

Stratum Corneum pH Gradient

Transition
– Surface of skin is acidic

– pH Gradient affects

• barrier function

• skin disease (ichthyosis, dermatitis-

$$$ health care)

– Only Tape-Stripping/Flat-Electrode 

experiments done to date = no resolution, 

cannot understand origin of gradient

DH+ 100-1000 times in 20mm!

Hanson, Barry, Behne et al.



Two-Photon FLIM to Determine pH in the Stratum Corneum
BCECF: Lifetime-sensitive pH indicator
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Hanson, Barry, Behne et al.



Granular

cells

Lipid

Intensity

z=0 mm

Skin

Surface

z=15 mm

Corneum-

Granulosum 

Junction

mod

Acidic 

lipid 

regions,

not 

uniform

pH low

pH high

0

1500

2 ns

4 ns

Lipid Matrix Has A Lower pH than Corneocytes & Viable Cells

Hanson, Barry, Behne et al.



Using FLI for measuring
Photosynthesis mechanisms

and
As a tool for plant health



Courtesy ofGovindjee and John Whitmarsh

Fluorescence monitors the photochemistry
at the reaction center



Real-Time Fluorescence Lifetime-Resolved Images of individual cells of Wild Type and NPQ 

mutants of Chlamydomonas reinhardtii
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A. Normal light intensity

Photochemistry

Deepoxidase

Photochemistry

heat

heat

The mutants (NPQ1 and 

NPQ2) used in this work, 

accumulate violoxanthin and 

zeaxanthin, respectively. 

Fluorescence transient studies 

showed strong quenching for 

NPQ2 in comparison to the 

WT and NPQ1.

Fast-FLI for studying the role of 

the Xanthophyll cycle in the non-

photochemical quenching process 

in single cells.

violoxanthin

zeaxanthin



NPQ mutants of the green alga Chlamydomonas reinhardtii

Mutants from Krishna K. Niyogi

The Xanthophyll cycle

Violaxanthin Antheraxanthin Zeaxanthin

Deepoxidase

Epoxidase Mutant NPQ2: Epoxidase

Mutant NPQ1: Deepoxidase



The Xanthophyll cycle

Violaxanthin Antheraxanthin Zeaxanthin

Deepoxidase

Epoxidase

NPQ1

Single cells of Chlamydomonas reinhardtii wild-
type (WT) 

and non-photochemical quenching (NPQ) 
mutant

WT NPQ2

EpoxidaseDeepoxidase

P
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0.6 ns 2.0 ns

tauphase

taumod

Mean intensity

Intensity vs phase

Mean Intensity Phase Lifetime Modulation Lifetime



P

Measurement time 

>125 msO

This is the 

reason 

why we 

have to 

measure 

fast

time
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---250 secondsLong times

?

Kinetics



DCMU

MV

Nigericin destroys the H+ gradient

Npq1 has no xanthophyll cycle and has no Zeaxanthin – cannot quench

Npq2 has no xanthophyll cycle but has     Zeaxanthin – can   quench
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Spectral FLIM



2. two-lifetimes model, assuming spectrums are known:

a) Fit the spectrum and fine α
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Should I weight the data??

Original simulation 3ns & 0.5ns



Avocado Leaves

Different wavelengths – different lifetimes



Avocado Leaves

photoprotection
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Bleaching

The Polar Plot describing the bleaching of ECFP

Two lifetimes for ECFP; and the two species of molecules do not interconvert.

The slower lifetime undergoes photolysis faster than the faster lifetime

A unique way to determine multiple lifetimes.



Wavelets
+

Denoising

Chasing lifetimes in the noise

Combining
morphology + lifetime resolution
Localized spatial frequencies
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Remember the polar plot



A

B

C

D

combination of wavelet analysis and FLIM with simulated data
Background constant

 The wavelet analysis has completely removed the background contribution 

1 ns

10 ns

No Fluorescence

10 ns

+



A C

B D

+

1 ns

10 ns

No Fluorescence

10 ns

Combination of wavelet analysis and FLIM with simulated data
The background in this simulated data is increasing in amplitude with a constant gradient from 

left to right.  



A) Original

B) A2-A9

C) Original 

D) A2-A9 

Background subtraction using wavelet on the fluorescent beads image (A and B) and on the 
dendrites in a Drosophila melanogastor larva expressing membrane-tagged GFP (C and D). The 
original images (A and C) and the edited image analyzed with wavelet (B and D) are compared. 

final images are 
reconstructed by the 
‘wrcoef2’ function from 
the difference in the 
approximation data level 
2 (containing both high 
and low spatial frequency
components) and level 9 
(containing mostly low 
spatial frequency 
component) 

Finding morphology using wavelets



Polar plot color code for representing 

prostate tissue FLIM data

FLIM image of a 

prostate tissue 

biopsy microarray



Combining morphological features and FLIM signals (wavelets)
and

Using denoising to assist in the overall analysis



Variance stabilized Gaussian Denoising

Line profile from an image of prostate tissue

Red – raw data;  Black – denoised

Spatial frequency cuts (intervals) can be selected
Edges not smoothed



Polar Plots

Raw data

Wavelet smoothing

10 ns

1 ns

Poisson denoising

Poisson denoinsing with
wavelete background
subtraction



Left:  raw fluorescence 
intensity images of a 
prostate tissue core 

Right:  denoised images

2X





Polar plot histograms
of entire FLIM images of a benign and a malignant prostate tissue core
Top:  before denoising
Bottom:  after denoising

P
ixel C

o
u

n
ts



Dual layer FLIM images (intensity image used to mask color coded lifetime image) - Color indicates the fluorescence 
lifetime distribution of each pixel. Blue indicates normal fluorescence lifetimes while red indicates a significant shift in 

fluorescence lifetimes from benign tissue. a-c) Benign tissue cores.  d) Low-grade cancer.  e & f) High-grade cancer. Note 
that the lifetime distributions can be complex (the fluorescence lifetimes reflect multiple species – i.e., free and enzyme-

bound species). The color coding represents an overall shift in the relative amounts of each species and therefore 
accomplishes representation of complex data in an easily visible fashion. 



Spinning Disk
Full-Field Flim
3rd dimension

The polar plot analysis of 
FLIM data from a set of 

fluorescein solutions having 
different concentrations of 
iodide, which quenches the 
fluorescence emission from 

fluorescein in diffusion 
controlled encounters 



Full Field FLI
Peter Schneider

Oliver Holub
Christoph Gohlke

Glen Redford
(polar plot ALA–PPIX)

+ 
Spinning disk, wavelets and denoising

Chittaton Buranachi, Bryan Spring, Rohit Bhargava
(dendritesALA–PPIX, prostate FLIM, redox sensor)

Yi-Chun Chen (Polar Plot, spectral FLIM, photosynthesis)

John Eichorst  & Peter (Yingxiao) Wang

Photosynthesis:
Govindjee

Oliver Holub
Christoph Gohlke

Gregor Heiss
Shizue Matsubara




