
History of trials, blunders, 
tribulations 

and finally success 
in the dark ages of 

fluorescence lifetime measurements. 
AND 

What is a lifetime anyway? 
 



From ancient times through 
the age of alchemy and 

beginnings of rational science 
people were fascinated by just 

the observation 
of light emission. 

 
First came bioluminescence 





Painting by Joseph Wright of Derby (18thcentury) representing the discovery of 
the phosphorescence of the phosphorus extracted from urine by Hennig Brand in 

1669 

Dr. Brand in 1674-5 attempted to distil human urine and in this way discovered 
phosphorus. 

Misnomer: 
Phosphorescence 
of phosphorous is 
due to  slow 
oxidation 

Phosphorus (Greek 
“phosphoros” was the 
ancient name for the 
planet Venus) was 
discovered by German 
alchemist Hennig Brand 
in 1669 through a 
preparation from urine. 
Working in Hamburg, 
Brand attempted to 
distill salts by 
evaporating urine, and in 
the process produced a 
white material that 
glowed in the dark and 
burned brilliantly.  

And there was 
Chemiluminescence 



First example of 
luminescence excited by light  



Discovered in 1603 



“The Bologna stone, when placed in the  
sun attracts the rays, and retains them 
so long as to give light a considerable 
time after it is removed into the dark. “ 
Goethe  “The Sorrows of Werter” 

First mention of lifetimes? 



First quantitative measurements 
of luminescence lifetimes 





Rotating 
mechanical chopper 



http://en.wikipedia.org/wiki/Image:Alexandre_Edmond_Becquerel,_by_Pierre_Petit.jpg


Trying to see Nanoseconds 

nanoseconds 

microseconds 

milliseconds 
ns 



Wilhelm Carl Werner Otto Fritz Franz Wien 

Wien's displacement law 

Wien received the 1911 Nobel Prize for his work on heat radiation. 

While studying streams of ionized gas, Wien, in 1898, identified a positive particle equal in 
mass to the hydrogen atom. Wien, with this work, laid the foundation of mass spectroscopy. J. 
J. Thomson refined Wien's apparatus and conducted further experiments in 1913 then, after 
work by Ernest Rutherford in 1919, Wien's particle was accepted and named the proton. 

Black Body 
Radiation 

Wien made the first attempt to measure 
the nanosecond decay of luminescence 

http://en.wikipedia.org/wiki/Image:WilhelmWien1911.jpg
http://upload.wikimedia.org/wikipedia/commons/a/a2/Wiens_law.svg
http://en.wikipedia.org/wiki/Heat_radiation
http://en.wikipedia.org/wiki/Ionized_gas
http://en.wikipedia.org/wiki/Hydrogen
http://en.wikipedia.org/wiki/Atom
http://en.wikipedia.org/wiki/Mass_spectroscopy
http://en.wikipedia.org/wiki/J._J._Thomson
http://en.wikipedia.org/wiki/J._J._Thomson
http://en.wikipedia.org/wiki/Ernest_Rutherford
http://en.wikipedia.org/wiki/Proton


Vacuum pump 

heater 

cathode 

observation 
High velocity atom stream 

Seemed to 
Decay 

exponentially 



By knowing the velocity of the gas molecules he could calculate the lifetime 



This is close 
to the 
theoretical 
relaxation 
time for the 
model of an 
oscillating 
electron to 
decay 

1 
Theoretical for a 
Oscillating electron 

1
measured



1
theoretical





An accelerating (oscillating) charge emits radiation 

E B t   

0 0B E t    

Maxwell found this out; but never saw it proved 
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Free decay of oscillating real dipole 
Emits radiative energy 

Spectral distribution 
Natural linewidth 

For absorption 
Add forcing function 
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Actually gives the right fluorescence 
lifetime and spectral line width 

Emission from a damped 
electric harmonic oscillator 
(radiation damping) Radiation damping constant 
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Hertz Dipole Radiation 
This emission doughnut is valid for 

light scattering and fluorescence emission 

Red = E-field 
Blue = B-field 



Everything seemed fine 
 
And then….. 



In come the 
theoreticians to tell 
you what you should 

see 

Hey look, it is simple if 
you just know the basic 

theory! Photons don’t just 
start popping out right 
away – there is a delay 

time. Let me show you how 
it goes! 

Gustav Mie ( 1868 - 1957 ) 

Stable orbits! 

Annalen der Physik (1921) Vol 
371, Issue 20 Pages, 229–292 



Wien then introduced the “dark time” based on the theory of Mie 



Before we get carried away, 
let’s be fair to Professor Mie 

As we will see, he was actually on the right track, 
for the wrong reason 



 rate of the initial decay from a stable orbit

to a state that was unstable and could fluor . esce

 

This convolution effect does happen in 
energy transfer and the triplet state excitation 



Off we are to see the “dark times” 

There was a flurry of 15-16 papers  
reporting on the “dark time” 

We only consider two 

“Men, it has been well said, think in herds; it will be seen that 
they go mad in herds, while they only recover their senses 
slowly, and one by one.”,  MEMOIRS OF EXTRAORDINARY POPULAR 
DELUSIONS, BY CHARLES MACKAY  1856 

http://en.wikipedia.org/wiki/Image:Honor%C3%A9_Daumier_017.jpg
http://en.wikipedia.org/wiki/Image:Campo_de_Criptana_Molinos_de_Viento_1.jpg




"Double, double toil and trouble; Fire burn, and cauldron bubble." - (Act IV, Scene I). 

hot cold 



"Curiouser and curiouser!"  



"Delays have dangerous ends". - (Act III, Scene II).  



But then comes 
a suggestion for improvement 

in instrumentation 
from long ago 

from across the channel 



Lord Raleigh 

Known as the Kerr Cell 



Lord Raleigh 

Raleigh also suggested how to use the Kerr cell to measure fast fluorescence lifetimes 

Change the distance “l” to delay a light signal 
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Modulated 
Light 
source 



Gottling believes Mie, Wien and Wood concerning the delay (dark time)  

Let’s see how he does his experiments. 
He wanted to measure faster than Wood. 
So he uses a Kerr cell for shorter pulses. 

"This above all: to thine own self be true". - (Act I, Scene III). Again: 

Apparatus to measure 
the speed of light 

First use of the Kerr cell 
To measure lifetimes 



Gottling’s Result: 
the same “dark times” 

15-16 “dark time papers followed 

Continue 



“A friend should bear his friend's infirmities.” 

Julius Caesar 4.3.85, Cassius to Brutus 

And from the popes of 
times on high, 

came down to us 
the word: 

 from darkness  
“Let there be light”! 

Bursting into luminosity! 



The solution 

4 



Gaviola was one of the most 
outstanding scientists produced 
by Argentina in all of its 
history. The encyclopaedic  
Notable Twentieth Century 
Scientists (McMurray, 1998) 
places Gaviola in this category. 



Abklings Zeit Fluor Gavioloa Annalen der Physik 1926 
Volume 386, Issue 23 (p 681-710) 

Kerr Cell modulation 

Suggestion from Lord Raleigh 

Light Pulse 



Assumption: 
an exponential decay. 

See below! 

Each delta function portion of the light pulse 
excites a number of molecules that decay as an 
exponential following the instant of their excitation 



The signal is convoluted 
with the excitation pulse 

Call this the 
time-domain 



No Dark times! 
 

And Gaviola showed that lifetimes 
depend on  

the molecular species 
(according to Einstein’s & Schroedinger’s 

theories) 
And the dependence on  

the environment 
 

But it was difficult to measure 
(involved a deconvolution) 



It was difficult to measure, but look at the results! 



fluorescein Eosin Y Erythroscine 
Intersystem crossing 



Fluorescein Rhodamine B 

Twisted Internal Charge Transfer 
Rotation of amine groups 
are Viscosity dependent 



But wait… 
What about Wood’s early results? 



Wood’s experiment 



During 1928, Gaviola carried out the first experimental work on spontaneous 
atomic emission of radiation, theoretically described by Albert Einstein in 
1917. Gaviola observed the spontaneous emission lines from a mercury discharge 
at 435,8 nm and 404,6 nm from common 23S1 upper level down to the 23P1 and 23P0 
lower levels, under widely varying conditions of pressure and with various added 
buffer gasses’ (Siegman, 1986). 

“An experimental test of Schroedinger’s theory”, Nature 122, 722 (1928)  

NOTE! 



What about Wien’s early results? 



Ueber die Abklingung der Balmerserie 
Annalen d Physik Port 1928 392, 20 581-589 

Apparatur- 
eigenschaft 

=  
Instrumentation 

Feature 

i.e. artifact 
NOTE! 

“Hydrogen follows a pure exponential decay without any deviation...” 



That was 
the end of the dark times 

and the end of the dark ages 



Enter Fourier 
For analysis 



“Fourier’s theorem is not only one of the most beautiful results of modern analysis, 
but it is said to furnish an indispensable instrument in the treatment of nearly 
every recondite question in modern physics… 

Fourier is a mathematical poem.” 

(March 21, 1768 – May 16, 1830)  

Lord Kelvin 

http://en.wikipedia.org/wiki/Image:Fourier2.jpg
http://en.wikipedia.org/wiki/March_21
http://en.wikipedia.org/wiki/1768
http://en.wikipedia.org/wiki/May_16
http://en.wikipedia.org/wiki/1830


Every frequency component 
is analyzed separately 

Call this the 
frequency-domain 



For the Gaviola fluorimeter  the theory demonstrates the following 
possibility: One is free to choose any Fourier component of the excitation 
and acquisition signal, without having to know  the actual waveform of the 
repetitive pulse. 



Every frequency 
component is 

analyzed 
Separately 

 
It is easy to 
analyze with 

Fourier techniques 



151-166 





And from then on 
Lifetimes have lived happily 

ever more 



"You cannot depend on 
your eyes when your 

imagination is out of focus."  
Mark Twain  



What are lifetimes really? 



“What is a lifetime?”  

nsec 

0 exp( ( ') / )F t t  

't t



When we 
have to 
decide 

Now we come 
to a time 

What a 
lifetime is 

"If it was so, it might be; and if it were so, it would be; 
but as it isn't, it ain't. That's logic." 

 
God  does not roll dice 

God  does not role dice 
God does not role dice 

God does not roll dice 
…………………… 

……………. 
…….. 

OPPS 

http://www.fromoldbooks.org/LewisCaroll-AliceInWonderland/pages/alice_07a/alice_07a-500x381.jpg
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The “attribution of Enrico Fermi's golden rule to Pauli is also miscast; it was Dirac who developed time-dependent 
perturbation theory, including this formula, to calculate radiative transitions with his other great invention, the quantized 

radiation field. More than 20 years later, Fermi, in his Chicago lectures, called the formula a golden rule, and many 
physicists, with their habitual disregard for history, have ever since attributed it to Fermi” 

KURT GOTTFRIED (kg13@cornell.edu) , Cornell University , Ithaca, New York 

OPPS - Dirac’s Golden Rule 

Transition moment 

Transition Dipole 

m=er 

mailto:kg13@cornell.edu
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This is the density of light modes in the cavity having 
frequencies between   and d  

If the dynamics is non-coherent with the light oscillations 
And if the end molecular states are distributed statistically 

(no perfectly two-state transitions) 
we can use normal statistics. 

Nowadays we can vary the 
natural radiative lifetime 

of fluorescence! 

This is a 
Transition Dipole 



 natural
radiative
lifetime

1

if






if f iM e f r i e r dr   

This QM rate expression is true of any 
incoherent kinetic process where the system 
has equilibrated to a quasi-steady-state. 

May not be true if 
time < 10-12 seconds for fluorescence.  



But … In Spontaneous Emission there is no perturbation in the QM description. 
So, how does this work? 

Short answer (Dirac and QED): Light fields consist of quantized 
“modes” , and each mode of a light field is filled with (a probability of) a 
certain number of photons of energy h. If there are no photons then 
each mode still has an energy = 1/2 h. This zero point field oscillates in 
occupation, causing a perturbation to the excited state (see the density 
of final states above). This, together with radiation damping causes the 
spontaneous emission, and the basic theory for the Fermi Golden rule can 
still be applied. The density of modes is important for enhanced 
fluorescence techniques (e.g. metal enhanced fluorescence). 

P. W. Milonni, Semiclassical and quantum.electrodynamical approaches in nonrelativistic 
radiation theory, PHYSICS REPORTS (Section C of Physics Letters) 25, No. 1(1976)1—81. 

P. W. Milonni, Field quantization and radiative processes in dispersive dielectric media, 
JOURNAL OF MODERN OPTICS, 1995, VOL. 42, NO. 10, 1991-2004 
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What is hidden in a lifetime? 



An easy way 
to interpret just about everything 
from fluorescence measurements 
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X1*X1

X1

X1

X1

kF

F

EXCITED STATE ROOM

sets time t=0

kF (a constant!) is the

probability per unit time
that will exit through
door F

X1

X1*

hex

MOLECULE IN THE EXCITED STATE

- some statistics -
Simple case: one door in, and one door out,

one molecule occupation,
molecule has no memory

probability that is still
in the excited-state room
at time t is:

e-kFt = e-tF

X1*

IN OUTPhotons in 

One excited molecule 

Emission 
of a photon 

The emission 
Is a random 
process 

The probability of 
the emission of a 
photon is an 
exponential 

One excited 
molecule 



Proof:  that            is the probability that X* is in the room at time  t=T. 
1. kF is the probability per unit time that X*, which is already in the excited state at any 
    time “t”, will leave the excited state through door “F” (fluorescence). 
   1.1 kFDt is the approximate probability that X*, which is already in the excited state at  
         time “t=0”, will leave the excited state through door “F”, after the “short” time, Dt. 
2. (1-kF) is the probability per unit time that X*, which is already in the excited state at  
    any time “t”, will remain in the excited state. 
   2.1 (1-kFDt) is the approximate probability that X*, which is already in the excited state          at 

time “t=0”, will remain in the excited state for the “short” time Dt. 
      2.1.1 another Dt time step: (1-kFDt)(1-kFDt) is the approximate probability that X*, 
               which is already in the excited state at time “t=0”, will remain in the excited  
               state for the time 2Dt. 
                                          ... and so on for 3Dt, etc. 
3. Consider the total time from t=0 to t=T. Divide up this time interval into “n” time points,  
    so that Dt = T/n. The more time intervals, the smaller Dt. 

   3.1 (1-kFDt)n = (1-kFT/n)n is the approximate probability that X*, which is already in the 
excited state at time “t=0”, will remain in the excited state for the longer time T = nDt = 
n(T/n). 

   3.2 Take the limit as n->infinity. This Too many is the definition of an exponential. 
 

The exact probability that X* remains in the excited state until t=T is:  

                                        exp(-kFt)                                  QED 
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Quantum yield of the ith process =

 kj

ki

j

1/ = kT +kF +kISC +kIC +kQ +kPB =  kj
j

lifetime of the excited state:

MANY PHOTONS (hex & hem) AND MANY ESCAPE DOORS

The rate of 

leaving any 

of the doors 

can be used 

to measure 

the rate of 

leaving any 

OTHER door 

In particular the 

photolysis, in 

the second to 

minute scale, 

can be used to 

measure the 

nanosecond 

scale exit rates 

 

Nanoseconds 

 

Seconds 

to 

Minutes 

The 

measurement 



The probability /time for going 

through the fluorescence door is 

always the same! 

 

The total rate of leaving the excited 

state is 

GREATER. 



total number of photons emitted

total number of molecules originally excited
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total number of energy quanta transferred

total number of molecules originally excited

1 1
 

Quantum Yield of energy transfer = 

1
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The quantum yield of energy 

transfer is the fraction of excited 

molecules that transfer a quantum 

of energy to the acceptor (Y)  

We can measure the 

efficiency of energy 

transfer from JUST the 

fluorescence lifetimes 



 
1

; . . m
j mj

m jj

k
k QY

k
 



 
;

1
; . . m

j m pj p
m jp j p

k
k QY

k 

 

 
  

 




   

 
 

1 1

;

1

1 1
;

. . . .
. .

. .

p

m m p

m m p p

p
jjm

k

QY QY k
QY

kQY

 


 





 
  
 


 


Determining rate of process “p”  by measuring the rate of process “m” 

Rate of deactivation (1/) and Q.Y. of process  “m” in the presence of all paths 

of deactivation (measuring process “m”): 

Rate of deactivation (1/t) in the absence of path “p” of deactivation: 

Combine the two rates and quantum yield measurements: 

So, we can 

determine “p” 

by measuring “m” 

Simple – This is the reason 

we measure fluorescence! 

“p” can be FRET 
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End of section 1 



Fluorescence Lifetime Imaging (FLI) 
& 

Some useful information 
for your lab sessions 



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 

We look at 
The early pioneers 

FLIM 



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 



2 WAYS 

TO DO IT 

2-h scanning 

& 

full-field 

FLI 

How does one we do it? 



Scanning 2-h FLI 

•Spatial confinement of excitation-

diffraction limited focussing 

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

•confocal effect 

•Little or no photodamage outside of 

2-h 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) 



We will discuss only 
full field imaging 

and 
the frequency domain 



Frequency domain lifetime measurement 
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For single lifetime component 

Remember this function 

The modulation and phase 
are measured quantities 



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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Homodyne 



SO, now we seem all set. 
 

BUT how about the analysis?. 

Frequency domain is convenient 
for acquiring data fast 



I see two 
exponentials! 

I see three 
exponentials! 

Uh-Oh! I see 
a whole 

herd of ‘em! 
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Excitation repetitive pulse;    e.g. cos t

Time-domain (notorious non-orthogonality of exponentials) 

Frequency domain (frequency components easy to determine) 

Usually there are several lifetime components 
- In an image we have 105 – 106 pixels- 

Fluorescence response 
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What now? 

Lifetimes in images are not so simple! 
We need some help! 



Complex dielectric constant 

Cole-Cole Plot = Polar Plot 

Cole-Cole Plot = Polar Plot   

eiz x iy z   

Argand Diagram
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For the case of a single 
relaxation time the 
points ( , ") lie on a 
semicircle with center on 
the  axis and 
intersecting this axis at 
=s and = .  

Cole-Cole plot for 
dielectric dispersion 

with a 
single relaxation time 

1
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Model Independent Analysis 
Some different ways to 

parameterize lifetime-resolved 
data 

     , ,1 1 cos sini i ij t M j       

   , ,cos  and sini i i ix M y M   

1j  



Near single fluorescence lifetimes 
belong on the semicircle 

throughout the emission spectrum 

We call this a “polar plot” 
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Fine and good for a single lifetime component 
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What about multiple lifetimes? 

But 



Frequency domain lifetime measurement 

Data analysis with a polar plot representation 
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1 time 2 times 
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One more thing: 
 

Spectral FLIM 
spectral dispersion 

of fluorescence emission 
is environmentally sensitive 



Czerny-Turner  
spectrograph  

 

Spectral-FLIM 
 



 

Spectral-FLIM + polar plot 
 

40MHz 

FL 
RhB 

(b) The Spectral-FLIM data at one of the phase shift on the ICCD 

(c) The spectrum calculated from (b) and the linear unmixing results. 



 

Spectral-FLIM + polar plot 
 

Separate multiple (3) lifetimes. 

40MHz 

(b) The Spectral-FLIM data at one phase shift on the intensifier 

(c) The spectrum calculated from (b) and the linear unmixing results. 



 

Förster Resonance Energy Transfer 
 

Molecular ruler :  

< 10 nm 



Observing the fluorescence of: 

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

Directly excited species 

FRET 



 

Spectral-FLIM/FRET data 
 

• Unmix donor and acceptor spectra. 
• Fourier analysis of separate D & A images 
• Advantage : FRET efficiency calculated 

more accurately  

40MHz 

Acceptor Donor 



E=0.77 

Hex – 8mer - FAM 

8mer 

 

Spectral-FLIM/FRET data 
 



Hex – 16mer - FAM 

E=0.44 16mer 

 

Spectral-FLIM/FRET data 
 



Membrane Type 1 Matrix Metalloproteinase 
(MT1-MMP) 

 
•destruction of ECM (extracellular matrix) proteins 

 
•transmission of signaling cascades to facilitate invasion during 

metastatic events 

•understand the spatiotemporal activation patterns of MT1-MMP  

• HT1080 cells singly transfected with the MT1-MMP biosensor.  

•HT1080 cells endogenously produce MT1-MMP which cleaves the 
biosensor. 

MT1-MMP Biosensor’s Activation 

FRET biosensor 

•Avoid controls 

•Very rapid 

•Determine concentrations 

•Increase sensitivity 

•Avoid steady state  

fluorescence artifacts 

FLIM and  

Phase Suppression 



mOrange2/mCherry MT1-MMP Biosensor 
Emission Spectra with 532nm Excitation 
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Phase Suppression (how it works) 

Capillaries 

Suppress Bottom Capillary Suppress Top Capillary 

Phase Lifetime Image 
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Homodyne measurements at selected phases 



Intensity mOrange2’s Coeff. Biosensor’s Coeff. Both Coeff. 

Phase Suppression of HT1080 cell (produces MT1-MMP) transfected with MT1-MMP biosensor 
 

mOrange2 Only  Biosensor Only  

Results from Phase Suppression 

Results from Polar Plot 

P
h

a
s

e
 I
m

a
g

e
s

 

φE-φG 

Suppress Biosensor Intensity 

Biosensor 

mOrange2 

P
h

a
s

e
 I
m

a
g

e
s

 

φE-φG 

Suppress mOrange2 Intensity 

Biosensor 

mOrange2 



mOrange2 Only Biosensor Only mOrange2’s Coeff. Biosensor’s Coeff. Both Coeff. 
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HT1080  cells transfected with MT1-MMP biosensor. Treated with the MMP inhibitor GM6001 

Phase suppression 

Phase suppression Results from Polar Plot 

Results from Polar Plot 



Full Field FLI : 
Glen Redford (UIUC) 
Bryan Spring (UIUC) 

Chittanon (Keng) Buranachai (UIUC) 
Yi-Chun Chen (UIUC)  
John Eichorst (UIUC) 

Kevin Teng (UIUC) 

Photosynthesis: 
Govindjee (UIUC) 

Shizue Matsubara, Rosanna Caliandro 
(Forschungszentrum, Jülich) 

Photosynthesis photograph 
taken with a leaf as film 

Nature’s CCD 
Roger P. Hangarter & Howard Gest 

MT1-MMP biosensor 
Peter Wang  

Biopsies 
Rohit Bahrgava (UIUC) 




