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

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.

Misnomer:
Phosphorescence
of phosphorous is
due to slow
oxidation

And there was
Chemiluminescence

Painting by Joseph Wright of Derby (18Thcen’rur'y) representing the discovery of
the phosphorescence of the phosphorus extracted from urine by Hennig Brand in
1669



First example of
luminescence excited by light



THE PHOSPHORESCENCE
OF NATURAL OBJECTS.

INTRODUCTION.

It appears most probable that Cascariolo looked
upon the sulphate of baryta, or heavy-spar,—for
such was the object of his curiosity,—as a metallic
ore, and supposed that by heating it with charcoal
in a hot fire, he would be able to extract a metal
—perhaps gold! His hopes in this respect were
not realized, but he nevertheless succeeded in ob-

Asour the latter end of the sixteenth century
there lived in & narrow, winding street of the old
town of Bologna, a certain cobbler, Vincenzo Cas-
cariolo,* who devoted much of his time to al-
chemy. Some say that he even quitted his trade,
and applied himself exclusively to chemical la-
bours, but I am inclined to doubt the fact.

taining one of the most curious of substances,—
a body which, to use the words of an old physicist,
‘“absorbs the rays of the sun by day, to emit them
by night.”

The stone discovered b;l;" Cascariolo is now
known as Barytine, or Heavy-spar (sulphate of

It is impossible to ascertain therefore what pro-
minent idea, or what kind of theory reigned in
the cobbler’s mind on the discovery of this stone,
destined to become celebrated and to immortalize
his name. However, no sooner had he collected

a certain number of specimens, than he hastened
back to his little workshop, and began immedi-

ately to experimentize upon the mineral.
T. L. PHIPSON, Pa.D., F.CS.

1870,

baryta). By heating it with charcoal he had trans-
formed it into sulphuret of barium, a substance
which has the curious property of shining in the
dark, after it has been exposed for some time to
the rays of the sun.

Discovered in 1603

Such is the history of the discovery of the sub-
stance first known to be phosphorescent by inso-
lation. For many years it has been sold in the
streets of Bologna as a curiosity, under the name
of Solar Phosphorus, or the Bologna Stone.




picked up in the secondary strata of the Monte
Paterno, where he found it in lumps of considerable
weight.* The German chemist, Marggraf, used to
prepare solar phosphorus by powdering down the
stone, and making it into thin cakes, with a mix-
ture of flour and water, before submitting it to
calcination. This ““ Bologna phosphorus’ was the
first substance known to become phosphorescent

after insolation, and, consequently, it has been

1870,
T. L. PHIPSON, Pa.D., F.CS.

submitted to many and varied experiments. It is
best obtained by the calcination of pulverized
sulphate of baryta, made into a firm paste with
common gum. It should be preserved in a bottle
which closes hermetically with a glass stopver.

It will be easily understood what is meant by
the term Phosphorescence, when we remind our
readers that phosphorus, which shines so curiously
in the dark, and which enters into the composition
of our common lucifer matches, is the most re-
markable of all phosphorescent bodies. The word
“ phosphorus,” which signifies a substence that
bears or emits a light, has frequently been applied
to various other substances besides the non-me-
tallic element termed phosphorus in chemistry, on
account of the property these substances possess

likewise of shining in the dark.

First mention of lifetimes?

“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 quantitative measurements
of luminescence lifetimes



LIBRAIRIE DE FIRMIN DIDOT FRERES, FILS ET (=

LA LUMIERE | PARIS ,

IMPRIMEURS DE L'INSTITUT, RUE JACOR, 56

SES CAUSES ET SES EFFETS | 17
PHOSPHORESCENCE PAR LA LUMIERE.

PAR

(Méymm;

N
M., EDMOND BECQUEREL E
" e e v A4

PROFESSEUR AU CONSERVATOIRE IMPERIAL DES ARTS ET METIERS, ETC., ETC.

TOME PREMIER

R w4 \
'y - ’ N
. : \
L - ¢
< I
v
\

— I
=k At

..-..-‘S; 3 =

VI
e al -
b\ | it

N




5l X o~ 1+ wadery
L NSRS s D

S

Rotating
mechanical chopper

LIGHT RESPONSE OF DELAYED LUMINESCENCE




Si la loi énoncée plus haut est exacte, on doit avoir d’aprés la for-

mule (2)
(3) log i = log ¢, — at, log i = log 1, —a?’, elc...
d’olt |
log i — log # logi” — log#’
t—¢ 0 T o= B

c'est-2-dire que les différences entre les logarithmes des inlensités lumi-
neuses doivent étre proportionnelles aux différences des temps, et que
leur rapport doit donner précisément le coelficient a.

- =]
— ¥ I3 — fﬂ =_-J g—-dl e—-“
i, =1, g%, Q _A. 15¢™" d"‘_'-a-, T, e M4y e,
Valeur de & Valeur de {. Valeur de %—
Uranile naturelle (peu lumineuse).......... 1,4975 . -

Carbure d’hydrogéne A teinte des sels d’urane  1,4363 0,062 0,043
Double sulfste d’urane et de potasse........ 1,3869 64,240 46,311
Double phosphate d’urane et de chaux...... 0,8208 138,750 169,083
Perchlorure d’uranium et de polassium...... 0,7682 16,950 22,064

Verre d'UraNe. . ovnenevenereeneenen oens . 0,5548 13,587 24,499
Azotate d'orane...........c.0c00n0nnene0ae 0,4207 100. 237,700
Pouble fluorure d’uranium et de potassium.. 0,3256 68,104 209,165
Verre (crown ordinaire)..............e.... 0,0436 0,184 4,220

Chaux phosphatée violette................. 0,0263 0,992 37,723


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

N
i
b

__,. _

|

i

ds

microsecon

Trying to see Nanoseconds
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Wilhelm Carl Werner Otto Fritz Franz Wien

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

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.
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1. Uber Messungen der Leuchtdauer der Atome
und der Ddidmpfung der Spektrallinien, I;

von W. Wien.

(Hterzm Tafel 1,)
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I [ (Hierzm Tafel 1.)

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

Nach Knudsen?) geht durch cinen Kanal von der Linge [,
der Breite @ und der Tiefe L die Gasmasse

4 - 2 FJ.F’;"- a*hb
Q= 3—]/ . l/ L (P — P2)
in der Zeiteinheit, wo p; — p, die Druckdifferenz ist.
Ferner ist

Nmo?
P= g~
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1919. M 23.

ANNALEN DER PHYSIK.

VIERTE FOLGE. BAND 60.

1. Uber Messungen der Leuchtdauer der Atome ,Z-

und der Ddmpfung der Spektrallinien. I;

von W ’ measured
(Hierza Tafel I,)

(

. . aus Tabe I
This is close fir H, 2a = 6,68 - 107 sec~!
to the . Hy 2a = 6,06 - 107 sec—*
theoretical » M 2a = 6,62 107 sec™".

achtungen bei 2000 Volt ergibt sich
fu 2a = 6,88 107 gec—4

Wenn man mit dieser Zahl den Wert vergleicht, der sich

relaxation Aus den

time for the

rnoc.iel Of an aus der Elektronentheorie fiir ein schwingendes Elektron er-
osculla’rmg gibt nach der Formel

electron to 2e = ‘3'3;2_:;;1

deCGY (¢ Ladung, m Magse des Elektrons, A Wellenldnge, ¢ Licht«

geschwindigkeit), so ergibt sich A = 656,38 1)

: Theoretical for a
— 585107 sec~1,
2a = 5,35-107 sec~!, =1/ > Oscillating electron

Wie bereits erwihnt, ergibt die Theorie eines um eine

:I/ T Gleichgewichtslage schmngenden Elektrons fiir die Dimpfungs-
theoretical kongtante den Wert
Bﬂi 2 Q

(1) 200 = - =

8 cd

wenn ¥ r——Tﬂ, ¢ Ladung, m Masse des Elektrons bezeichnen.



An accelerating (oscillating) charge emits radiation

Maxwell found this out: but never saw it proved
-

VxE =-0B/ot ((®)) (x-{-) ))
¢

/\ .
VxB = uc, 0E/ot -_9. )'\\}/9

\




Free decay of oscillating real dipole
Emits radiative energy

by LN g s . 7/27r
s T | S iw ve;” _|. TR
i LAy e SPecff‘a' distribution
e e Natural linewidth
m, d’x X4 (u ) & . _ol Emission from a damped
" dt’ dt electric harmonic oscillator
Radiation dampmg cons‘ran'r (r'adia'rion damping)
1 M 2 e’w’ Actually gives the right fluorescence

lifetime and spectral line width
T m 3 mc> P

d?x

eF+(U+ﬂ)%+kX=e E |sin at For absorption

dt \_____Add forcing function

m




Hertz Dipole Radiation

This emission doughnut is valid for
light scattering and fluorescence emission*

ed = E-field
lue = B-field

z A

E,=6OB’ldz[- l —L,]cosOe‘”'

= 308 dz | L — I _ 1
E, = j308% dz [ ET BTG

] sin @ e~/

B [1 ]
= f — . '« Srvil —jor
H, J% Idz B EY sinf e

E,=H,=H,=0




Everything seemed fine

And then.....



In come the
theoreticians to tell
you what you should s34 e

see TR E € L s
e— Jn < Hu o 9 s Lty

Hey look, it is simple if
you just know the basic
theory! Photons don't just
start popping out right
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Gustav Mie ( 1868 - 1957 )

Uber die Abklingung der Lichtemission
eines Atoms;

e —_— von Gustav Mie.

YAt this point we notice that thi t .

beautifully simplified if we assume that . ANnalen der Physik (1921) Vol
O R LR L 371, Issue 20 Pages, 229-292



° 1921. M 20,

g

o - sy ANNALEN DER PHYSIK

D = 0,0016 VIERTE FOLGE. BAND 66.

kg = 1,87

1. Uber Messungen der Leuchtdauer der Atome
und die Ddmpfung der Spektrallinien, I1I;
von W, Wien.

Di( Miesche Theorie >rgibt, dal die aus dem BSpalt in
das hohe Va ustretenden Wasserstoffatome nieht szo-

gleich mit der vollen Stérke zu lenchten beginnen. Erst nach

Fig 5 einer gewissen Zeit erreichen sie die volle Intensitit des Lieuchtens

und klingen danp allméhlich ab, Hieraus geht hervor, dall die

g 2y Abklingungskurve nicht in ihrem ganzen Verlauf durch eine

Exponentialfunktion dargestellt werden kann, dafi sie viel-
Sp = 4500 V mehr zunfichst von einer solchen abweichen mubB.

D = 0,0015
ky = 1,485

&
T T T T T T 1T 1T T 1 T 11

52+
L
0

s
L=

fur die Konstante der Exponentialfunktion bezogen auf 1 em
der Wegstrecke der Kanalstrahlen. Die Messung der Doppler-

digkeit der Kanalstrahlen v — 3,17 107 cem/sec.  Hieraus
ergibt sich die Abklingungskonstante

2a—=kyr —=4,35-107 zpe?
also etwas kleiner als in meiner ersten Mitteillung und auch
, . etwas kleiner als der aus der Elektronentheorie fiur H_ sich
L’t_ T T ergebende Wert

2a = 5,35-107 sec1,

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



Uber die Abklingung der Lichtemission
eines Atoms;

von Gustav Mie.
y = rate of the initial decay from a stable orbit

to a state that was unstable and could fluoresce.

oo \\ Platte Og Of €5 0tg O Oyp Gy
\ Gemess. Punkte @ ® + ® X & @

—— Kurve durch die Mittelwerte der
gemessenen Punkte
- 0,138 o

—~- Kurve I=c¢

y}ar;sa?a.?foszzm
Fig. 6. Hg. 4500 Volt.
This convolution effect does happen in

energy transfer and the triplet state excitation

. Leider
ist uns bisher noch nicht bekannt, wie lange es durchschnitt-

lich dauert, bis ein Atom, nachdem es erregt worden ist, zu
leuchten beginnt, oder, mit anderen Worten, wie lange Zeit
ein Elektron auf einer hoherqudntigen Bahn durchschnitt-
lich verweilt, ehe es beginnt, unter Ausstrahlung von Licht-
wellen auf eine Bahn von niedricerer Quantenzahl iiberzugehen.




“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
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
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PHYSICAL OPTICS

BY
ROBERT W. WOOD, LL.D.

PROFESSBOR OF EXPERIMENTAL PHYSICS IN THE
JOHNS HOPKINS UNIVERSITY

Front row left to right: R. W. Wood, Max Planck, Albert Einstein

R. W. Wood, Professor of Optics at John Hopkins
University delighted the scientific world in the first half of the
20th ceniury with his showmanship at scientific lectures,
exceeding the modern antics of Richard Feynman., His fame
encompassed his ability to debunk frauds.




The Tvme Interval between Absorption and Emassion of Light
wn Fluorescence.,
By R. W. Woob, For. Mem. R.S., Johns Hopkins University, Baltimore.

(Received June 12, 1921.)

Transformer

cold

Fig. 3
"Double, double toil and trouble; Fire burn, and cauldron bubble." - (Act IV, Scene I).



The Time Interval between Absorption and Emission of Light
wn Kluorescence.

By R. W. Woop, For. Mem. R.S., Johns Hopkins University, Baltimore.
As the temperature of the “ condenser ” end of the tube rises, the velocity

of the vapour becomes less, the luminosity draws down towards the illumi-
nated region, and presently appears in the form of a beautiful green flame,
concave on the under side as shown in Plate 5, fig. 1. The flame form is due
obviously to the high velocity of the vapour along the axis of the tube, and
the low velocity close to the wall. Absolutely no sign of luminosity is seen
in the region traversed by the exciting beam, exCept a trace on the inner wall

of the tube where the velocity of the vapowf is very low. At the centre of
the tube the dark region extends 2 or 3 yim. above the beam. The form of

VIOLET A=2536
Fig:5
IIC . . Ill
- uriouser and curiouser!
Fig 4 Fig.7
tube. The phosphoroscope now showed a beautifully displaced band, as shown
on Plate 5, fig. 7. The time interval in this case was about the same as in

the other experiment, 1/15,000 second.




The Time Interval between Absorption and Emassion of Light
wn Fluorescence,
By R. W. Woob, For. Mem. R.S., Johns Hopkins University, Baltimore.

(Received June 12, 1921.)

Source: FProceedings of the Royal Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, Vol. 99, No. 700, (Aug. 2, 1921), pp. 362-371

In the case of the fluorescence, or rather phosphor-
escence, of mercury vapour, I have succeeded in measuring the time interval,
the vapour remaining non-luminous during the process of the absorption of
light, and bursting into luminosity about 1/15000th of a second later. This,
I believe, is the first case ever observed of a photo-luminescent body
remaining dark during the period of excitation.

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



But then comes
a suggestion for improvement
In instrumentation
from long ago
from across the channel



ON THE MEASUREMENT OF CERTAIN VERY SHORT
INTERVALS OF TIME.
Lord Raleigh
[ Nature, Vol. LXIX, pp. 560, 561, 1904.]

In order to obtain a measure of the double refraction, which is rapidly
variable In time, somewhat special arrangements are necessary. At the
receiving end the light, after emergence from the trough containing the
bisulphide ot carbon, falls first upon a double image prism, of somewhat feeble
separating power, so held that one of the images is extinguished when the
leyden 1s out of action. The other image would be of full brightness, but
this, in its turn, is quenched by an analysing nicol. When there is double
refraction to be observed, the nicol 1s slightly rotated until the two 1mages
are of equal brightness. This equality occurs in two positions, and the angle
between them may be taken as a measure of the effect. A full discussion 1S
riven 1n the paper referred to. Known as the Kerr Cell

The problem thus presented has been very skilfully treated by I

. 264, 1900).

-

am and Lemoine (Ann. de Chimue, t. XX,




ON THE MEASUREMENT OF CERTAIN VERY SHORT

INTERVALS OF TIME.
Lord Raleigh
[ Nature, Vol. LXIX, pp. 560, 561, 1904.]

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

Fluorescence
sample

[

e —_—

> Modulated
Light
source

Change the distance “I” to delay a light signal

Fig. 2. Fundamental scheme of fluorometef with

variable length of optical path



THE DETERMINATION OF THE TIME BETWEEN
EXCITATION AND EMISSION FOR CERTAIN

FLUORESCENT SOLIDS  ¥) Phys. Rev. 22, 566, 1923,
<m bre F. m> <« First use of the Kerr cell

To measure lifetimes
IT HAS been shown recently! that some fluoreseent substances remain

dark during a definite period of excitation, in other words, that the

e:-:n:iting energy was imErisﬂned for a short but definite and measurable
interval of time within the fluorescent substance.

PR, W, Wood, Proc. Roy. Soc. A, 99, 362, 1921,

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

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

Let's see how he does his experiments.
He wanted to measure faster than Wood.

Apparatus to measure
So he uses a Kerr cell for shorter pulses. T:\e speed of light

i A
i ; 1 |
* Abraham and Lemoine, Compt. Rend., p. 206, 1899 1—5—@23@9&4 e 7‘/5}
* Rayleigh, Scientific Papers, Vol. V, p. 190 Nz 2 L
g

Fig.1. Anordoung von Abraham und Lemoine.



Gottling's Result:

the same “"dark times”
15-16 "dark time papers followed



"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! £

-,_". - T — -




The solution




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.

Ramon Enrique Gaviola was born in the city of Mendoza on August 31, 1900,
In 1917, he was a student in La Plata University, when his professor, Richard
Gans, advised him that if he really wanted to ‘“learn physics™ he had to do it in
Germany. Following the suggestion, Gaviola studied physics in the Georg August
Universitar, Gottingen, from 1922 to 1923, and in the Friedrich Wilhelms Uni-
versifaf, Berlin, from 1923 to 1926. The list of his professors i1s impressive:
James Franck. David Hillbert, Richard Courant, Max Bom. Richard Pohl, Hans
‘ Reichenbach, Max Plank, Max von Laue, Edler von Mises. Peter Pringsheim. Wolf-
ang Kiohler, Albert Einstein., Walter Nernst and Lise Meitner. His Ph.D. thesis
(1926) was co-directed by Walter Nernst and Max von Laue.

The eight papers (five of them before his graduation) on fluorescence and polar-
i1sation published by Gaviola in Zeitschrift fiir Physik and in Annalen der Physik are
the basis of the scientific field that has relevance in today’s biology and biochem-
1stry: Fluorescence Spectrometry. Gaviola constructed the first-phase—fluorometer
in the 1920s and measured with great precision the lifetime of the excited state of
fluoresceine.

——




Die Abklingungszeiten der Fluoreszenz
von Farbstoffiésungen;

von Enrique Gaviola

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

Suggestion from Lord Raleigh L SN )
|
!
. .4 e
Kerr Cell modulation --%*—-E—%-E%

R
Fig. 1
Abraham und Lemoinel) 1) Compt. rend. 129. 8. 206. 1899.
a?
. ¢ o
€ = ,sin (25-5) “ trsipsnicrf))
- - _ a6t
Die hindurchgelassene Lichtintensitit ist also 25
d? =gin? (n B G?). '
Q#r
Im Laufe einer Periode geht die Intensitit o3t
(4) D= [@dr= | ﬂin’(pain‘ (21:%,-)) a %
hindurch. ° 0 o
o 509 sl



Von dem zur Zeit ¢ (¢ = t*) absorbierten Lichte wird zur Zeit t*

nur noch fi_fj ¢

Wir machen nun

zunéichst die Annahme, daB diese Lichtmenge in Form einer
abnehmenden Exponentialfunktion

12)

remittiert wird, wo t die mittlere Abklingungszeit ist und C
aus der Bedingung

gich zu
(13)

bestimmt,

1*_ ¢

+ emittiert, Die gesamte zur Zeit t* emit-

t— i*

E=Ce = fg‘*

~ t—t¥* . .
d’{t*)di=fce' T dt Assumption:
an exponential decay
¢ = DIt o See below!
T

iiber £ von — oo bis * integriert. Nennen wir diese Intengitit
K (t*), so ist

¥

tierte Intensitét erhilt man, wenn man den vorigen Ausdruck  (14) K@t* = f LU

a2

- @

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

Die Abklingungszeiten der Fluoreszenz
von Farbstoffisungen;

von Enrique Gaviola



Die Abklingungszeiten der Fluoreszenz
von Farbstofflésungen.

Von E. Gaviela in Berlin.
(Eingegangen am 10. Dezember 1925.)

Call this the
time-domain

The signal is convoluted K (%) = Idﬂ(t) - it
with the excitation pulse 2



No Dark timesl!

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)



Die Abklingungszeiten der Fluoreszenz
von Farbstofflésungen.

Von E. Gaviola in Berlin. 19925

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

Abklingungszeiten
Farbstoif in Wasser | in Glycerin | in Meth.«Alkobal
Sekunden | Sckunden Sekinden

Uramin , . . . +« . « + + v &« 4.5.10°% 44 10°F | —
Flnoresesin . . . . . . . « . . o — a0, 10H
Rhodamin® , . . . . . . . . . 20,109 4,2, 107" :
Bhodulin Orange . . . . . . . . 2.7 4.3 —-
Erythrosin . . . . . . . . . . 1.8 2.4 2,6, 10-%
Tetrajodflmor . N2 . . . . . . .| 1.0 2.0 - 2.2
Bogin 2B . . . . . . . . . .. {19 - 8,4
Uranylsulfat . . . . . . . . . — - 1,32
Uranylsalfat in Schwefelsfinre | | | — — ' 1,49
Chinigarin in Pentan , . . . . . ' — 5 - ' 249
Uramglas . ., . . . . .. ... | — | — = 15,0
Ruobinkristall . . . . ., . . . .| : . | = 15,0

Dden mittleren Fehler der oben angegebenen Zablen schiitze ich zm
etwa -+ 0,5, 10— *sec. Er kaon onter Umstinden viel kleiner sein. e




~—5

fluorescein Eosm Y Ery’rhroscme

. Intersys‘rem crossing >
Abklingungszeiten
Farbstoif in Wasser | in Glycerin | in Meth.«Alkobal
Sekunden ! Sekunden Sekunden
Uramin , . . . « . & . « + « . 4.4, 107F
Flooresesin . . . . . . . . . . —
Rhodamin® ., . . . . . . . . . 4,2, 107"
Bhodulin Orange . . . . . . . . 4.3
Erythrosin . . . . . . . . . . 2.4
Tetrajodflmor . N2 . . . . . . . _ 2.0
EosimdB . . . . .. .. ... ' —
Uranylsulfat . . . . . . . . . -
Uranylsalfat in EE-]:ITLf!‘-]EH.HIE. I — —
Chinizarin in Pentan ., ., . . . . ' —_ ' -
Uramglas . ., . . . . .. ... — —
Ruobinkristall . . . . ., . . . .|

Dden mittleren Fehler der oben angegebenen Zablen schiitze ich zm
etwa -+ 0,5, 10— *sec. Er kaon onter Umstinden viel kleiner sein. e




Fluorescein Rhodamine B

Abklingongszeiten T
Farbstoif in Wasser | i _1._:'|.!|-'|'.'t:ri.11. in Meth.sAlkahal
dekunden ! Sekunden Sekunden B
| =
Uramin , . . . +« . « + + v &« 4.5 . 10" 4.4, 100% |7 —
Flnoresesin . . . . . . . « . . - — a0, 10H
Ehodamin® , . . . . . . . . . 20,109 4,2, 107" :
Rhnduhn Orange . . . . . . . . E..r g,ﬂ

Twisted Internal Charge Transfer
Rotation of amine groups
are Viscosity dependem‘

Robinkristall . . . . . . . . .| . |~ 15,0

Dden mittleren Fehler der oben angegebenen Zablen schiitze ich zm
etwa -+ 0,5, 10— *sec. Er kaon onter Umstinden viel kleiner sein. e




But wait...
What about Wood's early results?



ON TIME-LAGS IN FLUORESCENCE AND I.I'\I' THE
KERR AND FARADAY EFFECTS
By E. GavioLa

JUNE, 1929 PHYSICAL REVIEW VOLUME 33

TaE ORIGIN OF THE IpEA OF TIME-LAGS'>?
In the classical theory there is no possibility of time-lags in fluorescence:

If a classical oscillator is excited at a given moment, it will begin to emit I
S . . o . 2'p,
radiation (if capable of doing so) at the very time of excitation and the in- x [.
tensity of the radiation will decrease exponentially with time, because of o COLLISIONS ?
the damping of the oscillator. z ‘}t
The Bohr atom, with its stationary states in which the electrons could I;i zapq 1,2
i i ith diati ise to th ibility of con.
rerfla.m for SOI{IE time w:‘ out 1:11 1at‘;’mg, gave rise to the possibility o c'on 8 GREEN BAND
ceiving the existence of “dark-times.” In fact, the statement that the excited ® l
stationary states had a measurable mean life was often misinterpreted in ! So
the sense that most atoms, if not all, would remain in the excited state during Fig. 2

the said mean life and then fall to the normal level emitting radiation.

mercury vapor
A ~8 Wood's experiment y vap
l reach g a maximum at a time
[ £m= [TlTQ/(Tl'—'Tg)]'IﬂTI/TE
| |
0 tm 5= Np=N,(ctn—e ") [ry/(r1—13)].



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 23S, upper level down to the 23P; and 23P,
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)

s This proves conclusively that in our case the
2’5 ratio of the intensities of the lines in emission does not
depend on the populations of the lower levels, in con-
tradiction with the common interpretation of Schrod-
inger’'s theory.

20y
3

. 2*p
! 1
f CoLLISIONS The relative population of
t2*p,  the two lower levels 23P, and 2°P, can be changed

several hundred times h}? introducing a few milli-
melres of nitrogen or water vapour into the tube con-

= taining the mercury vapour.
Lyt , .
i =g The experimental part of this investigation was done
in Prof. R. W. Wood’s laboratory in the Johns Hopkins
Fia. 1. NOTE ! University. E. GAvIOLA.

Department of Terrestrial Magnetism,
Carnegie Institution of Washington,



What about Wien's early results?



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

von Johannes Port
“"Hydrogen follows a pure exponential decal)('awi‘l'houf any deviation...”

Die Abklingung von Wasserstoffkanalstrahlen folgt einem
reinen Exponentialgesetz ohne jegliche Abweichung in der

Nihe des Spaltes. Weder die von W, Wien gefundene Ab-
weichung noch die von J. Stark gefundene Abklingung eines
StoBleuchtens sind Atomeigenschaften.

— g Das Abklingleuchten der Wasserstoftkanalstrahlen findet
e—2at — , ‘¥ \ nach einem reinen Fxponentialgesetz statt. e bisher ge-

A + fundene Abweichung ist keine Atom-, sondern eine Apparatur-
.ppar‘ahur“f- eigenschaft. Sie ist darauf zuriickzufithren, daff das Metall des
elgen_sc art Kanalstrahlspaltes danernd Gas abgibt, so daB sich eine Gas-

*

0

LY - ~ wolke von hoherem Druck in unmittelbarer Nihe des Spaltes
,, Lnstrumentation yigee  gie zu neuer Anregung des Leuchtens fihrt. Diese
% Feature Gasabgabe verschwindet erst nach lingerem Betrieb mit

\"‘ia..e. ar'fifac'r stirkeren Strémen.
s NOTE! —

< Hg ° Fir die Anregun : Arbeit und das fordernde
oy Interesse wiahrend ifirer Ausfithrung danke ich Hrn. Geh. Rat

om.n | Frofessor Dr. W. Wien herzlichst.




That was
the end of the dark times
and the end of the dark ages

AT Es] /// ;




Enter Fourier
For analysis

N |

\




"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.”  Lord Kelvin

(March 21, 1768 - May 16, 1830)

J)= —Q+

2nmt

)t

iy = ; [ ranar a == j f(r)cm("”'f )i = —j f(O)sin(=

Eine allgemeine Theorie
der zur Messung sehr kurzer Leuchtdauern dienenden
Versuchsanordnungen (Fluorometer).

Von F. Duschinsky in Berlin.
Mit 3 Abbildungen. (Eingegangen am 10. Januar 1933.)

1Y F. Duschinsky, Z8. f. Phys. 81, 23, 1933.



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

Der zeitliche Intensitatsverlauf von intermittierend
angeregter Resonanzstrahlung.

Von F. Duschinsky in Berlin.

(Eingegangen am 10. Januar 1933.)

7 . =W
. g
o
" 7 N |
S ‘ %QE} s
‘4( Fig. 1.

Fig. . Call this the
Every frequency component frequency-dom ain

is analyzed separately

S(f) = X, + Exmﬂﬂﬁimﬁfﬂ-ﬂm}s

X

40 =%+ EV! + (mQ7y

- c08 (m L2t — n,, — arctgm 271).

(46')



Eine allgemeine Theorie
der zur Messung sehr kurzer Leuchtdauern dienenden
Versuchsanordnungen (Fluorometer).

Von F. Duschinsky in Berlin.
Mit 3 Abbildungen. (Eingegangen am 10, Januar 1933.)

W F.Duschinskv. ZS8. f. Phvs. 81. 23, 1933,

Lity= [ Bt —t) @) de
]

Ist die Erregungsintensitit & () periodisch (mit der Frequenz o' moduliert),
s0 kann sie als Fourier-Reihe dargestellt werden:

E(t) = X E, cos (ga't -+ e,).
p=0 )

Herrn Prof. Pringsheim meinen besonderen Dank ausdriicken fir alles,
was ich von ihm an wissenschaftlicher Anregung erhalten habe. Ebenso
bin ich Herrn Prof. Sehridinger fiir freundlichen Rat und wertvolle
Kritik an dieser Arbeit zu grobem Dank verpflichtet.

For > the theory demonstrates the following,

poss|bility: One IS ee 'ro choose an Four'l r component of th % excu'r tion
the

and %ISI?[,QJﬁ ﬁl;g " w if,tg\;ﬁ“gﬁ o know. Fhe. “‘“ﬂ'
i

rep e pulse ' satar 5§ ﬂ!]_‘lrE!EEi-*PIHHH zﬂplaga! T Trog.




W
g
[
gg@% ] K,—H—8—H—K,

(t, ist die Zeit des schidlichen Lichfweges).
Reihe nach mit ,,8ende- oder Erregungsfunktion™, S(f), ,,Ausstrahlungs-

funktion™, A (t) und ,,Empfangsfunktion”, E(f), bezeichnet werden sollen.

St—t—9)-E(l) = At —t)-E ).

Wir nehmen nun an, daf die Funktionen S(t), E(t) und A (f) in Form von
Fourierrethen gegeben sind:

0t =z,
S(t) =8, + > (S, cosma + s, sinm z), ' QY= o,
E(t) = E,+ S\ (B, cosnz + e, sinn 1), (11 gt EIE'
At) = Ao+ S [y 008 mz —y,) + G sin (m5 —3,)] h=

Die analoge Darﬂtﬂliung von

Every frequency
= A —_— tI " E °
» R | component is
1t jetet sehr emnfach, denn die Funktion A(t) spielt hier genau dieselbe
Rolle wie S (t— ) in GﬂC('YZCd
f= St h 0 Separately

f = S,By + = (U, cos mo + u, sinma).

me1

9= 8B+ 3 (U s o ) U9 It is easy to

‘ = analyze with
E_] (U, cosmao + u,sinmao) =

" Fourier techniques




ON THE LAW OF DECAY OF LUMINESCENCE OF COMPLEX MOLECULES
By L. A. TUMERMAN
(Received July 9, 1940)

JOURNAL of PHYSICS Wol. 1V, No. 1—2 1941 151-166
F
> h ol o G0
e % X A0 =S4+~ =t co8 (ut ),
where
Ph P, tgg=or
\_/ -/
V2

i = '
o photocurrents of both elements,

amplified

= by the arrangements V, and V, are pas-

' é sed to the plates of an oscﬂlograph and
= by the ] or in some other

manner the phase displacement between

Fig. 1. Fundamental scheme of fluorometer based them is determined.
on a measurement of the phase displacement be-
tween the functions S (z) and 4 (2)



The Determination of the Fluorescence Lifetimes of Dissolved Substances by
a Phase Shift Method

E. A. Bantey, Jr., anp GG, K, ROLLEFSON
Department of Chemistrv and Chemical Engineering, University of California, Berkeley, California
(Received December 23, 1952)

df/dfr= = k1f,
dl/dt= —FkiI+koJ (1),

J{t)=ao/2+3 (a, cosnwi+ b, sinnwt).

aoks @y COS(nwt—n)
I =“—+kzz
2k (k?+n’w?)?
b sin (nwf—¢a)
+kgz +CeFkit, (4)
(ki )

sing,= nw/ (R3-+n’w?)?t, tang,=nw/k=nwr.
cospn=ky/ (kP4 nw?)?,




And from then on
Lifetimes have lived happily
ever more




PHOSPHORIC PHENLUIME 1IN

PHOSPHORESCENCE

oR, THE

EMTSSION OF LIGHT

MINERALS, PLANTS, AND ANTMATLS.

T. L. PHIPSON, Pu.D., F.CS,
MEMIEE OF

THE CHEMICAL BO0INTY OF FAEIS, I

"You cannot depend on
your eyes when your
imagination is out of focus."
Mark Twain
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What are lifetimes really?




"What is a lifetime?”

“ excited singlet

PN

D

ELR :
t' t
|

ground singlet

F, exp(—(t—-t")/7)




i Now we come
God does not roll dice to a time

God does not role dice
God does not role dice

God does not roll dice \ .';v.;"":v When we
decide

What a
lifetime is

4 7 ,9/:?;'/{! -

o, i igh1' be; were So, i'r' would be;
but as it isn't, it ain't. That's logic."


http://www.fromoldbooks.org/LewisCaroll-AliceInWonderland/pages/alice_07a/alice_07a-500x381.jpg
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N = — ——m
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Pn €Xp (—en/kT)B)'o = pp, exXp (—em/kT)(Bho + Ay)
ngm:gQBm
1
g A21 161r2ﬁ(w/27rc)3821
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ON THE QUANTUM THEORY
OF RADIATION

L A. Einstein, Physik Z. 18, 121 (1917)

N a classic paper, Einstein' described relations con-
necting the rates of spontaneous emission, stimulated
emission, and absorption of radiation by an atomic
system in free space having two sharp energy levels.

l n f:').ﬁ'

i

HJ."’!‘J‘_. _



Transition moment

folo-

f G (msmem) @ &

(¢9]

Transition Dipole

m=er
2?1’- 2 = -
A, =—IM, P Fermi's Golden Rule
if if| " f
A h'a .
Transition i ) Density of final
probability Matrix element states

for the interaction

OPPS - Dirac’s Golden Rule

The Quantum Theory of the Emission and Absorption of Radiation P, A, M. Dirac

Proceedings of the Roval Society of London. Series A, Containing Papers of a
Mathematical and Physical Character, Vol, 114, No, 767 (Mar. 1, 1927), 243-265,

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



mailto:kg13@cornell.edu

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.

2 2

ﬂ,ﬂ = — M,;,.r H,C;_ Fermi's Golden Rule
4 ﬁ A "
Transition Densitv of fine
probability Matrix element “F‘;ﬁrg"f e
"/ for the interaction o
This is a .
Transition Dipole ] o) do/c o’do
P (w) = 2 2.3
C T 7T C

This is the density of light modes in the cavity having
frequencies between , and w+dw

Nowadays we can vary the
natural radiative lifetime
of fluorescence!



A.=— M. P Fermi's Golden Rule
if il f
4 ﬁ A ™
Transition S Density of final
probability Matrix efement T~

for the interaction

1
(z-)nadtgrtagl e
radiative ﬂ,

lifetime if
M, =e(f|r|i)= ejwf ry.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? (\)
P

)T 2
/1,.,. - Ml.,- 'D; Fermi's Golden Rule
4 h ' v

Transition Density of final

probability latrix element states

for the interaction
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 hv. If there are no photons then
each mode still has an energy = 1/2 hv. 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



What is hidden in a lifetime?



An easy way
to interpret just about everything
from fluorescence measurements



MOLECULE IN THE EXCITED STATE
- some statistics -
Simple case: one door in, and one door out,
one molecule occupation,

molecule has no memory
Emission

EXCITED STATE ROOM  °F@photon

X One excited molecule The emission
. X Is a random
\ 1
™~ : process
Photons in —»X One excited
o1 molecule 1

sets time t=0 Xl

per unit time
il exit through

probability that X,»
In the excited-stg

: ) The probability of
at time tis:

the emission of a
photon is an
exponential






MANY PHOTONS (hvgy & hvgm) AND MANY ESCAPE DOORS

The rate of energy transfer
IeaVI ng any to acceptor
of the doors D,
can be used RN D,
to measure —;/(Dﬁno
the rate of at time t=0 D,

leaving any
OTHER door

In particular the
photolysis, in
the second to
minute scale,

can be used to
measure the
nanosecond
scale exit rates




The probability /time for going
through the fluorescence door is

always the same!

The total rate of leaving the excited
state Is
GREATER.




QuantumyYield of fluorescence =
total number of photons emitted
total number of molecules originally excited
kF

(Z K. +K:)  We can measure the

i%F efficiency of energy
transfer from JUST the

Quantum Yield of engigy transfer = fluorescence lifetimes

tothNHRrEd A7 EHERWHRh Gansiadd) Y
total raMbercof BoletRIdsaatRAIpEexsted

mQIecuI t(h t transigr a ntu
B Transfer +transfer —trans r _1_ z-+transfer
Transfer F ( T+transfer Z-—transfer




Determining rate of process “p” by measuring the rate of process “m”
Rate of deactivation (1/t) and Q.Y. of process “m” in the presence of all paths
of deactivation (measuring process “m”):

Simple — This is the reason

1 kK~ we measure fluorescence!
—=> k. ; (QY.) ="
Zj J (Q )m Zj kj

: _ km
_ :Zj;tpkj’ (Q'Y')m;;tp - Z k

m /= j=p )

determine “p”
by measuring “m”

e~ Ko _(qy),



1

7

RN

€
=k,

U measured

_I_ Z i
luorescence i~ fluorescence



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.

phase difference
AC excitation /\|| /\ .
_Z_l‘l;/q\ __________ tan( q)cm) = WTmean

\': // !\\ /
DC excitation| ~~ VY

s

time resolution e Image focused on

L
O
LN

at every pixel e W@ the pixel array

rrrrrr

N a8 BEN N S 8 N YA
oE . R BN RS BN R s NN
Nlﬂﬂ!t»pﬂewﬁi:klleﬂ‘ﬂﬂl

Simultaneously ...... -, o a"a """ ",

e
e
e

() . v
A " . ACX sm(cot+¢cx)



FLIM

Measuring
Nanosecond fluorescence lifetimes
at many pixels in an image
used to be difficult

We look at
The early pioneers




THE REVIEW OF ECIENTIFIC INSTRUMENTS

VOLUME 30, NUMBER 6 JUNE, 1959

Microscope Phase Fluorometer for Determining the Fluorescence Lifetimes of Fluorochromes

Bemiavmmn D, VENETTA
Department of Anatomy, Western Reserve Unidversity School of Medicine, Cleveland 6, Olrio

1959
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Fic. 1. Block diagram of the microscope phase fluorometer.

Fic. 5. The transmitted light signal, fluoreseent light signal, and
the tracer signal (sweep speed: 0.034 usec/cm).

tanAp=wr.

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."



MEASUREMENT OF FLUORESCENCE DECAY TIME
IN LIVING CELLS

CH. N. LOESER, ELLEN CLARK, MARJORIE MAHER and H. TARKMEEL

University of Connecticut Health Center, Department of Anatomy, Farmington, Conn. 06032, USA

Experimental Cell Research 72 (1972) 480-484

1972

Table 1. Intracellular fluorescence decay times

"Ascites tumor cells, liver cells, of ANS, TNS, BP, and 2-AN
fibroblasts, bacteria, and cell Decay time
fractions, after incubation with a Medium® Cell type (nsec)
fluorochrome and appropriate _ \

. . 0.3=10*M ANS Ascites 7.8+02
washing, can be suspended in a 03104 M TNS®  Ascites R8+0.]

. . 16 turated BP Ascit 152401
cuvette (or in the case of single 0310 M2-AN  Asites 16340,
cells, placed on a microscope slide) O3 XI0EMANS - Bacierbun o 000
and the fluorescent decay time can N ; | |
. e . % BP was made up as a saturated solution in propylene

be read out dl9l1'0| IY In glycol and dilupeg with saline. The other CDE‘!‘ID{)}I:IIICIS
hanoseconds. The instrument is yere made up in Krebs-Ringer, pH 7.3:£0.1.
most accurate wher‘e GCTUCII d€CCly ¢ Limited solubility in aqueous solution.

values are > 2 ns! "



FLUORESCENCE OF COMPLEXES OF QUINACRINE
MUSTARD WITH DNA. 1. INFLUENCE OF THE
DNA BASE COMPOSITION ON THE DECAY
1976" TIME IN BACTERIA

1979 G. BorTirOLL* G. PrRENNA,*t A. ANDREONL] C. A. SaccHif and O. SveLtof

*Centro di Studio per I'Istochimica del C.N.R., Istituto di Anatomia Comparata dell'Universiti.
Pavia, Ttaly and fCentro de Studio per I'Elettronica Quantistica ¢ la Strumentazione Elettronica
del C.N.R.. Istituto di Fisica del Politecnico, Milano, Haly

Photochemisiry and Photobiology. Vol. 29. pp. 23 28. 1979.

The fluorescence of several bacterial

L tn(t)ae Jr V] DNAs stained with quinacrine mustard
BT ”D(' Y [y]u)= have been investigated using a laser
L n{r)de microfluorometer with a spatial
resolution of -0.3 micro-m and a
Lasar R Sl temporal resolution of -0.3 ns
} connected to a digital signal averager.
Nirogen| | Proto == We explain this result on the basis of an
% L™ energy transfer mechanism between dye
| : :::::F::m molecules intercalating AT:AT sequences
Dretase =2 l 1 oanseuter (donors) and dye molecules bound to
Spitter. - Fltes aE either GC:GC or GC:AT sequences

=== o (acceptors).

Leitz MPV

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).



Fluorescence Decay Analysis in Solution and in a Microscope of DNA and
Chromosomes Stained with Quinacrine
DONNA J. ARNDT-JOVIN, SAMUEL A. LATT, GEORGE STRIKER anp THOMAS M. JOVIN

THE JoUuRNAL oF HISTOCHEMISTRY AND CYTOCHEMISTRY

Vol. 27, No. 1, pp. 87-95, 1979

Fluorescence Lifetimes of Quinacrine Bound to DNA and Poly{d{A-T)] (Three-Component Analysis)"

DNA or polymer® (AT (A-T) rie’ () insec) 7, (nsec) fee®  roinsec) fee®  roinsec) foe B {r. {ed
Poly[d(A-T)])" 1 1 1 18 1.1 [ 7.9 33 26 B0 271 1040
Clostridium acidurici 0.7 0.24 .2 14 3.0 29 11 36 27 34 1.20 566
Proteus mirabilis 0.6 0.14 .15 14 3.3 29 13 45 30 25 234 2326
Bacillus sublilis 0.55 0.098 12 12 35 11 39 27 26 1.26 437

1979

NORMALIZED COUNTS

* T 580 T s00
CHANNEL

Fic. 4. Fluorescence decay curves for quinacrine bound to cytologic samples taken by microfluorometry. Decay curves were taken on the
microscope as described in Materials and Methods and data were analyzed is in Table III, 0.127 nsec/channel. Solid line, flash lamp; open
triangle, nuclei from a normal human XY male; ¥, nuclei from Drosophila virilis; +, nuclei from Samoae leonensis.



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

Interest grew in the
biology community
for quantitative imaging
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2 WAY'S
TODOIT
2-hv scanning
&
full-field
FLI

How does one we do It?

777777 1CII17 11H1Call
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time resolution g Image focused on
at every pixel ) the pixel array

simultaneously
ot A sin(wt+¢_ )

ClIIl ' CII

Al + A sin(ot+¢, )



Fluorescence lifetime-resolved imaging microscopy
(FLI)

Scanning 2-hv FLI Full-field FLI

*Spatial confinement of excitation- *Simultaneous pixel measurement
diffraction limited focussing * Attach to any microscope
0.3mx1m (hv,=700 nm, NA=1.3) *Simplicity of optical construction &
*confocal effect operation

*Little or no photodamage outside of *FLIE (endoscopy)

2-hv region *Real-time applications

*Depth of penetration *CCD data acquisition (long

*3-D images possible Integration times possible without
*UV-excitation (localized) unreasonable total measurement time)
*PM detection - multifrequencies - *Phosphorescence (DLIM)

Fourier spectrum *3-D possible with image

*Detection straight forward deconvolution; spinning disk
*Photoactivation of caged comy 7 7| *Rapid time resolution for

kinetics in millisecond range.




We will discuss only
full field imaging
and
the frequency domain



Frequency domain lifetime measurement

E(t) = E,(1+ M, cos(wt))

VAV

nsec

§ 3

t F)=F,(1+M,-M -cos(o1- D))

SAVAY

nsec
The modulation and phase

For single lifetime component are measured quantities

Intensity
(arbitrary unit)
\

Excitation

Emission

bB) 1

! a/A \/1+ (wr)’

Remember this functionr—| 1+ 1wt

Time

tan™ (a)r¢)
1

— Me™ tan(wr)




AC signal

Fluorescence intensity

7 7 DC signal

Boar sperm labeled with a lifetime dye molecule;
Note the variation of the fluorescence intensity over
the period of the excitation modulation.

camera

dichroic

Pockel’s Cell

1
8
microscol
Homodyne

target

0 .
Ao+ A, sin(ot+¢,, )

FULL
FIELD
FLIM

phase difference
AC excitation fl”‘
e /- /2

' s - e i st
N .
\\Y/ \\/

tan("” _¢cm) = WTpean

DC excitation V

L

time resolution g image focused on
at every pixel : @ the pixel array
simultaneously

lifetime-resolved
Image

Differentiating

lifetime-resolved "Phase filter"

fluorescence signals
at every pixel
simultaneousty Ap
in real time

Differentiating
spectrally

fluorescence signals ] :
at every pixel Spectral Tilter - &

oveacen
fluorescence

image
Optics ’

Sample




Frequency domain is convenien
for acquiring data fast

SO, now we seem all set.

BUT how about the analysis?.



b ;\&j

' Uh-Oh! | see
a whole
herd of ‘em!

| see three
exponentials!




Usually there are several lifetime components

- In an image we have 10° — 10° pixels-

F(t) . = j;E(t) F,(t-t")dt" Fluorescence response

Time-domain (notorious non-orthogonality of exponentials)

Fs (t = l)meas - Zi Fs, (t —t ) = Zi Fiexp(—(t—-t’)/z)




What now?

s

L -
P o <
H}h\ - i D\ ‘
) \ ~
/ _ oy
’ » - I 3 '.' 4
- g N AT
¢
- ‘n

Lifetimes in images are not so simple!
We need some help!
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Fig. 48
Cole~Cole plot for a single relaxation time (cakculated).
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Fig. 49
Cole—Cole plot for heptanol-2 at —61.5°C.
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Cole-Cole plot for
dielectric dispersion

with a
single relaxation time

For the case of a single
relaxation time the
points (¢’, ¢")lie on a
semicircle with center on
the ¢’axis and
intersecting this axis at
g'=e.and €= ¢,



Model Independent Analysis
Some different ways to
parameterize lifetime-resolved
data

1/(1+ jet) = M, [cos(ﬁ,w)ﬂL jsin(ﬁ,w)}

X=M. cos(¢,,w) and y = M. Sin(¢‘.,w)




Near single fluorescence lifetimes
belong on the semicircle
throughout the emission spectrum

—FL(0.1N NaOH)
—— EosinY(H,O)

——RhB(H,0)

ns - ( . .
ns Y "——-x: ns —— RhB(MeOH)
" FL4.30ns 2 ns 1338 = —— EryB(MeOH)

RhB(MeOH) 2.55ns %
RhB(H,0) 1.70ns N

“&1 S

EosinY(H,O) 1.11ns
EryB(MeOH) 0.44ns %

Wavelength (nmj)

We call this a "polar plot”



Fine and good for a single lifetime component

Excitation

Emission
M =

¢

k—i

bE 1
a/4 \/1+(a)rM)2

® =tan (0 7,)

Intensity
(arbitrary unit)
|

Time

But
What about mul'riple lifetimes?

F(t ¢ jot | SI
o y3 [ o cseers [ () sn(a)]

meas, SS




Frequency domain lifetime measurement

Data analysis with a polar plot representation
b/B 1

a/A \/1+(a)2',\,I )2
Phase shift = @ = tan_l(a)fcp)

Demodulation = M =

1 time 'y 2 times
A A B R=ci +or,
~ ~ E "“~
S \ < or N
e \ x
X = \
= \
> . >
0.5 oL 0.5
M x cos (P) M x cos (D)

good for any signal oc »°

— (for instance dielectric dispersion)
'1+1wr7,



Model free data projection
No fitting

Lifeti
B M & ¢ Measured parameters

M =1/{1+ (w7)? x =M - cos(p)
¢ = tan" 1 (wT) y =M -sin(¢)

R101 and Cy3 R101 and Cy3
Polar Tau Tau

©
N

o
(N

mod * sin( phase)

mod lifetime (ns)

0.4 0.6

x =mod * cos( phase) phase lifetime (ns)




One more thing:

Spectral FLIM
spectral dispersion

of fluorescence emission
is environmentally sensitive



Spectral-FLIM

Sample
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Spectral-FLIM + polar plot

Spectrum

FL

Linear unmixing

—
- Lifetime

Spectral-FLIM fitting
(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.

RhB

0.1 (O Linear Unmixing
O Spectral-FLIM
U I 1 T 1
0 0.2 04 0.6 0.8 1
Mcos(d)

Residual

Data
—FL

——RhE |
----- best fit

80 500 520 540 560 580 600 G20 640 660
wavelength (nm)



Spectral-FLIM + polar plot

Msin(¢)

Separate multiple (3) lifetimes.

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

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

0.6F

(2)

‘ O Linear Unmixing‘

0.2

04 0.6
Mcos($)

0.8 1

- I1131 (b) 400
200

500

356 600 I
5? Data
: —FL
% 400 Eosiny ||
581 (C) = ——RhB
5 200 F N/ M, |ummes bestfit
E -
0 L 1 1 ; L = .
307 e 480 500 520 540 560 580 500 620 G40 560
(d) _g 20_ T T T T T T T T il
5 0
@ 20t 1 | 1 1 | 1 1 | 1 1
32 o 480 500 520 540 560 530 800 620 G0 560

wavelength (nm)



FOrster Resonance Energy Transfer

Molecular ruler :

|
|
| §
<10 nm . HEL Sic
Syt S
1 /R, 6 | 1
k., = ( ) | fx| |nt
et :
Tpo\T | ¥ -
0
kp = kpo+ ket
— L 1+ (R_O : Photon Absorption
Do r iC: Internal Conversion

: Donor Fluorescence

: Acceptor Fluorescence
Intersystem Crossing
Phosphorescence

: Non-Radiative Processes




Observing the fluorescence of:

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

0.7
0.6 i
0.5
= 0.4} T |
5
£ 0.3 FRET "\ :
0.2 == Donor
0.1 Acceptor
' —&— Donor+Acceptor
ﬂ I I I I
0 0.2 0.4 0.6 0.8 1

M*cos(d)



Spectral-FLIM/FRET data

« Unmix donor and acceptor spectra.
* Fourier analysis of separate D & A images

« Advantage : FRET efficiency &!3Ia1'ed

more accurately

/ /
Acceptor pgnor 1000
I

(b) SDOH

| e . e =
1DDO| T T T T T T T T T
— 16ds

e;Illilllle

1981 5 800r ——FAM
< I —HEX ||
(C) g e T 27 2 N bast fit
767 @ 4A00p
&
e 2o}
. — 553 _ 9307500 530 540 560 530 600 620 640 660
0.1 O Linear Unmixing S 20¢ . . . : : ; ; . :
D L : . : 339 m _20 | 1 1 1 1 1 1 1 1 1
0 0.2 04 0.6 0.8 1 @ "“450 500 520 540 560 580 600 620 640 660
Mcos($)

wavelength (nm)



Spectral-FLIM/FRET data

Hex - 8mer - FAM

(a)
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Spectral-FLIM/FRET data

(a)

Hex - 16mer - FAM

01 O Lingar Unrmixing
O Spectral-FLIM
O 1 1 1 1
0 02 04 06 08
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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

Phase Suppression

*Avoid controls
*Very rapid
Determine concentrations

¥ e
ﬁfﬁ? = - -Incr_ease sensitivity
MHATREE g b@ *Avoid steady state

=00 6]

fluorescence artifacts




MT1-MMP Biosensor

Emission Spectra with 532nm Excitation
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Phase Suppression (how it works)

Capillaries

Phase Lifetime Image

thodB'

Phase Images

Rhod66

Suppress Bottom Capillary

Phase Images

t‘/ Homodyne measurements at selected phases




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

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

g

ol

Results from Phase Suppression

mOrange2 Only Biosensor Only

Suppress mOrange2 Intensity

= Bjosensor
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Before Wash

HT1080 cells transfected with MT1-MMP biosensor. Treated with the MMP inhibitor GM6001

mOrange2 Only

Biosensor Only

R ;
e

Phase suppression

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

Results from Polar Plot

After Wash

mOrange2 Only

Biosensor Only

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

Results from Polar Plot

0.6 3n$ 0.6 3ns 0.6 3ns




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, Jiilich)

MT1-MMP biosensor

Photosynthesis photograph Peter Wang
taken with a leaf as film
Nature's CCD Biopsies

P. i
Roger P. Hangarter & Howard Gest Rohit Bahrgava (UIUC)






