O\
— Fluorescence—

740N

(Image: T. Wittman, Scripps)







Why fluorescence?

High contrast
- Signal against dark background

Highly specific, multi-color labeling

- GFP etc.
- Antibodies

Live imaging
- GFP eftc.

Quantitative

Sensors for [Ca], pH, ...



..emit light
at a longer
wavelength

exc 1" A\

Some molecules, when
illuminated by “excitation light”

at a wavelength A
em

Why?
What kinds of molecules?
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Excitation and Emission Spectral Profiles
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Extinction Coefficient (M 1em? )

Quinine Absorption and Emission Spectra

Wavelength (Nanometers)
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Franck-Condon Energy Diagram

- Internuclear Separation —»



EXCITED MOLECULES ALSO

* Get hot (increase vibrational energy)
 Emit a photon (usually plus some heat)
* Chemical reaction (photochemistry)

* Energy transter (nondestructive,
photosynthesis)

 Triplet conversion (nondestructive, but the
cell may be very unhappy).



Jablonski Energy Diagram
Excitation Excited Singlet States

(Absorption) 5 S E———
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Con;/:aslon 2 Conversion
Delayed
Vibrational 3
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Jablonski diagram

(Molecular energy diagram)

Singlet states Triplet states
Spin S=0 Spin S=1
S
—A
S, _4\/\4*
)‘em
N NN\N\S \N\NAN
exc
[fluorescence}
Sy,



Jablonski diagram

(Molecular energy diagram)

Singlet states Triplet states
Spin S=0 Spin S=1

Inter-

S — A systems
T crossing

= T,
}\_’ N\NNV
exc

VAN }\phospho

Sy LT — [phosphorescence}




Singlet and Triplet States

Orbital states of each electron

Spin flip
Lowest unfilled orbital - B
A
)\'exc NN\N
Highest filled orbital 4 i t
Total spin S=0 Total spin S=1
Singlet state Triplet state

Spin flips are “dipole forbidden” — unlikely — long triplet lifetime



Hund’s rule #1 (for atoms):

Why does the triplet state

have lower energy?

Singlet states Triplet states

largest total spin — lowest energy Spin S=0 1| Spin S=1 11
Electrons are Fermions S T,

= anti-symmetric wavefunction

1Pr(rlz rz) qfs(sl, 52) = ‘lpr(rzz rl) IIIS(SZI 51) SO

Singlet state: W, = 11, Symmetric

Triplet state: W (r,, r,) is anti-symmetric Symmeftric

cPo(xl) cP1(X2)
+@,(x;) @o(%,)

Particle-in-a-box example

©,

High prob. of x1=x2
High repulsion energy

Anti-symmeftric
CPO(XI) @y(x5)
-01(%;) @o(xy)

X
Low prob. of xlxx2
Low repulsion energy



TIMESCALES OF FLUORESCENCE

Quenching

o Timescale
Transition Process Rate Constant (Seconds)
$(0) => S(1) or S(n) ?;f;tr:ttilg:) Instantaneous 1015
S(n) => S(1) Internal Conversion k(ic) 10-14 to 10-1°
- Vibrational 12 10
S(1) =>S(1) Relaxation k(vr) 10-12to 10
S(1) => $(0) Fluorescence k(f) orT 10 to 10”7
_ Intersystem 10 8
S(1) =>T(1) Crossing k(pT) 10-°to 10
Non-Radiative
S(1) => S(0) Relaxation k(nr), k(q) 107 to 105
Quenching
T(1) => S(0) Phosphorescence k(p) 10-3 to 100
Non-Radiative
T(1) => S(0) Relaxation k(nr), k(gqT) 10-3 to 100



Stocks shift

Electronic Absorption and Emission Bands
Photon Energy (Electron-Volits)

3.1 2.5 2.1
100 | u | ng,"tzd
Vibrational
Energy
80 Levels
Fy
z
s 60 Excited
- State
_g Electronic
5 40 Transistions
K | ¥
20 Ground
State
Vibrational
0 Energy
33.3 25.0 20.0 16.7 3 .

Wavenumber (cm™ x 10°) Figure 3



TWO IMPORTANT PROPERTIES

« Quantum efficiency:
photons emitted/photons absorbed

» Photobleaching efficiency:
probability of bleaching/photon absorbed






Fluorescent molecules

& A B AN Texas @9 +%e
: : : :Fluoresceln RNMW
(a) C%‘Q‘ :"O‘\./‘,\'/ ',N 'Q.; (c) ./%
%‘ - A > 2B V~’
¥ (b) 3 y OA‘
«+ Phosphorous @ Nitrogen
@ Oxygen @ Carbon Rycrogen
Systems of conjugated bonds /CQC _C
that share electrons

Larger system — longer wavelength



SOME COMMON FLUOROPHORES

(CH3CHy)oN (CHoCHa)»
= \ (CH3CH)oN o
- O
“F (CHy),COOH OOH
BODIPY DAMC
’,‘j\““NHz ‘038 O~ COOH
o) Ol
Lucifer “ Cascade
‘O Yellow O Blue
O3S o
~Ch10rophils
‘038 S04 Q:l/
‘\_N:i//\;j/: :‘ X=N AI-PC
X=C AI-TBTP

(cnz)scoon (cnz)scoou
m=1 CY3.18 _
m=2 CY5.18
R



DYES COME IN FAMILIES

H..C CH
3 CH, H,G 3
/)— CH=CH=CH Abs = 549nm, Em = 565nm
N w*
((|:H2)11 (9H2)11
CH, CH,
H,C CH
/)— (CH=CH), = CH Abs = 650nm, Em =
N N
[ * | 670nm
(GHa)y7 (?Hz)w
CH, CH,
H,.C CH
3 CH3 H3 3
/)—(CH =CH) s~ CH Abs = 748nm, Em =
N N
| * - | 780nm
((|:H2)17 (GH)y7
CH3 CH3



XANTHENE DYES

Sulforhodamine 101
(precursor for Texas Red)

Abs = 586nm, Em = 605nm

(CH3CH2)2N

Sulforhodamine B
(precursor for Lissamine)

Abs = 565nm, Em = 586nm




General Fluorescent Molecules
Hundreds to choose from

Fluorescein
Bright but pH sensitive & bleaches fast
Rhodamine, Texas Red,..

@ o 0 o Alexa Fluor 2 “?" "3" >
Red, more pho’ros’rable ¥ 9 e e e 350 P> 9w e
o °“‘\° ' R G\O‘"‘\O 7‘_"° S B B
Bodi 11 , %o®ege?
Py, Y C\’.Q_'.O %’ ‘.°.Q'..‘\°f;’ "“
Cyanine dyes T JRUEIEC S T
y y °¢ ;‘ Alex4a° Fluor ‘:" Alexa Fluor

Cy2, Cy3, Cy3.5, Cy5, Cy5.5, Cy7
Alexa Fluor

405, 488, 532, 546, 633, 680, 750...
Bright, photostable

Fluorescence emission

T T T T T T T T T
400 450 500 550 600 650 700 750 800 850
Wavelength (nm)

Alexa Fluor emission spectra



FITC: pH dependent

TRITC: pH independent
(almost...)




ENVIRONMENT MATTERS

-

o
®

o
o

O
'S

absorbance / intensity

o
N

N

500 550 600
wavelength [nm]

1\

H
3
o
0
o

Thin line: free dye in water
Thick line: dye bound to protein



Tailor-Made Dyes
for Fluorescence
Correlation
Spectroscopy (FCS)

Biol. Chem., Vol. 382,
pp.495 — 498, March
2001

Dyomics GmbH,



Fluorescence Depolarization Figure 8

Dipole Moments
0 ! Emission wesi
Absorption =5

({ / larization
p = par perp Y 0
(]par + ]perp)

( = perp) anisotropy

(I +21 )

par perp

=



THINGS DYES CAN SENSE

Ca, Mg, Na, pH

DNA, RNA, double-stranded or single
Membrane Potential (fast and slow dyes)
Lipid vs. aqueous surroundings
Temperature

Viscosity

Each other



CHROMOPHORE HEADACHES

*Photobleaching
Spectral shifts

*Broad spectra (especially emission)

*Toxicity



PHOTOBLEACHING

* Nominally an irreversible mono-
exponential process

* Proportional to total exposure (but not
always, depends on mechanism)

 Antifade agents can help (but not with
live cells).

e Different rates for different labels can
invalidate ratio measurements.



(e) (f)

Figure 6



QUENCHING

Usually refers to nondestructive
reduction in fluorescence emission

Causes: ions (eg oxygen). May be caused
by triplet exchange

Energy fransfer (nonradiative, chemical, or
other)

Can be used to probe environment



SATURATION

* Fluorescence lifetime limits the rate at
which a dye molecule can be excited.

* The saturation intensity is that which
brings the dye to this limit.

* Further increases in excitation intensity
will not produce increased emission.



TYPICAL SATURATION CALCULATION

Assume incident power = ImW @ 488nm

Assume diff. Limited Gaussian spot (0.5um dia)

FITC cross section o = 3.06x10* cm?/molecule

FITC QE = 0.9

FITC fluorescence lifetime = 4.5nsec (k.=2.2x10%/sec)

Photon flux at waist: I = 1.25x10%* photons/cm?/sec

Q: in what microscope mode is saturation crucial?



EMISSION RATE

Rate of de-excitation: k.=2.2x10%/sec
Rate of optical excitation: k = oI = 3.8x108/sec

Steady state:
K [excited-fraction] = K (1 - [excited-fraction])

[excited-fraction] = 63%
Rate of emission per molecule = 1.3x108photons/sec.

(Theoretical Max: 2.0x108photons/sec)



WHEN SHOULD WE WORRY?

* 0.5-ImW focused info a diffraction limited spot is
enough to saturate a high QE sample.

* In laser scanning microscopy, this is easily achieved.

 In widefield microscopy, the field of view for high
mag lens is about 400 microns diameter. So we have
150000-200000 difference in photon density:
200Watts, saturation is not likely.



LIFETIME: Mean Time in Excited
State before Fluorescence Emission

Fluorescence Lifetime Decay Profiles

Monoexponential Multiexponential
(b) (c)
2 g Slope "g
S = =
& g S
- - |
Time Time

Figure 5



PARTICLE IN A BOX
A MODEL FOR ORGANIC DYES

A E=2(n+1)h*/8mL?

The key point: as the box
gets wider, the energy
difference decreases

http://itl.chem.ufl.edu/4412_aa/Gifs/box1_03.gif



Quantum dots

. Core GaAs
e semiconductor nanocrystals

e Small size — Quantum confinement

l Shell AlGaAs
. . ‘ Polymer
e Sijze < color [electron in a box] coating
‘ ‘-— Biomolecule

15-20 nm
Qdot® nanocrystal
10 nm=20 nm
| v venl ooy e L Lo Lol RERETIIT
1A f nm 10rm 100 nm 1 um 10 pm 100 pm
bt —a \ :
O G - ,
LA St 5 . '.l
ural dyw

slom moiscubs Mucrssssr proden yrus bsctnnum anirreal ol
D05 nm=05 rm 0510 nm 10 =20 ' 20 =200 rm 500 rer=30 pm 10 prr=100 e



Quantum dot spectra
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Quantum dots - pros / cons

Little photobleaching, very stable
Very bright 2?7

Can use single excitation wavelength for
multiple colors

Narrow emission spectra — can use many colors

Large compared to small molecule dyes
coating for bio-compatibility
and independence on environment
Hard to get into live cells
Single qdots blink
No good blue qdots available



Current Opinion in Biotechnology
February 2002, Pages 40-46 1,

4.6 35 30 4 1 nm
I[




BROAD ABSORPTION SPECTRA

450 550 650
Wavelength (nm)

Absorbance (a.u.)

450 600 750
Wavelength (nm)

Q: Why is this of importance?



NARROW EMISSION SPECTRA

Absorbance (au)

v

C

Fluorescence (au)

)

/ Rhodamine 6G

Quantum dots

450

500 550 600 650
VWavelength (nm)

/ Rhodamine 6G

Quantum dots

RS o L2 v L 4 - 1
550 SO0 s50 7TOoO

Wawvelaength (nm)
Current Opmbion N BictecHhnology



QDOT SUMMARY

*Qdots are very photostable

‘Narrow, stable spectra
Large (around 5nm diameter + bio-coat)

*Twinkeling






Filters are crucial
Since the ratio of the intensities of
Excitation/Fluorescence = 10°



Filter components

Dichroic
Mirror

Mercury
Light
Source

Excitation filter
Dichroic mirror
Emission filter

Each ~102 rejection
together ~10°¢



FILTER CUBES

Fluorescence Interference Filter Block

To Detector

Retainer

Barrier
Filter s

Rack
-~ Mounting
Flange

From !
llluminator \

Figure 1  Retainer



Fluorescence Emission
Fluorescence

Interference filters:
Sharp transitions

Filters W h | g Iey
Barrier
(Emission) Threaded
Filter Retaining
Ring
Dichromatic
(Beamsplitter) Incoming
Mirror Light Waves
Figure 2
Ogtlcal Block
(Filter Cube) itation Filter
100 *
30
70
60
50
40
30
20
4/\ ] l

400
500

Wavelenath (nm)

600
650



100

Transmittance
(%)

o

TYPES OF FILTERS

Short Pass and Long Pass
Wide Band Pass Filter  Narrow Band Pass Filter Filter Combination SP-LP
Block Block Block Block
Pass Pass
uv (a) IR UV IR UV IR

(b)

Figure 3

(c)



100

Longpass

400

Wavelength (nm)

600

650

100

90

20 } !
70 ] ! !
&0 1 1

Bandpass - =

40

30

500 i
—

400

1 —
Wavelength (nm)

Q: when would you use band- and when long-pass filters

600

650



Interference filters

7 .
S . "/'//A'f'/{'
S c© n, XA
E 8 n4 WX
(8]
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_IE x n, °
(]
S e
Q
w S
S+
©3
(Vp)
xS
< 8
Filter makers : Chroma

Semrock
Omega

Interference

— Wavelength-
Dependent
transmission
& reflection

— filter

Transmitted color-band

depends on angle



Blocking

Interference filters have finite stop bands

Unblocked bandpass interference filter

100 e
100 |- === m %0
80 —— Measured
g (\/\’\/\ m g 70
‘O 5 60
n @
g Exc. § iﬁ
c pass § 5
= band 20
J L 10
< > gOO 400 500 600J 700 L800 900 1000 1100 1200
StOp Pass Stop A Wavelength (nm) 1
band band band Semrock 697/75
To block unwanted transmission from UV to IR, filter makers add
absorption glass to the filter.
Often excitation filters are blocked,
UV absorber —/

but emission filters unblocked.
— Red autofluorescence or room light
may get through your blue emission filter

Interference filter
IR absorber



Blocking range
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Single wavelength sets
® Most efficient
e Best separation
e Very slow to change A

Multi-band filters

e Multi-band everything
e See all colors at once
e For color cameras
e Bad crosstalk

e “Pinkel” scheme

Multi-band dichroic
Multi-band emitter
Single-A exciters

e Excitaton filter wheel

° Se?ara’re ima%e at each
e Better separdtion

e “Sedat” scheme
Multi-band dichroic
single-band emitters
Single-A exciters

e Two filter wheels
e Even better separation

Filter schemes

/N

Transmission |

/N

||

T

/

wavelength

j

Ny

Exciters
Emitters

i
b

Semrock quad Sedat set




Matching Filters and Fluorophores

480/20 515130
565i20 610/40

100

A "\
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$ £ 5 AL v\
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S} - _‘-‘_—_-—_—“\-—’—/— — 1 S — / -".‘_‘ = h&l——\‘ ———
300 400 500 600 700
Fluorophore Excitation Emission
1: [ Alexa Fluor 488 hydrazide v| Fex [em Laser (nm):. [None Fitter / Bandpass
2 [LysoTracker Red v| [Viex [vlem FReCH Eandpses 515 |/ @
3: ||None v| [ ex em @ !@ M i @
| i O
4: [None ¥| Wex [em [:I,j D‘D
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Toggle Excitation Display Toggle Emission Display | Clear all |

http://probes.invitrogen.com/resources/spectraviewer/

http://fluorescence.nexus-solutions.net/frames6.htm

https://www.omegafilters.com/curvo2/index.php




Fluorescence SpectraViewer

Now you can plot and compare spectra and check the spectral compatibility for many fluorophores offered by Molecular Probes. The Spectra Viewer c:
printed by capturing a screen-shot and printing the resulting image file. For printing instructions or to answer other questions you have, see our User Gt
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5: |None |v| V]ex [“]em |670 |/ |30 |

Toggle Excitation Displa)l Toggle Emission Displayw Clear All ”




Multi-color labeling:
FITC & TRITC Exitation & Emission spectra

Q: What limits how close can the spectra be?



5 possible simultaneous fluorescent “channels”

UV-blue Green Red IR deeper IR
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LIGHT SOURCES

e Black body sources (halogen lamps)
-spectrum is continuous
-spectrum peak depends on temp.
(“color temperature”)

e Spectral sources (Hg, Xe, other arc

lamps, lasers, LED)
-spectrum has structure (peaks)
-spectrum is a function of the

electronic properties of the gas
- VERY BRIGHT



Light sources: General considerations

* Wide field versus scanning system
e Uniform (wide field)
 Focused to a diffraction limited point (scanning systems)

* Brightness
* Brightness of light source
* Light source optics

* Spectra
* Broad / Narrow
* Range
* Spectral uniformity
* Modulation
* Depth
* Rate
* Stability
* Short term fluctuations
* Long term stability



Irradiance at 0.5 M (mW m? nm’)

Halogen source spectra

Tungsten Lamp Emission Spectrum

Tungsten Lamp

Figure 4

Infrared

400 600 800
Wavelength (Nanometers)

SOURCE SIZE = Smm or more



Light sources: Mercury '-~=~=-

* Very bright light source
* Highly popular in fluorescence
microscopes

* Classically referred fto as HBO lamps
* Based on plasma arc-discharge lamp
* Spectrum based on mercury vapor
« Lamp enclosed in external housing

built to withstand explosion, dissipate

heat
* Housing has collector lens and
alignment systems, as well as a
reflector to collect additional light
* Driven by special power supply
needed for ignition and constant
current

SOURCE SIZE = 0.5-1 mm

Mercury HBO 100 Lamp

HBO 100

Negative
(@) Cathode

Terminal

e
u :
\ )

Starter Gas ’(

Mercu
Dropleg

Starting Coil Anode

Luminance ichlcm’)

10 30 50 70 90

Positive
Terminal

Cooling Vents Mercury HBO

Lamphouse
Anatomy

Lamphouse

Lam
Explosion
hield

Lam
Heat Sink

Figure 3

Alignment
Photodiode

Spherical
Reflector
w/ Pinhole

Microscope

Illuminator
Mg_)lunting
ange

9 Lamphouse
Securing

Heat Clamp

Filter

Collector

Lens System Collector

Focus Control



Light sources: Mercury lamps

Disadvantages:
 Discontinuous spectrum
* Limited lifetime (7200 hours),
further reduced by repeated
on/off cycles
* Specialized lamphouse and
power supply requirements
(internal pressure > 75 Atms!)
* 750% of energy in UV
* Fluctuations on short and long
time scales

Instability in Arc Discharge Lamps

Anode Anode

Ideal Arc

Cathode Cathode

Spectral Intensity [W/sr/nm/1000cd]

0.10

0.08

0.06

o
8

0.02

- 365 436
405
312-313 HBO 100
Mercury Arc Lamp
Spectral
L ution

300

400 500

Wavelength (nm)

600 700

Sources of Instability in Arc Discharge Lamps

. |

-—
— -—
Convection
Anode (b) Currents (c)
Arc Wander Arc Flare Arc Flutter

Figure 4

800



* Much more uniform spectrum (but
less bright) as compared to HBO

* Classically referred to as XBO

* Nearly ideal point source
* Based on plasma arc-discharge

* Spectrum based on xenon gas
Lamp enclosed in external housing .
built to withstand explosion,

* Bright light

lamps

lamps

lamp

Light sources: Xenon lamp

827

source Figure 1
0.15
)
o
o
S XBO 75
- Xenon Arc Lamp
E Spectral
£ Distribution
@ 01F
=
2
2
£
= 0.05F Visible Walvelengths
S |
2
(7] 475

300

400 500 600

dissipate heat, similar to that of
HBO lamp

Excess energy in IR — use of IR
blocking filter recommended to
protect cells and imaging devices

» Short and long stability can be
better than HBO lamps (i.e. “super
quiet” lamps and special power

supply units)
Life time ~400 hours

K

Wire \

Molybdenum
Strip
Conductors

Negative
Terminal

700 800 900 1000

Wavelength (nm)

Positive
Terminal =
tional
arter

XBO 75
@  Anode

Cathode

1100

Luminance (Kcd/cm?)

5 10 20 30 40 50



Light sources: Metal Halide

* Very bright light source, rapidly
replacing HBO light sources
* Based on mercury lamp technology
with enhancements (use of rare
earth metal - halide salts)
* While spectra exhibits peaks,
these are broader, with higher
radiation levels in between
« Commercial systems typically
include heat filters, a light guide,
fixed alignment lamp mounting, ND
filter wheels, a shutter and remote
control via computer interfaces
« Lamp life time 500-2000 hours.
» Important not to shut off before lamp
heat up is completed (~5min)

Metal Halide Arc Lamp

0.10 | 365 Spectral Distribution

436

0.08 |-

0.06
Metal Halide
0.04 -
Mercury
e

0.02

Spectral Intensity [W/srinm/1000cd]

Figure 1

300 400 500 600 700 800
Wavelength (nm)

Metal Halide Arc Discharge Reflector Lamp
Usable

Total Luminous
Wi, Fuxotme il  pliimed,  Oupu
Elliptical Reflector | by Filter siore Soone
Ref ector\ I ’p
| "\ & Q)
| : { PR
| — -—-—-f - . — —
S \

Liquid [lllumination

Light System

IR Guide (0] tllcal
xis

Reflections

I-Focal Length—-l IR

Figure 2
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Light sources: LEDs

« LED (light emitting diode) a semiconductor o D e B
light source :":;
« Becoming increasingly brighter every Ry i 3o
year, approaching XBO levels %60 S
* “Monochromatic light sources £ o
* Very efficient - low power consumption, £ w0 —
little heat generation, not dangerous § = 6
* Extremely long life times (10,000-100,000 “I
hours) A ‘ e
« Can be turned on and off repeatedly and O e
modulated (<msec), by altering current LED Lamphouse Anatomy
levels, without damage e, LeD Led Module
« Commercial systems combine multiple yodse
modules to provide sets of desirable nerace—27 2 i3
spectra. e B, | N SQimor Emer e

System Board

* No light outside these spectra

Microscope
Input Port

Electrical Tube .
Interface Figure 9



Light-emitting Diodes (LED)

w R Alexasos
o

o Hoech. FITC mChert

E Pacific Blue Alexad88 Texas Red

o I Cy3.5

S vre =7
= {_rc )

= TRITC

[

S
:
|/
(
i

i | i : i : :
: H i : i : :
: i : : i i :
| 400 | | a4as | ! ‘ 490 | 565 595 635
2443403 2343406 | | 2343003 | | A 2035407 2433408
i i
232 283
2443402 2433430 A

! LEFT CHANNEL B  CoolLED will supply an appropriate combining dichroic in the collimator to match the wavelengths selected < RIGHT CHANNEL

LAMs

Green-gap -> phosphorescence
SIZE = 2-4mm
Flat illumination of field




Light sources: Lasers

Common Laser System Configurations

* Laser = Light Amplification by the
Stimulated Emission of Radiation

* Very bright light source
* Emits light at one or more discrete  Sabon.,
wavelengths MPaser g

Ti:Sapphire
Mode Locked Laser

* Coherent, very narrow beam —)
* Usually Gaussian beam profile (TEM,,) |
* Mainly (but not exclusively) used for
. Semiconductor ot Ef
scanning sys’rems Laser  Helium-Neon - Figure 2
. . . Laser
* In ThIS mOde fhe SPGCImen IS Laser Beam Divergence in the Near and Far Field
illuminated point by poinf, by scanning Laser | Distance (L) .l
a diffraction limited spot across the —
specimen (as opposed to uniform NearFioln 1€t o‘.\v%‘?’é'(‘%c)e gﬂgema%
. . . . . . ! ngle « tan
illumination in wide field mlgrocopy) Figure 2 | . |
* Many laser technologies
. GG S Transverse Laser Beam Modes

Intensity Plot Beam Pattern

 Diode pumped solid state (DPSS)
A0

* Typically expensive to very expensive



Light sources: Lasers

Common continuous wave (CW) lasers used in microscopy

Argon (gas) (457) 514 - air cooled, noisy, very useful
Argon Krypton 647 air cooled, noisy, limited life span
Helium Neon (gas) 633 - simple, quiet, high beam quality, long lifetime
DPSS 457 473 - tiny, silent, cool,
~expensive

Diode Lasers 375 405 440 642 - ftiny, silent, mediocre beam
Many solid state lasers can be modulated electronically (on/off, intensity)
Solid state lasers are often fiber coupled fo improve beam quality




Lasers

Laser lllumination Source Emission Spectra

Krypton Emission Spectrum

647.1

Jo— 676.4

—337.4
. 350.7

== 356.4
4086.
Frid
48805

Relative Laser Qutput Power

-
o
~
L II
| Argon Emission Spectrum

300 400 500 600 700 800
Wavelength (Nanometers)

EFFECTIVE SIZE =0
Focusable to a diffraction spot
Flat illumination of field [speckle...]



eye
arc image
S
eyepiece
' e \>‘Z intermediate
image plane
excitation
filter
condenser field tube lens
diaphragm diaphragm <>
( —1— emission filter

arc
lamp
_§ filter cube
X—dichromaﬁc
% mirror

=

collector lens — —  objective back
focal plane
arc image objective lens

specimen

N B 2t NNNN

Figure 21.1.4 Microscope alignment for epifluorescence Kohler illumination.



EPIFLUORESCENCE LIGHT PATHS




Filter wheels

 Simplest solution for modulating:
* Illumination power - by means of a series of neutral
density filters
* Spectra - by means of a series of inferference filters

* Typically motorized

FW1ADF




Multiple dichroic mirrors;
Enable automated and fast analysis of multiple (2-5) labeling.
Requirws one dichroic mirror with multiple excitation-emission
“windows” and Ex. & Em. Filter wheels

\ &>

X<ﬂiple dichroic mirrors (fixed)




ONE CAMERA, TWO CHANNELS

Detector
\ Imaging Lens
Emission/Barrier Filter,
Neutral Density Filter,
and/or Polarizer Emission/Barrier Filter,
Neutral Density Filter,
I i s . O and/or Polarizer
Fixed Mimor _Eeefeel ™ RN
e Adustabl Miror™" AN Adjustable Mirror
Dichroic fiter \ -
o ’ Dual-View™
Polarizing BS Filter Cube
or Amplitude
e Collimating Lens ™~ Adjustable
Aperture

i !

Light from microscope



TWO CAMERAS, TWO CHANNELS




The Epifluorescence Microscope

Epi-Fluorescence

Microscope Epi-Fluorescence

Lamphouse

Observation

Fluorescence Emission

Fluorescence

Filters

Threaded

- Reltaalggng

Eyepiece
Fiﬂer—Q‘ , Dichromatic
b 3 (e Lgeemina
: rror
UV Shield |
Objective — Microscope S = 4 g
. (Filter Cube) Excitation Filter

= " : Board
Condenser
Field
Diaphragm
Base— |

Tungsten-

. Halogen
Figure 1 Filters CoLILe'::;or Lamphgouse






DETECTION ISSUES

 Fluorescence is weak

* Need to make best use of all of the
available photons

* Use high QE detectors

* Use monochrome cameras and optimal
filters



Detectors: Photomultipliers

* Sensitive light detectors that convert
photons absorbance rates to current in a
proportional manner
* Used mainly in scanning systems such as
laser scanning confocal microscopes
* No spatial information - temporal only
* Relatively low quantum efficiency
(typically <20%), that depends on
wavelength.
Shot noise is major noise source
* Many different types, differ in geometry,
sensing material, amplification stages
spectral range, QE,efc.

Current

o N

time (ms)




Detectors: Photomultipliers

Incoming
Photon\ Window

c';rt‘l?;:e / ﬁ Dynodes ”
k,-,\ "t

Photomultiplier Tube

1 Anode f

.

* Photons hitting photocathode release ..
electronswith some probability N NP
(typically < 20%) \'/\ —"a

* Released electrons arﬁe accelerated by - - ‘ @
electric fields , — Output
* Impact with next dynode leads to o .\"m’s"”""y o
release of more electrons than
originally hit target (“electron
multiplication”)
* Process repeated many times (>10)
resulting in millions fold amplification
* Requires special high voltage power
supplies (>1000V) and voltage divider
* Current is usually franslated to voltage
and thereafter digitized by A/D
converter

Focusing :

Electrode

| LR




Detectors: CCDs

* Based on a CCD (charged coupled device)
photon detector
* The CCD is a thin silicon wafer divided
into a regular array of thousands or
millions of light-sensitive regions
(elements) equivalent to pixels
* Unlike PMTs, the CCD generates an entire
2 dimensional image (typically 512x512 or
1024x1024)
* Each element stores an electrical charge
in a “potential well”.
* Charge is proportional to the integrated
amount of light that hit the element Photons Polysilicon
- Output is typically sent to computer or Sioside b
converted to standard video signal e

n-Channel —

* Usually comes with software for Potential -

Barrier Potential

controlling acquisition timing and options ,

Photogenerated
Electrons

Metal Oxide Semiconductor (MOS) Capacitor

Incoming

Figure 2
p-Type Silicon



Detectors: CCDs

* Signal intensity depends on
integration (exposure) time,
typically 20 msec to several

seconds.
* Although acquisition is done in
parallel, readout is sequential

and is often a limiting factor in ciecvoss” \\\>, -
determining frame rate e

(frames/sec)

* Spatial resolution depends on
pixel size and number of pixels
* Dynamic range depends on

“well” capacity: Too many
photons =» too many electrons
= well overflow (saturation)



Detectors: EMCCDs

Electron Multiplyin
cCh plying

Architecture [ l—sll?x%lle
Photodiode Element
Sensor
* The quantum efficiency of CCDs is typically much i it
higher than that of PMT (590% in certain CCDs!) —_e .', 5,:“:“: | QBUt Amplifier
* One problem is noise (spontaneous electron g{f;g?g:, l : m
emission). This can be improved by cooling the CCD ..
chip. Ry M,
* Another major noise problem, however occurs Register

during charge measurement:

When each well contains only few electrons, the Masked Storage Areaof  Electron Multiplying CCD

signal derived (real) electron numbers and sne AL S Rty Confiuraten
spontaneously arising electron numbers in readout

system (“noise”) become comparable

* This has been solved by adding a special shift

register that multiplies the number of light-
derived charges enormously before these are read

out (= Electron Multiplication)

000
« This is done in a manner similar to that done in WQ@SA\
000 \_ ... N
- ormal voltage

igh Voltage Serial
Mult pllcation Register Out ut

zf‘e

PMTs, in this case by impact ionization in silicon
Probability of generating “impact” electrons is low dati

(1.010 to 0.016) but with many shifts (Y500) the —— Q008 wigh vltage
gain is huge (1.0155% =1710)

Generated Electron



CCD (Charge Coupled Device)

Image area Metal ceramic or plastic package

Connection pins

Gold bond wires

Bond pads

Silicon chip

On-chip amplifier

Serial register

From: www.ing.iac.es/~smt/CCD_Primer/CCD_Primer.htm



CCD (continued)

1. Frame transfer

Charged Coupled Device Architecture

Frame Transfer CCD Interline Transfer CCD 2 . L| n e tra n Sfe r
Interline Transfer
Photosites ~ Mask Gates
el ]
Image &= -
e 2 3. Full frame
Parallel s
= Registers A
P
- Storage
Shield Arrae %
Transfer — 44 4L 4 s
Gate=4 Transfer—t= o
Y

1 Gate
Serial Register Serial Register
Output Ou
Figure 5 Amptﬁfler Serial Charge Transfer = Am;ﬁfler




CMOS

CMOS Image Sensor Integrated Circuit Architecture
Analog-to-Digital Conversion

Al u’-“,—

Anal
Signa
Processing

CMOS
Active PixeliSensor.

< Color Imaging
Array
Control

Pad Ring

Digital Logic (Interface, Timing, Processing, Output) Figure 1

Line Address Register

Column

Master
Clock =

LS B 2 Horizontal Shift Register

Data =

Digital
Output

Imagin
692 x 504 Pixels

Recovery and
Processing

Imagers:

Anatomy of the Active Pixel Sensor Photodiode

Microlens

Amplifier
Transistor

Bus
Transistor
Photodiode

Silicon
Substrate

Potential
. Well
Figure 3

Photodiode
Array

CMOS APS
Area

Typical CMOS
Operational
Block Diagram

Dual CDS Circuits

Anal
Outpu

<= Dual 12-Bit A/D
Converter



Solid State Imager
Characteristics

Spatial sampling
Digitized intensity output ->EMCCD
photon counting quality with low noise

Subarray scanning (for fast dynamics)
No geometric distortion

Linear radiometric response

High quantum Efficiency



Chip Format

. %2.44:11:1\

32mm

' /
o

172 / 48mm
i
6.4rn

1imm
2" 6.6mm
88mm
16m
1" gemir

128mm



Well Capacity and Pixel Size

Well capacity = # of electrons to fill the
detector before image is “saturated”

Well capacity proportional to pixel size.
Dynamic range increase with well capacity

Tradeoff: spatial resolution vs dynamic range
Typical numbers: 15,000 - 250,000 electrons



How Many Bits Do I Need?

12 Bit Image 8 Bit Image

11 +

U] e

0 200 600 1024 0o 256




|
A
400
/

300 | } \'

100_ / v Best fit

300

200
/
_ B \
100 rd

] // \m Saturated

1800
1600
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1200
1000
800
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400
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Color Image Acquisition

3-CCD cameras
Single CCD, integrated color filters (rgb, cmy)

Sequential color acquisition

--filter wheel

—-liquid crystal tunable filter (LCTF)
--acousto-optical tunable filter (AOTF)

Depth color filter:




Monochrome or Color?

Monochrome Color

Higher resolution Convenience
Higher sensitivity Faster color acquisition
Faster acquisition (3CCD and 1CCD)

Color depends on Low cost (consumer
filters cameras)

Colors are RGB



Digital Imaging Fundamentals

Direct digitization at source
(photon counts)

Slow or fast readout

High or low resolution (Binning)

High or low sensitivity

Dynamic range (bits/pixel, noise)

Noise (photons/pixel, electrons/pixel,
readout)



Noise

* Photon noise - square root of #photons
-- acquire more photons, use high QE CCD

* Thermal charge generation in detector
-- cool the detector

« Electronic readout noise
-- Slow readout (fast electronics are noisy)
—- Avalanche amplification register (EMCCD)
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QE of CCDs

CCD Spectral Sensitivities
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Figure 6



Resolution, Binning, Dynamic Range

* Binning -reduces spatial resolution
* Increases dynamic range
* Increases S/N

ENEN

Summing 'Well
Serial Register |
HEREN
l
Parallel
| Register |
|
Exposure Stage

| C

-

] “:

1]

Parallel Readout

e =

B

]

T
__|__

__|__ O

Serial Readout



Autorange Display
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Front vs Back Illumination
(from Andor IXON cameras)

Front illuminated Back illuminated
Virtual Phase Back llluminated - Visible Anti Reflection Coating - 550nm
100% 100%
| --------;7’-‘*:--- ----- 'i A= 924nm

0% 0% = 97T%
80% 80% / \\ ; =
70% \ 70% / \ :

AN i N
50% ~ :Los:z:sm 50% / :
40% ' \\ 40% / \
- N\ | \
20%——— E \\ 20— // ; \\
10% : N 10% ,/ \v ; \\

0” T 0% 1
72'00nm 300nm 400nm 500nm 600nm 700nm 800nm 900nm 1000nm 1100nm 200nm 300nm 400nm 500nm 600nm 700nm 800nm 900nm 1000nm 1100nm



sCMOS Imager Highlights

Sensor format: 5.5 megapixels (2560(h) x 2160(v))

Read noise: <2 e- rms @ 30 frames/s; <3 e- rms @ 100 frames/s
Maximum frame rate: 100 frames/s

Pixel size: 6.5 um

Dynamic range: > 16,000:1 (@ 30 frames/s)

QE__ : 60% (with excellent red/NIR response)

Read out modes: Rolling and Global shutter (user selectable)

From: http://www.scmos.com



Comparison of field of view

5.5 mMegapixel sSCMOS 1.3 Megapixel interline
100 frames/sec 11 frames/sec

From SCMOS white paper: http://www.scmos.com



Niquist sampling rule

N






Labeling Technologies

Pro

Con

Fixed Cells low background modify sample, artifacts
Antibodies enhanced fluorescence cross reactivity
surface epitopes (FACS)
direct/indirect
Live Cells dynamics high background
GFP Gene clones->labeling large pigibag
(c/n terminus)
SNAP CLIP
vital stains permiable, microinject




How to label your target?

e Dyes that bind to the target and get activated by it
DNA/RNA by DAPI, Hoechst, ...

® Dyes that are accumulated into the target by the living cell
Organelle compartments by mitotracker, ...

e Inject fluorescently labeled ftarget molecule or substrate

e Direct or indirect immunofluorescence
Label fixed cells with antibodies

e Fluorescent In-Situ Hybridization (FISH)
Specific DNA sequences in fixed cells

® Genetically encoded fluorescent proteins
GFP and allies



Figure 4.1.9 Epifluorescent images of fixed tissue
culture cells stained with (A) DAPI, making DNA
fluorescent blue; (B) Alexa 488 bound to phalloidin
to label actin filaments fluorescent green; and (C)
X-rhodamine labeled antibodies against tubulin to
label microtubules fluorescent red. Bar = 20 um.
Images recorded with a 40x/(NA = 1.4) Plan Fluor
objective, 1.5 magnification, to a cooled CCD
camera and the multi-modem multiwavelength
microscope described by Salmon et al. (1998).



Organelle-specific labels

Label specific organelles in live cells

e MitoTracker (various colors)
e LysoSensor

e ER-Tracker

T . ¢ 3 ‘O
03'000'0’&_0
LysoSensor & _& & & 6 O
ee O Dﬁg’%‘gs rvys?® MitoTracker
@ o4 7 oo Red
Gy e e ° CMXRos
ve 0@ 7 ¢ Ochiorine .0
w8 06 %° ‘ i,
Q V-0 ER-Tracker = 3 > s
e Blue-White DPX e Ao
e > ®3 L 8q
¢ Y 1 >
- U e 3 T 5
'S ¢ < ) s 3"‘.‘ 3

% ’ % Fluorine

-
-

o AN
ER-Tracker Blue-White DPX and
MitoTracker Red CM-H2XRos



DNA / RNA-binding dyes

Fluorescence increases by large factor on binding

e DAPI

Minor-groove binders
eHoechst
eEthidium bromide

e PoPo, YoYo,...
Intercalators

eOligreen Risk disrupting structure



Fluorecent labeling

Direct labeling (& microinjection)
of target molecules

Direct immunofluorescence:
labeled antibodies against target

Indirect immunofluorescence:
Unlabeled antibodies against target
Labeled antibodies against those antibodies




Parameters of fluorescent molecules

e Excitation & emission maxima

e Extinction coefficient ¢
o« absorption cross section
¢ = 50,000-100,000 M-'cm™

e Fluorescence quantum vield Q;
= # Photons emitted / # photons absorbed
Q, =~ 25-90%

Brightness o € Q

¢ Photo-bleaching quantum yield Q,
= average # of photons emitted
per molecule before bleaching.
Depends on environment.

«Q,/Q,

cXC

e extinction
coefficent
(M-'ecm™)

l:length (cm)

C: concentration (M)




Parameters of some fluorophores

Dye .. Lo £ QY brightness
DAPI 350 470 27000 0.58 15.7
Fluorescein 490 520 67000 0.71 47.6
Alexa 488 494 517 73000 0.6 43.8
Rhodamine 554 573 85000 0.28 23.8
Cy3 554 568 130000 0.14 18.2
Cy5 652 672 200000 0.18 36
GFP 488 507 56000 0.6 33.6
mCherry 587 610 72000 0.22 15.8
CFP 433 475 32500 0.4 13

YFP 516 529 77000 0.76  58.5



Small molecules - pros / cons

1000s available - huge spectral range
Easy to acquire

Precisely tailored properties, including
environmental sensitivity

Require fixing and staining, which can lead
to artifacts

Potential self-quenching and environmental
sensitivity



Fluorescent Proteins

The hydromedusa Aequoria victoria

The Green Fluorescent Protein, GFP



GFP Fluorophore Formation

| Auto-catalysis |
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GFP-based live microscopy

(A)

3
= o o A S L
: & i a
b+ . v .
Q ‘n ‘t.‘
g ’
low Ca?*, control £

Nuclear-targeted GFP T B PR R L

in Drosophila embryo Y
during gastrulation i
Ilan Davis GFP-actin % , : S R ?"‘M‘"{Q‘{
U. of Edinburgh, UK In cultured |oc oo s>
hippocampal
rat neurons

Stefanie Kaech, Heike Brinkhaus, and Andrew Matus
Neurobiology 96, 10433-10437, 1999.

Volatile anesthetics block actin-based motility in dendritic
spines



Multicolor microscopy
with fluorescent proteins

ECFP - Nucleus <

EGFP - Tubulin
DsRed2FP - Mitochondria

African green monkey kidney (Vero) cell
labeled with six different fluorescent proteins
all excited at a single wavelength.

EYFP - Nucleus (Required linear unmixing)

ECFP - Golgi Complex . \
DsRed2FP - Mitochondria (Atsushi Miyawaki)

HelLa cells



Variants of A.v. GFP

GFP

|
EGFP

|
CFP, YFP

|
Cerulean , CyPet, Sapphire, Venus, Citrine , Ypet...

Chromophore Structural Motifs of Green Fluorescent Protein Variants

EBFP & “ P

\ -
y g ﬁ_/-‘ = X \ ) — /-R -

Seré5 & s “ Thres
EGFP

7 rar \/._ ) Y }’
’ > @ / '
Tyrés

pE »
Figure2 165 Ve




GFP-related proteins exist in many (most?) animals

BILATERIA CNIDARIA
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Chromophore Structure of Anthozoa Fluorescent Proteins
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Oligomerization

Monomer / weak dimer Tetramer



Why is oligomerization a problem?

Fusion to inert protein Fused to interacting protein
or targeting sequence




Variants of dsRed

dsRed (tetramer)
!

mRFP1 (monomer)

|

mHoneydew, mBanana, mOrange, tdTomato,
mTangerine, mStrawberry, mCherry, mPlum,...




Protein
CFP

GFP
Citrine
PhiYFP
MkOrange
tdimer2
tdtomato
DsRed-monomer
mRFP1
mCherry
tHcRed

Fluorescent proteins

Aex
433
488
516
525
548
552
554
556
584
587
590

Aem
475
507
529
537
559
579
581
586
607
610
637

€
32500
56000
77000
130000
51600
120000
138000

44000
72000
160000

QY Brightness

0.4 13.0
0.6 33.6
0.76 58.5
0.4 520
0.6 31.0
0.68 81.6
0.69 95.2
0.25 11.0
0.22 15.8
0.04 6.4

Source
Tsien
Tsien
Tsien

Evrogen
Miyawaki
Tsien
Tsien
Clontech
Tsien
Tsien

Clontech



Excitation
EBFP ECFP EGFP EYFP DsRed

Excitation

\

35 350 375 400 425 450 475 500 525 S50 S75 600

0

Wavelength (nm)

Emission
EBFP ECFP EGFP EYFP DsRed

%5  SI5 625

Wavelength {nm)

Multicolor labeling
Cross Talk between Channels



Properties of fluorescent proteins

N.C. Shaner, PA. Steinbach, & R.Y. Tsien, Nature Methods 2:905 (2005)

Bri of photostabilit

v Fluor Bri y (fold tos for
Wavelength Class Protein Source Lab Organism . Em coefficient per uantum (EC*QY) fully mature tos for impr pKa ion at Oligomerization References
(nm) (nm) R o . . A protein (% of bleach, sec N
chain, M em’ yield (mM*em)®-1 g orescein) over 37°¢C
fluorescein)
Far-red mPlum Tsien Discosoma sp. 590 649 41,000 0.10 4.1 5.9 53 | <4.5 100 min monomer 5
Red mCherry Tsien Discosoma sp. 587 610 72,000 0.22 16 23 96 13.1 <4.5 15 min monomer 4
tdTomato Tsien Discosoma sp. 554 581 138,000 0.69 95 138 98 13.5 4.7 1hr tandem dimer 4
mStrawberry Tsien Discosoma sp. 574 596 90,000 0.29 26 38 15 21 <4.5 50 min monomer 4
J-Red Evrogen Unidentified Anthomedusa 584 610 44,000 0.20 8.8 13 13 1.8 5 ND dimer x
DsRed-Monomer Clontech Discosoma sp. 556 586 35,000 0.10 3.8 s 16 2.2 4.5 ND monomer ¥
Orange mOrange Tsien Discosoma sp. 548 562 71,000 0.69 49 71 9.0 1.2 6.5 4.5 hr monomer 4
mKO MBL Intl. Fungia concinna 548 559 51,600 0.60 31 45 122 16.7 5 25hr monomer 10
Yellow mCitrine Tsien Aequorea victoria 516 529 77,000 0.76 59 85 49 6.7 5.7 ND monomer 16, 23
Venus Miyawaki Aequorea victoria 515 528 92,200 0.57 53 76 15 2.0 6 ND weak dimer 1
YPet Daugherty Aequorea victoria 517 530 104,000 0.77 80 116 49 6.7 5.6 ND weak dimer 2
EYFP Invitrogen Aequorea victoria 514 527 83,400 0.61 51 74 60 8.3 6.9 ND weak dimer 18
Green Emerald Invitrogen Aequorea victoria 487 509 57,500 0.68 39 57 0.69 0.1 6 ND weak dimer 18
EGFP Clontech* Aequorea victoria 488 507 56,000 0.60 34 49 174 239 6 ND weak dimer ¥
Cyan CyPet Daugherty Aequorea victoria 435 477 35,000 0.51 18 26 59 8.1 s ND weak dimer 2
mCFP Tsien Aequorea victoria 433 475 32,500 0.40 13 19 64 8.8 4.7 ND monomer 23
Cerulean Piston Aequorea victoria 433 475 43,000 0.62 27 39 36 5.0 4.7 ND weak dimer 3
UV-excitable green T-Sapphire Griesbeck Aequorea victoria 399 511 44,000 0.60 26 38 25 35 4.9 ND weak dimer 6
Reference fluorescein pH 8.4 495 519 75,000 0.92 69 100 7.3 1.0 6.4

* No longer commercially available
X wWWw.evrogen.com
y wiww.clontech.com
ND = not determined

Other, less recommended FP:s

Protein Source Comments

AceGFP Evrogen no clear advantage over well-validated Aequorea GFPs

AcGFP1 Clontech no clear advantage over well-validated Aequorea GFPs
AmCyanl Clontech tetrameric

AQ143 Lukyanov tetrameric

AsRed2 Clontech tetrameric

Azami-Green/mAG MBL Intl. no clear advantage over well-validated Aequorea GFPs

cOFP Stratagene tetrameric

CopGFP Evrogen no clear advantage over well-validated Aequorea GFPs

dimer2, tdimer2(12) Tsien slower maturation than dTomato/tdTomato
DsRed/DsRed2/DsRed-Express Clontech tetrameric

EBFP Clontech Fast bleaching, dim, no longer commercially available

eqgFP611 Weidenmann poor folding at 37C, tetrameric

HcRed1 Clontech dimeric, dim

HcRed-tandem Evrogen fast bleaching, dim

Kaede MBL Intl. dimmer and less efficient at photoconversion than KikGR
mBanana Tsien dim, fast photobleaching

mHoneydew Tsien dim, fast photobleaching

MiCy MBL Intl. dimeric, less spectral separation from YFPs than Aequorea GFP-derived CFPs
mRaspberry Tsien faster bleaching than mPlum

mRFP1 Tsien dimmer and less photostable than mCherry

mTangerine Tsien fast bleaching, dimmer than mStrawberry

mYFP Tsien Chloride sensitivity

PhiYFP Evrogen suspected aggregation, faster bleaching than other YFPs, potential problems with fusion constructs
Renilla GFPs various dimeric, no clear advantages over well-validated Aequorea GFPs
TurboGFP Evrogen no clear advantage over well-validated Aequorea GFPs
ZsYellow1 Clontech tetrameric



Switchable fluorescent proteins

Fluorescence that can be activated
or altered by light

e Activatable
PA-GFP, ..

e Color-changing
Green-red:
Kaede, EosFP, KikGR,...
Cyan-green:
PS-CFP

e Reversibly switchable
KFP, Dronpa



Fluorescent proteins — pros / cons

Can be easily introduced into live cells
Minimally perturbative
Photoactivatible/photoconvertible versions exist
Avoids fixing / staining

Require genetically tractable system
Folding and maturation can be slow
Some are pH and Cl- sensitive

Some have very complicated photophysics (strange
photoactivation / photobleaching behavior)



Fluorescence emission

Intensity
Fluo-3

Ex = 488 nm

39.8 uM free Ca*

Wavelength (nm)

Ca?®* imaging

Fluorescence excitation

Exc. ratioing
FURA-2

Em =510 nm
39.8 uM free Ca**

250

300 350 400 450
Wavelength (nm)

Fluorescence emission

Em. ratioing
Indo-1

Ex =338 nm

39.8 uM free Ca*

Wavelength (nm)



Fluorescence Polarization
Fluorophores have dipole directions

Emission dipole direction %

Angle dependence

EXCifC('I'ion diPD[e

direc tion of exc. or em
e Is emission polarized under Excitation pol.
polarized excitation? —
e (Em-exc dipole angle) I ,
e Rotation rate
\ &

® Does emission /nfensity depend on
excitation polarization?
® Molecular orientation

GFP crystals (Shinya Inoue)



The Enemy:
Photo-bleaching

Decrease in emission intensity affter exposure
Exciting a molecule once has a probability Q, of Killing it

Each molecule will emit only a finite number of photons



Photo-bleaching

Photostability varies between dues
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>

Photons/molecue/s

Photons/molecue/s ,

Photo-bleaching of fluorescent proteins

mCherry
Single-exponential bleaching

Time

/ Emerald

Double-exponential bleaching

L\\\\ Fast- and slow-bleaching populations?

Time



What to do about photo-bleaching?

e Select fade-resistant dyes
e Label densely

e Decrease bleaching by anti-fade mounting media
® Glycerol
e Oxygen scavengers
® Free-radical scavengers
¢ Triplet state quenchers
Note: some anti-fade agents quench some dyes.

e Budget the photons you have
® Only expose when observing
® Minimize exposure time & excitation power
e Use efficient filter combinations
e Use highly QE, low noise camera
® Use simple light path



Self-Quenching

Dye molecules can self-quench if too close together

— Label densely but not foo densely

-#- Alexa Fluor 555

= Cy3
Q
Q
c
3
o
O
=
©
o

1 ] 1 1
0 2 4 6 8 10

Fluorophores/protein (mol:mol)



OPTIMIZATION

* Lamp alignment - do it right and double
the light.

* Filter selection — more is not always
better.

e Camera selection - a little effort can
pay back very well.

* Objective selection
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