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Content

- Jablonski diagram, fluorophore key characteristics

* Angular distribution of emission

« Conjugation of fluorophores with biomolecules

 Fluorescence energy transfer (FRET)

« Optical configuration used for the excitation and collection
of fluorescence light in bioassays

* Fluorescence correlation spectroscopy

* Fluorescence anisotropy
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efracfive Index

Parameter that describes interaction of light with matter composed of elements
(e.g. atoms) that are << A and exhibit polarizability. By averaging over many
atoms that are be polarized by the oscillating electric field.

Real part — refraction Imaginary part - absorption

MNrealy Himag

A

For more details, see Lorenz Lorenz or Clausius-Mossotti theories.
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Absorptlon of Molecules

Absorption of light by molecules is accompanied with their transition from a
ground state to excited state (followed by a relaxation). It typically occurs at
distinct energies leading to specific bands in absorption spectrum.

adl
T

Emission Abhsorption Transmission Dataction

E.g. is routinely used for measuring total concentration of proteins — UV
absorption spectroscopy.



* Xk

* *

EUROPEAN UNICN
European Structural and Investment Funds
Operational Programme Research,

i MINISTRY OF EDUCATION,
Development and Education SOUTH AND SRORTS

LY Insxitute of Plrysics
@J FZU Ry of crces l IITS??EEWD%%”“TE

Absorption of Molecules -
Wavelength Spectrum
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core electron
excitations

we/ peptide bond
= excitations

vibrational
excitations

Electronic lines correspond to a change in
the electronic state of an atom or molecule.
Typically UV-Vis.

Vibrational lines correspond to changes in
the vibrational state of the molecule and
are typically found in the infrared region.

Rotational lines, for instance, occur when
the rotational state of a molecule is
changed. Rotational lines are typically
found in the microwave spectral region.

Combination of above can lead to rather
complex spectra.


http://en.wikipedia.org/w/index.php?title=Electronic_spectroscopy&action=edit&redlink=1
http://en.wikipedia.org/wiki/Vibrational_spectroscopy
http://en.wikipedia.org/wiki/Rotational_spectroscopy
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Jablonski Diagram

(1) Photo-excitation: from the ground
; electronic state S, creates excited

O states S, (S,, ..., S,)

- (2) Internal conversion: Molecules
2 | hvg, 1) MVew(3) rapidly (j0'14_ to 10-"" s) relax to the
5 lowest vibrational level of S,.

(3) Returning to its ground state S,

As the energy hv,, is higher than that
emitted hv,,, — Stokes shift occurs.
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Fluorescence

Process in which a fluorophore (e.g. a dye molecules, quantum dot) absorbs a
photon and re-emits it at a higher wavelength. Form of luminescence:

Fluorescence: Lifetime from <10-19to 10" s (from singlet state).

Phosphorescence: Lifetime from 10-° to >10*3 s from (triplet excited state).

Luminescence

Electron spin 1/2 Photon spin 1

_if 4T7 Electron Spin
S
singlet singlet triplet
ground state excited state excited state
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Fluorescence Emission Spectra

Stokes shift
O

Fluorescence axcitalion
Fluaresoence emission

S00 S50 600 G650 VOO TS0 800
Wavelength {nm)

Abs. and Emission spectrum of Cy5 dye

Structure and Spectral Profiles of Cyanine Fluorochromes

L |
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Relative Absorption and Intens

Absorption
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Emission
Spectra
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550 650
Wavelength (Nanometers)

http://www.olympusmicro.com



http://www.olympusmicro.com/
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Fluorophore Quantum Yield
Quantum yield / quantum efficiency: Ratio of number of emitted vs.

absorbed photons, ®/QE.

QE is between 0 (non-fluorescent molecule) and 1 (perfectly emitting
molecule). QE is limited by the competing transitions to the ground state that
are not radiative.

Table 1 | Common fluorescent dyes; their associated wavelengths of absorption (excitation) and emission, and colours

Name Mmax / nm (absorption) Mmax | NM (emission) Colour E at Az Ll Tins
Cyanine-3 550 570 Dark pink 136 000 0.15

Cyanine-3.5 531 504 - 116 000 0.15 =03
Cyanine-3b 558 572 - 130 000 0.67 28
Cyanine-5 649 570 Blue 250000 03

Cyanine-5.5 675 695 Blue 209,000 03

https://www.atdbio.com/content/32/Cyanine-dyes

10
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Absorption and Emission Dipoles

Molar extinction coefficient: Describes the strength of the absorption
[€ma]=MTcm-T.

Absorption and emission of electromagnetic field can be treated by using
respective dipoles (giving rise to angular dependence of the effects).

Fluorescence Depolarization Figure 8 Anisotropic Fluorescence Emission Intensities

Parallel Emission Perpendicular Emission
Dipole Dipole
Aguenus Aauenus
T hase - hase
— —Interface —

Dipole Moments P
B EmiSsion s 3
Absorption =5 i

https://www.olympus-lifescience.com/en/microscope- https://www.olympus-lifescience.com/de/microscope-
resource/primer/techniques/fluorescence/fluorescenceintro/ resource/primer/techniques/fluorescenceltirf/tirfintro/

11
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Quenching: Loss of fluorescence signal, interactions between the fluorophore
and the local molecular environment (collisions), including other fluorophores
(e.g., fluorescence resonant energy transfer FRET, non-radiative channels in

proximity to metal...).

Metal
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Khulan Sergelen, Stefan Fossati, Aysegul Turupcu, Chris Oostenbrink, Bo

Liedberg, Wolfgang Knoll, and Jakub Dostalek, Plasmon field-enhanced

fluorescence energy transfer for hairpin aptamer assay readout, ACS Sensors,
2017, 2 (7), 916-923.

12
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Nanoflare
¢ e BQ 8P o

' g | = W?gt% - ?@%

W
Aptamer- Reporter Aptamer Nano-flare Released
Duplexes Reporter “Flares”

FRET — metallic NP serves as
a donor and quenches the
fluorescence

Spherical DNA — allows for
simple cellular uptake

Aptamer — oligonucleotide
designed for specific capture
of molecular analytes (ATP in
this case)

Mirkin lab: doi:10.1021/nI901517b 13



http://dx.doi.org/10.1021/nl901517b
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Photo-bleaching

Photo-bleaching: Only certain number of absorption / emission is possible
before destruction of the excited fluorophores occurs.

A 20pm Before Blasch 10safter  300s after https://doi.org/10.1016/j.bbamem.2018.09.018
— bleaching bleach bleach _t
DOPC :
@sio, 5°
fU
- 0.6+
DOPC = B DOPCatSiO,
PEM c ® DOPC/DOPS at PEM
@ Sg 0.4+ A DOPC at PEM
@PEM UO = T * T N T = T . T N T o 1
0 100 200 300 400 500 600 700

Time /s

D (i) DOPC (ii)) DOPC/DOPS
! Example: investigation of fluid

QAR 0 pA Mo dain lipid membranes by local photo-

_ _ leaching.
Silicon
14



https://doi.org/10.1016/j.bbamem.2018.09.018
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Organic Dyes

A large variety of synthetic organic fluorophores are available. Typically
charged in order to promote solubility.

https://www.lumiprobe.com/tech/cyanine-dyes

Cyanine dyes (+1)

Alexa Fluor 647 (-3) —

t/alexa-fluor-647-nhs-ester/

15
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Quantum Dots

Nanometer-sized semiconductor particles that exhibit narrow

tunable emission bands and capped with biocompatible _ | . .
https://www.sigmaaldrich.com/technical-

coati ngs. documents/articles/materials-
science/nanomaterials/quantum-dots.html
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Conduction

Cannot be bleached as organic dyes. and
Effect of photo-blinking may
complicate their use.
Become established materials in a s
broad field of applications including e
labeling biomolecules
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Conjugation with

Biomolecules

Fluorophore label %

Detection antibody (dAb) ’,"\
v S

Target analyte

\
Capture antibody (cAbﬁ
Linker molecules /NN

Solid support

GES I ~ 3 nm for fPSA

~ 6-12 nm for IgG

Inszitute of Physics
‘QJ FZ Acadermy of Sclences AIT&E?E%MDMWT‘

soH  Alexa Fluor 647

e
0,5 SO.H
T
N N
@ \\L
-= SO3H
P ;\/ |

\\\\\

with amine groups on
the protein

« Often amine coupling is used and there are many commercial

kits available.

* The number of fluorophore attached per e.g. IgG molecule is
adjusted (3-5) to balance between decreased IgG activity, self-

quenching.

17
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Smart Wound Dressing

E. coli

P. aeruginosa S. aureus

Biosensors embedded in
wound dressings to monitor
bacterial infections. Possible
incorporation of triggered

i ot
-~ ~ /’ i \\

release of a drug. / Dyeself ™ { Dye bright A
\.guenched _// NS e

-

Fluorescent dye loaded to lipid vesicle, toxic
bacteria destroy the lipid bilayer wall and
Toby Jenkins laboratory - 10.1021/acsami.5b07372 leaches the dye reporter.

18
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FIuorescence Resonant
Energy Transfer - FRET
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Forster / fluorescence resonant energy transfer: dipole-dipole coupling of

two fluorophores which changes the emission spectrum. Efficient at
small distances, typically r <10 nm.

1
R, is Forster distance at which E=50%
+(r/Ro)® ) °

ation
540 nm 590 nm -
Cy5 B itation Em kssion Mo EmEsion

Ezl

ggﬁor / ACCEPTOI' %y 3 UGACGEALUCUC LA LG LLA-S'.
s
CyéAC LG C TG A ALILLIC GAC AL
ks B
b e
Wavelength (nm) %ﬁ% UG GﬁeAuu_ch%CU%UuESJJ]
Spectral overlap of absoprtion and Applications: conformation changes

emission bands of donor and acceptor studies, immunoassays, DNA
chromophores hybridization.

19
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Example — Probes for Real Time PCR

A. TAQMAN probes

tE! Probe Sg’

Forward

primer
Template
P Denature M
Anneal Reverse
primer
PITERETR

Polymerization
Signal generation

B. FRET probes

:&\‘ Transfer

Emission

C. SCORPION probes

Probe

T Primer
LLLLLLULLULLULLLLLULLLULLLLLLLLLLLL Template

| Primer extension

bTTT TITTTIT I ITIr

Probe hybridizationl
Excitat‘on\w;ion

o I

®» Probes are loaded to

»

a droplet together
with sample and PCR
reagents

Without the analyte
they are dark and
when the target
analyte is present, are
turned to bright.

Based on

fluorescence and
FRET or quenching.

20
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Fluorescence Detection

Most common configuration are: confocal fluorescence (left), total internal
reflection - TIRF (middle) and epi-fluorescence (right).

Prism
YLM
* - Sample m Sample l - Sample
Cover slide Cover slide
Ohbjective Objective

Dichroic
mirrar

Laser

Emission & Emission Emission
filtar APD filter filter

Current Opinion in Structural Biology Volume 14, Issue 5, October 2004, Pages 531-540 21



http://www.sciencedirect.com/science/journal/0959440X
http://www.sciencedirect.com/science/journal/0959440X/14/5

Total Internal Reflection

Fluorescence (TIRF)

The excitation via evanescent field of totally internally reflected wave allows for
the observation of fluorescence signal from close proximity (<1 um) to the

surface and decreasing background.

A Epifluorescence

q
e« ® @

Sample n,
Cover slip m
Incident
B TIRF /\
Evanescent :
field ® o0 ®lg ® g @ Sampla n,
B Cover slip m,
tncident_—5"% Reflected
Py \“-\_ 6,
S —

Mattheyses AL et al. J Cell Sci 2010;123:3621-3628

Cell viewed with
epi-fluorescence

Cell viewed with
TIR-FM

http://lightmicroscopy.ucdenver.edu

22
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Fluorophore label % ~

o
\ -
{ — o =
@ YA '(J

Detection antibody (dAt;))l\‘

Target analyte ;5§

Dichroic
Mirror

-, »

Capture antibody (cADb)

Linker molecules /)i
Solid support

PMT/

CCD-
Camera

Aem \
o TN s
. P98 et s ¢ .

« Schematics of a typical
implementation of a fluorescence
sandwich assay (left) and a
respective reader (right).

23
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Fluorescence Scanners

https://www.olympus-lifescience.com/fr/microscope- .
resource/primer/techniques/confocal/confocalscanningsystems/ https://doi.org/10.3390/s130505561

Confocal Micmscop-e Scanning System Conﬁguratiuns
Dual Concave

Tandem Scannin
Galvanometer Mln-%r; 9 E&T““ T Egﬁ’,‘i,‘,‘,’; I Substrate
an ector s
Relay Optics i R Sample scanner
= (E Mirror
- Scan | = -

Mirror

* scan— -

Galvanometer Mirror Conna've FOCUSing lens

=z Intermediate g reflector Dichroic mirror

Syatem “éﬁfm

(b) Pinhole Filter
. Objective ch L —Tube
p - np-eerfl';re Lens
Mirror l/
Figure 4 \.‘ @ %s::jmi Focusing lens
A) Scanning the probing beam B) Scanning the substrate and

across the specimen. keeping the optics fixed.

24
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Photomultiplier

Incoming Photomultiplier Tube

Photon A\ Window
Photo-

cathode

Focusing
Electrode

Voltage Dropping
Resistors

Power Supply

Detector designed for the measurement of low intensity of light.

AITSE?EEIN&%%UT”TE

Allows for counting of individual photons (e.g. counts per second —

cps, fluorescence rate in Hz)

25
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Allows for acquisition of the whole
image without scanning the beam
or the sample.

Sensitivity can reach single
photon counting for each pixel.

Recently, there are available
(comparable) electron multiplying
charge-coupled device (EMCCD)
or complementary metal oxide
semiconductor (CMOS)

g FZU E&?ﬁm AIT&H&EMMT‘”‘
Charged Coupled Device - CCD

Photogenerated
Electrons

https://www.semanticscholar.org/
paper/A-High-Voltage-Charge-
Coupled-Device-(CCD)-ASIC-for-
Chun/4bceb2f351025c1f4688f566
40d23cc0493654e5

T~ Potential Barrier

26
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Fluorescence Filters

Detector +«—Mirror
Fa Emission Filter

@ my
E" . Eyepiece @&— —m (Notchfilter, Bandpass Filter)
g
§ " Light source
R ) ) ) (Lamp, LED, Laser)
: Dichroic Beamsplitter %
e N
§ Objective —» % Excitation Filter
=]
=
w
- = Excitation Light
8 Emitted Fluorescence Light
Specimen

Sensitive fluorescence measurement relies heavily on optical filters to
spectrally filter the excitation and emission light:

Laser band pass filter — transmission of only A,

Emission band pass filter — transmission of only A,
Notch filter — used to stop A,

Dichroic mirror — high reflectivity for Aex and high transmission for A, at
tilted angle.

27
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Fluorescence Filters (Cy5)

Laser band pass filter

MNarrow Bandfilter Transmittance __https:/lwww.thorlabs.com/
12 NF633-25 Transmission

100 = e e o e
s i
g s 5330M N B filter 80 \ (
2 08 C
T o T
= 0 604 —0° AOI
g 06 R —5° AOI
2 £ ——10° AOI
g0 % 40 15° AOI
£ ™~
£ 02 -
i o 204
L o =
T a0 510 520 630 540 550 560 1 k J

02 0 T . : ! ;

wWave Length [nim] 600 620 640 660

Wavelength (nm)
Emission band pass filter

) 5k « Filters needs to be selected with respect the
) 71\ used fluorophore and the excitation
: : [ wavelength.
\  Due to the fact that are based on interference,
i | they are sensitive to angle of incidence.
g J « The suppression of transmission is quantified
L1V il by optical density (3-7 orders of magnitude):
R P B 1

TYPICAL PERFORMANCE OD — ng-lD (?) ; DI.. T — 10—’0]}

28
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Fluorescence Correlatlon
https://doi.org/10.1007/978-3-642-16712-6_560
Spectroscopy

b 144

1.2 7,
] . |5 (\/\ * Allows for the

- measurements of
molecules diffusing in

Photon count-rate [kHz]
o
o]

o and out of the focal
& T t:ame”ms]é 5 1 volume of the excitation
B s beam.
R  The autocorrelation

function enables
determining of diffusion

21 . s
coefficient,
1 ; hydrodynamic radius,
€2 G, 61%, 1 g0 o reaction rates....

lag time r[ms]
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Fluorescence Anisotropy

Anisotropy . . . ”?V
B e v s * Rotational correlation time: ¢, = —
w26 % b by oy kgT

Grating Factor

: ' (viscosity (n), temperature (T), Boltzmann
il = " f?j‘\v constant (kz) and volume (V) of the
- : nanoparticle)

S t
. E’:’M_I_/*\ « Tumbling rate (for r(t) = rg exp (——)
3 4 A spherical object) ¢r

https://www.horiba.com/
Fluorescence anisotropy can be used to measure the binding constants

and kinetics of reactions that cause a change in the rotational time of the
molecules.
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