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FLUORESCENCE & FLUOROCHROMES

v How fluorescence works?

STOKES SHIFT
JABLONSKI DIAGRAM OF FLUORESCENCE é e )
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FLUORESCENCE, DYES & FLUOROCHROMES

9 * Small organic molecules (e.g. FITC, Alexa Fluor, Pacific Blue, Cy5) vw‘_“*‘““"‘”‘“‘””m"m
© g * Large protein molecules (e.g. PE, APC, PerCP)
E 5:‘ * Nanocrystals (e.g. Quantum Dots — Qdots)

o
§ 8 * Organic polymers (e.g. BV521, BUV395, BB515, Super Bright 436, etc.) n
= g * Tandem dyes (e.g. PE-Cy7, PerCP Cy5.5, APC-H7, BV605, etc.)

-

Y« Other/trademark (e.g. NovaFluor™, Kiravia™, cFluor®, etc.)
| . polymer dyes -
E v» ° Green Fluorescent Protein (GFP) . s
QO 2 « Yellow Fluorescent Protein (YFP)
V o Wi
= |6 * Red Fluorescent Protein (dsRed) \ O e
O & * mCherry o o -
g e . mBanana, etc. Tandem dyes

Fluorescence Resonance Energy Transfer (FRET)
Z:' * Nucleic acid-binding dyes (e.g. DAPI, Propidium iodide, etc.) » %
CZJ »» ° Mitochondrial dyes (e.g. Mitotracker, JC-1, etc.) ' @M
5 UE'I  Calcium flux (e.g. Indo-1, etc.) nse o
% + Cell proliferation (e.g. CFSE, Ki-67, etc.) P PO
[T . Etc... Image Credit: Thermo Fisher Scientific
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FLUORESCENCE DETECTION IN FLOW CYTOMETRY

Avalanche Silicon

TYPES OF DETECTORS SROteH T BIEES photodiodes photomultipliers
(siPm)

* Electrons flow from dynode to dynode * Voltage output or signal
* Each dynode generates secondary emission of more electrons * The higher the voltage applied to each PMT, the more electrons
* Each dynode has a potential voltage more positive than the preceding dynode are generated -> The greater the amplification

Dynode Secondary-electron
Primary Photo-elects -
Photocathode : 5
® @ )

Voltage [1-2 i v

* Sensitive to light a2 ) i

* Generates photoelectrons
when hit with photons

s s

Detection

Modified from: https://www.thermofisher.com

FLUORESCENCE DETECTION IN FLOW CYTOMETRY

Photomultipliers Avalanche Silicon

TYPES OF DETECTORS (PMT) photodiodes photomultipliers
(APD) (sipm)
)
Peak quantum efficiency (1) % <40 <90 <40 (PDE)
Gain (p) 10%-108 <100 10°-10°8
(can increase up to 105/10° with
Geiger mode )
Spectral coverage (nm) 115-900 190-1200 320-900
00000 0 ¢ Quantum Dots
i Commercial Dyes
10
. i
£oo J", \\
Soif \
] \ Quantum efficiency, ratio of the number of photoelectrons released in a
So2 LIl A \ photoelectric process to the number of radiation quanta absorbed
0000 0 soo 1000 1200

Photon detection efficiency (PDE), expresses a fraction of the incoming

wavelength (nm)
photons contributing to the output signal.

In: Lawrence WG et al. Proc. of SPIE (2008)
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FLUORESCENCE DETECTION IN FLOW CYTOMETRY: VOLTAGE PULSE
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Image Credit: Thermo Fisher Scientific
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SPECTRAL OVERLAP
120 0 — —
X Pacific Blue FITC PE APC Alexa Fluor 700
100 ) "
[
E 60
3
3 40
H
i® N
0300 400 500
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SPECTRAL OVERLAP: CONVENTIONAL FLOW CYTOMETRY

DICHROIC MIRRORS & FILTERS

&
&
Sample fi &
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In: https://www.edmundoptics.co.uk

In: Teague et al, bioRxiv (2022)
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SPECTRAL OVERLAP: CONVENTIONAL FLOW CYTOMETRY

COMPENSATION
488 | Uncompensated
[ B | o
e GO z
2
I 'l
80 | @
l 1%
60+ |
B-585/42
404 m A
‘ B n 20% compensation 25% compensation 30% compensation
204 | 1A a Pos|
1] = T T
450 500 550 600 650 700
Wavelghgth (nm) 10
Spillover of FITC in PE detector ;E-

w0 e e
B-585/42

POS 1510 312 34.4 -241
NEG 122 77.6 68.4 58.7

In: https://expert.cheekyscientist.com
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SPECTRAL OVERLAP: SPECTRAL FLOW CYTOMETRY

APD Detectors

UV Detector Arra
— G:)
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APD, Avalanche photodiodes; Modified from: Bonilla et al. Front Mol Bio (2021) and https://www.thermofisher.com
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SPECTRAL OVERLAP: SPECTRAL FLOW CYTOMETRY

APD Detectors

UV Detector Arra

£5 f E5%

YG Detector Array

’ -
P Brilliant Violet 750
Red Detector Array wy

Spatially Separated Lasers

&G

Fiber Optl( Cables
Electronic Processing

.‘éa"a“a"f«*a"‘“'*“*‘fﬂﬁ“*‘904'@‘&@@#'-’*’0

-

How to tell the different spectra apart?

/

Flow Cell

Modified from: Bonilla et al. Front Mol Bio (2021) and https://www.thermofisher.com
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SPECTRAL OVERLAP: SPECTRAL FLOW CYTOMETRY

v/ SPECTRAL UNMIXING

Additive Properties of Fluorophore Spectra

8

o
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Figure 7
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In: https://zeiss-campus.magnet.fsu.edu
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Sample Spectra

Unstained . _AF 488

==

= Algorithm
=/ g

Flow Cytometry Data

=

Reference Spectra

_AF532

. PE . PETR

. PE-Cy5 PerCP-Cy55 PE-Cy7 . BV510 . BVS70 . BV711

M M= e e e

o

©2014 Sony Biotechnology Inc

v’ Possibility for new fluorochrome combinations

v' Selection of fluorochromes is not limited by instrument compatibility (i.e., available detectors and filters).
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

1. FLUOROCHROMIES & BIOLOGY

/ @g BCELLS

D19 CD20 (D27

038 D45 IgM
HIADR

—
P

5 NEUTROPHILS

€016 (D33
€45 CD64

N

PERIPHERAL BLOOD

€ BASOPHILS
o3 coss coss
CD192 FeeRl

HLADR

& TCEUS \

€3 D4 D5
8 D25 D27
D38 CD45 CDASRA
DS6 D127 CCRG.
HLADR

—
4 MONOCYTES

o

D4 D14 CDI6

CD32 (D36 (D33

€D45  CDE4 CDI00e
FeeRl HLA-DR

~—  /

® EOSINOPHILS

16 €033
D45 D64

(e e )
"® NKCELLS

D3 CDE (D16
D19 (D38 CD35
€DS6  HLA-DR
% myoc

DS CD14 CDI6
€033 €p4as Feehl

HLA-OR
% eoc

D16 CD36 CD4S
D303 FezRl

HLADR

———

™

ANTIGEN CLASSIFICATION

-

25 unique markers

.

Primary: ——————
Well characterized ! o4
. Dimmer fluorochromes can
Easily classified as positive or negative A be used
Typically define broad subsets or lineages 8
Examples: CD3, CD4, CD19 — — e

Secondary:

‘Well characterized

Typically expressed at a higher density }
Often expressed over a continuum
Examples: CD27, CD28, CD45SRA, CD45R0

Tertiary:

Expressed at low levels
Variable upon activation
Unknown

Critical

Examples: CD25, STATS, FoxP3

Selection depends on the
cell population of interest

Use bright fluorochromes

Adapted from: Mahnke YD et al. Clin Lab Med (2007)

myDC, myeloid dendritic cell; pDC, plasmacytoid dendritic cell
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

2. FLUOROCHROME SELECTION

v’ Uniqueness
BV421 BV510 BV650 BV711

: J
= e = = 0 “

CONVENTIONAL
FLOW CYTOMTERY

_ BV421 - BV510
Aoy R
> y =, = B
x . = B =
o E | -I e e T I T Wem ]
25 i I
g 5 BV650 BV711
w2 { 1
9 “ :}—— u— 1 —{_"'_ ==
e [,:? - = s 3«;—-_ = = = ==
1 ) ] L __%-F:-.-. j . I Lo 1 L
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

2. FLUOROCHROME SELECTION
v Uniqueness

v’ Fluorochrome brightness

Stain Index Ranking - 59 Dyes

3 LASER AURORA (Cytek)

Dim Mid o eight Ve BTEER

In: Cytek Fluorochrome selection guidelines

18
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

2. FLUOROCHROME SELECTION

v Uniqueness

Stain Index Ranking - 59 Dyes

v" Fluorochrome brightness

3 LASER

........||||||IIIII||||||||||||”“”“””HH HHH| -

]
A
P
o Mid o eigne VERSrAgRT :
im %\} 3 Qg
Stain Index Ranking - 65 Dyes A4
[ ] 5 LASER
Impact of

Yellow-green laser

Dim Mid

In: Cytek Fluorochrome selection guidelines
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

2. FLUOROCHROME SELECTION v’ Spread (spillover-spreading error) impact in resolution

v Uniqueness

. @ ) @
v Fluorochrome brightness w RO - w a«<c » 0
u-" 1 1 '33:
v’ Spread 2 7 | i % 1 OO
[~ 1 @
9 = ! ! 8
O & ! ! =3
A L ST, 3 c-é H 3 - O Q
8 s i et s L L T
§= Q'«n-m o 1 1w 10 2,460
% FLUOROCHROME A FLUOROCHROME A
B i C
R | g1 # Resolution of a marker
S ‘Q} i1 X conjugated with Fluor A
! A 1 R ol S s

DECREASES in presence of Fluor B

PerCP-Cy5.5 CD66D. PerCP-Cy5.5 CDB6D

In: https://voices.uchicago.edu

20
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

3. UNSPECIFIC FLUORESCENCE v' Reagent titration

v’ Optimization of the reagents

o

«Q
0
&
G
Lo

Lo T
DR
CCR7 BV785

3

“a

CD4 PE-AF 700

%

In: Jachimowicz et al, Agilent technical note

Optimal range
x 70 W, 60
Ll 60 N
8 . 5
E 2 | D mediane, - median,e %w \ncressed
(ZD 5 w b 215D :E 4 unspecific binding
E 20 . g 20 Not saturating
E 10
= 0 - T T T 1
w [ 10 10° 100 0.01 01 1 10
Fluorescence intensity Concentration
In: https://www.thermofisher.com Modified from: https://expert.cheekyscientist.com
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS
3. UNSPECIFIC FLUORESCENCE v' Non-specific polymer interactions
v’ Optimization of the reagents
: - myDC CD141+
! ! #
1 ! i myDC CD1c+
| < Sl
- 7 ¥ .
i g i -
2 % H
8l E 8l
frormo pre 7S B

CO16:BVI86-A
HLADRBVITA

| — b L
HLA-DR:BVT11-A CDF2L:BVE0S-A CD16:BV786-A

|

* Usage of polymer stain buffer in stainings with >2 polymer dyes

BD Horizon Brilliant™ Stain Buffer

22
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3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents

v Autofluorescence (350-550nm)

Glioblastoma immune infiltrates

Macrophages

Neutrophils

Microglia

Lymphocytes

CD11b:BV750-A

CD16:BVS70-A

CNS‘;;\PC-HT-‘; HLA-DR:Padific Blue-A

Responsible scientists: Effie Stavrakaki, Cristina Teodosio

FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

v’ Populations with different autofluorescence spectrum

WITHOUT
AUTOFL SUBTRACTION

€D192 BV60S

NEUTROPHILS MACROPHAGES MICROGLIA
7 -
3 " 8 g g
g g gl o g
g g g g g
g 8 8
CD15 BVS10 CD16 BVS70 D15 BVS10 €016 BVS70 CD15 BV510 CD16 BV570

23
FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS
3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents
v Autofluorescence (350-550nm) v' Populations with different autofluorescence spectrum
NEUTROPHILS MACROPHAGES MICROGLIA
Glioblastoma immune infiltrates z
- \ .G —
gg g s A
Macrophages . Eg @ .A b % W
Neutrophils sz ¥ i
Microglia i . 3
It e 5 z
$
E‘ Lvmuhuwle://‘ ﬁ' E i ' b i
= g = £ 5 g 81 @ gl AR
sl el Es ﬂ . B y I e I &
CDASAPCHTA HLA-DR:Pacfic Blue-A g &' g, 3 &, =
\ ) E = Y o v 9 T =
= 5
Responsible scientists_' Eﬁle Sfavrakﬂk['[ Cristina Teadosio CD15 BVS10 CD16 BVS70 CD15 BVS10 €D16 BVS70 CD15 BVS10 CD16 BVS70
24
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents

v’ Autofluorescence

v' Compensation/reference controls

v’ Criteria for good compensation/reference controls

1. Compensation control must be as bright as, or brighter, than the
experimental stain.

Spillover coefficient defined by bright
compensation control.

N

Fluorophore B
(log)

Spillover coefficient defined by dim compensation
control

Fluorophore A
(log)

In: https://expert.cheekyscientist.com
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents

v Autofluorescence

v' Compensation/reference controls

v’ Criteria for good compensation/reference controls

1. Compensation control must be as bright as, or brighter, than the
experimental stain.

2. Autofluorescence should be the same for the positive and

negative populations used for the compensation calculation in
each channel.

_ Bright celis/beads
" (in fworophore A)

Fluorophore B
S | |

Fluorophore B
S| - | —

Fluorophore A
(log) (log)

Fluorophore A

In: https://expert.cheekyscientist.com

26
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents
v" Autofluorescence

v' Compensation/reference controls

v’ Criteria for good compensation/reference controls

1. Compensation control must be as bright as, or brighter, than the
experimental stain.

¥
2. Autofluorescence should be the same for the positive and i Alexa Fluor 488
negative populations used for the compensation calculation in i
each channel. i
3
3. The fluorophore used must be the exact fluorophore used in
the experimental sample (same flurochrome, same lot if tandem, In: https://expert.cheekyscientist.com
same protocol
27
FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS
3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents
v" Autofluorescence
v' Compensation/reference controls
v’ Beads vs. cells
il
Single Stained ¢ g " N 3 Lo i . g
Compensation £ g 1 g g 1 g 1
Beads 8w 8 i . ? ;
: B‘:IV!QS “ " o B‘:J\MQG " e Bll.;\/737m h e B‘:IV?QS b e PE
10° 10° Y 10° g
| N SR
Single Stained £ 1 # B g % i 0 g
Cells “ j I i i’
m’; l
T W e T SRt
In: https://voices.uchicago.edu
28
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents
v" Autofluorescence

v' Compensation/reference controls

v’ Beads vs. cells

10000

08000

06000

04000

Normalized MFI

02000

000 e R s ams

— IgM BV570 (Cells) IgM BV570 (Beads)

Normalized MFI |

Vi YG1
1gM BV570 (Cells) | 01215 0.2051

IgM BV570 (Beads) 0.1092 0.2229

Single stained cells

cFluor YG584

]
o

T
oo

) w0 e
IgM BV570 IgM BV570

In: Park et al, Cytometry Part A (2020)
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

3. UNSPECIFIC FLUORESCENCE
v’ Optimization of the reagents

v Autofluorescence

v' Compensation/reference controls

[Can 1 do it with cells? ]

USE CELLS
(same reagent lot)

Is it a tandem?

USE BEADS USE A GENERIC
(same reagent lot) BRIGHT MARKER

30
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

v’ Gating controls

ISOTYPE CONTROL

| Unstaines . 1o 488 N
| cei coml | gor 1485
|

| i

1 f
R

i

| \

[ 1 \

{ { {

/ i \
k! 0 G ] gl

rifu

Background binding of a
specific antibody isotype

4. FLUORESCENCE & DATA ANALYSIS

FLUORESCENCE-MINUS-ONE

(FMO)

INTERNAL NEGATIVE CONTROL
(INC)

Unstained Cantrol

FMO Control

Fully Stained
CD4SRO

= CD45RO

CD45RA

CyS5PE

cba

(&7

Internal Negative CTL

Target Cells

FMO Bound

Unstained Boun

Effects of spectral overlap in the channel of interest

0w W ot b 0w W w0t
Activation Marker

Non-specific binding of the antibody

Images: https://expert.cheekyscientist.com & https://www.enzolifesciences.com
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FLUORESCENCE: PANEL DESIGN & DATA ANALYSIS

[Bone marrow mononuclear cells]

UMAP 2

o IEM Hematopoietic stem cells (HSC)
2 Other hematopoietic precursor cells (HPC)

3 Myeloblasts
4 Promyelocytes
150 Myelocytes
BBl Metamyelocytes
Band + segmented neutrophils

Neutrophil lineage

Bl Mast cells

1191 Basophil precursor cells
H0] Mature basophils

Basophils

11 pDC precursor cells
EE1 Mature pDC

8 coi141 mydC

14 CD1c* myDC

Dendritic cells

UMAP 1

28 COLOR PANEL FOR CHARACTERIZATION OF HUMAN BONE MARROW

15 Monoblasts CD34%/CD117*
16 Monoblasts CD34/CD117*
J@#@ Promonocytes CD14°
EE1 Promonocytes CD14°
Promonocytes CD14"

| 20 AV

20 ivo

EA ncvo

Monocytic lineage

23 Pro-erythroblast CD34* CD117* HLA-DR* CD105"
24 Pro-erythroblast CD34CD117* HLA-DR* CD105*
§25] Erythroblast CD34 CD117 HLA-DR CD105*
[EA Ervthroblast CD34°CD117-HLA-DR" CD105

Etythroid lineage

Responsible scientists: Cristina Teodosio, Kirsten Canté, Frank Staal
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ESCCA 2022 _Cristina Teodosio (USAL, Spain);
PARO5_Telling fluorescence apart

22/09/2022

CONCLUSION

EXPONENTIAL GROWTH OF THE FLOW CYTOMETRY FIELD

[ |
v" Improvement of the way flow v" Development of
cytometers detect fluorescence new fluorochromes

v’ Careful panel design and analysis strategies

v/ GOOD QUALITY DATA

Shapiro’s 7th Law:

No Data Analysis Technique Can Make
Good Data out of Bad Data
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