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System Design

Flow Cytometry ™
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The Problem, Translated
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The Solution: Multiplexing

D\ <

YVYVVYVVVYVY
VVVVVVVVY

L~ N

MUX DEMUX

m




The Solution: Multiplexing

Markers

Ch1 Ch2 Ch3 Cha Ch5 Ché Ch7 Ch8 Ch9 Ch 10 Ch 11 Ch 12 Ch 13 Ch 14 Ch 15
18532 86| 19043 1283 64.23|  166.89 1005 535 11.73 75.52 62.38 8208 21055 93.93 75.54. 66.4
18533 2326 1191 13271 13898 3858) 21031 13975 95.57|  217.73|  22981|  11056|  102.93 7181 98.13 15.72
18534 7334 22.29 5253 54.36 792 285 22825 13941 2028] 22018 17655  115.00|  184.93| 15334 995
18535 140.13 108.89 2153 44.52 186.83 193.4] 238.68 1525 76.48 96.63 161.62 162.8 99.64 211.18 10.85
18536 963 4907| 17531 13395 97.62| 10872  186.18|  20224| 13417  17552| 23882 24368 2065 37.77| 18593
18537 106.28 23.56 44.7 204.85 158.04 12.01 191.45 159.07 103.08 190.65 137.45 149.42 210.37 54.91 131
18538 1781 77.67)  10689|  12539|  150.93| 22878 23216  229.63| 20535 922|  24711) 24229 24922 3671 23066
18539 2094 53.21 8148 64.9|  180.87|  238.03] 3663 532| 17688 104 7184 20282 12586  193.56|  132.54
18540 141.07 135.71 65.47 109.22 73.92] 125.53 19.06 190.66 36.49 80.26 190.4] 149.39 166.79 8.83 113.7
18541 16256  20807|  12325| 12415 94.77| 17359 2829 15758 58.86| 7531 12.16 3371 10667 21228 16778
m 18542 39.34 77.36 19.93 54.33 230.5] 41.87| 174.9] 157.14 173.87 40.4 209.1 228.44| 127.65 115.59, 193.14
— 18543 20246 338 13.18 5262| 19779 11833 13345 219 19275 54.32] 1412 107.03 3242|  11405| 12049
QJ 18544] 4677| 19057 378 6831 19328 2167 20801 17041  17467| 22973 81.49| 2083 134.06 52.77| 103.4
18545 239.38 52.33 88.25 57.01 46.82] 26.88 162.58 221.57, 238.82 148.35, 92.25 109.12 21213 95.5. 226.62
U _1ssae|  13631) 15039 20355 47.64| 23363 2062| 11614  17638| 13564  173.36| 22339 52.84 3471) 20388 236.8|
18547 223.97 184.69 81.77| 197.47 160.53| 83.77| 131.27| 156.62| 29.2] 26.28] 171.91 195.78 244.27 54.53 79.61|
18548 20377|  168.09 8849| 10008 14933 2447 48.63 76.73 7408 13149 15787, 9188  183.33 4676 21323
18549| 10987 45| 17661 9068  115.89 83.08] 54 18622| 16544 21558  115.44] 2297 3817 78.31 207
18550 22,66 23.32] 120.92 231.34] 100.43| 249.33 248.39)| 222.58 17.34| 135.25 103.06 144.81 119.63 239.24 110.77
_18ss1) 84.88| 16452 18689 12495  247.12|  23653| 20349 20083 100.98 6354 11093  204.86) 87.16] 11699
18552 8139 23| 163.86) 1008 8.99| 71.35| 6035| 20529 20146 61.68| 59.98| 4174 14328 3412 83.41
18553 26.18 9688 24999 13562 14995 15931 17222 18002  179.49|  16129|  244.89|  171.44] 14.08 491 5246
18554 21017 49.46| 468 16928 625  177.84) 19401 12155 24896 10053 97.66| 2177 12.32 175 12961
18555 122.27] 88.45] 78.6} 79.75] 182.46| 200.65| 145.76| 136.94| 171.67| 10.75 223.22| 206.06| 13.29| 185.99] 215.93
18556 20027 94.92|  11047| 15566 839 5091 102.28 14.42| 16543 12334  101.69| 10236 11838 1318) 15233
18557 241.43 106.15
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Multiplexing

Things to be measured:

cells

presence (cancer/infection)
number (blood count)

type (RBC, T-lymph, ...)

state (live, dead, activated, ...)

proteins

presence
number (expression level)
type (signaling pathways)
state (conformation)

DNA / RNA

presence (infection)
number (viral load)
type (base sequence)
state (SNPs)

Ways to distinguish them:

wavelength(1)
wavelength (2)
space (1)
space (2)
frequency
mass
barcoding
time (1)

time (2)




Labeling: What, How, and With What

’ antibody
interrogation
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Application Framework: Flow Cytometry

light source

fluorescence
detectors

spectral
filters

¢ flowcell

side-scatter
detector

forward-
scatter
detector
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Cell-by-Single-Cell Interrogation
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Interrogation in Flow Cytometry

e label
excitation light

— e
antibody — 8 \
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Some Flow Cytometers
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Flow Cytometry Applications

* Immunophenotyping

* Drug discovery & development
 Stemcells

 Exosomes and microvesicles

* Cell cycle/proliferation assays

e Cell viability

* Routine blood counting (hematology analysis)
e CD4+ testing (HIV/AIDS monitoring)

* Oncology: leukemia / lymphoma / myeloma
* Microbiology

 Malaria testing

* Food/water quality monitoring
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Key App: Immunophenotyping
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Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: WAVELENGTH (1)
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Wavelength-Division Multiplexing
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WDM: Telecom

1525 1530 1535 1540 1545 1550 1555
Wavelength(nm) Feng et al.

Opt Express 19, 6125 (2011)
Open Access © 2011 OSA
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Intensity [%]

Fluorescence: Nature’s WDM

Green Fluorescent Protein (GFP)
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Intensity [%]

Fluorescence: Nature’s WDM
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One-Laser, Two-Color Assay

Excitation

Wavelength [nm]

600
© 2017 Kinetic River
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2-Color Multiplexing
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Crosstalk and Compensation

100

80

60

spectral

spillover / .
crosstalk » compensation

40

Intensity [%]

20

450 500 550 600 650 700

© 2017 Kinetic River

Wavelength [nm]




Fluorophore Cramming

Fluorescence, Transmission [%]
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Laser Focus World 78 (June 2017)
© 2017 PennWell




Current Limits of “WDM”

« 7-10 lasers
e 27-48 colors + FSC, SSC
* bulky instruments

* high complexity

* very expensive

* having 30 or 50 channels
doesn’t mean they are
mutually independent

© 2017
BD Biosciences

© 2016 Bio-Rad



Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: WAVELENGTH (2)
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“Dense” WDM: Spectral Flow Cytometry
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Spectral Data

fluorescence
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Spectral vs. Conventional Flow Cytometry

e Spectral benefits
— ability to unmix overlapping emissions
— smaller footprint

e Spectral drawbacks
— lower sensitivity

— optical complexity

— data complexity e

© 2017 Cytek



Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: SPACE (1)
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Multiple Laser Beams, Stacked
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Multiple Laser Beams, Stacked
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Banks of Detectors for Each Fiber
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Modern Version

© 2016 Beckman Coulter
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Laser/Dye Combination Example
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Stacked- vs. Single-Laser Flow Cytometry

» Stacked excitation benefits
— ability to probe many more fluors simultaneously
— very low optical crosstalk from different spots

e Stacked excitation drawbacks
— higher cost

— (somewhat) larger footprint
— higher complexity

— separate excitation spots don’t
prevent fluorescence crosstalk

© 2017 Beckman Coulter




Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: SPACE (2)

m



INg

tiplex

tial Mul

Imaging as Spa




VTIELY T e

o St Frohiteid

© 2011-17 Kinetic River

Imaging Flow Cytometry
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Imaging Flow Cytometer Layout

STANDARD COLLECTION SYSTEM OPTIONAL COLLECTION SYSTEM
Image Channels: 1-6 Image Channels: 7-12
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Imaging vs. Conventional Flow Cytometry

* Imaging benefits
— much greater information content
— ability to correlate interrogation modalities

* Imaging drawbacks
— lower speed (throughput)

— larger footprint

— higher complexity

— resolution not comparable to
fixed-sample microscopes

— throughput/resolution tradeoff

% © 2014 Milllipore
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Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: FREQUENCY
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Frequency-Division Multiplexing
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FDM in Flow Cytometry
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Diebold et al.
arXiv:1303:1156
© 2013 arXiv.org




FDM -2 Imaging

frequency

46
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FDM vs. WDM

* FDM benefits
— provides imaging information
— lower cost
— smaller footprint

* FDM drawbacks
— higher complexity

— sensitivity/resolution tradeoff

— need WDM to probe
multiple fluorophores

FDM vs. Imaging

 FDM benefits
— higher throughput
— lower cost
— smaller footprint

e FDM drawbacks

— not proven commercially yet
— need fast electronics / AOD
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MULTIPLEXING: MASS
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Mass Cytometry: Isotope Labeling
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DVS Sciences/Fluidigm: CyTOF
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Mass vs. Fluorescence Cytometry

 Mass cytometry benefits

— much higher multiplexing
(distinguishable probes)

* Mass cytometry drawbacks
— cells are destroyed (no sorting)
— higher capital costs
— higher operating costs (reagents)
— larger footprint / bulky
— higher complexity
— poorer sensitivity
— lower throughput
— different workflow

© 2016 Fluidigm
—_——
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Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: BARCODING
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Fluorescence Barcoding
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Barcoding vs. Conventional Labels

e Barcoding benefits
— very high (500+) multiplexing
— robust, low crosstalk

* Barcoding drawbacks
— probes molecular analytes only

— needs proprietary microspheres
as labels

© 2017 Luminex




Making Every Drop Count in Biomedical Analysis

MULTIPLEXING: TIME (1)

m



Time-Division Multiplexing
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TDM in Flow Cytometry

Band Pass

~ Filters

. 661 nm

785 nm

692 nm
Side Scatter
'//
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Forward Scatter
BLUE LASER (488 nm)

Multiwell Plate
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TDM vs. WDM in Flow Cytometry

 TDM benefits
— shared detectors
— lower cost
— smaller footprint

e TDM drawbacks
— sensitivity/throughput tradeoff

— can’t tailor spectral selection
on shared channels

© 2017 ACEA
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MULTIPLEXING: TIME (2)
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Kinetic River: Fluorescence Lifetime
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Measuring Lifetime in FL Decays




Lifetime Multiplexing

Lifetime bins ¢

uses FL lifetime

multiple fluors captured
by each detector

2X — 3x more channels
for the same BoM

reduced compensation

potentially: 30+ colors with
3-4 lasers, 10-15 detectors

under development
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Complete Spectral Overlap...
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... Resolved with Lifetime
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Resolution of Simultaneous Decays
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Fluorescence Intensity [Nat. Log.]

decay of two fluors with
overlapping blue emission |
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Dynamic Range: Titration Series

N

increasing fluor #!

Y.
s
7/

g
7

g g
A
/
//

& &= W
8 8 B
e

—h

c

®

—

=

=

s

.1(/; Pl
W3,

"'r.v‘

(

ar
';; i |
Lol £ 1y

Normalized Supercurve Signal [In(v)]

-5.00

‘5-” — 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
-1000 -500 0.0 500 1000 1500 2000 2500 3000 3500 40.00 4500 5000 5500 6000 6500 70.00 7500 80
Time [ns]

© 2017 Kinetic River




Program Status

NIH SBIR Phase | received and nearly done
2x2 MUX proof-of-concept / feasibility

4 patents awarded in this and related areas
In discussions with strategic partners
Moving to next stage of commercialization

%
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Lifetime vs. WDM in Flow Cytometry

* Lifetime benefits
— reduced/eliminated spectral spillover
— wider collection bands
— fewer lasers
— fewer detectors
— smaller footprint

e Lifetime drawbacks

— faster electronics

— sensitivity/throughput
tradeoff

% © 2015 Kinetic River
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Making Every Drop Count in Biomedical Analysis

CONCLUSION
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5 PHOTONICS
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November 2016 issue
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advances in flow cytometry”
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www.KineticRiver.com

* Custom Flow Cytometry Expertise
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Training Seminars: Flow Cytometry

1. Flow Cytometry 101: Overview
1. Principles
2. Architectures

3. Components

2. Flow Cytometry Market

1. Trends

© 2017 Kinetic River

2. Market drivers

3. New entrants

3. Flow Cytometry 201: Deep Dive 4. Related Technologies
1. Cutting-edge design tools 1. Other Biophotonics Technologies
2. Disruptive innovation 2. Microfluidics

3. Selected Non-Optical Biotechnologies




Danube Potomac Arno
Fluorescence Lifetime Modular Flow Cytometer Hypermultiplexing
Flow Cytometer Flow Cytometer

.....

...................................

Platform
Architecture

© 2017 Kinetic River
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Development Partners

BeamWise®
Automating Optical System Design

* BeamW.ise

— optomechanical
design software

* Dolomite Microfluidics
— chips, pumps, interfaces
e Excelitas Technologies

dolomite

— lasers, optics, detectors,
optomechanicals EXNCELITAS
 National Instruments bl

— DAQHW
— LabVIEW platform

* Magnet Automation

— LabVIEW developers LabVIEW.
— control SW

7 NATIONAL
— GUI < mnggED‘INSTRUMENTS“
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Resources

Web sites

Invitrogen FC tutorials
Purdue University’s PPTs
Wikipedia

References

Practical Flow Cytometry, H.M. Shapiro (4t ed.):
“encyclopedia” of FC

online at www.practicalflowcytometry.com

Flow Cytometry: An introduction, M.G. Ormerod
online at www.flowboook.denovosoftware.com

Further questions

GVacca@KineticRiver.com
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