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Key	Exper1se	

Flow	Cytometry	
Systems	

System	Design	

Microfluidics	 Prototyping	

Op1cs	
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The	Problem	
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The	Problem,	Translated	
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The	Solu1on:	Mul1plexing	
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CC0 1.0 

The	Solu1on:	Mul1plexing	
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MUX	
Ce

lls
	

Bruce Wetzel, Harry Schaefer, NCI 
Public domain 

Ch	1 Ch	2 Ch	3 Ch	4 Ch	5 Ch	6 Ch	7 Ch	8 Ch	9 Ch	10 Ch	11 Ch	12 Ch	13 Ch	14 Ch	15

18532 86 190.43 128.3 64.23 166.89 10.05 5.35 11.73 75.52 62.38 82.08 210.55 93.93 75.54 66.4
18533 23.26 11.91 132.71 138.98 38.58 210.31 139.75 95.57 217.73 229.81 110.56 102.93 71.81 98.13 15.72
18534 73.34 22.29 52.53 54.36 79.2 2.85 228.25 139.41 20.28 220.18 176.55 115.09 184.93 153.34 99.5
18535 140.13 108.89 215.3 44.52 186.83 193.4 238.68 152.5 76.48 96.63 161.62 162.8 99.64 211.18 10.85
18536 9.63 49.07 175.31 133.95 97.62 108.72 186.18 202.24 134.17 175.52 238.82 243.68 20.65 37.77 185.93
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 178.1 77.67 106.89 125.39 159.93 228.78 232.16 229.63 205.35 92.2 247.11 242.29 249.22 36.71 230.66
18539 20.94 53.21 81.48 64.9 180.87 238.03 36.63 53.2 176.88 10.4 71.84 202.82 125.86 193.56 132.54
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 162.56 208.07 123.25 124.15 94.77 173.59 28.29 157.58 58.86 75.31 12.16 33.71 106.67 212.28 167.78
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 202.46 3.38 13.18 52.62 197.79 118.33 133.45 22.19 192.75 54.32 141.2 107.03 32.42 114.05 120.49
18544 46.77 190.57 37.8 68.31 193.28 216.7 248.01 170.41 174.67 229.73 81.49 208.3 134.06 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 92.25 109.12 212.13 95.5 226.62
18546 136.31 150.39 203.55 47.64 233.63 29.62 116.14 176.38 135.64 173.36 223.39 52.84 34.71 203.88 236.8
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 203.77 168.09 88.49 100.08 149.33 24.47 48.63 76.73 74.08 131.49 157.87 91.88 183.33 46.76 213.23
18549 109.87 14.5 176.61 90.68 115.89 83.08 54 186.22 165.44 215.58 115.44 229.7 38.17 78.31 29.7
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
18551 84.88 164.52 186.89 124.95 247.12 236.53 203.49 200.83 152.92 100.98 63.54 110.93 204.86 87.16 116.99
18552 81.39 2.3 163.86 100.8 8.99 77.35 60.35 205.29 201.46 61.68 59.98 41.74 143.28 34.12 83.41
18553 26.18 96.88 249.99 135.62 149.95 159.31 172.22 180.02 179.49 161.29 244.89 171.44 14.08 49.1 52.46
18554 210.17 49.46 46.8 169.28 62.5 177.84 194.01 121.55 248.96 100.53 97.66 217.7 12.32 1.75 129.61
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 209.27 94.92 110.47 155.66 8.39 50.91 102.28 14.42 165.43 123.34 101.69 102.36 118.38 131.8 152.33
18557 62.53 241.43 23.4 186.33 106.15 205.43 56.89 247.02 47.46 108.21 243.39 117.27 245.89 220.75 50.49

Markers	

© 2017 Kinetic River 
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Example:	Mul1photon	Microscopy	
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Mul1plexing	

9 

Things	to	be	measured:	
•  cells		

–  presence	(cancer/infec1on)	
–  number	(blood	count)	
–  type	(RBC,	T-lymph,	…)	
–  state	(live,	dead,	ac1vated,	…)	

•  proteins	
–  presence		
–  number	(expression	level)	
–  type	(signaling	pathways)	
–  state	(conforma1on)	

•  DNA	/	RNA	
–  presence	(infec1on)	
–  number	(viral	load)	
–  type	(base	sequence)	
–  state	(SNPs)	

…	

	

Ways	to	dis1nguish	them:	
•  wavelength(1)	
•  wavelength	(2)	
•  space	(1)	
•  space	(2)	
•  frequency	
•  mass	
•  barcoding	
•  1me	(1)	
•  1me	(2)	
	



G. Vacca – IEEE-CNSV Seminar 12/12/2017 © 2011-17 Kinetic River 10 

Labeling:	What,	How,	and	With	What	

an1gens	

an1body	

label	

interroga1on	

NCI-Frederick 
Public domain 

cell	

light	
source	

© 2017 Kinetic River 
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Applica1on	Framework:	Flow	Cytometry	

light	source	

flowcell	

forward-	
sca_er	
detector	

fluorescence	
detectors	

side-sca_er	
detector	

spectral	
filters	

© 2016 Kinetic River 
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Cell-by-Single-Cell	Interroga1on	

12 

G. Vacca / Laser Focus World 78 (June 2017) 
© 2017 PennWell 

sheath	
cells	

excita1on	
light	

flowcell	

fluorescence	

© 2017 Kinetic River 
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Interroga1on	in	Flow	Cytometry	

excita1on	light	

cell	

fluorescence	

13 

an1body	

label	

cell	
© 2017 Kinetic River 
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Some	Flow	Cytometers	

© 2017 Beckman Coulter 

14 

© 2017 Bio-Rad © 2017 ThermoFisher © 2017 Miltenyi Biotec 

© 2016 BD 



G. Vacca – IEEE-CNSV Seminar 12/12/2017 © 2011-17 Kinetic River 

Flow	Cytometry	Applica1ons	
•  Immunophenotyping	
•  Drug	discovery	&	development	
•  Stem	cells	
•  Exosomes	and	microvesicles	
•  Cell	cycle/prolifera1on	assays	
•  Cell	viability		
•  Rou1ne	blood	coun1ng	(hematology	analysis)	
•  CD4+	tes1ng	(HIV/AIDS	monitoring)	
•  Oncology:	leukemia	/	lymphoma	/	myeloma	
•  Microbiology	
•  Malaria	tes1ng	
•  Food/water	quality	monitoring	

15 
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Key	App:	Immunophenotyping	
•  study	of	immune	system	
•  huge	variety	of	cell	types	
•  driver:	simult.	analysis		

of	30	–	100	parameters	
•  challenges:		

FL	spillover,	
compensa1on,		
complexity,	cost	

•  new	incumbent:	
mass	cytometry	

16 

CC BY-SA 4.0 
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MULTIPLEXING:	WAVELENGTH	(1)	
Making	Every	Drop	Count	in	Biomedical	Analysis	

17 
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Wavelength-Division	Mul1plexing	

18 

CC BY-SA 3.0 
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WDM:	Telecom	

19 

CC BY-SA 3.0 
Christophe Finot 

CC BY-SA 3.0 
Dr. Schorsch 

Feng et al. 
Opt Express 19, 6125 (2011) 

Open Access © 2011 OSA 
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Fluorescence:	Nature’s	WDM	

20 

Raymond Keller / Crystal Protein 
Public domain 

2.4	nm	

4.2	
nm	

Aequorea victoria 

absorp1on	

emission	

Magic5227 / en.wikipedia 
Public domain 

Wavelength	[nm]	

In
te
ns
ity

	[%
]	

Green	Fluorescent	Protein	(GFP)	

© 2017 Kinetic River 
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Fluorescence:	Nature’s	WDM	

21 

absorp1on	

emission	

laser	
excita1on	

fluorescence	
collec1on	

Wavelength	[nm]	

In
te
ns
ity

	[%
]	

GFP	
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One-Laser,	Two-Color	Assay	

22 

Excita1on	

Phycoerythrin	
(PE)	

Alexa	Fluor	488	
(AF488)	

Emission	

PE	

AF488	

Wavelength	[nm]	

In
te
ns
ity

	[%
]	

Wavelength	[nm]	 © 2017 Kinetic River 
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2-Color	Mul1plexing	

23 

gr
ee
n	
flu

or
es
ce
nc
e	

red	fluorescence	
CC BY-SA 4.0 

CharlotteHayden 
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Crosstalk	and	Compensa1on	

compensa1on	

24 

spectral	
spillover	/	
crosstalk	

PE	

AF488	

In
te
ns
ity

	[%
]	

Wavelength	[nm]	© 2017 Kinetic River 
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Fluorophore	Cramming	

25 

G. Vacca 
Laser Focus World 78 (June 2017) 

© 2017 PennWell 
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Current	Limits	of	“WDM”	
•  7–10	lasers	
•  27–48	colors	+	FSC,	SSC	
•  bulky	instruments	
•  high	complexity	
•  very	expensive	
•  having	30	or	50	channels		

doesn’t	mean	they	are		
mutually	independent	

26 
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MULTIPLEXING:	WAVELENGTH	(2)	
Making	Every	Drop	Count	in	Biomedical	Analysis	

27 
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“Dense”	WDM:	Spectral	Flow	Cytometry	

28 

CC BY-SA 4.0 
Futamura et al. 
Cytometry A 87A, 830 (2015) 
Open Access © 2015 The Authors 
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Spectral	Data	

29 

CC BY-SA 4.0 
Futamura et al. 

Cytometry A 87A, 830 (2015) 
Open Access © 2015 The Authors 
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PMT	Channel	PMT	Channel	

cell	



G. Vacca – IEEE-CNSV Seminar 12/12/2017 © 2011-17 Kinetic River 

Spectral	vs.	Conven1onal	Flow	Cytometry	

30 

•  Spectral	benefits	
–  ability	to	unmix	overlapping	emissions	
–  smaller	footprint	

•  Spectral	drawbacks	
–  lower	sensi1vity	
–  op1cal	complexity	
–  data	complexity	 © 2014 SONY 

© 2017 Cytek 
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MULTIPLEXING:	SPACE	(1)	
Making	Every	Drop	Count	in	Biomedical	Analysis	

31 
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Mul1ple	Laser	Beams,	Stacked	

32 

green	
laser	

blue	
laser	

violet	
laser	

pinholes	

flowcell	

op1cal	
fibers	

collec1on	
lens	

© 2017 Kinetic River 
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Mul1ple	Laser	Beams,	Stacked	

33 

CC BY-SA 3.0/ 
彭家杰 

© 2017 Kinetic River © 2017 Kinetic River 
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Banks	of	Detectors	for	Each	Fiber	

34 

op1cal	
fiber	

© 2017 Kinetic River 
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Modern	Version	

35 

op1cal	
fibers	

© 2016 Beckman Coulter 

© 2016 Beckman Coulter 
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Laser/Dye	Combina1on	Example	

© 2010 iCyt Mission Technology 
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Stacked-	vs.	Single-Laser	Flow	Cytometry	

37 

•  Stacked	excita1on	benefits	
–  ability	to	probe	many	more	fluors	simultaneously	
–  very	low	op1cal	crosstalk	from	different	spots	

•  Stacked	excita1on	drawbacks	
–  higher	cost	
–  (somewhat)	larger	footprint	
–  higher	complexity	
–  separate	excita1on	spots	don’t	

prevent	fluorescence	crosstalk	

© 2017 Beckman Coulter 
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MULTIPLEXING:	SPACE	(2)	
Making	Every	Drop	Count	in	Biomedical	Analysis	

38 
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Imaging	as	Spa1al	Mul1plexing	

CC BY-SA 3.0 
Nephron 
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Imaging	Flow	Cytometry	

© 2006 Amnis 

© 2009 Amnis 
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Imaging	Flow	Cytometer	Layout	
	

© 2009 Amnis 
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Imaging	vs.	Conven1onal	Flow	Cytometry	

42 

•  Imaging	benefits	
–  much	greater	informa1on	content	
–  ability	to	correlate	interroga1on	modali1es	

•  Imaging	drawbacks	
–  lower	speed	(throughput)	
–  larger	footprint	
–  higher	complexity	
–  resolu1on	not	comparable	to	

fixed-sample	microscopes	
–  throughput/resolu1on	tradeoff	

© 2014 Milllipore 
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MULTIPLEXING:	FREQUENCY	
Making	Every	Drop	Count	in	Biomedical	Analysis	

43 
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Frequency-Division	Mul1plexing	

44 
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FDM	in	Flow	Cytometry	

45 

Diebold et al. 
arXiv:1303:1156 
© 2013 arXiv.org 
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FDM	à	Imaging		
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Diebold et al. 
arXiv:1303:1156 
© 2013 arXiv.org 
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FDM	vs.	WDM	

47 

•  FDM	benefits	
–  provides	imaging	informa1on	
–  lower	cost	
–  smaller	footprint	

•  FDM	drawbacks	
–  higher	complexity	
–  sensi1vity/resolu1on	tradeoff	
–  need	WDM	to	probe		

mul1ple	fluorophores	

FDM	vs.	Imaging	
•  FDM	benefits	

–  higher	throughput	
–  lower	cost	
–  smaller	footprint	

•  FDM	drawbacks	
–  not	proven	commercially	yet	
–  need	fast	electronics	/	AOD	
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MULTIPLEXING:	MASS	
Making	Every	Drop	Count	in	Biomedical	Analysis	

48 
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Mass	Cytometry:	Isotope	Labeling	

49 

an1body	

© 2011 DVS Sciences 
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DVS	Sciences/Fluidigm:	CyTOF	

50 

Bendall et al. 
Trends Immunol. 33, 323 (2012) 

PubMed Central Free Text 
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Mass	vs.	Fluorescence	Cytometry	

51 

•  Mass	cytometry	benefits	
–  much	higher	mul1plexing		

(dis1nguishable	probes)	

•  Mass	cytometry	drawbacks	
–  cells	are	destroyed	(no	sor1ng)	
–  higher	capital	costs	
–  higher	opera1ng	costs	(reagents)	
–  larger	footprint	/	bulky	
–  higher	complexity	
–  poorer	sensi1vity	
–  lower	throughput	
–  different	workflow	

© 2016 Fluidigm 
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MULTIPLEXING:	BARCODING	
Making	Every	Drop	Count	in	Biomedical	Analysis	

52 
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Fluorescence	Barcoding	

53 

© 2016 Luminex 
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Barcoding	vs.	Conven1onal	Labels	

54 

© 2017 Luminex 

•  Barcoding	benefits	
–  very	high	(500+)	mul1plexing		
–  robust,	low	crosstalk		

•  Barcoding	drawbacks	
–  probes	molecular	analytes	only	
–  needs	proprietary	microspheres		

as	labels	
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MULTIPLEXING:	TIME	(1)	
Making	Every	Drop	Count	in	Biomedical	Analysis	

55 
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Time-Division	Mul1plexing	

56 

MUX	 DEMUX	 © 2017 Kinetic River 
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	TDM	in	Flow	Cytometry	

© 2015 Merck KGaA 

57 
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TDM	vs.	WDM	in	Flow	Cytometry	

58 

•  TDM	benefits	
–  shared	detectors	
–  lower	cost	
–  smaller	footprint	

•  TDM	drawbacks	
–  sensi1vity/throughput	tradeoff	
–  can’t	tailor	spectral	selec1on		

on	shared	channels	

© 2017 ACEA 
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MULTIPLEXING:	TIME	(2)	
Making	Every	Drop	Count	in	Biomedical	Analysis	

59 
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Kine1c	River:	Fluorescence	Life1me	

60 

© 2017 Kinetic River 
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Measuring	Life1me	in	FL	Decays	

61 

ethidium	bromide	

pulse	train	

Pacific	Blue	

© 2017 Kinetic River 
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Life1me	Mul1plexing	

62 

λ

Intensity	

Wavelength	

λFL1 FL2 FL3 

τ3 

τ2 

τ1 

7 

4 

1 

8 

5 

2 

9 

6 

3 

Life1me	bins	•  uses	FL	life1me	
•  mul1ple	fluors	captured	

by	each	detector	
•  2x	–	3x	more	channels	

for	the	same	BoM	
•  reduced	compensa1on	
•  poten1ally:	30+	colors	with	

3-4	lasers,	10-15	detectors	
•  under	development	

© 2017 Kinetic River 
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Complete	Spectral	Overlap…	

63 

© 2017 Kinetic River 
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…	Resolved	with	Life1me	

64 

© 2017 Kinetic River 
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Resolu1on	of	Simultaneous	Decays	

65 

© 2017 Kinetic River 
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decay	of	two	fluors	with	
overlapping	blue	emission	

© 2017 Kinetic River 
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increasing	fluor	#2	

increasing	
fluor	#1	

Dynamic	Range:	Titra1on	Series	
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Program	Status	
•  NIH	SBIR	Phase	I	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	commercializa1on	

68 



G. Vacca – IEEE-CNSV Seminar 12/12/2017 © 2011-17 Kinetic River 

Life1me	vs.	WDM	in	Flow	Cytometry	

69 

•  Life1me	benefits	
–  reduced/eliminated	spectral	spillover	
–  wider	collec1on	bands	
–  fewer	lasers	
–  fewer	detectors	
–  smaller	footprint	

•  Life1me	drawbacks	
–  faster	electronics	
–  sensi1vity/throughput		

tradeoff	
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CONCLUSION	
Making	Every	Drop	Count	in	Biomedical	Analysis	
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Recent	Ar1cles	

November	2016	issue	 June	2017	issue	May	2017	issue	

“In vitro diagnostics, 
immunology spurring 

advances in flow cytometry” 

“Software environment 
creates coherent workflow 
for optical system design” 

“Flow cytometry pushes the 
envelope of applications 

possibilities” 
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www.Kine1cRiver.com	
•  Custom	Flow	Cytometry	

Instrumenta1on	

•  Biophotonics	Consul1ng,	
Design	Reviews	

•  Flow	Cytometry	
Training	Seminars	

•  Applica1ons:	
–  Flow	cytometry	
–  Life	science	research	
–  Biomedical	research	
–  Hematology	

72 

•  Expert	Witnessing,		
Due	Diligence,		
Tech	/	IP	Assessments	
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					Par1al	Client	List	
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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	

2.  Market	drivers	

3.  New	entrants	

3.   Flow	Cytometry	201:	Deep	Dive	
1.  Cusng-edge	design	tools	

2.  Disrup1ve	innova1on	

4.   Related	Technologies	
1.  Other	Biophotonics	Technologies	

2.  Microfluidics	

3.  Selected	Non-Op1cal	Biotechnologies	
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Platorm	
Architecture	

BeamWise	

Danube	
Fluorescence	Life1me		

Flow	Cytometer	

Potomac	
Modular	Flow	Cytometer	
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System	Design	

Arno	
Hypermul1plexing	
Flow	Cytometer	
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Development	Partners	
•  BeamWise	

–  optomechanical		
design	souware	

•  Dolomite	Microfluidics	
–  chips,	pumps,	interfaces	

•  Excelitas	Technologies	
–  lasers,	op1cs,	detectors,	

optomechanicals	
•  Na1onal	Instruments	

–  DAQ	HW	
–  LabVIEW	platorm	

•  Magnet	Automa1on	
–  LabVIEW	developers	
–  control	SW	
–  GUI	
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Resources	
•  Web	sites	

–  Invitrogen	FC	tutorials	
–  Purdue	University’s	PPTs	
–  Wikipedia	

•  References	
–  Prac4cal	Flow	Cytometry,	H.M.	Shapiro	(4th	ed.):	

“encyclopedia”	of	FC	
–  online	at	www.prac1calflowcytometry.com		
–  Flow	Cytometry:	An	introduc4on,	M.G.	Ormerod	
–  online	at	www.flowboook.denovosouware.com		

•  Further	ques1ons	
–  GVacca@Kine1cRiver.com	
–  www.Kine1cRiver.com	
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