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Label-free Cell Differentiation
In Microfluidic Flow Cytometers
by Light Scattering and HF-Impedance Measurements

Joérg Neukammer
Cytometry and Particle Analysis

Disposable devices
— to support rapid diagnosis in medicine
— for process control in bioreactors

(]
Counting and Measuring since > 125 Years @PTB

Founded in 1887 as the Physikalisch-Technische Reichsanstalt (PTR)
on the basis of the ideas of Werner von Siemens and Hermann von
Helmholtz and on their joint initiative

Hermann von Helmholtz (1887):
"Zahlen und Messen erkenntnis-
theoretisch betrachtet"
"Epistemological considerations on
Counting and Measuring"
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The Physikalisch-Technische Bundesanstalt: ;
A Brief Presentation @PTB

Federal Ministry
About PTB @ | L%rdfgﬁs:lur:ic Affairs
PTB — Germany’s national metrology institute
is a higher federal institute providing
scientific and technical services

What are PTB's capabilities?

PTB measures with the highest
accuracy and reliability

— metrology as the core competence

For whom does PTB work?
Progress and reliability in metrology for the
benefit of society, trade and industry, and science

e.g. determination of fundamental and natural constants;
the realization, maintenance and dissemination of the legal units of the SI;
development of reference procedures & instruments; standardization; ...
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Metrology — The Science of Measurement

The Second:

* PTB uses atomic clocks of the
latest generation

+ Measurement uncertainty:
<10-1% (0.03 ps/year)

» Development of “optical clocks”
for the future
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Metrology — The Science of Measurement @PTB

The Kilogram:
* PTB keeps and uses the national copies of the kilogram prototype

* Avogadro - Project:
Redefinition of the kilogram on an atomic basis
— Reduction of uncertainty from 0.1 ppm to 0.01 ppm
— Redefinition of the kilogram using a 1kg ®Silicon sphere
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En
External Quality Assurance in Laboratory Medicine ‘_‘ PTB

» In vitro diagnostic medical devices (Directive 98/79/EC)

» Medical Devices Act, § 32 (3):

The Physikalisch-Technische Bundesanstalt is responsible for fostering and safequarding
metrology in medicine. In particular, the PTB is required

1. to provide expert opinion on medical measuring devices
and - if notified according to § 15 - to perform type approvals

2. to develop reference measuring techniques, reference instruments and test equipment, and
to validate such techniques and instrumentation on request

3. to consult the competent authorities and notified bodies on scientific matters.

> Guideline of the German federal medical association (RiLiBAK) on
Quality assurance of quantitative measurements in laboratory medicine

> Authorisation of medical scientific associations to carry out ring trials

@ RfB INSTAND e.V.

fur Bioanalytik
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Composition of Human Blood @PTB

Blood Complete Blood Count(CBC)
|
[ |
Plasma Cellular constituents
56 % 44 %
|
[ | | |
Blood serum Fibrenogen Erythrocytes Leukocytes Th("glmtbcl’cg’t;’s
N ) 5 atelets
| | 46-510°/pL||3.8-9.8 103/ uL 150 - 300 103 / L

Water ||Mineral nutrients || Proteins | I |

90 % 2% 10 % Granulocytes| |Monocytes| |Lymphocytes

60 % 4% 36 %

|
| | |
eosinophilic| [neutrophilic| |basophilic : @ B

'T& ’ %

]
{
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Cell counting in the ]
Working Group “Flow Cytometry and Microscopy” @PTB

Determination of reference values IVD-Directive 98/79/EC
for quality assurance of haematological MPG (2.8.1994 / 7.8.2013)
laboratories in Germany e

RiliBAK (2014)

Aim: Measurement of concentrations of
blood cells with the lowest possible
uncertainties

CBC: Complete Blood Count

Erythrocytes Haemoglobin
Thrombocytes Haematocrit
Leucocytes Contol blood
German g — |
Medical Scientific '%"
Associations: - =
o RfB Tole
on Broansiyiis =

t-'
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Blood Cell Counting by

Impedance Measurements and Laser Flow Cytometry

Impedance counting

Rear Sheath
Flow

O

Front Sheath Flow

Electrodes

Measuring Orifice
(diameter: 60 um
length: 60 pm)

Optical cell counting

Diluted Blood
Sample

I

U

Flow
Channel
(250 pm)
Sample 5}'
Stream L

|

EPB

<— Sheath Fluid (Water)

/

1

Laser Beams

>

O

Flow Cell
(Quartz)

P
% Orthogonal
~ Light Scatter,
Fluorescence
(90° £+ 26°)

Forward Light
Scatter (3°-17°)

oD

Simultaneous detection of erythrocytes (RBC),

leucocytes (WBC), and thrombocytes (Plt)

>
>
>

Interaction time 2 us
Analysis of typical 5000 cells / s
Fluorescence sensitivity ~ 500 fluorochromes
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Flow Cytometric

Differentiation of Blood Cells

FREUENCY OF CELLS

FREUENCY OF CELLS
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¥

FLS @ 413 nm

RBC: Red Blood Cells

PIt: Platelets

WBC: White Blood Cells

(lin. Scale)

G: Granulocytes
Ly: Lymphocytes
M: Monocytes

FLS: Forward Light Scatter
OLS: Orthogonal Light Scatter
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Differentiation of
RBC / WBC by Light Scatter @ PTB

0.12 T T
WHOLE BLOOD ' ' ' '
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V. Ost, J. Neukammer, H. Rinneberg, Cytometry 1998, 32, 191-197
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Label-free Blood Cell Differentiation @PTB
" - ] , 3
in Disposable Micro Flow Cytometers |
Point of care tests (POCT) —
— to initiate transfusion during surgery P WBC
— for emergency medicine §
o 30E
— combined with telemedicine for remote monitoring gl /,
(ships, airplanes) S Mer
. . . [ —o
— applicable in resource poor countries g
Present status: Relative volume (lin. scalg“)m
— DC-impedance requires lysis of RBC E 10 gy =
n
— light scattering @ 488nm does not allow to —_ 3 P J
identify WBC subpopulations z
2
— staining with antibodies is time consuming £ 10®
Q
2}
s 10°
Control of bioreactors 8
7] -4
_ . [ra 4] - T -
H, producing algae W% s ae? 4
Relative FSC intensity - 488 nm
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Durchnlusszytometer . Frastechnik @ PTB

Ultra-Prazisionsfrastechnik statt Lithographie
Kanalquerschnitt

- komplexe 3D (statt 2,5 - dimensionale) Strukturen 125 ym x 125 pm

- kiirzere Entwicklungszeiten
- kostenglinstigere Fertigung

- hdéhere Variabilitat, z.B. 45° Spiegel

- Geschwindigkeit ~ 3 m/s ) .
Verbindungen fir Elektroden

Abfall

Hullstrom

/
/ Laserstrahl \
N 1 mm Héhe
Graben flr
Lichtwellenleiter
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micro device model 10
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Development of POCT:
Hydrodynamic Focusing in Micro Fluidic Structures

microscopic fluorescence image:
sample = Rh6G dye, sheath = water, light source : Hg lamp

mirrors

ELECTRODE INTEGRATED HYDRODYNAMIC
CONNECTIONS OPTICS FOCUSING

125 pum x 125 um

%{  mirror sample
5 imaging fluid
L cascade focusing 5, ©
2 S
Y. 8 =]
7 25 =
(oY o
4 > \
sample - .
’1/06‘ " Fuoresconce [arbunis] horizontal ‘sheath fluid
N 00
0 w
A sheath £
2 sample
f“" flow rates:
8 2 ul/mi
3% direct 1&1 p{r/nnlqr}n
gua imaging sheath:
i 1385 pL/min
e 3 0 3 &
Position o
A. Kummrow et al., Lab Chip 2009, 9, 972-981
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Characterisation of Hydrodynamic ]
Focussing by Fluorescence Images @PTB

-70
Pressure of sheat fluid: pm
400 mbar - 60
Flow channel: 50
70 x 70 pun? 40 5
Sample injection: (30 &
o
50 x 150 pm? ” 3
Sample pressure: g
——215mbar —— 220 mbar -10 5
—— 240 mbar  —— 260 mbar )
T T T T T T O -.(7)
1200 1000 800 600 400 200 0 o
Fluorescence intensity (arbitrary units) E
.'E Mikro- und Feingerite E
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Comparison of FEM
Calculations and Experimental Observation

©
C
i)
N
o
>
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L 20 . [ 30
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axial light loss

Impedanznachweis von

Partikeln in Mikrostrukturen

1.0 4 -
s ] 'fggﬁ'rﬂ”f?zcg:r': Steigerung der Empfindlichkeit:
ki 0-8 1 Reduktion des Kanalquerschnittes
S 06+ auf 70um x 70um
o 4
S 044
8 J
o 0.2 4
£ ]

0.0 -

0 Ips ' 10(; us ' 200I us
time
Ergebnisse:

- Externe Pt-Elektroden im Anschlusskopf
- Reduktion des Kanalquerschnittes erfordert integrierte Kammfilter
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Velocity of Flow |
Derived from Pulse Width Measurements of ALL @PTB

Pulse width dependence 3 Parabolic
on sheath fluid pressure Velocity profile
ALL: Axial Light Loss

= U =2V

6 - 15-
\ m/s
) velocity derived from
§ _ P =300 mbar volumetric flow rate
4
- > 101
Y= P = 400 mbar = \—\
i) e}
- = o
T ol P =500 mbar S )
Z P = 800 mbar ] ~
velocity derived from
pulse width measurement
0-
T T T T T 1 0 T T T T
8 10 12 14 16 18 20 0 200 400 600 800
ps mbar
Time Pressure

= no parabolic velocity profile in structure #4,
= to small distance between sample injection and interaction region

"E Mikro- und Feingerite E
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Axial Light Loss Measurements:

Sensitivity & Pulse Height Variation

Mono-disperse polystyrene spheres

7

NCI-Frederick
Electron Microscopy

(Chip Version #4) @PTB

400 4 L, 2007 q 2um
(%) . =
= dparticle =2pum % particle d.. . =5 pm
g 300 1 o > 150 CV=20,1% particle
1) CV=221% v CV=6,4%
G G
< 200 5 100
2 2
€ S
S 1001 S5 501
Z =z
0 7 T e T T 0 -
0 100 200 300 400 500 0 100 200 300 400 500
ADC- ADC-
Axial light loss channel Axial light loss channel
dariicte = 2 M (633 nm) = not sufficient to detect platelets

(average diameter 2.3 um, but significantly smaller refractive index)
CV typically 25 — 30 % for microstructures, 6.4 % should be further reduced to 2% for 5 um particles

"t Mikro- und Feingerite E
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Performance of Micro Flow: Cytonieters:

EZP1B

Signal Stability: Determined by CV-Measurements

* Typical for 1D-focusing: CV 20%

* Routine laser flow cytometer: CV 2-3% Monodisperse calibration particles

» Microfabricated flow cytometer: CV<2% (fluorescence, peak 8)

1000 4
Spherotech Rainbow
800 4 Calibration particle
6 Peak 8
7 § 600

< T 5 "
< 4 PE :,E, 400 -
_5 . FITC i
_g 3l 200 - J
g l
> 9 0 . 1 e 1
rs) 8 0 50 100 150 200 250
"S‘ 2k — ~ / Fluorescence (linear)
‘©
5 CV limited by
@) . .
&) \ calibration

1 : NANN material used

4 5 6 7 8 9 10 11 12131415

Sample stream width (um)
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Development of POCT: ]
Hydrodynamic Focusing in Micro Fluidic Structures @PTB

step focussing)

* Single step focusing Patent US 2004 0043506
\ (one dimensional single

» Cascade focusing

Vv

 Spin-focusing

200 um 200 um
— —

J. Theisen et al., Patent DE102007017318B4 2007
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Development of POCT: Stability "
of Hydrodynamic Focusing in Micro Fluidic Structures @PTB

pm casade spin _ um
30 E horizontal . horizontal | 330
25 F i 10 Jo2s
.y C - e ® ]
E 20 :_ 48 pL/min : L __: 20
= °F < I
& - :_ " [ ] 24 pUmin \‘ _: 10
= 1 P L4 i i ;
= 5E, e° eee® » g5
2 : i ;
o 38 prom— | e 30
% E vertical vertical i ;
Rl I 425
) C '. .
£ 20F . | 3420
=] - ! ] .
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L . ]
10k . +® 310 of count rate by
sEe e - eevee®® 3. variation of flow
| . || —N— [ rate
0,1 1 10 100 0,1 1 10 100
pL / min

sample flow rate

M. Frankowski et al.; Sensors 2013, 13, 4674-4693

- 22 - 13. Workshop Kleine Volumenstréme in der Medizintechnik - Libeck, 16. September 2020




Microflow Cytometer

for the Determination of the Immune Status

Lysis of RBCs,
Differentiation of lymphocytes by antibody staining (CD: cluster of differentiation)

T-Helper-Cells (Ly-T,) , T-Suppressor-Cells (Ly-Ts) , B-Cells

MEPE p-FCM wre CoNnventional
. . 10°4 10°
gating (pre selection) of all ° w
. 3 M: CD14+ 3 M: CD14+
leukocyte subpopulations % . _ § : .
a V7 @ 10°4
o
MEFL g g
10°4 e 10'4 E
g Ly & " Irec B
§ S ]+ cell debris g RBC
9 1o:{* noise + cell debris
g 10*4 o 10 © 16t + noise
5 T T T T o X T T T
= 10 10° 10' MEFL 10° 10! 10 10°  MEFL 10°
= CD45-FITC fluorescence CD45-FITC fluorescence
‘,-_’ 10°4
= RBC _ were u-FCM weee CONventional
3 1t cell debris 104 104
O 1034+ noise 3 ¥ g Ly".T’hvl_i 4
T T s 5 . 3
10' 10° 10° mv 8 104 8 1014 E:
Orthogonal light scatter @ 488 nm £ %
=] =
W 10'5 < w 103 e
Monocytes (M), Granulocytes (G) 3 {otherwsc Ly T <4 JotherwBC = Ly-Tg
S ]+ cell debris S {+ cell debris
10?4 * noise 104+ noise
10° 10° 10  MEFL 10° 10° 10° 10° MEFL 10°
CD3-FITC fluorescence CD3-FITC fluorescence
. M. Frankowski et al., Cytometry Part A, 2011, 79, 613-624
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Mikrofluidische Zytometer: uFCM

HMFCM-SU8 Herstellung: Lithographie

Messbereich 7] Glassubstrat
|| SU8 Photoresist

PDMS
I Au galvanisiert

Proben- M Au gesputtert
strom . Cr/Au

Hiillstrom Messbereich

Hullstrom

Au-Elektrode

Au-Elektrode

Elektroden-Querschnitt: 30 x 20 x 40 pm?3

n micronif
MFCM-Glas Herstellung: Nasschemische Atzverfahren MICROFLUIDICS

Messbereich

[Glas
W TMMF
I Pt sputtered

@ micronit

Hullstrom
Pt-Elektrode

Proben-
strom

Elektroden-Querschnitt: 14 x 20 x 20 pm?3

V ~4 mal kleiner
als yFCM-SU8

Abfluss

Pt-Elektrode

M. Frankowski et al., Eng. Life Sci. 2015, 15, 286-296
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Cell Differentiation by Combined ]
Optical and AC— Impedance Measurements @PTB

light scatter / fluorescence DC - impedance AC - impedance
SSC, FL

laser beam FSC

Optical measurements Impedance
light scatter ~ — volume, shape, Direct Current — volume, shape
granularity,
refractive index

Alternating Current — volume, shape,
internal resistance,
membrane capacity

fluorescence — antibody binding capacity
DNA content
cell status, i.e.
viability, apoptosis
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Cell Differentiation by Combined @P‘I-B
Optical and AC— Impedance Measurements |
Impedance detection Optical detection
. Elektroden
Signal
Ausgang
Lock-In : Faser
: . - - Mlcro- |_
Signal . . skop E
Eingang e FITC |
Differential - )
Verstarker LWP 510 LWP 560 LWP610

Validation of cells by
immunofluorescence &
light scatter

Sheath-flow

Pt-electrode
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Cell Differentiation by Combined

Optical and AC— Impedance Measurements
Optical detection

Impedance detection

EZP1B

. Elektroden
Signal
Ausgang
Lock-In Faser
i Y. § SSC
v | I Micro- |_
Signal skop E
Eingang = . = Y—f L4 Laser FITC
[580/30]
Differential Il
Verstarker LWP 510 LWP 560 LWP610
SSC Validation of cells by
" immunofluorescence &
= A ,
2 o | light scatter
5 |
& «“\/»—/“’\\ /
4 \/ AC-impedance
B T S A S A
Zeit [us]
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Cell Differentiation by Combined

Optical and AC—

Impedance Measurements

EZP1B

Data acquisition for pulse Sensitivity of AC-

height analysis impedance measurements

CyFlow CUBE 8

flow cytometer Diameter | 2.16 | 320 | 489 | 632 | 813

+SD (um)| £0.03 | +0.13 +0.08| +0.11| +0.12
é PE CV (%) | 208%| 19.8%| 7.8% | 43% | 27%
0
3 FImC , Volume ,
8 ssC 10 10 10 fL
2 150 = : = S
3 — —
©
2 PIt RBC  WBC
S e(f) @3.2um @6.32 ym
@
= |Z|(f2) | Noise @216 pm @489 um \ ©8.13 ym
5 100
¢ op) o \ \ \ \
E o
N 50_
Low-noise
pre-amplifiers/
/analog filters
Differential
Analog signal outputs amplifier 0
10° 107 10" 10°

Multi-frequency
dual-phase
lock-in amplifier

Relative Re(Z,) at 2.3 MHz
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Frequency Dependence

of Impedance Signals of Blood Cells

Whole blood sample:
Thrombocytes (PIt), erythrocytes (RBC)

Lysis of RBC:
Granulocytes (G), monocytes (M),
lymphocytes (Ly)

600
mV
e RBC| __ 1000- T = Ly
—_ N e M
N = Plt N T A G
- 800+
N 400 IS EX I = _ H
5 20 3 600
L =t
£ 200-] } < 4004 ﬁ { H H“”J[H
v r > I
o lalll g, | =40 *
o ] 'm =n [} |
T ot L l. I BT B 0; | | i
10° 10’ Hz 10° 10° Hz 10°
Frequenz Frequenz
10 MHz
2.3 MHz
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Cell Differentiation in
Whole Blood

E o
= 10
[e0]
Y
—~ >10
Q z
Q ] -2
x £ 10
O
(/7]
S B
§- _g 10
©
< ©
c o 4
4 . .
.. > 10 3 - 0
85 10 10 10
Q - Relative |Z,| at 2.3 MHz
= 1
© O
w N
3 ﬁj 10kT Gvrec = 17%
oS gf 8k1 CVer =24%
ﬁ 2 RBC
= £ 2 6k]
0 o =
K _'E o
gy O 4
2k T
Noise PIt

0
10

-1
10
Relative |Z,| at 2.3 MHz

and Lysed Blood Samples

EZP1B

10

-
oI

10

Relative SSC intensity - 488 nm

-1
10

=

(7]

]

=

o 8

0 c

10 o

Relative |Z,] at 2.3 MHz 1S
O,
CViy = 14% g 3 o
L9
CVen=13% (14 35
CVm = 9% % 98
Gn n 2 <
- C o

n ©
40 >

Ly
Cell \
debris \\

0
10

Relative |Z,] at 2.3 MHz

- 30 -

13. Workshop Kleine Volumenstréme in der Medizintechnik - Libeck, 16. September 2020




Light Scatter and AC-Impedance Measurements

for Label-free Differentiation of Cells in Whole Blood

Relative SSC inlensity - 488 nm

o a)
10 FCM Gn
-1
10
10°
10° _
2 i Moise
-4 3
10 . . : 10 - — 10 e r
" 2 " -2 -1 0 -2 -1 0
100 w07 10" 10 10 10 10 10 10 10
Relative FSC intensity - 488 nm Relative |Z,| at 2.3 MHz Relative |Z5| at 10 MHz
Whole blood sample - Plt, RBC, Ly, M, G
Ratio of concentrations: Total number of events:
Cwec/ Crgec = 1/1000 500 000 cells
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AC-Impedance Measurements "
for Label-free Differentiation of Cells in Whole Blood @PTB

Im(Z,) / Re(Z)

29 | 2
10 - = et e - o
10° 10" 10° 107 10" 10°
Relative |Z4] at 2.3 MHz Relative |Z,| at 10 MHz
| Im Z (10.1MHz) | 5
Opacity = ~ Capacity per volume
| Re Z (2.3 MHz) | Relative |Z,| at 10 MHz

P. Simon, M. Frankowski, N. Bock, J. Neukammer, Lab Chip 2016, 16, 2326-2338
P. Simon, M. Frankowski, J. Neukammer, Patent application DE102015119027 2015, W02017076800 2016
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Detection of Malaria Parasites

In Red Blood Cells by AC-Impedance Measurements ?

{()#] Mikroskopaufnahme x20: Klinische Proben:

o gl

SYBR green - FITC

a‘ni@ 1. HEXY s R, | Hellfeld mit )
ol s oy Ve { 2% | DNA-Fluoreszenzfarbung CHARITE
@ ." : : : t
g 4 :\“.0 \* RBC UNIVERSITATSMEDIZIN BERLIN
P .
o~ Proben in Kultur:
| freie Parasiten
, Malaria positiv: , Malaria negativ: Label - frei:
10 10
m\Z/ freie Parasiten o m\2/ freie Parasiten g reie Parasiten
10 3 E f &
1 ~
1 5 S
10 1 g T
) =
ol. & z
10 ; & 2
= . § |
T T 0,001+ ———— .
N 10 10 g o ° 10 10 o mv 1 2005~ mV 400
rel. Impedanz |Z| bei 2.3 MHz rel. Impedanz |Z| bei 2.3 MHz rel. Impedanz |Z| bef 30 MHz
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