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Functional analysis of a (Bio-)catalyst

Microbial Biocatalyst

Biocatalytic Reaction

Metabolism  Cofactor Regeneration Linked

Cellffee  |ngependent  Linked to Metabolism  Carbon
Dependency on Functionalities of a Microbial Biocatalyst >
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Functional analysis of a (Bio-)catalyst

Microbial Biocatalyst

Biocatalytic Reaction

Metabolism  Cofactor Regeneration

Cellfree | jependent  Linked to Metabolism
Dependency on Functionalities of a Microbial Biocatalyst
Enzymes Whole cells
Explicit Mechanistic Analysis Implicit Black-Box Analysis at Population Level
(e.g. X-Ray Christallography) (e.g. Kinetics, Half-Life)
= Sequence * Bulk Measurements
» Conformation
+ Metabolic States
* Active Site — Location, Lack of data about individual cellular activity and
Reaction Mechanism functionality — need for single cell analysis
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Structure of a microbial population

Text book biology — an isogenic population
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Structure of a microbial population

Reality — an isogenic population BUT different phenotypes -
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Why single cell analysis?
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Why single cell analysis?
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Size comparison of biological targets and microfluidics

Cell tissue M liancell S. ¢ E. coli Nucleus T4 Phage Protein DMNA
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Microchip | Channels and other features | Membranes Surfaces
Current Opinon in Biotechnology
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Schmid et al. , Curr. Opin. Biotechnol. (2010)

technische universitat
dortmund




Size comparison of biological targets and microfluidics 38

and other feat:

Focus of this talk
Schmid et al. , Curr. Opin. Biotechnol. (2010)
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Concepts for single cell analysis

Chemical (invasive) single cell analysis

Non time-resolved
Release of Quenching,
Cell bysis cellular Interior  Sample processing
chemical mechanical
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‘Single cell analysis — a multidimensional system

Phenotype

Phenotype = f (x, t)

On-chip single cell lysis and quantification of insoluble actin

Individual cell [x]

Single cell
g
i
Chemical § om
lysis H

= w

Irimia et al. , Anal Cher-n, (2004) 1o s cont i

.
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Chemical single cell analysis -a
physiological snapshot

[ Biological activity |

v

t, Time [t]
High information content,
but dynamic processes of
individual cells cannot be
resolved!

DEAD
END
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Concepts for single cell analysis

Chemical (invasive) single cell analysis
Non time-resolved

Release of Quenching,
Cell bysts cellular Interior  Sample processing
chemical mechanical -
oy — N\
'—) Protein
cell -
( & e
B+
thermal electric Pl
Physiological Metabaltes
snapshot

.
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Biological (non-invasive) single cell analysis
Non time-resolved

Martinés et o, 2011

Flow cytomter
(FACS)

+ high throughput, versatile
- snapshot analysis, no spatio-temporal
resolution
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Single cell ana|y5|s —a multidimensional system
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expression profiles in e 4 Time [t] t
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Concepts for single cell analysis

Chemical (invasive) single cell analysis Biological (non-invasive) single cell analysis
Non time-resolved Non time-resolved
Release of Quenching, =
Cell bysts cellular Interior Sample processing
chemical mechanical !
\ N§
-..._‘ %
w Martinretol, 2001 A “F(-m'r\‘.f“m Narmisch et al, 2011
thermal electric Flow cytomter 4+ high throughput, versatile
Physialogical um'm'wm (FACS) - snapshot analysis, no spatio-temporal
snapshot 4 resolution
Time-resolved
Contact trapping
Love ef al, 2010 .IMHH..NLI Frimat et ol 2010
Microreactor ~ Microwells  Barrier traps Surface
patterning
+ high throughput, cheap, disposable
- surface contact, no active control / cell selection, cell retrieval
- g
bCJ Fakultat Bio- und Andreas Schmid, Paris technische universitat
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Concepts for single cell analysis

R

Chemical (invasive) single cell analysis
Non time-resolved
Release of Quenching,
Coll bysls cellular Interior  Sample processing
chemicol mechanical i
..-v "ﬁ'
) B) \ao-/— i
thermal electric :
Physiological =~ Metabalites
snapshot

Microreactor

r
Time-resolved
Contact trapping

Wi et ol 2011

Frimat ot al, 2010

Surface
patterning

Microwells Barrier traps

Abe et at, 2002

von Bohien. 2010

Surface contact-> change in phenotype!
(Biofilm / Activation)

Biological (non-invasive) single cell analysis
Non time-resolved

%
a1
Flow + high ghp il
(FACS) - snapshot analysis, no spatio-temporal
resolution
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Concepts for single cell analysis

Chemical (invasive) single cell analysis
Non time-resolved
Release of Quenching,
Coll bysls cellular Interior  Sample processing
chemicol mechanical i
..-v "ﬁ'
%
)"’ \,
thermal electric
Physiological =~ Metabalites
snapshot

Microreactor

v

Time-resolved
Contact trapping

Kimetol, 2011 Frimet ot al, 2010

Surface
patterning

Surface contact-> change in phenotype!
(Biofilm / Activation)

Optical tweezers  Acoustic traps

Biological (non-invasive) single cell analysis
Non time-resolved

%
a1
Flow + high ghp il
(FACS) - snapshot analysis, no spatio-temporal
resolution
Contactless trapping
Probat ot al, 2021 Winkelbman rf al, 2004

Hydrodynamic
focusing

Droplet
microfluidics

+ cell perfusion, active control, contact-free,
versatile, cell retrieval

- resistive heating, complex chip and periphery

bd
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Single cell analysis — a multidimensional system

Single cell trapping — allows
continuous analysis of dynamic
processes at single cell level

Phenotype

S
> > > >
Phenotype = f (x,t) 3 ; 3 :
E > > > >
[
Trapping and cultivation of single P. pastoris ©
cells with nDEP traps g - - - -
A tS8'h t =18 h =
2 > > > >
> > > >
Dusny et al. , Appl. Environ. Microbiol. (2012) t1 tz Time [t] t, ts
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Laser trapping
A

DEP trapping é
———

Magnetic trapping

F —

Chemical
immobilization
Surface

contact

Agoustmrapping

H\}drodvﬁaTni_c trapping

" Gel trapping

adapted from Johann et al. , Anal. Bioanal. Chem. (2006)
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Trapping and cultivation for biological single cell analysi

Laser trapping

DEP trapping

g Magnetic trapping

Chemical
immobilization

Surface
contact

Acoustic trapping

Hn}drodynamic trapping

Gel trapping

adapted from Johann et al. , Anal. Bioanal. Chem. (2006)
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Surface functionalization for biological single cell analys]

An on-chip neuronal network display for sensitive neurotoxicity assessment

Neuronal micro patterning for controlled neurite outgrowth Primary mouse neuronal network

£

On-chip neuronal network formation assay:

=001 = Cell culture 100

. . . . - =
*Rapid and reproducible in vitro assay for the H wl assay |2
assessment of neurotoxic effects H \ i E
= b4 8 toe
5 \ | £
z \ z
*Neuronal outgrowth and interconnection as a E* _~ [“3
o £
measure for tOXIClty § 1 Network formation - E

£ 4 assay e g

*Higher sensitivity than cytotoxicity assays! oo om a1 1 0 e o

concentration [mM)
Dose-response curve to neurotoxic acrylamide

*Might replace animal experiments
Frimat et al. , Lab. Chip. (2010)
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‘Trapping and cultivation for biological single cell analysi

Laser trapping

DEP trapping il —;

)

Magnetic trapping

LN _ESESe

|

Chemical
immobilization

Surface
contact

Acoustic traphing

-—

Hﬁdrodvnamic.trapping I
Gel trapping

adapted from Johann et al. , Anal. Bioanal. Chem. (2006)

Andreas Schmid, Paris m technische universitat
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Hydrodynamic traps for biological single cell analysis

The “mother machine” — Robust growth of E. coli

A

NN
X

Mother cell

N

i

i
Continuous growth analysis of E. coli : 0.05

i

*Mother cells show stable rate of elongation E

over hundreds of consecutive divisions g S i i e
< — MG1655 Exp 3 - - MG1655 lexAd Exp 3

) . . g MGI655 Exp 4 MG1655 lexA3 Exp 4
*Replicative age of the cells is not connectedto £ —— MGI655 Exp 5
growth rate (as believed for decades!) s T o
-> growth rate is homogeneous and robust 0 50

100
Wang et al. , Curr. Biol. (2010)
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Trapping methods for biological single cell analysis

Laser trapping

DEP trapping
Magnetic trapping

Contact-

Chemical less

immobilization
Surface

contact

Acoustic trapping

| b

"
Hydrodynamic trapping
Gel trapping
adapted from Johann et al. , Anal. Bioanal. Chem. (2006)
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Negative dielectrophoresis for single cell trapping

Stokes’ drag Dielectrophoretic
(frictional force) force

E=6-m-nvr Fpgp =2 T * & * €t * Re (fom) * 1% VE? s

> Q <@ '

’ .l technology follows biology -> cell

dimension dictates device dimension

£ £ z
g g s 558
& ER 2
2
5] V.EZ",“/' _g g
20 m
Electrode distance
fela 3 0 _ Cglutamictm
O g w W N
! & . o 4
B N
40 um uJ'm._. <
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Functionality of the Envirostat

.
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nDEP traps for biological single cell analysis

The Envirostat — a new bioreactor concept

C-source
Oxygen

; - ' ' :
The microfluidic chip Channel structure Contactless single cell isolation,
5 trapping and perfusion with nDEP

e Continuous supply with substrates
and removal of extracellular metabolites -> C = const.

mmmmlp < Precise temperature control -> T = const.

-> Controllable and defined physico-chemical cellular

Temperature control and reliabe

world-to-chip interface microenvironment )
Kortmann et al. , Lab Chip (2009)
bcj Fakultat Bio- und Andreas Schmid, Paris technische universitat
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Analysis of subsequent cell generations

Deposition of cells with
automated fraction collector

[\
Subcultivation of analyzed

t single cells l

(s

Andreas Schmid, Paris
May, 24t

Populations from analyzed
single cells

The Envirostat chip

= i
' [

l |III|I|I|Ili1ilt|l|||||1|||

The microfluidic chip

Single cell isolator

Design of microfluidics &=
with CFD
simulations

Andreas Schmid, Paris
May, 24t

Single cell cultivation microchamber

@
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The Envirostat: single cell isolation




The Envirostat: single cell isolation

The Envirostat: single cell analysis




The Envirostat: single cell analysis

Analytics
Subcultivation

Andreas Schmid, Paris
May, 24t

che universitat

Envirostat: cell type-independent single cell analysis

Red blood cell

Q

Platelet
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gle cell analysis

Genomics

Transcriptomics $ > Transcriptomics
Proteomics

Metabolomics

\.."\\

Proteomics

Metabolomics
Single cell

1o

Population

.
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. Transcriptomics
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~Single cell analysis

0 ®
...O.
Ce ~ e o
.oo @-e
o ™
.;O:OO.
o o

Population
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Transcriptomics
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Time-resolved analysis in controlled environments

\a)

/\

A

ellular physiology

.
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Microbial growth at single cell level

»Single cell growth analysis... perhaps one of the simplest
and most underexploited assays of cellular

heterogeneity.”
Lecault et al., Curr. Opin. Chem. Biol. (2012)

b r_i Fakultat Bio- und Andreas Schmid, Paris technische universitat
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Microbial growth at single cell level

»Single cell growth analysis... perhaps one of the simplest
and most underexploited assays of cellular
heterogeneity.”

Lecault et al., Curr. Opin. Chem. Biol. (2012)
... prime example for single cell analysis

Unambiguous determination at single cell level
-> what you see is what you believe!

b r_i Fakultat Bio- und Andreas Schmid, Paris technische universitat
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Single cells grow faster in controlled environments

A % B Hamsenots polymonphs RB11 conphys ~ C Conyrebactenivm glutamicum ATCC13002
- = | —— average population growih / 5 AVrage popailation growth
‘s o e | —— average single coll growih = {=— average singla coll growth
£ | ] i : ,
H “ . -~ 2 . ] - .
] . ] 3
H ] 3
g Pichis pastaris Mu® £ E
2 —— average population grawth £ ;
—— average single cell growth
14 14 14
o 1 2 3 4 5
Timen] nme [n]
Pichia pastoris Muts Hansenula polymorpha RBll Corynebacterium glutamicum
cell size: 5-8 um cell size: 3-6 um ATCC 13032
cell size: 3-5 pum
w=0.34ht u=0.46 ht u=0.58 ht

Cultivation conditions: 30°C, YPD medium for yeast (conductivity = 0.99 S m™), BHI medium for C. glutamicum (conductivity = 1S m), RotX field mode (V, .= 2.5)

Dusny et al. , Appl. Environ. Microbiol. (2012)

Andreas Schmid, Paris =
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Single cells grow faster in controlled environments

A B Hamsenots polymonphs RB11 conphys ~ C Conyrebactenivm glutamicum ATCC13002
- = | —— average population growih / A avarage papulation growth
s e e {—— average single cell growth / T {—— avarage single call growth
E E Pt
g . . ~ 2 g 3 ~ .
B . 3 3
5 ]

H i 3
w .. s 3 =
E Pichia pastoris Mut E E
£ —— avorage population grawih 2 g

—— average single cell growth x

14 14

3
Time [h]

Pichia pastoris Muts Hansenula polymorpha RBll Corynebacterium glutamicum

Extraordinarily fast and steady volume growth
in controlled cellular environments!

Andreas Schmid, Paris 11
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Shake flask vs. diluted population vs. Envirostat

Microorganism

Shake flask

AW 4

F pastoris
Muts 0.2310.01 0.271.0.03 0.3410.01
H. polymorpha RB11
S 0.2110.01 0341003 0.46 1 0.02
C. glutamicum
044+ 001 048+0.04 058+0.02

ATCC 13032

¢ Single cells show consistently higher specific growth rates compared to bulk cultivations
* Specific growth rates of single cells exceeded population growth rates by up to 120% !
¢ Extracellular environment results in steady-state physiology

-> Basal principle is valid for unicellular microbial eukaryotes and prokaryotes
Dusny et al., Appl. Environ. Microbiol. (2012)

Andreas Schmid, Paris
May, 24t

Microorganism

E pastoris
MUuts 0.23+0.01 0.27£0.03 0.34=0.01
H. polymorpha RB11
conphys 0.21+0.01 D34+003 0.46+0.02
C. glutamicum
0.44 1 0.01 0.4810.04 0.58.10.02

ATCC 13032

cellular environment is reflected in cellular physiology
and can dictate growth rate

Dusny et al., Appl. Environ. Microbiol. (2012)

Andreas Schmid, Paris
May, 24t




Interrelation: extracellular environment and physiology

Cellular microenvironment
chemical

. pH

. + metabolites
physical - osmolarity
g wrn:ar:tu'e + reduction potential
« esmolarity o
+ electricity nulﬂen&s\\\\\:ﬁ

. ::ch;r force ™ X :
\;\\\‘

\}‘

Single Cell
Analysis

Physiological
phenotype
MNon invasive SCA
Fritzsch et al., Annu. Rev. Chem. Biomol. Eng. (2012)
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Content of a single cell

Average cell content of a mammalian, a 8. cerevisiae, and an E. coli cell. Cells are sized to scale

“ln_“-m‘
f.

o
Gy

5 pm

Mammalian cell 5. cerevisiae E colf
Diameter 10 5 25x07 wm
Velurmea 500 3 1 1L pm?
Cell wet weight 5% 10° 7=10* 1x10°
el dry weight 1x10° 2x 10 3x107 fg
Carbohydrates 1% 10* 8x 107 2 %10 g
DNA 6 10° 210 5 fa
DNA 2 1-2° 1" malecules
RMA 2« 10* 1107 610" g
RNA 3107 3 x10° 1= 10° moleculss
Lipids 1% 10¢ 1x10° ax10 g
Lipids 1% 10" 1% 10" 2% 10% molecules
Protein (total) 5= 10* 4 x 107 2 x 107 fa
Protein (total) 1% 10° 2 x10° 4x10% molecules
Differant proteins 1= 10* 4% 107 2%10° types
Protein (average) 5 2 9= 10° g
Pratein (average) 1x 10% 6 x 10° 2 x10* molecules

Schmid et al. , Curr. Opin. Biotechnol. (2010)

b Ci Fakultat Bio- und Andreas Schmid, Paris technische universitat
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Content of a single cell

Average cell content of a mammalian, a §. cerevisiae, and an E. coli cell. Cells are sized to scale
-
5 pm
Mammallan cell 5. cerevisiae E colf
Diameter 10 5 25x0.7 pm
Velume 500 85 1 Lo pm®
Cell wet weight 5 10° 7% 10° 110" fg
Cell dry weight 1% 10% 2x10* 3x107 fg
Carbohydrates 1% 104 8 10° 2x10' g
DNA 6 10° 2% 10 5 g
DNA 2 1-2° 1" malecules
RMA 2« 10* 1107 610" g
RNA 3107 3% 10° 1% 10° moleculss
Lipids. 1% 10* 1107 310 fa
Lipls 1% 10" 1x10° 2% 108 molecules
Protein (total) 5 x 10* 9 10° 2x10% fg
Pratein (total) 1x 10° 2 x10° 4x10° molecules
Different proteins 1 10% 4 x 107 2107 types
Pratein (average) & 2 9% 10° fg
Protein (average) 1x 10° 5x 10 2x10* molecules
| Low analyte amounts of single cells pose a considerable analytical challenge!
Schmid et al. , Curr. Opin. Biotechnol. (2010)
b Li Fakultat Bio- und Andreas Schmid, Paris technische universitat
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Single cell ethanol production: Can we monitor it?

Chip paramaters

Medium flow: 1 pL/h medium flow (25 um/s)
Temperature: 30 °C

One cell

Productivity: 20 pmol/cell/h EtOH

M_er.lium f_low_

b Li Fakultat Bio- und Andreas Schmid, Paris technische universitat
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‘Single cell ethanol production: Can we monitor it?

Ethanol productivity X
Population 20 mmol g h EtOH detection by GC-MS
¢ E]
Single Cell 20 pmol cell'th it e 2\-7 2.5pg EIOHA 4L
3 Y =0.05 pmol/0,1 pL
8 80: ron
S | =0.54 pmol/L
Time [min] Amount [pmol] 2 I h
2 Bah,
<
1 033 2 ‘| ‘\-%
=
T |
10 3.30 & I e
| o
e i Y et
30 9.90 RT: 1.7
MA: 1289415 25pg EIOHN, THL
19. 1
60 9.80 P i = 0.54 pmol/0,1 pL
20-
é 1 ! =5.4 umol/L
Concentration [pumol/L] § C‘O'LI
< 1
g a0
Vol. [uL] 0.01 0.1 1 0|% 7
@ 20°
1 min 33.000 3.300 0.330 0 ]
?l\\\\\|\|||\|\-\w\\‘ 55
10 min 330.000 33.000 300 0.330 0 08 1, : 20 40
Tirne (min)
30 min 990.000 99.000 9.900 0.990
60 min 1980.000 198.000 19.800 1.980
bd Fakultat Bio- und Andreas Schmid, Paris -tU technische universitat
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“Interfacing microfluidics and mass spectrometry

Automated spotting of microdroplets an nano-MALDI target

Single droplet analysis by
MALDI mass spectrometry

Droplet spotting on
micro-array plate

elabel-free content analysis of single microdroplets
(few nanoliters in volume)

*MS grants access to structural information about
droplet content

epromising approach for single cell analysis
Kuster et al. , Anal. Chem. (2013)

.
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Interfacing microfluidics with mass spectrometry

Andreas Schmid, Paris
May, 24

Summary

¢ Numerous devices and analytical approaches have been developed to adress specific
aspects and questions at a single cell level

* Microfluidic single cell trapping and analysis with total microenvironmental control has
been demonstrated

¢ Analytical technologies for biological SCA at genomic, transcriptomic, proteomic, and
metabolomic level with single cell resolution are available

e Mass spectrometry devices, recently reached the single cell threshold for sensitivity and
specificity and will allow label-free structural information about single cell proteome and
metabolome

-> Single cell analysis is broadly applicable and a key technology for systematic
elucidation of the features and functions of life!

Andreas Schmid, Paris
May, 24 aoi




challenges for single cell analysis

Devices for single cell analysis require:
¢ Integration of currently available LOC (Lab-on-a-chip) technologies for cell
sorting, chemical and biological single cell analysis in defined

microenvironments in one platform

¢ On-chip microfluidic sample processing and direct and loss-free coupling of
single cell chips/ufluidics to analytical instruments

¢ Automation of LOC devices approaches for high throughput single cell analysis

TR
}l The Future
|

bcj Fakultat Bio- und Andreas Schmid, Paris technische universitat
Chemieingenieurwesen May, 24th dortmund
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