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Motivation for Microfluidics

Everything goes!
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Low sample volume LUBECK
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Volume in nanoliter
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A

=p.v-d (a) :, d
n >

Re: Reynolds number (b) J
p: Density of the solution

n: Viscosity of the solution

Re

Y

a) Laminar flow (Newtonian Flow)

d: length scale (e.g. channel width) b) Turbulent flow

v: flow velocity

The Reynolds number gives a criteria for laminar or turbulent flow.

E.g. in a tube, Reynolds number > 1200 are considered to produce turbulent
flows.
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Example for protein solutions: (b) % l

p:~1g/cm3

d

n:~1mPa-s a) Laminar flow (Newtonian Flow)
d: ~ 100 um channel width b) Turbulent flow

v: 0.1 m/s flow velocity

——> Re~10 @narf@
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Laminar Flow Demonstration
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Tresident< 100 HS

Tmix< 50 LS

Velocity Field ‘ Concentration Field

Hydrodynamic focusing produce a laminar flow in a T-junction microchannel. In this very fine and
localized flow e.g. small molecules can be mixed in by diffusion.
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According to Newton mechanics a liquid flow of solution in a tube can be describes as:

. 8v v: Velocity of the flow
Yy = F d: diameter of the tube

y is the shear rate, which leads to shear stress. The forces applied by the shear stress
can alter the conformation of the fluid particles, e.g. proteins in solution.

Since the diameter of the microfluidic channels d are in the range of several um, a high
shear stress can be applied with low flow rates.
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Ratio E,;, t0 Eg
for a droplet velocity v=2.5m/s
3.0+
As the surface energy scales with L? the e
surface energy dominates over the |
kinetic energy: .
UJ(% 204
E
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Formation of stable droplets, W‘

which can sputtered on a surface
without splashing!

OOOOOOOO=H
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Fabrication techniques for microfluidic

Production of a glass or nickel master using
microstructuring techniques such as:

A Micro milling and other micro machining
A Lithographic techniques in silicon or
polymers (PMMA)

From this master the microfluidic structure can be
mass produced by injection molding
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Electroplating

Raw nickel
Concentration of O Inef

nickel layer

- /'
Separation of glass
master and stamper

CD-Production
Infection Polycarbonate  Stamper
moulding: !
>
Conveyer
Heating
Casting tool Casting tool

(Stamper) (PC)

Sputtering: Varnishing:

7 e T
Dy, ¢ ),

Printing:

CA
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A Rectangular microchannel cross section

A 1 pum features replicated

A Milled topography replicated

Microfluidic systems contain:

A Valves

A Mixers

A Exact volumes for metering
A T-junctions and distributer
A Flow rate controllers
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Synchrotron Sources

Shanghai Synchrdtron Radiation Facility China

A N e % Bpw g
2 Deutsches Elektronen Synchrotron Hamburg
Germany

European Synchrotron Radiation Facility
Grenoble France

Spring8, Himeij, Japan
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Electrons are deflected in the magnetic

field of a dipole magnet by the Lorentz-
| L ¢ v “X-ray Bremsstrahlung” h/=E.-E
- f

force.
E;
Accelerated charges are producing electromagnetic ¢ >
radiation! €
\#
o
Ey
Synchrotron radiation emitted by a dipole magnet J

www.desy.de




X-ray generation
Synchrotron

Undulator

http://www.physics.uwa.edu.au
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Most powerful insertion device! A stack of magnetic dipoles
generate a high flux of photons in a very small source size.
The specific arrangement of the dipoles with distance d=n*I
produces a discrete spectrum with coherent properties.

High brilliance X-ray beam at ESRF’s ID09!




X-ray generation
Synchrotron radiation

Increase of the beam
brilliance from X-ray tubes to
third generation sychrotron
sources to free electron lasers
(forth generation)

Peak brilliance
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Free Electron Laser

Synchrotron radiation

sources of the:
PETRA III

ESRF 2nd improvement
3rd generation [ ESRF 1st improvement

ESRF design values
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1st generation
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Small beams
with a lot of
photons!!




X-ray Beamlines
BioSAXS @ EMBL Hamburg

PILATUS 2M P12 \\

§

1 8

0

High brilliance beamlines for structural biology

A High flux of photons in very small focal X-ray
beam spots!

A Downscaling of the sample container to fit the
beam sizes.
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Beam size and divergence at
modern SAXS Synchrotron
beamlines
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Eadweard Muybridge (1840 to 1904)

British photographer and pioneer in motion
pictures
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THe Morse 1IN MOTIUN.
/ /‘

MUYBRIDGE
“SALLIE GARDNER,” owned by LELAND STANFORD; running at
\ . ( ? '

a 1.40 gait over the Palo Alto track, 19th June, 1878
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Example:

Reaction kinetics of an ATP driven two component protein system. Classical
stopped-flow experiment.

e Typical mixing time in the range of several ms

e Suitable for the sub-second time range

e 50ul to 80ul total volume

e on a third generation synchrotron radiation
source about 5 to 10 repetitions necessary

_ quartz caplllary Repetitive measurements
mixer

High sample consumption

Need of a suitable detector system
Time resolution ~ 10ms

<

Reactant A
Reactant B
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Cooperativity of chaperonin ATPase activity LUBECK

T

100

RO
19 015

LA

Modulation of the radius of gyration upon
the binding of nucleotides. The binding of
the nucleotides seems to be highly
cooperative.

Universitv of Applied Sciences

— (GroEL+ GroES) + ADP (1mM)
— (GroEL + GroES) + ATP (0.1mM)
— GroEL + Buffer (Referenz)

radius of gyration [A]

M. Roessle et. al. J.Appl. Cryst.
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A fast mixing times ~10us to ~100us
A continuous flow method but small sample
consumption!

Mylar Film
(22 pm Width)

Distance A micromachining or lithographic technolo
Image intensifier & CCD ; T.) g srap gy
600 [
L LI 200 x 400 pm ‘.\Ur.\lold_edd.p'HZO
100 yum —— (infirdte dilution)
Syringe Drive _’ 500 Unfoided at pH 2.0
Mixing Plate (241 mg/ml) 7
Akyama, PNAS 2002 (400 um Width) Mixing Point TR i
100 pm g 400 4 R N |
=— o~ N 1
tﬂ
300 4
/ X-ray beam
protein
solution — 200 o
pH 2
. Hr——
focused protein 5 ”~
buffer solution Unfolded 10 10

solution
pH "™

L. Pollack PNAS 1999 Akiyama et al. PNAS 2002
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Mixing of the droplets by
collision is very fast

t..~ 10ps o
p

Reagent A Reagent B

Following the reaction B .
by scanning the flow after o o
the mixing with the X-ray " G

g o
microbeam. , °°<

0

Example: : High brilliance X-ray beam
droplet volume:  65pl o
droplet frequency: 1000Hz |
exposure time : 10s treag 2
time points : 100

=P 65 ul Volume
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Sample environment depends on - Eﬁ% Ll
scientific question E i
e.g. silk fiber maturation under shear |
fibroin flow. g = 0.014
forces amiator___ 5 x.
Ai i
Fibroin in solution Aggregates
(dmax = 38 nm) (dmax = 260 nm) Semi-
crystalline
L Ty
aggregation 4 | \ maturation
> - - >
) Sy
A. Martel et. al. Biomicrofluidics 2008 ®
! ) g c'lln

a-helix B-sheet
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Kinetics: Every individual is behaving

individual. Dynamics: All individuals are behaving in
the same way.

Estimation on the reaction velocity and the

order of the reaction Analysis on the reaction intermediates and
intermediate structures.
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Caged ATP
MH
2
Possible reaction triggering by flash NF N
hotolysis of so called caged components ol
P Y g P CHy 4,0 0 0 k ,J
such as caged nucleotides (caged ADP, CH-0" :TI—D—IFI’I—D—IF}—DEHE "; "
caged ATP etc.) . @/ p- 07 07
NDE -
e M H
A photosensitive protection group inhibits ’ on o
the normal hydrolysis process of the
nucleotide, but the protection group can Photosensitive protection group
be cleaved from the nucleotide by a NH,
strong, fast light flash. O O o N— Xy
[ I [ </ |
HO—P—0—P—0—P—0 J
| | | NN
OH OH OH

Reactive ATP ©OH OH
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Caged compounds
\ ATP 355 nm
s <p—0 67

(b)

Sample
flow

X-ray

pulses A Detector

O + (ATP
NO

CCD
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TA'( X Helium
&
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o
*
*
Q

ATP dimerization
—_—
bmdlng
2X

-
*
355 nm
laser pulses |

Beamstop

0.4

qAl (x10°5)
o
R

0.0

N N N
N N
A M

Radius of gyration (A)
N
{

21.0

o

o

&
1

gAl (x10°5)
°
S

o
o
o

-  Kinetic fit

50 ms
100 ms
200 ms
250 ms
300 ms
400 ms
500 ms
600 ms
800 ms
1000ms
1400 ms

T
0

) ) L} ) L} L} 1
200 400 600 800 1000 1200 1400

Time (ms)

Photocage-initiated time-resolved solution X-ray scattering investigation of protein dimerization
I. Josts, S. Niebling, Y. Gao, M. Levantino, H. Tidowa, & D. Monteiroa; IUCrJ (2018). 5, 6671 672
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ATP-dependent dimerization of
soluble nucleotide-binding
domains (NBDs) from a bacterial
lipid flippase, MsbA.
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Investigation of Structural Dynamics

50 1350
— pG
10* W - gﬁ" oR, . o 13000
5 - & 12500
] PEy = R 25 35 NN S S
g 10° \;-_
—- \/‘ . 16.5
" % —16.0
i Voo 155
102 70T 0 % 10 20 30 40 50 60 o 15.0 af
dA™) r[A] 14.5 T 350 *
14.

. . . . pG pR,/pR, pR pB pB
Different reaction intermediates of the U soecles
photoactive yellow protein PYP upon its photo
cycle.

The different states has be initiated by
illumination with a laser (wavelength 390nm &

473nm).
. . . . . Cho, H. S.; Schotte, F.; et.al: Picosecond Photobiology: Watching a Signaling Protein Function
Combination of different methods mdUdmg Laue in Real Time via Time-Resolved Small- and Wide-Angle X-Ray Scattering. J. Am. Chem. Soc.

time resolved crystallography. 2016, 138 (28), 8815-8823.
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Investigation of Structural Dynamics
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Insulin dimerization upon temperature changes

IR
Laser
o 1450 nm
aser ‘p ‘ "
A RT o o ‘-'-\ . J“r
[jl.as-.., .t Y _ns. \ o
e S RL < ..
," v ‘o
a B o> > 2
oQQég o b o g
g * us
ms 17
<2 16, Dimers
Yy
S B
& \:,, §15
_ . _ 2 214 -
Dolev Rimmerman; et.al: Direct Observation of &g: °‘ /.\4 .
Insulin Association Dynamics with Time- & \ 73 " Monomers
Resolved X-ray Scattering; J. Phys. Chem. Lett. 2017, - *g £ e 40 an

8,4413-4418

Temperature (°C)
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10°
: : : . 10’
For triggering reactions in a water- .
protein solution, the light has to be 10
transmitted completely into the E 107
sample cell! = 10
(=]
a 10°
For light outside the visible range, 9 o
e
the sample cell has to be very smalll <
10’
10°
10™"
10_2l ' ' "'|||= ! ' llllll: ! lllllll: ' lllllll: L) L llllll: L) lllllll:
10 nm 100 nm 1 um 10 um 100 um 1 mm 10 mm

Wavelength

VIRV T [Near IR]  Mid IR
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Standard capillary:
A Large absorption of the triggering light pulse in the cell
A Large part of the sample may not be illuminated by the trigger

pulse nor the X-rays

Micro fabricated sample flow cell:

A Fitting the trigger-pump pulse to the absorption of the sample
A Path length for the X-ray beam as large as possible
A Coupling of the pump optics to the microstructure

A Experts in micro structuring needed!




Microfluidic THz cell

Sample environment for pump probe experiments

X-ray
z( Liquid flow scattering
y 7

\ /@

Incident THz
X-ray beam  radiation
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screwed outer parts

for tight sealing ® €
®~®,
cell contour -~ —
accomodates
THz opening angle o W @
spacers define 9/. ®

channel dimensions

replaceable X-ray
foil windows

Main parts are 3d printed from polyethylen.
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Cho, H. S.; Schotte, F.; et.al: Picosecond
Photobiology: Watching a Signaling
Protein Function in Real Time via Time-
Resolved Small- and Wide-Angle X-Ray
Scattering. J. Am. Chem. Soc. 2016, 138
(28), 8815—-8823.

How can small changes introduce large conformational changes?
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Motion Spatial extent (A) | Characteristic time scale (s)
Vibrations of bonded atoms 2-5 10- 1T —10-13
Elastic vibration of globular re- 10-20 10-t2 - 1074

g210ns

Rotation of sidechains at surface 5-10 10—t — 10~10
Relative motions of globular re- 10-20 1010 — 10-7

glons

Allosteric transitions 5-50 10—* — 10V

Protein folding 10—° — 10¢
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Tab. 1.1: The spatial extent and the time scales of movements which occur in proteins. (adapted from S. Cusack in [3])
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Elliptical mirror THz radiation ‘ A‘ A’
’ o ‘ \, Emitter

X-Ray

- Sample

/o 4 N

Si-lens
. . A | Lons With pump-probe
—v collective network motions . f—~ ‘ 3 p p p
rotational « large amplitude vubratngns vibrational AL Ak expe riments
transitions * hydrogen bond dynamics modes

these vibrations
can be exited by
THz radiation and
probed with an
intensive X-ray
beam.

« hydration dynamics

A B

native

Microwave Terahertz Infrared

hld

p-Ge
Laser

SIECUONICS

| T LB L | L I-I-I'I'FW——IW-I'l'l'q—qu-l'l'l'H‘- D 8 ‘ tave
0.01 0.1 1 10 100 - wiars
Erequency / 1z 5 8 \
1 10 100 1000 B !
Erequency / crr 3 A o

B. P. Born, “Terahertz Spectroscopy of Proteins”, Diss.; RU Bochum 2010
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—— THz on
BSA (4.5 mg/mli) | THz off BSA (4.5 mg/ml) | 1Hzon
’ —— THz off

Intensity

Re/on=2.95 nm
Rg/off = 3.30 nm

Intensity

—————
0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0
q/[1/nm]

; ' ' Rg change because of conformational
changes triggered by THz radiation?

q/ [1/nm]
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