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Research Frame of Micro-systems

-

Lab Chip, 2005 (cited 80x); J. MEMS, 2004, 2005, 200
SNA, 2006; SNB, 2009; JHMT, 2007
JMM, 2006a, 2006b, 2007, 2008, 2009
Chem. Eng. Science, 20 T E——
MNF, 2012, 201

ab Chip, 2006, 2007, 2010a, 2010b, 2010c,
20123, 2012b

Chem. Engineering Journal, 2011, 2012

submitted: Small, Lab Chip x 2, Biomicrofluidics

3 top-20 most downloaded articles
1 National Innovation Award (Biotech)
1 National Invention Award (ME)

8 continuous flow

& droplets-based chips

Jing-Tang Yang
Beam Lab, NTU

What is mixing ?

- O

p-mixers & p-reactors in bio-microfluidics
mixing/reaction/diagnostics
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Ex. Diffusion (Brownian Motion), convection,

turbulence, stir, etc.
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Mixing phenomena in our daily life

http://tw.abo 6
5069506 A 100 E AR D T O e A A CAVOBAY

46561.htm!

Mixing is closely related to our daily life

Scientific Aspects
'_
< Miniaturization Approach (1980s~mid-1990s)
silicon microfluidic devices:

size effect
power effect

< Exploration of New Effects (mid-1990s~ )

actuators with no moving parts and nonmechanical pumping principles
electrokinetic pumping, surface-tension-driven flows,
electromagnetic forces, acoustic streaming
new effects which mimic nature > nanotechnology

< Application Development

biomedical diagnostics, drug discovery, flow control, chemical analysis
distributed energy supply and thermal management
chemical production with microreactors 6
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Micro-reactors

A microreactor is a reactor with characteristic dimensions in
micrometers and reaction volumes in the nanoliter to microliter range.

» Types of Microreactor
o Chip based o Capillary based

Karolin Geyer, Jeroen D. C., Codé, and Peter H. Seeberger. Chem. Eur. J. 2006, 12, 8434-8442.
http://www.chem.utoronto.ca/staff/RAB/pdf/Greg2008.pdf
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Advantages of Microreactors
]

4 More uniform mixing and heating

(a large ratio of surface to volume within the microstructure)
4 Economy

(through decreased consumption of source materials and reagents)
4 Ease of modulation
4 Safe operation

(no need to store and to transport potentially hazardous materials)
4 Environmentally friendly

(as the process decreases consumption of most reagents).

For the bio-medical reaction, the microreactor performs fast, continuous
and sensitive detection of small amount of sample. For the chemical
reaction, it also proceeds more rapidly, with decreased generation of side
products, increased yield and improved conversion of reactants.

Applications
- ._
4 For Life Science A |
* DNA analysis (hybridization ~ PCRetc.) e Vi_end
* Cell analysis (drug reaction, cell interaction etc.) : _ ‘L";;n:mm,. 2003
* Blood analysis (typing)
* Immunologic reaction ~ .

* Clinical diagnostics (Detection of Potassium ion ~ iodine ion »
Detection of DNA/ RNA Mutation)

4 For Chemistry

* Organic synthesis

* Polymer synthesis

* Nanomaterial synthesis (Au, CdS, CdSe, TiO, , Ag etc.)
* Exothermic reaction - Competition reaction

* Catalyst reaction
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Flask Chemistry

macro world

10° m

micro world

10€m
[um]

Flash Chemistry
molecular

extremely fast reactions
world ;
in a controlled manner

1(}:::] [ N on a preparative scale Yoshida et al,,
Chem. Eur. J.,
Ideal Reaction 2008, 14,
Environment 7450-7459

1015s 1012s 10°s 10€s 10°s 1s 10°s

[fs]  [ps]

Example: Highly exothermic reactions that are
difficult to control in conventional reactors.
gt
Halogen—magnesium exchange reaction of bromopentafluorobenzene
(BPFB) and EtMgBr

residence time~ 5 s.
reaction temperature: 20 °C
14.7 kg /day (92%yield)

- Slow addition is used to avoid a rapid
increase in temperature.

- It takes a long time to complete the
addition and the overall time efficiency is '

low.
F, F F, F
EtMgBr
F Br —= F MgBr
F F F F

BFFB
F, F
MeQOH —
— = F N H
F F

Figure 4. Picture of the pilot plant for the halogen-magnesium exchange

Wakami et al., Org. Process Res. Dev. 2005, 9, 787-791. reaction of BPFB and EtMgBr.

2013/3/19



Example: Reactions in which a reactive intermediate
easily decomposes in conventional reactors

g

DMSO
Swern—Moffatt oxidation involves the m
formation of highly unstable (CF.CO)0
intermediates, which undergo an o o
. S A
inevitable Pummerer rearrangement R RR

Et,N

at temperatures higher than -30 °C.

Figure 6. A microreactor system [or toom temperature Swern-Moffatt ox-

idation. M1, M2, M3: micromixers. R1, R2, R3: microtube reactors.

Table 1. Swern-Molfatt oxidation of cyclohexanol using a microreactor

and a flask.
Method Residence T°C] Selectivity of

time fy; [s] cyclohexanone [% |
micro- 24 =20 88
reactor 0.01 0 89

0.01 20 88
flask =20 19

=70 83

Kawaguchi et al., Angew. Chem., 2005, 117, 2465-2468.

Example: Reactions in which undesired byproducts
are produced in the subsequent reactions

g

Friedel-Crafts reaction

CO:Me OMe
Bu N BN N - COZMG
Bu
MeO OMe
+
OMe OMe
MeOzC.N N,COQMe
Bu Bu
MeO OMe

MeO OMe

monoalkylation product  dialkylation product
microreactor 92% 4%
flask 37% 32%

Figure 10. A microreactor system for selective Friedel-Crafts monoalkyla-
tion. M: micromixer. R: microtube reactor.

Suga et al., Chem. Commun. 2003, 354—-355
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Example: Reactions in which the products easily

. decomﬁose in conventional reactors

The reactions should be quenched immediately after the
formation of the products.

Acid-catalyzed dehydration of allylic alcohols

s - % i 47 s 2 quenched with
a saturated NaHCO,
P-TEOHH,0 o solution. = 80% yield
BGNaHCO, - (diene).

I I

Figure 11. Acid-catalyzed dehydration of allylic alcohol using a micro-
reactor system.

Tanaka et al., Org. Lett. 2007, 9, 299 —302.

Example:

Ll Optimize quickly )

OH
MeoO. \N/\/@ 10% PA/C, THF MeO. NH/\/©/
_
:©/\ Flow Hydragenation
MeO'

MeO
Concentration Flow rate Injection Pressure Temp(
M mL/min Volume (mL) (=) C)
0.5 5 20 25 17

1 1

2 0.1 1 5 20 25 85
3 0.05 1 5 20 25 100
4 0.025 1 5 20 25 100
5 0.5 2 5 20 25 4

6 0.1 2 5 20 25 70
7 0.05 2 5 20 25 85
8 0.025 2 5 20 25 100
9 0.5 1 5 20 60 33
10 0.5 1 5 40 25 33
1 0.5 1 5 40 60 33
12 0.05 1 70 20 25 95

\ Steven V. Ley et. al, Chem. Commun., 2005, 2909-2911/‘

http://www.chem.utoronto.ca/staff/RAB/pdf/GreéZOOS.pdf



Microreactors

Element

|

"Hierarchy Assembly of

o N Unit \
w —X v
&\:j%; ‘
Hierachic Device
assembly | ak |
| of ; /
| microreactors | gj )
NS ~-- (P
\\‘:‘/ >
NS
Set-up

Device 2

Device 1

W. Ehrfeld et. al. . Microreactors — New Technology for
Modern Chemistry. WILEY-VCH Verlag 2000 Germany. /

http://www.chem.utoronto.ca/staff/RAB/pdf/Greg2008.pdf

Potential Benefits and Disadvantages

Advantages

o Precisely control various
reaction parameters

o Applicable to combinatorial,
multi-step, and industrial
chemistry
Safer and cleaner to operate

o Lower cost for transportation,
materials and energy

o Faster transfer of research
results into production

o Earlier start of production at
lower costs

o Easier scale up of production
capacity

o Smaller plant size for

O o oo

Disadvantages

Can not be applied to all
reactions.

Microreactors are incompatible
with solid reagents.

Not as robust.
Mainly useful for fast reactions.
Technology is still expensive.

Can be used for terrorist
applications

distributed production

W. Ehrfeld et. al.. Microreactors— New Technology for Modern Chemistry.
WILEY-VCH Verlag 2000 Germany.

http://www.chem.utoronto.ca/staff/RAB/pdf/Greg2008.pdf
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The importance of mixing

| éiochemical / medical science

Chow, AIChE 3., 2002

Chemical engineering

hitp:iresearch.che tamu.edulgroups/Froment/ Mg
Website/images/oil%20refinery%201pg

d Blood assa

(,.,_ -1 MM

E
]
J

. \\_‘an Int. Ed., 2004

Energy /environment
Fuel cell 8 :3

- BEFORE AFTER
T o

Reactions are crucially dominated by mixing

Merits of microfluidic mixing/reaction

- O

Microreaction technology

® [ow sample/reagent consumption . Microreactors

Hogan, Nature, 2006

® Parallel process Energy &
® Rapid detection Environment

® Green fabrication
® Eco-friendly usage
® Portable

othare, JIMEMS, 2004

2013/3/19
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Deficiencies of microfluidic mixing

Low Reynolds number (Re < 1)
® Viscosity-dominated system

Re = pVD/u

® Diffusion-driven mixing
Fick’s law

a

;45_ ovg  J=-0%
2 ac BZC

ot =Y = P

7 (z,t) = n(0)erfc = .
(2v/Dt) Diffusion length

Ex. Mixing of fluids in a straight microchannel

I~([Dt°> t=L,/U Pe=UIID

L, ~ Ux (123/D)

L, ~ Pexl

U =1mm/s, D =101 m?s, | =100 um
L,=10cm!

Structural design of microchannels (i.e. micromixers) is urgently required.

State of the art for microreactors & micromixers

2000 1999 2 450
59
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E 300
£
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2
£ 200
<
2
2008 g
3 I I
50
I I Ili0snss
‘e ia\&a&6°yw~\°§vo S g
S & B B S
AR SV S R
2006 259 & & ;F%'y
222 @cq“
b 2002_ 2001 2000
L] 9 21999 b 120
{
. 100
E 80
b
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&
E 40
]
o I I I
. I 1| | x
Yy - s PN
“r@fé @"‘#‘\,ﬁ@\t‘“e" v““ "‘*’y‘&j@p‘b*’@
+° & 7 & & o T e S
“f <& ﬁ‘ﬁf‘:p“f A

2007
61

Fig. 1. Year-wise research articles published for (a) microreactors and (b) micromixers
year of publication, number of publications

7

Fig. 2. Country-wise research articles published for (a) microreactors and
(b) micromixers.

Kumar et al., CES, 2011

11
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Framework of microfluidic mixing/reaction systems

High throughput drug
screening system Mobile

Catalyst reaction Drug discovery conjugation/hybridization

DNA/RNA Cell proliferation &
Organic reaction cytotoxicity assays
ga i Blood \ lotoxicity assays
Flash chemistry . 3 Ultrasonic
: . Protein NMR Confocal
Nano-particle/material | chemical reactors '
synthesis MRI
DNA-mediated

nano-nanoparticle

- cr
= o
. N " om

B N 3 ‘ Velocity field

mixing/reaction
Pressure/! Acoustic | g/

Micro-PTV

Electrokinetic Muilti-lamination mixing

Split and recombination (SAR)

Magnetic mixing

Lamination mixing
Thermal

Magnetohydrodynamic

Chaotic mixing

Other mixing

Flow instability.

Inner recirculation

Micromixers

| T ZTET
/] m o WO~ u"

e Micromixer

— Active Passive
ACOUSt_'C N - Chaotic advection
Electric — | Serial lamination
Thermal — (split-and-recombination, SAR)
Magnetic —| — Parallel lamination

Mechanical — L Other
Other —

)
Chen et al., Biosens. Bioelectron., 2008
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stretching diffusion

.80 '..'. soe o o %

Ref. :http://www.tj.xinhuanet.com/ztbd/2005-06/09/content 4420148 10.htm ; www.micronics.net ; http://physicsweb.org

Micromixers (chaotic advection)

Molecular diffusion

Ly, ~ Ux(1%D)=Pexl

Pe = UI/D
Chaotic advection
a)
/ ¥ stretch
‘ Stretching and folding
 fold L, ~ A In (Pe)
o® -
Bregkup Ottino, J. M., 1989

Elongating the material interface

13


http://www.micronics.net/
M:/2006 Power Play/2006 Conference/20061212 崑山科大機械系專題演講/t-sensor_ud.mpeg

Micromixers (Lamination micromixers)

SuperFocus interdigital micromixer Parallel lamination

&2 Optimized triangular (SuperfFocus)

Borehole
3500 um

Borehole
|50 um

Hessel et al., AIChE J., 2003a,b
Times cited > 200

Micromixers (chaotic micromixers)

Slanted-groove mixer (SGM)

O R ey
N

N
7 : < -
/ \ 200um
Cc  la=0: L Ap=100: . A4 =180:
o el S

100um

Staggered herringbone mixer (SHM)

o
07{ g

7 8 9 10 11 12 13 14
in(Po)

Ay ~ A In (Pe)

Stroock et al., Science, 2002
times cited > 1620

2013/3/19
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Micromixers (chaotic micromixers)

Slanted-groove mixer (SGM)

w/l e 7
™ — " ——a
IS Y

200um

c A =0 ' A¢ =100 "L a4 =180+
Lo el

100um

Staggered herringbone mixer (SHM)

o

7 8 9 1011 12 13 14
In(Pe)

Ay ~ A lIn (Pe)

Stroock et al., Science, 2002
Times cited > 1080

Micromixers (chaotic micromixers)

A

z

} X H(200)um
" Left inlet [ D Table 1 Numerical values of geometric parameters
X ‘ = aD No.  Parameter 1 B 3

—/  W(100)um f -
.

A Asymmetry index (p) 021 033 045
?utlet B Depth ratio of the groove (z) 0.07 0.13 0.18
11 C Upstream to downstream channel 0.5 1 1.5
Miad width ratio (W/H)
] D Groove intersection angle () 60 90 120
R)i‘ght inlet Geometric parameter analysis, based on both the

simulation results and the Taguchi method,
First half-cycle Second half-cycle

reveal the relative effectiveness as:

| 1 I 1
T ZaY: ,/,'////{ Y. ; ;
L& K Y IH S S { | v depthratio of the groove ~ asymmetry index >
N \\&&k KRLE&LL /

NN . .
groove intersection angle > Upstream to

Longer section of the groove (right-heading) pH
Shorter section of the grovoe (left-heading)
Front edge of the groove

downstream channel width ratio.

Yang et al., Lab Chip, 2005
times cited > 80

15
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Micromixers (chaotic micromixers)

-

Barrier embedded micromixer (BEM)

vﬁrL‘L B}: blamtdfm\\n

" Elliptic point
i

— .
== E”
Botton wall with 15 ke » e
slanted grooves > L]
(b) At the zone with oaly (¢) At the zone with barrier 2 = k
slanted grooves over slanted grooves £ w0 3 >
Phenolphthalein é s L.
Flow
. —, ’ 0
N ’ ¥ '\ ] 1.5 1 0.5 (1) 0.5 1
{ L — In (R2)
= : . ,l ) ™
NaOH” )\ Iterface s ~ 7
L g o ‘
@ ’ - ii
[ i
— .
N
Ve e
\ X
N Baries Kim et al., JIMM, 2004

Micromixers (chaotic micromixers)

- O

Circulation—disturbance micromixer (CDM)

oon s
inclined groove No. 13 enlarge graph of (d)

i o
ned groove No. 7 enlarge graph of (1) enlarge graph of (g)

Yang et al., JMM, 2007

16
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Micromixers- Connected-groove micromixer (CGM)

Design CO”CEp&{CG M) 200 um Chemical Engineering Science (CES), 2008
w -

(a) Downstream 3
— v e {
Helical flow with 4
long pitch

Main channel " Howell et al., Lab Chip, 2005

Sato et al., Sens. Actuators A,

) 2005 ’

b |
w

Bottom grooves

" Upstream . £
Slanted-groove micigmier (S difistep lithography | Alignment process
©®) m Burdensome fabrication !

Helical flow with W’
short pitch 1
7 4

Designed masks /| Nask 1
66"&:{> 66.6] l [a—
¥ 2L R 70 umt / / b
= Sidewall Lﬁ/, 30 um, >

e £y ETpov (AN h— T
A Connected % Mask 2
=5 ’ 0oy 33.
Connected-diodoR ﬁTlE’PGmixgelrk‘éGN % fum

| W—groove micromixer (CGM)
S Chemical Engineering Science (CES), 2008
(a)

J\l Bonding

SU-8 photo resist (PR) Glass

Si substrate

ﬂ Lithography
(mask 1) A

Lithography
(mask 2)

PDMS
replication

17



Micromixers- Connected-groove micromixer (CGM)

-

F|0W fle'd Chemical Engineering Science (CES), 2008

CGM-1VS SGM
(@ (b)

Sidewall grooves

Main channel

Sidewall grooves

Sidewall grooves

! \ ,‘\' \ J Bottom grooves  SGM
28, | O ‘ . -

% =0 LT
Front view AN _;Wéz _'J

0,>0, mmmssd> Greater helical flow in CGM-1

‘ Micromixers— Connected-groove micromixer (CGM)

Chemical Engineering Science (CES), 2008

Flow field
CGM-2 VS SSGM
[ AN
(b) Co-rotating flow

Saddle point

Front view —

2013/3/19
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Micromixers- Connected-groove micromixer (CGM)

Chemical Engineering Science (CES), 2008
oncentration rie The first half part

CGM-2 VS SSGM @Y=0pum

Concentration
The next half part

o

(c) Y =900 pm e
(e) Y =940 um o7

5 h) Y = 1440 um

25 \ (d) Y =920 im

(9) Y = 1420 um -

(i) Y = 1700 ym °

@Y=0pm  (b)Y=450pm  (c)Y=900pm (d)Y =920 um

W L

Sidewall grooves Stagger point Sidewall grooves
@©Y=940um (fY=1400pm (g)Y =1420um (h) Y = 1440 um

Cutting and mixing of fluids L‘ H %'_: hﬂ I‘"‘H

near the stagger point Stagger point

(i) Y = 1700 pm
CGM-2 SSGM

LW W

A:\Wc‘red—groove micromixer (CGM)
Chemical Engineering Science (CES), 2008

1 n
2 _ 2 0.400
© —HZ(Ci -c.) ——T mixer —#— SGM CGM-1 —@— SSGM — O — CGM-2
i=1
0.350
J' ‘C _c ‘dA N Diffusion Advection
M, =(1-=2 L 0.300 o . dominance dominance
i = 1 N —————— —_—
J.A\co —c,|dA -
% 0250
i - concentration in element i of th g
C;-co ceta_to element i of the  0.200
Cross section g
Cp - the initial concentrationat the = < ¢
= 0.150 A
entrance 1 .
c,. -the concentration at infinity ] $ ©

5 . L 0.100 4 .
o2 -the coefficient of variation of

. 3 Surface term Inertia term
concentration for each cross 0.050 3 ——— Scaleeffect ——
section e i |

M; -the mixing index, which equals 0.000
unity to denote complete mixing 3

The concentration is normalized to | 10 100
unity for one inlet but zero for the Re
other one.

19



Micromixers- Connected-groove micromixer (CGM)

[ |
Mixing experiments

Chemical Engineering Science (CES), 2008

lI“Iﬂ}' N (N
35
] @ SGM (dye-solufion) Vapermn
(a) r ] B CGM-1 (dye-solution)
30 J==mmmmmmmm e @ --mmmmmmmm e A CGM-2 (dye-solution)
L I~ - © SGM (phenolphthalem) »
75 S o & CGM-1 (phenolphthalem)
= ] S CGM-2 (phenolphthalein) .
= ] SN ‘te mixing
= 20 o "o ixing i -7 -
SG) 27 ~<_ _MZII’EJ index_, -
a5 ] Diffusion Advection
(b) (Gl\]g 15 ] dominance . dominance
| ] A
C ‘M"{‘ ] L ] A . A A
10 A A A _
] ] Re=14 * )
] C Re=28 RE=5.6 Re=28 pe—s5g Re=224 te mixing
SGM 5 4 Re=1.4 4
] Re=0.28
(c) CGM |
AR RRAR oy T AL T
CGM 0.1 1 10 100 1000
Reynolds number (Re)

Micromixers (chaotic micromixers)

gt

Circulation—disturbance micromixer

inclined groove No. 13

—
enlarge graph of (1)

(CDM)

G
enlarge graph of (d)

e
enlarge graph of (g)

Yang et al., JMM, 2007

2013/3/19
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Various Micromixers developed by Beam Lab.

Helical flow with
short pitch

Bottom groove

Connected|
groove

Connected-groove micromixer (CGM)

50 pm

100 um

seservair, - Y, %‘n\\

S

Overlapping Crisscross Micromixers

u Wang & Yang,

*  Outlet

of 2006, Chemical Engineering Science (CES), 2006

4

2013/3/19
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Micromixers (Lamination micromixers)

| NEINETGITE B[ " recombination (SAR)

qu\Ql

Exponential increase in
contact interface

Suitable for melt polymer

Multiform properties of
biochemical solutions

Schwesinger et al., IMM, 1996
) " Times cited > 140

Micromixers (Lamination micromixers)
nation- split & recombination (SAR)

.\
\\ ¢ Split membranc -‘

Guiding wall _‘
Split

_..,,-‘ g
Guiding =
Recombination

PR =

Lee et al., JIMM, 2006

Intermediate layer
Separate channels
Lim et al., Lab Chip, 2010 Confluent channels

22



A Novel Microreactor with 3D Rotating Flow

- g e E, 2009 Sensors and Actuators B- Chemical, 2009

—
S 0
>N Personal computer ~ Process 1 Process 3

Halogen lamp

Upper plate
S < »
e Taste |
. — : : Waste Substrate |
(Kd $200, Kd Scientific Inc) | 3))
Syringe pum| : ) | Bondin;
Lo i s S ¥ i 4. % PDMS molding av) <= R .
- — 4 Process 2 (Y- -
= Testregion 4 Upper plate_~" » \‘\ i
(PDMS)/ r‘ A ’ Dividingedge =},

v e (SAMPO VK-C4401 ) = -~ T
- [
) (10x02 : \Q// Lower plate N Lower plate
o o (PDMS)

(b)

e
?? CCD camera \‘(Q / J}d *J;'I/ \\

(a)y  Simulation Normalized concentration (Fluid 2)

aaaaaaaaaa
8 2§ 8 8% 8 88 8 8 8

' ] i
e e o
Y =150 um Y = 750 um Y = 1950 pm =49
+ 6150 pum

ore Experiments

Micromixers- sar L-reactor/p-mixer

‘ geagn concept (SAR p-reactor/u-mixer)

Cross-section of the fluids
in the microchannel

” |
In-plane n |
_ dividing edge

Mixing unit

. Inlet fle
100 pum
Upper flow

Upper layer

300 wm
B Combination -
12100 pm

100 um
100 wm
X

* .
C — R
Dividing edge
L2 .
D E ; Split @ : Confluent angle J °
¥

awer flow
i | Mixing unit 7

1y N
Rearrangement T m%W“mn,m.
Recombination SAR + Chaotic advection

® g

Fluid 2 -

l/ = & Strong transverse

E - advection and stretching

Parallel flow Overlapping flow

Fang & Yang, Sensors & Actuators B: Chemical, 2009

2013/3/19
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Micromixers- SAR pi-reactor/p-mixer

Sensors & Actuators B: chemical, 2009

ow Tie

’[ o Dividing edge

e

7" (. Recombination|

B. Split

A. Combination

Confocal Microscope and Test Channels

Beam Lab., NTU
1 2

4 5

Test section (light excitation on chip) Syringe pump

24



Performance Test of a SAR p-Reactor

u Fang & Yang, Sensors and

3D-image reconstruction: SAR m-reactor ‘

XY section

Mixing of protein solutions,
C-PC and R-PE, in a
novel SAR p-reactor

Con-focal microscopy [

Micromixers- SAR pi-reactor/p-mixer

Sensors & Actuators B: chemical, 2009

Reaction experiments (ascorbic acid and diiodine)

(@) | lodine (0.35 M)

SAR p-reactor
12 mm >

<
e

T DI water (0 M)

(h'l Todine (0.35 M)
T Ascorbic acid (0.25 M)

(c) l Todine (0.35 M)
T .\,\‘C«\lhl\; acid (0.5 M)

(d)l Todine (0.35 M)
T Ascorbic acid (1.0 M)

(&) todine (0.35 M)
T.\.»‘u»lluc acid (0.5 M)

(D)4 1odine 035 M)

T Ascorbic acid (1.0 M)

SAR p-reactor

SAR p-reactor

SAR p-reactor

SGM

SGM

2013/3/19

25



Analysis of chaos & FRET reaction in split-and-recombine
microreactors, Chen et al., Microfluidics and Nanofluidics, 2011

O-type:
C1,C2,C3etc. Oc-SAR Nc-SAR (@) O-SAR
N-type: N-type: c5 C5 *
C1,C3,C5etc.  C2, C4,Céetc.

AR=0.25 Eﬁ; Dl
i {:/

(b) Oc-SAR

13
%‘ .m
I -
w0 w0 ao
)

50
a
@
x
1
@
0
0

B
e———— N
. ¥ (am) -
Oc-SAR Inflows from >
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Through analysis of the chaos, we revealed numerically the dynamic mixing governed by multi-
lamination and chaotic mechanisms in the devices. How the devices affected the rate of
hybridization was thereby assessed, verifying that FRET is a technique capable of estimating the

practical applicability of these devices. SN

Component _
Continuous
Iﬁcroreactor

.H-
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Characterization of microfluidic mixing and reaction in
microchannels via analysis of cross-sectional patterns

.._ Fang et al., Biomicrofluidics, 2011

N
Reaction quantification
Excitation light FRET-DNA,

Mixing quantification R0l l-‘:{;’)l_)N,\,
1

Grid —J

W

-~
1.8 gm

= b

No reaction

r

Down-
stream

TAMRA

A quantification approach based on a confocal-fluorescence microscope is proposed
to characterize fluid mixing precisely in microchannel devices. The approach is
qualified for use to inspect microfluidic mixing, to disclose flow behavior, and to
diagnose biochemical and chemical reactions in microfluidic devices.
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Microreactors

MICROREACTOR NETWORKS

7'y E"EP gegrated
ledctor+Separator
L

10%s 10°
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\:l - ! Sahoo et al., Angew. Chem. Int. Ed., 2007
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Microreactors (oxidation reaction)

| Swern-Moffatt oxidation of cyclo in microreactors

DMSO

Table 1. Swern-Moffatt oxidation of cyclohexanol using a microreactor

(CF,CO).0 and a flask.
o Method Residence T°C) Selectivity of
& )j\ . time 1y [s] cyclohexanone [% ]
R™ R micro- 24 -20 88
reactor 0.01 0 89
0.01
cooling bath § flask =) q

- tube reactor

B\
vl ) | R0

|
u Kawaguchi et al., Angew. Chem., 2005

Microreactors (Competitive Consecutive Reactions)

Friedel-Crafts reaction of cyclohexanol in microreactors

—_— g diffusion
> = :> CO,Me OMe
— o
— = BN S
= Bu
(a) R MeO' OMe
M +
OMe OMe
MeO;C‘N N,cozwne
Bu Bu
)\7“ AN MeO OMe MeO OMe
ion product  dialkylation product
microreactor 92% 4%
flask 37% 32%

b :
® © Nagak et al., JACS, 2005
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Microreactors (Synthesis of gold nanoparticles)

22000 i

HAUCI, (+ PVP)——$G

Ascorbic acid

LLIEEE I

i

Oplical Density (cm™')

0 7
2 5 6 12 16 18 20 &0 % 1s0m % avetongin (om) |
ries

[T 0w o
Particie Diarmetar / ym

silver.

Wagner and Kéhler, Nano Lett, 2005

Microreactors (Glucose-catalyst reactions)

- O
KID/—KIﬁ

I A

il . ¢ Resomfin

o

Ample\ Red H, () (Flllole scent)

2

,0«
6 ) Glucose Oxidase 6 )

Glllconolaclone Glucose

15my,

GL: Glucose, AM: Amplex Red

Glucose

0mmd |

b . Kim et al., Analyst, 2005

~— Width of Interface

2013/3/19

30


http://www.malvern.com/LabEng/industry/nanotechnology/gold_silver_nanoparticles.htm
http://www.malvern.com/LabEng/industry/nanotechnology/gold_silver_nanoparticles.htm
http://www.nanocomposix.com/kb/gold/optical-properties
http://www.nanocomposix.com/kb/gold/optical-properties
http://www.nanocomposix.com/kb/gold/optical-properties
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Objectives of the NSC Project
gl cean Lab NTU_
-PHFEEEPREF AW I TGP FLS

B2 fe > A ¥ % 5 (micro total
analysis systems)

- REMRP LR ARET 6 KR
RERFAH L F AL RIRMR S - A A
BT dod F &3 R ERE 2 FARERF LS
P EDNAZ 31 > 2 & 65 2 U S £ Rl
B I ARBE F R LR R s .

Enhanced Mobile Hybridization of Decorated Gold Nanoparticles with

Oligonucleotide in Microchannel Devices
M. H. Hsu, W. F. Fang, Y. H. Lai, J. T. Yang,* T. L. Tsai, and D. B. Shieh
WTAS-2010, October 3-7, Groningen, Netherlands; , 10, 2583-2587, 2010

Analytic strategy
Q Au-NP(13 nm) A%%v Au-NP probe
EEL]

LLS % Probe DNA /A/VV/ 3-TTTTTTTTTTTTITTTTTTTT-SH-5"
‘1‘7 Target DNA /\/\/\/O 3-AAAAAAAAAAAAAAAAAAAA-FAM-S’
Test DNA /\/V\/. 3-CCCCCCCCCCCCCCCCCCCC-HEX-5"
\’ % < Q M 2 § ’WV.

Reaction channel Q
/v o :Mp o " 2 i ; 76\ %
. N ] —

YRI5 R e = =
f VV?HJ\P
HEX <—J‘§‘«‘Y\ e

e

& Fluorescence

FAM, 518 nm HEX, 553 nm . . .
+% _quenching:
72 Resshunnpunnsns

Fluorescence
intensity

3

Fluorescence
intensity

Wavelength (nm) Wavelength (nm)
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Mobile Conjugation in Two Microchannels

| 1 | e e l 0 1n | 12 14 | 17 10 | lele} |

Straight

channel

SAR
channel

Reaction and Mixing Dsitance of Mobile conjugation

Normalized intensity (I')

in Various Microchannels

Time (s)
0 6.7 13.3 20 26.7 333
1.0 § ~@- Target DNA in reaction channel
Mixing —@- Test DNA in .reactio.n channel
—g- Target DNA in straight channel
0.8 4 —9- Test DNA in straight channel

0.6
0.4 1 21.8 mm (~7.2s) Imperfect
hybridization
05 ] [lybridiulion/rzacﬁon _ _
00 y s Y ¢ T v v ' L] T ' L4 4 L) T v L L] % T v L T
0 20 40 60 80 100
Distance (mm)
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Flash synthesis of carbohydrate derivatives in

split-and-recombine microreactors

Y. T. Chen, K. H. Chen, W. F. Fang, S. H. Tsai, J. M. Fang, and J. T. Yang*
Chemical Engineering Journal, Vol. 174, pp. 421-424, 2011

R R2
Residence period:t,

“ZN i QA4S
HoN
N R1 The SAR-microreactor required
| Residence period: t1 Sggm ' ) just seconds (0.1 to 10 s), which
... 0665 o} was about 10-3~106 the duration

"'?833 for the macro flask.
2(3c)
Sb/‘@ Aldo-Naphthimidazole
OH NHy

2,3-Naphthalenediamine

n=0 (22)

1(2b)
2(2c)
=0 (1) Schiff base
1(1b)
2 (1c)
Aldose

§

e
T 106~ g

An efficient and rapid synthesis of carbohydrate derivatives was accomphshed using a sp||t and-
recombine (SAR) microreactor. Using two steps reaction process in SAR-microreactors, the
carbohydrate derivatives, aldo-naphthimidazoles were generated by linkage of naphthalenediamine
with mono-, di- or trialdoses in less than 10 s with satisfactory yield.

Microreactors (Flash synthesis of carbohydrate derivatives)

Chemical Engineering Journal (CEJ), 2011
Applications of SAR p-reactor

T R~

\ S product output
\ Ly

\

b Rl One, pmm.f.,,,,

SEM image!

2 OM image /\N

v \[

(um) et
|

3a | 3b | 3c ]

n duration (s)

e R2

Residence period:t,
HN. 04-4s
N RI WC,Q Macro flask
Residence period:t

2,3-Naphthalenediamine

0.6-65 '/ 6hto30h
§ :'3:‘55 Temp. above 100
x "W# Aldo-Naphthimidazole
X { }L%)v% s SAR p-reactor :
X i 20 0.1~10s
','.-(‘:5355 Schiff base Temp RT
Aldose
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Highly Efficient Synthesis of Carbohydrate Derivatives
using Split-and-Recombine Microreactors

An efficient direct synthesis of carbohydrate was accomplished using a SAR-microreactor.
The process requiring just seconds, 104 duration less than for the macro flask. The yield
of the product was also much enhanced relative to a T-shaped microreactor.

2,3-Naphthalenediamine Schiff base
OH
Hal R1 . H NHz
Residence time: t, oz
0.6 ~6.0s

OH
OH
HO H
n

n=0(1a)
1(1b)

Aldose *“
OH . R2 .
) 2 OHOHN.@ Residence time: t,
: S 0.4~4.08
"% Aldo-Naphthimidazole 12
2 (3¢c)

The crude product was
purified by C18
reversed-phase silica gel
column chromatography
to afford the A
desired product.

concentration = Concentration
Column chromatography
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Microflow Synthesis of Saccharide Nucleoside Diphosphate with
Cross-coupling Reactions of Monophosphate Components

K. H. Chen, W. F. Fang, Y. T. Chen, J. M. Fang,* and J. T. Yang*
Chemical Engineering Journal, Vol. 198, pp. 33-37, 2012

Reaction unit

\f'\:‘ S _
IOmeIE’& fz;

AcO 0 100 w“

2a R = morpholine Residence time < 2 min, 3 Ol
yield > 90%

With this microreactor possessing the SAR mechanism that dramatically enlarges the material
interface to promote the fluidic mixing, 85 % conversion of a cross-coupling reaction (GIcNAc
monophosphate reacting with UMP-morpholidate) to the diphosphate (acetylated UDP-GIcNAc)
was achieved in 10 s, which is a small fraction of the two days for 80 % conversion with a
conventional batch reactor; the duration of reaction is hence decreased 105 fold.

2b R = p-MeOCgH,4NH

Locally Enhanced Concentration and Detection of

Oligonucleotides in a Plug-Based Microfluidic Device
W. F. Fang, S. C. Ting, C. W. Hsu, Y. T. Chen, and J. T. Yang, *
mTAS-2011, October 2-8, Seattle; Lab on a Chip, Vol. 12 (5), pp. 923-931, 2012

2D confocal images ol DNA distribution =
(b) ~~ED AAD
FAM-labeled DNA TAMRA-labeled DNA
4?7 Donor Acceptor
Excitation (488 nm) -~y

Midstream

Uniform distribution of DNA
within a plug

Downstream

Emission (521 nm) Emission (583 nm)
: 9 FAM signal TAMRA signal

<t A (FRET signal)
Locally enhanced concentration ] )
of DNA at the rear of a plug Without FRET With FRET

(No hybridization)  (Hybridization)

Intensity profile along

the central line 3D confocal image of

DNA distribution

Plug
om fRear Front

\e/ DNA, (FAM-labeled DNA): 5 —FAM-CAGGTCAGGT—3 v

DNA ; (TAMRA-labeled DNA): 5'—TAMRA-ACCTGACCTG—3'

U -

45 cycles >

Silicone oil

Lorgtusnal Gatmce (sm)

DNA,
We propose a novel technique that achieve \\Jl
enhanced concentration of DNA at the rear

solution plug in a plug-based microfluidic 2
device, based on combined hydrodynamic®™*: silicone oil
trapping and affinity adsorption, for the benefit of
detection of DNA at a small concentration.

One cycle
0.6 mm

100 pm
45 mm —)I

Winding channel Straight channel
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Measurement Techniques

Measuring techniques

v To comprehend
v’ To verify
v' To evolve
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Measuring Techniques
Confocal mmr%XB&B{P“O” radiation circular dichroism, SRCD
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Kane et al., 2008, Anal. Chem.

Howell et al., 2008, IMM

Measuring Techniques (Universal index)
Biomicrofluidics, 2011
] NII_ (top 20 most downloaded articles,
2011/04, /05, and /06)
IXing patterns 3D reconstructed image

Model A (dual fluorescence)
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Counter-clockwise
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Measuring Techniques (simultaneous measurement )
" -«

Is it possible to achieve the simultaneous measurement of species

velocities & concentrations in microdevices ?

Mass transfer & momentum transfer ? All in one ?

~ absolutely yes !

Measuring Techniques (simultaneous measurement)

" -«

Biomicrofluidics, 2010
(Top 20 most downloaded articles, 2010/04, and /06)

Simultaneous measurement (micro-PIV & particle counting method)

Configuration of the T-shaped channel
@) f(f
A .4\ ~
W~300um =V I
001 —
o T P

Resonant mirror

ichroic mirror
\’>

Resonant mirror

—) Microscope objective
\ Filter block Filter block
N

(j<

PMT PMT
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Measuring Techniques (simultaneous measurement )

] Biomicrofluidics, 2010
(Top 20 most downloaded articles, 2010/04, and /06)

Region 1

Region 2

Simultaneous diagnosis of
velocity and concentration fields

FoTOoLN-

g

Nuumber density (ml.”!)

.
/
4

(T

Number density (ml.”!}

The maximum relative errors
for  both  velocity and
concentration fields between
experimental and numerical
results are about 5 %

a elpEw) | [ 1m0
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Number densit

P
?
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e

Measuring Techniques (simultaneous measurement)

g

Biomicrofluidics, 2010

3D velocity and concentration fields (Top 20 most downloaded articles, 2010/04, and /06)
Experiments 2.0
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