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Micro-reactor/Lab on a chip
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High surface to volume ratio : improve heat and mass transfer
Need only small quantities of reagents and sample
Potentially portable

High resolution and sensitivity

Suitable for biological assay

Extracted on 20121212 http://www.condenaststore.com/-sp/I-see-
by-the-current-issue-of-Lab-News-Ridgeway-that-you-ve-been-work-
New-Yorker-Cartoon-Prints_i8562947 _.htm




Scientific Aspects
g
< 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 Developments

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



What is gained by miniaturization?

d, length of edge; n and m, numbers of reaction systems serial and parallel, respectively.

- Macroscopic reaction Miniaturization Serial (downstream) Parallelization
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Parameter Macroscopic example Factor change  Microscopic example
Length of edge 1 mm d 1pm
Surface 1 mm? d? 1 pm?
Volume 1l d? 11l
Number of molecules 10° d? 1
Diffusion time over d (D = 10®* cm?s™) 15 min d? 1ms
Example: in flowing systems
Linear flow rate 1um/s d 1 mm/s
Separation time 10°s (>1 day)* d? 100 ms
Example: in planar array
Number of volumes per microwell plate 96 d? 108

*Typically, for example, high-performance liquid chromatography in packed column.

Dittrich and Manz. (2006) Lab-on-a-chip: microfluidics in drug discovery. Nature Reviews Drug Discovery 5:210-218.



Various process steps of drug discovery using
microfluidic methods

" -=EE

l./ Target Compound Lead Lead
'\ identification generation identification optimization

Y * Platforms for ® Planar and three- ® Microcytometry * Platforms for

% »  cellculture, single  dimensional and cell sorting cell and tissue

= 28 cellstudies micromixers and ® Generation and studies

5 "‘é microreactors handling of small

S c liquid volumes

= ® Research in * Serial and * Structure-based * Efficacy of drugs

2 metabolomics and parallel solution- drug discovery, * Pharmacological

S proteomics based organic protein crystallization  profiling, toxicity

_& syntheses * Molecular evolution testing

< * Combinatorial * Screening of * Studying effects
chemistry compound libraries on living cells,

for example,
by chemotaxis

Figure 1| Microfluidics in drug discovery. The figure depicts microfluidic methods,
including respective applications, that are valuable for individual steps in the drug
discovery process.

Dittrich and Manz. (2006) Lab-on-a-chip: microfluidics in drug discovery. Nature Reviews Drug Discovery 5:210-218.



Combinatorial syntheses in microfluidic chips
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Dittrich and Manz. (2006) Lab-on-a-chip: 5: 210-218._



Gradient concentration generating device
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Guermonprez et al. (2015) Flow distribution in parallel microfluidic networks and its effect on concentration gradient.
Biomicrofluidics 9(5):0541109.



First-generation microreactor for 32 chemistry reactions
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Lin et al. (2009). Integrated Microfluidic Reactors. Nano Today 4(6): 470-481.




Second-generation microreactor for 1024 chemistry
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Lin et al. (2009). Integrated Microfluidic Reactors. Nano Today 4(6): 470-481.



Comparison of conventional & high-throughput

microreactors
|
| Table 1

Summary of the comparison among the conventional 96-well approach and the two generations of
sCreening microreactors.

Number Enzvme Alkyne Avzide Total Sample Hit Detction
of (bCAII) (nmol) (nmel) reaction preparation  identification methods
reactions (ug) volume time time
(uL)
96 well 96 94 6 40 100 few mins few mins LC-MS
154 32 19 24 3.6 4 58 sec 58 sec LC-MS
Generation
ond. 1024 0.36 012 012 04 15 sec 15 sec MRM
Generation

* LC-MS (Liquid chromatography—mass spectrometry, j 4p ¢ %2 -F#8* ) v Rl L @t F o o ¥ 5 7 i
FERH 0 i -

« MRM (MR microscopy, & uMRI, & £ 3= A HcH) » © chbod 2 B f245 A £dum o © 57 15— 4 k58
BB vk ® o MRM S (g 2bf § b » (0 e B d o b HE27 o

Lin et al. (2009). Integrated Microfluidic Reactors. Nano Today 4(6): 470-481.



High-throughput multiplex devices for pathogen
detection (1)
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Fig. 4 (i) Schematic of microfluidic emulsion generator (MEGA) array device. (A) Design of a glass-PDMS-
glass hybrid four-channel MEGA device and (B) layout of a 32-channel MEGA device. (C) Layout of a 96-
channel MEGA device. (D) Illustration of complete four layer 96-channel MEGA device and the plexiglass
assembly module. (Reproduced from Ref. 48 with permission from American Chemical Society.)

Foudeh et al. (2012) Microfluidic designs and techniques using lab-on-a-chip devices for pathogen detection for point-of-care diagnostics.
Lab Chip 12(18): 3249-66.



High-throughput multiplex devices for pathogen
detection (II)
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Fig. 4 (ii) Exploded view of the microfluidic chip containing shuttle flow channels, micropumps and
microvalves. (Reproduced from Ref. 116 with permission from Royal Society of Chemistry.) (iii) (A)
Schematic representation of an immunoreaction chip used for detection of algal toxins. Red and blue color
represent the regular valves and sieve valves respectively. (B) and (C) Pictures of the microfluidic chip and
central area of the chip. (Reproduced from Ref. 117 with permission from Royal Society of Chemistry.)

Foudeh et al. (2012) Microfluidic designs and techniques using lab-on-a-chip devices for pathogen detection for point-of-care diagnostics.
Lab Chip12(18): 3249-66.



The importance of mixing

iochemical / medical science Chemical engineering

SRR Chow, AIChE J., 2002
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Reactions are crucially dominated by mixing



Research Motlve— Appllcatlon

l._ Reactiens.are crucially dominated by mixing
i | RS- g Chemical Engineering Xi'an Huian Chemical

Organic synthesis
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Merits of microfluidic mixing/reaction
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m-TAS/Lab-on-a-chip

Microreaction technology

Substrate  Enzyme
inlet inlet

Fluorescence [T ™
detector @

Separation channel

High selectivity
High safety

Flash reaction

X -
Residual Products
substrate

®)

\\\ e e e ve /
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NG /
Jahnisch, et al., Angew. Chem. Int. Ed., 2004~

Controllable

GEL CHANNELS
PHOTODETECTORS
WIRE BONDS
HEATERS
TEMPERATURE

DETECTORS

FLUIDIC CHANNELS

AIR VENTS
AR LINES Burns et al., Science, 1998

&
. Microreactors

® | ow sample/reagent consumption

= LW

'j
Hogan, Nature, 2006

® Parallel process Energy&
® Rapid detection Environment

Ejector Plate P . .
g ® Green fabrication

® Eco-friendly usage

® Portable

Piezoelectric
Transducer

d"Kothare, IMEMS, 2004



Size Evolution
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Static Mixers
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Bayer et al., 2003., Chem.



Research Trend
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What is mixing
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Mixing phenomena in our daily life

%9F%A5%E7%9A%84%E5%A5%BD%E8%99%95
46561.html

Mixing Is closely related to our daily life






Fluids may be mixed by purely non-zero concentration gradient
and or enhanced by external agitation.



Micro-mixers
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@ How does mixing happen?
" -=EENN
Flow

—

Initial condition
(Ottino et al., 1989)

stretching | diffusion 4

-a'o-o.e o0 o ; "o %

- t v

Ref. :http://www.tj.xinhuanet.com/ztbd/2005-06/09/content_4420148 10.htm ; www.micronics.net ; http://physicsweb.org



http://www.micronics.net/
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Three Types of Fluid Mixing
g

(a) Mixing of two miscible fluids

->




Fluid Mixing by Stretching and Folding

—

) [

) | Stretching

< Folding and
Breaking

Mixing is promoted by periodic motion of the fluid. It is conducted

by iterated stretching and folding of the interface here.



Micromixer

Micromixer Types

=B

—Passive——

&0

Lamination —

Injection

Chaotic advection =—

Droplet

—  Parallel
— Serial
— Re »100
—1 10 < Re < 100

Pressure disturbance
Electro-hydrodynamic

Dielectrophoretic

Electrokinetic

Magneto hydrodynamic

Ref. Nam-Trung Nguyen and Zhigang Wu, Micromixer - A Review, 2005, TMM

—N Re < 10

29



Various Micromixers

el L e
) (c)
- HW Nguyen and Wu, JMM, 2005
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Lab et al., 204.,
Chem. Eng. & Tech. f ” f
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Duke University
Department of Electrical Engineering

*Electrowetting
(Paik et al., Lab Chip, 2003)

Ultrasonic

Air bubble
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*Pressure Perturbations
(Niu and Lee, JMM, 2003)

Fluid
Propulsion

=

Mgh voltage [ l '

relay T
ﬁ—., ‘ High voltage
. E power supply
L

T-form micromixer chip

*Electroosmosis
(Lin et al., Anal. Chem., 2004)

Liguid sample 1 from
syringe pump

Liquid sample 2 from

*Pressure l
(Hong et al., Lab Chip, 2003)
b ) Biofuid Mixing Region () cross secton A

Outlet

Embedded
Conductors

Substrate
J

*Magnetic (Suzuki and Ho, J.
L«Centrifuge Microelectromech. Syst., 2004)

(Steigert et al., Sensor and Actuator, 2006 )

(Yang & Maeda, J. Chromatogr. A,
2003)
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Research Targets in bio-medical diagnosis
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transmission
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reaction
filtration /
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microreactors i
techniques
- purification
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separation chemical reaction/
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Micromixers (optimization of chaotic micromixers)

Z

Table 1 Numerical values of geometric parameters

No.  Parameter I 2 3

A Asymmetry index (p) 0.21 0.33 0.45

B Depth ratio of the groove () 0.07 0.13 0.18

C Upstream to downstream channel 0.5 | 1.5
width ratio (W/H)

D Groove intersection angle (0) 60° 90° 120°

e
Right inlet

First half-cycle Second half-cycle

S

[ [Longer section of the groove (right-heading) P

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

Stroock et al, Science, 2005, herringbone micromixer

Geometric parameter analysis, based on both the
simulation results and the Taguchi method,
reveal the relative effectiveness as:

depth ratio of the groove ~ asymmetry index >
groove intersection angle > Upstream to

downstream channel width ratio.

Yang et al., Lab Chip, 2005
times cited > 169
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Design and Micro-fabrication
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Micromixers (chaotic micromixers)
- ._

Circulation—disturbance micromixer (CDM)
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Yang et al., JIMM, 2007, CDM
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Enhanced Mixing Performance by CDMs

Yang et al. JMM, Vol. 17, 2007

o
(=

||Illlllll|

Mixing index
<
N

—8— ™
G - A— SGM
N® > BEM
\.Q‘\ — <& — CDM-2T
x —&y— CDM-T
\ —-€)—- CDM-8T
e
W\ d
'fi‘ AN Advection
v RN dominate

\\' ‘\‘ _—P‘/'

j!

™

)

F \ O._ s
R \ y .
E SN
0.4 - N
& \
03 \
7 -
02 r - m——
- Diffusioi
0.1 3 dominate
0:) | | lllllll | 1 lllllll 1 lllllll'lJ ] | B It B B
10* 10" 10" 10"

Reynolds number

10° IM_ -

Compared with a slanted groove micromixer at Re = 10, CDM-2T increases 132%,
CDM-4T increases 183% and CDM-8T increases 280%.
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Microfluidic Oscillator

- .-m u-nozzle, p-distributor

Pyrex 7740
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Yang et al., J. MEMS, 2006
ROC Patent, 2007
2008 National Invention Prize

US Patent, 2009



A novel fluidic oscillator incorporating step-shaped
attachment walls

Yang et al., Sensor & Actuators A: Physical, 2007.
times cited > 65

Outlet Oscillating Chen et al., J. Mechanics, 2006; times cited > 23
Chamber
Splitter
-
Attachment T
Wall {ids
Span { o
Angles , o .
Jet : ' ; ?
7 mm Feedback /J i 1 -"]
Channel /’:,« f

2
@ 1.5
E
-]
205 1
Configurations of the plane-wall oscillator o —
. | | . |
and splitter. > 450 L1020 S0 40 s
"t L

1
—_

{ .
Oscillating ?) Distance, d(mm)

Chamber

Outlet

v " ' Splitter

Attachment 2
Wall 1.5 o
Span a1 ‘
90° Angles E e
> °
Jet _é‘, 0.5 . *
Feedback Q -
A channel 2 0 [ e N o ‘==
> 50 10 20% 30 40 50 |

'
—_

Configuration of the step-wall oscillator Distance, d{mm)



Microfluidic Oscillator

- .-m u-nozzle, p-distributor

Pyrex 7740

BB & B F SRS

1 Asymmetric
: feedback channel

s
1

llllll

m

Hiigy

Sudden-expansion ! I
L=exD Micro-nozzle,

Yang et al., J. MEMS, 2006
ROC Patent, 2007
2008 National Invention Prize

US Patent, 2009
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of 2006, Chemical Engineering Science (CES), 2006
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Overlapping-Crisscross Micromixer

Wang and Yang, JMM, 2006.
2006 JMM Highlight

SEM, SOCpu-mixer slab
| OCu-mixer slab

l8o¥m B3B658

grooved pattern binding

reservoir



Various Micromixers developed by Beam Lab.

Vi qul B | ER - - 50 pm

Outlet Pyrex 7740

PDMS Inlet

Asymmetric
feedback channel

2008
R 738 PR ALY

J. MEMS, 2006;
SNA

(b)
Helical tlow with ZCOI:;)S7
short pitch
7
Y
X
“Sidewall
groove
Connected
groove

Connected-groove micromixer (CGM)



Micromixers (Lamination micromixers)

‘ '_ination- split & recombination (SAR)

. ,
\\ ¢ Split membranc -

Guiding wall =1}
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Lee et al., IMM, 2006

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



A Novel Microreactor with 3D Rotating Flow
iF % 1§ 4L, 2009

Sensors and Actuators B- Chemical, 2009
&---E‘ L (@)
" Halogen lam Personal computer Process 1 Process 3
‘ 5 P Upper plate
': ' Waste
(Kd S200, Kd Scienfific Inc.) |

Syringe pump

Process 2

Upper plate
(PD

CCD camera
4 (sampo VE-Cad01)
1

Lower plate
(PDMS)

Lower plate

(b)

SEM photo

1 1
-p |.>
Y =150 pm Y = 750 pum

4
<

|_> [
Y = 1950 um Y =49
6150 pm

180Kkm ©30623

c.pc Experiments

SEM photo

28kV X109

100rm 830625

/
20KV X350 seum/ 030627



Micromixers- SAR p-reactor/p-mixer

N
sesign concept (SAR p-reactor/u-mixer)

(a) e " Cross-section of the fluids
" Fluid2 — in the microchannel
- - - /
=R » pg R
~ Fluid 1 In-plane +
o dividing edge o
" ' : Combination
7 v
Y
v
ol
Flo v
E (s Rearrangement
v
F E Recombination
(b) Flow direction Fluid 1
on XZ-plane Interface
Fluid 2 l

Y

I'/

Parallel flow

\“\
P

Interface
\-t

Overlapping flow

Dividing edge T / Q
g . ==
0 : Confluent angle Mixing unit /

e MiXIng unit
tm

100 ;lm Upper tlow

Upper layer

300 pum l
100 pm . 100 pm _ i
>, L2 7100 um _ NS
50 iy ——— /[ S—
B /\\ -

T// -/Ln\\ er flow

L e

P N
"X 100 pm
50 um

SAR + Chaotic advection

Strong transverse
advection and stretching

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



Micromixers- SAR pi-reactor/p-mixer

" BN

Sensors & Actuators B: chemical, 2009

FIOW fleld 3D rotating flow
7 o

I/"" Dividing edge

N

Flow direction

N, O
N\
Fluid 2




Performance Test of a SAR p-Reactor

L .— Fang & Yang, Sensors and Actuactors B, 2009

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 f




Analysis of chaos & FRET reaction in split-and-recombine

microreactors, Chen et al.,

" =N

b;type:
C1, C2, C3 etc. Oc-SAR
N-type: N-type: C5

C1, C3, C5 etc.

C2, C4, C6 etc.

Nc-SAR
C5

. (&) O-SAR

Oc-SAR

Reflection
mirror

THN

_A—

Nc-SAR
Galvo mirror

Galvo mirror

unit: ym

Microfluidics and Nanofluidics, 2011

o’ (b) Oc-SAR

y

LE

. @

T
120

T T T 1
140 160 180 200
Y.(wm).

Inflows from
syringe pump .-~ oytflow
. icroreactor
icroscope
objective
/ Prism
Plnhole i ;
ichr0|c
mirror

PMT array

5uM
2.67 pL/min

5 M
2.67 pL/min

o)

v 5'-FAM-CAGGTCAGGT-3’
ool 5-TAMRA-ACCTGACCTG-3’

FAM, 521 nm

TAMRA, 583 nm

Fluorescence
intensity
Fluorescence
intensity

Wavelength (nm) Wavelength (nm)

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.

Beam Lab



Micro-reactors
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Methodology
" -=EEN
e /

Research frame

—

Numerical simulation  Fabrication Experiments
Velocity
Field analyses SU-8 mold Mixing of dye-solutions o .~
Concentration | cdox Teaction
(Mixing patterns) :
Topological patterns PDMS replication Chemical tests e
_ _ mdicated test
Pressure
Mixing index Oxygen plasma bonding  Confocal microscopy Protem mixing
(Quantitative method)
' DNA hybridization
Materialization Demonstration
Application
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Enhanced mobile hybridization of gold nanoparticles

decorated with oligonucleotide in microchannel devices
M. H. Hsu, W. F. Fang, Y. H. Lai, J. T. Yang,* T. L. Tsai, and D. B. Shieh
Lab on a Chip, Vol. 10, pp. 2583-2587, 2010

N, FRET
FRET of two complementary oligonucleotides (short DNA) /= ™, i ™" vt

(b) N\V‘VO I:> § rv“’
. Analvtic strategy FRET “Dretance < 10 nm
| B8
100,
m %@/ O Au-NP (13 nm) {@E Au-NP probe
s

ProbeDNA ANV 3 TTTTTTTITITTTIITTITTITIT-SH-5

%3 S
g @ Target DNA /\/\/\/O 3-AAAAAAAAAAAAAAAAAAAA-FAM-5
§

Test DNA /\/\/\/. 3’-CCCCCCCCCCCCCCCCCCCC-HEX-5"

@~ Target DNA in reaction channel
-@- Test DNA in reaction channel

-9~ Target DNA in straight channel
-9~ Test DNA in straight channel

Reaction channel

K A\@ < < MN. Oy L’é F 0

i
E 0.6 A
a FAM<« 'N_J\‘i 'WV..MN o EAML 518 . 2 Fluorescence
8 Imperffect 5 ) nm HEX, 553 nm ] K
g 04 21.8 mm (~7.2s) P -] S >, s = uenchin
g ot e @ z 5 q g
s hybridigation N‘N 8= Oz
~ . PV = s

) Hybridization/reaction 38 =3

02 - ° o o—o I ef Se 3.5

HEX—1% {Ran 2 0
0.0 . . . . . @ > ‘ >
0 20 40 60 80 100 Wavelength (nm) Wavelength (nm)

Distance (mm)

The effect of the structure in the microreactor enables the reaction to attain saturation in only
7.2 s, a duration much less than for traditional static hybridization (12-20 hours). In medical
tests, one can diagnose the result in a flow channel in real time.
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Microreactors

MICROREACTOR NETWORKS

_» RNHCOOR!

RNHCOOR?
’¢'~ /.,&
RNHCOQR3

Wwaste azide

Two-phase inlet

<=
us outleP tegrated
eaZoHSepa rator

Separator

Organic
outlet

sahoo et al., Angew. Chem. Int. Ed., 2007
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Microreactors (Oxidation reaction)

] Swern-Moffatt oxidation c

DMSQO ey

w (J—

(CF;C0),0 =t

DMSO
1 mL min*

TFAA
1 mL min‘!

R-CH,0H
2 mL min*

Et;N
4 mL min*t

in microreactors

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

Hazard, explosible !!

30°C

and a flask.
0 Method Residence T[°C] Selectivity of
— M3D& L | time fy, [s] cyclohexanone [% ]
R* R micro- 24 —20 88
reactor 0.01 0 89
2 001 [0 59
‘ cooling bath | flask o0 19
Lz 3
Ml 'h]' - tube reactor
Yl R
el ) | e
stainless tube
Kawaguchi et al., Angew. Chem., 2005



Microreactors (Competitive Consecutive Reactions)
H

Friedel-Crafts reaction of cyclohexanol in microreactors

i diffusion

CO,Me OMe
Bu: N =0 /@\/\N,COzMe
Bu
MeO OMe
OMe OMe

MeOQC\N N,COZ,Me
Bu Bu

monoalkylation product  dialkylation product
microreactor 92% 4%

flask 37% 32%

l
I
U
TN
U

(a)

(b)

Nagak et al., JACS, 2005



Microreactors (Synthesis of gold nanoparticles)

" =N

22000 um
IPHT-TENA ]
HAUC, (+ PVP)— =
Ascorbic acid—— =

Gold 5ol +——&; 8

2.0

— 10 nm
— 20 nm

400 500 600 700 800
18 24 60 9 150m Wave]ength (nm)
http://www.nanocomposix.com/kb/gold/optical-properties

http://www.malvern.com/LabEng/industry/nanotechnology/gold_silver_nanoparticles.htm
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E | |
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£ ||

o

-3 / \
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& | | / | \ |
T I | T
- e} |
fow S ] e ]

| |
, ‘ \ ] ‘
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Wagner and Koéhler, Nano Lett, 2005


http://www.malvern.com/LabEng/industry/nanotechnology/gold_silver_nanoparticles.htm
http://www.nanocomposix.com/kb/gold/optical-properties

‘ Microreactors (Glucose-catalyst reactions)
'_
QNij—(ID”

—'-‘h

H;C—C

I ', Resorufin
3;mplex Red H, O2 Q2 (Fluorescent)
’l
et CH OH
Q >] Interf
Gluco\e O\nda\e perace

Gluconolactone Glucose

Amplex Red + HRP

Gluconolactone +H,0, O\

5 SEAVIA S TANVS VAN 5 ANV NVIA g
'ns 5.0 mm X 3
~ I AN ANV VAN ANV NV 0 G — Width of Interface

i 7 7 L: Glucose, AM: Amplex Red
4. Smm Interface of
......................... two fluids
<+ Resorufin
10mm [ |

x

|« 20 mm

Kim et al., Analyst, 2005



Microreactors (Flash synthesis of carbohydrate derivatives)

- Yang et al., Chemical Engineering Journal (CEJ), 2011

Applications of SAR p-reactor

Reaction duration (s)

3a I 3b | 3c |
100
i ] 100000
90
4 m
80- 10000
. = 0] 1000
2 R
o 60_ ;.:_&:4 47
i KA
g 55 & 100
50_ KX 4]
| Q@ [ oo K
=] (e RN 5%
40 £35S R N 653 10
] 5 SN 85
30 s N o
1 K63 SN m b 1
20 =N WA=
i k%A KR \ 19254
‘D) R2 10 E:i:" ::::‘0" \\ ;:E:E: 0.1
2.3-Naphthalenediamine o Residence period:t i :::::} 5:2*1 §\~ Do
Ay 0- [ 25
6h

30h 1s 10s 1s 0.1s
M T-u SAR-u

1s

HaN 0.4~4s 2 Sh_1s 10s 1s 01s 18h_1s_10s 1s
i B e T M T-u  SAR-u M T-n  SAR

= e

PR S Lo\ o (52 Macro flask:
Residence permd:tlf.:’ H=g5> oH O%N 6hto30h
oH ) ) Temp. above 100 °C
0 OH 2 (30)
2/ HR5>" oH O%H £ Aldo-Naphthimidazole
Po) o = SAR p-reactor :

n
H OH O n=0 (2a)
T o 0.1~10s
Eﬁgg Schiff base Temp RT



MlCI‘OI'eaCtOI'S (Microflow Synthesis of Saccharide Nucleoside Diphosphate)

.._ Chemical Engineering Journal (CEJ), 2012

Applications of SAR p-reactor

AcO

AcO o O / N
AcO
AchN Ly /

\
oﬁl‘ 300 H1‘0'6"%107:

o\,'D'O
%) /:> /‘«-> /':> :\/(‘-"> /:> SS ' Unit : pm

N
Spaeme (T

ol
Rj‘?\o SS/D > > > >
e

o) O
l—)AcO - NH
o~?~og, 0 wr
OH AcHN -0

2a R = morpholine Residence time < 2 min,
2b R = p-MeOCgH,4NH y|e|d > 90%

N—

® With our microreactor technology, the enhanced reactivity of reagents is
phenomenal.

® 85% conversion and 94% vyield of cross-coupling reactions were achieved in
tens of seconds.

® The duration of the reactions was diminished >10-° fold.



Flash synthesis of carbohydrate derivatives in
split-and-recombine microreactors

Chemical Engineering Journal, 2011

2,3-Naphthalenediamine \y R2 The SAR-microreactor required just
Residence period:t,

qum T Rads seconds (0.1 to 10 s), which was

ot v b ~ about 103~10°%the duration for the
&) R1
Residence period: t Q macro flask
PamE N —
}'fa ))))) Q;§>36nxsa>»>
\ /

A Q’ 2 (3¢)
2 {% ‘ Aldo-Naphthimidazole
OH g n=0(2a) : '
1(20) OM image
H 2(2¢) '
0=0 (1a) Schiff base
1 (1b)
2(1¢)
Aldose

An efficient and rapid synthesis of carbohydrate derivatives was accomplished using a split-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.



Microflow Synthesis of Saccharide Nucleoside Diphosphate
with Cross-coupling Reactions of Monophosphate Components

Chemical Engineering Journal, 2012

Reaction unit

AcO : <=
AACOC#LOO N o- " &
C P
P
AcHN ('3_ XI p--- J.iml L

300 100100100

-.::::,.. I’ -\/ ,
1 s N Mo s Yo N |
/:> e 2 2 J e— gg [109] Unit : pm
\ 7

O/Sfe  N_____

0 7Y /‘ 0

A 0 / \/ \/ V V N AcO -z
70 N\H/NH SSD Yl Sl el ud —— o 1 OP 0 m

_0 o AcO 0~P=0" 170 T

HO o AcHN -0 © O

_ , . . . HO OH
2a R = morpholine Residence time < 2 min, 3

2b R = p-MeOCgH,NH 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 10° fold.



DNA diagnosisinamicro-separatorbased onparticleaggregation
Y.T. Chen, Y.C. Liu, W. F. Fang, C. J. Huang, S. K. Fan, W.J. Chen, W.T. Chang, C. H. Huang, & J.T. Yang*
Biosensors and Bioelectronics, Vol. 50, pp. 8-13, 2013

M)

PFF microseparator
) D)

B 2 2 2 0 N ) )
; . N }’ ; E E > Ny Broadening S|ng|e paI‘tICIe
o \ "Q Y iobe DNAL :ONWWO’ e SR segment (@Nowges)
) e TE o BRI urrer -

Fluorescent Biotin labeled pygpe-labeled

Target DNA ~— 4
PSbeads ProbeDNA  pS peads A ) “ ¥
o /5 ™% ProbeDNA2 . /
. - 4 o Aggregated \ /
Streptavidin O : Particles Large .

g A aggregated % Aggregated particles
Probe DNA-L:  Biotin-5-GCGCT AGAGT CGTTT-3 p_ar;]tlcles (Mediumtargetconcentration)
Probe DNA-2:  5-CCTAT CGACC ATGCT-3"Biotin (High target
Target DNA: 5-AGCAT GGTCG ATAGG AAACG ACTCT AGCGC-3' concentration)

Test DNA: 5-GAGGG ATTAT TGTTA AATAT TGATA AGGAT-3

1-mismatch DNA: 5-AGCAT GGTTG ATAGG AAACG ACTCT AGCGC-3 (@) 2-outletdesign (b) 6-outlet design

A novel aggregation-based method
to execute oligonucleotide detection
in a PFF (pinched flow fractionation) pinched segment
microseparator is proposed & developed.
The label-free target DNA hybridizes

with the probe DNA on the surface of
microspheres and causes the polymeric
aggregate, thus enlarging the average
size of the aggregated particles.

broadening segment

W,=1000 um; |

prpm—

One of the most downloaded articles (Oct. 2013)



Next-generation microfluidic system for
rapid DNA screening

Reduction
Gold nanoparticles (AuNP) reagent

Silicon oil Silicon oil
Sy ~

— (F)
[:lr‘ DNA concentration or
- gy 5 Binding strength
4 S > o
o N 15
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£3=)
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Hybridization-mediated growth of gold nanoparticle probes for
visual and spectrophotometric screening of DNA mismatch

W. F. Fang, W. J. Chen, and J. T. Yang,* Sensors and Actuators B- Chemical, 2013

Before After Color .
e i TEM photos UV-vis spectra .
appearance =P 02 : a) Concentration (uM)
i ] ,\ ., i 003 006 008 011 014 017 0.20
Unmodlfl_e_d gold nanoparticle \ & o — ‘ Sisd & i {
(unmodified AuNP, 0.4 nM) 4 ae i CDNA |
o :,  Growth S 501 yYyvyvyvevy
robe S \71 S _
5'-thiol- ;’m NH,0H & HAuCI, N = e P py M W e
e gl = 1T
OO KM AuNP migrli(leIJW|th probe / ( * _:-(? é SMDNA VI v v '
DNA (AuNP probe) / O Y Y Y v Y v v
\\ Pink S0 0 "g — e = —
DNA complementary to 5 400 500 600 700
7 TMDNA g ‘
grg‘?‘?e?:@éé%?&é%m ::.,%#M ) 4 "‘ Mulberry-liked shape Wavelength (nm) 'é v V v v ' ' v
:)3(1:7T5N3| VU‘ é‘f < 4 | «CDNA Y < "‘- L T‘v = = —_— "’;: ;
AuUNP probﬁybrldlzed with \ : ‘ ) [ +SMDNA O SixMDNA {
complementary DNA \.@ Indlgo 50 nm 10 nm . ;‘;,\:SE:A § v; v ' v v v V
Sequence (20 mer) @10 [ HMDNA : - =TT B
Probe 5’-thiol-GAGCTGGTGGCGTAGGCAAG- I VHMDNA g "
DNA 3 S 08 Y Yy vy v v vy
CDNA 5’-CTTGCCTACGCCACCAGCTC-3 < _— e — — oy -
SMDNA  5-CTTGCCTACTCCACCAGCTC-3' 06 P L B L ‘e
TMDNA 5’-CTTGCCTACTTTACCAGCTC-3 04 Z \Y v L Y 4 Y
SixMDNA 5-CTTGCCTTTTTTTCCAGCTC-3’ [
HMDNA 5-CTTGCGGTTT TTTGGAGCTC-3’ 02 L : : :
20T _DNA  S-TTTTTTTTTTTTTTITTTTTIT-3 % DNA concentration (uM

A novel color approach to detect rapidly and conveniently DNA samples is proposed based on
a concept of DNA hybridization-mediated growth of AUNP probes. With this method, one can
not only evaluate semi-quantitatively the target DNA but also screen mismatches of DNA
samples with a naked eye or simple spectrophotometer.



Cell Culture & Fractionation on a Microfluidic Chip with
Programmable Modules of Temperature & CO2

|
UTAS-2013
submitted to Lab Chip

ya
[ -ﬁa Cell culture chamber
CO, chamber

Micro-heater
Micro-thermal sensor
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Origami Paper-Based Fluidic Batteries for

Portable Electrophoretic Devices

S.S. Chen, C. W. Hu, Y. C. Liao,”). T. Yang,” uTAS-2013; submitted to Lab on a Chip
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KIL l‘ — Layer 4

CuSO, in paper

. Cu electrode

’ — Layer 5
paper - AlClj; in paper

cellophane - Al electrode



Length (mm)

Detection of an Amphiphilic Biosample in a Paper

Microchannel Based on Length
Yu-Tzu Chen and Jing-Tang Yang,* Biomedical Microdevices, 2015
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We developed a simple method to achieve semiquantitative detection of an
amphiphilic biosample through measuring the length of flow on a microfluidic analytical

device (UPAD) based on paper.



Measurement Techniques
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Measurement of Fluid Mixing

" -«EEEN

Colors Recognition Tracing Particles Chemical Indicator

The characteristics of fluid mixing is measured via colors recognition,
tracing particles, and chemical indicator. In this research, the mixing
degree is quantized by the computation of the standard deviation of
grayscale values which are analogous to the constitution of fluid.
Velocity field is measured via tracing particles called particles image
velocimetry.



Measurement Techniques
"
Is it possible to achieve the simultaneous measurement of species

velocities & concentrations in microdevices ?

Mass transfer & momentum transfer ? All in one ?

~ absolutely yes !
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Losey et al., Journal of
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Sensing Micro Sensing
film hearter resistor, Rs
'l* 1 .'!\\
Klm et al . BIOChemIcaI Englneerlng Fig. 4. Sketch of two-chamber chip. 1, Inlet; 2, cover; 3, adjustment; 4, == \_ \,_ ‘: ,_\ o \:}.

reaction chamber; 5, nir chamber; &, thin-film heater; 7, temperature seqsor;
Journal, 2006 '

1, cover; b, topside; c, backside.
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Fig. 1. Schematic of the test microchannel.
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Fig. 3 Experimental setup, microchannel and instrumented borosilicate

substrate. Hamadi et al., Lab Chip, 2012
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Figure 1. Schematic cross section of heat convection flow with (a) silicon substrate, and (b) thin-film cap.
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Flow Visualization without Dyes
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Micro laser-induced fluorescence (u-LIF)

Ban;rier (e)
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Grooves
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Two fluorescent proteins — B-phycoerythrin (BPE, 0.5 uM, Far East Bio-
Tec Co., Ltd.) and Allophycocyanin alpha subunit (ApcA, 2 uM, Far East
Bio-Tec Co., Ltd.) — served to monitor the mixing performance.



Experiments — redox reaction
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Fluorescent Resonant Energy Transfer (FRET) in a Microreactor
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The analysis of protein binding in a CDM using

fluorescence resonance energy transfer
Tung and Yang, Microfluidics & Nanofluidics, 2008
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Fig. 9 Results of FRET in (a) SGM, (b) CDM. (c) The distribution of the FRET
factor plotted to the 10th period for SGM and CDM.




Confocal Fluorescence Microscopy
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Confocal Microscope (Nikon A1R)

Test section (light excitation on chip) | Syfig p @
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Measuring Techniques (simultaneous measurement)

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

Simultaneous measurement (micro-PIV & particle counting method)
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Measuring Techniques (simultaneous measurement )

L Biomicrofluidics, 2010
(Top 20 most downloaded articles, 2010/04, and /06)
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Measuring Techniques (simultaneous measurement)

g

Biomicrofluidics, 2010
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Performance Test of a SAR p-Reactor
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3D-Image reconstruction: SAR pu-reactor

XY section

Mixing of protein solutions,
C-PC and R-PE, in a
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Results and discussion- SAR u-reactor
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Micro-reaction in droplets
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Development of a millimetrically scaled biodiesel transesterification
device that relies on droplet-based co-axial fluidics
S. l. Yeh, Y. C. Huang, C. H. Cheng, C. M. Cheng, ** J. T. Yang*

M/O volume = 1:1

Scientific Reports, 2017
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Continuous Production of Biodiesel by a Passive
Millimeter-Micrometer Fluidic System

I-Lun Chen, Szu-I Yeh, and Jing-Tang Yang,* MicroTAS-2017
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Microencapsulation of Curcumin-Loaded PLGA Particles
and Controlled Release in a Myoblast Culture

n to be submitted
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002

PLGA solution with drug
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LTAS-2014

High-throughput
Transesterification with
Soybean Oil and Methanol
by Micro-Scale and Mini-
Scale Droplet-based
Microsystems

LTAS-2014



Petal Effect and Lotus Effect

Petal (Cassie impregnating wetting state) Lotus (Cassie’s state)
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Integrated Microfluidic Reactor Array for Large-Scale
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Design & operating processes
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concentration gradient clip.avi

Have a nice winter vacation!

Yang, Jing-Tang, NTU, 2021 ‘ BEAM Lab
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Results and discussion- SAR p-reactor
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