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PURDUE LIEAA
Key Topics

« Biochips/Biosensors and Device Fabrication
« Cells, DNA, Proteins

e Micro-fluidics

« Biochip Sensors & Detection Methods

e Micro-arrays
e Lab-on-a-chip Devices

—DNA
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Dielectrophoresis
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PURDUDjelectrophoresis on InterdigitatedL
Electrodes

5 Polystyrene beads : e, <e, > negative DEP

Cells : e, <e,> Negative DEP
Cells : e, >e, > Positive DEP
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Interdigitated electrodes
on achip

H. Li and R. Bashir, Sensors and

Actuators, 2002, JIMEMS, 2004 o - oy T o .
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A Dielectrophoretic Filter

Electrodes (cross-section)

Electrodes Epoy albese
Beads / Glasscover | Lum
and
bacteria \ p
Elow Elow 2m" " 1 Tm
gite“ti)o” / microbore ube
amber
Schematic of the device
Cross-section
y direction (vertical)
.- + x direction (horizontal)
# Flow direction
| 5
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PURDUE Forces on a particle in a A
micro-fluidic flow _

1. DEP Force ——> Flow
2. Sedimentation Force £ Foepy

HD lift

I:DEPx E |:HD drag

2 | h

3. Hydrodynamic Drag Force: ' sedimentation
FHD- drag 6kah (um -u p) Interdigitated electrodes

Assume a parabolic laminar flow profile:

F o .« »0.153RN

(x- R) dx

U: flow rate in ni/min

1 « Two orders of magnitude smaller
than typical DEP lifting force

 Neglected here



PURDUE

X-component of DEP force at different Lk
heights

w1078 x-component of DEP force at different heights

’ — el | Bead diameter:
— 1.6mm 0.7mm
15 2.6mm L
m (— 3emm | | Bead conductivity:
— 4.6
- ma 2e-4 S/m
8 \ e Relative permittivity
59_ 05 of bead: 2.6
a f\ fé « Bead density: 1.05
5 o 7 = 7 = g/cm3
o \ \? \ « Medium (DI water)
805 conductivity: 2.5
£
S \ \ S/m
< \ \ « Relative permittivity
O of medium:
-1.5 V . um 80
? « Medium density: 1.0
g/cm3
-240 -30 -20 -10 0 10 20 30 40 o

Voltage: 1Vrms
* Frequency: 580KHz 7

Horizontal position of the bead,mm
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Y-component of DEP force at different *

Vertical DEP force, N
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PURDUE  Trapping of beads (- DEP) and L
microorganisms (+ DEP)

1oL bojAz[ALs s pegge MM LI qQITssLe IV D] mask (CougnCialA — | phrvcil) gf | INHS
Holaqwa aojeds o) e uedsnas DEL febe ou ueLqdigreq 6l6CLOqe2 AGLENE LIOM LSI6

350 T T T T T 300 T T T T T T
—— Simulation
300 T 250
. 50 _
O Experiments
250 ]
. 200f iy
=X 2.38Mm bead o
& 200F . A yeast\g(‘ell
= >
N% %W 150k  Vaccinia virus _
S 150f . 2 1
o = B. Cereus spores
> ~\ o
5.44mm bead > ook . i
100 ]
50 . 50 T
Listeria innocua bacteria
0 1 1 1 1 1
0 0.02 0.04 0.06 0.08 0.1 0.12 0 1 ! ! L L
Flow rate (n¥min) 0 0.1 0.2 0.3 0.4. 0.5 0.6 0.7
Flow rate (Wmin)

H. Li, Y. Zheng, D. Akin, R. Bashir,
IEEE/ASME JMEMS, 2005



FURD -lbielectrophoretic Trapping of Vaccinia HE/A

virus (positive DEP)

 Fluorescent imaging of nano-scale virus
particles (Vaccinia virus and Human
Corona Virus)

« Trapping of viruses in DEP filters

e Dual labeling of viruses with fluorescent
dyes

The dual (DiOC63, green and DiL, red)
labelled viral particles

micmscape
ohjedtive

Ga==Cower
*
15|.mi

e l- —

Ciliemn

Virus Size ~ 250x350nm
Picture taken at: 10Vpp, 1MHz, DI water
~1.5nS/cm, flow rate ~0.1m/min

D. Akin, H. Li, R. Bashir, Nano Letters, 4, pp. 257 -259, 2004

400x magnification: viral surface lipid
membrane labeled green (DiOC63) and
viral nucleic acids were stained blue
(Hoechst 33342 stain)
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Release voltage vs. diameter for particle collecting the electrode

edge, considering the Brownian motion

Polarization factor=0.5,

flow rate 0.1mm/min, in the
channel with cross-section

Equivalent external force due to
Brownian motion is estimated to
be 20kT/?d "~ 8.2" 1015 N,

k is Boltzmann constant,

5 T is the absolute temperature in
Kelvin, and

?d is the trap width, assumed to
be 10mm

Release Voltage (Vp-p)
P
[

350x11.6mm2,

—— _ . interdigitated electrodes
- w/o considering Brownian motion . .
—&- considering Brownian motion with 23mm width and17mm
spacing
\

V?2pr’ Re f ]NE2—36phkr — _r g 6phk—
CM g 2
@

_ 18hk
rNE*R¢| f, ]h

| |
0 0.1 0.2 0.3 0.4 05

|
0.6 0.7 0.8 0.8 1 11

Particle diameter, um
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Micro-fluidic Characterization

* Micro-Particle Imaging Velocimetry (nPI1V)
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Key Topics

« Biochip Sensors & Detection Methods

—DNA

13



PURDUE

Biochip Sensors

e Detect cells (mammalian, plant, etc.),
microorganisms (bacteria, etc.), viruses,
proteins, DNA, small molecules

e Use optical, electrical, mechanical
approaches at the micro and nanoscale Iin
biochip sensors

14
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Sensing Methods in BioChips

Mechanical Detection

Surface Stress Change Detection

| L |
* 14
t

ado(

n) (Ds, - Ds,)
et g E
« Dz = deflection of the free end of the cantilever
« L = cantilever length
« t = cantilever thickness
« E = Young’s modulus
* n = poison’s ratio
+ Ds, change in surface stress on top surface
* Ds, change in surface stress on bottom surface

Mass Change Detection

« k = spring constant

* m = mass of cantilever

« fo = unloaded resonant frequency
« f, = loaded resonant frequency

(a)

Electrical Detection

Conductometric Detection

Measurement
Volume

Z (bulk) Z (interface)

@‘3@ &
L o]
D%Oﬁ

M‘W

Measﬁrement eIe‘ctrodes

X
Measurement electrodes

Amperometer Detection

l Reference

' Reference

electrode electrode
GQb e Glucose
. + + + +
Working Electrode
Potentiometric Detection
Reference Reference

ISFET 'electrode Capture/ lelectrode IO”IS or
sensor layer analytes

Source

Drain
E=m=——"1 9(+vevoltage)

?

Current flow

Current flow

(b)

Optical Detection

Capture
probes

i

DNA detection on chip surfaces

Fluorescence
detection

Target
& Probes

Capture

probes Target

Fluorescence
detection
o Probes

Protein detection on chip surfaces

AAA

Capture
probes

YYy _YYY

Cell detection on chip surfaces

(C) 15
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1. Microcantilever Stress Sensors

Mechanical Detection
/

Surface Stress Change Detection - ﬁ
+ —rt — ©/
t \/

Dz

Y v . 0.2um thick, 100um long,,

Comment: -

A6 [1-n)

Dz=4¢8-= (Ds, - Ds,)
et g

» Dz = deflection of the free end of the cantilever

L = cantilever length

* t = cantilever thickness

e E = Young’s modulus

* N = poison’s ratio

 Ds, change in surface stress on top surface

» Ds, change in surface stress on bottom surface Title otonse after o o 142000 T
Comment: Filename: 150.TTF

16
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Microcantilever Stress Sensors

e " IBM Zurich Research:
' DNA Detection
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Fritz et al, Science, 288, April 2000
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Microcantilever Stress Sensors

Detection of PSA,
Prostate Specific Antigen
(cancer marker protein in blood)

g
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- PSA ~ 30kDa ~ 30 x 1e3 x 1.66e-24gm

- In 1ng/ml

~ 2e10 molecules/ml

Deflection, Ah (nm)

=8

£3
*t, * 0-

‘_/Target Molecule
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*+— Gold

Silicon Nitride or Silicon

0
‘ ‘ v T t Bindi
arget Bindin
Muiihuu‘“‘f .
— = _ Deﬂectlon, Ah
Chip
80 — T T T T
[HSA] = 1 mg/ml [fPSA]
60 60 ng/ml

Y
o

Injections

]
o

No PSA Ab

HP only

- Area of 20um x 60um, each protein 10nm x 10nm - ~1e8 proteins

Wu et al, Nature

Biotechnology, 19, September 2001

i ([PSA] =60 ug/ml} ([HP] =1 mg/ml)
_40 PR TS T TR [ WU TR TN T N T T T T N TR T T 1
0 60 120 180 240
Time (min)
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Deflections have been measured with aresolution of 0.4x10-12 m.*
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UNIVERSITY =

Polymer/Silicon Cantilever Sensors

« Environmentally sensitive micro-patterned polymer structures on
cantilevers

« Hydrogel patterned on cantilever and then exposed to varying pH

25 | | | .
I I I o Cantilevers
touched the
" bottom
20 11 5 x
E ol
A0pm ” —O0——0
£ v W
E 1511 -20km _g
E &
% /Z/
S 10
5 —o— Experiment
qi_—‘ ~x-- Model .
ST F—==—=3>="7-9/ slope = 18.3mm/pH |
(=1lnm/5e-5DpH)
- DpH = 1-10e-5 O T e T T T
25 35 4.5 55 6.5 7.5 8.

-pH=6.5 > ~ 1.9e5 H* in 1000nm?3
- DpH = 5e-4 - change of ~ 150 H*

pH of Fluid Around the Cantilever

R. Bashir, J.Z. Hilt, A. Gupta, O. Elibol, and N.A. Peppas, Applied Physics Letters, Oct 14, 2002;

%.%afggry Hilt, Amit K. Gupta, Rashid Bashir, Nicholas A. Peppas Biomedical Microdevices, September 2003, Volume 5, Issue 3,19
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- 2. Microcantilever Mass Sensors

Unloaded Resonant Frequency : Mass Change Detection
1 k
fo =
2p Vym*
Spring constant for a rectangular
3
: Et°w
shaped cantilever beam: k =
4| 3 . PSI;': comparing measwements done using thermnal and plezo drrlu'en
e -I ;L;um:hhi:!:sunﬂ& 4
Loaded Resonant frequency : f; = 1 / K Cantilever B
- 11 = * HES Lt = 10 Piezoelectric
. 2p \m*+dm Thi?:rllﬂess iyt r:m | — Driven 1
dm is the added mass w' f, =270 kHz
gm"
k &1 1 0 8
Dm = - + i
4 2 f 2 f 2 + Thermal
p 1 o 9 w Noise | 3
* k = spring constant Spectra \ i
— : 10" L I._--'.-” " 4
» m = mass of cantilever -rkll_lw.qh_Il,wquﬁuuw\frﬁ
« f, = unloaded resonant frequency i
- f, = loaded resonant frequency

Frequency (in Hz) )O
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Frequency Shift (Hz)
I L 1 I

E-coli Cells
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1 2 L >

T
60 80 100
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T T T
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Detection of Bacterial Mass
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- ;-i’h 4 -
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| u”ﬂ\;ieus .
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b
o

Craighead, et al. APL, 77, 3, 17" July 2001, 450-452

25 30 35 40 45
Resonant Frequency (kHz)
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Detection of Listeria Cell Mass

Ferquency Shift vs. Ho. of Cells

Non-specific binding of Listesia innocua bacterial
cells to a cantilever beam

l

A. Gupta, D. Akin, R. Bashir, JVST-B, 2004.

LIE\A
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T 0
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8 o | :
: / 7 = 09307
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=¥
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o 50 100 150 0 2500
Kumber of Cells
108 = - —— : —
i Frequency change after binding of 180 dry bacteria
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%) Resonant Resonant
= 10° Frequency g Frequency
S GaTkH) > @s6kH) |
() : ; e ;
ie] I._,p_!i B ' |
=}
= -#“'ﬁh' §1 Mo RAv
£10-10 k %ﬁ* {”‘H Hﬁ'\"v’"' i
<E(10 t R ._i .1..|§_r':
s
1011 , | |
65 7 5_8 g5 9 95 1022
Frequency @Z) x 10*
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Minimum Detectable Mass

The frequency measurement is limited
by thermo-mechanical noise on the

cantilever beam. - Minimum Detectable Mass for Silicon Cantilever Beams
Minimum Detectable Frequency, {— =
?f,min = ?
1 \/ fokg TB
=)
A 2p kQ °
9]
- =
Minimum Detectable Mass, E
?m,min = 5/4 %10'16:_ Width of cantilever beam = 1 pm .
1 4k BTB m eff E Thickness of cantilever beam = 10 nm _
3/4 E i
AV Q k¥ E
S1077} .

kg = Boltzmann constant
T = Temperature in Kelvin

B = Bandwidth measurement, (~ 1 kHz) 10_18’ | | | | -
3 um 4 um 5 um 6 um 7 pm 8um  9um 10 pm

Length of cantilever beam (um)

Q can increase by 100X by driving the
cantilevers

Roukes, et al.
23
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PURDUE o
Fabrication Process Flow

Cross-sectional view Top view
Materials Legend @ | v v
[ Silicon 5) A e bl i it
%
77 Silicon 7
m dioxide o M s} W //
(c) g .
Etch Window
W (I;’.EC-\éD Silicon
“ dioxide
(d) Bottom of
channel
(e) . | +!_! !_! |_!+
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N SEM Pictures of Cantilevers

3 Vaccinia Virus
Particles

| -
;i Cantilever
- Beam

Vaccinia
Virus Particles

Tum

A. Gupta, D. Akin, R. Bashir, Applied Physics Letters, March 15, 2004.
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- Frequency Shift vs. No. of Particles

Lol s ? f=60kHz o0 ¥=336x+264
=
_I T f,=1.27 MHz i »
.5 I # r- 4 'IE .
10 ¢ 3
~ Q-5 . .
3 k =0.006 N/m % h
]
o E |
= £
= E 100
2
: =
10"} 2 50 - - 1 kHz frequency shift for 160 ag
_ - o - - Sensitivity ~ 6.3 Hz/ag
+ Canfilever beam with virus particle
_* Unloaded cantilever beam |
06 08 1 12 1.4 16 18 2 9 T T T T 1
Frequency (in Hz) x10° 0 1 2 3 4 5 6
Effective No. of Virus Particles

* Average mass of Vaccinia Virus ~ 9.5fg
 Work on going to integrated concentration elements
 Integrated Abs on cantilevers

26
A. Gupta, D. Akin, R. Bashir, Applied Physics Letters, March 15, 2004.
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Specific Capture of Virus Particles

<4+—— Vacciniavirus

<+«——— Chip

Biotinylated antibody
Streptavidin
BSA and Biotinylated-BSA

Power Spectral Density Plot at Various Stages of Biosensor Analysis

Power Spectral Density Plot at Various Stages of Biosensor Analysis

T T T
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P .ft' eI W G > ™~
R e Wha S
—— Unloaded Resonant Frequency = 10%° : - lu»’\"“ﬁ et \\\..w\
—— Resonant Frequency after Antibody Attachment 4 ~7" Unloaded cantilever beam WYy ) u?l‘\-\ i
——- Resonant Frequency after Virus Capture 0 Cantl_lever beam after abs '-H Y l|{|.v Pr}'flﬂ'fh
——- Cantilever beam after virus capture | \'! '4( |
10711 I 1 1 ! - ' ' r ! ! ! ' '
1.5 2 25 3 35 0.8 1 1.2 1.4 1.6 1.8 2 2.2

Frequency (in MHz)

Virus capture experiment: w

decreases with Ab attachment and

with antigen capture

increases with Ab attachment and

Frequency (in Hz)

Virus capture experiment: w,

decreases with antigen capture




PURDUE 1=\z
Mass of Molecules

device layer Cr/Au

ﬁ ﬁ
(a) (c)
(b) (d)

To probe the amount of thiolate binding to the Au con-
tacts, we have measured the frequency spectra before and
after the thiolate self-assembly. Figure 14 shows the mea-
sured shift in the resonant frequency for DNP-PEGH-
C1lthiol binding on 50- and 400-nm-diam Au contacts. The
measured frequency shifts were 125 Hz and 1.10 kHz, cor- . :
:gsl:;uﬂding to calculated masses of 6.3 and 213.1 ag. respec- :FarT;quancy {HHz?ijm
vely.

33525 3.3550 33575

Optical Detector Output (AU)

FIG. 14. Experimentally measured frequency spactra before (solid line) and

after (dashed line) the adscoption of the thiolate on (a) 50- and (b} 400-nm-

diam Au centact. Recfangular beam dimensions were =10 pm, w

=1 pm, and r=250 om.

llic, B., Craighead, H.G.; Krylov, S.; Senaratne, W.; Ober, C.; Neuzil, P. 28
Source: Journal of Applied Physics, v 95, n 7, 1 April 2004, p 3694-703
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Electrical/Electrochemical Detection

1. amperometric biochips, which involves the
electric current associated with the electrons
iInvolved in redox processes,

2. potentiometric biochips, which measure a
change Iin potential at electrodes due to ions or
chemical reactions at an electrode (such as an
lon Sensitive FET), and

3. conductometric biochips, which measure
conductance changes associated with changes
In the overall ionic medium between the two
electrodes.

29
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1. Amperometric Detection

Reference Reference
electrode electrode

GQD e Glucose
? V%—

Working Electrode W S A

Glucose Oxidase
b-D-Glucose + O, + H,O »D-gluconic acid + H,0,

hydrogen peroxide is reduced at -600mV at Ag/AgCl anode reference electrode.

o0t ]
e Detection of Glucose, Lactate, et cancr |

Urea, etc. I | I

* Enzyme entrapped in a gel - I R VA ol B
» Surface regeneration and Slensesemser

sensor reusability c§ 50 |- S _
Pe_rdomo, et;aI.,ZOOO

S - N N N 1

0 5 10 15 20
Concentration / mM

30



PURDUE

o Capture probes are attached to
electrodes.

« Target DNA binds to complementary
probes

 DNA sequences, called signaling
probes, with electronic labels attach
to them (ferrocene-modified DNA
oligonucleotides, E1/2 of 0.120 V vs.
Ag/AgCl, act as signaling probes).

* Binding of the target sequence to
both the capture probe and the
signaling probe connects the
electronic labels to the surface.

» The labels transfer electrons to the
electrode surface, producing a
characteristic signal.

Detection of DNA Hybridization

a Target
nuclslc acid

Signaling
probe

Giold electods Alkane  Insulator  Molecular
surface liner wire

Umek, et al. J. Molecular Diagnostics, 3, 74-84, 2001
Drummond, Hill, Barton, Nature Biotech, v21, n10, Oct 2003, p1192
http://www.motorola.com/lifesciences/esensor/tech bioelectronics.html

31




PURDUE

2. Potentiometric Sensors

Reference Reference
lon r
ISFET l electrode Capture/ lelectrode © |S?
sensor layer analytes
Source Drain

O mEEE=——— 9 (+ve voltage)

Current flow Current flow

e |ISFETs, ChemFETsSs, etc.

« Potential difference between the gate and the reference electrode in
the solution

« Change in potential converted to a change in current by a FET or to
a change in capacitance in low doped silicon

e Gate material is sensitive to specific targets
 pH, lons, Charges

32
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Lon I VERS

Nanoscale pH Sensors

L=\

A

nanoFET

backgate

NH.F

¢

REbb 0

NH,

nanosensar

@

« Label Free !l
» Detection of pH change
o Detection of protein binding

Y. Cui, Q). Wei, H. Park, and C.M. Lieber.
sensifive and selective detection of biological and chemical species.
203:1289-1292, 2001.

Nanowire nanosensors for highly
Seience,

1550

Conductance (nS)
@
&

-
o
o]
[=]

1550

1500

1650

1600

1350

L1 1500 kel ! |
0 100 200 0 200 400
= 1100
D E
- 1050}

idd | s
- | 1000} f 2
L | 1 1 950 kL I 1
b] 50 100 150 1] 100 200

Time (s)

+ Streptavidin binding detection down
to at least 10 pM.

+ Substantally lower than the
nanomolar range demonstrated by
other procedures.

I
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Integrated Silicon Nanowire Sensors

¢« Plate Size ~ 20nm X 1mm X 3mMm

Objectives: M%"’I‘E::‘ijrlzs M-(I;?égﬁfes « Wire Size ~ 20nm X 20nm X 3Mm
- Bio-sensors with electronic output et 190009000909}y
- Capability of dense arrays integrated ~

with ULSI silicon

- Direct Label Free Detection of DNA and
Proteins

| —— NpPurge

bl
o

o
(5

GConduciance (di/dV) (pAV)
o
>

o
N

Electrical response of the device upon

61 exposure to oxygen (red dotted iines) and -
TS nitrogen (blue solid lines
5 2 kV r*-‘. Sﬁk 6. E?Hl» 5.0 . 9 ( ' ' ) .
0 50 100 150 ) 200 250 300
O. H. Elibol, D. Morisette, D. Akin, R. Bashir, Applied Physics Time (min) 34

Letters. Volume 83, Issue 22, pp. 4613-4615, December 1, 2003
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Field Effect Sensing of DNA

b

a b
< 104
é 10

[rrgeC TN T R P R A g 5; cA cB
@

I : : |
@
o g4
% Nw
= i
(%]
'.E 51 ch cA cB
[+ &) 'l
: g A A8
?“5: 104

— 2nM

1 ——20nM
4 | —— 80 nM

Differential Surface Potential (mV)

Time (min})
J. Fritz, Emily B. Cooper, Suzanne Gaudet, Peter K. Sorger, and Scott R. Manalis, Electronic detection of 35
DNA by its intrinsic molecular charge, PNAS 2002 99: 14142-14146.
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3. Conductometric Biochips

e Conductometric sensors measure the changes in the
electrical iImpedance between two electrodes, where the
changes can be at an interface or in the bulk region and
can be used to indicate biomolecular reaction between
DNA, Proteins, and antigen/antibody reaction, or
excretion of cellular metabolic products.
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Nanoparticle Mediated DNA Detection

e Au nanoparticles assemble between two electrodes if DNA is
hybridized

« Silver staining of the Au nanoparticles

e Conductance changes between micro-scale electrodes indicate
DNA hybridization

o Sensitivity of 5x10-13 M shown
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| X = A (complementary),
T, G, C (mismatched)
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