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E
lectronic biosensors are transducers that convert biom

olecular or cellular inform
ation

to electronic readouts. Though advances in electronics keep im
proving biosensors’

perform
ance, often their ultim

ate detection lim
its and functionalities are constrained at

the sensor interfaces. F
or instance, existing electrochem

ical or optical bioanalytical
platform

s com
m

only face challenges in im
m

obilizing surface bioreceptors and detecting
ultra-trace biospecim

ens due to the slow
 m

ass transport lim
itation from

 the bulk solution.
Additional target am

plification or com
plex signal enhancem

ent are thus needed.
Therefore, there is a perennial need to explore biology-electronics co-designs to
overcom

e som
e of these interface lim

itations and further advance biosensor detection
capabilities.

O
ne attractive m

olecular/cellular m
anipulation technique is dielectrophoresis (D

E
P) that

applies active analyte transport to address interface lim
itations. Som

e early C
M

O
S sensor

platform
s explore DE

P on-chip [1-3]. H
ow

ever, they often require external electrodes or
cover electrodes, such as ITO

 electrodes to drive DE
P, m

aking the chip packaging difficult
and unreliable. M

oreover, these reported C
M

O
S D

E
P chips only contain im

pedance
sensing m

odality, w
hich lim

its their functionalities. W
e propose a D

E
P-assisted C

M
O

S
m

ulti-functiona
l m

olecular sensor platform
 for enhanced analyte detection w

ithout
external electrodes or conductive covers. The on-chip DE

P perform
s m

anipulation and
enrichm

ent of analytes, ensuring fast and reliable low
-concentration detections, ideal for

rapid sam
ple-in-answ

er-out environm
ental m

onitoring and point-of-care (PoC
) devices.

E
ach sensing pixel contains independently controllable and functional three photodiodes,

and one in-pixel w
orking electrode (W

E
) shared by D

E
P, im

pedance m
apping, and

electrochem
ical m

odalities and DE
P actively transport target analytes to the interface for

enhanced detections (F
ig. 21.3.1). F

irst, the EC sensors and DE
P together achieve higher

lim
it-of-detection (LoD

). Since on-chip D
E

P achieves active transport and analyte
enrichm

ent, the EC
 sensors thus can detect the low

 concentration analyte. Also, thanks to
the D

E
P-based enrichm

ent, the im
pedance and EC

 sensors achieve rapid analysis.
Lastly, the DE

P-based particle m
anipulations is readily detected by on-chip optical sensor

arrays to ultim
ately achieve close-loop m

anipulation and sensing, such as droplet
m

icrofluidics.

The physical principle of D
E

P-based active transport is introduced in F
ig. 21.3.1 [4]. An

external actuation electrical field w
ill polarize the particles/sam

ples. Strong electrical field
and particles w

ith high polarizability m
ake the DE

P potential energy m
agnitude higher

and facilitate particle trapping and controlling. If DE
P potential energy m

agnitude is higher
than its therm

al energy, particles can be m
anipulated by D

E
P. H

ow
ever, if the therm

al
energy is higher than the D

E
P potential energy m

agnitude, the Brow
nian m

otion is
dom

inant, rendering the D
E

P m
anipulation less effective. To yield strong polarization

electrical field, our proposed C
M

O
S sensor platform

 applies differential AC
 actuation

voltages across tw
o adjacent w

orking electrodes (W
E

s), w
hile the spacing of W

E
s are

carefully designed to ensure sufficient DE
P polarization. N

ote the on-chip DE
P reuses

the sam
e W

E
s for electrochem

ical potentiostats and im
pedance m

apping for area saving,
and no external electrode is needed.

O
ur C

M
O

S biosensor platform
 contains 4096 W

E
s, each of 28μm

 × 28μm
. The edge-to-

edge spacing betw
een W

E
s is 22μm

. The relative perm
ittivity and conductivity of w

ater
are used in sim

ulations. Also, the tem
perature and polarizability of particles are set up

as 298K 
and 

50 
x 10

-31F
m

2. 
It 

should 
be m

entioned that m
edia w

ith low
-ionic

concentrations enhance DE
P polarization, w

hile m
any m

olecular and bacteria sensing
can be perform

ed in such m
edia and oil-droplet based m

icrofluidics [5, 6]. O
ur platform

uses C
M

O
S-com

patible 3V
p-p sw

ing w
ith opposite phases on each W

E
 for D

E
P

polarization. The sim
ulation result show

s that our design is capable of trapping and
m

anipulating analytes for active transport and enrichm
ent up-to 37μm

 above the W
E

s.

O
ur D

E
P-assisted C

M
O

S sensor array chip is show
n in F

ig. 21.3.2. The array chip
contains four pixel groups. E

ach pixel group is m
ade of 1024 28μm

 x 28μm
 W

E
s, 320

28μm
 x 28μm

 counter electrodes (C
E

), 64 28μm
 x 28μm

 reference electrodes (R
E

), and
3072 photodiodes (PD

). Also, each pixel group has a program
m

able DE
P controller, an

im
pedance sensing block, an EC

 potentiostat, 4 optical detection blocks, and 4
program

m
able output stages. The im

pedance sensing block m
akes excitation signals in

five frequency levels from
 15kH

z to 500kH
z. The internal digital sw

itch logic and PD
-

reset logic are also integrated.

To dem
onstrate the D

E
P-assisted m

ulti-functional analyte sensing of our C
M

O
S

biosensor array, w
e perform

 the follow
ing biosensing experim

ents.

W
e first utilize the resazurin (R

S) redox process as a biom
arker to detect the presence

of living E
. coli bacteria for rapid environm

ent m
onitoring and food safety screening (F

ig.
21.3.3). The reduction of R

S is due to the loss of an oxygen atom
 loosely bound to the

nitrogen atom
 of the phenoxazine nucleus. The reduction process follow

s tw
o steps that

are observed by cyclic voltam
m

etry (C
V) using on-chip potentiostat sensing m

odality.
F

irstly, the w
eakly fluorescent R

S is irreversibly reduced into resorufin by the presence of
the living E

. coli bacteria. This step generates the m
ain reduction peak current in C

V. The
resorufin can be further reduced into dihydroresorufin, observable as the second
w

eaker reduction current peak. This second step is also reversible by atm
ospheric

oxygen. W
ithout E

. coli, the reduction peak current of R
S stays constant over tim

e. In
com

parison, a clear and tim
e-dependent decrease of am

perom
etric peak current indicates

the irreversible reduction of R
S caused by living E

. coli. This enables the rapid detection of
living E

. coli bacteria using our on-chip EC
 sensors. W

e load 2 x 10
7 copies/m

l E
. coli w

ith
250μM

 R
S onto our C

M
O

S sensor and conduct C
V m

easurem
ent over 40 m

inutes. The
C

V readout show
s that our platform

 can clearly detect the reduction current of R
S. Also,

C
A 

m
easurem

ents 
in 

F
ig. 

21.3.3 
show

 
the 

reduction 
peak 

current 
continuously

decreases over tim
e, dem

onstrating rapid living E
. coli detection by the on-chip EC

potentiostat in our C
M

O
S sensor array.

M
any biosensing applications require detections of low

-concentration targets/analytes
and high dynam

ic range. An exam
ple is w

ater quality m
onitoring w

hen E
. coli bacteria

concentration is low
 in clean drinkable w

ater. In this case, m
ost sensing platform

s cannot
yield conclusive results w

ithout long sensing tim
e, e.g., for the E

. coli to diffuse to the
sensor surface or for E

. coli proliferation. These LoD
 sensor issues can be solved by

D
E

P-based analyte enrichm
ent (F

ig. 21.3.4). W
e label E

. coli w
ith 2μm

-diam
eter anti-E

.
coli antibodies m

odified m
icrobeads to show

 the D
E

P-based enrichm
ent and the rapid

detection. The DE
P force acts on the m

icrobeads that actively concentrate E
.coli bacteria

onto W
E

s and enhance the detection signal. In the experim
ent, 1kH

z D
E

P actuation
voltage is applied to the target electrode array. The m

easured tim
e-lapse im

age of D
E

P-
based enrichm

ent is show
n. The m

icrobeads are rapidly enriched in the D
E

P-applied
region. The C

V scanning is conducted using the W
E

s both inside and outside of the D
E

P-
applied region. The C

V readout show
s that the reduction peak current of the D

E
P-applied

region decreases faster than that outside of DE
P region. This dem

onstrates that our D
E

P-
assisted biosensor platform

 can radically im
prove the detection speed and LoD

 (also
dynam

ic-range) for low
-concentration analytes.

F
igure 21.3.5 show

s the joint operation of D
E

P w
ith the P

D
 optical detection and

im
pedance 

sensor. 
F

irst, 
w

e 
dem

onstrate 
on-chip 

sam
ple 

m
anipulation 

by
reprogram

m
able D

E
P that is further m

onitored by on-chip P
D

 sensor array. 100μm
-

diam
eter polystyrene m

icrobeads are m
oved in X-/Y-dire

ctions by reprogram
m

able
on-chip DE

P forces. The bead m
ovem

ents are accurately tracked by PD
 arrays, w

hich
w

ell m
atch the reference m

icroscopic im
ages. Also, for the im

pedance sensing w
ith D

E
P,

D
E

P enrichm
ent and im

pedance m
apping are perform

ed both at 15kH
z. The 2D

im
pedance change and the m

icroscopic im
ages show

 that enriched E
. coli and

m
icrobeads are accurately detected by the im

pedance sensing block. These on-chip
optical and im

pedance detections jointly w
ith on-chip program

m
able DE

P m
anipulation

show
s the capabilities of self-contained DE

P analyte m
anipulation w

ith m
ulti-functional

biosensing, useful for applications like autom
ated large-scale tissue engineering and cell

m
anufacturing.

F
igure 21.3.7 show

s our D
E

P-assisted m
ulti-functional C

M
O

S biosensor array chip in a
standard 130nm

 BiC
M

O
S process. The chip area is 7m

m
 × 7m

m
 and the active sensing

area is 3.6m
m

 × 4m
m

. O
ur in-house post-processing techniques deposit Ti/Ag on RE

s
and Ti/Au on W

E
s/C

E
s for full biocom

patibility. The state-of-the-art D
E

P-assisted C
M

O
S

biosensors and C
M

O
S EC

 biosensors are sum
m

arized in F
ig. 21.3.6 [7, 8]. O

ur array
platform

 offers in-pixel m
ulti-functional sensing m

odalities and supports analyte
enrichm

ent and m
anipulation w

ithout any external electrodes or conductive covers.
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Figure 21.3.1: The joint operation of on-chip electrochemical potentiostat, impedance
sensor, and photo diode (PD) array with on-chip DEP as well as the physical principle
of DEP-based analyte manipulation, trapping, and enrichment and COMSOL Figure 21.3.2: Circuit schematics and system architecture of DEP-assisted multi-
simulations of on-chip DEP functionality. functional CMOS biosensor array platform.

21
Figure 21.3.3: Detection of live E. coli using Resazurin (RS) redox process and cyclic Figure 21.3.4: The DEP-based analyte enrichment and its demonstration to achieve
voltammetry measurement results for live E. coli detection at 2 x 107 copies/ml with rapid electrochemical detection of low-concentration E. coli, achieving fast, reliable,
250µM RS. and high dynamic range biosensors.

Figure 21.3.5: Joint multi-functional analyte sensing by optical detection with DEP-
based analyte manipulation and 2D impedance mapping with DEP-based analyte Figure 21.3.6: Comparison table with the state-of-the-art DEP-integrated CMOS
enrichment. sensors and CMOS electrochemical sensors.
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Figure 21.3.7: Packaged module and chip micrographs before and after in-house
post-processing.

Authorized licensed use limited to: Georgia Institute of Technology. Downloaded on August 03,2023 at 23:28:49 UTC from IEEE Xplore. Restrictions apply.

• 2023 IEEE International Solid-State Circuits Conference 978-1-6654-9016-0/23/$31.00 ©2023 IEEE


