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We present a microRuidic impedance device for achieving both the Row ratio sensing and the
conductivity difference detection between sample stream and reference buffer. By using a Bow
focusing conbguration, with the core Bow having a higher conductivity sample than the sheath Row
streams, the conductance of the device varies linearly with the Row ratioRri#0.999. On the

other hand, by using deionized (DI)-water sheath Bow as a reference, we can detect the difference
in conductivity between the buffer of core Bow and sheath DI-water with a high detection sensitiv-
ity of up to 1 nM of sodium chloride solution. Our study provides a promising approach for on-chip
3ow mixing characterization and bacteria detecti®ublished by AIP Publishing.
[http://dx.doi.org/10.1063/1.49848p7

The recent developments of microuidics and dielectro-  The schematic diagram of the microRuidics impedance
phoresis (DEP) systert% have enabled a myriad of applica- measurement setup is shown in Figa) The device com-
tions in Row sensing, micro-mixing® and biomedical prises a Row-focusing microchannel and an interdigitated
operations such as impedance Bow cytométoacteria and  gold microelectrode array. The microchannel has two inletsN
virus detectiof™? cell sorting!®'* and cell enumera- core Row and sheath (side) Row. The microelectrodes were
tion.2>%® The miniaturization of these microRuidics devices connected to an impedance analyzer (MFLI lock-in ampliPer,
offers the benebts of requiring a less sample volume, fastefurich instrument) with a built-in AC voltage source for the
analysis, precise Ruid handling, and reduced biological animpedance measurements and characterization. The micro-
chemical waste$”*® DEP induces lateral movement of cells electrodes, shown in the inset of Fifja) were fabricated
or bacteria through the electropolarization effects under aising standard cleanroom photolithography techniques with
non-uniform electric Peld®2° which allows the focusing positive photoresist (AZ9260, Microchemicals GmbH) and
and immobilization of cells and bacteria in a microRuidic magnetron sputtering with 10 nm of chromium, Cr, as the
chamber for detection and classiPcation. On the other hang@eeding layer followed by the deposition of 200 nm of gold
impedance spectroscopy allows for the continuous monitoronto a 4 in. BoroRoat 33 glass wafsupplementary material
ing of the electrical properties such as the absolute impedFig. 1).
ance, phase, conductance, and capacitance of the sample in a The interdigitated microelecides have 50 pairs of Pngers.
microRuidic network* Nonetheless, despite these advancesThe Pnger length of the microelectrodes is 589 while both
in DEP impedance based microRuidics, few works have beethe Pnger width and gap are P&. There are two large square
done on the impedance analysis involving the Row focusingontact pads, with both the width and length being 5 mm, for
conbguration. establishing electrical connection with the impedance analyzer

In this work, we report a DEP impedance microRuidics Via spring-loaded test probes (PA3FS, Coda pisspglemen-
system for realizing both the Row ratio sensing and the diftary material Fig. 2). Subsequently, a layer of approximately
ferential conductivity difference measurement capability. 100l m SU-8 photoresist (Microchemicals GmbH) was aligned
We measure the conductance of the Bow focusing microRuiand spin-coated on top of the dolectrode and glass wafer.
dic system, with the core Row having a higher conductivityAfter developing with a developer, the SU-8 microchannel has
sample than the sheath Row streams to detect the changesanwidth of 600 m and a length of 10 mms(pplementary
the Bow ratio. The applications of such a Row ratio sensingnaterial Fig. 3). A layer of 10 mm thick polydimethylsiloxane
system include on-chip continuous monitoring of Ruid mix- (PDMS, Sylgard 184, Dow Corning Inc.) was cured and
ing and characterization of the diffusion length by placing Punched with holes for the Buidic connectors to cover the open-
multiple sets of interdigitated microelectrodes at severalnd of the SU-8 microchannel. The PDMS layer was uniformly
downstream locations. On the other hand, the ability toPressed against the SU-8 layer and glass wafer through a cus-
detect the differential conductivity difference between sam-tomized computer-numerical-control (CNC) machined alumi-
ple stream and reference buffer would ultimately provide ahum Pxture with four M4 wing nuts to provide a good sealing
convenient way for tracking cell proliferation and allow for for the microchannel, and a high Bow rate of up to
pathogen detection for marine applications such as bacteri#Q0! Imin * could be achieved without Buid leak.

the choice of bulk RBuids and AC voltage and frequency.
3T, F. Kong and X. Shen contributed equally to this work. Figures 1(b) and 1(c) show the variation in the absolute
PE-mail: marcos@ntu.edu.sg. TI65 6790 5713. impedance and phase angle of the device in response to the

0003-6951/2017/110(23)/233501/5/$30.00 110, 233501-1 Published by AIP Publishing.



233501-2  Kongetal. Appl. Phys. Lett. 110, 233501 (2017)

(a) Core Flow (b) 50T ' ; ; ' ™1(C) 4o T TTTIT,
; | —=— 1 yLmin” ' i -15
Focusing = P € 4004 e qoumn’] 20 Too--.o ]
Flow s o — -304 EAR
. Outlet = 8 2
, 500 pm K 3001 g 40 2]
L N 1 g 3
2 o -50
< z
§ 2004 2 60
g £ 70
J 3 100 T 0
Y7 |-=— 1 ul/min
Impedance Analyzer £ ol - 904 [—=—10 uL/min
(Lock-in amplifier) 100 1k 10k 100k 1M  10M 100 1k 10k 100k 1M  10M
Frequency (Hz) Frequency (Hz)
(d) (e) Zeore/
' I 1
1 I
L — Cde,core ———
Cde

Car Rsol Ca I — Cde sheath e

" LA

LCdl,sheath Rsheath Cdl,sheath

Zsheath/(1 - /1)

FIG. 1. (a) Schematic diagram of the microBuidics platform for the impedance measurement. The interdigitated microelectrodes are made upbP50 pairs
gers with a length of 500m, a width of 29 m, and a gap of 26m. (b) and (c) Frequency response for the deviceOs absolute impedance and phase angle of the
device in response to the AC frequency from 100 Hz to 5 MHz for DI-water at total Row rates lshih * and 10! Imin *. The standard deviations are-

< 1.50kX and< 0.717 based on bve repeated measurements. (d) Equivalent circuit for the impedance a@glyisishe dielectric capacitanc€y, is the

double layer capacitance, aid,, is the buffer resistance. (e) Equivalent parallel circuit representation of the impedance measurement device with core and
sheath Ruids Rowing in the Row focusing conbguration.

AC frequency from 100 Hz to 5 MHz for deionized (Dl)-water The device impedance is mainly contributed @y andRs,
at Row rates of LImin * and 10 Imin *. Supplementary in the frequency range of 100 Hz to 10 kHz, with the former
materia] Fig. 4 shows the resistance and capacitance fredominating below 100 HZ? In a high frequency range, the
guency response. The resistance of the device is larger for dielectric capacitance dominates the impedance response,
higher Row rate at AC frequency less than 200 kHz. The resisresulting in the phase angle approachin0 [Fig. 1(c)].
tances of gold electrodes and connection wires are of th&or the applied AC frequency of less than 10kHz, the
order of about 1X, and both of them are negligible compared impedance of the device can be expressed as
to the resistance of DI-water and low concentration of sodium
chloride (NaCl) solution in the microchannel. The impedance Z YaRsolp
of Dl-water at 10 Imin * varies from 471.5K down to
903.5X when AC frequency sweeps from 100 Hz to 5MHZ \yherejzj andh are the magnitude and the phase angle of the
[Fig. 1(b)]. When a pair of electrodes is in contact with the jmpedance, respectively.
electrolyte, two thin layers of opposite charges will form close |y order to realize the functionality as a Row ratio sen-
to those electrode surfaces, which generates a double laygbr, we characterized the relationship between the conduc-
Capacitancé.z We adopt the Wldely used equivalent circuit tance and Capacitance with the Row raﬂkoyusing a h|gh_
shown in Fig.1(d) to analyze the impedance respo3&>®  conductivity diluted seawater buffer (6721 S/cm or
These double layer capacitancé} are assumed to be in 996 2| S/cm) as core Row and DI-water (0.0S/cm) as
series with the bulk Buid resistanc®y,, forming a side Row [Figs2(a)and2(b)]. The total Row rate was set to
CaiERsoCai branch. When an AC voltage source is applied1| Imin * with an AC voltage output of 0.3 ), at 1kHz.
on the electrode, a dielectric capacitance will be generategve limit the voltage output of the lock-in-ampliber to less
due to the polarization of the bulk Rufd.This dielectric  than 1 Vpp and with frequency increased to 1 kHz for seawa-
capacitanceCye Of the solution is assumed to be parallel to ter experiments as the maximum allowable current for the
the CqiERsoECqi branch’® Since the branches of the interdigi- lock-in-ampliber is 10mA. The syringes were carefully
tated electrode array are perpendicular to the Bow direction ofvashed 10 times before each experiment. By increasing and
both the Ruids, the equivalent impedances of these two buldecreasind in a step function, we observed that the conduc-
Buids CeoreandZghear) are connected in parallel [Fig(e). tance increases and decreases correspondingly for both the
At low AC frequency, the dielectric capacitance branchdiluted seawater samples. If the sheath Bow has a higher
is inactive and acts as an open circtifThe measured phase conductivity than the core Bow, the trend for the conductance
angle is therefore a competition between the resistance of thend capacitance variation with the 3ow ratio would be reversed
electrolyte and the electric double layer (EDL) capacitance(supplementary materiaFig. 5). Figure22(c) and 2(d) shows

Y, jzje": (1)

jpfCql












