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Fig. 1. (a) Schematic of the microfluidic electrophoretic ion sensor system. (b) Photograph of the developed microfluidic electrophoretic ion sensor
system consisting of an electrophoresis microchip, a customized printed circuit board (PCB) integrating the two programmable precision high voltage power
supply units, a conductivity detection unit, and an Arduino microcontroller. (c) Photograph of the fabricated electrophoresis microchip. (d) Schematic of an
electrophoresis microchip, in_electrode is connected to the sinusoidal input and out_electrode is connected to the conductivity detection circuit. (e) Schematic
of the operation steps of sampling injection, ion separation, and conductivity detection.

was also designed to enable in situ application. Different ions
were separated as they travel along an electrophoretic channel
under the influence of an applied electrical field, owing to their
differential electrical mobilities. The sensor system includes
a microfluidic electrophoresis chip with microelectrodes, a
voltage application control unit, and an electrical conductivity
measurement unit, all of which were designed and imple-

mented (Fig. 1(a), (b)). A mixture of anions in the extracted
soil water, including chloride (ClŠ ), nitrate (NOŠ

3 ), sulfate
(SO2Š

4 ), dihydrogen phosphate (H2POŠ
4 ), was successfully

separated and detected using the developed system, showing
ion separation based on travel time along the electrophoretic
microchannel, with the detection peak levels corresponding
to the ion concentrations. As this device required only a
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minute amount of the extracted soil solution on the order of
microliters, the sensor would make a negligible response to
the measured environment. The detected ions contain the most
important elements for plant growth, such as Nitrogen (N),
Phosphorus (P), and Sulfur (S). Therefore, the developed
sensing system has the potential to monitor soil’s nutritional
health. As mentioned above, no labeling process of analyte-
recognition is necessary for the presented sensing approach. In
addition, the design of the soil water solution extraction unit
makes the overall system suitable for an in situ application.

II. PRINCIPLE AND DESIGN

A. Principle

The electrophoretic separation of the ions in a solution
takes place due to the differences in the ion mobilities under
the influence of an applied electric field. The two together
determine the velocity of an ion in an electrophoretic channel:

v = µ e E , (1)

where v is the ion velocity, µ e is the electrophoretic mobility,
and E is the applied electric field [42]. The buffer solu-
tion used in the electrophoresis microchannel also admits
an electro-osmotic flow (EOF) under the influence of the
same electric field [43]. The EOF is superimposed with the
ionic mobility to determine an analyte’s overall electrophoretic
migration rate, and may reinforce or oppose it [44]. Hence, the
net ion-velocity vnet is:

vnet = (µ e ± µ E O F )E , (2)

where µ E O F denotes the EOF mobility. Accordingly, different
ionic species arrive at and pass through a detector at dif-
ferent time points while traveling through the electrophoretic
microchannel. An electrical conductivity measurement at the
microelectrodes, placed at the far end of the microchannel, is a
simple means to detect the arrival time and the concentrations
of the separated ions. As the ions pass through the detection
area, the concentrations of ionic species in the detection area
change, thus changing the measured electrical conductivity.
These ionic separations and the corresponding changes in the
conductivity measurements show up as multiple peaks in a plot
of conductivity versus time. At the low concentrations of our
setting, the conductivity at any given time is given by [45]:

� =
�

i
ci |zi | � i (3)

where � is the electrolytic conductivity measured at the
electrodes, ci is the molar concentration of the ionic species i
in the solution, zi is the ionic charge, and � i is the equivalent
conductance of the i th ion species.

B. Electrophoretic Microchip

The designed electrophoresis microchip is shown in
Fig. 1(c), with its schematic shown in Fig. 1(d). The microchip
has the dimensions of 50 mm (length) × 25 mm (width) ×
4 mm (height) and is made of polydimethylsiloxane (PDMS)
laid over a thin 130 µm-thick glass slide that is deposited with
two gold microelectrodes on the face opposite to the PDMS

Fig. 2. Fabrication process for a microfluidic electrophoresis chip. A side
view of the slice along the channel is shown.

layer. Two perpendicular intersecting microfluidic channels
are located within the PDMS layer. The shorter channel
(length: 14 mm) is used for sample loading while the longer
one (length: 43.5 mm) for the ion separation. Both the channels
are 200 µm wide and 50 µm deep. The two gold microelec-
trodes, that are formed on the flip side of the glass substrate,
are each 400 µm wide, and orthogonally crossed with the
separation channel. The gap between the two microelectrodes
is 200 µm [46]. Two sample and buffer inlets, and their
corresponding outlets are located at the ends of the loading
and the separation channels, respectively. Fig. 1(e) shows the
fluid manipulation processes for the buffer and the analyte
solutions, and to separate the ions in the analyte solution using
electrophoresis.

C. Fabrication Process

The fabrication process for the microchip is schematically
shown in Fig. 2. First, the detection electrode materials,
consisting of 5 nm titanium and 80 nm gold, were sputtered
on the surface of the thin glass substrate (60 mm × 25 mm ×
0.13 mm, Superslip® cover glasses, Ted Pella, Redding,
CA). Subsequently, a 1.5 µm-thick photoresist (AZ 5214,
MicroChem Corp, Westborough, MA) was spin-coated on
the device surface and then photo-patterned by conventional
photolithography. After removal of titanium and gold from
the unwanted area using an etchant solution (GE-8148,
Transene, Danvers, MA), the device was flushed with acetone
to thoroughly remove the remaining photoresist. Thereby, the
microelectrodes were formed.

Next, separately, the PDMS microchannels were fabricated
using soft lithography. For this step, a silicon wafer with
photoresist SU-8 (3050; MicroChem, Westborough, MA) was
spin-coated at 3000 rpm for 30 s to generate 50 µm-thick
SU-8 on the surface. Then, the wafer was baked at 65 °C
for 5 min and 90 °C for 1 hr. Subsequently, the wafer was
exposed to an ultraviolet light with another photomask, baked
at 90 °C for 30 min, and developed to form a master mold
for the microfluidic channels. Following that, PDMS solution
and its curing agent (Sylgard 184, Dow Corning, Auburn, MI)
with a weight ratio of 10:1 was mixed, degassed, poured on
the master mold and thermally cured at 70 °C for 2 hr on a
hotplate. The PDMS channel layer was peeled off and neces-
sary holes were formed using a manual punch. Finally, the thin
glass substrate was bonded with the PDMS channel layer by 10
sec oxygen plasma treatment using a FEMTO Plasma Cleaner
(8 psi; 100 watts; Diener Electronic, Ebhausen, Germany).
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Fig. 3. A precision high voltage power supply designed to control the voltages
for sample injection and ion separation.

D. Programmable High-Voltage Power Supply Unit

A programmable power supply unit was designed to provide
precise electrical potentials to load a sample solution and sepa-
rate ions. The unit, shown in Fig. 1b and Fig. 3, includes three
main parts: Two high voltage DC to DC converters (CA10P,
XP EMCO, Sutter Creek, CA), two digital to analog converters
(DACs, MCP4725, Adafruit Industries, New York City, NY),
and an Arduino microcontroller. The microcontroller controls
the two sets of DACs and DC to DC converters, with one
set providing a DC voltage Vinj between the sample inlet and
the sample waste outlet, and the other providing another DC
voltage Vsep between the buffer inlet and the buffer waste
outlet, as shown in Fig. 1(d). Specifically, the microcontroller
provides a digital control output, which is converted to an
analog DC voltage between 0 and 5 V by the DAC. The
DC-to-DC high voltage module elevates the low DC voltage to
a high DC voltage up to 1000 V linearly. Therefore, the voltage
values Vinj and Vsep can be obtained and flexibly programmed.
Two pairs of electric wires are inserted into the corresponding
inlets and outlets for applying the two voltages for the sample
injection and the ion separation.

E. Conductivity Detection Unit

An electrical circuit model for the two microelectrodes-
based detection region of the electrophoretic microchip
consists of a bulk solution resistor (RS), two parasitic
capacitors (CS) and a bypass capacitor (CW ) between the two
microelectrodes, as shown in the red-dashed area of the left
side of Fig. 4(a). This equivalent circuit was integrated with the
conductivity detection unit, as shown in the blue-dashed areas
in Fig. 4(a). The conductivity detection circuit was designed
based on the principle of capacitively coupled conductivity
detection [47]. The signal generator provides a sinusoidal
signal of 5 mVpŠp on one microelectrode of the electrophoretic
microchip, while its response is measured at the second
microelectrode, through an I-V converter, a rectifier, and a
low-pass filter. Thus, besides the sinusoidal activation, the
conductivity detection circuit is used to extract, filter, amplify
and transfer detected signals for analysis. The I-V convertor
transforms the detected current to voltage; the voltage is
rectified and low-pass filtered to suppress the “carrier”
sinusoid. Two diodes are used to obtain the rectification. The
resulting signal from the circuit is acquired by a multimeter.

The equivalent circuit of the two electrodes area was
analyzed to obtain an equivalent impedance Zeq as
in Eq. (4), with its resistive and reactive values given

Fig. 4. (a) Conductivity detection circuit. (b) Measured versus simulated
frequency responses of the microchip.

in Eqs. (5) and (6) respectively:

Zeq = Req + j Xeq (4)

Req =
Š Rs Xs Xw + Rs X2

w

R2
s + (2Xs + Xw)2 (5)

Xeq =
Xw(4X2

s + 2Xs Xw + R2
s )

R2
s + (2Xs + Xw)2 (6)

Xs = Š
1

� Cs
(7)

Xw = Š
1

� Cw
, (8)

where RS is the solution resistance, X S is the parasitic
reactance, XW is the bypass reactance, and � is the angular
frequency of an applied signal.

Fig. 4(b) shows the measured and simulated magnitude
frequency response of the output signal of the circuit shown
in Fig. 4(a). The component values used in the simulation
were identified by measurements: solution resistance, Rs =�
140 k� , parasitic capacitance, Cs =� 20 nF, and bypass
capacitance, Cw =� 0.8 nF. The maximum response was
observed at 62 kHz which was chosen as the carrier sinusoid
frequency to favor a high output response for the circuit.

F. Soil Solution Extraction

In additional to the electrophoretic chip and the detection
unit, a vacuum-based suction unit was also designed for the in
situ extraction of soil solution. This unit consists of a suction
head, a poly(methyl methacrylate) or PMMA-based collection
chamber, and a mini-vacuum pump (Fig. 5(a)). The suction
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[50] P. Kubáň and P. C. Hauser, “Application of an external contactless
conductivity detector for the analysis of beverages by microchip cap-
illary electrophoresis,” Electrophoresis, vol. 26, no. 16, pp. 3169–3178,
Aug. 2005.

Zhen Xu received the B.S. degree from Tsinghua
University, Beijing, China, in 2011. He is currently
pursuing the Ph.D. degree with the Department of
Electrical and Computer Engineering, Iowa State
University. His current research interests include
developing MEMS and microfluidic devices and
sensors for sustainable agriculture.

Xinran Wang received the B.S. degree in electrical
engineering from Wuhan University, China, in 2011,
and the M.S. degree from the Wuhan Institute of
Physics and Mathematics, China Academy of Sci-
ences, in 2014. She is currently pursuing the Ph.D.
degree in electrical engineering with Iowa State
University. Her research interests include sensors,
electronics, and biochips for sustainable agriculture.

Robert J. Weber began his prolific career in the
Solid State Research Laboratory, Collins Radio
Company, later a part of Rockwell International. For
25 years, he was involved in advanced development
and applied research in the one-to-ten-GHz
frequency range and received several distinguished
awards for his valuable contributions to this field. He
has taught microwave circuit design and fiber-optics
communications with the Department of Electrical
and Computer Engineering, Iowa State University.
He is currently involved in ongoing experimental

research in integrating microwave circuits with other devices, such as energy
harvesters, MEMS, electronic and chemical sensors, and electro-optics.



XU et al.: NUTRIENT SENSING USING CHIP SCALE ELECTROPHORESIS AND IN SITU SOIL SOLUTION EXTRACTION 4339

Ratnesh Kumar (F’07) received the B.Tech. degree
in electrical engineering from IIT Kanpur, India,
and the M.S. and Ph.D. degrees in electrical
and computer engineering from the University of
Texas, Austin, TX, USA, in 1987, 1989, and 1991,
respectively. He was on faculty with the University
of Kentucky from 1991 to 2002 in electrical and
computer engineering, and has held visiting posi-
tions with the University of Maryland, the Applied
Research Laboratory (at Penn State University),
NASA Ames, the Idaho National Laboratory, the

United Technologies Research Center, and the Air Force Research Laboratory.
He has been a Professor of Electrical and Computer Engineering with Iowa
State University since 2002. He received the Gold Medals for the Best
EE Undergrad and the Best All Rounder from IIT Kanpur, and the Best
Dissertation Award from UT Austin. He is a Distinguished Lecturer for the
IEEE Control Systems Society. He received the Best Paper Award from the
IEEE TRANSACTIONS ON AUTOMATION SCIENCE AND ENGINEERING.

Liang Dong received the Ph.D. degree in elec-
tronic science and technology from the Institute
of Microelectronics, Tsinghua University, Beijing,
China, in 2004. From 2004 to 2007, he was a Post-
Doctoral Research Associate with the Department of
Electrical and Computer Engineering, University of
Wisconsin–Madison. He has a courtesy appointment
at the Iowa State’s Department of Chemical and Bio-
logical Engineering and is an Associate of the DOE’s
Ames Laboratory. In 2014, he was selected as a
Faculty Scholar of the Plant Sciences Institute, Iowa

State University. He is currently an Associate Professor with the Department
of Electrical and Computer Engineering, Iowa State University. His current
research interests include MEMS, microfluidics, sensors, nanophotonics, and
micro/nanomanufacturing and their applications in sustainable agriculture and
environments, plant sciences, biomedicine, and Internet of Things. He serves
as an Editorial Board Member for Scientific Reports and is a Guest Editor
of Micromachines. He received the National Science Foundation CAREER
Award, the Early Career Engineering Faculty Research Award, the Harpole-
Pentair Developing Faculty Award, and the Warren B. Boast Undergraduate
Teaching Award at Iowa State University. Before he came to the U.S., he
received the Top 100 National Outstanding Doctoral Dissertation Award in
China, and the Academic Rising Star Award from Tsinghua University.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


