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a reducing union microfluidic chip using cationic isotachophoresis†

Danny Bottenus,a Talukder Zaki Jubery,ab Yexin Ouyang,a Wen-Ji Dong,a Prashanta Duttaab

and Cornelius F. Ivory*a

Received 12th October 2010, Accepted 14th December 2010

DOI: 10.1039/c0lc00490a
This paper describes the preconcentration of the biomarker cardiac troponin I (cTnI) and a fluorescent

protein (R-phycoerythrin) using cationic isotachophoresis (ITP) in a 3.9 cm long poly(methyl

methacrylate) (PMMA) microfluidic chip. The microfluidic chip includes a channel with a 5� reduction

in depth and a 10� reduction in width. Thus, the overall cross-sectional area decreases by 50� from

inlet (anode) to outlet (cathode). The concentration is inversely proportional to the cross-sectional area

so that as proteins migrate through the reductions, the concentrations increase proportionally. In

addition, the proteins gain additional concentration by ITP. We observe that by performing ITP in

a cross-sectional area reducing microfluidic chip we can attain concentration factors greater than

10 000. The starting concentration of cTnI was 2.3 mg mL�1 and the final concentration after ITP

concentration in the microfluidic chip was 25.52� 1.25 mg mL�1. To the author’s knowledge this is the

first attempt at concentrating the cardiac biomarker cTnI by ITP. This experimental approach could be

coupled to an immunoassay based technique and has the potential to lower limits of detection, increase

sensitivity, and quantify different isolated cTnI phosphorylation states.
Introduction

According to the World Health Organization, cardiovascular

diseases are the world’s largest killers, claiming 17.1 million lives

per year.1 In 2009, 80 million American adults were affected by

cardiovascular diseases resulting in total direct and indirect cost

of $475.3 billion.2 22.5 million of these people suffered from

coronary heart disease and heart failure.2 In addition, it is esti-

mated that 25% of all myocardial infarctions are silent, without

chest pain or other symptoms.3,4 Currently, cardiac troponin I

(cTnI) has supplanted creatine kinase as the preferred biomarker

for diagnosing patients with myocardial injury;5–9 however, these

tests are only run after a heart-related incident.

cTnI is specific to myocardial damage because it is produced

only in the myocardium.5,10 cTnI differs from the skeletal TnI by

possessing an additional 32-amino acid N-terminal extension9

making it highly specific to the myocardium and a good indicator

of overall heart health. Elevation in cTnI levels is the most
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sensitive method available for detecting myocardial damage.11

However, for healthy individuals cTnI levels are oftentimes too

low to be detected because concentrations of cTnI are lower than

the limit of detection (0.009–0.06 mg L�1) of the diagnostic test.9

Typically, a concentration of cTnI > 0.08–0.1 mg L�1 in the blood

is considered elevated.7,12 However, without known baseline

concentrations of the current individual this may or may not be

elevated depending on factors such as age, sex, race, and medical

history. For instance, cTnI is found at elevated concentrations in

the blood of elderly individuals (>65 years of age) without having

any actual heart related illness.13

Many assays11,12,14–20 have been developed to detect cTnI of

which the i-STAT by Abbott Diagnostics is the preferred point-of-

care technique in detecting cTnI levels in hospital facilities.12,18,20

The i-STAT cTnI method utilizes basic ELISA principles involving

monoclonal capture, antibody/antigen bound to a silicon chip

surface, and polyclonal label antibody/alkaline phosphate detec-

tion.12,16 These assays, however, only quantify the total cTnI

concentration and do not indicate up or down regulation of the

phosphorylation state, studies of which suggest that these are better

indicators of the overall heart health and functionality of the heart

muscle.21–26 In addition, a 6� increase in phosphorylation of cTnI

in healthy heart samples was observed in comparison to failing

heart samples.24 In particular, quantification of phosphorylated vs.

unphosphorylated cTnI could benefit the elderly in determining

whether these patients are at-risk of myocardial damage or if the

elevation is just a result of physiological changes due to age.
This journal is ª The Royal Society of Chemistry 2011
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Current detection strategies for measuring phosphorylation

levels in cTnI include non-equilibrium isoelectric focusing,27,28

mass spectrometry,29,30 and phosphate affinity SDS-PAGE;24,25

however, these techniques are generally slow, cumbersome, and

low throughput. The present limitation in detecting differences

in phosphorylation states using point-of-care instrumentation is

that cTnI levels are already low (sub-ng mL�1 range), especially

in healthy individuals whose levels fall below current detection

limits. Thus, detecting the cTnI molecule and the various

phosphorylation states becomes more difficult to quantify.

However, antibodies have been developed that differentiate

between phosphorylated and unphosphorylated states of cTnI31

and have the potential to quantify the concentration of both

phosphorylated and unphosphorylated cTnI in at-risk patients

suffering from chest pain. There are currently no commercial

assays available that differentiate and quantify the various

phosphorylation states of the cTnI molecule in symptomatic

patients.

A potential solution to quantifying cTnI phosphorylation

states is by coupling a preconcentration technique to a current

immunoassay technique using the aforementioned antibodies.

Signals from immunoaffinity assays are antigen concentration

dependent.32 Therefore, a preconcentration step prior to anal-

ysis can lower the limit of detection, increase the sensitivity

of these immunoassays, and isolate phosphorylated forms

of cTnI.

Preconcentration is a necessary step in the analysis of

complex samples where the molecule of interest is a low

abundant species or where the difference in the dynamic range

of the molecule of interest and other components is large.33 This

is even more important with the detection of trace analytes,

such as cTnI in healthy patients where the blood concentration

is undetectable by current instrumentation. This is further

exacerbated in detecting the cTnI phosphorylation states in

healthy or unhealthy patients since these concentrations must

be even lower than the total cTnI. The preconcentration step

should be simple, cost-effective and fast in order to obtain cTnI

results within the recommended 60 min time frame,7,34 be

capable of concentrating sample components by several orders

of magnitude, and be easily coupled to a method for analyte

detection. Isotachophoresis (ITP) is an electrophoresis tech-

nique that has the potential to fulfill all the aforementioned

requirements. ITP can be performed on a microfluidic chip

platform which offers low reagent consumption, high

throughput, and fast analysis.

ITP requires a discontinuous electrolyte system comprising

a leading electrolyte and a terminating electrolyte, respec-

tively,35 electrodes, and a power supply. The chosen electrolyte

system is designed to assemble sample components into nearly

pure zones in order of their electrophoretic mobilities between

the leading and terminating electrolytes. In addition, ITP has

the power to concentrate sample components in minutes by

several orders of magnitude.36–38 Further, ITP can be coupled to

a number of analytical techniques such as capillary zone elec-

trophoresis,37–39 isoelectric focusing,40 gel electrophoresis,41 mass

spectrometry,42 or an on-chip sandwich immunoassay.43 One

can envision coupling ITP to an immunoassay-based affinity

chromatography technique; however, further research needs to

be performed to develop this method. Our lab is currently
This journal is ª The Royal Society of Chemistry 2011
attempting to couple ITP to a monolith-based immunoaffinity

assay in microchips to differentiate and quantify several cTnI

phosphorylation states.

This work describes the preconcentration of clinically high

concentrations of cTnI using cationic ITP to demonstrate the

potential of this approach to preconcentrate cardiac biomarkers.

Fluorescently tagged cTnI and another fluorescent protein (R-

phycoerythrin) with initial concentrations of less than 4 mg mL�1

were concentrated into the mg mL�1 range in a poly(methyl

methacrylate) (PMMA) microchip. This work describes

a microfluidic channel that includes a 5� reduction in depth and

a 10� reduction in width along the length of the channel. Thus,

the overall cross-sectional area from inlet to outlet decreases by

a factor of 50.

A mass balance on the sample indicates that, as the cross-

sectional area of the channel is decreased, the sample concen-

tration will increase proportionally while ITP is in peak mode.

This is shown in eqn (1) below,

ci ¼
Mi

wiA
; (1)

where ci is the concentration of sample component, Mi is the total

mass or molar load of species i, wi is the peak width of species i,

and A is the cross-sectional area of the channel. The cascaded

microchannel includes a 50� reduction in A which will result in

a 50� increase in ci according to eqn (1). The peak width is

assumed to remain constant until the plateau concentration (eqn

(8)) is reached.

Dolnik and co-workers44 first described how trace analytes

were concentrated by ITP in microfluidic capillaries that

included reductions in the cross-sectional area. This work builds

on the work of Dolnik and co-workers and utilizes microchip

fabrication to generate a microfluidic channel that includes two

reductions in the cross-sectional area to concentrate protein

samples by over a factor of 10 000. This work demonstrates the

potential of using ITP as a preconcentration technique that

could eventually be coupled to an immunoassay technique to

increase the sensitivity and decrease limits of detection. In

addition, ITP must be coupled to an additional technique to

differentiate cTnI phosphorylation states. The simplest approach

may be to couple ITP to an immunoassay that explicitly recog-

nizes and quantifies both phosphorylated and unphosphorylated

forms of the cTnI using antibodies specific to the different

phosphorylated forms.
Experimental

Chemicals

R-Phycoerythrin (PE, Mw ¼ 240 000 Da) was purchased from

Molecular Probes (Eugene, OR, USA). Potassium acetate,

polyvinylpyrrolidone K-90 (PVP, Mw ¼ 360 000 Da), urea,

terrific broth (TB), carbenicillin, Triton X-100, sodium azide

(NaN3), phenylmethylsulfonylfluoride (PMSF), benzamidine,

ammonium sulfate ((NH4)2SO4), citric acid, dithiothreitol

(DTT), ethylenediaminetetraacetic acid, b-mercaptoethanol

sodium chloride (NaCl), potassium chloride (KCl), potassium

phosphate (KH2PO4), and disodium phosphate (Na2HPO4) were

purchased from Sigma-Aldrich (St Louis, MO, USA). Pacific
Lab Chip, 2011, 11, 890–898 | 891
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Blue� C5-maleimide was purchased from Molecular Probes

(Carlsbad, CA, USA).
Human cardiac troponin I (hcTnI) purification

Human cardiac troponin I (HcTnI) encoding gene was subcloned

into the expression vector pET3d (Novagen, Madison, WI). The

resultant plasmid pET3d–HcTnI (a kind gift from Dr Murali

Chandra, WSU, VCAPP) was transformed into OneShot� BL21

Star� (DE3) chemically competent Escherichia coli cells (Invi-

trogen, Carlsbad, CA, USA) by heat shock method according to

manufacturer’s instructions. The cells were grown on Luria

Broth (LB) medium agar plates supplemented with 50 mg mL�1 of

carbenicillin at 37 �C overnight. Several colonies were picked up

and inoculated into a 15 mL LB–carbenicillin liquid medium and

shaked at 37 �C until OD600 is up to 0.8–1. The preculture was

inoculated into a 2 L TB medium with 50 mg mL�1 carbenicillin.

After shaking at 37 �C for 18 h, the cells were spun down at 7000

� g for 10 min. The cell pellets were suspended in the carboxy-

methyl (CM) buffer (6 M urea, 30 mM citric acid, 1 mM EDTA,

and 1 mM DTT) with 0.01% Triton X-100, 0.01% NaN3, 2 mM

PMSF and 2 mM benzamidine and sonicated with a Misonix

Sonicator� 3000 Ultrasonic Liquid Processor (Misonix Inc.,

Farmingdale, NY, USA) on ice. The crude lysate was clarified by

centrifugation at 40 000 � g for 30 min. The supernatant was

brought to 30% and 60% saturation with (NH4)2SO4 sequen-

tially, followed by gently stirring at 4 �C for 1 h, and spun down

at 28 000 � g for 20 min. The supernatant was decanted and the

pellet was resuspended in a 50 mL CM buffer. The solution was

dialyzed against 1 L CM buffer overnight at 4 �C to remove the

residual (NH4)2SO4. Next, the dialyzed and clarified supernatant

was loaded onto an equilibrated CM Sepharose (GE) column

and an €AKTA� FPLC� System (GE) was used to run gradient

elution of NaCl concentration increasing from 0 to 0.3 M. The

potential cTnI peak fractions were collected and sodium dodecyl

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was

performed to evaluate the purity of the cTnI fractions.
Labeling of cTnI

Phosphate buffer saline (PBS) was prepared using NaCl, KCl,

Na2HPO4, and KH2PO4 to pH 7.4, and 1.5 mL of purified cTnI

was dialyzed three times in 1 L solutions of PBS 7.4 with 4 M

urea for at least 8 hours at 4 �C in a 10 000 MWCO Slide-A-

Lyzer Dialysis Cassette (Piercenet, Rockford, IL, USA). After

dialysis, the cTnI was labeled with Pacific Blue� C5-maleimide

according to the manufacturer’s instructions. Pacific Blue�
C5-maleimide is a UV fluorescent, thiol-reactive probe that

readily reacts with the two cysteine groups on the cTnI molecule.

Briefly, a 10� molar excess of dye was mixed with the cTnI and

allowed to react at 4 �C overnight. An excess of b-mercaptoe-

thanol was added to quench the reaction. The labeled cTnI was

again dialyzed as mentioned previously to remove the excess dye.

A Beckman Coulter DU 730 UV/Vis spectrophotometer (Beck-

man Coulter, Inc., Brea, CA, USA) was used to determine the

final protein concentration and the degree of labeling. The final

protein concentration of cTnI was 0.46 mg mL�1 and the degree

of labeling was �2. The cTnI isoelectric point was checked by

running isoelectric focusing PAGE (IEF-PAGE). The labeling
892 | Lab Chip, 2011, 11, 890–898
did not significantly affect the isoelectric point of the labeled

cTnI compared to the native cTnI (data not shown).
Electrolyte solutions

The leading electrolyte (LE) solution was prepared by adjusting

the pH of 20 mM potassium acetate solution to 4.5 with 10%

(v/v) acetic acid. The terminating electrolyte (TE) solution

consisted of 10 mM acetic acid at pH 3.8. PVP at 1% (w/v) was

added to both leading and terminating electrolyte solutions in

order to suppress the electroosmotic flow.45 PE and labeled cTnI

stock solutions were diluted in LE solution to concentrations of

4.0 mg mL�1 and 2.3 mg mL�1, respectively. All electrolyte solu-

tions were made up using nanopure water from a Barnstead

Thermolyne Nanopure Infinity UV/UF system (Dubuque, IA,

USA). Electrolyte solutions were degassed with a CPS-8B

vacuum pump (US Vacuum Pumps LLC, Canton, TX, USA) to

remove dissolved gases which could be unfavorable in ITP

experiments.46
Microfluidic chip fabrication

The procedure used to fabricate a 2-D reducing poly(methyl

methacrylate) (PMMA) microfluidic chip was reported in our

previous work.47 Briefly, a PMMA microchannel was formed

using a hot embossing technique and a surface-modified assisted

bonding method. First, a positive pattern of the desired channel

structure was formed on a glass substrate using negative

photolithography. The channel includes three different depth

sections: 100 mm, 20 mm, and 100 to 20 mm transition region.

Next, a thin layer of PDMS48 was used to cover half of a glass

substrate (75 mm � 50 mm, Fisher scientific, PA). Next, SU8

2025 (Microchem Crop., MA) was spun onto the open portion of

the glass substrate at 1000 rpm for 30 s to obtain an 80 mm thick

layer. Then, the thin PDMS layer was removed from the glass

substrate. A small amount of SU8 migrated �1 mm towards the

previously covered PDMS half of the glass substrate. This

extended SU8 region was used to create an�1 mm long 100 to 20

mm depth transition section on the microfluidic chip. Then, the

glass substrate was baked at 70 �C for 5 min and, baked again, at

95 �C, for 1 h. Next, SU8 3010 (Microchem Crop., MA) was

spin-coated on the entire glass substrate at 2000 rpm. This yiel-

ded a 20 mm SU8 layer. Thus, three different depth sections were

obtained on the glass substrate. Next, the SU8 photoresist was

baked at 70 �C for 5 min and baked again at 95 �C for 1 h. Then,

the glass substrate was exposed to 365 nm UV light with

a patterned mask for 120 s. Finally, the photoresist was baked at

70 �C for 3 min on a hotplate, 100 �C for 10 min in an oven, and

at 70 �C for 5 min on a hotplate. The baked photoresist was

developed according to standard photolithography technique.47

This photolithography produced the SU8 pattern of the desired

channel structure on a glass substrate. Then, a UV transparent

PMMA piece (ACRYLITE� OP-4, Evonik Cyro LLC, NJ,

USA) was trimmed to size (60 cm� 45 cm� 0.3 cm) and cleaned

with isopropanol and deionized water. The SU8 pattern was hot

embossed into the trimmed PMMA substrate using a hot press

(Fred S. Carver Inc., Summit, NJ) at 200 psi and 120 �C.

Another piece of PMMA was trimmed to size, cleaned, and

inlet and outlet reservoirs were drilled at appropriate locations.
This journal is ª The Royal Society of Chemistry 2011
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This was followed by surface modification of both PMMA

substrates using oxygen plasma and tetraethyl orthosilicate

(TEOS $ 99.0%).49 The two substrates were brought into contact

and pressed together with a hot press for 20 min at 75 �C and 300

psi to form the final microchip. Finally, the bonded chip was

baked at 60 �C for 2 h to increase the bond strength. A bonded

microchip fabricated using this technique is shown in Fig. 1.
Cascade microchip

A schematic of the microfluidic chip is shown in Fig. 2. The entire

microfluidic chip is initially filled with leading electrolyte from

the cathode reservoir to the anode reservoir using a 3 mL

disposable syringe. Next, diluted PE and labeled cTnI in the

leading electrolyte were introduced into the sample reservoir and

filled through the tee channel towards the anode reservoir so that

all LE occupying the region between the sample reservoir and

anode reservoir was washed out of the anode reservoir. At this

point, sample solution occupied the entire region of the micro-

chip between the sample reservoir and the anode reservoir. The

total mass load (Mi) of both PE and cTnI injected into the

microfluidic chip could then be calculated by multiplying

the initial concentration by the volume of the sample loading

zone (1.1 mL). Electrical tape was placed over the sample reser-

voir to avoid sample removal due to Laplace pressure differences

between the sample and anode reservoir. Next, the anode reser-

voir was rinsed several times with terminating electrolyte and

then filled with terminating electrolyte. Chips were rinsed with

nanopure water between runs, blown out with house air, and

reloaded as previously described.
Fig. 1 A 2-D step reducing microfluidic chip.

Fig. 2 Schematic of PMMA microfluidic chip geometry showing two reduc

reservoirs are 3 mm in diameter. The channel dimensions vary from 1 mm wid

mm deep. The depth change begins 1.3 cm from the anode reservoir and the w

area changes occur over a distance of �1 mm. The microchip includes a tee c

control the initial mass load of the two proteins. Thus, the sample loading zo

This journal is ª The Royal Society of Chemistry 2011
Experimental setup—fluorescent microscope and power supply

The filled microfluidic chip was placed underneath the 5�
objective lens of a Leica DM 2000 fluorescence microscope

equipped with a DFC310 digital color camera (Leica Micro-

systems Inc., Bannockburn, IL, USA). The camera was

controlled with the provided Leica Application Suite (LAS)

V3.6 software to collect images of the fluorescent proteins as

the proteins migrated through the microfluidic chip via ITP.

The exposure time was set to 67.7 ms and the gain was set to

4.1�. The fluorescent proteins were excited with a Leica

Microsystems EL 6000 light source using an A type filter cube.

Platinum electrodes were submerged in the anode reservoir

and cathode reservoir while the sample reservoir was left to

float.

Initially, the anode reservoir voltage was set to ground and the

cathode reservoir was set to 400 V with an XHR 600-1 power

supply (Xantrex technology Inc, Vancouver, Canada). After the

proteins migrate past the T-junction and before the depth

reduction (see Fig. 2), the voltage on the cathode was reduced to

100 V. Voltage reduction was performed to slow down the

migrating proteins so that more images could be collected across

the entire microfluidic chip. The protein migration speed is

proportional to the current density so that, as ITP progressed

through the microfluidic chip, the proteins migrated at a velocity

inversely proportional to the cross-sectional area. Thus, this was

partially offset by voltage reduction. Representative images at the

end of each experiment were collected and modified using the crop

and brightness/contrast function in Adobe Photoshop 5.5 (Adobe

Systems Inc., San Jose, CA) to remove background signal. Elec-

tropherograms of the images were obtained for further analysis

using the software ImageJ (http://rsb.info.nih.gov/ij).
Results and discussion

Potassium ion was chosen as the leading ion because it has

a higher effective electrophoretic mobility than the protein

samples. Hydronium ion was the terminating ion even though it

has a higher electrophoretic mobility than the protein samples

because its net electrophoretic mobility was sufficiently reduced

by its association with the acetic acid. The total protein loaded

onto the microfluidic chip was controlled by the addition of a tee

channel between the sample reservoir and the anode reservoir.
tions in the cross-sectional area. The total channel length is 3.3 cm. The

e and 100 mm deep, to 1 mm wide and 20 mm deep, to 100 mm wide and 20

idth change begins 1.6 cm from the anode reservoir. Both cross-sectional

hannel between the sample reservoir and the anode reservoir in order to

ne length is 11 mm, and the sample loading volume is 1.1 mL.

Lab Chip, 2011, 11, 890–898 | 893
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Therefore, the initial mass load (Mi) was calculated from the

following equation:

Mi ¼ ci
0LA (2)

where ci
0 is the initial concentration of protein i (4.0 mg mL�1 and

2.3 mg mL�1 for PE and cTnI, respectively), L is the length of the

sample loading zone (11 mm), and A is the cross-sectional area of

the channel (0.1 mm2). Thus, the total mass loaded for PE and

cTnI was 4.40 and 2.53 ng, respectively. The loaded chip was

mounted on the microscope platform, platinum electrodes were

immersed in the anode and cathode reservoirs, power was

applied, and protein migration was observed through the

microfluidic chip. Both proteins were positively charged at the

running pH and migrated from the anode to the cathode.

The protein migration was initially slow because the current

density in the large cross-sectional area of the microfluidic

channel was low. The proteins were not visualized until just

before the T-junction where sufficient mass had accumulated in

the zone to detect both PE and labeled cTnI (Fig. 3(a)). At the

running pH, cTnI ran ahead of PE because it had a higher

effective electrophoretic mobility. The proteins continued to

collect mass through the sample loading zone and the intensity

of the fluorescence increased as they migrated through the

1st reducing union (Fig. 3(b)). Prior to the 1st reducing union, the

voltage on the cathode was reduced from 400 V to 100 V. Voltage

reduction was performed to slow down the migrating proteins to

collect more images to be obtained over the course of the ITP

experiment. Therefore, voltage reduction was not required, but

performed in order to record protein migration through the two
Fig. 3 Experimental ITP stacking of labeled cTnI and PE at different locations

zones but are difficult to see until just before the tee junction. (b) The proteins h

and have stacked into relatively distinct zones that are easily visualized. (c) T

change) where slight distortion occurs; however, the proteins become much br

final leg of the microfluidic channel and have concentrated into pure zones. In a

sharpening effect. (e) The proteins have migrated further into the final leg of

assumed at this point that all sample mass loaded into the microfluidic chip has c

altered in any way to subtract background noise and are the raw images collec

894 | Lab Chip, 2011, 11, 890–898
reductions. Still, the entire experiment could be completed in less

than 20 min.

No distortion is observed through the 1st reduction (5� depth

change), however; as the proteins migrate through the 2nd

reduction (10� width change) a slight distortion of the protein

bands occurred where the protein concentration is higher at the

walls than at the center of the channel (Fig. 3(c)). Distortion

through reducing unions is normal;44,50 however, this distortion is

quickly eliminated by ITP’s self-sharpening effect (Fig. 3(d)). No

discernible differences in protein band attributes are observed as

the proteins migrate through the last leg of the microfluidic

channel (Fig. 3(d) and (e)). A final image was collected prior to

protein bands migration into the cathode reservoir clearly

demonstrating ITP stacking of labeled cTnI and PE into nearly

pure and distinct zones (Fig. 3(e)). The images illustrated in

Fig. 3 are raw images collected directly from the digital color

camera and have not been modified in any way.

Over 60 images were acquired for each successive trial and

compiled into a movie using Windows Movie Maker 2.6. A

representative video of the protein migration through the

microfluidic channel can be viewed as a movie file found in the

ESI†. Final images from three successive trials were modified for

further analysis using Adobe Photoshop 5.5 as previously

described to remove background noise (Fig. 4(b)). However, the

raw data pictures are also shown in Fig. 4(a). After background

noise removal, the images were transferred to ImageJ software

where electropherograms were produced. Electropherograms

were obtained by plotting distance (mm) relative to the field of

view of the camera versus average intensity over the entire width

of the channel for each protein. An example electropherogram is
in the microfluidic chip. (a) The proteins begin to stack into their respective

ave migrated past the 1st cross-sectional area reduction (5� depth change)

he proteins are entering the 2nd cross-sectional area reduction (10� width

ighter and easier to visualize. (d) The proteins have now migrated into the

ddition, the slight distortion seen in Fig. 3(c) is gone as a result of ITP’s self-

the microfluidic channel and are approaching the cathode reservoir. It is

oncentrated into each respective protein band. These images have not been

ted directly from the digital color camera.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 4 (a) Representative images of three subsequent trials of ITP per-

formed in the microfluidic chip. The images are taken in the small-cross-

sectional area portion of the channel just before the cathode reservoir.

The images are the raw figures collected from the camera. Labeled cTnI

(blue) migrates in front of the PE (red) because at the running pH the

effective electrophoretic mobility of cTnI is higher. (b) The images have

been modified using the crop and brightness/contrast function in Adobe

Photoshop 5.5 to subtract out background noise.
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shown in Fig. 5 including the raw data and modified data. The

inset in Fig. 5 is a blow-up of the protein peaks and reveals that

the protein peaks are more Gaussian than plateau shaped. This

indicates that the proteins have not reached their maximum

allowable concentration, i.e., plateau concentration (eqn (8)),
Fig. 5 This is a representative electropherogram obtained from the middle fi

distance (mm) relative to the field of view of the camera versus average intens

width of each protein can be determined from the data. Subsequent concentra

on the electropherograms taken from the modified pictures. The final results

proteins indicating a Gaussian peak shape.

This journal is ª The Royal Society of Chemistry 2011
derived from the Kohlrausch regulating function.51 The electro-

pherograms for all three trials were necessary to perform

a statistical analysis of band attributes such as peak width.

Moment analysis obtained from the data of the electrophero-

gram was used to obtain peak width information for each trial

and is described below.

The nth moment converted from temporal to spatial

moments52,53 is given by

mn ¼
ðb

a

mn;idx ¼
ðb

a

IðxÞxndx (3)

where I(x) is the intensity value, x is the spatial position, a and

b are the limits of integration based on the field of view of the

camera, and mn,i was calculated using the trapezoidal rule54 at

distinct position values such that

ðb

a

mn;idx ¼
X

i

1

2

�
Iðxiþ1Þxn

iþ1 þ IðxiÞxn
i

�
ðxiþ1 � xiÞ: (4)

The variance (s2) is defined by the following relationship

s2 ¼

ðb

a

IðxÞðx� xmÞ2dx

ðb

a

IðxÞdx

(5)

where xm is the mean location of mass. The variance can then be

derived using nth moments to the following equation
gures in Fig. 4(a) and (b). Electropherograms were obtained by plotting

ity over the entire width of the channel. Using moment analysis, the peak

tions and concentration factors for each protein are then calculated based

are tabulated in Table 1. The inset shows an expanded view of the two

Lab Chip, 2011, 11, 890–898 | 895
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s2 ¼ m2

m0

�
�

m1

m0

�2

(6)

where the complete derivation from eqn (5) to eqn (6) is shown in

Appendix 1. The resulting peak width (Wi) for each peak is then

given by

Wi ¼ 4s (7)

where s is the standard deviation. The peak widths at the end of

the ITP experiments for labeled cTnI and PE are 49.66� 2.37 mm

and 31.68 � 3.23 mm, respectively. The final concentration can

then be calculated from eqn (1) where Wi is the peak width of

each protein calculated from eqn (7), A is the cross-sectional area

of the last leg in the microfluidic chip (0.002 mm2), and Mi is the

initial mass load calculated from eqn (2) (2.53 ng for cTnI and

4.40 ng for PE). The authors assume that all of the protein loaded

onto the microfluidic chip collects into the bands presented in

Fig. 4. There is no evidence of protein being lost during the

experiment, such as by protein adsorption on the channel walls.

Using eqn (7), the final protein concentrations were 25.52 � 1.25

mg mL�1 and 69.91 � 6.76 mg mL�1 for cTnI and PE, respec-

tively. The concentration factors were determined by dividing the

final concentration by the initial concentration. For cTnI the

concentration factor was 11 094 � 545 and for PE the concen-

tration factor was 17 477 � 1689. The peak widths, final

concentrations, and concentration factors of each protein for

each trial are summarized in Table 1.

The plateau concentration (ci) or maximum concentration of

proteins that can be obtained using ITP can be derived from the

Kohlrausch regulating function51 so that

ci ¼ cLE

mSðmLE � mCÞzLE

mLEðmS � mCÞzS

(8)

where cLE is the concentration of the leading electrolyte

(20 mM), mS, mLE, and mC are the electrophoretic mobilities of

the sample, leading electrolyte, and counterion, respectively,

and zLE (+1) and zS are the charge on the leading electrolyte and

sample, respectively. A direct comparison of plateau concen-

trations for cTnI and PE could not be performed because

mobility and charge data could not readily be obtained for cTnI

and PE without further experimentation. In addition, mobility

and charge data were not found in the literature. As a result, the

authors used the protein bovine serum albumin (BSA), whose

mobility and charge data were available from the literature,35 as

a surrogate protein to compare the plateau concentration of

BSA to the experimentally determined concentrations of cTnI

and PE.
Table 1 Summary of experimental peak widths determined from moment an
and cTnI

PE

Trial # Peak width/mm Concentration/mg mL�1 Concentration fact

1 30.21 72.84 18 210
2 35.58 62.18 15 545
3 29.45 74.70 18 675
Average 31.68 69.91 17 477
St. Dev. 3.23 6.76 1689

896 | Lab Chip, 2011, 11, 890–898
The mobility and charge of BSA at pH 4.0 are�2.00� 10�8 m2

V�1 s�155 and +13, respectively.35 The mobilities of the leading

electrolyte (potassium) and counterion (acetate) are 7.62 � 10�8

m2 V�1 s�1 and �4.24 � 10�8 m2 V�1 s�1.56 By plugging these

values into eqn (8) and modifying eqn (8) from a molar

concentration to a mass concentration by using the molecular

weight of BSA (66 kDa), a plateau concentration of 50.65 mg

mL�1 was calculated for BSA. As a result, the BSA based plateau

concentration is much higher than the experimentally determined

concentration for cTnI but slightly lower than the PE concen-

tration. One possible explanation for the PE concentration being

slightly higher is that the molecular weight of PE (240 kDa) is

significantly higher than the Mw of BSA so when eqn (8) is

calculated based on the mass concentration, one would expect

the plateau concentration to be directly proportional to the ratio

of molecular weights, assuming all other values in eqn (8) are

nearly identical for the two proteins. Therefore, it is safe to

assume that the plateau concentration calculated from eqn (8)

would be higher for PE which is the case described here.

The authors are aware that the initial concentration of cTnI is

significantly higher (10 000�) than clinical levels; however, this

paper addresses a potential solution in current technologies that

are unable to detect cTnI levels in some patients. In addition, the

authors on-going research includes performing cationic ITP at

pH 8 of cTnI in serum samples to determine the limit of detection

and the potential use of ITP to concentrate and fractionate cTnI

for clinical applications. We believe that by incorporating a pre-

concentration step prior to an immunoassay, the limits of

detection will be lowered, sensitivity will be increased, and

different phosphorylation states of cTnI can then be detected and

quantified. Future experimentation will need to be performed to

test this hypothesis.
Conclusions

This report demonstrates a 10 000 fold increase in both cTnI and

PE concentration using cationic ITP in a PMMA microfluidic

chip with two reductions in the cross-sectional area. This increase

results from the ITP concentrating effect and a 50� reduction in

the cross-sectional area from inlet to outlet along the axial

direction of the microchannel. The cTnI molecule was fluo-

rescently tagged with Pacific Blue� C5-maleimide to label only

thiol groups. In addition, the fluorescent labeling allowed visu-

alization of cTnI migration under UV excitation. Both cTnI and

PE were loaded through a tee channel to control the protein mass

load. Both proteins were positively charged at the running pH

and migrated from the anode to the cathode. The proteins
alysis, final concentrations from eqn (1), and concentration factors for PE

cTnI

or Peak width/mm Concentration/mg mL�1 Concentration factor

50.83 24.89 10 822
51.21 24.70 10 739
46.93 26.96 11 722
49.66 25.52 11 094
2.37 1.25 545

This journal is ª The Royal Society of Chemistry 2011
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quickly formed distinct, adjacent zones between the leading

electrolyte and the terminating electrolyte. The protein’s

concentration increased as a function of distance from the anode

as a result of both mass accumulation through the sample

loading zone and mass conservation through the two reductions

in the cross-sectional area along the microchannel. Final

concentrations were determined from moment analysis calcula-

tions and exceeded 25 mg mL�1 and 65 mg mL�1 for cTnI and

PE, respectively. The experiment was fast and could be per-

formed in less than 20 min with applied voltages no greater than

400 V. This is the first attempt at using ITP as a preconcentration

technique for a cardiac biomarker, in particular, cTnI. This

experimental approach could potentially be coupled to an

immunoassay-based technique in order to improve limits of

detection, increase sensitivity, and quantify different cTnI

phosphorylation states. On-going research is being performed to

test this hypothesis.
Appendix 1

We know that

mn ¼
ðN

0

IðxÞxndx so that m0 ¼
ðN

0

IðxÞdx;

m1 ¼
ðN

0

IðxÞxdx and m2 ¼
ðN

0

IðxÞx2dx

The mean location (xm) and the variance (s2) are defined as

xm ¼

ðN

0

IðxÞxdx

ðN

0

IðxÞdx

¼ m1

m0

s2 ¼

ðN

0

IðxÞðx� xmÞ2dx

ðN

0

IðxÞdx

By expanding out the variance we get

s2 ¼

ðN

0

IðxÞx2dx

ðN

0

IðxÞdx

�

2xm

ðN

0

IðxÞðxÞdx

ðN

0

IðxÞdx

þ

x2
m

ðN

0

IðxÞdx

ðN

0

IðxÞdx

After simplification

s2 ¼ m2

m0

�

2ðm1=m0Þ
ðN

0

IðxÞðxÞdx

ðN

0

IðxÞdx

þm2
1

m2
0

s2 ¼ m2

m0

� 2ðm1=m0Þm1

m0

þm2
1

m2
0

Finally

s2 ¼ m2

m0

�m2
1

m2
0
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