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This paper describes the detection of a cardiac biomarker, cardiac troponin I (cTnI), spiked into

depleted human serum using cationic isotachophoresis (ITP) in a 3.9 cm long poly(methyl

methacrylate) (PMMA) microfluidic channel. The microfluidic chip incorporates a 100� cross-

sectional area reduction, including a 10� depth reduction and a 10� width reduction, to increase

sensitivity during ITP. The cross-sectional area reductions in combination with ITP allowed

visualization of lower concentrations of fluorescently labeled cTnI. ITP was performed in both ‘‘peak

mode’’ and ‘‘plateau mode’’ and the final concentrations obtained were linear with initial cTnI

concentration. We were able to detect and quantify cTnI at initial concentrations as low as 46 ng mL�1

in the presence of human serum proteins and obtain cTnI concentrations factors as high as � 9000. In

addition, preliminary ITP experiments including both labeled cTnI and labeled protein kinase A (PKA)

phosphorylated cTnI were performed to visualize ITP migration of different phosphorylated forms of

cTnI. The different phosphorylated states of cTnI formed distinct ITP zones between the leading and

terminating electrolytes. To our knowledge, this is the first attempt at using ITP in a cascade microchip

to quantify cTnI in human serum and detect different phosphorylated forms.
Introduction

Cardiovascular disease is the leading cause of death in the world

today claiming 17.1 million lives per year1 resulting in estimated

direct and indirect costs of over $500 billion in the United States

alone.2 It is projected that by 2030, the number of deaths that will

occur due to cardiovascular diseases will increase to 23.6 million

lives lost per year.3 In addition, myocardial infarction is mis-

diagnosed or unrecognized � 25% of the time4 resulting in

myocardial infarction being the largest source of malpractice

payments issued today.5

Currently, cardiac troponin I (cTnI) is the most sensitive and

preferred biomarker in determining myocardial damage,6 in part,

because cTnI is specific to only the heart muscle. Current assays

measure cTnI concentration in the blood using immunoassay

based principles.6–21 The i-STAT by Abbott Diagnostics is the

preferred point-of-care technique in detecting cTnI levels in

hospital facilities18,19,21 and requires 16 mL of blood at
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a concentration above � 0.02 ng mL�1 to accurately detect

cTnI.22 Typically, cTnI concentrations above 0.08 ng mL�1 are

considered elevated.22 In healthy individuals, cTnI levels are

usually negligible and are at concentrations lower than the limits

of detection of the diagnostic test.23 In addition, these assays only

measure total cTnI concentration. However, total cTnI concen-

tration may not be the best indicator of overall heart health and

functionality. For example, there is growing evidence in the

literature that up or down regulation of the phosphorylation

state of the cTnI molecule is a better indicator of the overall

health and functionality of the heart muscle.24–29 Recently, Lin

and co-workers30 developed the first immunoassay to sequen-

tially detect phosphorylated and unphosphorylated cTnI in real

time, however, these results were only qualitative. Further,

a recent study by Messer et al.31 showed a 6x higher phosphor-

ylation state of cTnI in healthy heart samples compared to failing

heart samples. More importantly, Solaro and van der Velden32

indicate that protein kinase A (PKA) phosphorylation at Ser23/

Ser24 residues are perhaps the only phosphorylated sites relevant

to control cardiac function. If this is the case, then only two

different forms of the cTnI phosphorylated state would need to

be monitored. However, further research needs to be performed

to validate this.

cTnI concentrations can also be elevated in the blood of

elderly individuals (> 65 yrs of age),33 patients with renal

failure,34 and critically ill patients35 without having any actual
Lab Chip, 2011, 11, 3793–3801 | 3793
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Fig. 1 Schematic of PMMA microfluidic chip geometry that includes

a 10x depth reduction occurring 1.3 cm from the anode reservoir and

a 10x width reduction occurring 1.6 cm from the anode reservoir along

the length of the microchannel. Both cross-sectional area changes occur

over a distance of� 1 mm. The channel length is� 3.3 cm with reservoirs

that are� 3 mm in diameter. The microchip includes a tee channel that is

100 mm wide and 100 mm deep between the sample reservoir and the

anode reservoir in order to control the initial mass load of the cTnI spiked

into depleted human serum. Sample is injected from the sample reservoir

to the anode reservoir so that the sample only occupies the 10 mm long

sample loading zone. Therefore, the sample loading volume is 1 mL

(10 mm � 1 mm � 100 mm).
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heart related illness. Further, diagnosing myocardial infarction

in intensive care unit patients is difficult because cTnI elevation

may occur for alternative reasons.35 Therefore, a better indicator

for overall heart health for these individuals would be an assay

that measured both phosphorylated and unphosphorylated cTnI

in the blood. Thus, there is a need for an assay that can differ-

entiate and quantify phosphorylated and unphosphorylated

cTnI in blood samples to determine whether elevated troponin

levels are a result of cardiac events or such factors as age, sex,

race, and medical history.

Current detection strategies for measuring phosphorylation

levels in cTnI include non-equilibrium isoelectric focusing,36,37

mass spectrometry,38,39 and phosphate affinity SDS-PAGE;29,31

however these techniques are generally slow, cumbersome, have

low throughput, and are not compatible with point-of-care

instrumentation. Thus, there are currently no point-of-care

instruments available that differentiate and quantify the phos-

phorylation states of cTnI in symptomatic patients.

The current limitation in detecting differences in phosphory-

lation states using point-of-care instrumentation is that cTnI is

a low abundant protein in blood with concentrations in the sub

ng mL�1 range. Thus, quantifying different phosphorylation

states of an already low abundant protein becomes more chal-

lenging than quantifying the total concentration of all the states.

As a result, lower limits of detection are necessary to not only

quantify different phosphorylation states, but, also, to quantify

cTnI in individuals that have concentrations below current limits

of detection. For instance, an increase in analytical and diag-

nostic sensitivity should allow more accurate early diagnosis.40

This could provide tending physicians with baseline concentra-

tions and, more importantly, the ratio of phosphorylated cTnI to

unphosphorylated cTnI regardless of age, sex, race, and medical

history etc., to determine during routine office visits whether or

not myocardial damage has occurred. Monoclonal antibodies41

have been developed that recognize unphosphorylated cTnI and

PKA phosphorylated cTnI and are also commercially available

through Abcam and other vendors. A preconcentration tech-

nique coupled to an immunoassay with specific antibodies can be

used in combination with preconcentration methods to lower

detection limits, increase sensitivity, and quantify the phos-

phorylation states of cTnI.

This work describes the preconcentration of clinically relevant

concentrations of cTnI (ng mL�1) spiked into depleted human

serum using cationic isotachophoresis (ITP) in a cascade

microchip to demonstrate the potential of this approach to pre-

concentrate cardiac biomarkers. The high abundant proteins,

albumin and IgG, were removed from the human serum prior to

experimentation using a commercially available depletion

column.42 The resulting serum sample will be referred to as

depleted human serum in the remainder of this paper. In addi-

tion, preliminary experiments using both cTnI and PKA phos-

phorylated cTnI were spiked into leading electrolyte at high

initial concentrations to easily visualize the ITP of both labeled

proteins. The two cTnI states formed distinct and separated ITP

zones between the leading and terminating electrolyte. Work in

progress includes coupling this preconcentration technique with

an immunoassay to increase sensitivity, and capture and differ-

entiate phosphorylation states of cTnI at different positions in

the cascade microchip.
3794 | Lab Chip, 2011, 11, 3793–3801
ITP is a nonlinear, electrophoresis technique that concentrates

sample components into nearly pure zones between a leading

electrolyte and a terminating electrolyte in order of their elec-

trophoretic mobilities. The leading and terminating electrolyte

are chosen so that their electrophoretic mobilities are faster and

slower with respect to the sample components of interest, in this

case cTnI. In addition, ITP has the power to concentrate sample

components by several orders of magnitude43–45 and to be

coupled to other analytical techniques such as capillary zone

electrophoresis,44–46 isoelectric focusing,47 gel electrophoresis,48

mass spectrometry,49 or an on-chip sandwich immunoassay.50

This work uses ITP in combination with reductions in cross-

sectional area across the axial length of a microchannel to

increase concentration.

Dolnik and co-workers51 first demonstrated how low abun-

dant analytes could be concentrated by ITP in microfluidic

capillaries that included reductions in cross-sectional area.

Building off of this work, our group has demonstrated the

concentration of proteins in buffers by over four orders of

magnitude using ITP in microchips.52,53 More recently, Bahga

and co-workers have used ITP in a variable cross-section

geometry to increase sensitivity, detect small molecules at

concentrations as low as 100 nM, and to decrease assay time

compared to uniform cross-section channels.54 This work uses

microchips that have a 10x depth and a 10x width reduction

across the axial length of the microchannel to concentrate and

quantify cTnI spiked into depleted human serum.

Fluorescently tagged cTnI at different initial concentrations

ranging from 46 to 2300 ng mL�1 were detected by UV induced

fluorescence in a poly(methyl methacrylate) (PMMA) microchip.

The microchip includes a 10x reduction in both the width and

depth so that the cross-sectional area from the inlet to outlet is

decreased by a factor of 100 (Fig. 1). As long as ITP is running in

‘‘peak mode,’’ which indicates a Gaussian-like peak shape, and

will be the case for low abundant proteins, the concentration of

sample will increase in direct proportion to the decrease in cross-

sectional area52,53 as indicated by eqn (1),
This journal is ª The Royal Society of Chemistry 2011
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ci ¼ Mi

wiA
; (1)

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

mass load of species iwhich is controlled using a tee channel, wi is

the peak width of species i, andA is the cross-sectional area of the

channel. Therefore, with a 100x reduction in cross-sectional area,

we should expect a 100x increase in concentration according to

eqn (1). In addition to the reductions in cross-sectional area, the

proteins will also be concentrated by the ITP stacking effect

which, as mentioned previously, can increase concentrations by

several orders of magnitude. Using this technique, we are able to

detect fluorescently labeled cTnI spiked into depleted human

serum at concentrations as low as 46 ng mL�1.

Experimental

Chemicals

All chemicals, unless otherwise stated, were purchased from

Sigma-Aldrich (St. Louis, MO, USA). Full-Range Rainbow

Molecular Weight Markers were purchased from GE Healthcare

(Piscataway, NJ, USA). Pacific Blue� C5-maleimide and Pacific

Orange� succinimidyl ester triethylammonium salt were

purchased from Molecular Probes (Carlsbad, CA, USA). Gel-

Code Blue Stain Reagent was purchased from Thermo Fisher

Scientific (Rockford, IL, USA).

Microfluidic chip fabrication

The microfluidic chip fabrication has been reported in our

previous work.52 Briefly, the microfluidic chips include a 100�
reduction in cross-sectional area along the axial length of the

channel. The reduction in cross-sectional area consists of a 10�
depth reduction that occurs 1.3 cm from the anode reservoir and

a 10� width reduction that occurs 1.6 cm from the anode

reservoir as shown in Fig. 1. Each reduction occurs over

a distance of � 1 mm. The microfluidic chip includes a cathode

reservoir, an anode reservoir, and a sample reservoir. A tee

channel is also included in the microfluidic chip between the

sample reservoir and the anode reservoir to control the amount

of sample, i.e., Mi, loaded into the channel.

Human cardiac troponin I preparation

Human cardiac troponin I (cTnI) was purified and labeled as

previously described.53 The purified cTnI was labeled with Pacific

Blue�C-5 maleimide to the two intrinsic thiol groups at residues

81 and 98. The final protein concentration after labeling of cTnI,

and the degree of labeling, were determined with a Beckman

Coulter DU 730 UV/Vis spectrophotometer (Beckman Coulter,

Inc., Brea, CA, USA) to be � 0.46 mg mL�1 and � 2, respec-

tively. The cTnI isoelectric point was checked by isoelectric

focusing PAGE (IEF-PAGE) and found to be� 10. The labeling

did not significantly alter the isoelectric point of the labeled cTnI

compared to the native cTnI (data not shown).

Protein cTnI was phosphorylated by the catalytic subunit

protein kinase A (PKA), using a cardiac troponin C affinity

column as previously described.55 The extent of phosphorylation

was quantified by both mass spectral analysis and treatment of

the sample with alkaline phosphatase, followed by determination
This journal is ª The Royal Society of Chemistry 2011
of inorganic phosphate using the EnzChek Phosphate Assay kit

(Molecular Probes).56 Phosphorylation of the two PKA sites in

cTnI was > 95%. The phosphorylated cTnI was then labeled with

Pacific Orange� succinimidyl ester triethylammonium salt

according to the manufacturer’s instructions. The final protein

concentration after labeling of PKA phosphorylated cTnI, and

the degree of labeling, were determined to be � 1.17 mg mL�1

and � 2.6, respectively.
Electrolyte solutions

The leading electrolyte (LE) solution was prepared by adjusting

the pH of 40 mM potassium hydroxide, 6M urea, 0.1% Triton

X-100, 2% PVP to pH 4.4 with 10% (v/v) acetic acid. The

terminating electrolyte (TE) solution consisted of 20 mM acetic

acid with 0.1% Triton X-100, 6 M urea, and 2% PVP. Urea and

Triton X-100 were added to the electrolyte solutions to keep

precipitates from forming during ITP. In addition, PVP was

added to electrolyte solutions in order to suppress electroosmotic

flow.57 All solutions were prepared using nanopure water from

a Barnstead Thermolyne Nanopure Infinity UV/UF system

(Dubuque, IA, USA) and degassed with a CPS-8B vacuum pump

(US Vacuum Pumps LLC, Canton, TX, USA).
Serum pre-processing

Serum was processed to remove the high abundance proteins,

albumin and IgG, using a ProteoPrep� Immunoaffinity Albumin

and IgG Depletion Kit (Sigma, St. Louis, MO, USA) according

to manufacturer’s instructions. Briefly, 50 mL of serum was

mixed with 50 mL of the provided equilibration buffer and added

to the immunoaffinity spin columns to incubate for 10 min at

room temperature. The IgG and albumin interact with and bind

to the packed column. The remaining serum components were

spun down at 8000 � g for 60 s. using a MiniSpin Plus centrifuge

(Eppendorf North America, Hauppauge, NY) to elute the other

serum components while albumin and IgG remained bound to

the immunoaffinity column. The eluted serum components were

then reapplied to the immunoaffinity column, incubated for 10

min at room temperature and again spun down so that the serum

was now twice depleted, as per manufacture’s protocol, of IgG

and albumin. Next, 125 mL of equilibration buffer was added to

the immunoaffinity column to wash any unbound protein and

centrifuged again as previously described. The total volume of

the depleted serum sample was � 225 mL. The twice depleted

serum was brought up to a final volume of 500 mL with 40 mM

potassium acetate, pH 4.5, 1% Triton X-100, and 6 M urea so

that the total serum dilution after depletion was 10x. This solu-

tion was used as the sample solution for ITP. In addition, the

depletion step did not remove physiological salts, but rather

diluted them by a factor of 10x.

The bound albumin and IgG were then extracted from the

column by centrifugation as previously described using 300 mL of

the provided extraction buffer. The final volume of the extracted

albumin and IgG was brought up to 500 mL with 40 mM

potassium acetate, pH 4.5, 1% Triton X-100, and 6 M urea so

that the albumin and IgG dilution after depletion from human

serum was 10�. These samples were then analyzed by
Lab Chip, 2011, 11, 3793–3801 | 3795
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SDS-PAGE to examine how effective the immunoaffinity

column was at removing albumin.

SDS-PAGE of depleted human serum samples

8% SDS-PAGE gels were hand-cast according to the Mini-

PROTEAN� 3 Cell Instruction Manual58 into Invitrogen gel

cassettes (Carlsbad, CA, USA). Human serum was initially

diluted by a factor of 10 with 40 mM potassium acetate, pH 4.5,

1% Triton X-100, and 6 M urea. Each sample for gel analysis

from above (human serum, depleted human serum, IgG/albumin

extracted from human serum) was mixed 1 : 1 with sample

buffer58 and 2 mL of each sample were injected into adjacent gel

lanes (see Fig. 2). In addition, 10 mL of Full-Range Rainbow

Molecular Weight Markers were injected into one lane. Prior to

adding the samples to the gel, 1X electrode running buffer58 was

added to an Invitogen gel box that held the gel in the vertical

position. Electrophoresis was then performed at 200 V for 50

min. The gel was then washed 3� for 5 min each with nanopure

water, stained with GelCode Blue Stain Reagent for 1 h, and

destained overnight in nanopure water. In a separate experiment

using a 12% SDS-PAGE gel, cTnI was spiked into the human

serum prior to depletion to determine if cTnI was extracted by

the depletion column. The cTnI band showed up in the depleted

serum sample and not in the extracted IgG/Albumin sample

(data not shown) indicating that cTnI was not lost during the

human serum sample pre-processing depletion step.

Loading the microchip

The sample solution consisted of labeled cTnI spiked into the

depleted human serum sample at various concentrations ranging

from 46 to 2300 ng mL�1. First, the microchip was filled from the
Fig. 2 8% SDS-PAGE gel of serum components. Lane 1 shows the

rainbow molecular weight markers. Lane 2 shows the original human

serum sample. Lane 3 shows the albumin depleted sample from the

original human serum sample extracted from the immunoaffinity

column. Lanes 4–6 show increase loads of the depleted human serum

sample confirming that most of the albumin from the original serum had

been removed. The new major contaminants in the depleted serum are

putatively transferrin (MW � 76 kDA) and a1-antitrypsin (MW �
52 kDa).

3796 | Lab Chip, 2011, 11, 3793–3801
cathode reservoir to the sample and anode reservoir with LE

using a 3 mL disposable syringe. Next, the depleted serum con-

taining cTnI was introduced into the sample reservoir. The

sample was manually driven through the tee channel toward the

anode reservoir using a 3 mL syringe. The hydrodynamic resis-

tance between the sample reservoir and the cathode reservoir is

17 000 times higher than the hydrodynamic resistance between

the sample reservoir and the anode reservoir as a result of the

100� difference in cross-sectional area and different lengths of

the channel sections. Therefore, the authors do not expect

a significant amount of sample to occupy more than the sample

loading region of the microchip.

In addition, in the 1–2 min between loading the sample and

applying the power to the chip, even small proteins in the sample

will diffuse less than 50 mm. In either case, a higher mass load

would result in higher final concentrations (see eqn (1)). There-

fore, a conservative approach has been applied to the initial mass

load calculations where any excess mass load as a result from the

previously mentioned cases has been neglected. Furthermore,

any LE solution previously in the region between the sample

reservoir and the TE reservoir was flushed into the TE reservoir.

At this point, only the sample solution occupied the region

between the sample reservoir and the TE reservoir. Therefore,

the total mass of cTnI loaded into the channel could be estimated

from the concentration multiplied by the volume of the sample

loading zone (Fig. 1). Next, the anode reservoir was washed

several times with TE to remove sample solution and any

remaining LE. Finally, the anode reservoir was filled with TE. At

the end of each run, microchips were flushed twice with 1%

Triton X-100 followed by nanopure water, blown out with house

air, and refilled as previously described.

The loaded microchip was placed underneath the 5� objective

lens of a Leica DM 2000 fluorescence microscope equipped with

a DFC310 digital color camera (Leica Microsystems Inc., Ban-

nockburn, IL, USA). The digital color camera was controlled

with the provided Leica Application Suite (LAS) V3.6 software

to collect images of the labeled cTnI as it migrated through the

microfluidic chip by ITP. The labeled cTnI was excited with

a Leica Microsystems EL 6000 light source using an A type filter

cube. Platinum electrodes were then immersed in the anode

reservoir and cathode reservoir.

The anode reservoir voltage was set to 300 V and the cathode

reservoir was set to ground with an XHR 600-1 power supply

(Xantrex technology Inc, Vancouver, Canada). Most of the

proteins are positively charged, including cTnI, at the running

pH and will migrate towards the cathode. Representative images

of the protein migration though the microchannel were captured

at different positions along the length of the channel and

compiled using Windows Movie Maker 2.6. Images at the end of

each experiment for each trial were also collected and imported

into ImageJ (http://rsb.info.nih.gov/ij) software to produce

electropherograms to be used for further analysis.
Results and discussion

Potassium ion was chosen as the leading ion because it has

a higher effective electrophoretic mobility than all other positive

ions including the salt ions in the serum sample, including

sodium. Hydronium was chosen as the terminating ion because it
This journal is ª The Royal Society of Chemistry 2011
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Fig. 3 An example of protein migration of labeled cTnI spiked into

depleted human serum at an initial concentration of 460 ng mL�1 through

a cascade microchannel (a) cTnI begins to stack at the terminating

electrolyte interface but is difficult to visualize. (b) After collecting

sufficient mass the cTnI begins to become visible and continues to acquire

additional mass until migrating past the tee channel. (c) The labeled cTnI

has migrated past the 1st cross-sectional area reduction (10x depth

change) and the signal intensity has increased to a point where the ITP

band can be easily visualized. (d) The labeled cTnI begins to enter the 2nd

cross-sectional area reduction (10x width change) where a slight distor-

tion occurs; however the proteins become much brighter and easier to

visualize as the protein begins to migrate into the final leg of the micro-

fluidic channel. (e) The labeled cTnI has nowmigrated into the final leg of

the microfluidic channel and concentrated into a relatively pure zone. The

bottom row of figures are identical to figures in the middle row but have

been enhanced in Adobe Photoshop using the brightness/contrast func-

tion to better visualize the bands.
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migrates slower than the protein of interest, cTnI, due to its

association with acetic acid. The sample was depleted human

serum containing cTnI. In normal serum, albumin can make up

as much as 70% of the total protein in human serum59 at an

estimated concentration range between 34 and 54 mg mL�160 and

was removed in order to significantly improve ITP results. When

albumin was not removed from the serum, the cTnI band was

very broad compared to when albumin was removed. The

authors believe this could be due to 1) the albumin reaching

concentrations above the solubility limit and precipitating out, or

2) the lack of separation power due to the short length of the

microchannel. For instance, using information from Harrison

and Ivory61 to calculate the band length of albumin in an ITP

stack results in an albumin band length of � 3.4 cm (see

Appendix 1). The total length of the separation channel

described here is only 3.3 cm indicating a lack of separation

power to fully resolve albumin from any of the other sample

components. Therefore, the latter scenario seems more likely to

explain the poor results obtained prior to albumin removal. As

a result, albumin removal from the human serum was required to

obtain satisfactory results. Therefore, future experiments may

require an on-chip depletion step to fully automate the ITP

protocol and to remove albumin from the sample prior to ITP in

the microchip.

An 8% SDS-PAGE gel was prepared and used to analyze the

depletion step. Fig. 2 shows the results obtained from the SDS-

PAGE gel. The lane numbers and lane components are

summarized in Fig. 2. It is observed that the depletion step was

successful and that albumin was nearly completely removed from

the human serum sample (see lanes 2–6). In addition, even at 10�
mass load of the depleted serum sample (lane 6) compared to the

original human serum sample (lane 1), only a trace amount of

albumin could be visualized in the depleted serum sample (lane

6). From the depleted serum samples, we were also able to

putatively identify the new major contaminants by comparing

the molecular weight of the rainbow markers to other high

abundant proteins in serum.62 These proteins are most likely

transferrin (4.75 g/100 g of plasma proteins62) and a1-antitrypsin

(2.95 g/100 g of plasma proteins62). The depleted human serum

was spiked with different amounts of fluorescently labeled cTnI

to perform ITP on the cascade microchip.

The total amount of depleted human serum sample spiked

with fluorescently labeled cTnI was controlled by the addition of

a tee channel between the sample reservoir and the anode

reservoir. The initial mass load (Mi) of cTnI was calculated by

multiplying the initial concentration (2300, 460, 115, and 46 ng

mL�1) by the volume of the sample loading region (1 mL).

Therefore, the total mass loads of cTnI ranged from 2.3 ng to 46

pg. These total mass loads will be used later in determining the

final cTnI concentrations calculated from eqn (1) and will be

discussed later. After, loading the microchip with sample and

electrolyte solutions, the microchip was mounted on the x–y

translation stage of the microscope platform and platinum

electrodes were submerged in the anode and cathode reservoirs

to produce the electric field required for analyte migration. The

cathode was set to ground and the anode was set to 300 V. Each

concentration was run in triplicate.

At high concentrations of cTnI (2300 and 460 ng mL�1) the

protein began to collect and form a cohesive band just to the
This journal is ª The Royal Society of Chemistry 2011
right of the anode reservoir. At a concentration of 115 ng mL�1,

the cTnI band was not visible until after the tee channel where

sufficient mass of cTnI had accumulated. At a concentration of

46 ng mL�1, the cTnI band was not visible until after the 1st

reduction in cross-sectional area and was difficult to see until

after the 2nd cross-sectional area reduction. Fig. 3 depicts the

protein migration over time for the case of 460 ng mL�1 where the

cTnI band could be easily visualized in all parts of the channel. In

this example, the cTnI continued to accumulate mass through the

sample loading zone and the fluorescence intensity increased as

the protein migrated through the microchannel (Fig. 3(a) and

Fig. 3(b)). At this point, the cTnI had now formed a tight

cohesive band in the microchannel. The fluorescence intensity

increased again as the cTnI passed the 10x depth reduction

(Fig. 3(c)).

Very little, if any, band distortion was observed through the

depth reduction; however, as the protein began to migrate

through the 10x width reduction, a slight distortion was observed

(Fig. 3(d)). The authors believe that the distortion occurs in both

cases, but is only visible at the width reduction because we can

only see distortions that occur in the x-y plane and cannot see

distortions that may occur in the z-direction. Distortion through

cross-sectional area reductions are common;51,63 however these

distortions are quickly eliminated by ITP’s self-sharpening effect

as the band migrates into the last leg of the microchannel (Fig. 3

(e)). The cTnI band has clearly stacked into a relatively pure ITP
Lab Chip, 2011, 11, 3793–3801 | 3797
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zone. Each picture in the bottom row of Fig. 3 was modified

using the brightness/contrast function in Adobe Photoshop to

more easily visualize the cTnI band formation and progression

through the cascade microchannel; the pictures in the middle row

are untouched. Experiments could be performed in � 10 min.

The captured images were compiled for each trial usingWindows

Movie Maker 2.6. An example video for each concentration can

be viewed as a movie file found in the supplementary

information.

Electropherograms for three trials at each concentration were

obtained using ImageJ software. Each electropherogram was

obtained from images of the cTnI located in the last leg of the

microchannel where the fluorescence intensity was at

a maximum. The resulting electropherograms yielded distance

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

intensity over the entire width of the channel for the fluorescent

protein, cTnI. The raw data was then transferred to Microsoft

Excel and plotted for each case. Due to the dynamic nature of

ITP and the capturing of images at different positions in the

channel, the peak heights for each trial did not align. Therefore,

the plots were translated along the x-axis (distance (mm) relative

to the field of view of the camera) so that maximum peak heights

occurred at the same x-position. The intensity plots were then

averaged for each concentration and the average intensity as

a function of position is shown in Fig. 4. The signal intensity was

proportional to initial cTnI concentration.

The electropherograms for all three trials at each concentra-

tion were needed to perform a statistical analysis of band attri-

butes such as peak width and to sequentially determine final
Fig. 4 This is the average of the electropherograms extracted from

ImageJ software for each of the four concentrations. The electrophero-

grams 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 and translating the peaks in the x-direction so that all peaks were

aligned by peak height. The distance is based on the field of view of the

camera and does not reflect the total migration distance through the

microfluidic channel. The peaks at 460, 115, and 46 ng mL�1 are

Gaussian-like indicating that ITP is being performed in ‘‘peak mode.’’ At

2300 ng mL�1, the intensity saturates the ImageJ software and yields

a peak that looks ‘‘plateau-like.’’ However, the inset shows a modified

average electropherogram for the case of 2300 ng mL�1 where the

intensity was first decreased in Adobe Photoshop using the brightness

function and then re-plotted below the software saturation threshold.

The resulting peak demonstrates that the peak was ‘‘plateau shaped’’ and

had reached its maximum allowable concentration, the plateau concen-

tration (13.7 � 0.24 mg mL�1).

3798 | Lab Chip, 2011, 11, 3793–3801
protein concentration and concentration factors obtained by ITP

in the cascade microchip. This was done by using moment

analysis as previously described.53 Briefly, the nth moment for

discrete position values using the trapezoidal rule64 is given by

mn ¼
X
i

1

2

�
Iðxiþ1Þ$xn

iþ1 þ IðxiÞ$xn
i

�ðxiþ1 � xiÞ (2)

where I(x) is the intensity signal, assumed to be proportional to

the concentration,65 and x is the spatial position. The variance

(s2) and the resulting peak width (Wi) can then be derived using

nth moments to the following equations

s2 ¼ m2

m0

�
�
m1

m0

�2

(3)

Wi ¼ 4s (4)

where s is the standard deviation. The final concentrations for

each trial are calculated from eqn (1) where Wi is the peak width

of each protein calculated from eqn (4), A is the cross-sectional

area of the last leg in the microfluidic chip (0.001 mm2), andMi is

the initial mass load of cTnI ranging from 2.3 ng to 46 pg. The

final concentrations calculated from eqn (1) range from 13.7 �
0.24 to 0.42 � 0.02 mg mL�1 and show a linear relationship with

initial concentration (Fig. 5). This is consistent with results

obtained by Kaigala and co-workers65 who observed a linear

response with initial analyte concentration in the nanomolar

range, i.e., ‘‘peak mode’’ using ITP on fluorescently labeled dye

molecules.

ITP in ‘‘peak mode’’ indicates a near-Gaussian peak shape

which is consistent with most of the results obtained here and

indicates that further preconcentration is possible. At the highest

initial concentration (2300 ng mL�1), we were able to concentrate

cTnI to its plateau concentration of 13.7 � 0.24 mg mL�1 which

is the maximum allowable concentration for this particular

analyte. Although not apparent from the electropherogram due

to intensity saturation of the ImageJ software, the resulting peak

from an initial concentration of 2300 ng mL�1 was plateau sha-

ped. This was only apparent after decreasing the signal intensity

in Adobe Photoshop using the brightness function to values that

did not saturate the ImageJ software. This is shown in the inset of

Fig. 4 where the peaks are not Gaussian, but rather plateau

shaped at this concentration. The plateau concentration is
Fig. 5 Final concentrations and concentration factors as a function of

initial concentration. There is a linear relationship between final

concentration and initial concentration; indicating that the ITP is

running in ‘‘peak mode.’’ The concentration factor increased with

decreasing initial concentration. Final concentrations ranged from 13.7

to 0.24 mg mL�1 and concentration factors ranged from � 6000 to 9000.

This journal is ª The Royal Society of Chemistry 2011
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Fig. 6 (a) Representative images of ITP for each trial taken in the small-

cross sectional area portion of the channel just before the cathode

reservoir. Labeled cTnI (blue) migrates in front of the labeled PKA

phosphorylated cTnI (green) indicating that the electrophoretic mobility

of cTnI decreases with increasing phosphorylation. (b) The electrophe-

rograms for each trial represented in part (a) are shown.
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derived from the Kohlrausch regulating function,66 and con-

verting to units of mg mL�1, is shown below as

ccTnI ¼ cLE
mcTnI ðmLE � mCÞzLE
mLEðmcTnI � mCÞzcTnI

MWcTnI ; (5)

where cLE and ccTnI are the concentrations of the leading elec-

trolyte (40 mM) and the plateau concentration of cTnI (13.7 mg

mL�1), mcTnI, mLE (76.2 � 10�9 m2/(V s)),67 and mC (�42.4 � 10�9

m2/(V s))67 are the electrophoretic mobilities of the cTnI, leading

electrolyte, and counterion, respectively, zLE (+1) and zcTnI are

the charge on the leading electrolyte and cTnI, respectively and

MWcTnI is the molecular weight of cTnI (24.1kDa). The theo-

retical charge of cTnI was +29.4 in the leading electrolyte at pH

4.4 and was determined by inserting the amino acid sequence of

cTnI68 into the Protein Calculator V3.3 (http://www.scripps.edu/

�cdputnam/protcalc.html). After rearrangement of eqn (5), the

electrophoretic mobility of labeled cTnI at our experimental

conditions can be calculated. The electrophoretic mobility of

labeled cTnI was � 15.6 � 10�9 m2/(V s)).

The concentration factors were determined by dividing the

final concentration from the initial concentration and the results

are shown in Fig. 5. At lower initial concentrations, a higher

concentration factor was observed. At the low cTnI concentra-

tion we observe a concentration factor increase of � 9000. The

average peak widths, final concentrations, and concentration

factors for each initial concentration are shown in Table 1.

This demonstrates the detection of cTnI in depleted human

serum at clinically relevant concentrations without the use of

antibodies and relying solely on ITP in a cascade microchip. The

authors acknowledge that increased sensitivity is required to

stand up to current point-of-care instruments for cTnI detection

which have a detection limit of � 0.02 ng mL�1 and use antibody

amplification. Antibody signal amplification can lower limits of

detection by more than 1000 fold69 meaning that, by incorpo-

rating antibodies into our assay, we can reduce our limit of

detection to below 0.05 ng mL�1 which puts us in a position to

compete with current point-of-care instruments. Therefore, we

are in the process of incorporating antibodies for immobilization

of the cTnI molecule to significantly increase the sensitivity of

our assay. In addition, sensitivity can be enhanced further using

only ITP by using an infinite sample loading technique65 or

stationary ITP with unlimited volume stacking,70 or by fabri-

cating further cross-sectional area reductions in the micro-

channel, but these techniques were not analyzed here.

In a separate experiment, labeled PKA phosphorylated cTnI

and labeled cTnI were both spiked into leading electrolyte at

concentrations of 585 ng mL�1 and 920 ng mL�1, respectively.

ITP was performed in the same manner on a similar, but
Table 1 Summary of average experimental peak widths determined frommom
for cTnI with standard deviations

Initial concentration (ng mL�1)
Peak
Width (mm)

2300 167.93 � 2.96
460 143.92 � 6.34
115 135.67 � 0.97
46 108.78 � 4.27

This journal is ª The Royal Society of Chemistry 2011
different, microchip. All geometrical attributes of the microchip

were identical except that the side channel for these experiments

was 1 mm in width (Fig. 1). Experiments were performed in

triplicate and representative images for each trial in the last

section of the microchannel and corresponding electrophero-

grams are shown in Fig. 6. The cTnI (blue) ran in front of the

PKA phosphorylated cTnI (green) indicating that the electro-

phoretic mobility decreases with increasing phosphorylation and

is consistent with results obtained by non-equilibrium isoelectric

focusing gel electrophoresis.37 In addition, our preliminary

results indicate the formation of two distinct ITP zones. An

example video showing the migration of the two different

phosphorylation states of cTnI in distinct zones can be viewed as

a movie file found in the supplementary information.

The technique described here, ITP as a preconcentration

platform, could be implemented as a 1st dimension to pre-

concentrate the different forms of cTnI and transfer them via ITP

to a 2nd dimension that has the ability to capture, distinguish,

and quantify different phosphorylation states that all current

point-of-care assays lack. In addition, Kaigala and co-workers65

have recently demonstrated how ITP systems can be miniatur-

ized to device designs as small as a cell phone for portable low-

cost ITP instruments demonstrating that the technique described

here is a promising approach for point-of-care applications.

The authors’ on-going research includes creating an on-chip

ITP immunoassay that includes both capture antibodies and
ent analysis, final concentrations from eqn (1), and concentration factors

Final Concentration (mg mL�1) Concentration Factor

13.7 � 0.24 5956 � 104
3.2 � 0.14 6957 � 303
0.85 � 0.01 7371 � 53
0.42 � 0.02 8984 � 16

Lab Chip, 2011, 11, 3793–3801 | 3799
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secondary detection antibodies to increase limits of detection

by immobilizing the cTnI with the former and amplifying the

signal with the latter. The capture antibodies will need to be

specific to the phosphorylation state of cTnI allowing differ-

entiation of phosphorylated and unphosphorylated cTnI. The

detection antibodies, which only need to be cTnI specific, can

then quantify the amount of each cTnI form present. We

believe that by delivering ITP bands to an immunoassay we

can lower the limit of detection, increase sensitivity, and

differentiate and quantify different phosphorylation states of

cTnI. Also, the authors are attempting to perform the removal

of albumin on-chip so that this approach could potentially be

used to concentrate and fractionate cTnI in clinical applica-

tions. This would be an invaluable tool for attending physi-

cians to quickly monitor cTnI levels and correctly diagnose

patients. Future experimentation will need to be carried out to

test these hypotheses.
Calculated Length of Albumin; Adapted from reference 61.
Conclusions

This report demonstrates the detection of 46 ng mL�1 of fluo-

rescently labeled cTnI spiked into depleted human serum using

cationic ITP in a PMMA microfluidic chip with two 10�
reductions in cross-sectional area. In addition, concentration

factors as high as �9000 were obtained as a direct result of the

ITP concentrating effect and a 100� reduction in cross-sectional

area from inlet to outlet along the axial length of the

microchannel.

This is the first attempt at using ITP to preconcentrate clini-

cally relevant concentrations of a cardiac biomarker, in partic-

ular, cTnI spiked into depleted human serum, and determine

sensitivity limits in a cascade microchip. Also, there is reason to

believe that further reductions in cross-sectional area would

improve the limit of detection. In addition, ITP could be per-

formed on different phosphorylation states of cTnI, in this case

the PKA phosphorylated cTnI and the unphosphorylated form

of cTnI to produce distinct, concentrated zones. This experi-

mental technique could be applied to a multidimensional diag-

nostic tool for the detection of cTnI and its phosphorylated

variants in an immunoassay-based platform to improve limits of

detection, increase sensitivity, and quantify different cTnI

phosphorylation states. On-going research is being carried out to

test these hypotheses. In addition, this technique could be

applied to the detection of other relevant or low abundant

biomarkers to quickly and accurately determine concentrations

in complex matrices such as blood, saliva, urine, or cerebrospinal

fluid.
Appendix

ZLE ¼ 1

Charge of Leading Electrolyte

ZAlbumin ¼ 13

Charge of Albumin at pH 4.071

CLE ¼ 40mM

Concentration of Leading Electrolyte
3800 | Lab Chip, 2011, 11, 3793–3801
mLE ¼ 76:2$10�9 m2

V$s
Electrophoretic Mobility of Leading Electrolyte67

mC ¼ �42:4$10�9 m2

V$s

Electrophoretic Mobility of Counterion67

mAlbumin ¼ 2:0$10�8 m2

V$s

Electrophoretic Mobility of Albumin at pH 4.072

A ¼ 10�9m2

Cross-Sectional Area of Small Portion of Microchannel

CAlbumin ¼ 3:4
mg

mL
¼ 0:052mM

Concentration of Albumin after 10x Dilution in Leading

Electrolyte

V ¼ 1mL

Sample Loading Volume

LAlbumin ¼ CAlbumin�V�Z
Albumin

mLEðmAlbumin�mC Þ
ZLE � CLE � A� mAlbumin � ðmLE � mCÞ

¼ 3:4cm
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