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Abstract 

Microfluidics has recently enabled new capabilities in life sciences 

research.  By leveraging physics at the microscale, novel miniaturized 

methods and devices provide fundamental improvements over traditional 

assays including higher sensitivity, massive parallelization, speed and 

automation.  For example, nucleic acid analyses such as PCR or capillary 

electrophoresis are now commonly executed on microfluidic platforms.  

However, extracting and isolating a set of molecules of interest from a 

biological sample remains a widespread challenge, in particular when the 

target is a nucleic acid; such sample preparation has been identified as the 

“weak link” of microfluidics.1  Moreover, the discovery of classes of small RNA 

such as microRNA2 (miRNA) has revealed the limitations of benchtop 

preparation methods.3  This work tackles these issues by leveraging an 

electrophoretic focusing method, isotachophoresis (ITP), to perform selective 

focusing of specific nucleic acid molecules contained in complex mixtures.  

This includes extraction of genomic DNA from blood and isolation of miRNA 

from total RNA.  Also, we leverage the unique physics of ITP to perform 

simultaneous purification and analysis of these molecules, thus enabling 

automated analysis at unprecedented speed. 

ITP is a robust electrophoretic preconcentration technique which 

generates strong electric field gradients, and enables selective focusing and 

separation of charged species based on their electrophoretic mobilities.  In this 
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work, we show that we can extract and purify genomic DNA from chemically 

lysed whole blood samples by carefully controlling ITP electrolyte chemistry to 

achieve selective focusing of genetic material.  We show that ITP outputs 

PCR-compatible DNA with high efficiency in about 1 min.  This novel sample 

preparation technique allows for efficient, fast, and automated purification of 

DNA from 10 nL to 1 µL of biological fluids.   

We also demonstrate that ITP focusing of microRNA – short (~22 nt), non-

coding RNA regulating gene expression – enables quantification and 

sequence specific detection.  We leverage both the selective and 

preconcentration capability of ITP for the quantification of global miRNA 

abundance.  This allows for the measurement of RNA silencing activity in 

specific cells or tissues.  We have optimized ITP chemistry and used a multi-

stage injection strategy to selectively preconcentrate and quantify RNA shorter 

than 40 nt.  We discuss results of miRNA quantification for a wide variety of 

samples.  Additionally, we show that the combination of selective ITP focusing 

with simultaneous hybridization with molecular beacons is an efficient method 

for detection and quantitation of specific miRNA sequences.  We demonstrate 

the efficacy of this assay for the detection of a liver specific miRNA.  Finally, 

we show that we can use ITP to perform polymerase chain reaction in 

isothermal conditions by creating a cycles of chemicals mimicking thermal 

cycling. 
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Chapter I. Introduction 

I.1 Background 

Electrophoresis 

Under the influence of an electric field, a charged compound is subject to 

a Coulomb’s force inducing its motion.  In a fluid, this migration is termed 

electrophoresis, and generally refers to the displacement of ions.  In solution, 

electrophoresis results from the balance between a coulomb’s force driving the 

charge and a drag force that opposes its motion.4  After a brief charge 

relaxation time5 (typically a few microseconds), the charged species reaches a 

steady drift velocity, the electrophoretic velocity ephu


, that is proportional to the 

electric field E


.  The factor of proportionality is referred to as the 

electrophoretic mobility  and is characteristic of the species: ephv

 eph ephu v E


. 

The electrophoretic mobility is here a signed quantity that depends on 

multiple parameters including the charge and size of the ion and the viscosity 

of the solvent.4  The chemistry of the solution can strongly affect the charge of 

the ion (e.g. via acid-base reactions) and therefore can dramatically affect its 

mobility.6  Such dependence is the key to electrophoretic analysis which, in 

optimized chemical conditions, allows for the separation of a large number of 

charged species.7  
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Capillary electrophoresis 

Capillary electrophoresis (CE) is a ubiquitous separation technique in 

chemical and biomedical analysis.7  Optimization of CE system has allowed 

for separation of a variety of compounds including explosives,8 toxins,9 

proteins,10 and nucleic acids11 at high resolution.  CE can be combined with 

ultra-sensitive detection systems such as laser induced fluorescence,12 

requires only small amounts of sample and has potential for parallelization.13  

More recently, the development of CE on planar microchips has reduced the 

laboratory footprint of CE systems and even enabled portability, automation 

and parallelization while further reducing reagent use.14  A large panel of 

techniques based on CE has made it an even more generally applicable 

separation method.  For instance, micellar electrokinetic chromatography is 

attractive for the analysis of hydrophobic or neutral compounds,15 capillary 

isoelectric focusing is widely applicable to separation of proteins,16 and 

isotachophoresis allows for the preconcentration and separation of trace 

analytes.17-19 

Life scientists have adopted CE for multiple types of nucleic acid analysis.  

For example, CE and its microchip version have been applied to sequencing,20 

analysis of polymerase chain reaction (PCR) products,21 and assessment of 

RNA quality,22  For highest performance, CE of nucleic acids leverages the 

sieving capability of polymers dissolved in the separation buffer.  Multiple 

commercial CE systems (e.g. the Agilent LabChip bioanalyzer system) can 
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perform on a single instrument various types of nucleic acid separation assays 

with a high level of automation and sensitivity.   

Isotachophoresis 

Isotachophoresis (ITP) is a well established electrophoretic separation and 

preconcentration technique.23,24  It leverages a heterogeneous buffer system 

with distinct electrophoretic mobilities to generate strong electric field gradients.  

In most cases, designing an ITP experiment consists in selecting a leading 

and trailing electrolyte (LE and TE) with respectively greater and lesser 

electrophoretic mobility than the analyte’s.  We describe two ITP modes 

Figure I-1.  In Figure I-1a, the analyte is injected between LE and TE within 

the separation channel (finite injection ITP) or alternately in Figure I-1b, the 

analyte is dissolved in one of the electrolytes, here the TE, before creating an 

initial interface between LE and TE (single interface ITP).  Upon application of 

an electric field, ionic species reorganize into contiguous zones of increasing 

effective electrophoretic mobility from TE to LE, allowing analyte focusing.   

The ITP interface is self-sharpening,25 and the main features of ITP 

focusing include: 

- Preconcentration.  Focusing species accumulate at the ITP interface, 

greatly increasing their concentration, up to a million-fold.26   

Preconcentration is typically used prior separation of focused analytes to 

increase assay sensitivity.18  

- Separation.  While analytes focused in “peak mode” do not separate, the 

use of spacers (ions whose mobility ranges between two analyte’s) in 
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“plateau mode” enables simultaneous preconcentration and separation.19, 

27, 28 Selective focusing.  Species whose mobilities are smaller than the 

trailing ion’s or greater than the leading ion’s do not focus.  Therefore, 

optimization of ITP chemistry (e.g. careful selection ot leading and trailing 

ion) enables focusing of one species while leaving other species 

unfocused.29 

- Protection from dispersion.  The self-sharpening ITP interface creates a 

focused sample zone whose axial width can be on the order of 10 µm.  

This protects the sample from dispersion into a volume smaller than 100 pL 

(in a typical 100 µm deep and wide channel). 

 

Figure I-1: Schematic representation of ITP with sample containing four different ions 
injected within the leading electrolyte (LE).  In (a), we show finite injection ITP where 
the sample is initially injected between LE and TE and in (b) single interface ITP 
where the sample is dissolved in TE.  Two ions (mid-sized red and green hexagons) 
have mobilities bound by those of the TE and LE.  Upon application of an electric 
field, these two targeted ionic species focus, generally in order of increasing 
electrophoretic mobilities.  Here, we depict the selective focusing of two target sample 
analytes (mid-sized green and red hexagons).  Species which have mobilities lower 
than the TE (here large blue hexagons) or higher than the LE (small yellow 
hexagons) do not focus. 
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While ITP has been widely used as an efficient preconcentration method 

for the analysis of a wide variety of compounds,23 it has not yet been efficiently 

adapted to life sciences assays.  For example ITP of nucleic acids has been 

limited to the focusing of DNA fragments prior CE.30  While it yields large 

preconcentration factors for DNA, ITP combined with CE has a limited use for 

the analysis of PCR products, which does not necessarily require high 

sensitivity. 

Surprisingly, the unique features of ITP physics described above have 

only been marginally used to design novel assays.  In particular, the selectivity 

of ITP, i.e. the ability to focus one species while leaving others unfocused, has 

only been used for fractionation of proteins from a mixture.31  Also, to our 

knowledge, the protection from dispersion has only been utilized twice to 

perform chemical reactions: for immunoassays,32  and as a way of bringing 

and mixing reagents together.33  In this work, we will leverage the unique 

features of ITP described above, in particular the selective focusing as a way 

of purifying nucleic acids and the protection from dispersion as a way of using 

the ITP interface as a small reactor.  

I.2 Organization of the thesis 

In Chapter II, we describe a sample preparation technique that leverages 

ITP to extract and purify DNA from blood.  We discuss how selection of a 

suitable buffer system enables purification of nucleic acids to yield a sample 

ready for analysis.  In Chapter III, we show that ITP can be used to isolate and 
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quantify a single type of nucleic acids, here microRNA (miRNA).  We show 

that such use of ITP allows for quantification global miRNA levels in total RNA 

as a measurement of RNA silencing activity.  Then, we demonstrate that ITP 

can be used to perform chemical reactions with simultaneous focusing.  In 

Chapter IV, we show combination of selective miRNA focusing with 

hybridization of molecular beacons for sequence selective detection.  In 

Chapter V, we demonstrate that ITP focusing and separation of nucleic acids 

can be used to carry out polymerase chain reaction (PCR) at constant 

temperature by cycling chemical concentrations.  Appendices provide 

supplementary description and discussions of methods used in the thesis, 

including flow control, design of lysis chemistry for ITP purification and 

injection protocols. 

I.3 Scientific contributions 

First, the purification of nucleic acids using ITP is a novel method which 

that allows for significantly faster sample preparation from minute amounts of 

sample compared to existing purification techniques.29  A patent application 

related to this invention is currently under review.34  Also, the precise isolation 

of the short RNA using ITP enables measurements directly targeting miRNA.  

In particular, our ITP based quantitation is the unique method for 

measurement of global miRNA abundance.35  To achieve this, we designed a 

novel ITP protocol that leverages multiple zones with distinct chemical 

compositions to combine selectivity and sensitivity, which we filed for 
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provisional patent application.36  Besides competing with traditional miRNA 

analysis methods, the combination of precise ITP isolation with molecular 

beacon hybridization allows for miRNA profiling at unprecedented speeds.37  

Finally, We have performed PCR with ITP and chemical cycling which enables 

isothermal reaction, relaxing the requirement of thermal control and reagent 

thermostability.38  We filed a patent application for this invention.39 
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Chapter II. Purification of nucleic acids by 
isotachophoresis 

The contents of this chapter were previously published by Persat, Marshall 

and Santiago (2009)29 and are reproduces here with minor modifications. 

II.1 Introduction 

Microfluidics has become an alternative to traditional techniques for 

biological and medical analysis; and offers the use of small reagent volumes, 

fast analyses, and potential for parallelization.40  PCR,41 capillary 

electrophoresis,42 immunoassays,43 and many other analytical techniques 

used in biology and medicine have been successfully miniaturized.  However, 

sample preparation is often still a challenge and a limiting factor in the 

capability of many devices,1 so that most miniaturized systems have used 

prepurified, ideal samples as analyte.  One important application is the 

purification of nucleic acids (NA) from complex biological samples.  We here 

demonstrate a simple, fast, efficient and sensitive technique for the purification 

of NA from whole blood which leverages the physicochemistry of ITP.   

The traditional method for nucleic acid purification is based solid phase 

extraction (SPE).44  Nucleic acids dissolved in a low pH, high ionic strength 

buffer have high affinity for a hydrophobic surface such as silica.  In SPE, 

nucleic acids are released in such buffer and flowed through a silica column to 

which they bind.  The column is then washed with ethanol (where NA have low 

solubility) and finally the NA are eluted in a low ionic strength solution, typically 
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deionized water.  Commercial spin columns such as the QIAGEN kits 

(Valencia, CA) are now the standard methods for purification of NA. 45   

The implementation of NA purification in microchip format has been limited 

to the miniaturization of SPE. Extensive work by Landers and co-workers has 

shown successful microchip integration of SPE with application to purification 

of DNA,46 RNA,47 and successful integration with on-chip PCR.21  While micro-

SPE shows excellent efficiency and throughput,45 the process requires 

specialized materials and fabrication (e.g. micropillars or packing of silica 

beads).  Further, the typical SPE protocol involves three successive steps 

(loading, washing, elution), requires bulk flow control, and uses a PCR 

inhibiting chemistry (e.g. chaotropic agents, organic solvents).45   

Similarly, purification of NA in microfluidic device with paramagnetic beads 

involves usage of significant off-chip instrumentation such as magnets and 

networks of valves.48    

ITP has been marginally used as a sample purification method.49, 50  For 

instance, Caslavska et al.31 used recycling ITP to simultaneously purify, isolate 

and fractionate proteins from a mixture, but not from a crude biological sample.  

Kondratova et al.51 concentrated and isolated DNA from blood plasma and 

urine by agarose gel ITP with applications to cancer diagnosis.  In this work, 

the authors only recovered extracellular NAs therefore excluding genomic 

material.  Also, performing ITP on an agarose gel does not allow for 

miniaturization or integration with other on-chip modules for automation, and 

require further extraction and purification from the gel slab.  More recently, 
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Schoch et al.52 isolated short nucleic acids from cultured cells by ITP at low pH 

in a pluronic sieving matrix.  The use of an LE with low pH reduced the 

effective charge of proteins while leaving the mobility of nucleic acids nearly 

unchanged.  While this technique was efficient for isolation of short nucleic 

acids, Schoch et al. have not applied this concept to the extraction of genomic 

DNA from biological fluids and have not verified purity of the isolated sample.  

To our knowledge ITP has never been applied to sample preparation from 

biological fluids for genomic analysis or to sample preparation of blood. 

We here present and demonstrate an ITP-based purification method for 

extracting genomic DNA from a biological fluid.  We perform ITP focusing in 

free solution and use a small injected volume (order 10 nL) of whole blood 

lysate as sample.  We leverage the selectivity of ITP focusing to concentrate 

NA in a sharp zone while rejecting most proteins and other unwanted 

compounds.  We first determine extraction efficiency to evaluate the 

performance of the technique.  We then demonstrate ITP purification of 

genomic DNA from whole blood and assess its performance with this difficult 

sample.  Finally, we recover the genetic material and perform off-chip PCR to 

assess the quality of the ITP purification process. 

II.2 Materials and Methods 

Microchip preparation.   

We performed on-chip experiments in an off the shelf microchip with 

90 µm wide (50 µm mask width) by 20 µm deep borosilicate microchannels in 
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a simple cross geometry (model NS12A, Caliper Life Sciences, Mountain View 

CA, cf. Figure II-1).  The injection channel is 1.5 cm long (with an approximate 

volume of 25 nL) and the separation is channel 4.5 cm long.  We treated the 

channels with the silanizing agent Sigmacote (Sigma, MO) as follows.  We first 

rinsed the channel 10 min with a 1:1 methanol hydrochloric acid solution, 

followed by 10 min of concentrated sulfuric acid.  This rinsing step removes 

species for the glass surface that potentially inhibit the silanization, such as 

metal ions.  We then rinsed the channels with deionized water for 2 min or 

more, and dried thoroughly with a vacuum.  Next, we applied the silanizing 

solution for about 10 min.  We then rinsed the channels with hexane and 

deionized water.  This modification creates a hydrophobic layer on the 

microchannel surface which allows for reduction of adsorption of proteins from 

lysate on the channel walls and for electroosmotic flow reduction.  To avoid 

cross contamination, we rinsed the chip between each experiment as follows: 

2 min with a 1:10 (v/v) household bleach solution (Clorox, CA), 2 min with 

deionized water, and 2 min with leading electrolyte buffer (see below).  Bleach 

is an efficient reagent for the degradation of DNA.53 

Sample lysis.   

Blood samples from a healthy donor were collected in heparin tubes and 

stored in 2 mL aliquots at -80ºC.  Before each set of experiments, we thawed 

one blood aliquot and prepared a stock of lysis buffer containing 1% Triton X-

100 (Sigma, MO) in 50 mM Tris hydrochloride at pH = 8.2.  We diluted 10 µL 

of whole blood and 4 µL of proteinase K (RNA grade, Invitrogen, CA) in 86 µL 

 12 



of lysis buffer.  We then incubated the lysate 10 min at 56ºC in a water bath.  

In the case of the second control in Figure II-5 (third bar in the plot), we added 

4 U of deoxyribonuclease I (DNase I, amplification grade, Invitrogen, CA) to 

the lysate and incubated 15 min at room temperature prior to proteinase K 

treatment.  To quantify the ITP extraction efficiency, we diluted a commercial 

standard solution of λ-DNA (0.333 mg.mL-1, Invitrogen, CA) in lysis buffer and 

used this as a standard sample.  All solutions were prepared with 

DNase/RNase free deionized water (Gibco, CA).   

Isotachophoresis-based purification.   

Leading (LE) and trailing electrolytes (TE) were respectively 50 mM Tris 

titrated with hydrochloric acid to pH = 8.2 and 50 mM Tris titrated with HEPES 

to pH = 7.8.  LE and TE each contained 1x SYBR Green I (Invitrogen, CA) for 

fluorescence visualization and on-chip DNA quantitation.  We obtained best 

results adding also 0.1% Triton X-100 to reduce electroosmotic flow and 

protein adsorption (in conjunction with silanization treatment). 

 

Figure II-1: design of the chip used to perform the ITP based purification.  Sample 
is injected from reservoir 3 by applying a vacuum at 2.   
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For each experiment, we first filled all four channels and reservoirs (cf. 

Figure II-1) with LE.  We emptied reservoir 3 with a vacuum, and pipetted 1 µL 

of lysate into that reservoir.  We then applied a vacuum to reservoir 2, 

generating flow from reservoirs 1, 3 and 4 to 2, which fills the injection channel 

with lysate (~25 nL) while the separation channel remains filled with LE.  We 

carefully removed the lysate remaining in reservoir 3 with a vacuum.  We only 

used a light vacuum to avoid generating flow in the injection channel, which 

could remove some of the injected lysate.  We then rinsed reservoir 3 where 

we finally pipette 10 µL of TE.  We then immediately applied electric field 

between 3 and 4 (500 V) with a sourcemeter (model 2410, Keithley, Cleveland 

OH) controlled via Matlab (the Mathworks, Natick, MA) to carry out the 

purification.  We used fluorescence visualization of used the current signal to 

locate the ITP interface in the channel (see Figure II-2).  We used this same 

injection protocol for the extraction efficiency quantifications performed with λ-

DNA.   
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Figure II-2: Localization and extraction of the ITP purified NA.  We track the location 
of the focused NA ITP zone by either monitoring ionic current or by fluorescence 
visualization.  Above, we show a measured current trace obtained from a constant 
voltage ITP extraction experiment where the sample is λ-DNA.  We acquired the 
current trace by interfacing the sourcemeter with MATLAB using a GPIB card 
(National Instruments, TX).  The current decreases monotonically as the ITP interface 
advances within the channel, as the relatively low conductivity TE replaces the high 
conductivity LE.  At the moment where the current reaches a plateau (here near t = 
260 s), the purification channel is entirely filled with TE and the ITP interface has 
reached the anode reservoir.  Above the current plot, is an actual image of focused 
DNA in the microchannel (with a superposed schematic of walls).  At the bottom, we 
show actual fluorescence images corresponding to the same experiment.  Image 1 
shows the focused DNA approaching the reservoir.  Image 2 shows an image of the 
same location just after the interface enters the reservoir.  Image 3 shows the 
reservoir about 20 s later, where the purified NA has migrated into the reservoir.  
These three instances in time are highlighted in the current plot.  Either or both 
current monitoring and fluorescence visualization can be used to track the position of 
the NA during the purification process.  
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Visualization.   

We performed on-chip visualization on an inverted epifluorescent 

microscope equipped with a 4x (Plan APO, N.A. = 0.2, Nikon, Japan) or a 10x 

objective (Plan APO, N.A. = 0.45); a mercury light source (Ushio, Japan); a 

filter cube (exciter/emitter 485/535 nm, Omega, VT); and a 0.6x 

demagnification lens (model RD060-CMT, Diagnostic Instruments, MI).  We 

acquired images with a CCD camera (Cascade 512F, Roper Scientific) 

controlled with the software Winview32 (Princeton Instruments, Trenton, NJ). 

On-chip quantitation.   

We quantified the amount of DNA extracted from whole blood in the ITP-

focused zone by first calibrating our fluorescence measurement.  For the 

calibration, we used a control solution of genomic DNA purified from blood 

with the DNeasy blood and tissue purification kit (QIAGEN, Hercules, CA) 

according to the manufacturer’s instructions.  We measured its DNA 

concentration with a Nanodrop 1000 spectrophotometer (Thermo Scientific, 

MA) and prepared a 1.42 µg.mL-1 standard solution stained with 1x SYBR 

Green I in LE.  We acquired images of the fluorescent profile of this standard 

filling the purification channel (but without performing ITP).  Using these 

images, we were able to relate peak areas to DNA mass in the ITP 

experiments.  We used the fluorescent profile of the channel filled with 

standard corrected for background intensity as a flat field image.  A frame of 

the ITP experimental data was corrected for background and normalized with 

the flat field.  We sum the intensity of all pixels in this frame to get the amount 
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of DNA in terms of standard units of the calibration solution.  We then 

converted the number to DNA mass by multiplying with the amount of DNA in 

the channel (calculated assuming a rectangular channel cross-section).  We 

also performed this calibration with a solution of λ-DNA. 

Off-chip PCR.   

We tracked the position of the focused zone in the channel by directly 

visualizing the focused species or by monitoring current transients (see Figure 

II-2).  After the ITP interface exited the purification channel, we collected the 

liquid from reservoir 4 (~2 µL) with a standard pipettor into a PCR tube 

containing 5 µL of 2x Fast SYBR Green I master mix (Applied Biosystems, 

CA), 0.1 µM primers (Invitrogen, CA) targeting a 201 bp fragment of the 

BRCA2 gene (forward primer: 5’-CAC CTT GTG ATG TTA GTT TGG A-3’; 

reverse primer: 5’-TGG AAA AGA CTT GCT TGG TAC T-3’), and filled the rest 

of the reaction tube with deionized water up to 10 μL.  We summarize this 

procedure in Figure II-3.  All PCR reactions were prepared in a UV-sterilized 

fume hood to avoid contamination and allow sensitive amplification without 

false positives.  We performed off-chip real-time PCR on an ABI 7500 Fast 

thermocycler with the following thermal profile: 20 s initial hold at 95˚C, 40 

cycles composed of 3 s denaturation at 95˚C followed by 30 s annealing and 

extension at 60˚C.  We performed real-time monitoring of the reaction with 

SYBR Green I (included in the PCR master mix) and used the PCR curves to 

assess success of amplification, without performing quantitative PCR.  We 

systematically compared the amplification result to a negative control (without 
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DNA in the reaction tube) and to a control where we used non-purified lysate 

as template.  For all reaction products, we performed post-PCR dissociation 

curve analyses on the same instrument. 

 

Figure II-3: Schematic of the workflow of the ITP-based purification with off-chip 
PCR.  The lysate is initially hydrodynamically injected between LE and TE.  Upon 
application of an electric field, NAs focus and migrate towards the anode in a sharp 
concentrated zone. When the focused NA enter the anode reservoir, we pipet all of 
the solution out of the reservoir (~ 2 μL), add it to the PCR mix, and perform real-time 
PCR. 

II.3 Results and discussion 

Principle of ITP purification.   

Our purification method relies on the ability of ITP to separate and focus 

species based on their effective electrophoretic mobilities.17, 27  We depict the 

ITP-based purification in Figure II-4.  We select LE and TE with effective 
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mobilities6 respectively higher and lower than that of the target nucleic acids 

(NA).  Upon application of an electric field, NA molecules focus between TE 

and LE in a sharp concentrated zone.  Species with smaller effective mobilities 

than the TE migrate into the channel but lag behind and do not focus.  Faster 

species overspeed the sample zone and also do not focus.  Overspeeding 

species can only slightly contaminate the ITP zone as they overlap with the 

ITP zone, but remain unfocused and therefore have low concentration.  At 

moderate pH and in free solution, DNA has relatively large magnitude 

(negative) mobility compared to a vast number of polypeptides,54, 55 so the 

mobility of the TE effectively determines purification selectivity.  In this work, 

we also use proteinase K to release DNA from histones (see below), which 

also effectively digest most proteins in solution into shorter fragments. 

There are an abundance of PCR inhibitors in blood (e.g. hemoglobin, 

immunoglobulin G, lactoferrin), making it a challenging sample for a NA 

purification technique.56  If we define a pure sample as a sample that is PCR 

compatible, performing DNA extraction from blood is therefore one of the most 

stringent tests for purification.  In our protocol, we use proteinase K to release 

DNA from its binding proteins, which has also the effect of degrading nearly all 

proteins, including the ones that potentially inhibit PCR, into short 

polypeptides.57  But proteinase K is itself a PCR inhibitor.58  We compensate 

for this by operating with an ITP chemistry where proteinase K (pI = 8.9)57 

does no focus.  The LE is titrated to pH = 8.2, lower than the isoelectric point 

of proteinase K. so that this protein is effectively positively charged.  During 
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the ITP process, the pH in the adjusted TE is nearly the same as the initial 

value in the LE.  Proteinase K is therefore kept away from the sample zone as 

it electromigrates in the opposite direction, and stays in the TE reservoir.  The 

combination of proteinase K and ITP-based purification effectively removes 

PCR inhibiting species and other polypeptides from the lysate. 

 

Figure II-4: Schematic of the ITP-based NA purification from a complex biological 
sample like blood lysate.  We select LE and TE with mobilities respectively larger and 
smaller than NA.  The TE needs to have larger mobility than proteins (and other 
contents) present in blood lysate.  We inject a finite plug of lysate between TE and 
LE.  Upon application of an electric field, NA focus between LE and TE, while proteins 
cannot focus as they travel slower than the ITP interface.  After sufficient time, the 
ITP zone contains only pure NA extracted from the lysate.   

Lysis 

There exist a wide variety of lysis methods for the preparation of nucleic 

acids from biological fluids (see Appendix D).59  The typical lysis method for 

blood is the selective lysis of white blood cells after selective lysis of red blood 

cells.  The red blood cells (which do not contain genetic material) are first 
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lysed using a first lysis buffer, without lysis of leukocytes.  The first lysate is 

then centrifuged and the supernatant discarded to yield a concentrated 

solution of white blood cells, free of red blood cells.  Finally, white blood cells 

are lysed for example using a surfactant.  In this work, we performed full lysis 

of whole blood without selectivity, thus avoiding additional manual steps and 

centrifugation.  

We carefully chose the chemical lysis agent to avoid possible 

contamination.  The surfactant Triton X-100 is an efficient lysis agent for 

eukaryotic cells, and has the advantage of being PCR friendly.60  We have 

found Triton-X does not appreciably alter proteinase K function or modify 

protein mobilities.  This is in contrast to, for example, the popular bacterial 

lysis agent sodium dodecyl sulfate (SDS).  SDS disrupts the cell membrane, 

but also denatures proteins and significantly increases protein effective 

charge.61  Moreover, Triton X-100 is a neutral (zwitterionic) surfactant, and 

therefore does neither electromigrate nor is focused by ITP.  Our lysis buffer 

also avoids chaotropic agents which at significant ionic strengths can interfere 

with ITP dynamics (e.g. high concentration guanidine hydrochloride62, 63).  

Chaotropic agents are useful ad versatile lysis agents and their combination 

with solid phase extraction is a powerful extraction tool, but are difficult to 

implement in ITP without significant dilution. 

Extraction efficiency 

In our purification procedure, there are at least two extraction efficiencies 

of interest:  the fraction of DNA purified and focused via ITP from the amount 
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injected into the channel, and the amount of DNA extracted from the chip and 

delivered to PCR versus the amount of DNA in the lysate dispensed into the 

chip.  To characterize the former, we applied our technique to a solution of λ-

DNA of known concentration.  We injected 10 pg of λ-DNA on-chip and 

performed the ITP purification as described in the experimental section.  We 

determined the amount of focused DNA by quantifying SYBR Green I 

fluorescence and comparing it to the standard (see calibration section above).  

We measured the mean fraction of extracted DNA (vs. amount injected into 

the channel, calculated based on stock concentration of λ-DNA and on 

calculated injection channel volume) as 1.03 ± 0.06 (N = 3).  This 

approximately complete extraction is at least as good as traditional extraction 

methods (e.g. QIAGEN kits) and state-of-the-art micro-solid phase extraction 

devices.45  We estimate that we extract out of the chip (and deliver to the 

PCR) approximately all of the DNA which we focus on chip.   

Our injection protocol currently processes a small amount of the 1 µL 

lysate sample volume dispensed into the chip.  We process only 25 nL of 

sample, which is 1/40th of the volume dispensed into the chip.  Processing 

such a small fraction of lysate significantly decreases the global extraction 

yield.  While this remains acceptable in some applications (given the efficiency 

associated with injection is precisely known), it might represent a drawback for 

application requiring large amounts of nucleic acids or high throughput.  

However, we decided to use a chip with such small channel volume for 

convenience and availability, but we estimate a much higher sample fraction 
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can be processed by modifying the chip design.  For example, a custom chip 

with a relatively large 1 µL injection channel can be designed.  Alternately, a 

larger fraction of sample dispensed into the chip presumably can be 

processed using a small reservoir volume and a nanoliter fluid dispenser.   

Extraction time 

In ITP, migration velocity is directly proportional to current.27  

Consequently, the duration of purification depends on applied voltage and 

channel geometry.  In our conditions, a typical purification lasts about 250 s for 

an applied voltage of 500 V (cf. Figure II-2), which is fast compared to a typical 

micro-SPE process.46  Increasing applied voltage can be used effectively to 

reduce this time. As a demonstration of the potential speed of the purification 

process, we also performed experiments with an applied voltage of 3 kV using 

lambda λ-DNA as sample. This higher applied potential yielded extraction in 

56 s in average (N = 3), without undue joule heating.  This extraction time is by 

far shorter than any other nucleic acid extraction technique.   
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Figure II-5: Experimental demonstrations of ITP-based NA purification from human 
blood.  The bars show mean values of NA mass purified from blood lysate, as 
calculated from the fluorescence intensity profile.  We show results from three sets of 
experiments.  ITP purification of pure lysate yields little or no signal, and therefore 
little or no extraction of NA.  The lysate pretreated with proteinase K shows significant 
signal enhancement over the previous case.  We show an image of ITP-focused DNA 
zone above the bar graph.  The amount of focused DNA is 44.2 ± 6.2 pg.  As a 
control, we performed the extraction with a lysate treated with first DNase and then 
proteinase K, which significantly lowers the focused DNA mass.  Together, these 
show that the ITP purification method efficiently extracts DNA from human blood 
lysate.  We injected 2.5 nL of blood, which contain between 65 and 162 pg of DNA, 
so that our purification efficiency for a blood sample ranges between 30 and 70%.  
Uncertainty bars represent uncertainty in measured mass of DNA with 95% 
confidence interval.  The three sets are results from N = 2, 9, and 2 repetitions, 
respectively. 

ITP-based purification from whole blood results 

We show examples of DNA purifications from a whole blood lysate in 

Figure II-5.  Here we present purifications of DNA from about 2.5 nL of whole 

blood (25 nL of blood lysate).  We show three sets of experiments:  purified 

blood lysate, blood lysate treated with proteinase K, and blood lysate treated 
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first with DNase and then proteinase K.  We used SYBR Green I fluorescence 

measurements to estimate the amount of DNA recovered in the ITP zone.  

The amount of DNA recovered without proteinase K is negligible (on the same 

order as the negative control).  In these runs we also observed a large amount 

of debris (micrometer-size fluorescent particles) migrating into the separation 

channel, which could eventually clog the chip.  On the other hand, the mass of 

focused DNA is significant when performing the assay on a lysate initially 

treated with proteinase K.  The third set of results shows ITP purification of a 

lysate treated with DNase prior to proteinase K treatment.  DNase is a enzyme 

that specifically digests DNA without damaging proteins.  This control case 

shows low DNA recovery, as expected, and shows that the fluorescence from 

the previous case is actually due to recovery of DNA.  From observation of 

these three experiments, we hypothesize that DNA binding proteins (in 

particular histones64) significantly reduce the electrophoretic mobility of DNA 

by increasing the hydrodynamic Stokes’ drag of the DNA-protein complex.  If 

the mobility of the DNA-protein complex is smaller than the mobility of the TE, 

DNA does not focus and cannot be purified.  If the protein bound to DNA 

increases significantly drag and is positively charged, the trailing ion must 

have a relatively smaller electrophoretic mobility than the complex, and a 

suitable ITP chemistry that will focus DNA becomes non-selective.  Proteinase 

K effectively releases DNA from binding proteins allowing selective focusing 

and purification.  Together, these experiments show that our fluorescence 
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signal is due to focused DNA from the lysate samples, and that the extraction 

process is suitably repeatable with the combination of proteinase K treatment.   

The fluorescence measurements from Figure II-5 show that we focused 

about 44 ± 6 pg (N = 9) of DNA from the initial 2.5 nL of whole blood (25 nL of 

lysate).  A nanoliter of blood from a healthy human contains 4 to 10 white 

blood cells, and each human diploid cell contains about 6.6 pg of DNA.64  We 

therefore estimate that the efficiency of ITP purification of blood ranges 

between 30% and 70%, which competes with both batch and microchip-based 

SPE methods.45   

Finally, we collected extracted genetic material (with a pipettor at reservoir 

4) and performed PCR analyses to verify that (i) we effectively purified DNA 

from the human blood sample, and (ii) the purified DNA is free of PCR 

inhibitors.  We show real-time PCR amplification curves in Figure II-6.  Real-

time fluorescence monitoring shows repeatable amplification signal with a 

threshold cycle of Ct = 30.9 ± 0.4 (N = 4); while the negative control showed 

negligible amplification after 40 cycles.  This is in contrast to results obtained 

with an equivalent, unpurified amount of blood lysate (25 nL, obtained by 

dilution), for which PCR was clearly inhibited (negligible amplification after 40 

cycles).   
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Figure II-6:  Real time PCR amplification of ITP purified DNA from human blood.  We 
present a schematic of the extraction–PCR protocol in Figure II-3.  The amplification 
curve shows repeatable amplification of the extraction product (here four repetitions, 
threshold cycle Ct = 30.9 ± 0.4).  Negative controls and PCR from equivalent amount 
of lysate showed no amplification after 40 cycles.  We therefore successfully purified 
DNA from whole blood to obtain PCR-ready NA in a PCR-friendly buffer.  The inset 
shows post-PCR dissociation curve (derivative of SYBR Green I fluorescence). The 
melting temperature of the PCR product equals that of the positive control.  The 
dashed line corresponds to melting curves of negative controls. 

We also performed dissociation curve analysis of the PCR products from 

all samples as additional identification of the target.  The melting temperature 

of the PCR product of the ITP-purified samples and a positive control were 

equal (Tm = 75.5ºC, see dissociation curves on the inset of Figure II-6).  The 

experiments show that we successfully and repeatably purified DNA from 

whole blood and recovered genomic DNA free of PCR inhibitors.   

II.4 Conclusions 

We described a novel technique for the purification of NA from biological 

samples using ITP.  We leveraged the focusing and separating power of ITP 
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to purify and extract DNA from proteins and other sample contents.  We 

demonstrated ITP-based purification of NA from whole blood.  After chemical 

lysis and proteinase K treatment, we extracted DNA from a few nanoliters of 

sample.  The efficiency of the ITP based purification (versus injected sample) 

ranges between 30 and 70% for whole blood and reaches 100% for λ-DNA, 

which rivals with other microchip purification techniques as summarized in 

Table II-1.  ITP-based purification is a fast and simple technique for the 

purification of NA from small volumes of biological samples (1 to 100 nL), 

results in negligible PCR inhibitors and uses a PCR friendly chemistry.  We 

here proved the efficacy of this technique to extract DNA from 10 to 25 cells, 

and therefore hypothesize that sample preparation from a single cell is 

possible.  Finally, the ITP based purification is performed in a single step, 

enabling automated and multiplexed analysis. 

Table II-1: Comparison of efficiencies, purification times and throughput of 
isotachophoresis based DNA purification with the traditional QIAGEN and solid phase 
extraction. 

 QIAGEN spin 
column 

Microfluidic 
SPE45 

ITP 

Efficiency for 
prepurified L-
DNA 

100% 

Efficiency for 
whole blood 

80-100% 30-85% 

30 to 70% 
(based on typical 
white blood cell 
concentration range) 

Purification time ~ 20 min ~ 20 min ~ 1 min 
Volume 
dispensed 

1 µL 

Volume 
processed 

> 50 µL 20 µL 

25 nL 
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Chapter III. Global quantification of microRNA using 
isotachophoresis 

The contents of this chapter were previously published by Persat, 

Chivukula, Mendell and Santiago (2010)35 and are reproduced here with minor 

modifications. 

III.1 Introduction 

microRNAs (miRNAs) are a class of 18 to 24 nucleotide (nt) non-coding 

RNAs that regulate gene expression via sequence-specific interactions with 

messenger RNAs.2  Several hundred miRNAs are encoded in the human 

genome and dozens have now been shown to regulate a diverse variety of 

cellular processes, both in normal physiology and in disease. 65  For example, 

the miRNA let-7 was shown to regulate the transition between larval and adult 

stage in Caenorhabdis elegans.2  Also, mir-26a is ubiquitously expressed in 

human cells but is downregulated in lung cancer.2   

Understanding the genesis and mode of action of miRNA is key to 

accurate quantification.  We show a schematic of miRNA biogenesis in Figure 

III-1.  microRNAs are liberated from long, RNA Polymerase II transcribed 

precursors (pri-miRNA) by a series of sequential endonuclease-mediated 

cleavage events and are turned over by mechanisms that remain poorly 

characterized.2  Evidence is now accumulating that miRNA biogenesis is 

subject to regulation, allowing cells to selectively control the production of 

these small RNAs and thereby titrate their regulatory activity.  For example, 
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Figure III-1: miRNA biogenesis and mode of action.  miRNAs are transcribed from 
polymerase II promoters to yield pri-miRNA transcripts.  These undergo cleavage 
by the RNA endonuclease Drosha in the so-called “micro-processing” step, 
producing the approximately 80 nt long pre-miRNA.  Following cytoplasmic export, 
the RNA endonuclease Dicer cleaves the “loop” to produce the double stranded 
miRNA intermediate.  The non-coding miRNA* strand undergoes degradation, 
while the coding miRNA strand is incorporated into the RISC complex with 
Argonaute proteins, where duplex formation with target mRNAs and either 
translational repression or mRNA degradation/de-adenylation occurs.  Adapted 
from 68 

recent studies have demonstrated that the expression of many miRNAs 

increases during early embryonic development.66   Conversely, miRNA 

abundance is globally reduced in a wide variety of human cancers. 65  

Moreover, it was recently demonstrated that global miRNA abundance 

increases as cells are grown to high density in culture.67  These findings 

highlight the need for accurate, high-throughput methods to quantify the global 
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abundance of miRNAs in total RNA samples derived from diverse sources.  

Such methodology would greatly facilitate investigation of the mechanisms 

that regulate miRNA biogenesis and the settings in which these pathways 

operate. 

To investigate the correlation between miRNA expression and cell density, 

Hwang et al.67 used microarrays and northern blots to analyze RNA samples 

from various culture conditions.  These techniques allow for quantitation of 

specific miRNA individually.  Monitoring global miRNA abundance with 

northern blot and microarrays therefore requires profiling a large number of 

miRNAs.  These measurements therefore require large amounts of sample 

and do not necessarily include all miRNAs.  Moreover, northern blots do not 

allow for absolute quantification of miRNAs.  A commercial electrophoresis 

system for quantification of small RNAs was reported recently.69  A kit specific 

for the analysis of small RNAs (Agilent’s “RNA small” kit) is combined with the 

Agilent Bioanalyzer electrophoresis system.  The RNA small kit is optimized 

for high resolution separation of RNA shorter than 200 nt long.  The CE can be 

performed on total RNA or on isolated small RNA.  The miRNA analysis if 

performed by observation of the electropherogram at early migration times.  

miRNA concentration is obtained by integration of the electropherogram signal 

corresponding to RNA size up to 40 nt long.  We show an example 

electropherogram for human kidney (Ambion, Austin, TX) in Figure III-2.  By 

accounting for RNA longer than the range of miRNA, this instrument generally 

overestimates miRNA abundance.70  Moreover, the measurement may suffer 
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the same effect from the dispersion of longer RNA (in particular abundant 

transfer RNA) into the range of measurement.  We here demonstrate a 

technique which allows fast, accurate and absolute measurement of global 

miRNA levels from small amounts of total RNA using highly selective multi-

stage on-chip isotachophoresis (ITP).   

 

Figure III-2: Electropherogram of small RNA from human kidney using the Agient’s 
RNA small kit on the Bioanalyzer system.  This system integrates the 
electropherogram signal at small migration times to measure global miRNA 
abundance.   

As discussed in the previous chapters, in ITP, species with mobilities 

smaller than the TE or greater than LE will not focus.  We have used this 

selectivity to extract PCR-compatible genomic DNA samples from whole blood 

as discussed above,29 and to isolate short nucleic acids from cell lysate.52  In 

this work, we use the selectivity of ITP to focus exclusively miRNA from total 

RNA while leaving longer RNA molecules unfocused.  We then quantify the 
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amount of focused sample by fluorescence to obtain an absolute 

measurement of the global amount of miRNA in the sample of interest.   

 

Figure III-3: Schematic of three-zone ITP for the selective focusing and 
quantification of miRNA.  LE1 (left) contains high leading ion concentration and to 
yield high electric field gradient between the TE reservoir and the adjusted TE in the 
channel.  LE1 has also low concentration of sieving polymer matrix (depicted by 
widely space cross hatching) to allow for high flux of miRNA to the ITP interface, as 
the mobility of RNA is larger at lower polymer concentration.  LE2 (middle) contains 
a high concentration sieving matrix and smaller ionic strength to increase separation 
resolution and defocus 40 nt or longer RNA while keeping miRNA focused.  Finally, 
LE3 has reduced denaturant and polymer concentration to increase sensitivity of the 
fluorescence detection. 

Our ITP assay relies on the length dependence of the electrophoretic 

mobility of RNA.  In free solution, the mobility of nucleic acids only slightly 

increases with length.55  The length dependence of RNA mobility in free 

solution is therefore small and does not allow for high resolution separations.  

However, the mobility of polyelectrolytes is dramatically affected by the 

addition of a polymer to the separation buffer.  In a dilute or semi-dilute 

polymer matrix, nucleic acids migrate via an entanglement mechanism which 
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causes their mobility to decrease with length.71  Also, increasing concentration 

of polymer in the separation buffer globally decreases the mobility of all 

lengths on NAs.  Because dilute and semi-dilute polymer solutions have low 

viscosity and do not always require cross-linking, they have been widely used 

for DNA and RNA electrophoresis in microchip format.71, 72  We use 

polyvinylpyrrolidone (PVP) as polymer sieving matrix.  PVP is a low viscosity 

polymer that has been previously used for DNA sequencing73 and for 

electrophoresis of miRNA.74  This polymer yields sufficiently high resolution in 

the low RNA range to perform selective focusing extraction of miRNA.  

Additionally, PVP efficiently reduces electroosmotic flow. 

A cell contains on the order of 10 pg of RNA.  Figure III-4 shows the size 

distribution of different types of RNA in order of mass abundance in total RNA.  

Ribosomal RNA (rRNA) and transfer RNA (tRNA) are at least 80 nt long, and 

constitutes more than 95% by mass of total RNA.64  Messenger RNA (mRNA) 

are typically longer and in low abundance.  miRNA is the shortest class of 

RNA in the cell (along with siRNA) and is expected to have significantly lower 

abundance than tRNA or rRNA.  Pre-miRNA, the precursor of miRNA, is at 

least 70 nt long.  Quantification of miRNA is therefore equivalent to 

measurement of the abundance of RNA shorter than approximately 60 nt in a 

total RNA sample.   
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Figure III-4: Size distribution of commonly abundant RNA.  Each horizontal bar 
shows the interval of length of the type of RNA.  The vertical position indicates the 
abundance of the corresponding RNA in mass per cell.  miRNAs are the shortest 
known RNA moleculaes (18 to 24 nt long) but have low mass concentration.  Among 
the small RNA (shorter than 200 nt), the most abundant class is transfer RNA (70 to 
90 nt long).  The shortest ribosomal RNA (rRNA) is the 115 nt long 5S rRNA and 
messenger RNA (mRNA) is at least 300 nt long.  To perform accurate global 
quantification of miRNA, the ITP chemistry must be optimized to a cutoff length in the 
40-60 nt range. 

III.2 Description of the assay 

High selectivity in ITP can be achieved by tuning the concentration of 

sieving matrix in the LE such that the mobility of miRNA is only slightly larger, 

and that the mobility of longer RNA is slightly smaller than the TE mobility.  

However, this implies that unfocused miRNA in the TE migrates at nearly the 

same speed as the ITP interface; thus resulting in slow focusing rate and a low 

level of preconcentration and sensitivity.27  Also, denaturing conditions are 

required for high selectivity, but can interfere with quantum yield and affinity of 

fluorescent reporters.  To achieve both high selectivity and high sensitivity, we 

have designed an ITP assay with multiple zones of varying sieving matrix and 
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denaturant concentrations.  These are established using three initial LE zones.  

We know of no other work using such multistage sieving matrix ITP.  We first 

describe our assay qualitatively, and then describe the injection protocol and 

the specific chemistry of the LE zones and TE.   

In the microfluidic chip, we establish three initial LE zones arranged in 

series along the separation channel.  We also suppress electroosmotic flow so 

that these initial zones of neutral species do not migrate under the influence of 

the electric field during the ITP process.  The zones only slowly diffuse into 

each other.  Initial LE zones 1, 2 and 3 have different initial concentrations of 

chloride (leading ion) , polymer sieving matrix , and denaturant .  

Our sample is initially mixed uniformly with TE, and dispensed into the TE 

reservoir.  Figure III-5 depicts the sample migration through the three zones.  

Sample travels behind LE ions but through three stationary regions of sieving 

matrix and denaturant (each electrically neutral) established by the initial 

condition. 

Cl
C  pC dC

The initial zone LE1 has low , resulting in miRNA mobility significantly 

larger than that of the TE and increased miRNA flux to the ITP interface.  High 

 in LE1 also enhances preconcentration by “cascade” effect.75  The initial 

zone LE2 has high  for selective focusing of miRNA and defocusing of 

longer RNA.  This transition is shown in Figure III-3, where the narrow green 

band represents miRNA and the dispersed orange band is longer RNA.  The 

spatial temporal diagram of Figure III-5 is an experimental demonstration of 

pC

Cl
C 

pC
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Figure III-5: Experimental demonstrations of the transitions between successive 
ITP stages shown in Figure III-3.  An experimental demonstration of the defocusing 
is shown in the spatiotemporal diagram (a) showing channel-width-averaged 
fluorescence intensity (inverted grey scale) versus axial channel distance and time.  
Here, a mixture of 22 nt and 60 nt long RNA focus in LE1, but only the 22 nt RNA 
remains focused in LE2.  In (b), the LE3 zone (right) has reduced denaturant 
concentration enabling higher fluorescence for sensitive quantification of the 
selectively focused miRNA.  The latter experiment’s spatio-temporal diagram 
shows transition of a 22 nt RNA focused peak from low fluorescence in LE2 to 
significantly larger fluorescence in LE3. 

this process, where we focused 22 nt and 60 nt long RNA in zone LE1 and 

selectively defocused the 60 nt long RNA in zone 2.   

The mobility of RNA is strongly affected by its secondary structure, 

requiring use of denaturing agents.76  Denaturing agents in the separation 

buffer significantly increase the resolution of RNA electrophoresis.  Also, 

strong denaturing condition in the sample’s buffer is beneficial to resolution.  

Here, we use a standard denaturing agent, urea, in the LE1 and LE2 zones to 

increase separation resolution for greater accuracy.  However, we measured a 

significant decrease in fluorescence of the RNA intercalating dye at high urea 
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concentration (7 M).  Consequently, we use reduced denaturing conditions 

(low , here 2 M) in LE3, so this last section acts as a detection zone.  An 

experimental demonstration of the transition between LE2 and LE3 zones is 

shown in the spatial temporal diagram of Figure III-5, where we only focus the 

22 nt long RNA which remains focused but whose fluorescence signal 

significantly increases in the LE3 zone.   

dC

III.3 Materials and methods 

We performed the ITP experiment in a microchip containing an 8 cm long 

microchannel with multiple T-junctions (cf. Figure III-6).  Details of our confocal 

optical setup are provided in Supplementary Information.  Briefly, we 

performed visualizations on an inverted epifluorescence microscope equipped 

with a diode laser, and measured fluorescence intensity using a 

photomultiplier tube.  We calculated fluorescence intensity by integrating the 

ITP zone signal peak (cf. Supplementary Information).  

We performed visualizations on an inverted epifluorescence microscope 

(Eclipse TE200, Nikon, Japan) with 488 nm diode laser illumination (Stradus 

488, Vortran, Sacramento, CA).  The laser was coupled to the microscope 

using a set of mirror and 1 in. diameter adapters (SM1 series, Thorlabs, 

Newton, NJ). We used a filter cube (exciter/emitter 482/536 nm, dichroic 

reflection band 446 nm to 500 nm, model FITC-3540B, Semrock, Rochester, 

NY) and a 60x water immersion objective (N.A. = 1.0, Fluor, Nikon, Japan) for 

fluorescence imaging.  For quantitative the detection system, we assembled a 
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custom confocal setup by coupling to a 150 µm pinhole placed at the image 

focal plane to reduce noise created by out of focus light.  The light coming out 

of the pinhole was then refocused on the surface of the detector using two 

biconcave lenses (f = 25.4 mm, Thorlabs, Newton, NJ).  Pinhole and lenses 

were mounted in a 1 in. diameter tube (SM1 series, Thorlabs, Newton, NJ) 

with a C-mount adapter to couple with the detector module.  We measured 

fluorescence intensity using a photomultiplier tube (H7422-40, Hamamatsu 

Photonics, Japan) set to 900 V.  We mounted the PMT, pinhole and lenses 

assembly on a micropositioning stage to perform precise alignment with 

incident light from the microscope.  Signal was converted using an 

amplifier/converter unit (C7319, Hamamatsu, Japan) with gain set to 106, 

filtered using an low pass RC circuit (RC = 1.2 ms) and acquired using a DAQ 

card (NI USB-6211, National Instruments, Austin, TX) controlled with Matlab 

(The Mathworks, Natick, MA).  We performed all measurements at 90 kS/s 

and filtered signal with a 1500 points moving average.  We calculated 

fluorescence intensity by fitting a Gaussian to the ITP peak, then integrating 

the signal in the ITP peak (from the raw data) over one and a half standard 

deviations above and below the position of the maximum of the fit.  

Alternately, for the spatial temporal diagrams of Figure III-5, we used a 

488 nm collimated diode light source for illumination (Thorlabs, Newton, NJ), a 

4x objective (N.A. = 0.2, Plan Apo, Nikon) and acquired images using a cooled 

CCD camera (cascade 512F, Photometrics, Tucson, AZ) controlled with 

Winview32 (Princeton Instruments, Trenton, NJ).  The plots are width-
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averaged fluorescence intensity versus time and distance along the separation 

channel.  We inverted the gray scale so that dark regions correspond to high-

intensity fluorescence from intercalated RNA 

Reagents 

For control experiments, we used HPLC purified synthetic miRNAs, 40 nt 

and 60 nt long RNA (Integrated DNA Technologies, Coralville, IA) whose 

sequences are given in Table III-1, and yeast tRNA (Invitrogen, Carlsbad, CA).  

We used an equimolar mixture of 735 synthetic miRNAs (mirVana miRNA 

reference panel v9.1, Ambion, Austin, TX) to generate the calibration curves of 

Figure III-9.  For the validation and demonstration of quantification assay 

(Figure III-11), we purified RNA from subconfluent and confluent HeLa and 

Hepa1-6 cells using Trizol (Invitrogen; see Hwang et al. for description of the 

culture method67).  We measured total RNA concentration with a NanoDrop 

2000 spectrophotometer (Thermo Scientific, Rockford, IL) and diluted all stock 

solutions to 0.5 µg.µl-1 before storage at -80°C.   Before running each ITP 

experiment, we diluted the specified RNA sample into 100 µL of TE.  This 

sample/TE mixture was then denatured in a 70°C water bath for 5 min to 

ensure full disruption of RNA secondary structures and placed on ice.   

The LEs all contain DNase, RNase free Tris hydrochloride (pH = 8.0, 

Invitrogen, Carlsbad, CA), urea (EMD biosciences, Gibbstown, NJ), 

polyvinylpyrrolidone (PVP, M.W. = 1,000,000, Polysciences Inc., Warrington, 

PA).  LE1 and 2 were prepared from a stock solution of 8 M urea and 6.8% 

w/v PVP.  We provide details of concentrations for each LE in Table III-2.  For 
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RNA quantitation, we used 500 nM SYTO RNAselect dye (Invitrogen), except 

for the spatial temporal diagrams of Figure III-5 where we used 1x SYBR 

Green II (Invitrogen).  The TE is a solution of 92.5% v/v formamide (Invitrogen) 

containing 5 mM Tris (Sigma-Aldrich, Saint Louis, MO) and 2.5 mM Caproic 

acid (Fluka, Milwaukee, WI).  All solutions were made using DNase RNase 

free water (Gibco, Carlsbad, CA).   

Oligo length 
(name) 

Sequence (5’ to 3’) 

23 nt (mir-17) CAAAGUGCUUACAGUGCAGGUAG 
40 nt CUGUGACACUUCAAACUCGUACCGUGAGUAAUA

AUGCGCC 
60 nt CAUUAUUACUUUUGGUACGCGCUGUGAC 

ACUUCAAACUCGUACCGUGAGUAAUAAUGCGC 
22 nt (mir-126) UCGUACCGUGAGUAAUAAUGCG 
22 nt 
(complementary 
to mir-126) 

CGCAUUAUUACUCACGGUACGA 

Table III-1: Sequences of oligoribonucleotides used in this work for calibration 
experiments.  

 Tris hydrochloride, 
pH = 8.0 

PVP (M.W. = 
1,000,000) 

Urea SYTO 
RNAselect 

LE1 100 mM 0.5% w/v 7 M 500 nM 
LE2 20 mM 5.5% w/v 

(varies in fig. 2) 
7 M 500 nM 

LE3 20 mM 3% w/v 2 M 500 nM 

Table III-2: Detailed composition of LE1, 2 and 3.  

Injection protocol 

Here, we describe the strategy to prepare the chip for miRNA quantitation.  

The off-the-shelf chip design (model NS260, Caliper LS, Mountain View, CA) 

is shown in Figure III-6  Before each set of experiments, we first precondition 

the chip by rinsing the channels successively with 100 mM sodium hydroxide 
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for 5 min, deionized (DI) water for 1 min, 100 mM hydrochloric acid for 5 min, 

and DI water for 1 min.  We then add the different LEs to reservoirs 1 to 8 as 

described in step 1 of Table III-3 below and apply vacuum to reservoirs 3 and 

7 for 5 min.  These initial rinsing and filling steps are useful to suppress and 

stabilize electroosmotic flow in the borosilicate chip during the ITP 

experiments.   

 

Figure III-6: Design of the caliper NS260 chip. Before each experiment, we fill the 
microchannels with LE1, 2 and 3 according to the sequence described in Table III-3.  
The three LE zones are highlighted for clarity 

To prepare each experiment, we load LE1 in reservoirs 1, 2 and 3, LE2 in 

4, 5 and 6 and LE3 in 7 and 8.  All reservoirs contain 5 µL of their respective 

LE, except 8 that contains 10 µL of LE3.  We then apply vacuum to reservoirs 

3 and 7.  This generates flow in the microchannel network so that the channel 

connecting reservoir 1 and intersection A fills with LE1, the segment A-B fills 

with LE2 and B to reservoir 8 fills with LE3.  Figure III-6 shows the resulting 

train of three LE zones after this step, where LE1 is in gray, LE2 in red and 
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LE3 in green.  After 2 min of this vacuuming step, we rinse reservoir 1 with 

deionized water.  We then add 10 µL of the mixture of sample in TE in 

reservoir 1, and finally apply 3 kV in 8 and ground 1 to initiate ITP and stop 

voltage after the ITP interface has reached the detector.  We summarize the 

injection procedure to create the initial multi-stage LE train in Table III-3.   

We use a slightly larger volume of buffers in 1 and 8 in order to generate a 

slight pressure driven flow into the branches connecting the separation 

channel to reservoirs 2 to 7.  This flow overcomes diffusion of leading ions 

present in these branches after the ITP interface has passed the 

corresponding intersection.  That way, we avoid leading ions leaking into the 

TE region which could break the ITP condition and defocus miRNA 

unintentionally.  We also recognize that when the ITP interface crosses a 

channel intersection (e.g. at point A), a small part of the focused sample flows 

into the branch (A to 3).  We measured that this loss was reproducible across 

experiment and it did not significantly decrease sensitivity of our assay (but 

could impart isolation efficiency in case this technique is used for miRNA 

extraction).   

 

   



Reservoir 1 2 3 4 5 6 7 8 

Step 1 
LE1,  
5 µl 

LE1,  
5 µl 

LE1,  
5 µl 

LE2,  
5 µl 

LE2,  
5 µl 

LE2,  
5 µl 

LE3,  
5 µl 

LE3,  
10 µl 

Step 2   
Vacuum  
2 min 

   
Vacuum  
2 min 

 

Step 3 
Empty, rinse, add 
10 µl TE+sample        

Step 4 GND       + 3 kV 

Table III-3:  Summary of the injection protocol to setup the multi-stage ITP for miRNA quantitation. 
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III.4 Results and discussion 

Buffer design for high selectivity 

To perform exquisitely selective miRNA focusing, we first chose a TE 

whose mobility was smaller than the mobility of short nucleic acids (for zero 

),55 and chose nominal values for  in LE1, 2 and 3.  We selected caproic 

(hexanoic) acid as trailing ion and used 0.5% w/v in LE1, which is sufficient to 

suppress electroosmotic flow while keeping high flux of miRNA sample to the 

ITP interface.  We selected 3% w/v PVP in LE3.  We then performed a series 

of experiments with increasing  (and decreasing local RNA mobility71) in 

LE2.  Such titration allowed tuning of the cut-off focusing length (length below 

which RNA focuses).   

pC pC

pC

In Figure III-7, we show results of three sets of titration experiments using 

23 and 40 nt synthetic oligoribonucleotides and yeast tRNA.  We used a 40 nt 

long synthetic oligo to simulate RNA longer than miRNA, and tRNA (80 nt in 

average64) to verify that highly abundant short RNAs with strong secondary 

structures do not interfere with our measurement.  The titration aimed at 

finding a  that allows miRNA to focus but reject 40 mer and tRNA.  For all 

three RNAs, the amount of focused RNA gradually decreased with increasing 

PVP initial concentration in LE2.  This is consistent with a global decrease of 

nucleic acid electrophoretic mobility, and associated decreased flux of RNA to 

the ITP interface.27  At 3% w/v PVP concentration, there was significant 

pC
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focusing of all three RNA samples.  Increasing PVP concentration to 4% w/v 

resulted in defocusing of tRNA, shown by the drop in tRNA signal to the 

baseline value.  40 nt RNA was rejected at 5% w/v PVP.  Meanwhile, the 

amount of 23 nt long RNA remained significant at all concentrations.  In 

particular, at 5.5% w/v PVP, the measured (baseline) fluorescence intensity of 

the 40 nt RNA case was only 12% of the fluorescence of miRNA, but 

exceeded 60% of miRNA at 4% w/v PVP (see inset of Figure III-7).  We 

 

Figure III-7: Demonstration of selectivity of miRNA focusing.  We performed ITP 
experiments using 23 nt and 40 nt long synthetic RNA and yeast tRNA dissolved in 
the TE.  We report total fluorescence intensity in the focused zone for increasing 
polymer concentration in LE2.  All RNA focus at 3% w/v PVP.  At 5% w/v and 
above, we observe significant focusing of the 23 nt RNA while both 40 nt and 
tRNA are rejected from ITP focusing.  The inset shows a horizontal bar chart of 40-
nt-to-23-nt signal ratio (F40/F23).  At 4% w/v PVP, F40/F23 is greater than 0.6, but 
drops down to 0.12 at 5.5% w/v.  We chose to use 5.5% w/v PVP in LE2 for 
selective focusing of miRNA.    
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attribute most of the residual fluorescence at 5.5% w/v to fluorescence 

contamination (see below) and synthesis byproducts remaining after 

purification of the 40 mer despite HPLC purification.  This titration shows 

refined selective focusing of miRNA with an LE2 with 5.5% w/v PVP and an 

RNA cutoff length between about 24 and 39 nt.  The results also show that 

sec

control this, under sufficiently denaturing conditions, we performed selective 

ondary structure of tRNA had no discernable effect on assay selectivity. 

Additionally, we explored the effect of possible miRNA base pairing on our 

fluorescence signal.  Base pairing can strongly enhance quantum yield of 

typical intercalating dyes,77 and so reduces quantitation accuracy.  Base 

pairing can occur between miRNA and its “star” sequence or with siRNA.2  To 

 

Figure III-8: Effect of potential base pairing on miRNA fluorescence in ITP.  We 
verified that potential base pairing of miRNA does not affect fluorescence.  We 
show results of selective focusing of mir-126 (5 pg.µl-1 in TE) and of an equimolar 
mixture of mir-126 and its complementary oligoribonucleotide (each at 2.5 pg.µl-1).  
There is no significant difference between fluorescence of mir-126 and of the 
duplex, showing no bias due to base pairing.  Uncertainty bars represent 95% 
confidence intervals. 

 47 



focusing of the 22 nt long mir-126 and compared it to focusing of an equimolar 

mixture mir-126 and its perfect match.  We compare these focusing 

experiments in Figure III-8.  We measured no significant difference in 

fluorescence intensity between focusing of mir-126 and the associated duplex 

mixture.  This shows our denaturing conditions are sufficient to disrupt miRNA 

bas

standard is helpful for comparison of 

exp

ation of stock chemicals as observed 

routinely by us and others using ITP.79   

e-pairing, thus avoiding bias in the miRNA quantitation.   

For ITP with sample mixed in TE, focused sample amount is proportional 

to its initial concentration.27  Given proper calibration, the total fluorescence 

intensity in the ITP zone is a measurement of the initial miRNA concentration 

in the TE.  We used an equimolar mixture of 735 synthetic miRNAs as a 

standard solution.  This miRNA panel is widely used as accurate reference for 

microarrays.78  Using a mixture of hundreds of miRNA helps reducing possible 

bias from sequence specific fluorescence of the RNA dye and length.  

Moreover, leveraging a commercial 

erimental results with other work. 

We determined calibration curves by diluting the miRNA reference in the 

TE at relevant concentrations.  We show a sample calibration curve on Figure 

III-9, where the miRNA concentration varied between 0.3 and 30 pg.µl-1.  We 

note that negative controls (experiments with no miRNA in the TE) yielded a 

reproducible fluorescent signal at the 0.1 pg.µl-1 level.  This residual 

fluorescence was likely due to contamin
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Figure III-9: Calibration curve for absolute quantification of miRNA using selective 
ITP.  We built the calibration curve by performing selective ITP of a mixture of 735 
miRNAs at a total concentration ranging between 0.3 pg.µl-1 and 30 pg.µl-1 using the 
RNAselect fluorescent stain.  This calibration curve is used for absolute quantitation 
of miRNA levels from a single fluorescence measurement.   

To demonstrate the efficacy and utility of our assay in a strongly relevant 

biological application, we quantified global miRNA levels in subconfluent and 

confluent cell cultures.  As mentioned above, Hwang et al. showed that cell-

cell contact activates miRNA biogenesis, resulting in greater miRNA 

abundance in densely-grown cultures of various cell lines.67  We provide 

further independent evidence for this effect using our ITP-based selective 

quantitation; in particular we measured miRNA levels in total RNA extracted 

from HeLa and Hepa1-6 cell cultures before and at confluence.   
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Figure III-10: Sample isotachopherogram of selective focusing of miRNA from total 
RNA.  The sharp peak at t = 92 s corresponds to the ITP focused miRNA.  This peak 
is approximately Gaussian with characteristic width around 20 ms.  The peak(s) at 
larger migration times (t >100 s) corresponds to longer RNA molecules, most likely 
transfer RNA. For each run, we performed a Gaussian fit on the miRNA peak and 
integrated signal over three standard deviations, center on the peak position.  This 
run corresponds to a typical miRNA quantitation run for Hepa1-6 cells (5 ng.µl-1 in the 
TE).  

We dissolved total RNA in the TE down to 5 ng.µl-1 and performed miRNA 

quantitation with ITP as described above.  We show a sample 

isotachopherogram in Figure III-10.  The sharp, early peak corresponds to the 

ITP zone, and is nearly Gaussian in shape with approximately 10 ms detector 

width.  The trailing defocused portion of the signal at larger migration times 

corresponds to longer RNA defocused within the LE2 zone.  We attribute the 

first wide, diffused peak at 104 s (5 to 10 s width) to tRNA.  This tRNA peak 

does not overlap with the focused miRNA peak and therefore does not affect 

quantitation.  Before continuing, we note we performed similar measurements 

on degraded RNA samples, and these showed significant tailing of the miRNA 
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peak, a dispersed tRNA peak, and overlap between these.  Degraded RNA 

samples also showed abnormally high levels of focused short RNA compared 

to higher quality preparations.  Under such conditions, degraded RNA likely 

 

Figure III-11: Measurement of miRNA abundance in HeLa and Hepa1-6 
subconfluent and confluent cell cultures.  We show pictures of the four different 
cultures in (a), Northern blot analysis for profiling of three miRNAs in all four 
samples in (b), and miRNA quantitation with selective ITP in (c).  Shown in (a) are 
pictures of cultures with distinct cell densities before RNA extraction.  We also 
performed control experiments to verify that these specific samples have distinct 
miRNA expressions as shown by Hwang et al.. 67    Northern blots show increase 
miRNA expression with confluence for all three miRNA tested.  In (c) we validate 
these results by comparison of miRNA levels between Hepa1-6 and HeLa cell 
cultures before (low density) and at confluence (high density).  In this experiment, 
we diluted a total RNA in TE down to 5 ng.µl-1 and performed the ITP assay.  
miRNA quantitation shows that subconfluent cells have lower miRNA expression 
compared to the confluent cells, consistent with (b) and the work of Hwang et al..67  
This result implies that miRNA expression is not only a function of tissue type, but 
also of tissue density.  Uncertainty bars represent the 95% confidence intervals. 
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produced fragments shorter than the ITP cutoff length, resulting in highly 

upward biased quantitation of miRNA.  To avoid this bias, we systematically 

obtained RNA integrity numbers (RIN, measured at the at the Stanford PAN 

facility)22 for all samples and performed measurements exclusively on samples 

with RIN greater than 9.0, which exceeds recommendations for miRNA 

analysis.70   

We measured absolute miRNA abundance from total RNA from 

subconfluent and confluent cultures.  We show results for HeLa and Hepa1-6 

cells in Figure III-11, where the measurements are presented as percentage of 

total RNA (since total RNA concentration does not vary with cell density).  In 

both cases, we observed a significant increase in miRNA expression between 

the subconfluent and confluent cultures.  miRNA levels increased from 0.11% 

to 0.32% of total RNA in HeLa cells, and from 0.24% to 0.42% in Hepa1-6 

cells.  These results provide independent validation of the findings reported in 

Hwang et al.67 and confirm the efficacy of the ITP based miRNA quantification.  

While relative values of miRNA levels were qualitatively similar to Hwang’s 

study, we note that the current measurements show slightly larger 

concentrations of miRNA than levels estimated from microarray data.80  We 

attribute this apparent discrepancy to variations of miRNA expression between 

different cell types and to different small RNA extraction efficiencies 

associated with the  preparation methods.81 
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Measurement of global miRNA abundance: examples 

We have measured miRNA abundance in a wide variety of samples; 

including from different types of cell cultures.  While the interpretation of these 

results is outside the scope of this thesis, we here provide comments on 

selected examples to demonstrate the usefulness of miRNA quantitation.   

We used the quantitation assay to measure miRNA abundance in E14 ES 

cells and summarize results in Figure III-12.  We first note that the absolute 

value of miRNA abundance is significantly larger in the wild type than all other 

cultured cells we have analyzed.  We hypothesize that this high absolute value 

of miRNA abundance maintains the undifferentiated state of stem cells by 

globally reducing protein expression.  We performed miRNA quantitation on a 

cell line where the Dicer gene was knocked down (Dicer null) and compared to 

the wild-type (WT).  Dicer is the enzyme that processes precursors into 

miRNA.2  Here, we measured a 5x decrease of miRNA level between WT and 

Dicer null, validating the hypothesis of the function of Dicer in ES cells, and 

also confirming that our assay discriminates miRNA from precursors. 

Figure III-12: Measurement of miRNA abundance 
in wild type (WT) and Dicer knock down (null) 
cultured E14 ES cells.  WT cells have large 
absolute miRNA levels.  This is consistent with 
stem cells maintaining their undifferentiated states 
with high miRNA levels.  The Dicer null sample 
shows significantly reduces miRNA abundance 
(about 5-fold decrease).  This is validating the 
function of Dicer, which processes long miRNA 
precursors into the mature miRNA. 
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We have also performed miRNA quantitation on P493 cells with increased 

expression of the MYC oncogene transcription factor.  One of the cultures is 

treated with doxicylin, an antibiotic that inhibits the MYC protein.  We show 

results of global miRNA abundance measurement in Figure III-13.  The 

sample treated with doxycilin (+Dox) has significantly larger miRNA 

expression than the control (-Dox).  We believe the three-fold increase in 

miRNA expression in treated culture is generated from the inhibition of the 

MYC protein that has already been shown to reduce expression of specific 

miRNAs.82  This result brings additional clues to the mode of action of the 

MYC transcription factor in oncogenic transformation. 

Figure III-13: Measurement of miRNA 
abundance in P493 cultured cells with treated 
with doxicylin.  The cells treated with doxicylin 
(+Dox) have low MYC oncogene expression.  
Cells not treated with doxicylin (-Dox) have high 
expression of MYC.  There is a significant 
decrease in miRNA abundance upon activation 
of MYC oncogene, showing that this 
transcription factor has a key role in miRNA 
biogenesis. 

In summary, we have developed a new technique for accurate, fast, and 

absolute quantitative measurement of global miRNA levels with low sample 

consumption (e.g., order 10 µl volumes with 10 to 50 ng of total RNA) based 

on on-chip ITP.  We demonstrated the selectivity and the accuracy of the 

assay and showed its utility by performing global miRNA measurements on 

subconfluent and confluent HeLa and Hepa1-6 cell cultures.  The technique is 
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a new, efficient tool for the investigation of the biogenesis and role of miRNAs, 

and its high sensitivity allows for potential application to a large variety of cells 

and tissues.   
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Chapter IV. microRNA profiling by simultaneous 
selective isotachophoresis and hybridization with 
molecular beacons 

IV.1 Introduction 

microRNA (miRNA) is a class of small, non-coding RNA that regulates 

gene expression.2  Sequence specific binding of miRNAs to target messenger 

RNA transcripts induces gene silencing, via the formation of the RNA-induced 

silencing complex (a.k.a. RISC).  miRNAs play an important role in gene 

regulation, both in normal pathology and disease, and therefore constitutes a 

potential marker for diverse cellular processes.2  In particular, profiling miRNA 

is potentially a powerful diagnostics and monitoring tool for cancer.65, 83  Novel 

techniques for the isolation, detection and quantification of miRNAs are now 

essential to unravel the functions and mode of actions of these small 

molecules whose analysis by traditional techniques is still limited.3 

miRNA profiling 

The most popular and well-established miRNA profiling methods are 

adapted from traditional nucleic acid analysis techniques.3  These include 

northern blot, microarrays and stem-loop PCR.  Microarrays have high 

throughput but require significant instrumentation, amount of sample (about 5 

µg of total RNA), are time consuming and cannot distinguish miRNA from its 

precursor.  Stem loop PCR84 has high dynamic range and is sensitive but has 

low throughput and is less specific than standard PCR.3  Lastly, northern blot 

has high sensitivity and allows for length discrimination of sequences, but 
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remains time consuming and requires large amounts of sample (generally 

more than 1 µg of total RNA).  Northern blotting consists in gel electrophoresis 

for separation of total RNA with subsequent transfer to a nitrocellulose 

membrane, followed by hybridization with a radioactively labeled probe 

visualized with a scintillation counter.85  We here adopt a similar strategy that 

leverages isotachophoresis (ITP) and hybridization with molecular beacons 

(MBs) for the profiling of miRNA in a single separation-hybridization step.   

 Northern blot qPCR Microarray Sequencing 
Time per run days 6 hours 2 days 1-2 weeks 
Sample amount > 1µg 500 ng 0.1 to 1 µg 0.5 to 5 µg 
Dynamic range 2 log 6 log 4 log >5 log 
Sensitivity Low High Moderate High 
Cost Low Moderate Moderate High 
Instrumentation Light Moderate Moderate Heavy 

Table IV-1: figures of merit of current techniques for miRNA profiling. 

Molecular beacons 

Molecular beacons are sequence specific nucleic acid probes that 

fluoresce upon hybridization.86  Developed in the early years of qPCR, 

molecular beacons have become ideal sequence specific fluorescent reporters 

for nucleic acid amplifications assays and in vivo hybridization.86, 87  The 

sequence specific fluorescence of MBs originates from its unique structure 

that we schematize in Figure IV-1.  These probes are composed of four 

different units: (i) a nucleic acid probe sequence (the loop, up to 30 nt long) 

complementary to the target sequence of interest; this sequence is flanked by 

(ii) two, complementary self-hybridizing sequences which allow conformation 

of the probe into a hairpin structure, (iii) a fluorophore at the 5’ end, and (iv) a 
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suitable quencher at the 3’ end.  We present a schematic of the MB 

hybridization reaction mechanism in Figure IV-1.  When the molecular beacon 

is free in solution, it acquires a hairpin structure which brings 5’ and 3’ ends to 

proximity, so that the quencher hampers fluorescence.  In the presence of a 

sequence complementary to the probe, the hairpin opens and hybridizes to the 

target.  This occurs because the short stem hybrid is less stable than the 

longer probe-target hybrid.  This “open” conformation is therefore 

thermodynamically favorable.  In this configuration, the distance between 

fluorophore and quencher is sufficient to emancipate fluorescence.   

The stem sequence is typically 4 to 6 bp.  A stem that is too short has low 

melting temperature and will open too easily, reducing specificity.  On the 

contrary, a stem that is too long will have significantly larger melting 

temperature and may lock, reducing affinity of the probe for the target.  There 

is no standard stem sequence, and its design is key to hybridization specificity 

and sensitivity.  Also, one must make sure that: the stem sequence does not 

cross-hybridize with the probe sequence.  A good way to check for cross-

hybridization is to test the MB sequence in the Zucker’ folding algorithm.88   
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Figure IV-1: Schematic representation of components of the ITP hybridization assay.  
In (a), we show the structure and mode of action of molecular beacon probes.  A MB 
is DNA molecules which includes a probe sequence that is complementary to the 
target of interest, flanked by two segments that are complementary to each other.  
One end of this short DNA is labeled with a fluorophore and the other end with an 
adapted quencher.  The self-complementary flanking sequence hybridize to form a 
stem so that the MB is in a closed, “hairpin” conformation, where the probe sequence 
forms a loop.  In this condition, quencher is close enough form the fluorophore to 
significantly inhibit fluorescence emission.  In the presence of a complementary 
sequence, the MB opens to form a probe-target hybrid, which releases the 
fluorophore from the quencher, and induces fluorescence.   

ITP for hybridization of miRNA 

In the previous chapters, we have leveraged the selectivity of ITP focusing 

for the purification of nucleic acids,29 and the measurement of global miRNA 

abundance in diverse tissues.35  To our knowledge, ITP has been utilized 

twice to perform chemical reactions.  Park et al. controlled immunoassays by 

ITP focusing of antibody and antigen prior separation.32  Also, Goet and 

coworkers proposed ITP as a way of bringing and mixing reagents together 

and discussed DNA hybridization coupled with ITP without showing an 

experimental demonstration.33   
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Figure IV-2: Combination od ITP and MB hybridization.  Target (miRNA in this work) 
are initially in the TE and MB in the LE.  Both MB and target electromigrate toward 
the interface between trailing and leading ions into the same focused zone.  Within 
this zone, probe and target hybridize, this generates a fluorescence increase in the 
focused zone.   

In the present work, we combine selective ITP with MB hybridization for 

the sequence specific detection of miRNA.  In the same manner as our 

previous work on miRNA quantification,35 we use a multi-stage ITP injection 

strategy to accomplish  sensitive, selective and specific detection.  We reach 

high sensitivity using an initial ITP preconcentration step.  Selectivity for 

miRNAs occurs in a second ITP step with increased sieving conditions, where 

longer RNA molecules are excluded from the focused zone.  We perform 

highly specific detection in a last step where MBs hybridize to target miRNA.  

We first report and discuss experimental conditions of the multi stage ITP 

hybridization assay.  Then we demonstrate hybridization and show selectivity 

and specificity of the assay using synthetic miRNAs.  We finally apply the ITP 

hybridization to a biologically relevant case by detecting and quantifying a 

specific miRNA in human liver.   
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Figure IV-3: Schematic of the three-stage ITP strategy used for ITP hybridization.  
We initially setup three contiguous zones of LE with varying concentration of polymer, 
denaturant, leading ion and magnesium chloride.  The first zone LE1 allows for strong 
preconcentration of miRNA.  The second has higher polymer concentration to 
selectively focus miRNA.  LE3 has reduced denaturing conditions to allow for specific 
hybridization.   

IV.2 Description of the assay.   

We present the concept of the ITP hybridization assay in Figure IV-2.  

Initially, MB probes targeting the miRNA of interest are dissolved in the LE, 

and RNA (which includes miRNA) is dissolved in the TE.  Leading and trailing 

ions are selected so that their mobilities allow for simultaneous focusing 

miRNA, probe, and miRNA-probe hybrid.  Under this condition, and upon 

application of an electric field, miRNA and MB simultaneously focus at the 

interface between TE and LE.  In the focused zone, and under optimized 

conditions, miRNA hybridizes to the probe sequence of the MB which disrupts 

the hairpin.  This yields an increase in fluorescence intensity within the ITP 

zone.  This way, the ITP-focused zone acts as a reactor whose volume is 

delimited by its width and the cross sectional area of the microchannel.  In our 

44 µm wide, 12 µm deep channel, we estimate the volume of the ITP interface 

to be on the order of 10 pL, assuming a 10 µm wide ITP interface.27  This is a 

significantly smaller reaction volume compared to existing microfluidic reactors, 
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which are at least on the order of  few nanoliters,89 and therefore has potential 

for improved kinetics and sensitivity. 

In addition, we leverage the selectivity of ITP focusing to perform 

hybridization solely on the RNA length range of interest.  We have used this 

feature of ITP to quantify global miRNA levels in diverse cell cultures.35  Here, 

we selectively focus miRNA and reject all longer RNA molecules from the ITP 

zone.  We therefore avoid bias from hybridization of long RNAs that contains 

identical or similar sequences, in particular we exclude the ~80 nt long miRNA 

precursors pre-miRNA.  This selectivity combined with the simultaneous 

hybridization is globally similar to the process of northern blotting, which 

requires multiple successive steps including electrophoresis and hybridization 

to achieve detection.   

We perform the ITP hybridization assay using electromigration through 

multiple zones of varying chemical concentrations.  We have used a similar 

strategy in previous work on miRNA,35 where the zones allowed for 

successive preconcentration, selection and quantification of miRNA.  We 

created three initial contiguous LE zones arranged in series along the 

separation channel.  Initial LE zones had distinct initial concentrations of 

leading ion, polymer sieving matrix, or denaturant.  During ITP, the sample 

travels behind leading ions through the successive stationary zones.  In the 

present work, we use three successive zones to preconcentrate small RNA, 

select miRNA and hybridize and detect a specific target with MBs in the ITP 

zone.   
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The function of each step is summarized in Figure IV-3.  In the first zone 

LE1, we use a low polymer concentration.  The mobility of miRNA increases 

with decreasing polymer concentration, so LE1 yields a strong flux of miRNA 

to the ITP interface, but at the same time focuses longer RNA molecules.  Also, 

the slightly larger concentration of leading ions in LE1 augments 

preconcentration.75  The second zone LE2 has large polymer concentration, 

which globally decreases mobility of RNA.  This defocuses longer RNA while 

leaving miRNA and MB focused.  Finally, LE3 has low denaturing conditions, 

polymer concentration, and optimized magnesium chloride concentration. 

These conditions enable hybridization in LE3, where miRNAs specifically bind 

to MBs.   

IV.3 Materials and Methods 

Chemicals and reagents.  Leading electrolytes contain DNase RNase 

free Tris hydrochloride buffer (pH = 8.0, Invitrogen, Carlsbad, CA), 

polyvinylpyrrolidone (PVP, M.W. = 1,000,000, Polysciences Inc., Warrington, 

PA), urea (EMD biosciences, Gibbstown, NJ) and magnesium chloride (EMD 

biosciences).  Concentrations in LE1, 2 and 3 are respectively 50 mM, 20 mM 

and 20 mM of Tris hydrochloride; 0.5% w/v, 3% w/v and 0.5% w/v of PVP, 7 M, 

7 M and 2 M of urea; 0 mM, 2 mM and 2 mM of magnesium chloride.  The 

trailing electrolyte is a solution of 5 mM Tris (Sigma-Aldrich, Saint Louis, MO), 

5 mM Caproic acid (Fluka, Milwaukee, WI) in 92.5%  formamide (UltraPure, 

Invitrogen).   
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Table IV-2: Sequences of oligoribonucleotides and molecular beacons used in this 
work.  For molecular beacons, TYE 665 is a fluorophore (with spectrum similar to 
Cy5) and Iowa Black RQ (IBRQ) is the quencher.  microRNAs and precursor are 
ribonucleic acids while molecular beacons are deoxyribonucleic acids.  For molecular 
beacons, the complementary stem-forming sequence fragments are underlined. 

Oligo name 
(length) 

Sequence (5’ to 3’) 

miR-26a (22 nt) UUCAAGUAAUCCAGGAUAGGCU 
miR-126 (22 nt) UCGUACCGUGAGUAAUAAUGCG 
miR-122 (22 nt) UGGAGUGUGACAAUGGUGUUUG 
mir-26a (77 nt) 
(miR-26a 
precursor) 

GUGGCCUCGUUCAAGUAAUCCAGGAUAGGCUGUGCAG
GUCCCAAUGGGCCUAUUCUUGGUUACUUGCACGGGGA
CGC 

miR-26a MB (34 
nt) 

TYE665 - 
CCGAGCAGCCTATCCTGGATTACTTGAAGCTCGG - IBRQ 

miR-122 MB (34 
nt) 

TYE665 - 
CCGAGCCAAACACCATTGTCACACTCCAGCTCGG - IBRQ 

We purchased HPLC-purified molecular beacons and synthetic miRNA 

from Integrated DNA Technologies (Coralville, IA).  We used (DNA) molecular 

beacons 5’-labeled with TYE 665 fluorescent dye (excitation at 645 nm and 

emission at 665 nm) and 3’-labeled with Iowa Black RQ quencher (peak 

absorbance at 656 nm).  The precursor mir-26a was synthesized and PAGE-

purified by Dharmacon (Lafayette, CO).  We provide the sequences of 

synthetic oligoribonucleotides and probes used in this work in table 1.  Total 

RNA from normal human liver and kidney were obtained from Ambion 

(FirstChoice human total RNA, Austin, TX).  Before each experiment, we 

dissolved the sample (total or synthetic RNA) to the specified concentration in 

50 µL of TE, placed in a water bath at 70°C for 5 min and finally on ice until 

running the ITP hybridization experiment.  Separately, we dissolved the MB in 

500 µL of each LE.   
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ITP hybridization protocol 

We here describe the injection protocol to perform the three stage ITP 

hybridization.  We performed all experiments in an off-the-shelf borosilicate 

glass microfluidic chip (model NS260, Caliper LS, Mountain View, CA) whose 

design is shown on Figure IV-4.  Its multiple T-junctions enable generation of 

the initial serial LE zones by vacuum filling.  Initially we precondition the chip 

by successively flushing channels with 200 mM sodium hydroxide (5 min), 

deionized (DI) water (1 min), 100 mM hydrochloric acid (5 min), and DI water 

(1 min).  We then deliver LE1 to reservoirs 1, 2 and 3, LE2 to reservoirs 4, 5 

and 6 and LE3 to 7 and 8.  We then apply vacuum to 3 and 7 for 5 min.  These 

successive rinsing steps help reducing electroosmotic flow in the borosilicate 

chip for the subsequent experiments.   

Before each experiment, all reservoirs are rinsed with DI water.  We then 

deliver LEs to the reservoirs as described above and in Table II-1, and apply 

vacuum to 3 and 7 for 2 min.  Vacuum at 3 generates the interface between 

LE1 and LE2 at the intersection A and vacuum at 7 creates an interface 

between LE2 and LE3 at the intersection B.  After loading, we release vacuum, 

rinse reservoir 1 with DI water, and deliver the TE-sample mixture.  We 

generate an electric field in the separation channel by applying a 3 kV voltage 

difference between reservoir 8 and 1 using a high voltage power supply 

(Labsmith, Livermore, CA).  This activates ITP focusing of miRNA and MBs 

through the three serial zones.  We eventually stop voltage after the ITP 
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interface has passed the detector which monitors fluorescence in the LE3 

zone.  

 

Figure IV-4: Design of the caliper NS260 borosilicate glass microchip.  Before each 
experiment, we fill the microchannels with LE1, 2 and 3 according the sequence 
described in Table III-3.  Channel The three LE zones are highlighted for clarity.  
LE1 and LE2 zones meet at A and LE2 and LE3 meet at B.   

Optical setup 

We acquired data on an inverted epifluorescence microscope (Eclipse 

TE200, Nikon, Japan) equipped with a laser diode illumination (642 nm, 

Stradus 642, Vortran, Sacramento, CA).  Light was filtered using a standard 

Cy5 cube (exciter/emitter 630/695 nm, model XF110-2, Omega Optical, 

Brattleboro, VT) and focused though a 60x water immersion objective (N.A. = 

1.0, Fluor, Nikon, Japan).  To reduce noise created by out of focus light, we 

built a custom confocal assembly by placing a 150 µm pinhole (mounted 

precision pinhole, Edmund Optics, Barrington, NJ) at the image focal plane.  

We measured fluorescence intensity using a photomultiplier tube (PMT, model 

H7422-40, Hamamatsu Photonics, Japan) with voltage set to 900 V.  We 
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converted the PMT signal using an amplifier/converter unit (C7319, 

Hamamatsu, Japan), and filtered it with a simple low pass RC circuit (RC = 1.2 

ms).  We acquired the resulting voltage signal with a DAQ card (NI USB-6211, 

National Instruments, Austin, TX) controlled with Matlab (The Mathworks, 

Natick, MA).  We performed all measurements at 250 kS/s data rate and 

applied a 4000 points moving average to the signal for analysis.  We 

processed the voltage trace by fitting a Gaussian function to the ITP peak.  We 

then calculated fluorescence intensity by integrating the raw data under the fit 

over three standard deviations.  

IV.4 Results and Discussion 

Initial demonstration using synthetic miRNA.  We present an initial 

demonstration the ITP hybridization assay in Figure IV-5.  We perform the 

multi-stage ITP with 1 nM of MB targeting miR-26a in all three LEs.  We 

compare the signal of the ITP where the TE contains 1 nM synthetic miR-26a 

to a negative control (with no target in the TE).  We show the two resulting 

isotachopherograms (fluorescence versus time) in Figure IV-5.  The black 

trace corresponds to the fluorescence intensity of the negative control.  This 

trace exhibits a signal peak that we attribute to residual fluorescence from 

incomplete quenching of focused MB.90  In the experiment where the TE 

contains 1 nM of miR-26a (gray trace), the fluorescence signal in the ITP zone 

increases significantly.  This shows successful hybridization of the target with 

MBs within the focused zone.  To compare the two results, we calculated the 
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corresponding peak areas and report them in the inset as a bar diagram.  The 

peak area of the hybridized peak (+) is about 6.5 larger than the one of the 

negative control (-).   

 

Figure IV-5: Initial demonstration of the ITP hybridization assay.  We here show two 
isotachopherograms tracing fluorescence signal over time are 8 mm into the LE3 
zone. In both experiments, the LE contains 1 nM of ME targeting miR-26a.  The 
upper black trace corresponds to a negative control experiment where the TE does 
not contain any RNA.  This trace exhibits a peak that corresponds to the non-deial 
quenching of the MB.  The grey trace shows the result of ITP-hybridization where we 
added 1 nM of miR-26a target to the TE.  The ITP peak has significantly greater 
amplitude compared to the negative control.  This demonstrates successful 
combination of ITP and MB based hybridization for the detection of miRNA.  We 
report the area of each peak in the inset.  The peak area of the experiment with 1 nM 
target in the TE (+) is more than 6 times larger than the area of the negative control (-
).  We shifted the black isotachopherogram for visualization.   

For an ITP hybridization experiment with a peak area A, we define the 

relative fluorescence enhancement f as 

 1,
nc

Af A   

where Anc is the peak area of the negative control, i.e. an experiment with 

equal MB concentration but a blank TE.  In the case presented in Figure IV-5, f 
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is approximately 5.5.  f theoretically varies between zero (when A = Anc) and a 

“saturated” value where all focused MB are open.  This occurs when the 

amount of miRNA (i.e. the number of miRNA copies) in the focused zone is 

much larger than the amount of MBs.  We note that f is also a function of 

multiple parameters including MB concentration, MB stem sequence, miRNA 

melting temperature and ITP chemistry. 

The fluorescence enhancement of MB increases with target 

concentration.90  In ITP, the amount of focused sample is a linear function of 

sample concentration in the TE.27  Consequently, in the ITP hybridization 

assay, f increases with target concentration in the TE.  We performed a 

titration experiment to illustrate the effect of sample concentration on 

fluorescence enhancement.  In Figure IV-6, we report fluorescence 

enhancements for ITP hybridization at 100 pM MB with miR-26a 

concentrations ranging from 1 pM to 100 nM in the TE (circles).  At low target 

concentration, here 1 to 10 pM, the fluorescence enhancement remains 

negligible.  f significantly increases above 100 pM.  The most sensitive 

increase occurs between 100 pM and 1 nM.  Above 10 nM, f varies only 

slightly and seems to reach a plateau value, indicating saturation of MBs.  The 

maximum value of f in this titration experiment is approximately 28 (at 100 nM 

miR-26a).   

Selectivity 

We now demonstrate the selectivity for miRNA of the ITP hybridization 

assay.  Mature miRNAs are generated from processing of longer precursors, 

 70 



successively the pri-miRNA and pre-miRNA.  The latter is about 80 nt long and 

is the shortest precursor preceding full miRNA maturation.2  Because these 

precursors contain the mature sequence, hybridization must be carried out 

exclusively on isolated miRNA as in northern blotting.  We achieve this by 

leveraging the variation of electrophoretic mobility of RNA with length.  In a 

polymer sieving matrix, mobility decreases with increasing polynucleotide 

length.71  miRNA is the shortest class of RNA, hence its mobility is the 

greatest among all RNA.  In particular it is greater than its precursors.  

Therefore, careful selection of the trailing ion allows for selective focusing of 

miRNA, excluding non-miRNA containing identical sequence.   

To reach high selectivity, we performed calibration experiments in the 

same manner as we did in our previous work on miRNA isolation.35  We first 

chose an initial trailing ion (here MOPS) and selected a polymer concentration 

in LE2 that shows focusing of miRNA and MB (separately and simultaneously).  

We then increased that concentration to reject pre-miRNA from the focused 

zone while keeping miRNA and MBs focused.  We found that 3% w/v PVP in 

LE2 matched this requirement.   

We illustrate the selectivity of this chemistry by showing results of ITP 

hybridization using the 77 nt long precursor of miR-26a, mir-26a, as sample 

(cross symbols).  The enhancement f is globally much smaller than the signal 

generated by the mature miRNA.  f remains at background level up to 1 nM 

mir-26a.  We note a slow increase of fluorescence enhancement at large 

precursor concentration (above 10 nM).  We attribute this residual signal to 
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hybridization of byproducts resulting from imperfect RNA synthesis.  These 

byproducts include short RNA fragments containing segments of the mature 

sequence, which consequently hybridize with MB. 

Specificity 

As a last control experiment, we demonstrate that in ITP hybridization, 

MBs bind specifically to the correct target sequence.  Molecular beacons have 

intrinsically high specificity,91 we here confirm that ITP conditions does not 

alter this property, and we experimentally verify that the detection of the 

miRNA target is not biased by the presence of other miRNA.  To this end, we 

perform ITP hybridization on a mature miRNA whose sequence does not 

match the MB probe.  We used the MB designed for detection of miR-26a and 

varied the concentration of a “model” miRNA, miR-126, in the TE.  The 

resulting titration curve is shown in Figure IV-6 (plus symbols).  At all 

concentrations, the fluorescence enhancement of the focused MBs nearly is 

null.  Fluorescence in the focused ITP zone is unaffected by non-target miRNA, 

miR-126 does not efficiently bind to the miR-26a probe.  This demonstrates 

that the signal of our ITP hybridization assay is solely due to the focusing of 

the target miRNA.  However, we have not been able to show single base 

specificity.  The length selectivity and sequence specificity of our assay shows 

its efficacy to precisely detect specific miRNA sequences in total RNA samples. 
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Figure IV-6: Demonstration of selectivity and specificity of the ITP hybridization 
assay.  We performed the ITP hybridization with MB targeting miR-26a and where the 
TE contains miR-26a (circles), miR-126 (plus) or mir-26a (cross) at concentrations 
increasing from 1 pM to 100 nM.  We here report relative fluorescence enhancement f 
as defined in the text.  To improve data visualization, we fitted the data with spline 
functions (dashed lines).  Titration with miR-26a shows the signal generated from 
hybridization of the perfectly matching target.  Fluorescence enhancement remains 
small at low concentration (below 10 pM) and significantly increases at 100 pM and 
above.  f plateaus over 10 nM, where nearly all focused MBs are open.  Titration with 
the precursor mir-26a shows only slow increase of fluorescence with concentration.  
This shows that ITP in the LE2 zone excludes miRNA precursors from the focused 
zone, and allows for selective hybridization on miRNA.  We also verified that potential 
unspecific hybridization was not affecting detection.  We used miR-126 (whose 
sequence is distinct from miR-26a) as titrant, and observed that the fluorescence 
enhancement remained approximately null at all concentration.  This confirms the 
specificity of MB hybridization in the ITP zone. 

miR-122 profiling in human liver with ITP hybridization 

To show the efficacy of the ITP hybridization in a biologically relevant case, 

we attempted detection of miR-122 in two human total RNA samples.  We 

chose this liver-specific miRNA target for its large dynamic range of 

expression: miR-122 is highly expressed in the liver but poorly expressed in 

other organs.92  Here, we diluted total RNA from human liver and kidney in TE 
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down to 10 ng.µL-1.  We then performed the ITP hybridization assay on these 

samples with 100 pM MBs targeting miR-122 in the LEs.   

We show results of these experiments along with a negative control (blank 

run) in Figure IV-7, where we report ITP peak areas.  ITP hybridization of 

miR-122 in kidney shows a slight increase in fluorescence (f = 0.2), which is 

not statistically significant compared to negative control (failed the t-test).  We 

conclude that the amount of miR-122 in kidney is below the limit of detection of 

our assay.  We estimate this limit to 2 pM (f > 0.4, see calibration below), 

which corresponds to 3,000 copies per cell (assuming 25 pg of RNA per cell).  

This is consistent with the amount of miR-122 measured in mouse kidney by 

RNase protection assay.92  Conversely, ITP hybridization of miR-122 in liver 

yields significant signal enhancement (f = 1.3 ± 0.15).  This indicates that miR-

122 is largely expressed in liver compared to kidney, as previously 

demonstrated.92   

We attempt quantification of miR-122 in liver using this measurement and 

leveraging a calibration curve built with synthetic miR-122, in the same 

manner as in Figure IV-6.   We measured peak area of ITP hybridization of 

synthetic oligos dissolved at 1, 10 and 100 pM in the TE.  We then perform a 

linear interpolation between the respective f values to yield a simple relation 

between fluorescence enhancement and miRNA concentration.  We show a 

portion of this interpolation in the inset of Figure IV-7 (grey solid line) for 

concentration values neighboring 10 pM.  Using this calibration and the value 

of f found for liver (fliver in inset of Figure IV-7), we calculated that a liver cell 
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contains 16,000 ± 400 copies of miR-122.  This is on the same order of 

magnitude as RNase protection (50,000 copies per cell92) or RT-PCR 

measurements (10,000 copies per 10 pg of RNA, 25,000 copies per cell with 

our assumption on RNA mass per cell).93  We believe the slight discrepancy 

between these three values partly arises from biological variability, differences 

in RNA quality,70 or distinct efficiencies of miRNA extraction methods.81 

 

Figure IV-7: Demonstration of the ITP hybridization assay for detection and 
quantification of miR-122 in kidney and liver.   We here report peak areas of ITP 
hybridization experiments where LEs initially contain 100 pM MBs targeting miR-122, 
and where the TE is blank (left bar) contains 10 ng.µL-1 of total RNA from human 
kidney (middle bar) and from human liver (right bar).  The increase in fluorescence for 
kidney is not statistically significant, showing that our assay predicts miR-122 
concentration in kidney below limit of detection (3,000 copies per cell).  The peak 
area for liver is significantly greater, showing greater expression of miR-122.  We use 
a calibration curve built with synthetic miR-122 to estimate target concentration from 
fluorescence enhancement.  The solid grey line in the inset shows a calibration curve 
resulting from interpolation of hybridization results from synthetic miR-122 at different 
concentrations (red plus).  We use this curve to calculate the concentration 
corresponding to the enhancement fliver = 1.3.  We estimate this concentration to 
10.3 pM, corresponding to approximately 16,000 copies per cell.  Uncertainty bars 
represent 95% confidence intervals. 

 

 75 



IV.5 Conclusion 

We presented, characterized and demonstrated an assay for the detection 

and quantification of miRNA targets in total RNA samples based on selective 

ITP focusing of miRNA coupled with MB hybridization.  We showed that ITP 

hybridization enabled selective detection of miRNA and could distinguish 

miRNA from its precursors.  We also showed that the specificity of MBs is 

unaffected by coupling hybridization with ITP.  Finally, we demonstrated the 

efficacy of the assay for the detection of miRNA targets in total RNA.  We 

successfully detected miR-122 in liver and validated this result by measuring 

reduced expression in kidney.  Using calibration experiments, we calculated 

the amount of miR-122 in liver; our estimate is in fair agreement with 

measurements performed with other quantification methods.  ITP hybridization 

is therefore a fast (< 2 min), low cost (~$50 per chip, standard epifluorescence 

microscope), sensitive (down to 3,000 copies per cell) microfluidic method for 

miRNA profiling with about three decade dynamic range, and that uses small 

amounts of sample (100 ng of RNA).  We hypothesize that further optimization 

of ITP and MB chemistries could significantly enhance sensitivity and reach 

the 100 copies per cell level.  
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Chapter V. Isothermal, chemical cycling polymerase 
chain reaction 

The contents of this chapter were previously published in conference 

proceedings by Persat, and Santiago (2007-08)38 and are reproduced here 

with minor modifications. 

V.1 Introduction 

Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) is a ubiquitous profiling and 

diagnosis method in biology and medicine.  PCR is now the gold standard for 

nucleic acid analysis and its versatility and sensitivity enable a wide variety of 

applications.  These include gene expression analysis, diagnosis of hereditary 

disease, pathogen detection, etc.  Multiple nucleic acid analysis techniques 

have been derived from PCR.  One of the most attractive variations is real-

 

Figure V-1: Schematic of thermal cycling PCR.  The double stranded DNA 
template is initially denatured into tow complementary strands, typically at 95C.  In 
a second step, the two strands anneal a primer flanking the sequence of interest.  
Lastly, a polymerase extends the primers to generate two copies of the initial 
template sequence. 
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time PCR that allows for quantitation of nucleic acid targets in a sample of 

interest.  More recently, the development of digital PCR has enabled detection 

at the single molecule level. 

In PCR, a target nucleic acid undergoes a chain of reaction cycles.  Each 

cycle is a three-step process: a sequence of denaturation, primer annealing 

and extension.  We schematize the process of PCR in Figure V-1.  

Denaturation corresponds to the separation of the two strands of DNA 

template via disruption of hydrogen bonding, generally performed at elevated 

temperature (95°C).  The annealing step consists in the hybridization of 

primers at sites flanking the sequence of interest.  This is thermodynamically 

favored by a large excess of primers compared to the template.  This step is 

sequence specific as primers are designed to amplify a unique portion of the 

template.  Lastly, a thermostable polymerase extends the primers and 

generates two copies identical to the initial template.  Annealing and extension 

are generally performed between 55°C and 65°C, but can proceed 

simultaneously.  In ideal conditions, each cycle doubles the number of 

template copies, hence a succession of cycles allows for exponential 

amplification.  The exponential nature of PCR and its specificity are the 

strength of this detection method.94 

In the past 30 years, PCR systems have considerably evolved: faster 

thermal cycling, higher throughput and enhanced detection systems have 

enabled extremely sensitive and precise PCR amplifications in laboratory 

settings.  However, commercial PCR remains handicapped by uncontrollable 
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aspects of its chemistry: primer dimmers, reagent depletion, and large reactor 

volume.  Also, there have been multiple efforts to miniaturize PCR platforms 

for field and point-of-care analysis.  Microfluidic platforms employing traditional 

PCR have competed for faster thermal cycling 95, miniaturization 96, and 

sensitivity 97., with various degrees of success, as thermal cycling requires 

significant instrumentation for control.   

We here propose and demonstrate a novel chemical cycling polymerase 

chain reaction (ccPCR) for DNA amplification where temperature is held 

constant in space and time.  We use a chemical cycling that substitutes the 

effect of thermal cycling in traditional PCR.  Other isothermal nucleic acid 

amplification methods have not successfully competed with PCR.  Techniques 

such as the nucleic acid sequence based amplification (NASBA)98 or the 

rolling-circle amplification99 have more complex chemistries and lack the 

versatility of PCR.   

Here, we present a fully functional device including simultaneous flow 

control and isotachophoretic focusing, and successful isothermal amplification 

with end-point and real time detection.  ccPCR has potential for simpler 

chemistry and device fabrication, enhanced replication fidelity, faster 

amplification, more accurate quantitation and lower power consumption than 

traditional PCR.  We demonstrate successful ccPCR amplification while 

simultaneously focusing products via isotachophoresis (ITP).   

DNA melting corresponds to the disruption of all hydrogen bonds between 

the two strands.  The number of hydrogen bonds between bases varies; the 
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free energy associated with DNA melting is therefore sequence dependent.  

The hydrogen bonds fully disrupt at the melting temperature Tm.  The melting 

temperature is also a function of ion concentration and solvent.  Solvents that 

significantly reduce the melting temperature compared to water are called 

denaturants (or denaturing agents).  Formamide, urea and dimethylformamide 

(DMF) are denaturing agents commonly used in electrophoresis of nucleic 

acids.  Because it allows for adjustment of melting temperature, formamide 

has been used in PCR to enhance amplification specificity.100  However, 

denaturing agents have not been used for denaturation in traditional PCR as 

they inhibit primer annealing. 

In this work we combine ITP with flow of denaturants that mimic the 

thermal cycling of thermal PCR.  In ccPCR, we leverage the difference of 

electrophoretic mobilities of DNA and PCR reagents.  We leverage the 

neutrality of denaturant agents (urea and formamide) to perform chemical 

cycling.  We electrophoretically drive the DNA sample with ITP.  Similarly to 

the previous chapter, this confines the DNA template into a small volume 

delimited by the ITP zone.  Simultaneously, we control flow to generate a 

series of high denaturant concentration zones.  These zones propagate in the 

microchannel in direction opposite to electromigration of DNA.  The denaturant 

is neutral and is only transported by bulk flow, so the DNA experiences 

alternatively low and high concentrations.  We show a schematic of the 

concept in Figure V-2.  This process effectively replaces the thermal cycling of 

classical PCR associated with denaturation, which is the highest temperature 
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(typically 95°C).  With this strategy, we therefore relax the requirement to fast 

heating and cooling system that require high power.  We also open the 

possibility of performing PCR at a single temperature, with isothermal 

annealing and extension. 

 

Figure V-2: Conceptual representation of ccPCR.  Zones of high denaturant 
concentration flow in opposite direction of DNA template electromigration.  The 
template experiences a chemical cycling that mimics the thermal cycling of classical 
PCR. 

V.2 Methods 

Chemicals and reagents 

For ccPCR experiments, we prepared a stock of 10x PCR buffer 

containing 200 mM Tris (Sigma Aldrich, Saint Louis, MO) titrated to pH = 8.2 

with hydrochloric acid and 500 mM potassium chloride.  This stock was diluted 

to 1x and used as LE.  The LE also contained 0.01% (v/v) Tween 20 (Sigma 

Aldrich), 5 mM magnesium chloride (EMD Biosciences, Gibbstown, NJ). 2 µM 

SYTO 13 fluorescent dye (Invitrogen, Carlsbad, CA), 200 µM each dNTP (New 

England Biolabs, Ipswich, MA), 2 µM of forward and reverse primers targeting 
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a fragment of the 16S rRNA gene from E. Coli (Operon, Huntsville, Al), and 

2.5 U per 100 µL of Taq polymerase (QIAGEN, Valencia, CA).  To prepare the 

sample solution, we dissolve the DNA template into the 100 µL of LE that 

additionally contains 0.5 mM of MES as spacer .  The TE contains 100 mM 

Tris, 100 mM HEPES (Sigma Aldrich), 0.01% (v/v) Tween 20 and 2 µM 

SYTO 13.  The denaturing agent is composed of 40% formamide (Invitrogen), 

4 M urea (EMD Biosciences), 2x PCR buffer and contains 2 µM of each primer.   

To measure the melting temperature of the DNA template in multiple 

denaturing conditions, we build dissociation curves using a real time PCR 

system (model Fast 7500, Applied Biosystems, Foster City, CA) on pre-

amplified PCR product.  The working solution for this experiment contained 1x 

PCR buffer, 1 µM SYTO 13, 1 ng. µL-1 of pre-amplified DNA, and 0 to 50% of 

formamide (v/v) or 0 to 4 M of urea.  After an initial denaturation at 95˚C, the 

PCR cycler ramped the temperature from 60˚C to 95˚C at 100% ramp rate, 

and monitored SYTO 13 fluorescence during heating.  For each sample, the 

instrument generated a trace of fluorescence vs. temperature, whose principal 

inflexion point gives the melting temperature Tm that we report in Figure V-4. 

Off-chip PCR control experiments 

For off-chip controls of compatibility between ITP and PCR buffers, we 

performed PCR on a Techne thermal cycler (modelxx, xx) with 35 two-step 

cycles: denaturation 1 min at 95˚C, and 2 min at 55˚C for annealing and 

extension.  We performed reaction in 1x to 6x PCR buffer or 25 to 75 mM Tris 

HEPES, 1.5 mM magnesium chloride, 5 U per 100 µL Taq polymerase, 
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200 µM each dNTP and 2 µM of forward and reverse primers and 1/50 ng of 

template.  PCR products were separated in a 2% agarose gel using a 

standard electrophoresis system.  After separation, the gel was stained with 1x 

SYBR Green I and visualized on a UV transilluminator.   

Chip preparation 

We performed ITP and ccPCR experiments in a 34 µm wide 12 µm deep 

borosilicate channel with simple cross geometry as in Figure V-3 (model 

NS95X, Caliper Life Science, Mountain View, CA).  To passivate the glass 

surface during reactions, we used the silanizing agent Sigmacote (Sigma 

Aldrich) as described in the methods section of Chapter 1.  This permanent 

glass coating along with Tween 20 dissolved in the working buffers reduce 

adsorption of polymerase to glass, which inhibits PCR.101 

On-chip flow control 

We tested multiple techniques to control flow and generate the chemical 

cycling.  We describe and discuss these techniques in appendix C.  Here, we 

briefly describe the flow control method we used to generate results presented 

in this chapter.  We built an injection system leveraging an HPLC low dead 

volume switching valve (model C2, Vici Valco, Houston, TX) controlled with 

Matlab (The Mathworks).  We interfaced the valve, sample reservoirs and chip 

with 360 µm OD, 50 µm ID fused silica capillaries (Upchurch Scientific, Oak 

Harbor, WA).  We used NanoPorts (F-121H, Upchurch Scientific) to connect 

the capillaries to the chip, capillary liners and adapters to connect the 
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capillaries to the valve (FS1R and FS1L, Vici Valco).  The ends of the 

capillaries are immersed in the two buffer reservoirs.  We initially prime the 

valve with working solutions (LE and denaturant) to remove any air bubble 

present in the tubing system, and then screw the nanoport fitting onto the 

reservoir.  To generate flow, we change the height of the two reservoirs 

(typically between 2 and 10 cm above the chip) to create the desired pressure 

head (properly calibrated in a separate experiment).  See appendix A for 

additional details. 

Temperature control 

During the ccPCR, we maintain the temperature in the microchannel 

between 55 and 60˚C.  The microchip stands on a copper block heated with a 

Peltier device (Omega Engineering, Stamford, CT) connected to a heat source 

(another copper block) and powered by a temperature controller (model xx, 

Omega Engineering).  The heated copper block is machined to fit the glass 

chip and to allow for channel visualization with an inverted microscope.  To 

calibrate temperature in the channel, we measured the temperature at diverse 

locations using rhodamine B fluorescence.102  We verified uniformity of 

temperature and calibrated the controller to maintain the desired temperature 

in the channels during ccPCR.   

Optical setup 

We visualized ITP focused DNA (or chemical cycling) on-chip on an 

inverted epifluorescent microscope equipped with a 10x objective (Plan APO, 
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N.A. = 0.45); a mercury light source (Ushio, Japan); a filter cube 

(exciter/emitter 485/535 nm, Omega, VT); and a 0.6x demagnification lens 

(model RD060-CMT, Diagnostic Instruments, MI).  We acquired images with a 

CCD camera (Cascade 512F, Roper Scientific) controlled with the software 

Winview32 (Princeton Instruments, Trenton, NJ). 

ccPCR protocol 

We initially fill the microchannels with the LE-ccPCR buffer described 

above.  We then connect the PCR buffer and denaturant valve outlets to wells 

1 and 2 respectively (Figure IV-3).  At this time, there is no pressure drop 

between wells 1 to 4, so no flow in the channel.  We then empty 4, add the 

sample solution containing the template, and apply vacuum at 3 for 5 s.  This 

fills the reaction channel up to point A with a (finite) amount of template.  We 

then carefully rinse 4 and pipette in 20 µL of TE.  We apply a potential 

difference between 3 and 4 (200 V) to generate the electric field in the reaction 

channel.  This starts the ITP process and focuses the DNA template at the 

interface between LE and TE.  The ITP interface travels away from 3 further 

into the reaction channel.  We then create a pressure-head in the off-chip 

reservoirs of denaturant and PCR buffer to generate a counter-flow in the 

reaction channel.  When the focused zone appears in the field of view of the 

camera, we adjust the applied potential to balance electromigration and 

advection velocity.  In these conditions, the focused ITP zone remains 

approximately at the same position during the ccPCR process.  Lastly, we 

start the denaturant cycling using the off-chip switching valve to start the 
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ccPCR, and monitor fluorescence in the ITP zone by tracking the focused 

primer peak.   

 

Figure V-3: Schematic of the chip used for ccPCR.  Inlet 1 is connected to a 
denaturant reservoir via a switching valve.  Inlet 2 is connected to a PCR buffer 
reservoir.  The electric field is generated between 3 and 4 to focus the ccPCR product 
in the reaction channel.   

V.3 Results and discussion 

DNA melting temperature in denaturants 

Tm decreases with formamide and urea concentrations, solvents of choice 

in denaturing gel electrophoresis.103  We characterized these chemical 

denaturants by measuring the effect of their concentration on the melting 

temperature of our DNA ccPCR template.  To measure melting temperatures, 

we built dissociation curves on our qPCR instruments using SYBR Green I 

fluorescence.  We report the measurements of melting temperatures in Figure 

V-4.  We show the dependence of the template melting temperature on urea 

concentration in the left graph.  The melting temperature decreases with urea 
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concentration.  We note the linear dependence of Tm with urea concentration.  

Tm decreases about 3˚C per mol.L-1 of urea.  Similarly, formamide reduces the 

melting temperature by 0.6˚C per percent of formamide (v/v) in solution 

(Figure V-4, right graph).  The dashed line shows that we can reduce the 

melting temperature of the template to 55˚C by using approximately 45% v/v 

formamide.   

 

Figure V-4: Measured effect of formamide and urea concentration on melting 
temperature Tm of the 16S rRNA gene from E. Coli.  Tm decreases with increasing 
urea and formamide concentrations. 

Control experiments for compatibility of PCR with ITP 

To verify the compatibility of PCR with ITP, we used standard ITP LE and 

TE as PCR reaction buffers for the amplification of the target of interest.  We 

present sample results in Figure V-5.  Here, we performed off-chip PCR using 

a two step cycle, denaturation at 95˚C and annealing and extension at 55˚C.  

Because chloride is an acceptable leading ion, we hypothesize that the 

traditional PCR buffer (50 mM potassium chloride, 20 mM Tric HCl) is a 

possible choice for LE in ccPCR conditions.  As a control, we varied the 
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concentration of PCR buffer from 1x to 6x and verified the amplification 

efficiency.  We show results in Figure V-5, which show that PCR buffer allows 

for amplification at concentration up to 3x, but inhibits amplification at 4x and 

above.  We also verified the compatibility of a possible TE with PCR.  The last 

three lanes in Figure V-5 show PCR using 25, 50 and 75 mM of Tris HEPES.  

We observe significant amplification in the three cases with a larger efficiency 

at 75 mM.  Therefore, Tris HEPES is an acceptable TE to perform ccPCR.  To 

summarize, we here showed that the traditional PCR buffer can be used as LE, 

the use of Tris HEPES at high enough concentration does not alter PCR 

amplification, and that amplification using a two step cycle is significant.   

 

Figure V-5: Compatibility of PCR with ITP and denaturant cycling.  2% agarose 
gel electrophoresis of PCR products of a 2-step thermal cycle classical PCR 
(95°C-55°C) with increasing ionic strengths.  The data shows that 3x or lower PCR 
buffer concentrations are required and the feasibility of a two steps thermal cycle 
analogous to our denaturant cycle. 
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Simultaneous amplification and separation of primers and reaction 

products 

In traditional real-time PCR, primers do not yield significant fluorescence 

signal in reaction tubes.  In ccPCR, primers focus with ITP, and despite being 

single stranded, they yield significant fluorescence as they preconcentrate.  

We leverage this residual fluorescence of focused primers to track the ITP 

interface when the fluorescence generated by the amplification product is 

below background.  This allows for localization of the ITP interface during the 

reaction for image acquisition.  With a standard chemistry, primers and PCR 

product focus at the same location (i.e. at the LE-TE interface) and the 

increase in fluorescence signal from the amplification reaction is biased by the 

continuous focusing of primers (present in the LE).   

To resolve this bias, we use a non-fluorescent spacer to separate the 

fluorescent signal of primers and ccPCR product.  We selected a spacer that 

has en electrophoretic mobility larger than the one of the primers and smaller 

than the one of reaction product.19  We initially introduce the spacer in the 

 

Figure V-6: Separation of primers and PCR product for localization of ITP reaction 
zone.  A non fluorescent spacer (here benzoate) whose mobility is bracketed by 
the one of the primers and the DNA separates the two signal peaks, allowing for 
PCR product localization during ccPCR amplification. 
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initially injected sample (that contains the DNA template) so that the space 

between primer and reaction products remains constant over time. 

We demonstrate this separation strategy in Figure V-6  where we focus 

forward and reverse primers (fluorescent peak on the left) , and pre-amplified 

(off-chip) 194 bp PCR product (fluorescent peak on the right), separated by 

benzoate.  At low cycle number, only the primer peak is detectable.  During 

the ccPCR cycling we monitor fluorescence about 1 mm upstream the primer 

peak where ccPCR template and product focus. 

Description of the assay 

We illustrate the ccPCR process in Figure V-7.  In the separation channel 

of the cross design chip, we initially focus a finite amount of DNA template 

while continuously separating it from focused primers.  When the ITP interface 

reaches the detector’s field of view, we apply pressure to the PCR buffer inlet 

to generate counterflow.  DNA electromigrates against the flow and is held 

stationary upon balance of advection and electromigration velocities.  We then 

create spatiotemporal variations of denaturant concentration using our off-chip 

flow control.  During this process, ITP protects DNA from dispersion.  The 

neutral denaturant clouds are unaffected by the electric field and flow through 

the focused polynucleotides.   

When the DNA template meets a denaturant cloud, it melts into two 

complementary single strands (Figure V-7a).  After the denaturant cloud has 

passed the ITP interface, the two complementary strands anneal a primer 

present in the LE (Figure V-7b).  In the same phase, Taq polymerase extends 
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the primers to generate the two copies of the sequence of interest.  We then 

generate a new cloud of denaturant into the reaction channel to start a new 

cycle.   

 

Figure V-7: Schematic of the on-chip ccPCR.  DNA template (green) focuses 
between LE and TE with ITP.  The DNA template is continuously separated from 
focusing primers by an electrophoretic spacer.  Upon balance of flow and 
electromigration velocities, DNA remains stationary in the reaction channel.  A flow 
control scheme at the cross creates discrete pulses of denaturant.  a) DNA 
experiences a high denaturant concentration and metls into two complementary 
strands.  b) single DNA strands anneals a primer which is then extended by a 
polymerase. 

ccPCR results 

We present two ccPCR demonstrations.  In a first demonstration, we 

perform end-point detection after 40 cycles (Figure V-8); and in a second 

realization we monitor and report fluorescence in the ITP focused zone after 

each cycle in the same manner as real-time PCR (Figure V-9).   
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For the end-point demonstration, we report the fluorescence in the ITP 

focused template zone before the first ccPCR cycle.  In Figure V-8, the left 

trace shows this signal at the level of background.  We then generate the 

denaturing cycles.  During ccPCR, we could locate the ITP zone by tracking 

the focused primer peak (cf. Figure V-6).  After 40 ccPCR cycles, we 

measured fluorescent signal in the template zone, of which we show the 

cross-sectional averaged in the right trace of Figure V-8.  The Gaussian-

shaped peak corresponds to the focusing of ccPCR products at the ITP 

 

Figure V-8:  Signal in the ITP-focused DNA zone before (left) and after (right) 40 
ccPCR cycles.  These two fluorescence profile are generated by averaging the 
image data over the channel cross section.  Initially, the fluorescence of the 
template is below the limit of detection.  At this stage of the ccPCR, we locate the 
ITP zone using the focused primers peak (no visible here, at approximately 1 mm) 
separated from the template zone with a spacer (MES).  After 40 denaturant 
cycles, we measure a significant increase in the fluorescence signal in the ITP 
DNA zone that we attribute to ccPCR amplification product.  We observe that the 
signal tails at x > 500 µm, into the spacer zone.  We attribute this tailing effect to 
ccPCR byproducts that were only partially extended by polymerase or to primer-
dimers.  Applied voltage is 200 V, we measured a stationary current at 
approximately 1.5 µA throughout the experiment. 
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interface.  We observe that the signal exhibits a tail diffusing into the spacer 

zone that we attribute to shorter reaction byproducts such as primer-dimers.   

In the real-time ccPCR (Figure V-9), we performed the same type of 

measurement presented in Figure V-8 above after each cycle, and integrated 

fluorescence over four standard deviations of the peak.  We report the 

resulting curve for ccPCR with104 DNA copies initially focused (black squares) 

along with a negative control without focused template (grey circles).  For the 

positive case, before cycle 16, the fluorescent signal is below the limit of 

 

Figure V-9:  Real-time ccPCR over 20 cycles.  We here measure fluorescence in 
the ITP focused template peak after each cycle and integrate fluorescence over 4 
standard deviations of the primer peak at the location of the template peak.  The 
black square represents real time monitoring of ccPCR with initially approximately 
104 copies in the focused zone.  The grey circle curve is a negative control with no 
template initially focused.  While the fluorescence intensity of the negative control 
remains at background level, the fluorescence intensity significantly increases in 
the ccPCR after cycle 16.  We attribute this increase of fluorescence to the 
accumulation of focused ccPCR product, which yields a signal greater than 
background after cycle 16.  Applied voltage is 100 V to 200 V. 
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detection.  After cycle 16, the fluorescent signal increases significantly above 

background.  We attribute this increase in fluorescence to the accumulation of 

ccPCR product after each cycle.  This curve exhibits the shape of a real-time 

PCR curve built off-chip on a traditional thermocycler.  We were not able to 

measure fluorescence at later cycle, and could not capture the plateau phase 

exhibited in off-chip real-time PCR at large cycle numbers.   

V.4 Conclusion 

We presented and successfully demonstrated a novel chemical cycling 

polymerase chain reaction (ccPCR) technique for DNA amplification in 

isothermal conditions.  We characterized the effect of denaturants on melting 

temperature of our template and showed that high concentration formamide or 

urea allow for DNA denaturation at 55˚C.  Also, we verified that ITP focusing 

electrolytes are compatible with PCR reactions, and that they can sustain a 

two step cycle (with annealing and extension in a single step).  Also, we 

leveraged a non-fluorescent spacer to continuously separate ITP-focsued 

primers from ccPCR product during amplification, which allows for localization 

of the reaction zone.  We demonstrated the ccPCR assay by amplifying a 194 

bp fragment of the 16S rRNA gene from E. Coli; we showed end-point 

detection and real time monitoring of the reaction towards a quantitative 

ccPCR assay.   

This is the first time DNA amplification by PCR has been performed 

isothermally, and using a chemical cycling.  Performing the reaction at lower, 
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constant temperature relaxes the requirement for thermostable polymerase.  

Also, performing the reaction at constant temperature reduces the power 

consumption of the device compared to thermal cycling.  The ccPCR 

combines electric field driven migration of the sample and counterflow of 

reactants in a microchannel, which to our knowledge has never been 

described.   
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Chapter VI. Conclusions and recommendations 

In this chapter, we summarize the contributions of the work presented in 

this dissertation.  Additionally, we give recommendations for future work and 

discuss potential extensions. 

VI.1 Conclusions and Contributions 

Purification of nucleic acids using isotachophoresis 

1. We developed a method for the purification of nucleic acids from a cell 

lysate using ITP.  We leverage the selectivity of ITP focusing to focus 

nucleic acids while leaving unwanted species unfocused. 

2. We have used this technique for the extraction and isolation of DNA from 

whole blood.  We initially released nucleic acids using chemical lysis and 

protein digestion. 

3. We recovered the extracted DNA sample and verified purity by off-chip 

PCR.  The DNA samples collected after ITP extraction were successfully 

and reproducibly amplified by PCR. 

4. We estimated the ITP sample preparation has 30% to 70% efficiency for 

extraction of DNA from 2.5 nL of blood, which represents extraction from 

10 to 25 white blood cells 

5. We performed extraction of DNA in less than 1 min, which represents a 

significant speed improvement compared to benchtop and miniaturized 

purification techniques. 
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Quantification of global miRNA using selective isotachophoresis 

1. We developed an assay for the quantification of global miRNA abundance 

in cultures and tissues.  This quantification is a measurement of the cell 

RNA silencing activity.  We leverage the selectivity and sensitivity of ITP to 

focus miRNA while leaving longer RNA molecules from total RNA 

unfocused. 

2. To simultaneously reach high selectivity and sensitivity, we designed a 

multi-stage ITP protocol where the ITP-focused sample migrates through 

three stationary zones initially generated.  The chemistries of the are 

designed to successively preconcentrate, select and detect miRNA. 

3. We optimized the chemistry of the multi-stage ITP to perform quantitation 

of miRNA shorter than 40 nt and down to 0.3 pg.uL-1.   

4. We have validated our method by measuring and comparing miRNA 

abundance in cell cultures at different densities.  We observed that miRNA 

expression increases with culture density, as previously reported. 

5. We measured miRNA abundance in a wide variety of samples to survey 

miRNA expression in multiple tissues.  In particular, we showed that E14 

ES stem cells have high miRNA expression level.  We also showed that 

the expression of oncogene transcription factor MYC decreases miRNA 

expression level. 
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miRNA profiling using isotachophoresis and molecular beacons 

1. We developed an assay for the sequence specific and size selective 

detection of miRNA in total RNA by combining ITP and hybridization with 

molecular beacons.  We used ITP to selectively focus miRNA 

simultaneously with molecular beacons that hybridize the target of interest 

within the ITP-focused zone. 

2. We used the multi-stage ITP to perform successive preconcentration, 

selection and hybridization of miRNA.   

3. We optimized the selectivity of the multi-stage ITP to allow for detection of 

miRNA without detection bias from (longer) miRNA precursors. 

4. We used the ITP-hybridization assay to quantify miR-122 in liver and 

kidney.  We successfully detected miR-122 in liver and our quantification 

results are consistent with measurements performed with traditional 

methods. 

Chemical cycling polymerase chain reaction 

1. We developed an assay for the isothermal amplification of DNA by 

chemical cycling PCR.  We combined ITP focusing of DNA template and 

product with flow of chemical denaturants to mimic thermal cycling. 

2. We characterized chemical denaturants and verified that at high enough 

concentration, they significantly lower the melting temperature of DNA.  

This shows that cycling denaturant concentration is equivalent to cycling 

temperature. 
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3. We performed a series of control experiments to verify that ITP conditions 

for the focusing of DNA are compatible with PCR.  We also showed that 

these buffers were suitable for two-step PCR cycles. 

4. We leverage the separation power of ITP and a non-fluorescent spacer to 

segregate the fluorescent signal of focused DNA template and product 

from the focused primers.  We then use the focused primer peak to localize 

the reaction zone. 

5.  To demonstrated ccPCR amplification, we performed end-point detection 

and real-time monitoring.  These results represent a proof-of-concept of 

ccPCR. 

VI.2 Recommendations for future work 

We list here possible extensions of the current work and future research 

directions 

Purification of nucleic acids using isotachophoresis 

1. One of the limitations of the current DNA purification protocol is its low 

throughput.  Channels with significantly larger cross section or free flow 

ITP architecture (cf. Appendix C) would significantly improve throughput to 

perform purification from larger sample volumes 

2. Single cell nucleic acid isolation and transport could be achieved with ITP.  

Extraction from a single cell could be performed by combining on-chip lysis.  

For example, using on-chip serial dilutions of the sample could enable 

single cell isolation prior lysis and extraction. 
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3. The current protocol is limited to extraction of DNA.  A significant 

improvement consists in adapting the ITP purification to extraction of RNA.  

The main technical challenge is to reduce RNA degradation during lysis 

and extraction. 

Quantification of global miRNA using selective isotachophoresis 

1. We have only qualitatively validated the ITP assay for measurement of 

global miRNA abundance.  A detailed quantitative study could reconcile 

our results with estimates from microarray data.  Also, a direct comparison 

between microarray and ITP could lead to a standard method for 

normalizing miRNA profiling data. 

2.  Our method for the quantification of miRNA can be adapted to the 

purification of miRNA for subsequent analysis (e.g. sequencing, qPCR).  

Transformation could be achieved by designing system that will only collect 

the ITP-focused miRNA. 

3. We observed that RNA quality has a significant impact on miRNA 

quantitation.  We hypothesize that miRNA quantification can be corrected 

for degradation knowing the sample RNA integrity number.  Such 

correction would be beneficial in the case of samples that rapidly degrade 

prior RNA preparation 

miRNA profiling using isotachophoresis and molecular beacons 

1. The current detection limit of the assay is on the order of 3,000 copies per 

cell.  Further optimization of ITP chemistry and channel design could 
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significantly enhance sensitivity.  For example, using a channel with large 

cross section for preconcentration and small cross section to reduce ITP 

zone volume is beneficial to sensitivity.104  

2. To perform mutliplex miRNA profiling using ITP hybridization, the assay 

can be performed in parallel channels.  This would allow for analysis of 

multiple samples and/or multiple targets in a single run. 

3. The ITP hybridization assay can be transcribed into assay for profiling of a 

wide variety of nucleic acids.  For example, ITP hybridization on ribosomal 

RNA may be efficient for the rapid detection of pathogens or virus.   

Chemical cycling polymerase chain reaction 

1. The current ccPCR detection system has low sensitivity.  In order to 

perform more sensitive reaction monitoring, we recommend the use of a 

confocal microscope assembly to monitor fluorescence in the ITP zone 

2. Currently, ccPCR has low reproducibility.  We hypothesize that polymerase 

activity is affected by electric fields.  We therefore suggest running ccPCR 

with electric field on during denaturation and stopping flow and field for 

extension.  In these conditions, we use the robustness of ITP to rapidly 

refocus the ccPCR products when voltage is applied.  

3. To increase resolution of the separation of amplification products and 

primers, the assay can be performed in a sieving matrix that does not 

inhibit PCR, for example PVP. 
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4. Using a non-thermostable polymerase (e.g. Klenow fragment of DNA 

polymerase I) has potential for higher amplification fidelity and relaxes the 

requirement for polymerase thermostability 
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Appendix A. Flow control for chemical cycling PCR 

We here present and compare the different methods to control on-chip 

flow in the ccPCR experiments.  We tested three different flow control 

strategies: pressure control with a switching valve, pressure control with a 

sequencer and initial loading of chemical cycles in a PDMS-glass device.   

Pressure-driven flow 

Hydrostatic pressure and switching valve 

We used hydrostatic pressure to generate flow in the microchannel and an 

off-chip valve to control injection of denaturant.  This method is described in 

detail in the methods section of Chapter V.  We here give additional practical 

details on the setup and on calibration of the injection.   

We show a picture of the setup in figure A-1.  Its main components include 

the chip, connected via a capillary and Nanoports to the valve.  The reservoir 

of denaturant is connected to the valve with capillary A.  The reservoir of PCR 

buffer (not visible in the figure) is connected directly to the chip with capillary B.  

The surface of the reservoirs are placed 2 to 5 cm above the level of the chip 

to create the pressure-head.   

To calibrate the denaturant injection, we dissolve rhodamine B in the 

denaturant and visualize flow at the chip intersection.  We adjust the level of 

the reservoirs so that the when the valve is in “PCR buffer” position, the 

interface between denaturant and PCR buffer remains stationary in its 
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injection channel, (i.e. no flow) and when the valve is in “denaturant” position, 

the denaturant flows into the main reaction channel.  With this setup, we could 

inject denaturant clouds traveling at about 1 mm.s-1.   

 

Figure A-1.  ccPCR flow control setup.  The injection is performed using pressure-head 
created between the reservoirs and the chip.  The denaturant reservoir is connected to 
the valve with capillary A and the PCR buffer is connected to the chip with capillary B.  
The switching valve allows for injection of denaturant on-chip.  The chip stands on a 
copper heater that is machined to allow for visualization.  Temperature is maintained 
between 55˚C and 60˚C with a Peltier device connected to a temperature controller 
(thermocouple allows for feedback control).    

Pressure-driven flow – pressure controller 

We have explored alternatives to the hydrostatic pressure-head to 

generate ccPCR flow.  In particular, we tested a software controlled 
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microfluidic flow sequencer (MFCS, Fluigent, Paris, France).  The sequencer 

independently controls air pressure in tubes containing the reagents and that 

are connected to the chip.  Each of the tube is connected to the microchip via 

100 µm ID PEEK tubing and Nanoport microfluidic connections (Upchurch 

Scientific, Oak Harbor, WA).  The flow calibration is performed the same way 

as the previous method, with the pressure adjusted on the software provided 

with the pressure controller. 

We note that other pressure controllers can be used there, for example 

the Mensor 6000, but we found that the MFCS was most convenient as it 

offers regulation of pressure in the 1 psi range. and can simultaneously control 

eight pressure outputs. 

PDMS device for initial loading of denaturant cycles 

We have performed preliminary experiments on a PDMS device that 

allows for initial creation of the denaturant cycles prior ccPCR.  This scheme 

does not require simultaneous ITP and flow control, which greatly simplifies 

the ccPCR process.   

We use a two-layer PDMS device with a network of valves that can be 

activated in two positions: a first injection position which allows for denaturant 

injection, and a ccPCR position that enables ITP though the chemical cycles.   

The chip was fabricated at ths Stanford Microfluidics Foundry.  The PDMS 

chip is plasma bonded to glass.  We show the Autocad drawing of the chip in 

figure A-2.  We designed the chip to create a total of 40 denaturant cycles, 
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injected in each of the U-turns of the main channel (between point c and d of 

the bottom right inset).   

All initial injection procedure are performed manually with 1 mL syringes, 

and valve pressurization is performed with a pump set to 25 psi. 

 

Figure A.2.  Multi-layer PDMS-glass device for ccPCR with initial loading of denaturant 
cycles.  The red channel corresponds to the flow layer and the green channels 
correspond to the control layer.  Initially, we fill all flow channels with LE.  We apply 
25 psi to V3 so that the main serpentine channel is closed at the interception c and d in 
the inset.  Using a syringe pump, we inject denaturant in the turns of the channel 
(between c and d).  Simultaneously, we inject the DNA sample in the wide channel from 
the TE reservoir.  We then release pressure in V3 and apply 25 psi to V1 and V2 to 
close the connecting channels at intersections a and b in the inset.  We place the TE in 
the TE reservoir and finally apply the electric field between TE and LE reservoirs.   

Initially, the serpentine channel is filled with the LE-PCR buffer.  We then 

pressurize V3 to isolate flow in the turns by closing the vales at point c and d 

(in the inset).  We then inject the denaturant at D1 and D@ into the turns 

through the connecting channels (passing point a and b).  At the same time, 

we will the wise channel connected to the TE reservoir with the DNA template 

solution.  Once the turns are fully filled with denaturant and the template is 

loaded, we remove pressure from V3 and pressurize V1 and V2.  This closes 
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the small channels connecting the turns (at point a and b in the inset), allowing 

generation of an electric field in the main reaction channel.  We then place 

THE in the TE reservoir and apply a potential difference between LE and TE to 

initiate ITP.  In such conditions (and under reduced electroosmostic flow), the 

denaturant cycles remain stationary in the reference frame of the laboratory.  

The ITP interface therefore experiment denaturing conditions in the turns and 

annealing and extension conditions in the straight part of the channel. 
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Appendix B. Injection protocol for multi-stage ITP: 
additional recommendations 

We described the strategy to prepare the chip for miRNA quantitation and 

molecular beacon assay in detail in Chapter III and IV.  In this appendix, we 

provide additional practical details to setup the multi-stage ITP. 

Chip and zone length 

The off-the-shelf chip design (model NS260, Caliper LS) is shown in 

Figure III-6 (reproduced below in Figure B-1 for convenience).  The multiple 

branches of this chip are ideal for initially setting up various LE zones.  For 

quantification of microRNA, we chose to perform ITP in 2 cm of LE1 (1 to A), 

4 cm to LE2 (A to B) and 8 mm of LE3 (B to the detector).  This injection 

protocol allows for high selectivity for miRNA.  In applications requiring where 

sensitivity must be privileged over selectivity, increasing the length of LE1 will 

be beneficial (for example by vacuuming from 5 instead of 3). 

Effect of intersections on focused sample 

The focused ITP sample passing an intersection may suffer loss of mass 

and dispersion.105  Moreover, leading ions present in the branch may leak into 

the main channel, possibly disrupting ITP.  To solve this, we create the LE 

zones so that there is a slight flow into the branching channel (for example, 

from A to 3).  To do this, we deliver a larger volume (10 µL) of solution in 1 and 

8 compared to the other reservoirs (5 µL).  The resulting difference of fluid 

level generates a slight pressure driven flow into the branches connecting.  
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We note that this induces loss of sample at the intersection, but we found that 

this loss was small and reproducible.   

 

Figure B-1: Design of the caliper NS260 borosilicate glass microchip.  Before each 
experiment, we fill the microchannels with LE1, 2 and 3 according the sequence 
described in Table III-3.  Channel width is not to scale.  The three LE zones are 
highlighted for clarity 

Vacuum 

We used a single vacuum line (GAST pump) to generate the LE zones.  

We use a 3 way fitting to split the line and use 200 µl pipette tips (without filter) 

to connect the line to the plastic caddy holding the chip.  We place the two 

resulting vacuum lines on the reservoirs (here 3 and 7).  We switch the pump 

on to generate vacuum.  If the ionic strength or polymer concentration varies 

significantly between LEs, the interface can be visualized at the intersection 

from their difference in index of refraction.  Finally, the release of vacuum is 

key to get reproducible LE zones.  Both line must be removed from the 

reservoir simultaneously to avoid disruption of the LE zones.  For example, if 

the vacuum was first released at 3, then at 7, this would induce significant flow 
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of LE1 into the LE2 zone, and affect the subsequent ITP dynamics.  For the 

same reasons, when rinsing the TE reservoir (1) with water before adding the 

sample, we recommend to use only a light vacuum.   

Rinsing between experiments 

PVP has relatively low viscosity compared to other traditional capillary 

electrophoresis matrices like hydroxyethyl cellulose or linear polyacrylamide.  

Such matrix is relatively easy to load in microchannels and does not require 

powerful vacuum.  However, we recommend not rinsing the channels with 

water between experiments.  Rinsing all polymer solution from the channel 

and subsequent refilling can take up to 6 min in our protocol, which 

considerably reduces experiment throughput without gain.  We suggest to use 

the matrix itself to perform rinsing.  This step takes 2 min (or less), cleans 

possible contamination from previous experiment (RNA or TE ions left in the 

channel).  Also, it continuously maintains conditions for reduced 

electroosmotic flow. 
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Appendix C. Free Flow Isotachophoresis for 
fractionation of nucleic acids and viruses  

The content of this appendix is the result of an ongoing collaboration with 

Klint Rose at the Lawrence Livermore National Laboratories.  The goal of this 

project is to build a free flow isotachophoresis module to separate nucleic 

acids from viruses in a biological sample (e.g. nasal rinse or blood).  We here 

present the preliminary results that initiated this project. 

Introduction 

Sample preparation becomes more tedious for contaminated samples.  

Detection of a virus or bacteria in a biological fluid requires further sample 

preparation, which is typically performed using traditional benchtop techniques.  

Currently, there is no system that allows for fully automated sample 

preparation for the detection of pathogens.  In particular, respiratory 

pathogens are particularly difficult to prepare for analysis as their 

concentration is low and the noise induced by other species is large.1  In the 

scope the development of a versatile, size based fractionation system for the 

preparation of aerosol pathogens, we developed and demonstrated an ITP 

unit able to filter sub-micrometer size species.  We demonstrated the efficacy 

of this filtration module by fractionating a larger volume of a mixture of DNA 

and MS2 bacteriophage virus.  This module offers the possibility to perform 

sample fractionation but can also be adapted to increase the throughput of the 

ITP-based nucleic acid purification described above. 
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We propose an ITP free flow electrophoresis (FFE) device to increase the 

throughput of ITP purification (described in chapter II) by orders of magnitude 

(to 0.1 ml/min).  FFE is based on electrophoretic separation where the electric 

field is applied perpendicularly to a sample flow stream.106  For the first time, 

we combine FFE with ITP so that species flow in one dimension while 

continuously being focused and segregated via ITP in a second dimension.  

Downstream collection streams allow us to extract purified species. We here 

propose to adapt this approach to collect, preconcentrate, and fractionate 

target biological compounds into sharp, focused streams.  Specifically, we will 

use free flow ITP to selectively extract DNA from complex samples. 

We show the principle of the free flow ITP device on figure C-1.  We apply 

flow to a four-inlet, three-outlet chamber.  The two pairs of slanted inlet and 

outlet channels on the peripheries are connected to off-chip electrodes with 

high conductivity buffers.  The top inlet has high conductivity TE, and the 

bottom high conductivity LE.  These outer high conductivity sheath flows act 

as nearly constant voltage “nodes” or “buses” (“liquid electrodes”) allowing a 

largely transverse field across the center TE/LE stream.  This allows us to 

move electrodes to traditional, vented, end-channel electrodes to avoid 

interference by electrolysis or electrochemical reactions.107  We inject the 

sample (in LE) in one inner (horizontal) inlet and TE in another and these 

merge before entering the focusing chamber (not shown).  Anionic species 

present in the sample will migrate towards the LE liquid electrode, and focus if 

and only if LE and TE bracket their mobility.  The careful selection of TE and 
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LE allows highly specific focusing of nucleic acids in the stream.  The focused 

stream can then be directed into a narrow outlet (horizontal) channel while the 

rest of the sample is collected in two other outlet channels.  We designed a 

prototype device based on this concept and discuss it below.   
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Figure C-1: Schematic representation of our free flow ITP nucleic acid extraction 
system.  The device is composed of a four inlet, four outlet channels.  A “liquid 
electrode” concept is applied wherein high conductivity sheath flows (in grey) of TE 
(topmost) and LE (bottommost) are used to apply a transverse electric field to a 
pre-stratified sample stream (near center with horizontal inlet) consisting of TE (top 
center) and a mixture of LE and sample (bottom center).  The dashed lines 
correspond to a schematic of electric field lines.  Sample flows directly from left to 
right by pressure driven flow.  Species migrate in order of increasing 
electrophoretic mobilities ν (close-up view on bottom left).  Only species with 
mobilities between those of the LE and TE will focus in a sharp stream.  An outlet 
collection channel allows extraction of the nucleic acid after focusing; the two other 
outlets allow recovery of alternately low and high mobility species purified from 
nucleic acids. 

Preliminary experiments demonstrating ITP-based extraction.  

On-chip ITP extraction of DNA from nasal rinse sample.  We have 

completed proof-of-principle experiments demonstrating the efficacy of ITP-

based selective extraction of extracellular DNA from nasal rinse.  We collected 
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a nasal rinse from a healthy patient using a commercial rinse solution (Ayr) 

and performed a series of ITP based extractions including negative controls as 

shown in Figure C-2. 

 

Figure C-2: Signals (staggered) from ITP extractions of nucleic acids from a nasal 
rinse from a healthy patient.  Each curve shows the channel-cross-sectional-
averaged fluorescence from DNA intercalating dye.  The bottom curve shows ITP 
where the LE is the nasal rinse.  It shows significant signal compared to the negative 
control.  The top trace corresponds to ITP of the same nasal rinse after DNA 
digestion by DNase. 

The channel is first filled with the nasal rinse sample.  The cathode 

reservoir is then filled with a solution of TE.  Upon application of an electric 

field, the fluorescent sample focuses at the interface between LE and TE.  As 

shown in the figure, pretreatment of the sample with DNase (enzyme 

specifically digesting DNA) shows that the fluorescent peak is DNA.  This 

experiment shows we can extract nucleic acids from a complex biological 

sample via ITP. 
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Preliminary experiments demonstrating free flow ITP-based extraction. We 

have built an initial prototype of our ITP-based FFE extraction system as 

depicted in Figure C-1 and completed a series of preliminary experiments 

demonstrating its efficacy.  Using this prototype, we performed a set of 

experiments where we verified focusing of DNA.  As shown in Figure C-3, a 

1 kbp DNA ladder focuses in a sharp and concentrated stream.  We were able 

to perform this experiment with a sample flowing at 100 µL.min-1, enabling 

processing of 1 mL of sample in 10 min.   

Demonstration of ITP chemistry for fractionation of viruses from DNA by 

free flow ITP. We performed a classical on-chip ITP assay with a sample 

containing MS2 bacteriophage and a 1 kbp ladder.  We labeled MS2 with the 

red fluorescent dye Alexa Fluor 594.  This yields a mixture of tagged viruses 

and free dye.108  We show ITP separation results in the inset of Figure C-4.  

This experiment demonstrates the potential of ITP to specifically purify and 

fractionate viruses from DNA and proteins.  A spacer focuses between the 

virus and a zone containing both tagged DNA and the labeling byproducts.  

The choice of this spacer is based on the known mobilities of the MS2 

bacteriophage and DNA.55, 109 
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Figure C-3: DNA focusing experiment in our free flow ITP device.  The high 
conductivity TE and LE “liquid electrode” sheath streams are respectively 1M HEPES 
and 0.5 M Tris hydrochloride, flowing at 20 µL.min-1.  Stratified TE and LE flow in the 
inner inlet channels at 40 µL.min-1; these are respectively 20 mM HEPES and 10 mM 
Tris hydrochloride containing a DNA ladder.  DNA focuses in a sharp stream.  The 
plot on the right shows axial average of the fluorescent signal.   

We also performed experiments demonstrating the ability of our FFE ITP 

device to focus, fractionate, and extract DNA from a virus stream.   We filter 

out DNA from a sample containing MS2 bacteriophage.  We show a sample 

result on Figure C-4.  We diluted the labeled viruses and DNA into the LE 

buffer.  Distinct emission wavelengths of the tagged virus and DNA allow 

separate visualization of their respective concentration fields.  We show 

results of the FFE ITP filtration experiment in Figure C-4.  Upon application of 

an electric field, DNA and free fluorophores focus into a sharp stream between 

TE (HEPES ions) and LE (chloride ions).  MS2 bacteriophage has lower 

mobility than the TE and consequently does not focus.  This results in the 
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unfocused “tail” region (on the left side of the axial-averaged fluorescence 

signal) which will be separated from the DNA using a spacer ion as in the inset.   

 

Figure C-4: Preliminary results demonstrating focusing of DNA while avoiding 
focusing of virus stream via free flow ITP.  LE contains tagged MS2 bacteriophage 
and DNA.  At the top, is a composite image of green (DNA) and red (free fluorophore 
and virus) fluorescence.  Below, the plot shows axial fluorescence average for each 
green and red emission wavelengths.  Visualization in the green shows a strong peak 
corresponding to DNA focusing.  In the red, the strong peak corresponds to free dye.  
The red fluorescent “step” signal between about 0.6 and 0.9 mm is due the 
unfocused, low-mobility virus.  The top left inset shows ITP separation of MS2 virus 
and DNA and free dye with the aid a spacer ion.  LE contains a DNA ladder and 
HEPES used as spacer.  Free dye focuses at the same place as the DNA. 
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Appendix D. Compatibility of chemical lysis with ITP 

We here present multiple lysis methods and discuss their compatibility 

with ITP.  We describe the most common and widely applicable lysis methods, 

but multiple alternate protocols can be found in the literature, in particular for 

particularly difficult lysis. 

Detergents 

Detergents are commonly used for multiple lysis protocols.  They have the 

ability to disrupt the cell membrane, and sometimes require mechanical 

grinding.  The choice of detergent will depend on the cell type.  For example, 

cells with weak membranes can be disrupted with a zwitterionic detergent, 

while tougher cells require the use of a charged detergent (which solubilizes 

lipid bilayers more effectively).  A drawback of the use of charged detergents 

is the possible denaturation of proteins in the cell (however this is acceptable 

when preparing of nucleic acids).   

The zwitterionic detergent series Triton X is widely used for mild lysis 

protocols, for example for disruption of white blood cells (cf. protocol in 

Chapter II).  Other zwitterionic detergents include CHAPS, Brij 35, TWEEN.  

For tougher lysis, for example for bacteria or yeast, ionic detergents such as 

sodium dodecyl suflate (SDS) are more efficient disruption agents.  A more 

comprehensive list of lysis agents can be found on the Sigma Aldrich 

website.110 
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Chaotropic agents 

Commercial kits for the extraction of nucleic acids generally use a reagent 

that allows for simultaneous lysis and phase separation of nucleic acids and 

proteins.  Chaotropic salts destabilize protein interactions and therefore disrupt 

cell walls (and simultaneously effectively denature proteins).  Commonly, high 

concentration guanidine salts (e.g. 6 M guanidine hydrochloride) are used as 

chaotropes for cell lysis.  These high concentration salts are typically used in 

conjunction with solvents with poor solubility (phenol, isopropanol, chloroform) 

for phase separation of proteins from nucleic acids.   

These reagents are extremely attractive for benchtop nucleic acid 

purification as they simultaneously lyse and avoid nucleic acid degradation 

(e.g. RNase degradation) but their on-chip implementation remains complex 

as it involves the control of multiple phases (liquid-liquid or solid-liquid). 

Compatibility with ITP 

In table D.1, we compare the different types of chemical lysis methods for 

combination with ITP based purification of nucleic acids.  The most practically 

lysis method for such combination is the use of neutral detergents.  We note 

that numerous additives can be used along with detergents to increase lysis 

performance (e.g. proteinase K, lyzozyme).   



Lysis methods Advantages Drawbacks ITP compatibility Typical 
concentrations 

zwitterionic 
(neutral) 
detergents 

generally simple 
chemistry (detergent 
+ buffer) 

enable use of 
additives (proteinase 
K or lysozyme) 

weak lysis (not applicable to 
bacteria) 

does not denature proteins 
(in particular RNase and 
histones)  

may require heating 

Yes Triton X100: 

0.1% for blood 
lysis 

ionic detergents 

 

strong lysis (e.g. for 
bacteria) 

potentially denature 
proteins 

inhibit PCR 

may require heating 

Require dilution of 
lysate (>10 fold) 

SDS: 

2.5% w/v 

chaotropic salts 

 

strong lysis 

inhibit nucleic acid 
degradation  

generally require phase 
separation 

inhibit PCR 

Require dilution of 
lysate (>100 fold) 

4 M guanidinium 
thiocyanate 

hypotonic buffers simple chemistry very weak lysis, rarely 
applicable 

Yes 5 mM sodium 
phosphate 

Table D.1. Summary of advantages and drawbacks of chemical lysis techniques and compatibility with ITP 
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