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This thesis consists of two parts. The first part focuses on development of a novel DNA 

separation technology by tethering DNA strands to a solid surface and then stretching the DNA 

with an electric field. The anchor is such designed that the critical force to detach a DNA is 

independent of its size. Because the stretching force is proportional to the DNA net charge, a 

gradual increase of the electric field leads to size-based removal of the DNA from the surface 

and thus DNA separation. This strategy may provide a convenient, low-cost, and high-speed 

alternative to existing methods for DNA separation, because sieving matrices are not required, 

separated DNA can be readily recovered, and in principle, there is no upper limit on the length of 

DNA that can be separated. Using this method, we have demonstrated (i) efficient separation of 

lambda  double-stranded DNA (dsDNA) (48,502 bp) from human genomic dsDNA (>100 kbp) 

in a dc electric field applied between two parallel plates, (ii) separation of short single-stranded 

DNA (ssDNA) with less than 100 nucleotides (nt) at 10-nt resolution by tethering and stretching 

DNA in microfluidic channels filled with a low conductivity buffer,  and (iii) separation of short 

ssDNA by taking the advantage of the strong yet evolving non-uniform electric field near the 

charged Au surface in contact with an electrolyte. 

The second part of my thesis focuses on development of a multistage separation 

technology to circumvent the challenge caused by non-specific interactions in current single-

stage magnetic separation techniques. The key idea is to allow the magnetic particles (MNPs) to 
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reversibly capture and release the targets by manipulating the hydrophobic interaction between 

the MNPs and the targets. This will be enabled by attaching temperature-responsive polymers to 

both the MNPs and the targets. Through temperature cycling, which triggers the reversible 

hydrophilic-to-hydrophobic phase transition of the polymers, the targets can be reversibly 

captured and released by the MNPs (due to hydrophobic interaction) at a higher efficiency than 

the non-targets which may also be captured and released by the MNPs due to non-specific 

interactions. The difference in the capture-and-release efficiencies of targets versus non-targets 

in a single cycle will be amplified by multiple separation stages, following a similar concept to 

the distillation process.  As a proof-of-concept demonstration, we have demonstrated efficient 

separation of poly(N-isopropylacrylamide) (PNIPAM,  a temperature responsive polymer)-

functionalized polystyrene (PS) microspheres from bare PS microspheres by using PNIPAM-

functionalized MNPs. The overall enrichment factor is observed to significantly increase with 

the number of separation stages, and reaches as high as 1.87×105 after 5 stages. 
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1.0  INTRODUCTION 

1.1 BACKGROUND ON DNA SEPARATION 

1.1.1 Structure of DNA 

DNA, or deoxyribonucleic acid, is a highly charged polyelectrolyte made up of a long chain of 

monomers, called nucleotides. The backbone of a DNA contains of four different types of 

nucleotides. Each nucleotide contains a phosphate group, a five-carbon sugar, and a heterocyclic 

nitrogenous base. The phosphate group is linked to the 5′ carbon of the sugar and the nitrogenous 

base is attached to the sugar’s 1′ carbon. Different nucleotides are distinguished by their 

nitrogenous bases. Four different bases are present in DNA: adenine (A), thymine (T), cytosine 

(C), and guanine (G). The nucleotides are linked together via an ester bond between the 

phosphate group attached to the 5′ carbon of the sugar and the hydroxyl group attached to the 3′ 

carbon of the sugar of the next nucleotide to form a long chain. Two strands of these long chains 

can interact through hydrogen bonds by pairing A+T and C+G, respectively. The particular order 

of the bases along the sugar-phosphate backbone is called DNA sequence. The exact genetic 

information coded in the sequence is used to construct other parts of the cell, RNAs and proteins, 

via transcription and translation respectively. Determining the DNA sequence is therefore the 



 2 

key to understand fundamental biological processes as well as applications such as diagnostics, 

forensics and personal medicine designing. 

1.1.2 Significance of DNA separation 

DNA separation is one of the most widely used analytical methods in molecular biology 

and biochemistry, and it is a core method for genomic analysis. Many research, health care, and 

forensic applications rely on DNA separation. Measurement of the length distribution of DNA 

molecules in a heterogeneous solution is required in many biological assays. Analysis of a DNA 

fragment based on the respective size can provide information about the sequence within the 

fragment, or the DNA from which the fragment was derived, from which major properties of 

genes can be obtained. Therefore, separation of DNA and other biomolecules on basis of size is 

the most important tool in genetics and several applications are undoubtedly related to 

improvements in DNA separation. These include DNA sequencing, genome mapping, 

development of biotechnology or diagnosis of genetic diseases, and even broader applications in 

genetic fingerprinting or DNA profiling. DNA separation enabled the completion of the Human 

Genome Project, which aimed at the deciphering of the gene sequence buried in a DNA molecule 

and was a milestone towards the understanding of life, with new insights into the properties and 

functions of genes. Even though a finished version of the human genome sequence is now 

available, the ability to sequence complex genomes, including the human genome and other 

complete DNA sequences of many animal, plant, and microbial species, remains critically 

important for researchers in the biological sciences. Continued human genomic sequence 

determination is critical for the promise of medical care tailored to an individual’s unique genetic 

identity, because understanding the pathways and effects genetic irregularities have on 
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abnormalities results in detection and actual solutions to diseases and disorders affecting humans 

worldwide. A challenge to realizing the true benefits of genomic analysis is that faster, less 

expensive and highly reliable sequencing methods must be developed and incorporated into 

routine detection methods, which will certainly benefit from the advances in DNA separation 

techniques.  

1.1.3 DNA separation techniques  

1.1.3.1 Slab gel electrophoresis 

Gel electrophoresis is the most widely used method for DNA separation. Electrophoresis refers 

to the motion of charged analytes under the action of an external electric field. In electrophoresis, 

separations of analytes are typically based upon the differential migration of analytes in the 

presence of an applied electric field, which results from differences in the effective charge-to-

size ratios of analytes. The separation of DNA molecules poses a challenge to free-solution 

electrophoretic techniques, because the charge-to-size ratio is similar for all DNA strands more 

than a few nucleotides in length.[1-3] The mobility is therefore size-independent in free-solution. 

The successful application of electrophoresis for DNA separation relied on the development of 

media such as sieving gels. The gel, usually polyacrylamide or agarose, is essential to the 

separation because it serves as a sieving matrix that affects the overall mobility of the DNA 

strand through steric interactions, with smaller strands moving through the gel faster than larger 

ones.[4-6] Polyacrylamide is a cross-linked polymer of acrylamide. The pore size of 

polyacrylamide gel is determined by the concentration of acrylamide used. Polyacrylamide gels 

are often used for high-resolution separations of smaller DNA fragments[7, 8] (less than 500 

nucleotides or bp). Agarose is a marine polysaccharide, which forms a thermo-reversible gel. 
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Agarose gels are cross-linked by hydrogen bonds and, can form larger pores, which makes then 

suitable for the separation of larger DNA fragments in range from 100bp to several kilo bases.[9, 

10] In a typical gel electrophoresis, DNA migrates through a gel with the application of a low 

electric field on the order of 1-10 V/cm to avoid generating excessive heat during a run. This 

often results in an upper limit for the efficient use of the technique. 

1.1.3.2 Pulse field gel electrophoresis 

The separation of large molecules (> 30 kilo base pairs) fails using conventional gel 

electrophoresis. Under a constant electric field, large molecules tend to orient their leading 

monomers in the direction of the field, leading to the mobility saturating to a size-independent 

value. However, the separation of large DNA molecules can still be achieved in gel 

electrophoresis when pulsed-field is applied.[11-18] It was found that DNA molecules 

demonstrate both size-dependent and size-independent velocity when subjected to field 

orientation changes. DNA molecules align from random conformation to the field direction in a 

size dependent way as a new field appears. When the steady state is reached, size-dependent 

velocity is no longer valid, and is replaced by the size-independent velocity. Therefore, for a 

given pulse frequency, longer fragments can not reach the steady state before pulse switching, 

while the shorter ones could migrate with steady state velocity, resulting in the larger ones 

lagging behind of the smaller ones. Pulsed field gel electrophoresis is a powerful tool that could 

separate DNA fragments from tens of kilo bases to few mega bases. While this extends the 

useful range of sizes, pulsed field gel electrophoresis remains a time consuming technique, as the 

separation of one chromosomal DNA for example can require up to several days. 
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1.1.3.3 Capillary electrophoresis 

Capillary electrophoresis (CE) is an analytical technique that attracted much attention for its 

efficiency and high resolution.[19-23] The separation occurs in a narrow capillary tube with an 

inner diameter between 25-100 μm and a total length of about several centimeters. To prevent 

problems such as clogging or gel breakage, the separation matrices used in CE are usually more 

fluid than gels. Entangled polymer solutions are the most widely and successfully used ones.[24-

26]  

CE is very useful and efficient in operating fast separations with higher output than 

conventional gel electrophoresis. The high surface to volume ratio of the capillary could reduce 

Joule heating, which makes it possible to use high electric fields (normally 200-300 V/cm in CE, 

and less than 50 V/cm in conventional gel electrophoresis) leading to improved output and 

resolution. CE devices also introduced a high level of automation;[27] capillary-array automated 

sequencers[28, 29] allow separations at least one order of magnitude faster than slab-gel 

electrophoresis. The development of these types of automated devices enabled the completion of 

the human genome project earlier than expected. 

In CE, the magnitude and direction of the electroosmotic flow, i.e., the fluid motion 

generated by the mobile counterions close to the charged surface of the capillary walls, is very 

important for optimization of peak resolution and analysis time. [30] It is difficult to achieve a 

well-resolved CE separation when the speed of electro-osmosis markedly exceeds that of analyte 

migration, due to the dominating nonselective transport. Coating the surface with polymers or 

silanization of surface silanol groups may reduce the effects of the electro-osmotic flow.[31-33] 

Similar to gel electrophoresis, there exists a critical size above which DNA molecules cannot be 
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separated using entangled polymers in capillaries. However, the loss of resolution is attributed to 

hydrodynamic instabilities rather than chain orientation.[34, 35] 

1.1.3.4 Micropost arrays  

Inspired by the original idea of Volkmuth and Austin,[36] Doyle et al. and Kaji et al. 

designed a well-defined regular array of microposts,[37-42] with a diameter of 1μm. 

Experimental results and theoretical investigations of the mobility and the diffusivity of DNA 

based on a model of single-post collisions and random translation between the collisions, 

indicate that the resolution is independent of the electric field magnitude. In contrast to gel 

electrophoresis, separations of long DNA (50-150 kb) within a few minutes were reported.  

1.1.3.5 Entropic traps 

Han et al.[43-45] developed an entropic-based system for DNA separation with a nanochannel 

consisting of alternating thick and thin regions. DNA molecules moving along the channel in an 

applied electric field get trapped in the thick regions with an escape rate that is related to their 

size. The longer molecules have a greater surface contact area with the boundary and therefore 

have a higher probability of escaping into the thin regions than the shorter chains, leading to 

size-dependent separation. Another entropy-based system is a chip[46, 47] containing two 

different regions—a plane region and a region containing a dense array of nanopillars. The 

entropy of a DNA molecule is lower in the pillared region, where it adopts fewer configurations 

than in the plane region. With the application of an electric field, DNA molecules, originally 

placed at the plane–pillared region interface, pass through the pillared region. Smaller molecules 

enter the pillared region entirely, whereas larger molecules entered only partially. The part of the 

longer molecule trapped by the pillared region experiences an entropic force. When the electric 
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field is turned off, the larger molecules tend to recoil back and enter into pillar-free region where 

the entropy is maximized. Smaller molecules that are completely present in either of the two 

regions do not experience any force owing to their uniform entropies.  

1.1.3.6 Self-assembly of supermagnetic beads 

Doyle et al.[48] took advantage of the self-assembly properties of supermagnetic beads to create 

a quasi-two-dimensional array of columns comparable to post arrays in a thin region between 

two plates without the use of sophisticated lithographic techniques. The spacing between the 

columns or the pore size may be tuned by varying the particle concentration and the distance 

between the plates. Such a device has the ability to vary the pore size (from 1 to 100 mm) with 

time that helps in the separation of DNA molecules of a wide size range. Based on the same 

concept, various ordered sieving structures have been proposed for DNA separation.[49-52] The 

main idea is to induce the self-assembly of colloidal particles, to construct a well ordered 

nanostructure that can be used to sort DNA molecules. While earlier devices focused on the void 

spaces between the particles as a sieving matrix in the microfluidic, the inverse structures, 

consisting of well-ordered spherical cavities, connected by narrow pores, are also currently used 

for DNA separations, as well as the study of single-molecule behavior in confining geometries.  

1.1.3.7 Nanopores 

Nanopore analysis is an emerging technique that uses a voltage to drive molecules through a 

nanoscale pore in a membrane between two electrolytes, and then monitors change of the 

electrolytic current through the nanopore as single molecules translocate through it. For example, 

a nanopore formed from staphylococcal a-hemolysin reconstituted in a lipid membrane has been 

used like a molecular-scale Coulter counter.[53] When a voltage is applied across the membrane, 
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DNA in electrolyte passes through an a-hemolysin pore, temporarily blocking the electrolytic 

current through the pore. The magnitude and duration of the blocking transient provides a signal 

that has been used to discriminate between individual DNA hairpins differing by a single base 

pair. Nanopores can be a biological protein pore [54-56] or a pore in a solid-state 

membrane.[57-60] Biological nanopores have advantages such as, the atomic precision in 

assembly; almost perfect repeatability of nanopore structure; and the ability to use genetic 

techniques to tailor the physical and chemical properties. Solid-state nanopores are becoming 

highly versatile alternative to biological nanopores due to several advantages such as tunable 

diameter and shape with subnanometre precision, the ability to fabricate high-density arrays of 

nanopores, superior mechanical, chemical and thermal properties, and the possibility of 

integrating with electronic or optical readout techniques. The major challenges in the field are to 

reduce the speed at which the DNA molecule translocates through the nanopore (so that the 

bases can be reliably identified) and to improve the sensitivity, which will require new sensing 

methodology and devices.[61] 

1.2 SEPARATION OF CELLS: BACKGOUND AND SIGNIFICANCE 

Separation of biological targets, such as cells, proteins and peptides, from other sample 

components is an important process for sample preparations, which are the foundations for 

medical diagnostics, therapeutics, and environmental monitoring. It is essentially useful to 

separate the desired rare cells from a number of cells quickly and accurately.[62-67] For example, 

circulating tumor cells (CTCs) in cancer patients are strong predictors of the spread of cancer 

from primary to metastatic disease.[68-71] The level of CTCs detected in body fluids such as 
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whole blood and urine yields prognostic information and might help tailor systemic therapies to 

the individual needs of cancer patients. However, the concentration of cancer cells in a blood 

sample is very low (100 cells/mL normally) compared to other blood cell types.[72, 73] As a 

result, technologies capable of rapidly isolating rare desired targets from a heterogeneous 

population are highly demanded. 

Several techniques have been reported for the effective isolation and purification of target 

cells. Among them, the immuno-based techniques such as fluorescence-activated sorting[74-77] 

and magnetic-activated sorting[76, 78-82] have been successfully applied in practical 

applications, for example, isolation of target cancer cells from the clinical samples.  Based on the 

specific affinity between the surface antigens of cancer cells and the fluorescent dye-labeled 

antibodies or immunologically labeled magnetic beads, target cells can be indentified and then 

sorted for further analysis. Another filtration-based method has been demonstrated to 

successfully separate circulating tumor cells from a peripheral blood sample by using a 

membrane filter.[83, 84] However, large and expensive equipment such as centrifuges and 

shakers, as well as well-trained personnel is required. Moreover, the lengthy diagnosis protocol 

is relatively costly and time-consuming.  

The microfluidic-based sorting technique improves the process by miniaturizing amount 

of equipment, reducing costs and increasing flexibility.[85-89] Despite their success in 

manipulating microliter amounts of simple liquids, they have thus far shown limited capability to 

deal with large volumes (milliliters) of complex samples.[90, 91] Additionally, false results 

caused by the non-specific interactions between the targets and the surfaces encountered in the 

separation process are unavoidable in practical applications regardless of the differences in 

varied techniques. Therefore, there has been steadily growing interest in developing new 



 10 

strategies for the isolation of rare targets from a heterogeneous mixture with a higher sensitivity 

and efficiency.  

1.3 OVERVIEW OF OUR RESEARCH 

Developing alternative separation technologies for DNA molecules of various lengths have 

attracted considerable attention as they reduce the cost of genome sequencing, and allow 

separation of intact chromosomes, construction of long-range gene maps, cloning of large DNA 

fragments, and discovery of chromosome-length polymorphisms. In the first part of my 

dissertation, we have developed novel DNA separation technologies that are fundamentally 

different from the conventional electrophoresis-based ones. Separation of DNA was based on 

first tethering DNA fragments onto a solid surface through precise end-hybridization and then 

sequentially pulling the DNA off the surface using an electric field. The anchor is such designed 

that the critical force to detach a DNA fragment is independent of the chain length. Because the 

electrical force applied to each DNA fragment is proportional to its net charge, a gradual increase 

of the electric field leads to a size-based detachment of the DNA strands-longer DNA fragments 

first departing the surface followed by the shorter ones. 

Based on this concept, we first immobilized long double-stranded (ds) DNA molecules 

on a glass slide through short DNA anchors attached to its surface. We then put the sample 

between two conducting glasses in a chamber filled with a buffer solution. Application of a DC 

electric field stretches out the long dsDNA molecules, resulting in forces that break the hydrogen 

bonds linking them with the shorter DNA anchors connected to the substrate. The DNA 

molecules were covalently labeled with fluorophores for the detection of detachment of the DNA 
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molecules from the surface. We have demonstrated efficient separation of lambda-DNA (a 

standard length of viral DNA containing 48,502 base pairs) from human DNA comprising about 

100,000 base pairs (Chapter 2).  This simple and highly efficient separation technology can be 

implemented with a simple DC electrical field, does not require separation matrices such as gels 

or polymer solutions, and in principle has no upper limit on the length of the DNA that can be 

efficiently separated. 

Separation of short DNA fragments, which is required for DNA sequencing, by the above 

experimental setup for long DNA separation is challenging because an extremely large electric 

field is needed to load the short DNA fragments with a large enough stretching force that can 

pull them off the surface. Such large electric field requires very high electric potential, which 

may cause various problems such as Joule heating and side electrochemical reactions in the 

buffer solution. In Chapter 3, we developed an integrated microfluidic platform for separation of 

short DNA fragments. We applied geometric variation to the microfluidic channel to generate 

high electric fields with relatively low electric potential and employed a low conductivity buffer 

to further reduce the electric current. We were able to use the strong electric field to pull short 

single-stranded DNA (ssDNA) fragments off the surface with negligible Joule heating in the 

microchannel. Efficient separation of single-stranded DNA at a 10-nucleotide resolution was 

demonstrated. Theoretical analysis indicates that the separation resolution is limited by the 

fluctuation forces on tethered DNA chains. 

In Chapter 4, we developed a second approach for separation of short ssDNA fragments 

by taking the advantage of the strong yet evolving non-uniform electric field near the Au surface 

in contact with a buffer solution which is gradually diluted by deionized water. We showed that 

by tethering the ssDNA to an Au electrode and applying a relatively low electrode potential on 
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the Au electrode, ssDNA strands of different lengths can be separated by gradually diluting the 

buffer solution in contact with the Au electrode. The high electric field strength inside the 

electrical double layer at the gold/electrolyte interface allows us to pull short ssDNA strands off 

the surface with a very low electrode potential. Electrochemical reactions are avoided by 

maintaining the low electrode potential within the ideally polarizable region. Tuning the ion 

concentration of the electrolyte solution allows regulation of the non-uniform electric field. By 

gradually decreasing the ion concentration, longer ssDNA strands are detached first and then 

followed by the shorter ones. A numerical analysis based on a simple electric double layer model 

provides semi-quantitative explanations of the experimental results.  

In the second part of this dissertation (Chapter 5), we presented a multistage magnetic 

separation scheme that is able to effectively circumvent the problem caused by the non-specific 

interactions by introducing multiple capture-and-release cycles to the magnetic separation 

process. We have demonstrated a multistage magnetic separation process that is able to separate 

PNIPAM-functionalized PS microspheres from bare PS microspheres by using PNIPAM-

functionalized MNPs. The reversible hydrophilic-to-hydrophobic transition of PNIPAM 

molecules enables us to manipulate the hydrophobic interactions between the MNPs and the 

microspheres upon cycling the temperature, and to separate the target microspheres from non-

target microspheres in multiple stages through capture-and-release cycles. The overall 

enrichment factor is observed to significantly increase with the number of separation stages, and 

reaches as high as 1.87×105 after 5 stages.  
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2.0  SEPARATION OF LONG DNA MOLECULES THROUGH CLEAVAGE OF 

HYDROGEN BONDS UNDER A STRETCHING FORCE 

We develop a novel technology of separating long DNA molecules in different lengths by 

breaking hydrogen bonds that tether the DNA molecules to a substrate. The hydrogen bonds are 

broken by stretching the DNA molecules in an electric field, which produces forces proportional 

to the length of the DNA. This separation technology can be implemented with a simple DC 

electrical field, does not require separation matrices such as gels or polymer solutions, and has 

no upper limit on the length of the DNA that can be efficiently separated. Efficient separation of 

Lambda DNA (48,502 bp) from human genomic DNA (> 100 kbp) using this technology is 

demonstrated. 

2.1 INTRODUCTION 

DNA separation by length is the foundation for DNA sequencing, manipulation, analysis, and 

cloning in molecular biology. Classical gel and capillary electrophoresis—the current core 

technologies for DNA separation—have an upper limit of about 40 kbp (kilobase pair) on the 

length of the DNA that it can efficiently separate.[92] Separation technologies for long DNA 

molecules are demanded, as they reduce the cost of genome sequencing[93] and allow separation 

of intact chromosomes,[94] construction of long-range gene maps,[95] cloning of large DNA 
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fragments,[96] and discovery of chromosome-length polymorphisms.[97] Pulsed field gel 

electrophoresis[98] (PFGE) and pulsed field capillary gel electrophoresis[99] (PFCGE) have 

raised the upper length limit of DNA separation in agarose from 30 to 50 kbp to over 10 Mbp 

(megabase pair). Although PFGE and PFCGE have profoundly altered the study of genes and 

genomes as both preparative and analytical tools, they both have intrinsic upper limits on the 

length of the DNA that they can efficiently separate. In addition, they are time consuming and 

cumbersome, and they require complex methods to recover the separated DNA from the gel. 

Therefore, there has been considerable interest in developing alternative technologies for long 

DNA separation, among which entropic trap arrays,[44] diffusion sorting arrays,[40] and 

transports of DNA in microfluidic and nanofluidic channels[100] have shown promising results. 

However, significant improvements are still needed to incorporate these technologies into 

established bioanalysis protocols for wide applications. 

Here, we develop a technology for separating long DNA molecules by cleaving hydrogen 

bonds that tether one end of the long DNA molecules to a short DNA probe immobilized on a 

surface. The hydrogen bonds are cleaved by stretching the DNA in an electric field, which 

produces forces proportional to the length of the DNA—longer DNA molecules possess more 

negative charges at a physiological pH and thus are loaded with greater forces than shorter ones. 

Therefore, the longer DNA molecules are unzipped from the probe and depart the surface earlier 

than the shorter ones when the strength of the electric field is gradually increased. This 

separation technology in principle has no upper limit on the length of the DNA that can be 

efficiently separated. 

We demonstrate efficient separation of lambda double-stranded (ds) DNA (48 502 bp) 

from human genomic ds-DNA (90% of the sample is greater than 100 kbp in size) based on 
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length difference. Lambda DNA and human genomic DNA are covalently labeled with 

fluorophores Alexa 488 and Alexa 568, respectively, before they are mixed and used as our 

DNA mixture sample. The separation results are monitored using the fluorescence intensities 

detected from the DNA molecules. 

2.2 STATISTICAL MECHANICS MODEL OF UNZIPPING DOUBLE STRANDED 

DNA 

Similar to the bulk thermally driven melting transition of dsDNA, the unzipping of dsDNA under 

a stretching force can be described at varying levels of details by a number of models, all of 

which are expected to give the same universal behavior on long enough length scales. One 

popular choice is an Ising-like description,[101] in which a base pair is taken to be in one of two 

discrete states-open or closed. By convention, the free energy of an unconstrained base pair in 

the open state is set to zero. The Hamiltonian of a semi-infinite strand can be written as a sum of 

energies associated with successive paired and unpaired regions. In the continuum limit, the 

simplest such description of a dsDNA of finite length N has the Hamiltonian: 
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where R(n) is the relative displacement of the two single strands at base pair n, d is the spatial 

dimension, a is the backbone length of a chemical monomer along a single strand, b is the Kuhn 

length of single-stranded DNA, 231.38 10Bk −= ×  J/K is the Boltzmann constant, and T is the 

temperature at which the DNA is stretched. The first term describes the entropic elasticity of the 
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single strands, and the second term accounts for the attractive interactions between the two single 

strands. 

This model can be readily extended to include a force pulling apart the double-stranded 

molecule. A constant force acting at the end of the DNA to separate the two single strands 

contributes an energy that is linear in their separation. For the continuum model, one can add a 

term to the Hamiltonian of the form: 

∫ ⋅=⋅−=Η
N
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dRdnFrFF

0
, )( .                                  (2) 

When both strands of the DNA to be separated are linear and can be considered as a Gaussian 

chain. 

By viewing the energy CΗ  and pullC ,Η  of the continuum model (Eqns. 1 and 2) as an 

imaginary time quantum mechanical action, the critical force (Fc) upon which the dsDNA unzips 

can be estimated by:  

b
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F B
c

0=                       (3) 

Here g0 is the average binding energy per base pair of dsDNA, b is the Kuhn length of the 

single-stranded DNA. Schematic phase diagram in the temperature– pulling force (T-F) plane of 

a dsDNA molecule in three dimensions is shown in Figure 1. At large enough forces the dsDNA 

will unzip completely, whereas for very small forces at most a few bases will open. The phase 

diagram shows that these two regimes are separated by a sharp first-order phase transition. 

Below the critical force Fc, only a finite number of bases at the end of the double strand are 

pulled open; in the thermodynamic limit of an infinitely long DNA molecule, the pulling force 

thus has no effect on the fraction of open bases, which remains very small in physiological 
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conditions. Above Fc, the entire molecule unzips, and the fraction of open bases jumps 

discontinuously to one. 

 

 

Figure 1. Schematic model of the DNA unzipping transition. One of the strands of the dsDNA molecule with a base 

sequence consisting of A and T bases is attached by its end to a solid surface, and the other strand is pulled away 

from the surface with a constant force F. As a result, the double strand partially denatures, separating m base pairs 

(m = 2 in the figure). The distance between the ends of the two single strands, or extension, is r. Inset is a schematic 

phase diagram[101] in the temperature (T)-pulling force (F) plane of a dsDNA molecule. 

2.3 SEPARATION OF LAMBDA DOUBLE STRANDED DNA FROM HUMAN 

GENOMIC DOUBLE STRANDED DNA  

We expect to separate lambda double-stranded (ds) DNA (48,502 bp) from human genomic ds-

DNA (90% of the sample is greater than 100 kbp in size) based on length difference. Lambda 



 18 

DNA and human genomic DNA are covalently labeled with fluorophores Alexa 488 and Alexa 

568, respectively, before they are mixed and used as our DNA mixture sample. The separation 

results are monitored and reported using the fluorescence intensities detected from the DNA 

molecules. 

Figure 2 schematically shows the separation process. It began by tethering the 3′ end of 

the lambda DNA and the human genomic DNA to the surface of a glass slide via hydrogen 

bonds between a series of thymine (T) bases of a poly-T oligonucleotide probe immobilized on 

the glass and a series of adenine (A) bases of a short poly-A tail added to the 3′ end of the long 

ds-DNA (Fig. 2a). The poly-T probe was a 3′-amine-modified 20-mer (5′-

TTTTTTTTTTTTTTTTTTTT-NH2-3′) and was covalently immobilized to the amine-

functionalized glass slide via glutaraldehyde. The poly-A tail consisting of 50-100 A bases was 

added to the 3′ end of the long ds-DNA molecules by a terminal transferase-catalyzed reaction. 

The poly-A tail of the long DNA molecules was then hybridized with the poly-T probe via a 

series of hydrogen bonds (N-H⋯ O and N⋯ H-N) between the A-T base pairs (Figure 2b). 

The glass slide with immobilized long DNA molecules was then loaded into a chamber 

made by sandwiching a polydimethylsiloxane (PDMS) membrane between two indium tin oxide 

(ITO)-coated glass slides (Figure 3). The ITO-coated glass slides provide a transparent window 

for observing the sample inside as well as a conducting layer that can be connected to a dc power 

source to form an electric field across the chamber. The distance (d) between the two ITO 

conducting layers at the top and bottom of the chamber was 5 mm. After the chamber was filled 

with a trisborate ethylenediamine tetra-acetic acid (TBE) buffer solution (pH 8.3), a dc voltage 

was applied across the chamber and was increased stepwise from 0 to 400 mV with an 

increment of 25 mV. The buffer solution was collected and replaced with a fresh buffer after 
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each increment of the dc voltage. The inside glass slide with immobilized DNA was observed 

under a fluorescence microscope after each time the buffer solution was collected. 

 

 

Figure 2. Schematic process flow for separating lambda DNA from human genomic DNA by length. (a) A poly-A 

tail is added to the 3’ ends of the DNA molecules using a terminal transferase, and a poly-T probe is immobilized on 

the surface of a glass slide by covalently linking the amine-modified 3’ end. (b) The DNA molecules with the poly-

A tail are hybridized with the poly-T probe, and therefore are tethered to the substrate via a series of hydrogen bonds 

between the A-T base pair. (c) When a DC electric field (E) is applied, the DNA molecules are loaded with a 

stretching force (F), which is proportional to the length (the number of base pairs) of the DNA. When the force 

exceeds the strength of the hydrogen bonds between the A-T base pair, the base pairs start to dissociate, and the long 

DNA molecules are detached from the substrate. Because the human genomic DNA is longer than the lambda DNA 

and thus possesses more negative charges, they are loaded with greater stretching force and detached earlier than the 

lambda DNA as the strength of is gradually increased. (d) After the strength of further increases, the lambda DNA is 

also detached from the substrate, but separately from the human genomic DNA. 
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Figure 3. Schematic experimental setup for long DNA separation. A chamber is formed by sandwiching a PDMS 

membrane between two ITO-coated glass slides. The ITO coating provides a conducting layer that can be connected 

to a dc power source to apply an electric field across the chamber. 

Figure 4 shows the fluorescence images of the glass slide with immobilized DNA 

molecules taken after applying dc voltages varying from 0 to 400 mV. The fluorescence 

intensities are plotted as a function of the DC voltage in Figure 5a. It is observed that the 

fluorescence intensity detected from the fluorophore-labeled human genomic DNA starts to 

decrease significantly when the applied DC voltage is 25 mV, and reaches nearly a constant 

value when the voltage exceeds 100 mV. In contrast, the fluorescence intensity detected from the 

lambda DNA stays almost constant until the voltage is increased to 250 mV, after which it starts 

to decrease dramatically and reaches a nearly constant value as the voltage is greater than 250 

mV. Figure 5b plots the fluorescence intensities decrease corresponding to the amount of DNA 

detached from the substrate when the DC voltage is increased stepwise. It is obvious that the 

lambda DNA is separated from the human genomic DNA. 
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Figure 4. Fluorescence images of the glass slide with immobilized DNA mixtures consisting of lambda DNA 

(labeled with fluorophore Alexa 488) and human genomic DNA (labeled with fluorophore Alexa 568) when a 

stepwise increasing DC voltage is applied. The images are taken after (a) 0, (b) 25, (c) 50, (d) 75, (e) 100, (f) 200, (g) 

300, and (h) 400 mV DC voltage is applied, respectively. The scale bars are 300 μm. 

 

The long DNA molecules are polyanions at pH 8.3 in the TBE buffer solution. When the 

DC voltage (V) is applied with an electric field ( E


) facing the glass surface, the DNA molecule 

is loaded with an electrostatic force ( sF


) that stretches it out of the glass surface (Fig. 2c), which 

is proportional to the amount of charge that the DNA molecule possesses and to the applied dc 

voltage. Following an earlier DNA electrophoretic measurement,[102] we estimate that the 

stretching force is given by sF


  = 0.1eN E


, where 0.1e is the effective charge per base pair of the 

DNA in the TBE buffer and N is the total number of base pairs. When the stretching force 

exceeds the strength of the hydrogen bonds (N—H∙O and N⋯ H–N) between the A-T base pairs, 

the poly-A tail of the long DNA molecule unzips from the poly-T probe and the long DNA 

molecule departs the surface (Fig. 2c). Because the unzipping of the poly-T from the poly-A 

follows a first-order phase transition,[103] dissociation of the base pairs takes place in an 

avalanche manner. As a result, the stretching force that is needed to break the hydrogen bonds 

between a series of A-T base pairs is mainly determined by the binding strength of one A-T base 
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pair rather than the number of A-T base pairs tethering the long DNA to the poly-T probe. We 

estimate that at 296K, the A-T base pairing energy (g0) is -0.705 kcal/mol.[104] 

 

 

Figure 5. (a) Fluorescence intensities detected from the fluorophore-labeled lambda DNA and human genomic DNA 

as a function of the applied DC voltage. (b) The decrease in the fluorescence intensities corresponding to the amount 

of DNA detached from the substrate when the DC voltage is increased stepwise. 
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While the stretching force that is needed to detach the long DNA molecules from the 

surface is independent of the DNA length, longer DNA molecules are loaded with greater 

stretching forces than shorter ones under the same electric field. Therefore, when the strength of 

the electric field gradually increases, the stretching force loaded to the longer DNA molecule 

induces the dissociation of the A-T base pairs first and the longer DNA molecules are detached 

from the substrate earlier than the shorter ones (Figure. 2c). Thus, by gradually increasing the dc 

voltage across the chamber, DNA molecules of different lengths can be separated, with longer 

ones detached from the substrate first. 

Calculation of the stretching force loaded to the lambda DNA at 250 mV gives a critical 

value of 0.039 pN for inducing the disscociation of the A-T base pair. This value is comparable 

to the mechanical unzipping force of bgTkF Bc /0=


= 0.045 pN predicted on the basis of a 

Gaussian-chain model for long DNA,[101] where kB = 1.38×10−23 J/K is the Boltzmann constant, 

T = 296K is the temperature at which the DNA is stretched, and b = 100 nm is the Kuhn length 

for ds-DNA. 

2.4 CONCULSIONS 

The above result demonstrates the potential of this technology for efficient separation of long 

DNA molecules, although further investigation is needed to quantify the separation resolution of 

this technology. Because the proportionality between the stretching force and the length of the 

DNA holds regardless of the DNA length, this technology in principle has no upper limit on the 

size of the DNA that can be efficiently separated. The separation process does not require 

separation matrices such as gels or polymer solutions, complex lithography techniques, or power 
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supplies to generate a pulsed field. The recovery of the DNA after separation is straightforward. 

There is no apparent technical barrier either to scale up the device for batch operation or to 

shrink it down to micrometer size for integration with lab-on-a-chip systems. The simplicity of 

this technology will greatly facilitate its incorporation with established bio-analysis protocols. In 

addition, such a system may provide an effective experimental approach for investigating the 

dynamic strength of hydrogen bonds between DNA strands. 
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3.0  SEPARATION OF SINGLE-STRANDED DNA FRAGMENTS AT A 10-

NUCLEOTIDE RESOLUTION BY STRETCHING IN MICROFLUIDIC CHANNELS 

We have developed a novel DNA separation method by tethering DNA chains to a solid surface 

and then stretching the DNA chains with an electric field. The anchor is such designed that the 

critical force to detach a DNA chain is independent of its size. Because the stretching force is 

proportional to the DNA net charge, a gradual increase of the electric field leads to size-based 

removal of the DNA strands from the surface and thus DNA separation. Here we show that this 

method, originally proposed for separation of long double-stranded DNA chains (>10 000 base 

pairs), is also applicable to single stranded (ss) DNA fragments with less than 100 nucleotides 

(nt). Theoretical analysis indicates that the separation resolution is limited by the fluctuation 

forces on tethered DNA chains. By employing a microfluidic platform with narrow channels 

filled with a buffer of low ionic conductivity, we are able to apply a strong electric field to the 

DNA fragments with negligible Joule heating. Upon stepwise increments of the electric field, we 

demonstrate efficient separation of short ssDNA fragments at a 10-nt resolution. 

3.1 INTRODUCTION 

DNA separation by size is the foundation of biotechnology for DNA sequencing, manipulation, 

and bioinformatics analysis. Motivated by the broad applications of DNA separation, we have 
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been developing a novel DNA separation method that is fundamentally different from classical 

gel and capillary electrophoresis. Our method is based on first tethering DNA fragments onto a 

solid surface through precise end-hybridization and then sequentially pulling the DNA off the 

surface using an electric field.[105] The anchor is such designed that the critical force to detach a 

DNA fragment is independent of the chain length. Because the electrical force applied to each 

DNA fragment is proportional to its net charge, a gradual increase of the electric field leads to a 

size-based selection of the DNA strandslonger DNA fragments first departing the surface 

followed by the shorter ones. This separation strategy may provide a convenient, low-cost, and 

high-speed alternative to existing methods for DNA separation.[40, 41, 44, 48, 99, 106-110] 

Because the new method does not require separation matrices such as gel or polymer solutions, 

and in principle there is no upper limit on the size of DNA fragments that can be efficiently 

separated. Efficient separation of lambda DNA (48,502 base pairs) from human genomic DNA (> 

100,000 base pairs) has been demonstrated using this method.[105] However, it remains 

unknown whether this method is applicable to separation of short DNA strands, e.g. with less 

than 100 nucleotides (nt), in which case, the solvent-induced fluctuation force on DNA 

fragments become significant in comparison with the incremental electric force and such 

fluctuation may severely compromise the separation efficiency. In addition, it is challenging to 

conduct experiments for separation of short DNA strands by employing the same experimental 

setup, e.g. a chamber made by sandwiching an insulating membrane between two conducting 

plates, which we have used for separation of the long DNA molecules. This is because a strong 

electric field (on the order of 105 V/m) is needed to load short DNA strands in order to pull them 

off the substrate. The large electric field may cause various technical problems such as Joule 

heating and side electrochemical reactions.  
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Here we show that by employing a microfluidic platform with narrow channels filled 

with a low conductivity buffer, we are able to use a strong electric field to pull short single-

stranded DNA (ssDNA) fragments off the surface with negligible Joule heating. Efficient 

separation of single-stranded DNA at a 10-nucleotide resolution is demonstrated by first 

tethering the DNA fragments onto a solid surface through precise end-hybridization and then 

sequentially pulling the DNA off the surface using an electric field applied along a microfluidic 

channel. Theoretical analysis indicates that the separation resolution is limited by the fluctuation 

forces on tethered DNA chains, which agrees well with experimental results.  

3.2 EXPERIMENTAL DESIGN 

Figure 6 presents the schematic process for separating the short ssDNA stands by length in a 

microfluidic channel. First, ssDNA of different lengths are hybridized with the common 

biotinylated DNA probes (Fig. 6a). Then, the hybridized ssDNA-probe duplexes are introduced 

into the microchannel and are immobilized onto the streptavidin-coated bottom surface of the 

microchannel via strong biotin-streptavidin interaction (Fig. 6b). Upon application of a DC 

electric field (E) along the microchannel, each ssDNA strand is loaded with a stretching force 

with the strength proportional to its size. When the stretching force is sufficiently large, the 

ssDNA strands unzip from the probe and are sequentially detached from the surface (Figure 6c-

6d). Because longer ssDNA fragments are detached earlier than the shorter ones, ssDNA strands 

of different lengths are thus separated.  

Figure 7a presents the schematic top and side views of the microfluidic device employed 

in our experiments. The widths of the narrow and wide sections of the channel are 50 µm and 
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500 µm, respectively. The depth of the microchannel is around 35 µm. The total channel length 

is about 5 mm and the length of the middle narrow part is about 1 mm. A reservoir (~ 3 mm in 

diameter) is made at each end of the channel.  The channel is filled with 20 mM histidine buffer, 

and two platinum electrodes are placed in the reservoirs, which connect the liquid buffer to a 

voltage source that applies a DC potential in a staircase waveform (step potential: 50 V, step 

period: 1 s, as shown in Figure 7b) along the microchannel. Figure 7c displays a representative 

electric field profile inside the microchannel (the potential drop along the entire channel is 100 V 

in this particular case), which is simulated by using a 2D finite element analysis software 

(COMSOL Multiphysics). With this microchannel configuration, a uniform electric field may be 

obtained in the middle region of the channel where the ssDNA fragments are stretched and 

imaged. 
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Figure 6. Schematic steps for separation of ssDNA. (a) ssDNA strands in varied lengths are hybridized with a 

common biotinylated probe. (b) The hybridized ssDNA-probe duplexes are immobilized onto the glass bottom 

surface of a microchannel via biotin-strepavidin interaction. (c) The DNA is stretched in a DC electric field (E). 

When the stretching force is large enough, the ssDNA strands unzip from the probe and are detached from the 

surface. Because the longer DNA is loaded with greater stretching force (Fs) than the shorter one at the same E, 

when E is gradually increased, the longer one is detached earlier than the shorter one. (d) The longer DNA is pulled 

off the surface and separated from the shorter one.   
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Figure 7. Microfluidic channels for separation of short ssDNA. (a) Schematic top and side views of the microfluidic 

device. The widths of the narrow and wide sections of the channel are 50 µm and 500 µm, respectively. The depth 

of the microchannel is around 35 µm. The total channel length is about 5 mm and the length of the middle narrow 

part is about 1 mm. The reservoirs (~ 3 mm in diameter) are made at both ends of the channel. (b) The DC potential 

in a staircase waveform applied to the microchannel. (c) Simulated electric field profiles in the microchannel (with a 

potential drop of 100 V). A uniform electric field is obtained in the middle region of the channel. 
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3.3 DESIGN OF THE MICROCHANNEL AND MODELING OF THE ELECTRIC 

FIELD DISTRIBUTION IN THE MICROCHANNEL 

In this study, geometric variation was applied to a microfluidic channel to create a local high 

electric field in a geometrically defined section. The overall voltage across the channel was 

controlled to generate high electric field intensity in the defined section. The dimensions of the 

microfluidic channel (Figure 8) are: L1=1 mm, L2=2 mm, D1=50 µm, D2=500 µm. When a dc 

voltage V is applied to the buffer-filled channel, the potential drop at individual sections of the 

channel is proportional to its resistance within the section. The resistance of a certain section of 

the microchannel depends on the length, conductivity, and cross section area. For a channel with 

a uniform depth and varying width, the electric field strength is different in different section. The 

electric field strength in the narrow section E1 and in the wide section E2 can be roughly 

calculated according to the following equations: 

𝐄𝟏 = 𝑽
𝟐𝑳𝟐(𝑫𝟏 𝑫𝟐)+𝑳𝟏⁄                                                                               (4) 

𝐄𝟐 = 𝐕
𝐋𝟏(𝐃𝟐 𝐃𝟏)+𝟐𝐋𝟐⁄                                                                               (5) 

The width D1 is much smaller than the width D2 in our study, which leads to much higher 

electric field strength in the narrow section than those in the wide sections when a dc voltage is 

applied across the overall length of the microchannel.  

Modeling of the electric field distribution in the microchannels with different 

configurations was performed using Conductive Media DC model in COMSOL Multiphysics. 

We assumed no ion concentration gradient in the flowing fluid carrying the current and no 

presence of heating. The continuity equation ∇⋅J=Q, in which J is the current density, and Q is 

the current source. Here, J and Q are defined as J=σE and E=∇V (E is the electric field and V is 
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the applied dc voltage). With the absence of the current source, the Poisson’s equation reduces to 

Laplace equation ∇⋅(-σ∇V)=0, where σ is the conductivity. The buffer used in our experiment is 

isotropic and the conductivity σ is lower than 100 PS/cm. The boundary conditions are as 

following: 

1. n⋅J=0 (electrically insulated) at Y=±250 µm in wide sections and Y=±25 µm in narrow 

sections.  

2. V=the applied voltage at X=5 mm and V=0 at X=0 mm.  

Here, the central axis and the left end of the microchannel are designated as Y=0 and X=0. 

The modeling of the electric field strength in different configurations when a constant dc 

voltage across the channel is applied suggests that the field strength in the narrow section could 

reach about ten times higher than that in the wide section as the lengths of the narrow section and 

wide sections are regulated carefully.  

The current was stable in the microchannels. The joule heating can be estimated based on 

the current and applied dc voltage. In the worse case, the joule heating can introduce around 4K 

increase in the temperature of the solution, assuming no dissipation of the heat. The actual 

temperature increase in the solution would be lower than this due to the dissipation of the heart 

through the channel walls and the cooling system fixed below the micro-device.  

 

Figure 8. Configuration and dimensions of the microfluidic channel 
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3.4 MATERIALS AND METHODS 

3.4.1 Fabrication of microfluidic channels 

Microfluidic devices were fabricated by bonding a glass slide to a polydimethylsiloxane (PDMS) 

replica of a photoresist/silicon master mold with defined microchannels (Figure 3-3). The 

patterns of the microchannels were drawn by using a CAD software and printed with high 

resolution (10,000 dpi) on a transparency. The patterns were then transferred by 

photolithography to a photoresist film (SU-8 2000) spin-coated on a silicon wafer.  After the 

photoresist was developed and baked, the photoresist/silicon wafer was used as a master mold 

for making PDMS replicas. PDMS prepolymer and curing agent (Sylgard 184, Dow Corning 

Corp.) mixed at a 10:1 (w/w) ratio were poured onto the photoresist/silicon master mold and 

placed in a vacuum desiccator for 1 h to eliminate all air bubbles. PDMS was then thermally 

cured in an oven for 3 h at 70 °C. After cooling, the PDMS replica was gently peeled off from 

the master mold and the dimension of the microchannels on the PDMS replica was measured by 

using a surface profilometer. Reservoirs (3 mm in diameter) were punched at both ends of the 

microchannels. The PDMS replica was then cleaned extensively with acetone and ethanol 

sequentially, and blown dry with nitrogen. The glass slide was cleaned in piranha solution (made 

by mixing H2SO4 and 30 w.t.% H2O2 in a volume ratio of 7:3, CAUTION: Piranha solution is a 

strong oxidant and must be handled with extreme caution) for 30 min at 80 °C and then rinsed 

with deionized water and blown dry. The PDMS replica was oxidized in oxygen plasma and then 

bonded with the pre-cleaned glass slide to form an enclosed microchannel with open reservoirs.  
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Figure 9. Scheme for fabricating microfluidic channels. A system of channels is designed using a CAD software. (A) 

The CAD file is printed with a commercial printer to produce a high-resolution transparency (10,000 dpi). (B) This 

transparency is used as a photomask in photolithography to produce a master mold, which consists of a positive 

relief of photoresist on a silicon wafer. (C) Liquid PDMS pre-polymer is poured over the master mold and cured for 

3 h at 70 °C. (D) The PDMS replica is peeled from the master mold, and (E) reservoirs are punched at both ends of 

the channels and the PDMS replica is sealed to a flat glass surface to enclose the microchannels. 
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3.4.2 DNA samples 

Fluorophore-labeled ssDNA fragments in 4 different lengths (60-nt, 70-nt, 80-nt and 90-nt) were 

used to demonstrate the efficiency of the new separation method. Sequences of these ssDNA 

fragments are listed in Table 1. They all have a common tail of 15 bases long at the 5' end, which 

is used to hybridize with a common probe. The DNA probe is modified with biotin at the 5′ end 

and has the following sequence: 5' biotin-TTT ATA ATG ATG AAT TTA ATA TT-3'. The 15 

italicized bases in the sequence are complementary to the common tail of each ssDNA fragment.  

DNA samples were obtained from Integrated DNA Technologies, purified using HPLC 

by the manufacturer, and used as received. Hybridization was performed at 25°C for 12 h by 

mixing equal molar quantities of ssDNA fragments and the biotinylated DNA probes in 5× SSC 

buffer (750 mM NaCl, 75 mM sodium citrate, pH 7.0) with a final DNA concentration of 2 µM.  

Table 1. Base sequences of the DNA probe and the ssDNA fragments separated in our experiments 

Name Sequence 

90-nt DNA oligonucleotides 

5' Alexa 488-AAT ATT AAA TTC ATC TTC TGT CCC 
TTC CCA GAA AAC CTA CCA GGG CAG CTA CGG 
TTT CCG TCT GGG CTT CTT GCA TTC TGG GAC 
AGC CAA-3' 

80-nt DNA oligonucleotides 
5' Cy5-AAT ATT AAA TTC ATC TTC TGT CCC TTC 
CCA GAA AAC CTA CCA GGG CAG CTA CGG TTT 
CCG TCT GGG CTT CTT GCA TTC TG-3' 

70-nt DNA oligonucleotides 
5' Cy5-AAT ATT AAA TTC ATC TTC TGT CCC TTC 
CCA GAA AAC CTA CCA GGG CAG CTA CGG TTT 
CCG TCT GGG CTT C-3' 

60-nt DNA oligonucleotides 
5' Alexa 488-AAT ATT AAA TTC ATC TTC TGT CCC 
TTC CCA GAA AAC CTA CCA GGG CAG CTA CGG 
TTT CCG-3' 
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3.4.3 Immobilization of DNA samples in the microchannel 

The cleaned and oxidized glass bottom surface of the microchannel was silanized with 2% (v/v) 

3-aminopropyltriethoxysilane (APTES) in anhydrous ethanol. The reaction was carried out by 

continuously infusing APTES solution through the microchannel at a flow rate of 10 µL/min for 

1 h at room temperature. The microchannel was then rinsed by flowing anhydrous ethanol, dried 

by blowing N2 through, and baked at 90 °C for 2 h. Afterwards, the microchannel was treated 

with 2.5% (v/v) glutaraldehyde in PBS for 1 h at 37 °C, followed by rinsing with phosphate 

buffered saline (PBS). A solution of 0.2 mg/mL streptavidin was introduced into the 

microchannel and incubated at 4 °C overnight, and the reaction was quenched by flowing 50 mM 

ethanolamine in PBS through the channel. The microchannel was then filled with a blocking 

buffer (3 % BSA in PBS) for 45 min. To immobilize the DNA samples onto the bottom surface 

of the microchannel, ssDNA hybridized with the probe at a concentration of 2 µM were loaded 

into the microchannel and incubated for 3 h at 10 °C prior to the separation experiment. 

Schematic illustration of the immobilization of DNA samples in the microchannel is shown in 

Figure 10. The excessive DNA samples were washed out by a washing buffer (0.1 % Tween 20 

in PBS) and a stretching buffer (20 mM histidine, pH 7.0, Sigma-Aldrich) sequentially. 

3.4.4 Fluorescence image acquisition 

The microfluidic device was mounted on the stage of a fluorescence microscope (Carl Zeiss 

Axioimager A1) for real-time fluorescence imaging. The fluorescence microscope was focused 

on the bottom surface in the middle zone of the microchannel. The shutter of the microscope was 

programmed and synchronized with the DC voltage source, so that images were taken after each 



 37 

step of the staircase function.  In a typical experiment, DNA fragments in two sizes were labeled 

with two different fluorophores, which were imaged simultaneously through two fluorescent 

channels of the microscope.  

 

Figure 10. Schematic illustration of the immobilization of DNA samples in the microchannel.  
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3.5 RESULTS AND DISCUSSION 

The microchannel allows us to stretch the short DNA fragments in a strong electric field with 

negligible Joule heating effect. Under our experimental conditions, the electric current in the 

buffer is less than a few microamperes even at the highest electric field strength (~6 kV/cm) 

applied in this study. A simple energy balance calculation suggests that the temperature rise of 

the buffer solution caused by Joule heating is less than 3 °C throughout the entire experiment (as 

the electric field increases stepwise from 0 to 6 kV/cm), assuming there is no heat dissipation to 

the surrounding environment. The actual variation of the solution temperature, as measured by a 

thermal couple, is less than 1 °C throughout our experiment, which suggests that the influence of 

Joule heating can be safely neglected in our analysis. 

Figure 11a presents the normalized fluorescence intensities (α) obtained from ssDNA in 4 

different lengths (90-nt, 80-nt, 70-nt and 60-nt) as a function of the electric field strength (E), 

where the fluorescence intensities have been normalized between 0 and 1 (by setting the initial 

intensity as “1”).  In all experiments, α remains stable until E reaches a value that is sufficient to 

induce unzipping of the ssDNA tail from the short probe, upon which α undergoes a rapid decay 

to less than 5% of the initial intensity, indicating that most of the ssDNA fragments at a 

particular length have been removed. The decay of α is clearly length-dependent. Figure 3b 

presents the negative derivative of α (-dα/dE), which corresponds to the amount of ssDNA 

detached from the surface, as a function of E. Four distinct peaks located at 2625, 3040, 3530, 

and 4315 V/cm are clearly visible, corresponding to ssDNA fragments of 90, 80, 70, and 60 nt, 

respectively.   
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Figure 11. ssDNA separation results. (a) Normalized fluorescence intensities (α) obtained from the 90-nt, 80-nt, 70-

nt and 60-nt ssDNA fragments as a function of the electric field strength (E). (b) Negative derivative of α (-dα/dE), 

which corresponds to the amount of ssDNA detached from the surface, as a function of E. 
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Based on the data presented in Figure 11, several perspectives may be concluded: i) 

experimental results show that detachment of ssDNA happens within a certain range of electric 

field instead of at a single critical point, which confirms that fluctuation force f  becomes notable 

during the separation of short DNAs and thus interferes with the separation efficiency;  ii) except 

at large electric field, the dependence of (-dα/dE) versus E presents Gaussian analogue 

distributions; and iii) the values of electrical field E that corresponds to the maximum of -dα/dE 

vary with the DNA chain length. These perspectives may be understood by an analysis of the 

fluctuation forces on tethered DNA chains. 

The Gaussian analogue distributions of (-dα/dE) versus E as showed in Figure 11 is due 

to the fluctuation force stemming from the solvent effect.[111] The fluctuation force contributes 

to the total stretching force sf , i.e., sf f qNE= + . Here f  is the component of fluctuation force 

along the direction of static electrical force, and q  is the net charge on each nucleotide while N  

stands for DNA chain length. If we denote the threshold critical force that breaks the 

hybridization between tested DNA and DNA probe as tf , then the DNA detachment should be 

conditioned as 

 t sf f f qNE= = +            (6) 

Clearly, when the fluctuation force tf f NqE≥ − , the DNA detachment occurs otherwise not. 

The normalized fluorescence intensity (α ) measures the amount of DNA chains remaining at the 

surface under an electric field ( E ). This quantity is directly connected to the probability of the a 

single DNA chain detached from the surface, or equivalently, the probability of the stretching 

force exceeding the critical force of DNA departure. Given an electric field and a tethering 

condition, the critical fluctuation force to remove a DNA chain is given by  

 𝒇𝒄 = 𝒇𝒕 − 𝑵𝒒𝑬                                    (7) 
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If we let α=0 for the DNA departure from the surface and α=1otherwise, the probability 

of a DNA chain remaining at the surface can be obtained by integrating the probability density 

for f < fc, i.e., 

𝜶(𝑬) = ∫ 𝝆𝒇𝒄
−∞ (𝒇)𝒅𝒇                                                          (8)  

where ρ(f) is the probability density for the distribution of the fluctuation force. A derivative of 

Eq.(8) with respect to E gives 

− 𝒅
𝒅𝑬
𝜶(𝑬) = 𝑵𝒒𝝆(𝒇𝒄) = 𝑵𝒒𝝆(𝒇𝒕 − 𝑵𝒒𝑬)                                                (9) 

Eq. (9) is formally exact, independent of any specific experimental condition and DNA model 

that used in relative theoretical analysis. It states that, for any given DNA chain (thus N  is 

fixed), the relation (-dα/dE) versus E is determined by probability density of fluctuation force 

ρ(fc). 

In our previous work,[111] we have derived an analytical expression for ( )fρ  by using  

Gaussian chain models tethered on a hard wall. Figure 12 shows the theoretical predictions for 

the fluctuation force distribution versus the electric field for four representative DNA chain 

lengths. These curves suggest that the probability density of fluctuation force ( )tNq f NqEρ −  

presents the analogue distribution, which can explain the shape of experimental data /d dEα−  in 

Figure 11. For efficient separation of two DNA chains close to each other, the critical electric 

field, i.e., the expected value of , should be different. According to Eq.(9), we have  

𝑬𝒎(𝑵) = −�𝑬
𝒅𝜶(𝑬)
𝒅𝑬

𝒅𝑬 = −�[𝒇𝒕 − (𝒇𝒕 − 𝑵𝒒𝑬)]𝝆(𝒇𝒕 − 𝑵𝒒𝑬)𝒅𝑬 

= 𝟏
𝑵𝒒 ∫[𝒇𝒕 − 𝒇]𝝆(𝒇)𝒅𝒇 = 𝒇𝒕

𝑵𝒒
− 𝒇𝒎(𝑵)

𝑵𝒒
                                                                  (10) 

 

/d dEα−
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In Eq. (10), ( )mf N  is the value corresponding maximum of ( )fρ . Although ( )mf N  is proven to 

vary with chain length N  when N  is relatively small, its value is generally much smaller than 

tf , i.e., ( )mE N  is dominated by /tf qN . This argument not only can explain the trend of 

( )mE N with chain N  indicated in Figure 11, but also indicates that the resolution of DNA 

separation is closely related to the anchor design. The larger tf  , the higher resolution. Larger tf  

may be realized, for example, by designing the probe in such a way that the 3’ end of the probe 

will be immobilized onto the substrate (instead of the 5’ end currently immobilized) in Figure 6. 

In this case, the hydrogen bonds between the bases of the ssDNA and the probe need to be 

broken almost simultaneously instead of in an avalanche manner (when the ssDNA unzips from 

the probe), and thus a much larger tf  is required in order for the ssDNA to depart from the 

surface. However large tf  requires a stronger electrical field to load the DNA, which, on one 

hand, brings the experimental difficulty as we explained above, and on the other hand, may cause 

DNA overstretching.    
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Figure 12. Analytical results for versus electric filed  with Gaussian chain model tethered on 

hard wall.[111] Here the unites for  and for  are  and with  

defined by the Boltzmann constant  and absolute temperature , and  is the Kuhn length in Gaussian chain 

model which presents the effective size of each segment. here stands for the number of segment.  

 

3.6 CONCLUSIONS       

In summary, we have demonstrated a proof-of-concept experiment for separation of short 

ssDNA by first tethering the ssDNA fragments onto a solid surface and then stretching them 

under an electric field in a microchannel. ssDNA fragments in four different lengths have been 

separated with a 10-nt resolution. Theoretical analysis indicates that the separation resolution is 

limited by the fluctuation forces on tethered DNA chains, which agrees well with experimental 

results. Compared with DNA separation by classic electrophoresis, this method has the following 

( )tNq f NqEρ − E

( )tNq f NqEρ − E 1( )aqβ − ( )aqβ 1/ ( )Bk Tβ =

Bk T a

N
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advantages: i) no polymer matrix is required, ii) key steps of separation may be accomplished in 

seconds and there is still much space for increasing the speed of operation by increasing the 

voltage ramping speed, iii) recovery of the separated DNA strands is straightforward—they can 

be directly taken out by the buffer flowing out of the microchannel, and iv) the microfluidic 

platform is convenient for automation and high-throughput applications.  
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4.0  SORTING SHORT FRAGMENTS OF SINGLE-STRANDED DNA WITH AN 

EVOLVING ELECTRIC DOUBLE LAYER 

We have designed an integrated microfluidic platform with narrow microfluidic channels and 

low conductivity buffer, which were used to provide very high electric field strength and lessen 

the Joule heating.  This system was proven to have the capability to separate between ssDNA 

fragments (< 100 nt) with a resolution of 10-nt. Here, we present a second approach for the 

discrimination of short DNA fragments by pulling the ssDNA off a noble charged metal surface, 

which uses the electric double layer to generate a strong electric field for pulling the ssDNA. 

4.1 INTRODUCTION 

Technological advances in micro/nanotechnology and high-resolution imaging systems empower 

the direct control of DNA molecules on surfaces by various means such as electric fields,[112, 

113] hydrodynamic flows,[114] magnetic[115, 116] and optical tweezers,[117, 118] 

micropipettes,[119] and atomic force microscope (AFM) methods.[120, 121] Due to the intrinsic 

negative charges present on the DNA backbone, the use of an electric field is particularly 

powerful, efficient, and convenient to manipulate surface-immobilized DNA molecules in an 

aqueous solution. Electrical control of DNA molecules offers many advantages since they can be 

readily implemented in a massively parallel way, thus suitable for high-throughput and 
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multiplexing tasks. In particular, electrode-tethered DNA molecules can be efficiently 

manipulated at very low applied electrode potentials, taking the advantage of the couterion-

screened electric field that is significant within only few Debye lengths from the surface. Despite 

the extremely strong electric field at the electrode/solution interface, the electric current is 

limited to a capacitive, non-Faradaic charging process. Such approaches have been successfully 

utilized for dynamic electrical switching of DNA layers[122] with applications in the highly 

sensitive label-free sensing of specific DNA sequences and proteins,[123, 124] accelerating 

hybridization and selectively melting of mismatched DNA duplex,[125, 126] and measurement 

of electrically induced conformational changes of end-tethered DNA molecules on electrode 

surfaces.[127-129]   

Previously we have reported a novel DNA separation method by tethering DNA chains to 

a solid surface and then stretching the DNA chains with an electric field.[105, 111, 113] The 

anchor is such designed that the critical force to detach the DNA strand is independent of the 

chain length. Because the stretching force applied to the DNA strand is proportional to the net 

charge, a gradual increase of the electric field leads to a size-based separation of the DNA 

strands. Efficient separation of lambda DNA (48,502 base pairs) from human genomic DNA (> 

100,000 base pairs) has been demonstrated using this method.[105] However, when this method 

is applied to separation of short single-stranded DNA (ssDNA), e.g. with less than 100 

nucleotides, a very strong electric field (on the order of 105 V/m) is needed to pull short DNA 

strands off the substrate.  In practice, applying such a strong electric field may cause various 

technical problems such as Joule heating and side electrochemical reactions. Previously, we have 

used microfluidic narrow channels filled with a buffer of low ionic conductivity to apply such a 

strong electric field along the microfluidic channels (with negligible Joule heating) for separation 
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of ssDNA tethered to an insulating glass surface of the channels.[113] Here we demonstrate a 

new procedure for separation of short ssDNA fragments by taking the advantage of the strong 

yet evolving non-uniform electric field near the Au surface in contact with a buffer solution 

which is gradually diluted by deionized water.   

We show that by tethering the ssDNA to an Au electrode and applying a relatively low 

electrode potential on the Au electrode, ssDNA strands of different lengths can be separated by 

gradually diluting the buffer solution in contact with the Au electrode. The high electric field 

strength inside the electrical double layer at the gold/electrolyte interface allows us to pull short 

ssDNA strands off the surface with a very low electrode potential. Electrochemical reactions are 

avoided by maintaining the low electrode potential within the ideally polarizable region. Tuning 

the ion concentration of the electrolyte solution allows regulation of the non-uniform electric 

field. By gradually decreasing the ion concentration, longer ssDNA strands are detached first and 

then followed by the shorter ones. A numerical analysis based on a simple electric double layer 

model provides semi-quantitative explanations of the experimental results. 

4.2 THEORETICAL DESCRIPTION OF THE ELECTRIC DOUBLE LAYER (EDL)  

4.2.1 Potential distribution in EDL   

In general, charging an electrode surface that is in contact with electrolyte solution induces a 

redistribution of the dissolved ions in solution, the so-called “electric double layer” (EDL), 

which eventually screens the electrode charge.  
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To calculate the potential distribution in the EDL at a charged surface, the 

electrochemical potential iµ
~~ of ion i in a liquid phase at constant pressure and temperature has to 

be considered,[130, 131] 

ψγµψµµ FzccRTFz iiaiiii ++=+= )/ln(~~~~ 00      (11) 

where iµ~  is the chemical potential, F is the Faraday constant, ψ is the electric potential due to 

the surface charge, 0~
iµ is the standard chemical potential of ion i at constant pressure and 

temperature, R is the gas constant, T is the temperature, aγ is the activity coefficient, ci is the 

molar concentration of ion i, and c0 is the standard molarity of 1 mol·l-1. At equilibrium, the 

electrochemical potential of the ions must be the same everywhere (i.e. grad ( iµ
~~ =0), and the 

electrical and diffusion force on the ion i must be balanced, [130, 131] 

ψµ ∇−=∇ Fzii
~                                                           (12) 

where .grad=∇  Insertion of the chemical potential )/ln(~~~ 00 ccRT iaii γµµ +=  into Eq. (12), and 

its integration from a point in the bulk solution where 0=ψ  and ∞= ii nn  and the bulk volume 

density iAi cNn 1000=∞ , leads to the Boltzmann equation, giving the local concentration of each 

type of ion in the diffuse layer,[130, 131] 

)/exp( Tkeznn Biii ψ−= ∞                                                           (13) 

with kB the Boltzmann constant and the conversion e kB = F R⁄⁄  is applied. The volume charge 

density  of all ions present in the neighborhood of the surface is given by 

∑=
i

ii zneρ
                                                             

(14) 
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One further important equation is required, the fundamental Poisson equation, giving the net 

excess charge density at a specific distance from the surface:[130, 131] 

                                           
rdz

d
ee
ρψψ
0

2

2
2 −==∇                                                        (15) 

where )(2 ψψ graddiv=∇  and z is the surface normal direction. Substituting Eq. (13) and (14) 

into Eq. (15). We obtain the complete Poisson-Boltzmann equation, which describes how the 

electrostatic potential due to a distribution of charged atoms varies in space, 
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4.2.2 Debye-Huckel approximation 

The Poisson-Boltzmann equation is a second-order elliptic partial differential equation, and can 

be solved analytically by assuming that the surface potential is small everywhere in the EDL and 

by expanding the exponential (using the relation αα −=− 1e  for small α), which leads to the 

Debye-Huckel approximation:[130-132] 
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k is called the Debye-Huckel parameter and is mainly dependent on the bulk volume density ∞
in . 

The potential decays exponentially in the diffuse layer with the characteristic distance given by 
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the Debye length 1−= kDλ . This value corresponds to the thickness of the EDL, which increases 

with dilution.  

4.2.3 Gouy-Chapman model 

As the Debye-Huckel approximation is not valid for high surface potentials, the Poisson-

Boltzmann equation has to be solved explicitly. Analytically, this can be done only under the 

assumption of a symmetrical electrolyte where the valence of the co-ion is equal to the valence 

of the counterion, leading to the Gouy-Chapman equation[127, 130-132] 

)exp()
4

~
tanh(]4/)(~tanh[ kzzzz Si

i −=
ψ

ψ                                       (19) 

where Tke B/~ ψψ =  is the dimensionless potential.  

At a flat charged metal surface, the resulting screened potential distribution as a function 

of distance from the surface on the solution side can be described by the Gouy–Chapman 

equation: 

Φ = 2𝑘𝐵𝑇
𝑒

𝑙𝑛 �1+𝛾exp (−𝑘𝑥)
1−𝛾exp (−𝑘𝑥)

� ,     𝛾 = 𝑡𝑎𝑛ℎ � 𝑒Φ0
4𝑘𝐵𝑇

� , 𝑘 = � 2𝑒2𝜌0
𝜀𝑟𝜀0𝑘𝐵𝑇

        (20) 

where 𝑥 is the distance to the surface, Φ0 is the applied surface potential, 𝑒 is the electron charge, 

𝜌0 is the average ion concentration, 𝜀𝑟 is the relative permittivity, 𝜀0 is the permittivity of free 

space, 𝑘𝐵 is the Boltzmann constant, and 𝑇 is the temperature.  

The electric field is given by:  

𝐸 = −𝜕𝜙
𝜕𝑥

= −�8𝜌0𝑘𝐵𝑇
𝜀𝑟𝜀0

sinh ( 𝑒𝜙
2𝑘𝐵𝑇

)     (21) 
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4.2.4 Principle of DNA manipulation at charged metal surface 

In this study, as described by the Gouy-Chapman model, the bulk of the potential in the double 

layer at the electrode surface is dropped over the Debye length λD, which is inversely 

proportional to the square root of the monovalent salt concentration. Due to counterion screening, 

strong localized electric fields can be generated within the double layer near the electrode surface 

by the application of a low voltage potential difference between two electrodes, where there is no 

Faradaic current and the electrodes can be treated as ideally polarizable. The enormous electric 

field within the Gouy-Chapman layer in the electrode surface region provides a powerful route 

for manipulation of DNA strands on the surface at low electrode potentials. By this it is possible 

to tune the magnitude of electrostatic stretching force acting on the DNA strands dependent on 

Debye length of the solution. 

4.3 MATERIALS AND METHODS 

4.3.1 Fabrication of gold electrode 

P-type silicon (100) wafers (0.001 Ω∙cm, from Siltronix Corp.) were first coated with a 10 nm Ti 

adhesive layer, and then a 200 nm thick of gold film by using electron beam evaporation (VE-

180, Thermionics Laboratory Inc., U.S.A.). 10 mm × 10 mm pieces were cut from the gold 

coated wafer and used as electrodes. The electrodes were cleaned in Piranha solution (mixture of 

H2SO4 and 30 w.t.% H2O2 at a weight ratio of 7:3, CAUTION: Piranha solution is a strong 
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oxidant and must be handle with extreme caution) for 10 min, thoroughly rinsed with deionized 

water (Millipore, 18.2 MΩ), and dried with nitrogen. 

4.3.2 Oligonucleotide sequences 

All oligonucleotides were purchased from Integrated DNA Technologies. The sequences of the 

DNA and probe are shown in Table 2. Both 60-mer and 90-mer oligonucleotides have no 

significant self-complementarity. The thiolated probe oligonucleotides were treated by adding 1 

µM tris(2-chloroethyl) phosphate to disrupt formation of disulfide bonds between the thiol 

linkers. 

Table 2. Base sequences of the thiolated DNA probe and ssDNA fragments 

Name Sequence 

Thiolated DNA probe  5′ HS-(CH2)6-TTGAAGATGAATTTAATATT-3′ 

90-mer DNA oligonucleotides 

5' Alexa 488-AAT ATT AAA TTC ATC TTC TGT CCC 
TTC CCA GAA AAC CTA CCA GGG CAG CTA 
CGG TTT CCG TCT GGG CTT CTT GCA TTC TGG 
GAC AGC CAA-3' 

60-mer DNA oligonucleotides 
5' Alexa 647-AAT ATT AAA TTC ATC TTC TGT CCC 
TTC CCA GAA AAC CTA CCA GGG CAG CTA 
CGG TTT CCG-3' 

 

4.3.3 Immobilization of DNA probes on the gold electrode 

Thiolated ssDNA probes (2 μM) were immobilized on the freshly prepared gold electrode in a 

high-salt buffer (1 M potassium phosphate buffer pH 7.0) through thiol-gold covalent bonding. 
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Immobilization was completed after 24 h incubation time at room temperature. Afterwards, the 

electrode was rinsed with deionized water. Mercaptohexanol (MCH) was then deposited onto the 

gold surface by exposing the electrode to an aqueous solution containing 1 mM MCH for ~20 

min. The formation of a MCH layer passivates the gold electrode and reduces nonspecific 

interactions between DNA and the gold surface during the subsequent hybridization step.[133] 

The surface density of the ssDNA probes immobilized on the gold surface was quantified by a 

previously published electrochemical method.[134] 

4.3.4 DNA hybridization 

Before hybridization, the gold electrodes with immobilized ssDNA were thoroughly washed with 

deionized water. 1 μM target ssDNA in hybridization buffer (1 M NaCl, 10 mM phosphate 

buffer, pH 7.5) was applied onto the electrode and the electrode was incubated at 25 °C for 24 h. 

Finally, hybridized chips were rinsed with 0.1% Tween-20 in 1 M NaCl, 10 mM phosphate 

buffer (pH 7.5), and the hybridization buffer (1 M NaCl, 10 mM phosphate buffer, pH 7.5), 

sequentially. 

4.3.5 Electric-field-induced DNA stretching and in situ fluorescence monitoring 

Figure 13 schematically shows the custom-built electrochemical flow cell specifically designed 

for stretching DNA immobilized on the gold electrode and in situ fluorescence imaging of the 

gold electrode surface under an electric field.  The gold electrode with immobilized DNA was 

used as the working electrode and an ITO-coated glass was the counter electrode. The distance 

between the working electrode and the counter electrode was 2.5 mm. The electrochemical cell 
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was first filled with detection buffer of a high ionic strength (100 mM NaCl aqueous solution) 

and incubated for 10 min in the dark. Afterwards, a potential difference was applied between the 

two electrodes using a Keithley 6487 Voltage Source. The deionized water was continuously 

introduced into the flow cell at a rate of 60 µL/min and the temperature was kept at 15 ˚C. 

Departing of ssDNA from the surface was monitored in real-time by a fluorescence microscope 

(Carl Zeiss AxioImager A1). Fluorescence images were taken and analyzed using an image-

analyzing software. 

 

 

Figure 13. Schematic of custom-built electrochemical flow cell designed for stretching DNA immobilized on the 

gold electrode and in situ fluorescence imaging of the gold electrode surface under an electric field.  
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4.4 RESULTS AND DISCUSSION 

Figure 14 schematically shows a typical procedure employed in our experiments for 

discrimination of DNA by stretching in an electric field near a charged gold surface. ssDNA 

probes were first immobilized to the gold electrode surface at a surface density of ~3 × 1012 /cm2 

(Figure 14a). Then, fluorophore-labeled target ssDNA strands of different lengths, with a 

common tail of 18 bases long at the 5’ end complementary to the ssDNA probe, were allowed to 

hybridize with the ssDNA probe on the gold surface (Figure 14b). Afterwards, the gold electrode 

was mounted in a custom-built electrochemical flow cell (shown in Figure 13) and a DC voltage 

(300 mV) was applied between the counter electrode and the gold electrode. The fluorescence 

intensity of the gold electrode surface was monitored in real time while reducing the ionic 

strength of the detection buffer solution by introducing deionized water into the channel at a flow 

rate of 60 μl/min. At this flow rate, the hydrodynamic force, compared to the electrostatic force, 

applied on the DNA strands can be neglected. With a potential drop at 300 mV across the cell, 

the current was limited to non-Faradic current, and thus the detrimental electrochemical reaction 

was avoided. 
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Figure 14. Schematic procedure for discrimination of DNA by stretching in an electric field near a charged gold 

surface. (a) ssDNA probes are immobilized to the gold electrode surface. (b) fluorophore-labeled target ssDNA 

strands of different lengths, with a common tail complementary to the ssDNA probe, hybridize with the ssDNA 

probe on the gold surface. (c) Electrically induced ssDNA unzipping from the probe immobilized on the charged 

gold electrode. (d) ssDNA strands are discriminated by length. 

 

Figure 15a shows the fluorescence responses of 60-mer ssDNA and 90-mer ssDNA to a 

gradual reduction in the ionic strength of detection buffer with 300 mV potential drop across the 

cell. At high ionic strength (i.e. when the NaCl concentration in the buffer drops from 100 mM 

down to several mM), the fluorescence intensities of ssDNA strands of both lengths gradually 
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decrease as the ionic strength decreases, but no significant discrimination is observed between 

the two plots. At about the 210th second, when the NaCl concentration to dropped to around 1.05 

mM, the fluorescence intensity of the longer ssDNA (90-mer) starts to decay faster than that of 

the shorter one (60-mer) and the fluorescence response profiles of the two ssDNA strands are 

obviously separated. 

Figure 15b shows the result of a control experiment, where the fluorescence responses of 

the ssDNA strands to a gradual reduction in the ionic strength of detection buffer are monitored 

without applying a potential drop across the cell. In this condition, it is found that the 

fluorescence response is independent of the ssDNA strand length. The normalized fluorescence 

intensity profiles of the two ssDNA strands are almost identical. The fluorescence signal remains 

constant as the ionic strength gradually decreases until around the 254th second when the ionic 

strength was reduced to 0.60 mM, after which the fluorescence intensity drops significantly for 

both ssDNA strands.  The sudden drop of fluorescence intensity indicates that ssDNA strands of 

both lengths begin to dissociate from the probe and depart from the surface.  This is likely 

because when the ionic strength decreases, the charges along DNA backbone become less 

shielded by counterions, therefore making the dsDNA duplex less stable.[135, 136] 

Compared with the control experiment, stretching DNA near a charged Au surface can 

clearly discriminate ssDNA strands by length, when they are tethered to the surface by 

hybridizing one segment of the ssDNA to a probe immobilized on the surface. The different 

fluorescence responses observed when stretching the ssDNA strands of two different lengths 

may be explained by the following. 
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Figure 15. Fluorescence responses of 60-mer and 90-mer ssDNAs tethered to the gold surface as a function of buffer 

concentration. (a) 300 mV potential drop is applied acrossed the cell. (b) a control experiment (no potential drop is 

applied). 
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Figure 16. Gouy-Chapman potential 𝚽 (a) and electric field (b) in the buffer solution plotted as a function of the 

distance 𝒅 to the electrode surface that is biased at 300 mV. Curves are calculated for solutions containing varying 

concentrations of monovalent salt (NaCl).  
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Generally, an applied electrode potential results in the formation of an electrical double 

layer at the electrode surface, which screens the electric field so that it is confined at the 

electrode/solution interface. Figure 16 shows the Gouy-Chapman solutions of electric potentials 

and electric fields in the electrical double layer for varying concentrations of NaCl solution under 

the applied electrode potential Φ0= 300 mV. The electrical double layer generates a large electric 

field within a few Debye lengths from the surface. Because of the rapid decay of the electric field, 

the electrical force exerted on the ssDNA strands becomes negligible beyond a few Debye 

lengths from the gold surface. 

The fluorescence response of the ssDNA strands depends on the buffer ionic strength (as 

shown in Figure 15), which modulates the Debye screening length of solution. Reducing the 

ionic concentration increases the Debye screening length. In our system, target ssDNA strands 

are hybridized to the DNA probes, which are tethered onto the electrode surface via thiol anchors 

with low grafting density. The electrical stretching force interaction range scales with the Debye 

screening length. Thus, careful control of the solution ionic strength enables manipulation of the 

ssDNA conformations and the forces exerted on the hybridized ssDNA strands. 

In solutions of high ionic strength, the Debye screening length is very small so that 

screening effects are extremely strong and the electrostatic potentials decay within only several 

nanometers. As a result, the electrostatic potential emanating from the surface is too short-ranged 

to affect the ssDNA strands considerably. Therefore, although the surface-proximal part of the 

DNA strands adopt a highly extended upright state, the major part of the ssDNA strands extend 

away from the electrode surface and lie outside of the electrical double layer. The ssDNA strands 

can be regarded as almost perfectly flexible chains with persistence length of the order of about 1 

nm and thus adopt a random coiled conformation. In such a condition, the electric stretching 
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forces loaded on either of the 60-mer and 90-mer ssDNA strands are not sufficiently large to 

unzip them from the surface so that their fluorescence intensities maintain constant. 

In solutions of medium ionic strength, electric fields emanating from the charged surface 

have a significant influence on the surface-proximal part of the DNA strands. The electrode 

surface proximal part of the ssDNA strands resides in the strong electric field region, and thus is 

stretched by the electric forces, while the upper part of the ssDNA is not exposed to the strong 

electric field and its conformation is in a randomly coiled state. Because both ssDNA strands 

have the same length in the strong electric field region, the electric stretching forces exerted on 

both ssDNA strands are nearly identical. Reducing the ionic strength increases the Debye length, 

which leads to longer ssDNA segments lie in the strong electric field. When the stretching forces 

are sufficiently large, both ssDNA strands unzip from the DNA probes and are sequentially 

detached from the surface at the same time. The decay of fluorescence intensities of both ssDNA 

strands revealed the same behavior. 

At lower ionic strength, the Debye screening length becomes much larger. Due to the 

weak screening effect, the electric field that emanates from the negative electrode surface 

extends over a very long range. The ssDNA strands become rigid and extremely extended so that 

they adopt almost upright conformation on the electrode surface with a certain tilt angle. In fact, 

the stiffening of ssDNA strands in solutions of low ionic strength has also been observed and 

explained by Kaiser et al.[127] and Murphy et al.,[128] and As a result, all segments of both 

ssDNA strands are inside the range of Debye screening electric fields, which results in both 

ssDNA strands being stretched by the electric forces. The 90-mer ssDNA strands possess more 

negative charges and thus are loaded with greater electric stretching forces than the 60-mer 

ssDNA strands. Consequently, the 90-mer ssDNA strands detach from the surface faster than the 
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60-mer ssDNA strands, which is indicated by the faster fluorescence intensity decay of 90-mer 

ssDNA.  

4.5 NUMERICAL ANALYSIS 

The different fluorescence responses observed when stretching the ssDNA strands of two 

different lengths may be explained by an electric double layer model in electrochemistry.  In the 

presence of an electric potential, the Au electrode is in contact with an electric double layer 

(EDL) with a sharp decline of the electric field. The inhomogeneous electric field exerts a 

pulling force on the DNA chains due to the presence of the backbone charge.[137, 138] 

Apparently the magnitude of pulling force is not only related to the number of nucleotides ( N ) 

but also to the non-local electric field. Since the electric field varies with the ion concentration, 

which is time-dependent due to the introduction of deionized water, the pulling force, here 

designated as [ , ]F N t , depends on both time and the DNA chain length. Clearly, an explicit 

expression for [ , ]F N t  will provide insights into the separation mechanism and thus an 

explanation of the experimental results. 

  To seek a simple expression for [ , ]F N t , we assume that the tethered DNA chains are 

uncorrelated. Although a more accurate description can be obtained by, e.g., using the density 

functional theory,[139, 140] this assumption greatly simplify the problem at hand while it can 

still, as we shall see, provide meaningful insight into the experiment results. Under this 

assumption, the distribution of electric potential can be obtained by following the conventional 

knowledge of the electric double layer. Whereas it has been shown that the density functional 
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theory provides a robust tool to investigate the electric double layer at various ion 

concentrations,[141, 142] we conjecture that the Poisson-Boltzmann (PB) equation provides an 

adequate description because the ion concentration is very small  (less than 100 mM).[142]  

In a coordinate system with the Au surface as the xy  plane and the normal direction 

pointing to the solution as the z  axis (see the inset of Figure 17), the electric potential changes 

only along the z  direction. For NaCl solution near a planar electrode, the PB equation is given 

by 
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where 0ρ  is the salt concentration in the bulk, Bk  is Boltzmann constant, T  is the 

temperature solution, and 0re e e=  is the dielectric constant. In this work, we take re =82.0 for 

saline water.[143] Since the distance between two electrodes (Au surface and counter electrode) 

is on macroscopic level, it is reasonable to use the following boundary conditions:  

 0

( ) 0;        ( ) 0;         ( ) w
z z

z

d z z z
dz
φ φ φ φ

→∞ →
→∞

= = =   (23) 

where wφ  denotes the surface potential. We can derive an analytical expression for the electric 

potential[144]  
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In our experiment, the ion concentration 0ρ  in the bulk varies with time. If we denote 

the volume of the solution confined within the electric double layer as V , and the average 

volume flow rate as v , the mass conservation equation within the cell is given by: 

 0 0 0( ) ( ) ( )t t V t V t v tρ δ ρ ρ δ+ = − .  (25) 

In writing the above equation, we assume that ion transport due to diffusion is negligible. 

In a differential form, Eq.(25) becomes  

 
0

0( ) ( )d t v t
dt V
ρ ρ= − .  (26) 

An integration of Eq.(26) gives  

 0 ( ) 100exp( 0.0209 )t tρ = −     (27) 

In deriving the above result, we have applied the boundary condition 0 (0) 100ρ = mM, 

0 (210) 1.05ρ = mM, and 0 (254) 0.6ρ = mM. The ion concentration versus time is plotted in 

Figure 15. A combination of Eq.(24) and Eq.(27) gives the time-dependent electric potential 

distribution ( , )z tφ , which is presented in Figure 17 at three representative times ( t = 0, 250, 300 

s). While the contact value of electric potential is fixed by the applied surface potential, its 

gradient near the electrode surface varies sharply with the ion concentration. 

To find the stretching force due to the varying electric field, we assume that each ssDNA 

chain is fully extended to the solution before detaching from the Au surface. In other words, we 

treat each ssDNA chain as a linear “cord” perpendicular to surface with a charge density 

/eqσ λ= . Here eq  is the effective charge on each nucleotide, and λ  is the average extension 

between two nucleotides (or inter-base distance in ssDNA). The total force pulling each chain 

can be calculated from  
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In Eq.(28), 0L  is the distance of the hybridized head of a stretched ssDNA chain to the 

surface, and its value is associated with the probe DNA. In this work, 0L is assumed to be 1.5 nm. 

From the first line to second line in Eq.(28), we changed the discrete summation into a 

continuous function. Because ssDNA is very flexible, the contour length changes greatly at 

different conditions but the inter-base distance λ  is relatively constant.[145, 146] Here we adopt 

λ =0.42nm[146] since the ssDNA sequence is partially hybridized with the probe DNA. The 

effective charge of each nucleotide may vary slightly in different conditions[138] and for saline 

water we take 0.25eq e= − .[137] 

In Figure 18, we plot the time-dependent pulling force on 90-mer ssDNA and 60-mer 

ssDNA. As time elapses, the pulling force on both 90-mer ssDNA (the red curve) and 60-mer 

ssDNA (the black curve) increases, and they remain identical until around 180 seconds. After 

that, the pulling force on 90-mer ssDNA rises more quickly than that on 60-mer ssDNA before 

both reach their own plateaus. The difference in pulling forces explains why 90-mer ssDNA 

escapes from surface prior to 60-mer ssDNA.  

The results shown in Figure 17 and Figure 18, as well as the pulling force expression in 

Eq.(28), explain the separation mechanism. Because the charge density on ssDNA is fixed, 

Eq.(28) indicates that the magnitude of the pulling force depends only on the electric potential 

across the span of a single ssDNA chain. To facilitate the discussion, we mark the end near 

surface as A, and the other one as B. The corresponding electric potentials are ( )Azφ  and ( )Bzφ , 
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abbreviated as Aφ  and Bφ , respectively. Obviously, for different ssDNA chain, Aφ  is independent 

of the chain length due to the identical probe design. At the beginning of experiment, the ion 

concentration is relatively high, and the effective length of the electric double layer to solution is 

much smaller than the extended lengths of both 90-mer and 60-mer ssDNA. In that case, Bφ  is 

approximately equal to zero for both ssDNAs, and Aφ  is finite but identical. Thus the pulling 

forces that proportional to ( )B Aφ φ−  are the same. As the ion concentration decreases, the 

thickness of electric double layer increases. If it is still less than the extended lengths of both 

ssDNAs, we hold 0Bφ = , and ( )B Aφ φ−  still the same for different chains. As shown in Figure 

17, the gradient of the electric potential become less sharp, and Aφ  becomes more negative. That 

means in this period the strength of pulling force increases but still identical for both ssDNAs. 

When the effective length of electric field continues to increase, the head B of short ssDNA is 

covered by the electric potential, and Bφ  has finite negative value for short ssDNA while still 

zero for long ssDNA. In this period, the potential drops for different lengths ( )B Aφ φ−  gradually 

become different, and the longer ssDNA undergoes a larger pulling force. If this pulling force is 

beyond the tethering force, the long ssDNA detaches from the electrode surface. Finally, if the 

ion concentration becomes sufficiently dilute, and the head B of long ssDNA is also covered by 

the electric potential, in that case, Bφ  has finite and negative value for both short and long 

ssDNAs, but the value for short ssDNA is more negative, thus ( )B Aφ φ−  is smaller. In other 

words, the pulling force for long ssDNA is still larger than that for short ssDNA. In the limit case 

of infinite dilute ion concentration, the electric field /wE dφ=  with d  the distance of two 



 67 

parallel layers, and pulling force for ssDNA simply becomes /w
eq N dφ , and the system recovers 

to our previous experimental design.[113] 

 

Figure 17. Calculated electric potential distribution along surface normal direction at three representative time point 

t  = 0, 250 and 300 seconds based on electric double layer model system. The inset sketches the model system.  
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Figure 18. Calculated pulling forces on 60-mer and 90-mer ssDNAs versus time. 

4.6 CONCLUSIONS 

To conclude, we have developed a novel experimental procedure to separate ssDNAs according 

to the chain length. We demonstrated that by tethering ssDNA to a gold electrode and applying a 

relatively low electrode potential to the Au electrode and then gradually decreasing the ion 

concentration near the electrode, we can detach the tethered short ssDNA chains sequentially. 

The pulling force is different for ssDNA chains with different chain lengths, and thus with a 

careful design of the surface potential and the tethering detail, we are able to detach the longer 

ssDNA chains first and then the shorter ones. We have developed a simple analytical model to 

understand the experimental mechanism. With reasonable model parameters, the simple electric 

double layer model provides a semi-quantitative explanation of the experimental results. 
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5.0  MULTISTAGE MAGNETIC SEPARATION OF MICROSPHERES ENABLED 

BY TEMPERATURE-RESPONSIVE POLYMERS 

5.1 INTRODUCTION  

Magnetic separation provides a rapid and simple method for efficient and reliable separation of 

cells.[147-152] It utilizes magnetic particles to attach to specific cells and separate them from a 

heterogeneous mixture upon applying an external magnetic field. Typically, the magnetic 

particles are functionalized with a receptor, which captures the cells selectively, and high 

separation efficiency is enabled by the extremely high binding affinity and specificity of the 

receptor, such as an antibody, immobilized on the magnetic particles. However, a major obstacle 

that prevents the magnetic separation technology from achieving adequate separation efficiencies 

is non-specific interactions between the cells and magnetic particles. For example, in magnetic 

cell separation processes that require very large enrichment factors, although the binding affinity 

of antibodies with the antigen is orders of magnitude greater than the non-specific binding, the 

effect of non-specific interactions becomes significant and eventually becomes a major 

challenge.[153-155]  

To circumvent the challenge caused by non-specific interactions in current single-stage 

magnetic separation techniques, we here present a multi-stage separation scheme that is able to 

yield high enrichment factors by introducing multiple capture-and-release cycles to the magnetic 
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separation process. Poly (N-isopropylacrylamide) (PNIPAM) is the key molecule employed in 

this work to enable the reversible capture-and-release cycles using magnetic particles. PNIPAM 

is a stimuli-responsive polymer that exhibits a well-known temperature-responsive phase 

transition in aqueous solution at 32°C, a lower critical solution temperature (LCST).[156-158] It 

is hydrophilic assuming a random coil conformation when the temperature is below its LCST in 

water, but becomes hydrophobic and aggregated with collapsed globule conformation in aqueous 

solutions when the temperature is above LCST. This reversible temperature responsive phase 

transition has been utilized for the separation and purification of cells,[159-161] proteins,[162-

164] nucleic acids,[165, 166] and other biomolecules.[167] In the present study, the multiple 

capture-and-release cycles are enabled by attaching PNIPAM to both the magnetic nanoparticles 

(MNPs) and the targets and manipulating the reversible hydrophobic interactions between such 

functionalized MNPs and targets. Through temperature cycling, which triggers the reversible 

hydrophobic-to-hydrophilic phase transition of PNIPAM, we demonstrate that PNIPAM 

functionalized polystyrene (PS) microspheres can be separated from bare (non-functionalized) 

PS microspheres in multiple separation stages, and the enrichment factor significantly increases 

with the number of separation stages. The result indicates that the multi-stage separation scheme 

can effectively circumvent problems caused by non-specific interactions and significantly 

improve separation efficiencies of magnetic separation technologies.  

5.2 DESIGN OF MULTISTAGE SEPARATION PROCESS 

Figure 19 schematically shows the multistage separation process. As a proof of demonstration, 

PNIPAM-functionalized fluorescent PS microspheres are used as the targets and bare 
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carboxylated PS microspheres (with no PNIPAM) are used as the non-targets. It should be noted 

that in practical separation processes, the PNIPAM may be conjugated to a bioreceptor such as 

an antibody and thus attached to the target through antibody-antigen interactions. To capture the 

PNIPAM-functionalized target PS microspheres by using MNPs, the surface of the MNPs is also 

grafted with PNIPAM. PNIPAM is a stimuli-responsive polymer that undergoes a reversible 

coil-to-globule phase transition in dilute aqueous solutions upon changing of the temperature. It 

is hydrophilic assuming a random coil conformation when the temperature is below its lower 

critical solution temperature (LCST) (~32°C) in water, but becomes hydrophobic and aggregated 

with collapsed globule conformation in aqueous solutions when the temperature is above 

LCST.[156-158] Surface functionalization of MNPs with PNIPAM enables us to reversibly 

regulate the hydrophobicity of the particle surface by simply cycling the temperature below and 

above the LCST. 

The separation process starts with adding PNIPAM-functionalized MNPs to a mixture of 

both PNIPAM-functionalized PS microspheres and bare PS microspheres (Figure 19a). Upon 

raising the temperature to 37°C (>LCST), the PNIPAM molecules on both the MNPs and the 

target microspheres undergo a hydrophilic-to-hydrophobic phase transition, and the targets are 

captured by the MNPs due to the hydrophobic interaction between PNIPAM molecules (Figure 

19b). During this process, some of the non-target bare PS microspheres may also be attached to 

the MNPs due to non-specific interactions. Next, the MNPs are magnetically collected in the 

form of a pellet, which contains the targets captured by the MNPs as well as the non-targets 

either attached to the MNPs due to non-specific interactions or embedded into the pellet during 

the agglomeration of the MNPs (Figure 19c). Then, the pellet is separated from the supernatant 

and re-suspended in a buffer (Figure 19d). 
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After this first separation cycle, a mixture of target and non-target microspheres has been 

separated into two parts: one with a higher percentage of non-target microspheres and the other 

with a higher percentage of target microspheres than those in the original mixture. The 

percentage increase of the target microspheres in the second mixture may be characterized by 

using an enrichment factor, which is defined as the increase (typically in the number of folds) of 

the ratio of target to non-target microspheres as a result of the separation process. The 

enrichment factor obtained after one separation cycle is limited by the non-specific interactions 

between the PNIPAM molecules and the non-targets. The reversible hydrophobic-to-hydrophilic 

conformational transition of PNIPAM enables us to improve this enrichment factor by repeating 

this separation process through cycling the temperature. Upon cooling the buffer to 4°C and 

redispersion, the PNIPAM on both the MNPs and the target PS microspheres is triggered to its 

hydrophilic conformation, which detaches the target PS microspheres from the MNPs (Figure 

19e) and initiates another separation cycle. Repeating this capture-and-release procedure 

(Figures 19e-19h) multiple times can effectively circumvent problems caused by the non-specific 

interactions and significantly improve the separation efficiency. It should be noted that for the 

purpose of demonstration, our interest in this experiment is to increase the percentage of the 

target microspheres in the target-rich mixture as we repeat the separation cycle, but the same 

mechanism is also applicable to increasing the percentage of the non-target microspheres. 
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Figure 19. Schematic of the multistage magnetic separation process using PNIPAM functionalized magnetic 

nanoparticles (PNIPAM-MNPs). (a) PNIPAM-MNPs, target microspheres, and non-target microspheres are mixed 

in a 4°C buffer. (b) Capture of the targets by PNIPAM-MNPs through hydrophobic interactions upon raising the 

temperature to 37°C. (c) The MNPs are collected by a magnet. (d) The original mixture is separated into two parts: 

the pellet contains MNPs, the captured targets, and the non-targets captured due to non-specific interactions; the 

supernatant contains the rest of the mixture and is decanted. (e) Release of the targets from PNIPAM-MNPs in a 4°C 

buffer. (f) - (h) repeat the process of (b) - (d). 
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5.3 MATERIALS AND METHODS 

5.3.1 Materials 

Nonfluorescent 4.95 μm carboxylated polystyrene microspheres and 5.78 μm green 

fluorescent carboxylated polystyrene (PS) microspheres with an excitation wavelength of 480 

nm and an emission wavelength of 520 nm were obtained from Bangs Laboratories, Inc. The 

surface density of carboxyl groups on the fluorescent PS microspheres is about 1.075 ×1018 

COOH/m2. Ethylene glycol was purchased from J.T. Baker. Amino terminated poly 

(Nisopropylacrylamide) (PNIPAM) (Mn = 45,600 g/mol, PDI = 1.62) were purchased from 

Polymer Source, Inc. and used as received. Iron (III) chloride (FeCl3), ethanolamine, sodium 

acetate (NaAc), poly(acrylic acid) (PAA, Mw~2000 g/mol), 1-ethyl-3-(3 dimethylaminopropyl) 

carbodiimide hydrochloride (EDC), 2-(N-morpholino)ethanesulfonic acid (MES) and bovine 

serum albumin (BSA) were purchased from Sigma-Aldrich. All buffers were prepared or diluted 

in deionized water. 

5.3.2 Synthesis of poly(acrylic acid)-modified Fe3O4 magnetic nanoparticles (PAA-MNPs) 

PAA-MNPs were synthesized by using a solvothermal method. Briefly, FeCl3 (0.8 g) was 

dissolved in ethylene glycol (40 ml) with vigorous stirring, followed by addition of NaAc (3.6 g) 

and PAA (1.0 g). The mixture was stirred continuously for 30 min, sealed in a teflon-lined 

stainless-steel autoclave, and then reacted at 200 °C for 10 h. After the reaction was finished, the 

autoclave was cooled to room temperature. The products were collected, washed several times 

with ethanol, and then dried under vacuum at 60 °C before characterization and usage. 
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5.3.3 Characterization of PAA-MNPs 

The size and morphology of the as-synthesized PAA-MNPs were characterized using scanning 

electron microscopy (SEM, Philips XL-30 field, 15 kV). The crystal structures of the PAA-

MNPs were examined by using powder X-ray diffraction (XRD) (Philips X’pert Diffractometer 

using CuKα radiation, λ=1.54178 Å). The chemical composition of the PAA-MNPs was 

examined by Fourier transform infrared (FT-IR) spectrometry. The sample of PAA-MNPs was 

washed five times with ethanol, redispersed in water and dried in a powder form. FTIR samples 

were prepared using a KBr-pellet method, and the spectra were collected by a Bruker Vertex-

70LS FT-IR spectrometer. 

5.3.4 Conjugation of PAA-MNPs and green fluorescent carboxylated PS microspheres 

with PNIPAM 

The carboxyl group on the surfaces of PAA-MNPs and green fluorescent PS microspheres was 

used to covalently link amino-terminated PNIPAM to the surfaces by using 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) chemistry. The PAA-MNPs (0.5 ml, 

2.5%) were washed three times in 0.1 M carbonate buffer (pH 9.6) and then another three times 

in 0.1 M MES buffer (pH 6.5). After washing, the MNPs were redispersed in MES buffer. To 

activate the carboxyl groups, fresh solution of EDC (2%, w/v) in MES buffer was added and the 

mixture was incubated for 3 h at room temperature in the dark. After incubation, the MNPs were 

washed three times with MES buffer to remove the unreacted EDC. Then, the MNPs were 

redispersed in 0.1 M borate buffer (pH 8.5) and enough amount of amino terminated PNIPAM 

was added for the functionalization. The mixture was incubated overnight at room temperature in 
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the dark. Following conjugation, the MNPs were magnetically separated and thoroughly washed 

with PBS (pH 7.4) to remove unbound amino-terminated PNIPAM, and then incubated in the 

blocking solution (0.3 M ethanolamine in borate buffer) for 30 min to block the unreacted 

carboxylate sites. The MNPs were then rinsed thoroughly, and finally stored in storage buffer 

(PBS, 0.1% BSA w/v) with a concentration of 1 mg/mL at 4°C. Similar procedure was used for 

grafting of amino-terminated PNIPAM to green fluorescent carboxylated PS microspheres.  

5.3.5 Reversible capture-and-release of target microspheres using PNIPAM-MNPs 

Specified amount of PNIPAM-MNPs was added into a sample of PNIPAM-functionalized green 

fluorescent microspheres suspended in 1 mL 4°C PBS buffer. The mixture was warmed up to 

37°C and then incubated for 10 min in the dark. The aggregates were then collected by a 

neodymium-iron-boron magnet. The magnetically collected microspheres were separated from 

the supernatant and then redispersed in a 4°C PBS buffer. As a comparison, bare PS 

microspheres were used in the capture-and-release cycles in the same manner. 

5.3.6 Multistage separation of microspheres through reversible capture-and-release 

cycles 

PNIPAM-functionalized green fluorescent microspheres were used as target 

microspheres, while carboxylated bare non-fluorescent polystyrene microspheres were used as 

non-target microspheres. Mixtures of target and non-target microspheres at four different ratios 

of 1:102, 1:103, 1:104 and 1:105, respectively, were used in the experiments. The separation 

process started with adding a certain amount of PNIPAM-MNPs to the mixture containing both 
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the target and the non-target microspheres. The mixture was then incubated at 37°C for 10 min in 

the dark. After incubation, a magnet was used to pull the MNPs and PS microspheres attached to 

the MNPs out of the mixture. The magnetically collected particles were then separated from the 

supernatant, re-suspended in the PBS, and incubated for 10 min at 4°C in the dark. The above 

capture-and-release cycle was repeated for a specified number of times. 

5.3.7 Counting of PS microspheres 

PS microspheres were counted and the numbers of bare (nonfluorescent) and fluorescent 

PS microspheres in PBS buffer after each capture-and-release cycle were determined using a BD 

FACSAria flow cytometer (BD BioSciences, San Jose, CA). 
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5.4 RESULTS AND DISCUSSION 

The PAA-MNPs were synthesized by a one-step solvothermal method, where PAA in the 

reaction system acted both as a ligand and a surface functionalization agent. Figure 20a presents 

an SEM image of the resulting products. It can be seen that the as-synthesized PAA-MNPs are 

spheres of about 300 nm in diameter with a narrow size distribution. Figure 20b presents the 

XRD pattern of the product, which can be indexed to Fe3O4 (JCPDS 75-1609). The PAA-MNPs 

were easily dispersed in water by sonication and the dispersion remained stable for more than 0.5 

h before precipitation occurred. Upon placement of a magnet next to the vial, the PAA-MNPs 

were quickly attracted to the magnet and agglomerated at the vial wall within a few seconds, 

leaving the supernatant transparent (Figure 20c). After removing the magnet, the PAA-MNPs 

were easily redispersed in water with gentle shaking (Figure 20d). Figure 20e compares the FT-

IR spectra of pure PAA and PAA-MNPs. Both spectra show bands at 1730 cm-1, 1450 cm-1, 1413 

cm-1 and 1560 cm-1, which are characteristics of the PAAthe band at 1730 cm-1 is 

characteristic of the C=O stretching mode for the protonated carboxylate group, and the other 3 

bands are associated with the CH2 bending mode, symmetric and asymmetric C-O stretching 

modes of the COO- group, respectively.[168-170] These results indicate the presence of PAA on 

the surface of the MNPs even after extensive washing. The carboxyl groups on the surface of 

PAA-MNPs were used to covalently attach amino-terminated PNIPAM to the MNPs, which 

were employed to separate PNIPAM-functionalized microspheres from bare microspheres in the 

subsequent experiments. 
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Figure 20. Characterizations of poly (acrylic acid) modified magnetic nanoparticles (PAA-MNPs). (a) SEM image. 

(b) XRD pattern. (c) Magnetic property of the PAA-MNPs: the MNPs are attracted to the wall of the vial when a 

magnet is present. (d) After removing the magnet, the PAA-MNPs are easily redispersed in water with gentle 

shaking. (e) FTIR spectra of PAA and PAA-MNPs. 

We first examined the effect of the concentration of PNIPAM-MNPs on the capture 

efficiency of PNIPAM-functionalized target microspheres. In this set of experiments, PNIPAM-

functionalized target microspheres were mixed with PNIPAM-MNPs in different concentrations. 

The final concentration of PNIPAM-functionalized microspheres in all samples was 5.0×106 

microspheres/mL and the concentration of PNIPAM-MNPs was varied from 0.005 to 0.12 mg/ml. 

A capture-and-release cycle was carried out as described in the experimental design.  The steps 
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were the same as those shown in Figures 19a-19e except that the mixture did not contain non-

target microspheres in this set of experiments. The capture efficiency was determined by 

measuring the percentage of the target microspheres left in the mixture after the cycle.  Figure 21 

plots the capture efficiency as a function of the concentration of PNIPAM-MNPs employed at 

the start of the process. It is observed that the capture efficiency increases from ~22% to ~ 92% 

when the concentration of the PNIPAM-MNPs is increased from 0.005 to 0.03 mg/mL, after 

which a plateau occurs―further increase of the PNIPAM-MNP concentration does not 

significantly affect the capture efficiency of target microspheres. This indicates that for a certain 

concentration of target microspheres, the concentration of MNPs is not critical as long as enough 

MNPs are used. For multiple capture-and-release cycles, this implies that if enough MNPs are 

used for the first separation cycle, the concentration of MNPs does not need to be adjusted for 

subsequent separation cycles as the total number of target microspheres slightly decreases due to 

the less than unity capture efficiencies.  For the subsequent experiments conducted in this work, 

the concentration of target microspheres was kept at 5.0×106 microspheres/mL or less and, 

therefore, 0.05 mg/mL PNIPAM-MNPs was used in the separation processes. 

We next examined the selectivity of one capture-and-release cycle by comparing the 

number of PNIPAM-functionalized target microspheres with that of the non-target carboxyl-

terminated microspheres captured and released in the process. For such comparison, we started 

with two mixtures made by adding the same amount of PNIPAM-MNPs to suspensions of target 

microspheres and non-target microspheres, respectively. In both mixtures, the final concentration 

of the microspheres was about 5.0×106 microspheres/mL and the concentration of the PNIPAM-

MNPs was 0.05 mg/mL.  After raising the temperature and magnetically collecting the MNPs (as 

schematically shown in Figures 19a-19d), the PS microspheres in the supernatant (Figure 19d) of 
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each mixture were counted and the percentage of PS microspheres captured by the MNPs in the 

pellet was calculated. Afterwards, the pellet was re-dispersed in 4ºC buffer, and the PS 

microspheres released from the MNP in the buffer were counted. Figure 22 presents the 

percentages of the target PS microspheres captured and released by the MNP in comparison to 

those of the non-target PS microspheres. The data are based on five independent experiments. In 

average, about 92% of the target microspheres were captured by the MNPs, and about 91% of 

the target microspheres were released after the capture in one capture-and-release cycle.  In 

comparison, only less than 5% of the non-target microspheres were left in the mixture after one 

capture-and-release cycle.  

 

 

Figure 21. Effect of the concentration of PNIPAM-MNPs on the capture efficiency of the target microspheres. The 

initial concentration of target microspheres is 5.0×106 microspheres/mL. For each sample, one capture-and-release 

cycle is performed. Data are presented as the mean and standard deviation from five independent experiments. 
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Figure 22. Comparative study on the capture-and-release specificity of PNIPAM-functionalized target microspheres 

and non-target microspheres (bare PS microspheres) using PNIPAM-MNPs. The initial concentrations of target and 

non-target microspheres are 5.0×106 and 4.9×106 microspheres/mL, respectively. The percentages of microspheres 

counted after each capture or release process are presented using the number of microspheres in the original sample 

as a reference. The average and standard deviation are calculated from five independent data sets. 

The large difference between the percentages of target and non-target PS microspheres 

left in the mixture after one capture-and-release cycle and the capability of reversibly tuning the 

hydrophobicity of the PNIPAM molecule on both the target PS microspheres and the MNPs 

enable us to develop a multistage separation technique by repeating the capture-and-release 

cycles.  To demonstrate the capability of such a technique, we mixed target microspheres with 

non-target microspheres at various ratios of 1:102, 1:103, 1:104 and 1:105, and a specified number 

of separation cycles were carried out with each sample. The overall enrichment factors koverall 

(defined as the increase, in the number of folds, of the ratio of target to non-target microspheres 
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as a result of the separation cycles) obtained with each sample after up to 5 capture-and-release 

cycles are presented in Figure 23. It is evident that the overall enrichment factors significantly 

increase with the number of capture-and-release cycles. For example, one capture-and-release 

cycle was able to increase the ratio of the target to non-target microspheres (RT/NT) from initially 

1:102 (or 0.01) to 0.133; 3 capture-and-release cycles were able to increase it to 14.05; and 5 

cycles were able to increase it to 2,100. Correspondingly, the enrichment factors were 13.3, 

1,405, and 2.10×104 after one, three, and five capture-and-release cycles, respectively. The 

significance of multiple separation cycles becomes more apparent when the initial RT/NT 

decreases. For example, overall enrichment factors of 1.21×105, 1.69×105, and 1.87×105 were 

obtained when the initial RT/NT was 1:103, 1:104, and 1:105, respectively.  Figure 6 plots the 

single cycle enrichment factor ksingle-cycle versus RT/NT for each cycle based on the data obtained 

from all four samples. The ksingle-cycle appears to decrease as RT/NT increases, which implies that 

further enriching the target microspheres becomes more difficult as their concentration increases. 

Therefore, smaller overall enrichment factors are expected as the initial RT/NT increases. 

The above experiments demonstrate the feasibility of the multistage separation scheme. 

For demonstration purposes, the temperature-responsive molecule used in our experiment is 

PNIPAM and it is covalently attached to the target PS microspheres. In practical applications, 

selective attaching of PNIPAM to the targets may be realized by linking the PNIPAM molecule 

to an antibody,[171] which selectively captures the targets and therefore attaches the PNIPAM 

molecule to their surface. Besides PNIPAM, a family of temperature-responsive molecules may 

function in the same manner.[172, 173] In addition, other biopolymers, such as elastin-like 

polypeptides (ELPs), are also able to undergo a reversible phase transition from water soluble 

forms into hydrophobic aggregates over a wide range of temperature and pH.[174-176] Such 
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polypeptides may be fused to antibodies through protein engineering.[177-179] In particular, 

functional ELP fusions with ProA, ProG or ProL are able to conjugate with a wide range of 

antibodies,[180-182] and thus may be used in our multistage separation processes. It is worth 

noting that the PS microspheres used in our experiment have similar size as cells and, therefore, 

our result implies that the separation method presented here may be applicable to separation and 

purification of cells. 

 

Figure 23. Overall enrichment factor koverall as a function of the separation cycles for mixtures with various initial 

ratios of target to non-target microspheres. The mean and standard deviation are calculated from five independent 

data sets.   
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Figure 24. Single-cycle enrichment factor ksingle-cycle versus the ratio of target to non-target microspheres (RT/NT) 

before each cycle calculated for samples with 4 different initial RT/NT values. The mean and standard deviation are 

calculated from five independent data sets.   

5.5 CONCLUSIONS 

We have demonstrated a multistage magnetic separation process that is able to separate 

PNIPAM-functionalized PS microspheres from bare PS microspheres by using PNIPAM-

functionalized MNPs. The reversible hydrophilic-to-hydrophobic transition of PNIPAM 

molecules enables us to manipulate the hydrophobic interactions between the MNPs and the 

microspheres upon cycling the temperature, and to separate the target microspheres from non-
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target microspheres in multiple stages through capture-and-release cycles. The overall 

enrichment factor is observed to significantly increase with the number of separation stages, and 

reaches as high as 1.87×105 after 5 stages.  The result implies that such a multistage separation 

scheme may effectively circumvent problems caused by the non-specific interactions in magnetic 

separation processes.   
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6.0  SUMMARY  

This dissertation consists of two main parts. In the first part, we have developed a novel 

DNA separation technology that is more efficient than the conventional electrophoresis-based 

technologies. Our strategy is to immobilize DNA molecules on a solid surface through precise 

end-hybridization and sequentially pull the DNA molecules off the surface with increasing 

electric field. The anchor is such designed that the critical force to detach a DNA fragment is 

independent of the chain length. Because the electrical force applied to each DNA fragment is 

proportional to its net charge, a gradual increase of the electric field leads to a size-based 

detachment of the DNA strands-longer DNA fragments first departing the surface followed by 

the shorter ones. We have been able to use this method to separate long DNA molecules by 

length, such as the efficient separation of lambda dsDNA (48,502 bp) from human genomic 

dsDNA (> 100,000 bp), with the application of a DC electric field in a simple sandwich-like 

chamber. This simple and highly efficient separation technology does not require separation 

matrices such as gels or polymer solutions, and in principle has no upper limit on the length of 

the DNA that can be efficiently separated. 

We were able to extend this separation strategy to the separation of short single-stranded 

(ss) DNA fragments with less than 100 nucleotides (nt). To pull the short ssDNA fragments off 

the surface, a very strong electric field (on the order of 105 V/m) should be applied to produce 

large enough stretching force on the ssDNA. Using the original experimental set-up for long 



 88 

DNA separation may cause various technical problems such as Joule heating and side 

electrochemical reactions due to the large electric current. We developed two approaches to 

overcome these problems. The first approach is employing a microfluidic platform with narrow 

channels filled with a low conductivity buffer. The electric current in the buffer was lowered to 

less than a few microamperes even at the highest electric field strength, and the influence of 

Joule heating can be safely neglected.  We are able to separate ssDNA fragments in four 

different lengths (60nt, 70nt, 80nt and 90nt) with a 10-nt resolution using this integrated 

microfluidic platform. Theoretical analysis indicates that the separation resolution is limited by 

the fluctuation forces on tethered DNA chains, which agrees well with experimental results. 

In the second approach, we were able to separate short ssDNA fragments by taking the 

advantage of the strong yet evolving non-uniform electric field near the Au surface in contact 

with a buffer solution that is gradually diluted by deionized water. The high electric field 

strength inside the electrical double layer at the gold/electrolyte interface allows us to pull short 

ssDNA strands off the surface with a very low electrode potential. Electrochemical reactions are 

avoided by maintaining the low electrode potential within the ideally polarizable region. Tuning 

the ion concentration of the electrolyte solution allows regulation of the non-uniform electric 

field. By gradually decreasing the ion concentration, longer ssDNA strands are detached first and 

then followed by the shorter ones. A numerical analysis based on a simple electric double layer 

model provides semi-quantitative explanations of the experimental results.  

In the second part of this dissertation, we developed a multistage separation strategy that 

is able to effectively circumvent the problem caused by the non-specific interactions by 

introducing multiple capture-and-release cycles to the magnetic separation process. We have 

demonstrated a multistage magnetic separation process that is able to separate PNIPAM-
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functionalized PS microspheres from bare PS microspheres by using PNIPAM-functionalized 

MNPs. The reversible hydrophilic-to-hydrophobic transition of PNIPAM molecules enables us 

to manipulate the hydrophobic interactions between the MNPs and the microspheres upon 

cycling the temperature, and to separate the target microspheres from non-target microspheres in 

multiple stages through capture-and-release cycles. The overall enrichment factor is observed to 

significantly increase with the number of separation stages, and reaches as high as 1.87×105 after 

5 stages. For demonstration purposes, the temperature-responsive molecule used in our 

experiment is PNIPAM and it is covalently attached to the target PS microspheres. For practical 

applications, selective attaching of PNIPAM to the targets may be realized by linking the 

PNIPAM molecule to an antibody, which selectively captures the targets and therefore attaches 

the PNIPAM molecule to their surface. In addition, other biopolymers, such as elastin-like 

polypeptides (ELPs), are also able to undergo a reversible phase transition from hydrophilic 

forms into hydrophobic aggregates over a wide range of temperature and pH. Such polypeptides 

may be fused to antibodies through protein engineering. In particular, functional ELP fusions 

with ProA, ProG or ProL are able to conjugate with a wide range of antibodies, and thus may be 

used in the multistage separation processes for the separation of biological type samples. 
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	Figure 8. Configuration and dimensions of the microfluidic channel

	Figure 9. Scheme for fabricating microfluidic channels. A system of channels is designed using a CAD software. (A) The CAD file is printed with a commercial printer to produce a high-resolution transparency (10,000 dpi). (B) This transparency is used as a photomask in photolithography to produce a master mold, which consists of a positive relief of photoresist on a silicon wafer. (C) Liquid PDMS pre-polymer is poured over the master mold and cured for 3 h at 70 °C. (D) The PDMS replica is peeled from the master mold, and (E) reservoirs are punched at both ends of the channels and the PDMS replica is sealed to a flat glass surface to enclose the microchannels.

	Figure 10. Schematic illustration of the immobilization of DNA samples in the microchannel.

	Figure 11. ssDNA separation results. (a) Normalized fluorescence intensities (α) obtained from the 90-nt, 80-nt, 70-nt and 60-nt ssDNA fragments as a function of the electric field strength (E). (b) Negative derivative of α (-dα/dE), which corresponds to the amount of ssDNA detached from the surface, as a function of E.

	Figure 13. Schematic of custom-built electrochemical flow cell designed for stretching DNA immobilized on the gold electrode and in situ fluorescence imaging of the gold electrode surface under an electric field.

	Figure 14. Schematic procedure for discrimination of DNA by stretching in an electric field near a charged gold surface. (a) ssDNA probes are immobilized to the gold electrode surface. (b) fluorophore-labeled target ssDNA strands of different lengths, with a common tail complementary to the ssDNA probe, hybridize with the ssDNA probe on the gold surface. (c) Electrically induced ssDNA unzipping from the probe immobilized on the charged gold electrode. (d) ssDNA strands are discriminated by length.

	Figure 15. Fluorescence responses of 60-mer and 90-mer ssDNAs tethered to the gold surface as a function of buffer concentration. (a) 300 mV potential drop is applied acrossed the cell. (b) a control experiment (no potential drop is applied).

	Figure 16. Gouy-Chapman potential (a) and electric field (b) in the buffer solution plotted as a function of the distance d to the electrode surface that is biased at 300 mV. Curves are calculated for solutions containing varying concentrations of monovalent salt (NaCl).

	Figure 17. Calculated electric potential distribution along surface normal direction at three representative time point t = 0, 250 and 300 seconds based on electric double layer model system. The inset sketches the model system.

	Figure 18. Calculated pulling forces on 60-mer and 90-mer ssDNAs versus time.

	Figure 19. Schematic of the multistage magnetic separation process using PNIPAM functionalized magnetic nanoparticles (PNIPAM-MNPs). (a) PNIPAM-MNPs, target microspheres, and non-target microspheres are mixed in a 4°C buffer. (b) Capture of the targets by PNIPAM-MNPs through hydrophobic interactions upon raising the temperature to 37°C. (c) The MNPs are collected by a magnet. (d) The original mixture is separated into two parts: the pellet contains MNPs, the captured targets, and the non-targets captured due to non-specific interactions; the supernatant contains the rest of the mixture and is decanted. (e) Release of the targets from PNIPAM-MNPs in a 4°C buffer. (f) - (h) repeat the process of (b) - (d).

	Figure 20. Characterizations of poly (acrylic acid) modified magnetic nanoparticles (PAA-MNPs). (a) SEM image. (b) XRD pattern. (c) Magnetic property of the PAA-MNPs: the MNPs are attracted to the wall of the vial when a magnet is present. (d) After removing the magnet, the PAA-MNPs are easily redispersed in water with gentle shaking. (e) FTIR spectra of PAA and PAA-MNPs.

	Figure 21. Effect of the concentration of PNIPAM-MNPs on the capture efficiency of the target microspheres. The initial concentration of target microspheres is 5.0×106 microspheres/mL. For each sample, one capture-and-release cycle is performed. Data are presented as the mean and standard deviation from five independent experiments. 
	Figure 22. Comparative study on the capture-and-release specificity of PNIPAM-functionalized target microspheres and non-target microspheres (bare PS microspheres) using PNIPAM-MNPs. The initial concentrations of target and non-target microspheres are 5.0×106 and 4.9×106 microspheres/mL, respectively. The percentages of microspheres counted after each capture or release process are presented using the number of microspheres in the original sample as a reference. The average and standard deviation are calculated from five independent data sets.

	Figure 23. Overall enrichment factor koverall as a function of the separation cycles for mixtures with various initial ratios of target to non-target microspheres. The mean and standard deviation are calculated from five independent data sets.

	Figure 24. Single-cycle enrichment factor ksingle-cycle versus the ratio of target to non-target microspheres (RT/NT) before each cycle calculated for samples with 4 different initial RT/NT values. The mean and standard deviation are calculated from five independent data sets.
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