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Abstract

Nucleic acid analysis has enhanced our understanding of biological processes and disease 

progression, elucidated the association of genetic variants and disease, and led to the design and 

implementation of new treatment strategies. These diverse applications require analysis of a 

variety of characteristics of nucleic acid molecules: size or length, detection or quantification of 

specific sequences, mapping of the general sequence structure, full sequence identification, 

analysis of epigenetic modifications, and observation of interactions between nucleic acids and 

other biomolecules. Strategies that can detect rare or transient species, characterize population 

distributions, and analyze small sample volumes enable the collection of richer data from 

biosamples. Platforms that integrate micro- and nano- fluidic operations with high sensitivity 

single molecule detection facilitate manipulation and detection of individual nucleic acid 

molecules. In this review, we will highlight important milestones and recent advances in single 

molecule nucleic acid analysis in micro- and nano- fluidic platforms. We focus on assessment 

modalities for single nucleic acid molecules and highlight the role of micro- and nano- structures 

and fluidic manipulation. We will also briefly discuss future directions and the current limitations 

and obstacles impeding even faster progress toward these goals.

Graphical Abstract

1. Introduction

Nucleic acid molecules are information rich. They are involved in many critical biological 

processes including inheritance, cellular activities such as gene expression and cell 

differentiation, aging, disease progression, and epidemiology. Because nucleic acids are 
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involved in so many aspects of human health, they hold great potential as broad-based 

biomarkers. For example, the utility of cell-free nucleic acids as biomarkers has been 

demonstrated for non-invasive diagnosis of fetal aneuploidy1, non-invasive sequencing of 

the entire prenatal genome2, and is being explored in diseases such as cancer3, 4.

While much progress has been made in the understanding and categorization of nucleic 

acids based on their structure and function (e.g. DNA, transfer tRNA, messenger mRNA, 

micro miRNA, etc.), the cellular environment in which they form, act, and from which we 

sample, is quite complex. Analysis of these diverse species requires tools that are capable of 

accurate detection and characterization amidst a complex molecular background. Even more 

complex samples that contain nucleic acid material derived from multiple tissues, such as 

blood and urine, can provide a snapshot of systemic health for noninvasive health 

monitoring and diagnostics. In cancer diagnostics, a blood sample may even prove more 

descriptive than a tissue biopsy5, 6, since branched evolution can introduce intratumor 

heterogeneity7, 8. Liquid biopsies, therefore, have the potential to enable patient health 

assessment that is both more complete and less invasive than standard methods, so long as 

the analysis techniques are capable of accurately probing these highly complex samples. 

Single molecule detection strategies enable observations of individual molecules, providing 

unparalleled detection sensitivity and quantification capability, and enabling analysis of 

subpopulations that are hidden in bulk measurements. Such high sensitivity detection also 

facilitates analysis of smaller sample sizes, which can be easier to collect and process, 

potentially be analyzed faster, and minimize the use of precious or rare samples.

Manipulation and detection of single molecules requires a different tool set than bulk sample 

analysis. Microfluidic devices can play multiple roles in enhancing this particular form of 

analysis and detection. First, nucleic acid molecules are small, ranging from nm to μm in 

characteristic dimension. Detection of single molecules requires decreasing the background 

noise (signal) below the signal emitted by each molecule by limiting the sources of noise. 

This can be done by decreasing the size of the detection region to a similarly small area on 

the order of nm to μm in one or more dimensions. Microfluidic devices can be designed to 

complement high sensitivity single molecule detectors in multiple ways9. First, the sample 

volume can be confined to match the dimensions of the detection volume, ensuring that the 

molecule of interest is detected by the single molecule detector for higher mass detection 

efficiency. Second, micro-and nano- features can be designed to enhance the signal emitted 

from each molecule. Alternatively, compartmentalization of signal amplification reactions to 

small micro-reactors such as droplets or wells can be used to increase the local concentration 

of signal-emitting molecules. Finally, the precise manipulation of individual nucleic acid 

molecules requires tools and features on the same size scale (nm to μm). Such features can 

integrated in microfluidic devices.

Analysis of single nucleic acid molecules in microfluidic devices is thus poised to both 

address biological and clinical needs as well as overcome technological barriers that are 

currently limiting the implementation and use of emerging bioanalytical technologies. This 

includes, for example, the ability to directly and accurately detect rare molecular species, as 

well as the ability to perform high throughput analysis to generate large data sets more 

quickly. Nucleic acid molecules can be characterized according to various attributes, as 
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summarized in Figure 1. From the most global perspective, we can observe the molecule’s 

size, or length. Length analysis is generally easier, cheaper, and faster than the methods 

required to analyze other characteristics, and can provide diagnostic and identification 

information. For example, the size distribution of circulating DNA can serve as a biomarker 

for cancer detection10, 11. Second, size selection can be an important identification or 

purification step: for example to isolate miRNA from the total RNA in a cell sample or fetal 

DNA from a mother’s circulating DNA12, and enzymatic digestion of whole genomes can 

produce a unique size distribution barcode that can be used to identify the organism13. 

However, many applications require a deeper analysis of the nucleic acid sequence. 

Sequence-specific detection to identify particular genes, diseases, or pathogens can be 

achieved with hybridization-based assays, but requires prior knowledge of the identifying 

sequence and provides no information on any additional sequences present in the sample. In 

addition, broad-based detection, in which a single test can be used to diagnose multiple 

genetic variants, requires highly multiplexed analysis. Optical mapping has been used to 

generate a physical genomic map of whole nucleic acid molecules or genomes by tabulating 

locations of specifically marked sequences14–17. Mapping provides important information 

about structural variants and chromosomal rearrangements that are difficult to detect using 

other current methods including sequencing. However, mapping cannot be used to identify 

small structural changes below the optical resolution limit or to obtain sequence information 

in the untagged regions. Knowledge of the whole sequence in real-time would provide the 

richest source of information for broad-based analysis. Single molecule sequencing 

platforms show promise towards this end, but error rates, cost, time, and intense data 

processing requirements will need to be overcome before this could be used as a routine 

clinical diagnostic. It is becoming increasingly apparent that many changes in genetic 

expression are not caused by changes in sequence, but rather epigenetic modifications 

ranging from DNA methylation to histone modifications18 and miRNA expression. Methods 

that are sensitive to these changes are important for monitoring their role in conjunction with 

other nucleic acids analysis techniques. Finally, single molecule studies of nucleic acid 

interactions with other molecules including nucleic acids, proteins, and small molecules 

allow researchers to both improve their characterization and understanding of biological 

interactions and to design effective therapeutic strategies.

In this review, we will highlight the important milestones and recent advances in nucleic 

acid analysis in each of the categories summarized in Fig. 1 specifically through the use of 

both micro- and nano- fluidics and single molecule detection (SMD) technologies. We will 

also briefly discuss the current limitations and obstacles to even faster progress and discuss 

future directions. The development of compartmentalized amplification strategies, such as 

digital PCR19–21 and enzyme-linked signal amplification22, 23, is a burgeoning field. 

However, amplification methods do not involve direct observation of single nucleic acid 

molecules, and thus will not be covered in this review. Readers interested in these topics are 

referred to other excellent reviews24–27.
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2. Assessment Modalities

2.1. Length/Size

The size of a nucleic acid molecule is one of the simplest parameters to measure and is 

useful for many purposes. First, the size distribution of DNA from a complex sample, such 

as blood, can be used to assess the origin (maternal or fetal12, cancerous or normal 

tissue10, 11, 28, 29) or disease status. Second, because gel electrophoresis size separations are 

relatively cheap, easy and routine benchtop techniques, many assays have been designed to 

link size analysis with other characteristics, such as restriction enzymatic digestion of 

genomic DNA for pathogen identification30 and forensic DNA fingerprinting31, and 

multiplexed ligation-dependent probe amplification (MLPA) for sequence-specific detection 

and quantification32. Optical mapping (Section 2.3), introduced in 1993, involves optically 

measuring distances along the length of a single nucleic acid molecule14. Conventional 

benchtop gel electrophoresis is not capable of handling small sample volumes and lacks the 

sensitivity for single molecule analysis that is important for increasing the sensitivity, speed, 

and resolution of population distribution length measurements. Microfluidic technologies 

enable this single molecule length analysis.

The main strategies for performing single molecule length analysis are outlined in Figure 2. 

First, the signal accompanying each single molecule detection event can be evaluated to 

determine its size: either measuring the end-to-end distance (or contour length) of a 

stretched nucleic acid molecule, or through integration of the total signal intensity generated 

by each molecule. Alternatively, molecules can be separated by size in solution. These 

separation-based approaches can be either continuous, where a molecule’s two-dimensional 

trajectory is dependent on its size, or one-dimensional, where velocity is used to separate 

molecules by size. Because dsDNA molecules can be ratiometrically labeled with 

fluorescent intercalating dyes and detected with high signal-to-noise ratio, most single 

molecule detection methods rely on fluorescence-based optical instruments33. The optical 

techniques most commonly cited in this review include confocal fluorescence spectroscopy 

(CFS), fluorescent optical microscopy with high sensitivity intensified iCCD or electron 

multiplying emCCD cameras, and total internal reflection fluorescence (TIRF). However, 

we will also discuss alternative electrical single molecule detection methods that are 

emerging. In this section, we will briefly discuss the background and recent advances for 

each of the sizing methods, but readers seeking a more comprehensive examination are 

directed to an excellent recent review of this area34.

2.1.1. Stretching—In aqueous conditions, DNA molecules are rather flexible and tend to 

adopt three-dimensional random coil conformations in free solution. Visualization and 

measurement of full-length molecules requires forcing their extension along one dimension. 

Microfluidic forces and structures can be used to controllably stretch DNA for analysis in 

extended conformations. The most commonly-employed methods for stretching nucleic acid 

samples for sizing and/or optical mapping are shown in Figure 3. One way to stretch DNA is 

to immobilize one or both ends of the DNA molecule, for example to a surface, and to apply 

a force to separate the ends. The stretching force can be applied by surface tension at a 

meniscus, a process called “molecular combing”35 or fluid flow36 (Fig. 3a). An improved 
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deposition efficiency for molecular combing was demonstrated by utilizing recirculating 

flow within moving droplets and an optimized polymer surface to enable analysis of 

picograms of DNA within a droplet37. Another approach to analyze dilute DNA solutions 

uses evaporation on the superhydrophobic surface of a micropillar array to deposit stretched 

DNA filaments between the pillars38. Techniques have also been developed to stretch 

molecules without attachment. Shear forces can also be utilized to stretch DNA in fluid flow 

in microchannel funnels (Fig. 3b-i)39, at stagnation points either hydrodynamically (Fig. 3b-

ii)40 or electrokinetically41, or in oscillatory flow42. Alternatively, DNA molecules can be 

confined in one (nanoslit) or two dimensions (nanochannel) to force their elongation (Fig 

3c).

DC electric fields can also be used to electrokinetically drive DNA strands into the 

nanochannels. Then, the field is turned off to create a static array of stretched DNA for 

imaging. Fig. 2a shows DNA molecules confined in 100 nm by 200 nm nanochannels and 

imaged with an optical microscope and an intensified CCD camera43. Confocal fluorescence 

spectroscopy (CFS) can also be used to detect stained DNA molecules as they 

electrophorese through a nanochannel44. Here, the fluorescent signal obtained from each 

molecule relates speed and conformation in addition to length44. The main challenges with 

nanochannel confinement techniques include achieving full stretch (stretching to the full 

contour length) and preventing the formation of any folds or knots in the elongated molecule 

within the channel. Folding and looped conformations can be avoided by employing very 

small (45 nm) nanochannel cross sections45. However, the fabrication of long nanochannels 

with very small cross sections requires sophisticated nanofabrication techniques46 and result 

in larger entropic barriers to both entry and transport47 that necessitate a gradient of 

microstructures to unravel the randomly coiled DNA molecules before entering the small 

constriction (see Fig. 3c). Larger, more easily fabricated PDMS nanochannels (> 100 nm) 

have also successfully stretched DNA molecules to high degrees, but this technique requires 

low ionic strength environments48. Sizing stretched molecules is particularly important for 

DNA mapping, so the most advanced methods to achieve stretching uniformity and 

throughput will be discussed further in Section 2.3.

An alternative to measuring the equilibrium length of stretched molecules in nanochannels 

longer than the molecule is to analyze the time it takes for a molecule to traverse a short 

nanochannel or pore49. For example, fragmented genomic DNA can be sized by measuring 

the translocation time through a nanochannel shorter than the contour length in pulsed 

electrical fields50. A benefit of this method is that molecules can be detected electronically, 

obviating the need for molecular labeling and expensive optical equipment that limits 

portability51. However, improvements in sizing resolution would be necessary, for example 

by performing multiple measurements on each molecule for statistical averaging51.

2.1.2. Fluorescent Burst Sizing—Single molecule fluorescence intensity can also be 

used to size nucleic acid fragments. While this can be done for stretched DNA34, it can also 

be performed on randomly coiled DNA in solution. When using this method sizing 

resolution is limited by two factors: statistical variation in the ratio of dyes per nucleotide 

between DNA molecules, and detector sensitivity and uniformity over the excitation 

volume. The staining ratio inherently limits sizing resolution and makes the method better 
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suited to sizing of larger DNA molecules (kilobasepairs), although sizing of 125 bp 

fragments has been demonstrated52. The other factor affecting burst size variation is the 

uniformity of excitation and collection throughout the detection volume. For example, 

typical confocal spectroscopy systems have very small diffraction-limited observation 

volumes, smaller than the size of a microfluidic channel, which creates large variations in 

excitation and collection efficiency across the channel. One way to overcome this is to focus 

the molecular trajectory through the smaller observation volume using electrokinetic radial 

migration53 or sheath flow54. Another is to use a cylindrical lens in the optical path to 

expand the laser beam in one dimension (Cylindrical Illumination Confocal Spectroscopy – 

CICS) to produce uniform illumination (< 10% variation) across a 5 μm wide channel55. 

This method demonstrated linear sizing for fragment sizes from 564 bp to 27.5 kbp (Fig. 2b) 

and was used to size circulating DNA from serum without amplification4.

2.1.3. One-dimensional Separations—Nucleic acid molecules can also be separated by 

size by differences in mobility prior to detection. The parabolic flow profile of pressure-

driven laminar flow in a microchannel has been exploited to separate molecules in solution 

depending on their favored position in the channel. For channel radii on the order of the 

molecules to be separated, the hydrodynamic radius of the molecule prevents sampling of 

the slowest flow near the walls, resulting in an average velocity that is size dependent – 

where the largest molecules travel faster than smaller molecules, and the solute travels the 

slowest. When the separation method is combined with CICS detection, individual 

molecules can be detected and counted with high mass detection efficiency, creating 

separation chromatograms in terms of single molecule counts56. The sensitivity to detect and 

identify as few as 9 molecules of a single fragment size (Fig. 2c) and the resolution to 

distinguish double-stranded and single-stranded DNA fragments of the same length has been 

demonstrated57–58.

Other separation methods utilize arrays of micro/nanofabricated obstacles to separate DNA 

by size59, often using electrokinetic as opposed to hydrodynamic forces to guide the DNA 

into and through the structured array. Microfabrication technologies allow researchers to 

tightly control the size, spacing, and uniformity of micro and nano structures such as posts, 

as compared with gels, which have a wide distribution of pore sizes. The electrophoretic 

mobility of a DNA fragment through a post array depends on the number of collisions and 

the “hold-up” time spent interacting with the obstacles60, 61. However, one of the limitations 

of this technology is the size of the array that can be fabricated, limiting the resolution and 

number of species that can be separated in a single run34. Recently, nanofences have been 

proposed and demonstrated to increase resolution for electrophoresis of long DNA 

fragments62. Alternatively, microchannels with a series of nanoslit constrictions have also 

been shown to form entropic traps to electrophoretically separate kb-sized DNA molecules 

in DC fields an order of magnitude faster than pulsed-field gel electrophoresis63, 64.

2.1.4. Two-dimensional Separations—Structured arrays can also be used to 

continuously separate DNA molecules according to size. Variations on this theme include 

pulsed field electrophoresis through arrays of micropillers65 or nanoparticles (Fig. 2d)66, 

tilted Brownian ratcheting67, 68, and deterministic lateral displacement69. In general, these 

Friedrich et al. Page 6

Lab Chip. Author manuscript; available in PMC 2016 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



methods are limited to large DNA molecules (10’s to 100’s of kb) with limited demonstrated 

integration with single molecule detection. However, single molecule analysis is useful for 

mechanistic and optimization studies. For example, analyzing the degree of DNA stretching 

under various solution conditions was used to improve throughput of deterministic lateral 

displacement separations with the addition of PEG69. Further improvements in DNA 

separation and sizing technologies on chip could allow for more efficient measurement and 

sorting prior to other downstream analyses.

2.2. Sequence-specific analyses

Sequence-specific detection has many applications, ranging from early detection of cancer 

to identification of pathogens. Recently developed technologies do not necessarily require 

amplification of nucleic acids for sequence-specific detection70. Bypassing amplification 

offers several advantages. The amplification process, particularly multiplexed PCR, can 

produce artifacts71. Second, PCR inhibitors often present in biological samples can hinder 

amplification72, 73. Single molecule digital PCR has exhibited increased tolerance to 

interfering substances, conferring advantages over conventional qPCR 74–76. In addition, 

many clinical applications require rapid processing times. Sensitive detection methods, 

which require less sample preparation and only a single hybridization step, can generate 

results more quickly and are thus highly desirable.

One well-documented approach for single molecule nucleic acid detection involves confocal 

fluorescence spectroscopy77. Here, signal is generated based on the direct hybridization of 

[unamplified] DNA with fluorescent molecular probes. Examples of probes used with 

confocal fluorescence spectroscopy are generally based on fluorescence resonance energy 

transfer (FRET) such as molecular beacons78 and quantum dot nanosensors79. Molecular 

beacons are hairpin-structured oligonucleotides conjugated with a fluorophore and quencher. 

Once the molecular beacon hybridizes to the target, the fluorophore and quencher separate, 

causing a dramatic increase in the quantum yield of the fluorophore. In one study, an on-

chip single-molecule assay with molecular beacons was performed53. On-chip 

electrophoresis and dielectrophoresis were performed to achieve confinement of DNA 

molecules to a submicron laser focused detection region. Fluorescent signal from as low as 

0.7 pM of target was able to be distinguished from the background53. In another study, light 

sheet-based confocal fluorescence spectroscopy80, coupled with hydrodynamic separation, 

was applied to maximize the mass detection efficiency and to enhance the sensitivity by 

separating unbound probes from target-probe hybrids56. Furthermore, droplet confinement 

through a retractable microfluidic constriction extended droplet duration through the 

illumination volume, providing the spatial and temporal resolution necessary to detect single 

biomolecules in a sub-nanoliter droplet81. The tunable nature of the droplet platform that 

allows attainment of single fluorophore sensitivity was illustrated using a Cy5 molecular 

beacon complementary to a sequence on 16S rRNA from E. coli82. This platform was 

extended to a droplet microfluidic chip capable of amplification-free detection of single 

pathogenic cells (Fig. 4b) 83. Here, a PNA beacon was used that was complementary to a 

genetic locus within the target bacterial genome. In its natural state, the beacon folds on 

itself, such that the fluorophore is quenched. PNAs are base sequences attached to an 

uncharged backbone, which confers stronger binding between complementary PNA/DNA 
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sequences, compared to DNA counterparts. A dilute mixture of pathogenic cells and PNA 

beacon was encapsulated into picoliter-sized droplets, which were then incubated at elevated 

temperatures to facilitate cell lysis and beacon-target hybridization. PNA beacons 

encapsulated in droplets containing cells were hybridized with complementary 16S rRNA 

targets83. Some drawbacks of molecular beacons include difficulties in removal of excess 

free fluorophores after synthesis and thermodynamically-driven open and closed states, even 

at temperatures below the Tm. Therefore at low target concentrations, the number of open 

hairpins may be comparable to the number of targets, limiting the assay sensitivity.

The femtoliter detection volume of confocal fluorescence spectroscopy permits coincident 

single-molecule fluorescence signals that occur when two or more fluorescently-labeled 

molecules simultaneously pass through the detection volume. This technique is referred to as 

single-molecule fluorescence burst coincidence detection84–86. By using two differently 

labeled probes complementary to the same target, coincidence events may be detected. To 

minimize the probability of two unbound probes simultaneously passing through the 

detection volume, low concentrations of probes must be used. Coincidence detection has 

been performed with total internal reflection fluorescence (TIRF) microscopy as well. In one 

paper, a bioassay was demonstrated for sequence-specific detection of DNA for target 

concentrations in the pM to fM range. The authors demonstrated quantification of a short 

DNA sequence via coincidence detection in 30 seconds87. In another approach, a 

quantitative miRNA assay was demonstrated in which two spectrally distinguishable 

fluorescent locked nucleic acid (LNA)-DNA oligonucleotide probes were hybridized to the 

miRNA of interest. Probe/miRNA hybrids were then directly counted on a single-molecule 

detection instrument (Fig. 4a) 88.

Quantum dots may also be used for single-molecule DNA detection79, 89, 90. Quantum dots 

can undergo FRET phenomena and be used to investigate interactions between 

biomolecules91, 92. Good spectral overlap is required for donor and acceptor pairs. QDs 

boast advantageous photophysical properties, such as size-tunable photoluminescence 

spectra, broad absorption and narrow emission wavelengths and high quantum yields79, 93. 

A novel nanosensor-based oligonucleotide ligation assay was used to demonstrate 

successfully detection of a KRAS point mutation, typical of some ovarian tumors79. The 

authors of this study purported detection of target concentrations as low as 4.8 fM.

A relatively recent technology, the NanoString nCounter gene expression system, can 

capture and count specific nucleic acid molecules in a heterogeneous mixture94. Although 

the NanoString can measure single molecules, the recommended minimum sample input is 

~100 ng. The nCounter relies upon development of a probe library with two sequence-

specific probes for each gene of interest. The first probe is a capture probe, and contains a 

35- to 50-base sequence complementary to a particular target mRNA plus a short common 

sequence coupled to an affinity tag such as biotin. The second probe is the reporter probe, 

and contains a second 35- to 50-base sequence complementary to the target mRNA, which is 

coupled to a color-coded tag that provides the detection signal. The tag consists of a single-

stranded DNA molecule, the backbone, annealed to a series of complementary in vitro 

transcribed RNA segments each labeled with a specific fluorophore. The linear order of 

these differently colored RNA segments creates a unique code for each gene of interest. The 
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NanoString has been used for a variety of applications, including analysis of formalin-fixed 

paraffin-embedded tissue obtain in clinical trials 95.

2.3. Physical Genomic Mapping

Although sequence-specific detection strategies can be highly sensitive and specific to the 

presence of relatively short nucleic acid sequences, detecting large kb to Mb structural 

changes, such as duplications or inversions is difficult with the methods described in Section 

2.2. Optical mapping is a form of physical mapping that can be used to generate a broader 

picture of the sequence structure of a single nucleic acid molecule or whole genome14. In the 

simplest terms, a physical map relates the distance, in terms of length or basepairs, between 

specific sequences in a genome. Because the number and location of these targeted 

sequences is dependent upon the underlying sequence, a physical map can be used to 

identify organisms, distinguish bacterial strains, and diagnose diseases caused by structural 

mutations. To generate an optical map, a single DNA molecule is stretched in one dimension 

to allow measurement of the physical distance between specific sequence sites. This 

technique maintains relative locational information along the full length of the molecule to 

enable assembly of a map that can span the full genome. Conversion of the measured 

distance to basepairs or kilobasepairs generates a physical map. This system has evolved to 

construct physical maps of entire genomes de novo, or detect and characterize structural 

variants, through the analysis of large data sets of individual molecules. These physical 

mapping scaffolds can serve as a useful companion tool to align next-generation and single 

molecule sequencing reads or to identify sequence misassemblies96. Optical mapping can 

also be used in stand-alone applications for pathogen identification97 and strain-typing98 as 

well as detection of large-scale structural and chromosomal rearrangements that are difficult 

to detect using other methods99–103. Various techniques can be employed to stretch DNA 

(see Section 2.1.1), but the methods that are best suited for DNA mapping are ones that are 

simple to perform and automate, high throughput, and achieve highly repeatability. Uniform 

stretch efficiency is particularly important for aligning mapped molecules at the highest 

possible basepair resolution. The current methods that have been utilized for DNA mapping 

are shown in Fig. 3.

There are also various methods for producing an optical DNA map or barcode (Fig. 5). 

Denaturation mapping, shown in Figure 5a, utilizes differences in local melting temperatures 

along the length of a long dsDNA molecule to probe generalities about the underlying 

structure. AT-rich regions tend to have lower double helix stability than GC-rich regions, 

causing AT-rich regions to begin melting at lower temperatures. A dsDNA molecule stained 

with intercalating dye that is treated with chemical and heat denaturants will partially melt in 

accordance with the underlying sequence. The intercalating dye diffuses away from the 

melted regions, leaving a fluorescent barcode along the length of the DNA molecule104. 

This technique can be performed with relatively little sample preparation, but cannot 

identify small differences (basepairs) between similar sequences. In addition, DNA melting 

is a complicated process that strongly depends on temperature and chemical conditions, 

which can be difficult to precisely control or account for, and can consequently affect 

quantitative agreement between experiment and theory104.

Friedrich et al. Page 9

Lab Chip. Author manuscript; available in PMC 2016 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Alternatively, restriction endonucleases can be employed to cut dsDNA fragments at a 

specific recognition site to generate a restriction map (Fig. 5b). DNA profiling techniques 

that employ enzymatic digestion prior to electrophoretic separation sizing have been used 

for decades for bacterial strain typing, forensic identification, and paternity testing105–107. In 

contrast, an ordered optical restriction map is obtained by stretching locally isolated DNA 

molecules prior to digestion so that the relative location of each restriction site is retained 

along the length of each molecule. This can be performed in a nanochannel108, but requires 

careful control of buffer conditions to prevent digestion from occurring before the enzyme-

bound DNA molecule is stretched within the nanochannel. Additionally, long observations 

of single molecules can result in photo-induced cutting109, so care must be taken to ensure 

that cuts are enzymatic and not a result of photodamage. Alternatively, stretched DNA 

molecules adsorbed to a surface can also be used to generate restriction maps. 

Microchannel-based adaptations are now commercially available and have been used to 

generate dense and highly aligned genetic maps16. Single molecule restriction mapping has 

been used for pathogen identification and monitoring applications, including strain typing of 

bacterial outbreaks110 and monitoring the genomic stability and evolution of laboratory 

bacterial strains including Staphyloccus aureus111 and Escherichia coli112. It has also been 

used to generate reference maps for large eukaryotic genomes such as mouse113, maize114, 

and rice115. The creation of reference restriction maps has enabled the detection of 

numerous structural variants within the human genome100–103 and cancer116, as well as 

facilitated de novo genome sequence assembly and validation with companion data from 

pyrosequencing117, sequencing-by-synthesis118, 119, and SMRT sequencing (see Section 

2.4)120, 121 platforms.

In another approach, a microchannel funnel was used to generate elongational flow that 

stretches DNA molecules while traversing consecutive confocal detection volumes (Fig. 3b-

i)39. Fluorescently labeled PNA probes were designed to hybridize to 7–8nt long sequences 

within a dsDNA molecule stained with intercalating dye39. This method, termed GSS, 

Genome Sequence Scanning (previously DLA, Direct Linear Analysis) generates a 

fluorescent barcode along a single DNA molecule that is read as it flows through the 

multicolor confocal detection region39. Improved consistency in both intercalation dye 

labeling and DNA stretching efficiency was achieved by performing DNA intercalation 

staining on the device122. The device was further optimized to increase throughput and 

stretching consistency by redesigning the funnel geometry to maintain constant shear 

through the detection region123. The platform has been used for bacterial genotyping124 and 

strain typing125. The same platform was also used to detect non-nucleic acid antigens along 

a DNA carrier molecule for uses in pathogen identification for food safety testing and 

outbreak investigations126. Target antigens were detected in the presence of 100-fold excess 

background bacterial mixture127 on a device capable of testing air samples.

Elongational flows can also be used to stretch DNA at a stagnation point (Fig 3b-ii)128, 129. 

This has been used for restriction mapping by binding the restriction enzyme prior to 

mapping and introducing the cofactor Mg++ during stretching, allowing the location of 

cutting and kinetics to be studied simultaneously130. This method has also been combined 

with denaturation mapping131 for identification and analysis of DNA molecules of over 1Mb 
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is length. Denaturation mapping was used to identify its chromosomal origin as well as any 

insertions, deletions, inversions, ranging in size from a few kb to Mb. Although this method 

is not easily parallelizable, by limiting the throughput (only 1 molecule can be investigated 

at a time), the authors demonstrated the ability to capture the molecule after mapping for 

further PCR and sequencing analysis. The authors have also demonstrated important 

advances in automation132 including image filtering and analysis as well as automated 

individual DNA molecule selection, manipulation, and stretching of long DNA molecules 

for mapping. This is important because all mapping methods suffer in throughput in the 

presence of smaller DNA fragments. Either improved sample preparation methods that 

reduce the number of small fragments introduced to the mapping device, or devices which 

incorporate some form of size selection or size filtering prior to analysis will be important 

for alleviating these issues.

BioNano Genomics’ Irys Technology17 also utilizes fluorescent tags to generate an optical 

map (Fig. 5c), but uses different approaches to generate the tags, stretch the molecules, and 

image the mapped DNA. A double-stranded molecule is nicked in sequence-specific 

locations with nicking enzyme Nb.BbvCI, producing single stranded breaks to serve as 

labeling sites. In nick labeling, fluorescent nucleotides are incorporated into the nick sites by 

a DNA polymerase molecule17, 133. In flap labeling, the single stranded flap generated by 

the extension reaction is hybridized with a fluorescently tagged DNA probe134. By using a 

gradient of nanostructures before the 45 × 45 nm channels, DNA is threaded into the 

channels to avoid any folds in the DNA that might affect analysis. This approach has been 

used in haplotyping and scaffolding for de novo genome assembly45. The authors have also 

demonstrated that the use of super-resolution imaging techniques can improve resolution 

between fluorescent nicking sites to 100 bp135. They demonstrated the use of mapping as 

scaffolding to complete de novo sequence assembly of new genomes136, to finish 

particularly difficult and repetitive regions of the human genome137, to detect structural 

variations (insertions, deletions, and inversions)138, 139 in an individual human genome140, 

and for strain typing of bacteriophages λ and T7 from a background phage library by 

covalently labeling at methyltransferase recognition sites141. Techniques for mapping 

epigenetic markers will be further discussed in Section 2.5.

2.4. Single Molecule Sequencing

The full de novo generated sequence of a nucleic acid molecule provides more information 

than physical genomic mapping or sequence-specific detection because it does not require 

prior knowledge of the sequence. Second-generation sequencing methods are helping to 

lower the price and increase the speed of sequencing analysis. However, most utilize PCR to 

clone copies for analysis, which can introduce amplification bias in the sequenced reads. 

Additionally, sequencing information is attained from the simultaneous read of a colony of 

synchronized molecules, which increases the signal generated from each population, but 

limits the read length due to desynchronization142. Short read lengths require in depth data 

analysis to assemble the genome and deep sequencing (many reads of the same sequence). 

Repetitive sections of the genome longer than the read lengths are difficult to piece together, 

creating gaps in the assembled genome and making certain large-scale rearrangements 
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difficult to detect. Sequencing of single molecules can have longer read lengths and can 

avoid the use of PCR altogether.

An optical method has been developed by Pacific Biosciences using zero-mode wave guides 

to increase signal detection sensitivity from single fluorophores even at very high 

concentrations of background fluorophores143. This method, termed Single Molecule Real 

Time (SMRT) sequencing144, uses a high density of zero-mode waveguides patterned into a 

surface thereby allowing for efficient sequence data collection, as shown in Figure 6a. A 

single polymerase enzyme attached to a DNA molecule template occupies the bottom of a 

waveguide. Fluorescently-tagged nucleotides can diffuse into the waveguide and generate a 

fluorescent signal upon incorporation. Nucleotides are labeled with color fluorophores to 

allow discrimination between the bases. Single molecule sequencing has specific advantages 

for particular applications including bacterial strain evolution analysis145, 146, de novo gene 

assembly without a reference genome147, 148, finishing particularly difficult gaps in genome 

assembly149, accurate identification of structural150 and mRNA splicing151 variants, and 

analysis of methylation patterns152–154. Although error rates for individual reads are 

relatively high compared to other methods, the error sources are random and therefore 

require only sufficient read redundancy (recommended depth > 8 reads) to overcome 

stochastic errors. Other sequencing methods with systematic errors, on the other hand, 

require the use of additional complementary techniques to resolve the errors155. To correct 

incorrect base calls from a single sequence read, the double-stranded template can be 

converted into a circular template to generate multiple reads of both the sense and anti-sense 

sequences156, 157. However, this error-checking method is most useful for shorter sample 

fragments. Very long circularized molecules may only be ready once since the maximum 

continuous read length is limited by other factors in the system. Therefore, the user must 

choose whether high accuracy single reads or very long read lengths are most important 

when choosing the fragment insert size.

SMRT sequencing does require fluorescently labeled dNTPs and sequencing-by-synthesis, 

which relies on the activity of a single polymerase enzyme for each molecule read. An 

alternative label-free approach detects changes in current flow through a nanopore when a 

nucleic acid molecule partially blocks the nanopore158. The principle is illustrated in Figure 

6b. A voltage across a nanopore drives charged ions to traverse through the pore to carry the 

electrical current. However, if a large molecule blocks some of the pore, there is increased 

resistance to ion flow and therefore a smaller current is measured. As a nucleic acid 

molecule traverses the pore, its primary sequence can be ascertained by measuring the 

characteristic current signal that is ostensibly determined by the nucleotide sequence. 

Emerging commercial technologies include the products from Oxford Nanopore, who uses a 

biological nanopore in addition to a helicase protein to unwind dsDNA and ratchet a single 

strand through the nanopore159,160.

The realization of single nucleotide discrimination in nanopores has been difficult for 

numerous reasons. First, single-stranded nucleic acid molecules have very small radii (<1 

nm)161 and are charged themselves, causing them to move very quickly through the 

nanopores. Controlling the speed of translation through the pore is one important aspect to 

improving base identification162. Second, the pores are fairly deep compared to the length of 

Friedrich et al. Page 12

Lab Chip. Author manuscript; available in PMC 2016 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



each nucleotide along a DNA molecule. Therefore, reading the resistance/current change 

from a single nucleotide, not a series of nucleotides, is also difficult. Modifications to the 

pore structure, such as multiple “reading heads”163 or an engineered mutation at a reading 

head164 have already been demonstrated and implemented in Oxford Nanopore’s 

technology. Sequencing via exonuclease activity165 could help to address both issues. 

Sequencing speed is currently 30 bases per second for each nanopore, but faster modes will 

be available by choosing different temperatures, buffers, or enzymes166.

Currently there are three products based on nanopore sequencing in development, but only 

the small, portable minION is presently available, with the larger prometheION access 

program starting soon. Since the minION was released in the early access program, the long 

read length, extremely low cost (only $1000), and portability have attracted researchers 

pursuing diverse projects. These include analysis of viral diversity and evolution167, 

bacterial strain typing and identification of antibiotic/antimicrobial resistance168–171, 

identification of alternatively spliced mRNA isoforms172, de novo bacterial genome 

assembly without a companion scaffolding technology173, rapid viral identification from 

clinical samples 174 and noninvasive prenatal testing175. RNA sequencing is currently 

performed after first generating complementary cDNA through reverse transcription, but 

new workflows that will allow direct sequencing of mRNA as well as miRNA are in 

development166. Since the minION’s release in late 2013, updates in chemistry and data 

processing algorithms have already improved error rates176, though performance still lags 

behind the SMRT sequencing platform. The long read length offered by both platforms will 

benefit from the development of new data algorithms to help overcome the error 

rates177, 178. At present, high error rates, time consuming sample library preparation 179, and 

resource intensive data acquisition and analysis have limited the use of single molecule 

sequencing to mostly research applications, rather than personalized medicine.

2.5. Epigenetic Modifications

Genetic mutations may result in changes to the sequence of a DNA molecule. DNA can 

undergo additional modifications that are not detected as changes in the sequence, but can 

still affect gene expression. These types of non-sequence alterations are called epigenetic 

modifications. Epigenetic changes encompass covalent changes to DNA, chromatin proteins 

and remodeling of nucleosome positioning on DNA. Environmental agents can catalyze 

epigenetic changes. These modifications influence differentiation during embryonic 

development and may affect transcription. Epigenetic changes such as DNA methylation 

have also been implicated in diseases such as cancer and mental retardation18, 180–182. 

Several comprehensive review articles on micro- and nano-scale devices for studying 

epigenetic modifications of chromosomes have recently been published183, 184.

Different sequencing approaches have been employed to assess epigenetic modifications. 

One approach is bisulfite conversion followed by sequencing (BSC-seq)185. This method is 

used to study DNA cytosine methylation and operates by treatment of purified DNA with a 

bisulphite salt186. Bisulphite treatment converts unmethylated cytosines to uracil, thereby 

translating an epigenetic alteration to a change in DNA sequence. Another approach, single-

molecule, real-time (SMRT) sequencing, previously discussed in Section 2.4, exploits 
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differences in polymerase kinetics to directly detect base modifications without bisulfite 

conversion152. In this approach, DNA polymerases catalyze the incorporation of 

fluorescently labeled nucleotides into complementary nucleic acid strands. The arrival times 

and durations of the fluorescence pulses enable detection of epigenetic modifications of 

nucleotides, including N6-methyladenine, 5-methylcytosine and 5-

hydroxymethylcytosine152. Finally, chromatin immunoprecipitation followed by sequencing 

(ChIP-seq)187 incorporates the use of antibodies to capture chromatin fragments bearing 

specific modifications. Following release, the DNA from the captured chromatin fragments 

can be used to identify genetic sequences associated with the selected modification183. This 

technique requires alignment to a known reference sequence to map the location of the 

histone modification within the genome.

Modified bases can be fluorescently tagged and located along the length of a single DNA 

molecule using optical mapping techniques such as those discussed in Section 2.3. 

Stretching and linearization of DNA is key for continuous mapping between spatial location 

and genomic location188. In one study, capillary assembly was demonstrated, in which a 

liquid droplet was dragged over a microstructured piece of silicone rubber (Fig. 7a,b). The 

topography induced molecular elongation in ordered arrays containing more than 250000 

immobilized DNA molecules. The methylation state of the DNA was then detected and 

mapped by binding fluorescently labeled methyl-CpG binding domain peptides to the 

elongated dsDNA molecules and imaging their distribution189.

Another optical mapping method for epigenetic analysis uses nanoconfinement in a channel 

with width and depth smaller than the DNA persistence length to stretch and interrogate 

individual molecules190, 191. Single Chromatin Molecule Analysis in Nanochannels (SCAN) 

enables high-throughput fluorescent measurements of single DNA and chromatin 

molecules188, 191 (Fig. 7c). SCAN was used to detect methylated DNA by a fluorescently 

tagged methyl binding protein-1 in the presence of unmethylated DNA 192 and to 

demonstrate the interdependence of histone modifications and DNA methylation status 193. 

For example, in primary cultured cells, 5-methylcytosine (5mC) was shown to be necessary 

for proper placement of a certain histone marker, while antagonizing the placement of 

others. However, the effects of 5mC were reversed in immortalized cells where methylation 

had the opposite effects. This suggests a mechanism for aberrant placement of gene 

silencing marks on tumor suppressors in disease progression. This platform can be applied 

to studies to investigate the mechanism of epigenetic marks and their role in disease.

Nanopore-based sensing, discussed in Section 2.4, offers an alternative non-optical method 

for profiling covalent DNA modifications on a single molecule. Nanopores use the principle 

of ionic current spectroscopy 194 to electrically interrogate structural motifs of individual 

DNA molecules. Recently, electrical discrimination between unmethylated and methylated 

DNA was demonstrated in solid-state nanopores. This technique does not require bisulfite 

conversion, but does require labeling CpG dinucleotides with a 75 amino acid region of the 

methyl DNA binding protein MBD1. The presence of the MBD1 results in a 3-fold increase 

in the measured blockage current. This technique has demonstrated the capability of 

providing single CpG dinucleotide sensitivity195.
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2.6. Conformation and Intermolecular Interactions

Single molecule studies of interactions between molecules allows for more accurate kinetic 

and thermodynamic characterization as well as analysis of population distributions. 

Microfluidic manipulation provides precise control over experimental conditions: e.g. 

forming stable concentration gradients, rapidly mixing reagents, and rapidly switching 

between conditions for sequential operations or high throughput testing. In this section, we 

provide examples of how micro and nanofluidic devices, such as those shown in Figure 8, 

have been utilized for studying interactions between individual nucleic acid molecules.

Microfluidic operations and features can be used to hold long nucleic acid molecules in 

place in particular conformations for further analysis. Azad et al. demonstrated the ability to 

capture a DNA molecule at a Y-shaped nanochannel intersection196 and generate stable 

loops in single DNA molecules by balancing confinement, self-avoidance, and flow forces. 

They also demonstrated that this method could be used to bring two molecules into close 

contact to increase the effective concentrations for analysis of DNA-DNA or DNA-protein 

or DNA-DNA-protein interactions in uniform or concentration gradient conditions. 

Elongational flows at a stagnation point that are used to stretch DNA molecules, as 

mentioned in previous sections, can also be used to monitor DNA-protein interactions and 

restriction enzyme cleavage kinetics by adding the cofactor in the opposing flow at the 

junction (see Fig. 3b)130.

A long line of stretched DNA molecules can be used for high throughput analysis of 

intermolecular interactions. Such DNA curtains can be generated by attaching one end of the 

DNA molecules to a surface and applying flow to uniformly stretch the molecules in 

parallel36. This technique is particularly useful to study protein interactions and movements 

along DNA molecules197. A DNA curtain situated in a Y-shaped laminar diffusion-mixing 

channel can be used to investigate the effect of concentration on DNA-protein interactions. 

For example, Frykholm et al. looked at Rad51 binding on lambda DNA curtains as a 

function of protein concentration (Fig. 8a)198. This work used surface functionalization 

through supported lipid bilayer (SLB) to avoid non-specific adsorption, and individually 

adjustable syringe-pump driven flow rates to optimally stretch the DNA and provide a 

concentration gradient over the field of view. Robinson and Finkelstein showed that 

microfluidic devices with DNA curtains can be made without expensive specialized 

photolithographic equipment, demonstrating that these devices could be available even for 

labs without these resources199. A thorough review of protein studies on DNA curtains is 

available elsewhere197.

Interactions that occur on a size scale smaller than the diffraction limit (1–10 nm) can be 

investigated with single molecule FRET (smFRET)-based techniques200, 201. Typical CFS 

requires the use of relatively low concentrations to ensure that only one molecule is present 

in the observation volume. However, the thermodynamics of interactions between many 

biological molecules would require higher concentrations to drive the equilibrium toward 

interaction. Observation of these interactions at lower concentrations would thus occur not at 

equilibrium. For interactions with fast kinetics, this requires the ability to rapidly mix and 

dilute before dissociation. A microfluidic device with two inlets was designed to generate 

rapid microfluidic dilution up to 1:10000 for the purpose of observations before 

Friedrich et al. Page 15

Lab Chip. Author manuscript; available in PMC 2016 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dissociation 202. Observation of fast association kinetics can also be achieved using 

microfluidic devices. A microfluidic constriction or elongated pinchpoint in a PDMS device 

(Fig. 8b) was designed to decrease the time required to fully mix to species to sub 

millisecond203. A long observation channel with length markings then allows observation of 

kinetic dissociation and unfolding processes spanning a time range of 1 ms to seconds. The 

design could be further optimized to observe even earlier timepoints for even faster kinetic 

studies.

While flow in microfluidic devices can allow for the generation of continuous and 

controllable chemical gradients or states, it is often desirable to investigate processes in the 

absence of flow, as these hydrodynamic forces can affect the measured interaction. 

Microfluidic devices can still be used to quickly start and stop flow to increase testing 

throughput over a wide range of conditions in a single device. Kim et al. incorporated valves 

and a peristaltic pump, as shown in Figure 8c, to accomplish automated titration and mixing 

for smFRET measurements over a wide range of chemical conditions. Seven individually 

addressable inlet valves that allowed precision to tens of picoliters were used for 

combinatorial testing of various inputs over a wide of concentrations204. This allowed 

simultaneous analysis of the effects of both ionic strength and hybridization on the end-to-

end distance of an ssDNA probe, demonstrating the ability to characterize processes in up to 

6 chemical dimensions concurrently. The use of this scheme allows for fast characterization 

and optimization of experimental and reaction conditions, such as the enzymatic activity of 

RNA polymerase. In this device, many molecules could be analyzed rapidly to create a 

population distribution under each experimental condition. However, the ability to track an 

individual molecule or complex over longer time periods would allow observation of 

intermediate structures and kinetics of an entire process. Typically, these long-term 

observations would require immobilization of one molecule to prevent diffusion away from 

the detection region as well as an oxygen scavenging method to reduce photobleaching and 

damage from extended high-intensity exposure. However, this immobilization can be 

difficult to design and perform for some molecules, and could affect the process itself. Tyagi 

et al demonstrated a method to allow for long-time smFRET observations without 

immobilization (SWIFT – single molecule without immobilization for TIRF)205. A control 

layer in a two-layer microfluidic device was used to partition one 1 μm tall channel into two 

smaller channels with a height < 100 nm (see Fig. 8d). The smaller nanochannels confine the 

molecules to allow for longer observation, but the ability to rapidly change size to larger 

microchannels allows for quick transfer of buffers and reaction conditions without the 

requirement for high pressures (which can distort channels made from PDMS and also result 

in debonding) to overcome the high fluidic resistance. It is also easier to passivate the 

surfaces of larger channels. Through the use of PDMS and nitrogen gas, the authors were 

able to prevent photobleaching without the addition of oxygen scavengers to the reaction. 

This enabled continuous observation of a single molecule throughout an entire process: such 

as diffusion trajectory, protein folding, and Holiday Junction folding process. Further 

confinement to the detection region through feedback control, a revised channel structure, or 

a larger detection region would allow for even longer measurements. An alternative method 

to coordinate channel dimensions with the detection method is to incorporate a microfluidic 

constriction matched to the size of expanded observation volume of Cylindrical Illumination 
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Confocal Spectroscopy (Fig. 8e). This was used previously to increase fluorescence 

detection uniformity for DNA sizing 4, and was recently applied to analyze the DNA content 

of polymer nanoparticles206. Even more recently, CICS fluorescent burst analysis coupled to 

hydrodynamic separation was used to distinguish DNA conformational differences including 

topology and hybridization as well as fluctuations in hydrodynamic shape including 

elongation and compaction within a microcapillary58. Optical tweezers207 can be used to 

precisely control the forces on and conformation of a DNA molecule independently of flow 

conditions. In this technique, a laser beam focused to a diffraction limited spot forms an 

optical trap that can capture and stably hold a microparticle. A DNA dumbbell is formed by 

attaching both ends of a DNA molecule to separate microparticles that can be independently 

controlled with separate optical traps. This technique can be used to precisely manipulate the 

conformation and extension length without flow. Forget et al. designed a method to perform 

DNA barbell assembly in a microfluidic device, and subsequently transfer the assembly to a 

flow-free detection chamber to analyze protein-DNA interactions as a function of DNA 

stretch208. DNA barbells can also be used to force-melt dsDNA into ssDNA. Flow can then 

be used to remove the unattached single strand, leaving one long single stranded molecule 

for analysis with protein binding to ssDNA209.

3. Summary and Future Directions

We have covered recent improvements in microfabrication combined with single molecule 

detection strategies to enable detection and characterization of individual nucleic acid 

molecules and their interactions. The integration of single molecule analysis with 

microfluidics has improved upon conventional practices for assessment of nucleic acid 

characteristics. Length analysis can be performed with higher sensitivity, smaller sample 

volumes, and in less time through the coupled use of micro- and nano- structures with single 

molecule detection. Sequence-specific detection can be performed without amplification for 

enhanced quantification capabilities and streamlined assay design. Sequencing of single 

molecules enables longer read-lengths for real-time de novo sequence assembly as compared 

with colony-based approaches. Combinatorial and high-throughput testing is faster and 

cheaper through the use of microfluidic devices. Examination of individual nucleic acid 

molecules with microfluidic operation has also enabled the emergence of new analysis 

techniques. Optical mapping without single molecule detection would require sequence 

alignment between molecules. Similarly, observations of fast kinetics or multi-step 

processes would require synchronization of multiple interactions. The complementarity of 

single molecule detection and micro- and nano- fluidics therefore fosters the generation of 

new and improved single nucleic acid molecule analysis.

Improvements in support technologies would enhance the utility of single molecule 

microfluidic methods. Many of the methods described above require complicated and time-

consuming sample preparation techniques. For example, nucleic acids must be isolated 

through extraction, a process which can compromise DNA integrity. This is troublesome for 

applications which require high DNA integrity, such as optical mapping and long-read 

single molecule sequencing. Furthermore, the loss of DNA integrity because of the 

extraction process limits the utility of DNA integrity as a biomarker. A second consequence 

of harsh sample treatment is DNA damage, which can result in analysis errors. Analyzing 
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multiple molecules can average out these errors. However, in applications where 

maintaining the integrity of every molecule is important, such as single cell analysis, this 

issue will need to be addressed. Standardizing sample collection and processing techniques 

is important for the development of novel diagnostic biomarkers. Furthermore, faster and 

gentler processing and extraction techniques that help to maintain sample integrity will be 

crucial to realize the full potential of DNA mapping and single molecule sequencing 

technologies. Universal sample preparation protocols would allow for multi-parametric 

analysis (e.g. mapping and sequencing, epigenetic analysis and binding kinetic analysis).

Sample introduction and device interfacing offer additional areas for improvement. The 

most common method for introducing samples into microfluidic devices involve creating 

access holes that intersect with a reservoir or channel. This results in large dead volumes and 

trapped air bubbles that result in sample waste and losses, and reduced functionality of the 

microfluidic device. Furthermore, although small volumes can be handled on-chip, handling 

those same sized volumes off-device (either before injection, or to collect and process with 

another technique) is difficult if not impossible due to the size constraints of typical methods 

(e.g. pipettes) as well as rapid evaporation from smaller volumes. Novel approaches to 

device interfacing that limit dead volume and sample waste as well as new sample handling 

techniques that enable efficient collection and transfer of small volumes would help to 

bridge this gap and increase the utility of microfluidic technologies. To further enhance 

sample handling, versatile devices which are capable of multi-parametric analyses would 

potentially eliminate external sample transfer steps.

Furthermore, multi-parametric analysis on a single device would enhance user-friendliness. 

Nucleic acids are a rich information source; however, each of the characteristic 

measurements described above acquires just a snapshot of the information contained in that 

molecule. Combining complementary techniques onto a single device is highly desirable. 

For example, long nucleic acid molecules are ideal for optical mapping and sequencing. 

Short, information-poor molecules, waste resources and space on the device. By 

implementing an on-chip DNA separation mechanism, the unnecessary analysis of 

information-poor molecules could be alleviated, further increasing throughput and data 

quality. The ability to perform multiple analyses sequentially or in parallel requires a device 

that can perform multiple analyses, including intermediary sample preparation steps. 

Modular designs have a wider audience and enable the collection of richer information from 

each sample. Applications that require high sensitivity and throughput, such as single cell 

analysis, may also benefit greatly from such modular designs.

Moreover, enhancing user-friendliness would expedite the adoption of microfluidic devices 

in research laboratories and clinical settings. Manual operations that require trained 

technicians for operation can limit the speed and extent to which these techniques are 

implemented in clinical settings. The utility of particular single molecule analysis techniques 

including physical genomic mapping and sequencing has already been demonstrated for 

applications including epidemiology of outbreak analysis. However, to engender widespread 

use and broaden their clinical uses to such fields as personalized medicine and real-time 

diagnostics would require increasing the speed of response from sample collection to 

answer, including streamlined sample preparation strategies, and in some cases decreasing 
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the cost-per-test. Overcoming these barriers would give clinicians and patients access to the 

knowledge necessary to enable truly personalized treatments.

We have highlighted recent microfluidic technologies which are capable of characterizing 

single nucleic acids. With further improvements to sample processing and real-world 

interfacing to microfluidic devices, the utility of such devices will be enhanced. 

Furthermore, the ability to perform multi-parametric analysis on individual samples would 

increase adoption of microfluidic devices in basic research and clinical settings. In the 

future, microfluidic devices may become essential in the discovery of novel biomarkers and 

precision medicine.
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Figure 1. 
Description of the ways in which nucleic acid molecules are currently characterized in 

microfluidic single molecule analysis. These include length or size analysis, sequence-

specific detection, physical genomic mapping, single molecule sequencing, detection of 

epigenetic modifications, and characterization of molecular interactions involving nucleic 

acid molecules.
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Figure 2. 
Strategies that have been developed to measure the length of individual nucleic acids can be 

grouped into four main categories. Direct length measurements can be obtained by (a) 

stretching the molecules and measuring their end-to-end distance (picture reprinted from 

ref. 43). (b) Molecules stained ratiometrically with fluorescent dyes can also be sized by their 

fluorescent burst intensity. Burst sizing with CICS detection is shown to be linear over a size 

range of 0.6 kbp to 27 kbp (picture reprinted with permission from ref. 4). Alternatively, 

nucleic acid molecules can be physically separated in solution by their size. One-

dimensional separations use microfluidic features to couple a molecule’s velocity or 

mobility with its size. (c) Free solution hydrodynamic separation coupled to single molecule 

CICS detection (SML-FSHS) is able to separate a 50 bp dsDNA ladder and accurately 

identify only 9 molecules sized 1350 bp (picture adapted with permission from ref. 58). 

Two-dimensional separations relate molecule size and trajectory to enable continuous flow 

separations. Pulsed electric fields across a micropillar array are used to continuously 

separate DNA fragments sized 20 kbp to 166 kbp (picture reprinted with permission from 

ref. 66).
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Figure 3. 
Methods to stretch DNA for length measurements and optical mapping. In (a), DNA 

molecules are stretched by capillary flow through a microchannel and adsorb to the bottom 

glass surface, leaving a highly aligned array of stretched and immobilized molecules (picture 

reprinted from ref. 16). In (b), shear flows stretch nucleic acid chains in free solutions 

through either (i) accelerating flow in a microfunnel or (ii) at a stagnation point (pictures 

reproduced from refs. 39 and 40, respectively). In (c) long nucleic acid molecules are driven 

electrophoretically into 45nm × 45 nm nanochannels, dimensions smaller than the 

persistence length of dsDNA. This causes the DNA to elongate along the length of the 

channel (figure reprinted by permission from Macmillan Publishers Ltd: Nature 

Biotechnology (ref. 45), copyright 2012). Randomly coiled DNA must overcome a 

significant entropy barrier to enter the small nanofluidic region (i). Introducing a gradient 

region with progressively smaller microstructures before the nanochannel entrance (ii) helps 

to unravel the long molecules into and thread the nanochannels.
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Figure 4. 
Top panel. Single-molecule method for the quantitation of microRNA gene expression 88. 

(a) miRNAs were hybridized in solution to spectrally distinguishable fluorescent LNA-DNA 

probes. Complementary DNA probes bearing the fluorescence quencher molecules were 

hybridized to the remaining unbound fluorescent probes to minimize coincident events that 

could be created by free probes simulteaneously enter ing the laser interrogation spots. (b) 

The two fluorophore-labeled miRNAs are flowed by vacuum pressure through a capillary 

containing a series of femtoliter laser focal volumes. (c) Fluorescence emission was 

recorded as spikes in signal intensity overtime. Arrows highlight the coincident peaks. (d) 

The Direct miRNA assay is sensitive to to 500 fM miRNA. A synthetic mir-9 RNA 

oligonucleotide, serially diluted from 300 pM to 500 fM, was hybridized in the presence of a 

complex RNA background to its complementary LNA-DNA probes. After a 1-h quenching 

reaction, the fivefold-diluted hybridization reactions were analyzed on the single-molecule 

detection platform. Reprinted by permission from Macmillan Publishers Ltd: [Nature 

Methods] (Neely, Lori A., et al. “A single-molecule method for the quantitation of 

microRNA gene expression.” Nature Methods 3.1 (2006): 41–46.), copyright (2006) Bottom 

panel. Droplet microfluidics for amplification-free genetic detection of single cells 83. (a) 
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Schematic of the droplet assay platform for single cell detection. A statistically dilute 

mixture of pathogenic cells and PNA beacons is encapsulated into picoliter sized droplets, 

which then are incubated at elevated temperatures to facilitate cell lysis and beacon-target 

hybridization. PNA beacons encapsulated in a droplet containing a cell start fluorescing after 

hybridization with complementary 16S rRNA targets released from the cell. The specific 

cell of interest is detected and quantified by screening the fluorescent droplets using 

confocal fluorescence spectroscopy (CFS). (b) Fluorescence data collected from droplets 

generated a low concentration E. coli sample. The green trace shows fluorescence from the 

indicator dye while the red trace indiciates the fluorescence from the PNA beacon 

encapsulated within the droplets. The E. coli concentration for this sample was estimated at 

1 CFU per 20 droplets. In this case, we expect the majority of droplets to have no E. coli 

cells with a few droplets having E. coli cells. The inset shows a zoomed in view of a small 

section of the fluorescence data trace. Reproduced from Ref. 74 with permission from The 

Royal Society of Chemistry.
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Figure 5. 
Three main techniques have been utilized to generate optical mapping barcodes. (a) 

Denaturation mapping exploits differences in melting temperature along a single DNA 

molecule to create a fluorescent barcode when heated to elevated temperatures (figure 

reproduced from ref. 104). (b) Ordered restriction maps are generated by exposing stretched 

DNA molecules to sequence-specific restriction enzymes. Double stranded breaks are seen 

as small holes in the stretched molecule (figure reproduced with permission from ref. 210 

Copyright © 2013, American Society for Microbiology). (c) Fluorescent tags can be 

generated in multiple ways. Fluorescently labeled probes can be used to hybridize to specific 

sequences. Alternatively, nicking enzymes can be used to generate single stranded breaks in 

a sequence-specific manner. Then, DNA polymerase can incorporate fluorescent nucleotides 

at the nicking site (picture reprinted by permission from Macmillan Publishers Ltd: Nature 

Biotechnology (ref. 45), copyright 2012).
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Figure 6. 
Two current technologies for sequencing single nucleic acid molecules are single molecule 

real-time (SMRT) sequencing commercialized by Pacific Biosciences and nanopore 

sequencing commercialized by Oxford Nanopore Technologies. In SMRT sequencing (a), 

the sequence is read by polymerizing a complementary sequence using fluorescently-tagged 

nucleotides. When a polymerase enzyme incorporates a new nucleotide, a fluorescent signal 

is released and detected using zero-mode waveguide technology. The color of the 

fluorescent signal relays the nucleotide identity. In nanopore sequencing (b), a voltage 

applied across a nanopore in an insulating membrane generates a current flow of ions 

through the nanopore. When a single stranded nucleic acid molecule is threaded through a 

nanopore, the nanopore is partially blocked and the measured current flow drops. An 

additional protein is used to ratchet the nucleic acid molecule through the pore a single base 

at a time so that the current trace can distinguish individual molecules sequentially along the 

length of a single nucleic acid molecule. Figure (a) was reproduced from ref 144. Reprinted 

with permission from AAAS. Figure (b) was redrawn from images on Oxford Nanopore’s 

website 55.
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Figure 7. 
Epigenetic modifications. Top panel. Ordered arrays of native chromatin molecules for high-

resolution imaging and analysis 189. (a) Schematic representation of the experimental 

methodology to generate stretched and oriented chromatin arrays on a solid support. (1,2) 

Assembly and stretching process by capillarity. (1) Microstructured PDMS stamp is placed 

on a translation stage controlled in speed. A droplet of extracted chromatin in solution is 

deposited on the stamp. (2) Liquid meniscus of the solution containing the extracted 

chromatin is dragged over the microstructured PDMS stamp at controlled speed. The 

evaporation phenomenon is represented in red. The molecules are physically trapped and 

stretched as the meniscus is displaced across the substrate. (3) Transfer printing of the 

obtained chromatin array on an APTES-coated coverslip by contacting the PDMS stamp 

with the APTES-coated surface for 2 min and then peeling it away. (b) Fluorescence images 

of an array of stretched and oriented M091 chromatin molecules transferred onto an APTES-

coated coverslip (excitation at 475 nm). The molecules are YOYO-1 stained. (B) A 1.5× 
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zoom of image (A). Reprinted (adapted) with permission from (Cerf, Aline, Harvey C. Tian, 

and Harold G. Craighead. “Ordered arrays of native chromatin molecules for high-resolution 

imaging and analysis.” ACS nano 6.9 (2012): 7928–7934.). Copyright (2012) American 

Chemical Society. Bottom panel. SCAN workflow. (A) Native chromatin bearing epigenetic 

marks is mixed with fluorophore (e.g., AlexaFluor488) labeled antibody specific to a given 

mark. After binding, the chromatin is labeled with an intercalator (e.g., TOTO-3). Finally, 

the chromatin is driven by voltage through a nanoscale channel fabricated in fused silica and 

fluorescent measurements of individual molecules are taken in a 150-aL inspection volume. 

A more detailed schematic of laser setup can be found in our previous publication (10). (B) 

Probability of erroneously interrogating more than a single molecule increases with analyte 

concentration according to a Poisson distribution less than 0.5% at the concentrations used 

here (≤1 nM). Pc(m), probability of m molecules residing in the 150-aL interrogation 

volume at any one time, given concentration c of fluorescent molecules in analyte, expressed 

as molecule count x in 150 aL, where NA is Avogadro’s number. The curve shows the 

probability that more than one molecule is in the inspection volume. Reprinted (adapted) 

with permission from (Cipriany, Benjamin R., et al. “Single molecule epigenetic analysis in 

a nanofluidic channel.” Analytical chemistry 82.6 (2010): 2480–2487.). Copyright (2010) 

American Chemical Society.
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Figure 8. 
Microfluidic tools and operations are used to enhance observation and analysis of 

interactions involving single nucleic acid molecules. Stable concentration gradients, 

generated by diffusion across flow streams in a microchannel, enable analysis of 

protein/DNA interactions on a DNA curtain over a continuous range of protein 

concentrations in a single experiment (picture reprinted from ref. 198 copyright 2013, with 

permission from Elsevier). Rapid mixing at a channel constriction coupled with convective 

flow can be used to observe fast kinetics through spatial separation (figure reprinted by 

permission from Macmillan Publishers Ltd: Nature Protocols ref. 203, copyright 2013). 

Rapid pump mixing can also be used for high throughput combinatorial screening separation 

(figure reprinted by permission from Macmillan Publishers Ltd: Nature Methods ref.204, 

copyright 2011). Microchannel constrictions can also be used to enhance detection 

efficiency by matching the microfluidic chamber dimensions to the optical detection 

volume. This has been demonstrated in both z-dimension with compression of channel 

height (figure reprinted by permission from Macmillan Publishers Ltd: Nature Methods 

ref. 205, copyright 2014), and x-dimension through microfabricated cross-section 

constriction (figure reproduced from ref. 206).
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