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This book provides current information on the development of microfluidics, nanotech-
nologies, and physical science techniques for the separation, detection, manipulation, and 
analysis of biomolecules, and should be useful to a wide audience, including molecular 
and cell biologists, biochemists, microbiologists, geneticists, and medical researchers. 
Chapters cover a variety of topics and techniques ranging from lab-on-chip technologies 
and microfluidics-coupled mass spectrometry for separation and detection of biomol-
ecules, including proteins and nucleic acids, to manipulating and probing biomolecules 
with nanopores, nanochannels, optical, and other physical means, with the possibility of 
isolation and analysis of individual biomolecules from a single cell, and to structural and 
functional analysis of biomolecules with liquid nuclear magnetic resonance, X-ray and 
neutron scattering techniques. The book presents emerging nanotechnologies including 
quantum dots and molecular fluorescence for imaging and tracking of biomolecules and 
nanotechnologies for biomolecular delivery, gene therapy, and gene-expression control. 
Each chapter describes a specific technology with its fundamental mechanism and practical 
applications for a particular subject area, so that a competent scientist who is unfamiliar 
with the technology can understand its capabilities and basic procedures. In many cases, a 
reader should be able to carry out the techniques successfully at the first attempt by simply 
following the detailed practical procedures (protocols) and/or information (including 
useful notes) provided in the book. For sophisticated technologies such as neutron 
scattering, the book describes their physical concepts and discusses the new opportunities 
that these new technologies may bring for both basic and applied research in the fields of 
molecular biology and biotechnology. This book consists of 41 chapters that are organ-
ized into four parts. The chapters were contributed by nearly 100 authors worldwide, 
who are among the world’s prominent scientists in their fields.

The first half of the volume covers microfluidic and physical methods of bioanalysis. 
It consists of Part I on applications of microfluidics and nanopores in separation, manipu-
lation, detection, and analysis of biomolecules, and Part II on technologies of physical 
science in detection and analysis of biomolecules. It contains valuable protocols on micro-
fluidics and physical science-related technologies that may benefit the field of molecular 
biology. Chapter topics are briefly described below.

Part I consists of Chaps. 1–10: Chap. 1 describes a commercially available nanoflow 
analytical technology conducted on a microfabricated chip that allows for highly efficient 
HPLC separation and superior sensitivity for MS detection of complex proteomic mix-
tures; Chaps. 2–4 describe fabrication of nanofluidic channels for manipulation of DNA 
molecules, a single-molecule barcoding system using nanoslits for DNA analysis, and 
microfluidic devices with photodefinable pseudovalves for protein separation, respectively; 
Chap. 5 introduces specific antibody detection by using a microbead-based assay with 
quantum dot (QD) fluorescence on a microfluidic chip; Chap. 6 describes a biomolecular 
sample-focusing method based on a device design incorporating arrays of addressable 
on-chip microfabricated electrodes that can locally increase the concentration of DNA 



in solution by electrophoretically sweeping it along the length of a microchannel; Chap. 7 
describes a solid-state nanopore technique for detecting individual biopolymers, and 
Chap. 8 reports a method of inserting and manipulating DNA in a nanopore with optical 
tweezers; Chaps. 9 and 10 describe techniques of forming an α-hemolysin nanopore for 
single-molecule analysis and for nanopore force spectroscopy of DNA duplexes.

Part II consists of Chaps. 11–22: Chap. 11 describes an electrochemical method for 
quantitative chemical analysis of neurotransmitter release from single cells; Chaps. 12–14 
introduce techniques for trapping and detection of single molecules in water, ZnO nano-
rods as an intracellular sensor for pH measurements, and analysis of biomolecules using 
surface plasmons; Chap. 15 reports use of residual dipolar couplings in structural analysis 
of protein–ligand complexes by solution NMR spectroscopy; Chaps. 16 and 17 report 
Raman-assisted X-ray crystallography for the analysis of biomolecules and methods and 
software for diffuse X-ray scattering from protein crystals, and Chaps. 18–20 describe 
deuterium labeling for neutron structure–function–dynamics analysis, the basics and 
instrumentation of small-angle neutron scattering for molecular biology, and small-angle 
scattering and neutron contrast variation for studying biomolecular complexes, respec-
tively; Chap. 21 describes the application of tandem mass spectrometry to identification 
of protein biomarkers of disease, and Chap. 22 describes the use of hyphenated MS tech-
niques for comprehensive metabolome analysis.

The second half of the volume covers nanotechnologies for biosystems, and consists 
of Part III on applications of quantum dots and molecular fluorescence in detection, 
tracking, and imaging of biomolecules, and Part IV on nanotechnologies for biomolecular 
delivery, gene therapy, and expression control. It contains valuable information on 
nanoscience-empowered molecular biotechnologies.

Part III consists of Chaps. 23–32: Chaps. 23–25 describe multicolor detection of 
combed DNA molecules using quantum dots, quantum dot molecular beacons for DNA 
detection, and a gel electrophoretic blotting technique for identifying quantum dot–protein/
protein–protein interactions; Chaps. 26 and 27 present techniques for in vivo imaging of 
quantum dots and efficient biolabels in cancer diagnostics, respectively; Chap. 28 describes 
monitoring and affinity purification of proteins using dual tags with tetracysteine motifs, 
and Chap. 29 reports use of genomic DNA as a reference in DNA microarray analyses; 
Chap. 30 describes single-molecule imaging of fluorescent proteins expressed in living 
cells; Chap. 31 describes micropositron emission tomography (PET), single-photon emis-
sion computed tomography (SPECT), and near-infrared (NIR) fluorescence imaging of 
biomolecules in vivo, which could lead to a number of exciting possibilities for biomedi-
cal applications, including early detection, treatment monitoring, and drug development; 
Chap. 32 reports a revolutionary photo-based imaging technology: the ultrahigh resolu-
tion imaging of biomolecules by fluorescence photoactivation localization microscopy 
(FPALM) that can now image molecular distributions in fixed and living cells with mea-
sured resolution better than 30 nm, which likely represents a breakthrough technology 
that has now shattered the classic limit of light microscopy resolution associated with the 
wavelength-dependent light diffraction barrier, thought to be unbreakable for more than 
100 years. 

In Part IV, Chaps. 33–41 describe nanotechnologies with potential biomedical appli-
cations. Specifically, Chap. 33 describes real-time imaging of gene delivery and expression 
with DNA nanoparticle technologies and Chap. 34 reports nanoparticle-mediated gene 
delivery. Chapters 35 and 36 describe magnetic nanoparticles for local drug delivery using 
magnetic implants and functionalized magnetic nanoparticles as an in vivo delivery 
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system, and Chap. 37 reports formulation/preparation of functionalized nanoparticles 
for in vivo targeted drug delivery; Chap. 38 reports detection of mRNA in single living 
cells using atomic force microscopy nanoprobes; Chap. 39 describes a gene transfer tech-
nique through reverse transfection using gold nanoparticles; Chap. 40 presents custom-
designed molecular scissors for site-specific manipulation of the plant and mammalian 
genomes, and Chap. 41 describes a technique for determining DNA sequence specificity 
of natural and artificial transcription factors by cognate site identifier analysis, both of 
which could lead to modern applications in molecular biology and biomedicine.

Oak Ridge, TN James Weifu Lee
Robert S. Foote



   Chapter 2   

 Nanofluidic Channel Fabrication 
and Manipulation of DNA Molecules       

     Kai-Ge   Wang    and    Hanben   Niu   

    Summary 

 Confining DNA molecules in a nanofluidic channel, particularly in channels with cross sections compa-
rable to the persistence length of the DNA molecule (about 50 nm), allows the discovery of new bio-
physical phenomena. This sub-100 nm nanofluidic channel can be used as a novel platform to study and 
analyze the static as well as the dynamic properties of single DNA molecules, and can be integrated into 
a biochip to investigate the interactions between protein and DNA molecules. For instance, nanofluidic 
channel arrays that have widths of approximately 40 nm, depths of 60 nm, and lengths of 50  m m are cre-
ated rapidly and exactly by a focused-ion beam milling instrument on a silicon nitride film; and the open 
channels are sealed with anodic bonding technology. Subsequently, lambda phage DNA ( l -DNA; stained 
with the fluorescent dye, YOYO-1) molecules are introduced into these nanoconduits by capillary force. 
The movements of the DNA molecules, e.g. stretching, recoiling, and transporting along channels, are 
studied with fluorescence microscopy.  

  Key words:   Nanofluidic channels ,  Nanopore ,  Focused-ion beam ,  DNA molecules ,  Fluorescence 
microscopy    

 

 Recently, with the advancements of nanotechnologies, many sci-
entists in different research areas, including both fundamental 
studies and applied techniques, have focused their attention on 
the fabrication of nanofluidic devices and the applications in the 
research of single biomolecules, such as DNA and protein mol-
ecules  (  1–  3  ) . Nanofluidic channels with critical dimensions com-
parable to the size of molecules provide new possibilities for direct 
observation, manipulation, and analysis of single biomolecules, and 

 1. Introduction  
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provide a novel technological platform as an ultrasensitive and 
high-resolution sensor for studying single DNA molecules. 

 The nanofluidic channel is defined as a channel with at least 
one cross-section dimension (depth or diameter) in the nano-
meter range (one-dimension or two-dimension nanochannel) 
 (  4  ) . In particular, a nanopore is thought of as a channel with all 
three dimensions in the nanoscale range, so that the work done 
with a nanopore falls under the realm of nanofluidics. The poten-
tial application of nanopores as detectors for ultrafast genome 
sequencing is its most attractive application  (  5–  7  ) . Nanofluidics 
has great benefits for bioscience studies  (  8  ) , the practical applica-
tions of nanofluidics are improvements to the state of the art of 
DNA separation and sequencing providing significant reductions 
in both time and cost. The small dimensions of the nanoscale 
structure reduce processing times and the amount of reagents 
necessary for assay, substantially reducing costs. 

 At present, different approaches have been undertaken to 
successfully fabricate nanoscale structures. In general, nanofabri-
cation methods can be divided roughly into two groups  (  9  ) : top-
down and bottom-up methods. Top-down methods start with 
patterns made on a large scale and reduce their lateral dimen-
sions before forming nanostructures; these methods are mainly 
adopted by physics scientists. On the other hand, bottom-up 
methods begin with atoms or molecules to build nanostructures, 
in some cases, through smart use of self-organization. 

 Top-down methods can be classified into two categories, that 
is, optical masked lithography and optical maskless lithography. 
The focused-ion beam (FIB) milling tool is a maskless lithogra-
phy technique that can image features on a lithographic surface 
directly  (  10  ) . This technique has the advantages of facility and 
celerity; the patterns created are smooth and can be easily con-
trolled and faithfully reproduced for different applications. 

 Micro-scale and submicro-scale fluidic channel arrays have 
been used for studying single biomolecules for many years  (  11  ) . 
However, applications with sub-100 nm fluidic channel arrays in 
biomolecular studies are rarely reported. The limitation is partially 
caused by the difficulty of fabrication process and metrology  (  12  ) . 
In addition, the properties of DNA molecules confined in these 
fluidic channels and the dynamics of DNA movements under this 
condition are not well known. 

 Although there are many possible applications of nanofluidic 
channels for DNA study, in this chapter, we focus on the manipu-
lation of single DNA molecules, e.g., stretching, recoiling, and 
transporting. We describe the fabrication of open nanofluidic 
channel arrays (40 nm width, 60 nm depth) in silicon nitride 
(Si 3 N 4 ) membrane surfaces using the FIB milling technique and 
other nanofabrication techniques. Next, we describe the sealing 
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of these channels with Pyrex glass by the anodic bonding tech-
nique; followed by a description of nanoscale channel arrays used 
to study the properties of single DNA molecules with the help of 
fluorescence microscopy. DNA molecules (e.g.,  l -phage DNA 
molecules) stained with the fluorescent dye YOYO-1 can be 
driven to stretch and transport along these open nanoconduits 
by capillary force, and also to recoil in the enclosed nanoconduits 
under the force of the electrode field. Because the dimension of 
the channel is approximately the natural-state DNA molecule per-
sistence length ( ~ 50 nm) in aqueous buffer, this nanostructured 
channel can provide an essential new method for detecting and 
analyzing single DNA molecules. Such nanoconduits can be used 
as one component of a “lab-on-a-chip” in the manipulating sin-
gle biomolecules. These nanochannel systems are also expected 
to find significant applications in medical diagnostic systems.  

 

      1.    The substrate silicon wafers are 3-inch or 4-inch diameter, 
 n -type, 390- m m or 525- m m thick, double-sided mirror-pol-
ished, <100> single crystal oriented standard bare wafers.  

   2.    Preclean the wafers with a H 2 SO 4 -H 2 O 2  (10:1, v/v) mixture at 
120°C for 20 min followed by buffered HF (BHF; NH 4 F:HF 
= 7:1, v/v) for 2 min at room temperature to remove surface 
organics and metals.  

   3.    Rinse with doubly deionized water (Millipore S.A., Molsheim, 
France).  

   4.    Dry with pure nitrogen gas.      

     1.    Pyrex 7740 borosilicate glass (3-inch or 4-inch; 600- m m thick, 
Corning Inc., Corning, NY), matched with the substrate silicon 
wafer used. The surface roughness of glass is less than 1 nm.  

   2.    Preclean the glass with a standard solution of H 2 SO 4 -H 2 O 2  at 
120°C for 20 min, and then dip into a solution of buffered 
HF (BHF; NH 4 F:HF = 7:1, v/v) for 2 min at room tempera-
ture to remove surface organics and metals.  

   3.    Rinse with doubly deionized water (Millipore S.A.).  
   4.    Dry with a stream of pure nitrogen.       

     1.    Tris-EDTA: 10 mM Tris base, 1 mM EDTA, pH 8.0. All buff-
ers are made with 18.2 M water purified through the Milli-Q 
water Purification System (Millipore).  

   2.    TBE: 45 mM Tris base, 1 mM EDTA, 45 mM boric acid.      

 2. Materials  

 2.1. Substrates for 
Nanofluidic Channels 

 2.1.1. Substrate Silicon 
Wafers 

 2.1.2. Encapsulating Pyrex 
Glasses 

 2.2. Biophysics 
Experimental Buffers 
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     1.     l -Phage DNA molecules (Sino-American Biotechnology 
Company, Beijing, China), stored in alcohol at −20°C. The 
final DNA concentration is 1  m g/mL in buffer containing 10 
mM Tris-HCl, 10 mM NaCl, and 1 mM EDTA (Sigma, St. 
Louis, MO, USA), pH 8.0 ( see    Note 1  ).  

   2.    DNA (1 ng/ m L) is stained with 0.25  m M fluorescent dye 
YOYO-1 (Molecular Probes, Carlsbad, CA, USA) at a ratio 
of ten base pairs per dye molecule (bp/dye = 10:1), mixing 
DNA complex molecules with a specific volume of freshly pre-
pared 0.1  m M dye solution (10 mM Tris, 1 mM EDTA buffer, 
pH 8.0) ( see    Note 2  ).       

 

 Nanofluidics fabrication and applications have now attracted 
great enthusiasm because of their brilliant prospects. Nanochan-
nel fabrication techniques should be cost-effective and one should 
be able to control the channel dimensions precisely. With the 
rapid improvements of nanotechnological manufacturing, four 
methods are now (normally) used for fabrication of nanofluidics 
channels, e.g., bulk nanomachining and wafer bonding  (  13  ) , sur-
face nanomachining  (  14  ) , buried channel technology  (  15  ) , and 
nanoimprinting lithography  (  16  ) . In general, the bulk nanoma-
chining technique is the preferred approach for nanoscale fabri-
cation. Among the nanomachining techniques, the FIB milling 
technique has many advantages  (  17  ) —it is an extremely versatile 
technique for making arbitrary micro- and nano-structures with 
no essentially required preprocessing or postprocessing. 

 Nanofluidics channels can act as a novel basis for more pre-
cisely controlling the behaviors of single DNA molecules when the 
diameter of the channel is comparable to or less than the persistence 
length of the DNA molecule  (  18  ) . At nanoscale dimensions, 
different biophysical phenomena start to dominate, this leads to 
new scientific insights and applications  (  19  ) . We can use these 
nanoscale structures (open nanofluidic channels and enclosed 
nanofluidic channels) to manipulate, detect, and analyze individual 
biological molecules, and can also carry out individual molecular 
reactions within these nanofluidic environments while electric fields 
are used to drive flow, move analytes, and separate ionic species. 

      1.    500-nm thick lower stress ( ~ 200 MPa tensile) Si 3 N 4  films are 
deposited on both sides of the prepared bare silicon wafer by 
standard low-pressure chemical vapor deposition (LPCVD, 
M80100, Sevenstar Electronics Co., Beijing, China). The 
working condition are: temperature, 800°C; pressure, 200 
mTorr; gas, SiCl 2 H 2  and NH 3 .  

 2.3. Biomolecule 
Sample 

 3. Methods  

 3.1. Fabrication 
of Nanofluidic Channels 

 3.1.1. Creating 
Free-standing Si 3 N 4  Crystal 
Membranes 
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   2.    Approximately 100- m m thick photoresist (ARN7500, Ger-
manTech Co., Beijing, China) is spun onto the front side of 
the silicon wafer with the spin coater (KW-4A, XiaMen Che-
mat Scientific Instrument Company, XiaMen, China) at the 
speed of 5,000 rpm.  

   3.    Bake the wafer at 140°C for approximately 30 min and then 
store at room temperature in a dust-free environment.  

   4.    A standard photolithography process is used to pattern an 
appropriate square ( ~ 1,200 × 1,200  m m 2 ) in the photoresist 
layer, that is, the same square pattern is exposed on the Si 3 N 4  
surface.  

   5.    The reactive ion etching (RIE, Plasmalab 80Plus RIE, Oxford 
Instruments Co., Abingdon, UK) is used to open the hole in 
the Si 3 N 4  membrane with a SF 6 /O 2  (1:4, v/v) gas mixture for 
2 min, working conditions: RF, 100 W; pressure, 110 mTorr; 
temperature, 100°C.  

   6.    The residual photoresist on the front surface is removed using 
oxygen plasma with an O 2 /CF 4  gas mixture (CF 4  is  ~ 20% in 
total gas mixture volume); RF power, 60 W; pressure, 135 
mTorr; temperature, 120°C.  

   7.    The wafer is immersed into 40% (m/v) potassium hydroxide 
KOH(aq) at 60°C for  ~ 10 min to create a 100 × 100- m m 2  
free-standing Si 3 N 4  membrane ( see    Note 3  ).      

     1.    Vent the FIB (DB235, FEI Company, Hillsboro, OR, USA) 
system to mount the silicon wafer with a free-standing Si 3 N 4  
membrane sample carefully and tightly and then pump down 
the system. When vacuum is reached, switch on the beam. 
Carefully move the sample in the Z-direction to get closer to 
the working distance.  

   2.    On the backside of the free-standing Si 3 N 4  membrane, a stand-
ard FIB milling technique is used to fabricate nanoscale fluidic 
channel arrays. The model of FIB drilled is single-pass with a 
30 keV Ga +  ion beam. The initial incident ion beam full-width 
half-maximum (WHFM) diameter is 20 nm.  

   3.    Choose appropriate working conditions to control the channels’ 
depth and width, where ion beam current, overlap, and dwell 
time are 10 pA, 50%, and 0.3  m s, respectively ( see    Note 4  ).  

   4.    Deposit platinum in the two reservoirs as the electrode.  
   5.    A wafer bonder (EV501, EV Group, St. Florian, Austria) 

is used to bond the Pyrex glass to the substrate wafer. The 
voltage applied on the glass wafer is negative with respect 
to that of the silicon wafer. The bonding process is approxi-
mately 30 min at 350°C with an applied voltage of 800 V. 
A sketching image of nanofluidic channel fabrication is 
shown in   Fig. 1  . Some typical nanochannel arrays created 
are shown in   Fig. 2  .         

 3.1.2. Fabricating 
Nanofluidic Channels 
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  Fig. 1.    Schematic drawing of fabricating process for nanofluidic channels       .
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      1.    Incubate the DNA/YOYO-1 mixture solution in a dark room 
for  ~ 30 min. In all experiments, the DNA base pair-to-dye 
ratio is kept at 10:1 (bp/dye = 10).  

   2.    Dilute the DNA/YOYO-1 complex solution to 6.5 pM in a 
50 mM Bis-Tris buffer (pH 7.5, Sigma).  

   3.    Admix the buffer with 5% (v/v)   b  -mercaptoethanol (Sigma) 
as an antiphotobleaching agent and 2.5% (w/w) poly 
( n -vinylpyrrolidone) (PVP, Sigma) to reduce both electroos-
motic flow and nonspecific binding of DNA to channel walls.      

 3.2. Manipulation 
of DNA Molecules 

 3.2.1. Preparing 
Biomolecule Samples 

  Fig. 2 .   SEM images of nanofluidic channel arrays at the center of the free-standing Si 3 N 4  
membrane       .



24 Wang and Niu

     1.    Carefully place the nanofluidics channel system on the lug-
gage carrier.  

   2.    With a syringe, transfer the DNA/YOYO-1 complex solution 
into one reservoir of the open fluidic channel system with a 
Digital Precision Microliter Pipette (Gilson S.A.S., Roissy en 
France, France). The solution migrates into and is transported 
along the open channels by capillary action as soon as it arrives 
at the channel entrance ( see    Note 5  ).  

   3.    With a syringe, transfer the DNA/YOYO-1 complex solution 
into one reservoir of the enclosed nanochannel system; the 
solution is loaded into the nanochannels via capillary action 
and then transported through the nanochannels by using an 
applied electrical field with platinum electrodes inserted into 
the reservoirs.  

   4.    A 5-V bias is applied to drive a DNA molecule from the reser-
voir into a nanochannel ( see    Note 6  ).  

   5.    Switch off the bias field before the DNA molecule has com-
pletely entered the nanochannel. As a result, DNA molecule 
is driven back to the reservoir and can be observed to both 
recoil and unstretch simultaneously.  

   6.    The DNA complex molecule is then driven entirely into the 
nanochannel, and the bias field is switched off ( see    Note 7  ).  

   7.    A DNA molecule is electrophoretically driven from the reser-
voir into a nanochannel. Upon fully entering a nanochannel, 
the molecule begins to relax and finally reaches its equilib-
rium extension length inside the channel ( see    Note 8  ).  

   8.    After the molecule has completely relaxed to its equilibrium 
length inside the nanochannel, it is electrophoretically driven 
to the exit of the channels. Once the tip of the molecule is 
straddling the interface, the voltage is turned off and the mol-
ecule is observed to completely recoil from the nanochannel 
( see    Note 9  ).      

     1.    The fluorescently stained DNA/YOYO-1 complex molecules 
are observed using an inverted optical microscope (1X-70, 
Olympus, Tokyo, Japan) by epifluorescence with a 20× objective.  

   2.    A 100-W mercury lamp is used in combination with a 
U-MWB excitation cube (BP450–480, dm500, BA515) for 
light-induced fluorescence illumination ( see    Note 10  ).  

   3.    Fluorescence light from the complex molecules is detected 
by a cooled charge-coupled device (CCD) camera (1,300 × 
1,300 pixels, 12-bit digitization; Cool SNAP-HQ, Roper Sci-
entific, Inc., Tucson, AZ, USA). MetaMorph software (Uni-
versal Imaging Corporation, West Chester, PA, USA) is used 
for the system control, data acquisition, and data processing. 

 3.2.2. Manipulating DNA 
Molecules in the 
Nanofluidic Channels 

 3.2.3. Single Molecular 
Optical Imaging 
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The CCD acquisition time is 3 s ( see    Note 11  ).   Figure 3   
shows a typical fluorescence image of the  l -phage DNA mol-
ecules passing along the open fluidic channels.         

 

    1.    Lambda-phage DNA is a linear double-stranded helix that 
contains 48.502 kbp, its molecular mass is  ~ 30.6 MDa, and its 
contour length is  ~ 16.2  m m. It is widely used in life sciences.  

   2.    When the mixing ratio (dye molecules per base pair) is below 
1:8, the predominant binding mode of YOYO-1 on DNA is 
bis-intercalation; when the mixing ratio is above 1:8, groove 
association (external binding) with DNA begins to contribute 
significantly.  

   3.    When the wafer is immersed into the KOH solution, the sili-
con is etched at 54.7-degree angles relative to the surface nor-
mal. This anisotropic etching creates a free-standing 100 × 
100  m m 2  Si 3 N 4  membrane on the backside of the wafer.  

   4.    These open nanochannels can be made with different shapes, 
e.g., uniform-linear or curvilinear. All of these nanochannels 
are combined by two bigger containers, which act as the solu-
tion reservoirs. The linear nanofluidic channel can be cre-
ated down to 40-nm width and 60-nm depth. The channel 
lengths are 50  m m, and the distance between two channels 
is 5  m m.  

   5.     l -phage DNA molecules can be observed stretched and 
threaded along these open nanochannels. DNA molecules 
can be moved along the channels, although they move only a 
short distance, not through the whole conduit. In addition, 
it can be seen that not all channels are filled with DNA

 4. Notes  

  Fig. 3.    A typical fluorescence image of stained  l -phage DNA inside fluidic channels. 
Scale bar, 10  m m.       
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molecules, i.e., there is only buffer liquid within some 
conduits.  

    6.    This bias resulted in  E  = 100 V/cm in the nanochannels, 
which is large enough to drive DNA molecules. DNA mol-
ecules carry negative charges, which prevent them from 
adhering to the nanofluidic channel walls, which are also 
negatively charged. This electrostatic repulsion effectively 
prevents the nonspecific binding of biomolecules to the 
nanofluidic channel surface.  

    7.    Once the DNA molecule has contracted, it is slowly driven 
back down the nanochannel until a small portion of the mol-
ecule has reached the reservoir. At this point, the field is 
switched off and the molecule is observed to undergo a pure 
recoil process.  

    8.    Stretching is caused by the electric force pulling the mol-
ecules into the nanochannel against a resistance at the 
entrance. The resistance at the entrance is probably caused 
by the entropic interface force and friction for molecules 
encountering the entrance edges.  

    9.    Because molecules are allowed to reach equilibrium before 
beginning to recoil, this process is driven purely by the 
entropic recoil force and unaffected by elastic restoration.  

   10.    YOYO-1 has an excitation maximum at 491 nm and an emis-
sion maximum at 509 nm; that is, YOYO-1 molecules emit 
green fluorescence under the excitation of blue light.  

   11.    YOYO-1 molecules bind strongly to doubled-strand DNA 
molecules and the fluorescence quantum yields of the bound 
dyes are very high. The amount of intercalated dye is pro-
portional to the length of the molecule, therefore, meas-
uring the total fluorescent intensity from a single molecule 
gives a direct measurement of its length.          
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