Int. J. Mol. Sci2014 15, 1381713832; doi:10.3390/ijms150813817

OPEN ACCESS
International Journal of

Molecular Sciences

ISSN 14220067
www.mdpi.com/journal/ijms

Article

Theoretical Study of the Transpore Velocity Control of
Single-Stranded DNA

Weixin Qian, Kentaro Doi, Satoshi Uehara, KaitoMorita and Satoyuki Kawano *

Department of Mechanical Science and Bioengineering, Graduate School of Engineering Science,
Osaka University, -B Machikaneyama, Toyonaka, Osaka8&31, Japan

E-Mails: gian@bnf.me.es.osakeac.jp (W.Q.); doi@me.es.osalac.jp (K.D.);
uehara@paris.ifs.tohoku.ac.jp (S.Unerita@bnf.me.es.osakaac.jp(K.M.)

* Author to whom correspondence should be address&tiiE kawano@me.es.osakeac.jp;
Tel/Fax: +816-68506175.

Received10June2014 in revised form215 July 2014/ Accepted22 July 2014/
Published:11 August 2014

Abstract: The electrokinetic transportlynamics of deoxyribonucleic acid (DNA)
molecules have recently attracted significant attention in various fields of research.
Our group is interesteid the detailed examination of the behavior of DNA when confined

in micro/nanofluidic channels. In the present studye translocation mechanism of

a DNA-like polymer chainin a nanofluidic channelwas investigated using Langevin
dynamics simulationsA coarsegrained beagpring model was developed to simulate
the dynamics of a long polymer chain pasghmpugh arectangular crossectionnanopore
embedded in a nanochannehderthe influence of a nonuniform electric fieldakying

the crosssectionh area of the nanopore was found to allow optimization of
the translocation process through modification of the electric field in the flow channel,
since a drastic drop in the electric potential at the nanopore was induced by changing
the crosssection.Furthermore, the configuratioof the polymer chain in the nanopore
was observed to determine its translocation velogitye competition between the strength

of the electric field and confinement in the small pore produces various transport
mechanisms ahthe results of this study thus represent a means of optimizing the design of
nanofluidic devices for single molecule detection.

Keywords: ssDNA; micro/nanofluidics; langevin dynamics simulation; transpore dynamics;
coarsegraining




Int. J. Mol. Sci2014 15 13818

1. Introduction

The high-speedreading of deoxyribonucleic acid (DNA)sequences isn importantmeans of
elucidatingcomplete genetic sequencaadmay enabléhe development of new medi¢edatment$l,2].
Recently, noveDNA and ribonucleic acid (RNAsequencing technologidsave been developed
Among these, nanopore sequencing devices are one of thesignuéicantissuesand represerndan
emerging noroptical process for higthroughput singlenolecule detectiofili 4], in which individual
nucleobaseare identified by measuring transpore ionic current bldekai 7] or transverse tunneling
current[8i 11] during the transport of singlranded DNA(SSDNA) througha nanometesized gap
Understanding biological polymer trgotst phenomenas a crucialissuein the development of DNA
sequenimg techniquesas well asn the study of many of the physical properties of polyr&?s and
both thetheoretical [13i 17] and experimenta[18i 28] aspects of polymetranslocationthrough
nanoporeshave been widely studied. Computational studies have provided particularly valuable
insights into the physics of transport within confined micro/nanochammelpreviousworks have
examined the variation of translocation time with polymer cHangth [13i15,19,21,2831], pore
dimensiong31], driving force[15,19,21,31]sequencgand secondary structer§?1,22,32]polymeii pore
interactiors [211 23,33],and polymer cofigurations [15,34]Tablel lists thevariousnanopore devices
and polymersused inthe pioneering research studies investigatimgse subjects with thaim of
achieving a advancedNA sequencer.

Table 1. Nanopore device and deoxyribonucleic acid (DNA)/ribonucleic acid (RNA)
samples used in published experimental studies

Group Pore Diameter Length Voltage Voltage/Length Polymer Length Polymer

Type (nm) (nm) (mV) (x10° V/m) (bp or nt) Type
Kasianowiczet al. . SSDNA,
UHL 1.3 5.2 120 23 150
(5] SSRNA*
Meller et al. . ) ] .
i UHL 1.3 5.2 501 300 9.6/ 58 51100 ssDNA
[18i 20]
Butleret al.[35] MspA 1 10 140, 180 14, 18 50 ssDNA
Wendellet al. )
[36] Phi29 3.3 7.5 40,75 5.3,10 5.5k dsDNA
Franceschinet al. dsDNA,
ClyA 7.8 13 100 7.7 290bp, 51nt
[37] ssDNA
Li et al.[21] SiN 3,10 510 60, 120 61 24 3110k dsDNA
Stormet al.[22] SiN 10 20 1001600 5130 1097k dsDNA
dsDNA,
Skinneret al.[24] SiN 10 20 100/ 600 5130 10i 30k dsRNA,
SSRNA*
Tsutsuiet al.[26] SiN 50 200 1000 5 48.5k dsDNA
Fologeaet al. i dsDNA,
SiN 10 10,280 120 043, 12 3k
[27,28] ssDNA
Schneideet al.
[25] Graphene 22 0.3 200 670 48.5k dsDNA

* ssRNA denotes poly(A), poly(C), and poly(U).
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Sung and ParkL3] and Muthukumaf14] studiedthe passage @iinglepolymer molecules through
the pores of a membrane during diffusion across a free energy kdudeto chemical potential
differences Both groups modeled the stochastic processes associated with the transport of long
polymers based on the FokkPtanck equation andere able topredict a scaling law describing
translocation timel) as a function opolymer length,N. Stormet al. [22] and Skinneret al. [24]
investigatedthe translocation of doublgtranded DNA (dsDNA) througtlsilicon nitride (SiN)
nanopores that were 10 nm in diameter and 30 nm thick. alseydentified that a powelaw best
described the relationship betwe8and the polymer lengtisuch that»N*?". The use of lirathin
nanopores (0.3 nm thick) fabricatedthin a graphene monolayer [25] is1own to result ima slightly
larger Uvalue than that obtainedising SN nangores[21,22] and it has been ggested that these
small pores as well as interactions with the graphene result in the slower translocation. This
phenomenon has also been investigated on the basis of Langevin dynamics simulations [31,34]. In
other works,Meller et al. [19] studied the translocation of ssSDNA througlbiological -hemolysin
(UHL) nanoporeand determined that the translocation velocity of short polymers exhibited a
significant dependence on the length of the polymer, whereas there was no depenttencasa of
long polymers. The engineered Mycobacterium smegmatis porin 9AM[35] and phi29 [36]
protein nanopores were found to allow the translocation of ssDNA and dsDNA with remarkable
stability against environmental stresskss indicated that a engineered DNA transporter is able to
recognize and chaperone the specific DNA molecule across a biological membrane, making a further
step for the application of a nanofluidic platforr{87]. It was also found that, during forced
translocationn narrov pores, the scaling exponents depended on theirdyiforce, F, based on the
relationshipd-F' * [15,30,31] Although thehydrodynamic effects on polymer chains appear to account
for part of the force counteracting external forces [13,29], these effeeta to make only a minor
contribution to the transport of DNA, since it has a large number of charges and small surface areas ir
comparison to other polymer particles [38]. In particular, the electrokinetic transport of DNA
passing through very narraspaces is predominantly affected by collisions with channel walls [41].

We are interested ira long polymer translocation mechanism in micro/nanochanaeld
nanoporeq42i 44] under the effects of nonuniform electric fieldsnce such mechanisrhaive ot
yet been sufficientlyelucidated In the present study, wattempt to gain detter understanding of
the translocatiomechanism of DNA-like polymer chainequivalent to 48 x 18nucleotides (48 knf)
penetratinga solidsatenanoporean the presence of nonuniform electric figlds illustrated in Figure.1
The crosssection of the nanopore is expected to play an important role in terms of controlling
the translocation process. While nanopores embedded in nanochannels were soppesstettive
to slow down the transpore velocity of ssDNA2[44], the mechanism has remained to be clarified.
Herein, focusing on the multiptconnected nanofluidic channels, the retardation process and
its advantage are discussed from a theoreticait puf view. As part of this work, we develop
a coarsggrainedsPDNA model [16,45,46] and perform Langevin dynamics simulationssdDNA
transport under nonuniform electric fields in a rectangular nanochannel containing a nanopore with
various crossectons [47 51], where the electric fields are calculated for the esessions, ranging
from 20 x 20 to 50 x 50 nf The results allow a visual analysis of the electrokinetic transport
dynamics ofsDNA chains and allow us to determine the most suitable hodogy for nanofluidic
flow channels for single molecule detection. Furthermore, the simulation results are clearly understood
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by a theoretical model in the framework of the Langevin equation. Consequently, a relationship among the
electrokinetic transpouf ssDNA, pore dimensions, and muljgdonnected structures of the nanofluidic
channel are clarified and a desirable design to control the translocation velocity is concluded.

Figure 1. (a) Schematic illustration of a rectangular nanochannel useahnigevin dynamics
simulations, in which a nanopore is embedded in the nanochannel. In thdithessional

model, the width ) and heightlf) of a 200 nm long nanopore are varied as simulation
parameters in a nanochannel of 2200 nm in length, 500 nmidih,vandh in height.
Thecenter of masef singlestranded DNASSDNA) is initially located at alistance of the

radius of gyration(Ry = 300 nm)away from the nanochannehtrance wher¢he x- and
y-coordinate of the mass centerare in coincidence with the center of nanochannel

and (b) An illustration showing the coarggained beadpring model of ssDNAn the
simulations to assess the electrokinetic transport dynamics and to optimize the structure of
the nanofluidic channel foirgyle molecule sensing.

(b)

Nanochannel Nanopore

~—E

Electrophoresis —» . 4

1000 nm

2. Results and Discussion
2.1. Validation of the Coars@rainedSingleStranded DNAssDNA Model

As a result of the Langevin dynamics simulation, Figure 2a shows the mean square displacement of
the center of mass of threDNA model as a function of time. This plot represents the average of
results from 90 simulations at each data point and is clearly linear. The associated diffusion coefficient,
D, can be obtained according to the Einstein relation and is calculated to be 2025 m?/s.

Figure 2b presents a plot of the distance from the origin to the center of mass under an external electrit
field of 1 x10° V/m, in which each data point is the average of 270 simulations. The electrophoretic
mobility calculated from the t@ of the velocity values to the applied electric field strengths is

e = 2 .'8mAVvsl Thas®two results are in close agreement with the experimental data described
in the methodology (Section 3) [52]. From the viewpoint of diffusivity and electregic mobility,

the present parameter set is therefore acceptable when assessing the electrokinetic transport of SSDN/
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Figure 2. (a) Mean square displacement of the bspidng model resulting from 90 simulation
runs and If) displacement of the massnter of the beadpring chain under an electric
field of 1 x 10° V/m obtained from 270 simulation runs. Each result is well fitted with
straight lines by the leastjuares method. The slope of plat ¢orresponds to the diffusion
coefficient while that ofb) is the velocity that translates to the electrophoretic mobility.
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2.2.Langevin Dynamics Simulations

As shown in Figure 3, electrostatic potentials across the microchannel, nanochannel, and nanopore
are determined from the finite element method (FEM) analysis [53], in which the potential curves
extracted along the central axis are presented for several nanoporsectimss. It is found that
the slope of the electrostatic potential becomes steipdine narrower channels, as shown in
Figure 3ab. A large drop in the potential at the nanopore suppresses the potential difference outside
the nanopore. As can be seen from Figure 3c, the electric field strength increases as-tleetevnas
area ofthe nanopore is reducedhe electric field strengghcalculated along the ceat axis of
the nane@hannelandnangorewith variouscrosssectionsare alssummarizedn Table 2.In the previous
experimental studieassummarized in Table 1, as well msnumerical analyses, other researchers have
also found that strong electric fields are associated with nanopdieSpmepublications note thatuch
a strong electric field tends to be proportional to the valuej@fgdeﬁ)z, wheredpere is the diameter of
the pore andl is the effective diameter outside the pore [54,55]. Our computational results also agree
with the potential drop resulting from variations in the nanopore-sexgion.

Table 2. Electric field and ssDNA transpore jperties in the nanochannel and nanopore

Pore Size (M)  Echannel (V/M)  Epore (VM) Npore  oN/ X(M'Y)  Venanne (MM/S)  Vpore (MMV/s)
30x 30 8.2x 10 2.7x10° 6.48 1.30x10° 2.3 1.3
40 x 40 1.2x10° 22x10° 6.81 9.64x1C° 3.3 1.1
50 x 50 1.5x10° 1.9x10F 9.29 7.45x10° 4.3 1.2
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Figure 3. (a) Electrostatic potentialresulting from FEM analysisfor the system
including microchannel, nanochanneind nanoporevhosecrosssectionis 50 x50 nnf;

(b) Magnifiedview of (a) focusing omear thenanoporeand(c) Electrostatic potentialss,

for nanopores of crossection 20 x 20, 30 x 30, 40 x40, and 50 x50 Amresulting from
threedimensional FEM analyses. The entrance and exit of the nanopores are indicated by the

dotted lines.
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As shown inFigure 4a, we also ascertained the number of beads along a 200 nm long nanopore
during the simulations. In this figure, the entire data set resulting from 20 simulation runs for
a 30 x30 nni crosssection nanopore is presentedtAt0 s, a leading beaentered the pore, at which
point the elapsed time was tracked until the end of the chain left the pore. The distribution of bead
numbers seems to be discretized at several specific numerical values. As can be seen in the insets
this figure, which showllustrations of the nanopore, the discretized numbers correspond to specific
folded structures of the polymer chain. Sufficiently uncoisBNA chains tend to pass through
the nanopore in an unfolded form and therefore, the translocation time igefgléting. In contrast,
coiled chains adopt folded forms in the pore, resulting in shorter translocation periods. Figure 4b
presents a summary of the data in Figure 4a in the form of a histogram. The highest peak in this plot
corresponds to an unfoldedwstture, while the second and third highest peaks equateartd12fold
forms, respectively. More detailed illustrations of the unfoldedpld, and 2fold forms at
the nanopore are also presented inufegdci e, respectively. Figure 9a show the restd for
40 x 40 and 50 x 50 nrh crosssection nanopores, respectively, where four typical samples are
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presented by color variations. The time series data in the plots apparently fluctuate with increasing
crosssectional areas. The larger the crssstionsbecome, the more frequently tlseDNA will

change its configuration, thus producing multifold forms in the pore. As a result, the distribution of
multifold-structures increases as the c¥ssstional area increases. The fitted distributions obtained
from 20 simulation runs for each condition are summarized in Figure 5c. The concentrations of electric
charges resulting from the folded structures increase the translocation speed due to the associate
strong electric force. Although we also performed simotetifor a 20 x 20 nrh crosssection
nanopore, the electric field outside a nanopore of this size was evidently too weak to introduce
the sDNA into the pore. This result implies that an excessively small pore will require a long period
of time to attracttharged molecules to it. A weak electric field outside the pore, as is produced in
the case of an overly small pore, is therefore disadvantageous for the polymer chain to overcome the
entropic barriers at interconnections in the channel, because thedlfiegence of crossections
requires strong force to uncoil a coiled structure to introduce it into the nanopore [56,57].
Figure 5d presents a normalized version of the distribution data in Figure 5c. Comparing the three
crosssections, it is evident # multifold-structures become prominent as the csmsgional area
increases. With respect to singitelecule detection, it is desirable to maintain unfolded configurations

for as long as possible to slow down the translocation speed. Thus, the 36nk 8fbsssection pore

is suggested to be the most suited to the sequential transpddNA molecules

Figure 4. (a) Time series data, where each run is presented by color variation
(b) histogram of the number of beads in a 30 x 30’ mmwsssectionnanopore, obtained

from 20 runs of the Langevin dynamics simulatidrleading head enters the pord &t0 s

and the time elapsed is recorded until the end bead leaves the pore. Illustrations of the entire
sDNA chain are also presented, showingunfdded (d) 1-fold; and €) 2-fold forms.
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Figure 5. Time series data indicating the number of beads in nanopores ofsecisgm

(@) 40 x40 and b) 50 x50 nnf, in which only four typical data are presented by color
variation in each cas€c) fitted distribution resulting from the complete data acquired
from 20 simulations for each conditicend @) the normalized distribution o€}
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For deepunderstandingof the electrokinetictransport phenomenin the nanofluidic device,
the simulation resultareanalyzedy atheoreticaimodelof the Langevin equation as also described in
detail in the methodology sectioRarticulaly, a relationship between thieansbcationvelocity and
the pore sizattractsmost of our interest Figure 6 shows velocity profiles of the mass centers of the
sDNA for the three cases presented in Figure 5, in wkialfienotes th@osition of mass center along
the x-axis measured from the nanochannel entrg@8260 nm in total), and the nanopore is ledat
from xg = 1000 to 1200 nm. In overdamped Langevin dynamics simulations, the velocity of a particle
is directly proportional to the force on it, as theoretically described in the next section. For each
cross-section, the velocity linearly increased uttie mass center reached>x@wvalue of approximately
500 nm, at which point the leading bead moved into the stronger field while the remainder of the chain
was still in front of the nanochannel entrance. Therefore, the number of beads in the nanochanne]
increased in a stepwise fashion over time. According to the Langevin equation, the equation of motion
of the mass center along the pore axis may be roughly expressed by

wolhp S1DFL
¢ NzZ% ' Nz )DXG (1)

where, assuming conservative force and thermal fluctuations, we can apply
U

N
N pU.
-4— o
iz MX @

611 R, =0 3)
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T h e tF(Ngw) regresents the ratio of the external force on the mass center to the displacement
andssi s the initial velocity at the entrance. c
of ssDNA and results i#.68 x 10 *? kg/s In Figure 6, the slopes of the plotted data in the initial
portion of each graph are respectively 9.09 %1910 x 10, and 9.80 x 18 s *for the 30 x 30,

40 x 40, and 50 x 50 nhnanopores, giving an average value of 9.33 % €0! In this region,

the increment in which beads enter the nanochannel is almost constant despite the different channe
crosssecti ons. | nF/ apd primdrily dua to thevdieetrit foiqe in the nanochannel, we can
wr i F=QEgnnsN, meanig that the change in the force is governed by the increase in the number of
beads entering the channel under the almost uniform electric field. Equation (1) can then be replaced by

V. = QEchanneI %

G Nz R X M 4

using Echanner@pproximated by the electric field at the cerdkthe nanochannel disted in Table 2.

For thethreec as es, t hN xmre1.30 =18, 9.64fx 1&pand 7.45 x1&m' *for the 30 x 30,

40 x 40, and 50 x 50 nrhnanopores, respectively (Table 2). A charged bead iE.gfine field
generateQEames UC h t hat t hofthe nsapsliceneraalated tb eachdpead increment is
proportional toEchanneiand this explains whywd/dxg is almost constant for all three cressctions.

In the following region, when the mass center approax§es500 nm, there are obvious differences

in velocity between the three cases. At this point, some beads are already in the nanopore.
Subsequently, the velocity shows a moderate increase and appears to reach a terminal velocity whe
the center of mass pa&ssthrough the nanopore. At this stage, the beads in the nanopore are driven
forward due to the strong electric field and simultaneously experience counteracting force, being
pushed back by the leading portion of the chain and pulled by the followingrpo&ince small
nanopore crossections produce a strong driving force, the confinement in this region also gives rise
to the counteraction including the entropic force and polymalt interactions. In this regioms can

be represented as

Q NPOFE EDOFG _._Q NchanneIE channe
zN ' N ©)

Vo =

whereNpore and Nehanner@re the number of beads in the nanopore and nanochannel, respectively, and
Epore is the electric field strength in the pore. Here, $d8NA chain is usually stretched and rarely
collides with the wall as it passes through the interfateden the nanochannel and the nanopore, and

so the counteracting force is negligibly small compared to the other terms. As shown in Figure 5d and
Table 2, the average numbhipee Of beads in the nanopores is determifi@in the distributions.

The remaimg beads are in the nanochannel, suchNaahne= NT Npore Using the electric fieldEpore

at the center of the nanopore dh@anne Vo in Equation (5) results in 3.54, 4.41, and 5.49 mm/s for

the 30 x 30, 40 x 40, and 50 x 50 nfhrcrosssectionnanopores, respectively. These theoretically
derived values are in good agreement with the simulations shown in Figure 6. Particularly, in the
30 x 30 nnf pore, the rapid change in curvature of the plot occurs at amlue of approximately

500 nm, indtating that the translocation process immediately reaches a steady state condition as
the nanopore works to pump beads into ttems channel. In contrast, in the other pores, more
moderate transitions of the velocity are observed and apparent transition points cannot be determined
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As a result, the terminal velocities approach the theoretical values. Our data indicate that folded
configurations ofsDNA chains in large crossection pores cause moderate increases in the velocity

of the mass center, and this results in high terminal velocities. In other words, our results explain why
electrophoretic mobility decreases during transpadudh a confined space embedded in the fluidic
channel [17,26,58]. From the viewpoint of molecular sequencing, increased knowledge of changes in
the velocity and suppression of excessive increases in this velocity are desirable when attempting tc
ascertairdetails concerning the configuration changes of polymer molecules.

Figure 6. Velocity profile of the centers of mass efDNA chains passing through
nanopores of crossection 30 x30, 40 x40, and 50 x50 fmin whichxg is theposition

of mass center gasured from the nanochannel entrance atbag-axis The results of

theoretical calculations using &ations(4) and §) are shown as solid lines. The start and

end of the nanopore are situatedgt 1. 0 and 1.2 em and the end

Xg= 2. 2 &m, al | of which are indicated by da
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3. Langevin Dynamics Simulations of Polymer Chain Motion

A Langevin dynamics simulation was applied to investigate the behavior of a polymer chain
passing through a threBmensional nanoporembedded in a nanochannel, where the presence of
solvent molecules could effectively be treated as a random force acting on thegraarse polymer
molecule [16,45,46]. In the present model, strong effects of intramolecular interactions on théarertial
were coars@rained and the kinetics of ssDN#ere mainly affected by external electric fields. In such
a case, the behavior of a particle can be expressed by asaoweed Langevin equation [16,45,46]:

z,v, = -Up FE +R (6)
w h e ri & the friction coefficientof the ith particle T D U; is the conservative forcencluding

interactions between particles, aRddenotesthe external electrostatiforce such that~ = Qb «,
where Q is the electric charge on the polymer molecule. For the purposes of aitheresional
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simulation, the electric pot entanaykzedy solvingifonthea r e
Laplace equatio® %« = 0 with Neumann boundary conditionsD « = 0 at the sidewall surfasewhere

n was the surface normal vector, aniih constant electric potentiaé&t both ends othe channel. The

FEM (Femtef, Murata Software Co., Ltd., Tokyo, JapdB}] was employed to solve for the electric
potentialFiwas cal cul ated by averagi ng t ImeEquaion®)dthee nt
random forceR; satisfied the fluctuationdissipation theorensuch that

gR M) ©
I .. , @)
H{RO®R ) 6T, z @ 0O

whereks wasthe Boltzmann constant,wast e mp e r jawaskKrr eo,n etdled rt @$7 a)nmvds U (
the Dirac delta function whetteandt' weretime. In this study, we focused on ssDNA and developed
a beadspring model for use in the Langevin dynamics simulations. Details of our apaised
modelwere also described in premis studies [16,45,46]. In order to model a ssDNA consisting of
48,000 nucleotides (48 knt), neighboring beads were connected with a harmonic spring [46]:

a (Il eq)2 for neighbor
1 (8)

otheris

Ubond(ri ) =

—v> —/—=>D:
© NI |—\

where k was the spring constant amg was the distance between thitn and jth particles.
The equilibrium distance,e, between each connected pair of beads defined ageq = rnlnd/N,
where U was a WNpawastleemumber of aucleotides; adavas the number of beads.
The equilibrium distance between thecleotides in ssDNAs known to be,; = 0.43 nm[59] and so,
applying an U Wgad 48,600, arfd =04008 we bbtdinédg, ¥ 43.7 nm. The above
value for the parametddwas selected so as to properly replicate the radius of gyr&iprieQ] of
ssDNA, as wll as the diffusion coefficient and electrophoretic mobillige harmonic spring constant
wascalculatedask = kg T/ “swhereT wasset to 30K and acv a | u e vea$ applied ¥oti thermal
fluctuations based on previous studie$][, w h was @ Lenhard Jones parameter described
below. Interactions between two beads, or between a bead and a channel wall, were represented L
the LennardJones potential),;, taking into account the volume exclusion effect [46]:

A 12 o
6N14weaS g r—’% ‘ for, 2

ij iC U' (9)

|

C
—_ = —»—> - > :

0 fom; > 2 <

wherell wasthe characteristic length of sSDNA a nvastherenergy weltlepth.A mirror reflection

was assumed, meaning that the repulsive force from the wall effectively worked only along
the direction perpendicular to the surface. The length paramétemvas deterntied from

the persistence length of sSDNA necessary to reproduce the volume effect, suck tham [59].

Uy was applied to neadjacent beads armd was set tokgT [16,46]. For the purposes ofolume
exclusion, the potentiakastruncated ar =$2s to allow for purely repulsive interactions between

the beadsThetermg in Equatiors ©) and ) wasevaluated based on experimental measuremetie of
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ssDNA diffusion coefficientD;, according td\NgD; = ksT [52]. Applying N = 400,D; = 2.21x 10 ** m?/s,

andT = 300K, ; wasdetermined to bd.68x 10 *? kg/s for each beadConsideringthe existence of
counterios around thesDNA, the effectivecharge of an individuddeadcould becalculatedaccording

to Q = iee= keT/NDi [52]. Thus, basedoh he exper i me=m284ax 10%nd/Vsys2, of
aQ; value resulted im 0 .e BeB bead (consisting 120 ntyheree is the elementary chargéhis value

was determined in terms of electrophoretic mobility of the cegig@ed ssDNA includingounterions

and thus, it might underestimate the monomer charge previously known [58,61]. In order to verify this
guantity, we performed Langevin dynamics simulations for the ssSDNA model in free solution.

The overall structure of the fluidic channel, irdilog the reservoirs outside the nanochannel, was
taken into account in the preliminary analysis, as shown in Figure 3a. There was a reservoir of
2.5 1 4.0 1T 0.5 em (length I width T height)
2.5f¢gomom the nanochannel entrance. The el ectri
0.400 V at thecis andtrans sides, respectively, based on the experimental conditions summarized in
Table 1. Additionally, the Laplace equation was solvechenrtanochannel and nanopore with a fine
resolution of 10 nm.

At equilibrium, Ry was maintained in the vicinity 00 nm such that'x’g2 was approximately equal
to the product of the persistence length and the contour IeBg82]. Stable configurations such as
this were employedas initial conditions fothe simulations. The center of mass tbe sODNA was
initially placed ata distance equivalent t&; from the entrance of the nanochanred, presented
schematicallyin Figure 1a In the next stage, the nonuniform electriddieesulting from the FEM
analysis wasipplied andhetrajectoriesof thesDNA weretracked.Equation(5) wasintegrated using
the Euler algorithm with time steps qf = 10 ps §6].

4. Conclusions

In this stug, we investigated the electrostatic potentials in nanopores embedded in a rectangular
nanochannel. We obtained considerable agreement in the electric field strengths on the otd&nof 10
compared with previously published data [54]. Induction of strong electric fields in the narrowest
space due to the connections of differsiaed channels was confirmed [55]. Using such electric fields,
we performed Langevin dynamics simulations by ajpglya coars@rained model of ssDNA.

The present model replicated the diffusion coefficient and electrophoretic mobility of long ssDNA,
which allowed us to treat electrokinetic transport phenomena in the actual time and spatial scales.
It was found thaha nanoscale crosectional area was important with respect to uncoiling-tdragned

sDNA molecules in a strong electric field and, as a result, reducing the translocation speed of
the molecules. By adjusting the nanopore size, the quantsgpdfA chans in the pore region can be
constrained at a constant number, effectively producing a terminal velocity. With regard to the aim of
obtaining singlemolecule detection, this study suggests a preferred structure for nanofluidic channels.
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