Controlled Amplification of DNA Brownian Motion Using Electrokinetic Noise
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The application of voltage noise with the same statistical properties as fundamental thermal noise
controllably amplified the Brownian motion of lambda DNA molecules suspended in solution inside
a nanoslit. We analyzed the trajectories of single molecules and found that their self-diffusivity in
the direction of the applied electric field increased in proportion with the variance of the voltage
noise. The highest effective diffusivity achieved corresponded to an effective temperature of 5, 300 K.
However, unlike thermal noise, the voltage noise causes correlated fluctuations of different molecules
and their segments. This technique unlocks a previously inaccessible effective temperature regime
for studies and applications of noise-dependent phenomena.

I. INTRODUCTION

Noise plays a central role in chemical reactions [1],
climate systems [2], gene regulation [3], and financial
markets [4]. In micro and nanofluidic systems, ther-
mal fluctuations are a fundamental form of noise. They
give rise to the Brownian motion of suspended particles
[5, 6], osmotic pressure [7], the elasticity of polymers [8],
and depletion interactions between colloids [9, 10]. Flu-
idic devices provide a convenient arena to study exotic
noise-driven phenomena, like giant acceleration of diffu-
sion [11], stochastic resonance [12-14], and noise assisted
barrier crossing [15, 16]. However, when we exclusively
rely on thermal fluctuations as the source of noise, the
freezing and boiling points of water severely restrict the
range in which the noise level can be experimentally var-
ied. Here we report a method to greatly raise the accessi-
ble noise level and amplify the Brownian motion of DNA
molecules in nanoslits. We added an electrokinetic noise
component with a noise level that we varied widely and
independently of the temperature.

Figure 1 illustrates the experimental method. A
nanoslit strongly confines DNA in the vertical dimen-
sion (z-direction) while allowing it to move freely across
the relatively large slit width (a-direction) and along
its length (y-direction). The motion of individual DNA
molecules is tracked in the z and y dimensions using flu-
orescence optical microscopy. To influence the DNA dy-
namics, we impose a time-dependent voltage difference,
V (t), across the nanoslit using electrodes immersed in lig-
uid reservoirs at either end. V'(¢) has similar statistical
properties to thermal fluctuations, but its amplitude can
be adjusted. The resulting DNA dynamics correspond
to a Brownian motion with amplified fluctuations along
the length of the nanoslit. Our method operates in a
manner reminiscent of the anti-Brownian electrophoretic
(ABEL) trap [17], except that instead of cancelling the
fluctuations of suspended objects, we use electrokinetic
forces to amplify them.

It is convenient to characterize the lengthwise fluc-
tuations of DNA in our setup by an effective tempera-
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ture. “Noise temperature” commonly characterizes fluc-
tuations in electronic circuits [18]; the motion of self-
propelled swimmers can be characterized by an effec-
tive temperature [19]; and in a case of particular inter-
est to us, temperature is used to parameterize the noise
strength that gives rise to stochastic resonance [14, 20].
Our nanofluidic method enables us to impose an effective
temperature that is adjustable and well above the boiling
point of water. By tracking individual DNA molecules
and analyzing their Brownian motions, we measured
their equivalent temperatures in the lengthwise direction
and found it could reach 5,300 K.
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FIG. 1. Schematic of the method for electrokinetically am-
plifying Brownian motion. a) A typical trace of V(t). b)
Gaussian distribution of voltage fluctuations. c) Illustration
of the nanoslit with a fluorescently stained DN A molecule and
the optical microscopy system used to track the DNA motion.
The sketch indicates L, H, and the orientation of the nanoslit
relative to the coordinate system.

The Brownian motion of a DNA molecule is charac-
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terized by the growth of its mean square displacement
(MSD) in time,

MSD = ((x(t + At) — 2:(t))2) = 2DAL, (1)

where x;(t) is the generalized coordinate of molecule i, At
is the time interval, (...) denotes the ensemble average,
and D is the self-diffusion constant, defined by [21]

D= /O (@4 ()5(0)) dt. )

The Brownian motion is normally driven by thermal
forces alone. In that case the overdamped Langevin equa-
tion describes the dynamics [22]

3)

where ( is the viscous drag coefficient and F'(¢) is a ran-
dom thermal force with zero mean and zero autocorrela-
tion, i.e. (F(t)) = 0 and (F(t)F(t")) = 2CkpTo(t — t')
[6], where kp is the Boltzmann constant, T is the temper-
ature, and 0(¢) is the Dirac delta function. Combining
Eqgs. (2) and (3) gives Dy, the thermal self-diffusivity in
one dimension

kT
Dy = B~
¢

The application of V(t) across the nanoslit generates
an additional electrokinetic force in the y-direction, and
the corresponding Langevin equation becomes

o= 4,00, )

where p is the electrophoretic mobility of the DNA, and
the ratio V(¢)/L gives the electric field inside the slit.
To mimic thermal noise using a signal generator with
a finite bandwidth, we generate a band-limited Gaussian
white noise signal for V(¢). This gives (V(¢)) = 0 and

VOV E)) = o2 (%) [23, 24], where o is the
standard deviation and B is the bandwidth. When the
bandwidth of the signal generator is large compared with
that of the particzle tracking system, we can approximate
(V)V({H)) =~ 550(t —t'). V(t) and F(t) have similar
statistical properties, but they are not correlated with
each other, so (F(t)V(¥')) = 0. From Egs. (2) and (5),
the self-diffusion constant in the y direction is

1 Oc\ 2
D, = Do+ = (525 (6)
Equation 6 predicts that the minimum DNA diffusiv-
ity is given by the thermal value, Dy, and that volt-
age noise increases the diffusivity in the y direction by
an amount proportional to the variance of V(¢). From
Egs. (4) and (6) we can define the effective temperature
of Brownian motions in the y direction, Teg, to be

Dy
o (7)

(4)

Tg=T

While V(t) amplifies the fluctuations of a molecule’s
COM, it does not affect the relative fluctuations be-
tween different segments within a molecule or between
the COMs of different molecules. A voltage applied
across a nanofluidic slit establishes a uniform field within
it, so every segment of every molecule inside it is sub-
jected to the same electrokinetic force at a given moment.
This difference between electrokinetic noise and thermal
noise can be observed in the relative diffusion between
two molecules.

Fluctuations in the separation between two molecules
can be parameterized by a pairwise diffusion coefficient,
DP. We obtain D?P by applying Eq. (5) to a pair of DNA
molecules subject to the same V(¢). This gives ¢a(t) —
n(t) = %(Fg(t) — Fi(t)) for the y direction, where F5(t)
and Fy(t), are the forces of thermal noise on each DNA
molecule. Combining (Fy(t)Fz(t)) = 0 and Eq. (5) we
obtain

(Gs(t) = 3 () @ (t') — gu () = T

St—1t). (8)

From Eqgs. (8), (1), and (2), the mean squared separation
in the y direction grows in time according to

(It + At) = yi(t+ AD) = (42(t) = 31 (D)) = 4DoAL.

(9)
The separation in the x direction obeys the same relation.
Therefore, DP = 2Dy.

II. METHODS

We experimentally studied the dynamics of A DNA
molecules (48.5 kbp, New England Biolabs) that were
fluorescently stained using YOYO-I dye at a 10: 1 base-
pair-to-dye ratio. The DNA was suspended in 20 mM
Tris-EDTA (TE) buffer that was titrated to pH 8.0 using
HCL. 4% B-mercaptoethanol was added to suppress pho-
tobleaching. The DNA suspension was diluted to a final
concentration of 0.2 pg/mL before being introduced into
a nanofluidic device.

The device featured a nanoslit with height H =
110 nm, length L = 3.5 mm, and width of 160 pm
(Fig. 1). Two U-shaped microchannels, each 0.55 pm
deep, connected the nanoslit to two pairs of reservoirs.
The nanofluidic device was fabricated in a glass chip ac-
cording to methods described previously [25].

After introducing DNA into the reservoirs, a pressure-
driven flow guided molecules through the microchannel
on one side. A brief increase in pressure in that mi-
crochannel was applied to push the DNA molecules into
the nanoslit.

V(t) was imposed as shown in Fig. 1 using Ag/AgCl
electrodes immersed in reservoirs on either side of the
nanoslit. A data acquisition card (DAQ, National In-
struments USB-6251) generated the white Gaussian noise
signal. We used the white Gaussian noise option that is



built into the signal generation module in LabVIEW con-
trol software. The software generates a series of random
numbers with a variance at a sampling rate that we deter-
mine. Those random numbers drive the voltage output of
the DAQ after applying a scaling factor that we adjust
to control the noise level. The DAQ’s maximum sam-
pling rate of 10 kHz and maximum voltage output of 10
V placed practical limits on how close the artificial noise
could come to ideal white Gaussian noise. In practice we
limited the variance of the noise output from the DAQ to
2 V so that white Gaussian noise could be approximated
with voltage fluctuations as large as 5 standard devia-
tions from the mean. A voltage amplifier with a gain
of 18 amplified the output from the DAQ to give V (¢),
the voltage applied across the nanoslit. We estimate that
about 80 % of the voltage applied between the reservoirs
dropped across the nanoslit, based on the dimensions of
the device and assuming a constant fluid conductivity.

The optical microscopy system, described in greater
detail in ref. [25], included a 60X water immersion objec-
tive lens with a numerical aperture of 1.20 and an Andor
EMCCD camera (iXon 897). Images were acquired at
the rate of 2 frames per second with an exposure time of
50 ms per frame. A physical shutter was used to control
the exposure time in order to reduce photo-bleaching of
the stained DNA molecules. Each recording of a molecule
contained 100 frames. In order to suppress possible edge
effects, we only considered molecules that were at least
20 pm away from the edges of the nanoslit. 20 pm is
more than 180 times the height of the nanoslit. Con-
sequently, hydrodynamic interactions with the nanoslit
edges should be completely screened [26]. The raw videos
of the DNA molecules we analyzed in this study are pub-
licly available [27].

Finally, custom-written image analysis software ex-
tracted the trajectories of individual molecules from the
image sequences. The center-of-mass (COM) of each
molecule was found by computing the first moment of its
fluorescence intensity distribution. These image analysis
methods have been used previously [11], and the analysis
code is publicly available [27].

III. RESULTS AND DISCUSSION

The addition of voltage noise significantly increased
the amplitude of the Brownian motion in the y direction.
Figure 2(a) shows a sequence of images of a fluorescently
labeled A DNA molecule inside a nanoslit moving under
the influence of thermal forces alone. The COM of the
molecule moved only about 2 um in the x and y direc-
tions in 40s (although the DNA configuration changed
noticeably in that time).

Figure 2(b) shows a similar sequence of images, except
in this case diffusion was assisted by an applied voltage
noise with o, = 36 V. The COM moved about 15 pm in
the y direction and about 2 pm in the x direction in 40s.

Figure 2(c) compares the trajectories of a selection of

DNA molecules moving with and without added o, =
36 V electrical noise, clearly showing that the added elec-
trical noise amplified the fluctuations.

Figure 2(d) compares the dependence of MSD on At
for molecules experiencing only thermal noise with the
dependence for molecules subjected to a noise level of
0. = 36V. We obtained D, and D, by fitting Eq. 1
to the slopes of the data. In the case of pure ther-
mal diffusion (0, = 0), the diffusion coefficients were
D, = 0.130 &+ 0.006 pm?s~! in the x direction and
D, = 0.137 £ 0.005 pm?s~! in the y direction. With
the addition of o, = 36V noise, the diffusion coefficient
in the y direction increased by a factor of approximately
19 (to D, = 2.5+ 0.3 um?s™ '), but the diffusion coeffi-
cient in the = direction (D, = 0.21 £ 0.07 um?s~!) was
not significantly altered.
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FIG. 2. (a) Time-resliced images of a fluorescently labeled A
DNA molecule diffusing in TE buffer with no voltage noise
and (b) with a voltage noise level of . = 36 V. (c¢) A DNA
trajectories in the y direction with no applied noise (blue)
and an applied noise level of o, = 36V (red). The two bold
lines correspond to the molecules shown in (a) and (b). (d)
Dependence of the MSD on At, with diamonds indicating
the y direction and squares the z direction. Blue symbols
indicate no applied noise and red symbols a noise level of
o. = 36 V. Lines are linear fits to the data. The lines for y-
motion with no added noise (solid), z-motion with no added
noise (dotted), and z motion with 0. = 36V (dashed) all
overlap. All measurements were performed in the same H =
110 nm slit. Error bars represent one standard deviation.

We measured the dependence of D, and D, on the
electrical noise level by analyzing the growth in MSD
with time. We studied 50-70 DNA molecules for each of
the 8 different values of o, tested. Figure 3 shows the
dependence of the mean D on o2 for both the z and y
directions. D, increased linearly with o2, while D, was
relatively insensitive to oe.

Based on Eq. (6), we fit the function D = Dy + ao?
to the measured data in Fig. 3, using Dy and « as fit-
ting parameters. In the x direction the fit obtained
Dy, = 0.13040.003 pm?s~! and o, = (0.014 £0.007) x
1073 um2s~'V~2; the small increase of D, with noise
level is not predicted by Eq. (4), but could have been
caused either by inhomogeneities in the channel that
give rise to lateral (z direction) electric field components
or a slight misalignment of the fluidic channel relative
to rows and columns of camera pixels. In the y direc-
tion the fit obtained Dy, = 0.139 & 0.005 ym?s~! and
a=1.82+0.06 x 1073 um?s~'V~2. The values of Dy,
and Dy, which were measured independently, are the
same within experimental error; this was predicted by
Eq. 6. The measured value of a enables us, through
a = p?/(4BL?) from Eq. 6, to find the DNA mobil-
ity inside the nanoslit: We found g = (2.11 + 0.16) x
10* ym?s~ 1V~ That value includes contributions from
DNA’s electrophoresis through the fluid and the elec-
troosmotic flow of fluid within the channel. We note
that it is similar in magnitude to the free electrophoretic
mobility of double-stranded DNA in Tris-borate-EDTA
buffer, 4.5 x 10* pm?s=1V~1 [28].

The enhancement of DNA fluctuations in the y direc-
tion can be interpreted as an increase in the effective
temperature caused by V(t). We calculated T, using
Eq. (7), with Ty = 298 +2 K being the true thermal tem-
perature. Ty increased linearly with o2 and reached a
maximum of 5,300 K at the highest noise level, o, = 36 V
(Fig.3).

We investigated the spatial correlations of electroki-
netic noise by measuring the relative displacements of
pairs of DNA molecules subjected to the same V' (¢) with
0. = 18 V. Figure 4 plots the growth in the mean square
distance between the centers of mass, in both the z and
y directions, for 20 such pairs. The MSD for the pairs
increased linearly with time, with very similar slopes for
the x and y directions. The slopes reflect pairwise dif-
fusion coeflicients, DP. Using Eq. 1, we found D? =
0.25 +0.01 gym?s~! and D =0.26 + 0.01pum?s™1 in the
x and y directions, respectively. Those values are almost
exactly double the thermal diffusion coefficient of a single
molecule in one dimension, Dy = (0.13 & 0.01) pm?s~!,
which we obtained from the trajectories of the same
molecules analyzed individually.
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FIG. 3. Dependence of D on o, in the = (squares) and y (di-
amonds) directions. Lines are linear fits using D = Do 4 ao?>.
Right axis indicates the corresponding effective temperature.
Error bars are the standard error from a bootstrap analysis of
1000 re-samplings of diffusion coefficients of DNA molecules.
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FIG. 4. The mean-squared separation between two A DNA
molecules subjected to the same o, = 18 V voltage noise
is plotted as a function of time for the x (squares) and y
(diamonds) directions. Lines are linear fits to the x (dashed)
and y (solid) data.

The spatially correlated nature of electrokinetic forces
explains why a double-stranded DNA molecule can sur-
vive much higher effective temperatures than thermal
temperatures. No tension, compression, or shear builds
up in the molecule as the result of electrokinetic noise.
Thermal forces, on the other hand, are applied in random
directions to different parts of a molecule. The resulting
stresses must be balanced by internal molecular binding
forces, and a molecule loses its ability to do that above
the melting temperature.

Figure 5 shows the dependence of the DNA radius of
gyration, Ry, on o.. R, was obtained from analyses of
the molecular fluorescence intensity distributions, as de-
scribed in Ref. [25]. R, was relatively insensitive to o.:
The mean value was 1.04 + 0.01 pgm, and a linear fit
found that R, increased by only 5% of its initial value
over the full range of o.. These observations lead us to
conclude that the observed changes in diffusivity with o,

are not caused by changes in the hydrodynamic radius of
the DNA.

The technique described here opens up new possibili-
ties for studying noise-driven phenomena in nanofluidic
devices. For example, Kramers’ kinetics can be stud-
ied in a new regime. The starting point for Kramers’
theoretical model of reaction rates is a Langevin equa-
tion with an energy landscape featuring a barrier and a
white Gaussian noise term whose delta-correlated ampli-
tude characterizes the temperature [1]. The same model
describes the dynamics of DNA in our experiments, ex-
cept the noise term in Eq. 5 combines electrokinetic and
thermal forces, which are uncorrelated but have the same
statistical properties. Thus, like Kramers’ model, Eq. 5
obtains the familiar Arrhenius kinetics, but with an effec-
tive temperature defined by Eq. 7. It is also straightfor-
ward to create free energy barriers for DNA in nanoflu-
idic devices by defining pits and constrictions, which re-
spectively increase or decrease the configuration entropy
of a confined polymer [25, 29, 30]. In a nanoslit with
an embedded nanotopography, long DNA molecules be-
come trapped inside nanopits where their configuration
entropy is relatively high, and to hop to a neighboring
pit, the molecule must overcome an entropic barrier in
the free energy landscape [25, 30, 31]. Raising T' does
not significantly increase the hopping rate in this system
because the entropic barrier, which results from thermal
fluctuations of segments within a molecule, also grows
in proportion with T. But our electrokinetic technique
grants us control over the fluctuations in a polymer’s cen-
ter of mass independently of the thermal fluctuations of
its segments. Raising Teg should leave the entropic bar-
rier unchanged and enable us to manipulate the hopping
rate over a wide and interesting range.

Stochastic resonance (SR) is another noise-assisted
phenomenon one could study in new ways with electroki-
netic noise. SR involves a nonlinear system whose re-
sponse to a weak periodic signal obtains a maximum for
some optimum noise level [12, 13, 32]. In a nanofluidic
experiment involving DNA | the hallmark of SR would be
a maximum in the synchronization between a weak pe-
riodic driving force and the hopping of a DNA molecule
back and forth between two nanopits as a function of
Teg. To observe that in practice, one needs to vary the
noise level over an extremely wide range and indepen-
dently of the barriers between pits. An ability to raise
Teg to otherwise impossible levels also raises the possi-
bility of studying nonequilibrium dynamical phenomena,
which have attracted growing interest recently [11, 33—
37].



FIG. 5. Dependence of R; on o.. Each point is the mean
Ry of the A DNA molecules measured for each o.; the same
molecules were analyzed in Fig. 3. The line is a linear fit.

IV. CONCLUSION

In conclusion, electrokinetic noise offers a convenient
means of controlling and amplifying the Brownian mo-
tion of DNA molecules in nanofluidic devices. The tech-
nique can achieve effective noise temperatures well above
the DNA melting point without compromising its struc-
tural integrity or affecting the thermal fluctuations that
determine its configuration entropy. These features make
electrokinetic noise an appealing lever of control for in-
vestigating noise-driven nanofluidic phenomena.
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