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ABSTRACT: We use a combination of theoretical predictions and λ-phage DNA single molecule
fluorescence microscopy to study the behavior of polymers tethered to surfaces. Brownian dynamics
simulations of a number of coarse-grained polymer models;dynamic and equilibrium Kratky-Porod
chains as well as bead-spring chains;were completed and compared with analytical and experimental
results. Experiments of tethered λ-phage DNA in shear flow are presented for the first time in the flow-
gradient plane. Cyclic dynamics;where the polymer continuously diffuses away from the wall, subsequently
undergoes stretch in the flow direction, is then “entropically pulled back” toward the wall, and finally
recoils;were observed and quantified through correlations and power spectral densities.

Introduction

Applications for polymers tethered to surfaces are found in
many areas of study. For example, polymer brushes;densely
packed chains tethered to a surface at one end;aide in stabilizing
colloids and in reducing friction between surfaces (i.e., providing
lubrication in artificial joints).1-3 Tethered polymers have varied
uses in biological systems, such asDNAmicroarrays for diagnosis
of mutations and creating biocompatible surfaces that reduce, or
even eliminate, the element of nonspecific adsorption.4-7

In other contexts, noninteracting tethered polymers are useful
in studying biological processes. The linear diffusion of a site-
specific DNA-binding proteins in search of a target site on DNA
has been studied by using shear flow to stretch tethered DNA
chains.8 However, the details of the DNA extension in shear flow
were not considered. The extensionwill be a nonlinear functionof
the distance along the chain, and this will effect the diffusion of a
protein along the chain.

Tethered DNA chains are also of use in creating microelec-
tronic devices, such as scaffolds for creating molecular wires.9

Future experiments, using metallizedDNA scaffolds for creating
contacts to organic single molecules, have been suggested to test
the electrical properties of single organic molecules.10,11 Single
organic molecules are of great importance in the rapidly devel-
oping organic semiconductor industry, and these experiments
would enable rapid screening of possible candidates. Short DNA
chains (1-3 μm) are desired for ease of creating (organic
molecule)-DNA complexes. At this length scale, the bending
rigidity of the DNA backbone may play an important role in the
shear flow processing.

All shear flow experiments to date have included examinations
of fluorescent DNA chain dynamics in the flow-vorticity plane,
affordingno insight into chaindynamics verynear thewall or in the
flow-gradient plane.12,13 In addition, previous simulations consist
of mainly bead-spring models which may not capture the appro-
priate dynamics for shortDNAsegments.12-14Molecular dynamic
simulations of short freely jointed chains have also been performed
but were not completed for semiflexible chains such as DNA.15

We will show that chain dynamics for tethered polymers are
highly dependent on the bending modulus of semiflexible chains.
Fluorescence microscopy experiments by Doyle et al. demon-
strated the idea of cyclic dynamics for tethered DNA chains at
moderate flow strengths.12,13 Cyclic dynamics defines the process
whereby the tethered polymer diffuses away from the wall and
thus experiences high flow velocities, with subsequent extension
of the polymer. The enhanced entropic force normal to the wall
then creates a reduction in the distance from the wall and a recoil
in the extension. Schroeder et al. used Brownian dynamics
simulations to demonstrate the presence of a characteristic
frequency for cyclic motion of a tethered polymer in shear flow
when 1 < Wi < 10 (where the Weissenberg number, Wi, is the
shear rate times the longest polymer relaxation time).14 Busca-
lioni examined theWi regime of cyclic dynamics using bead-rod
simulations of freely jointed chains.15 However, bead-spring
simulations and freely jointed bead-rod simulations do not
completely incorporate the proper wormlike behavior of the
chain. Experiments in the flow-gradient plane and Brownian
dynamics simulations of semiflexibleKratky-Porod chains16 are
required to fully understand chain statistics.

Experimental Procedures

Viewing tethered DNA molecules in the flow-gradient plane
under the influence of shear flow was accomplished by tethering
one end of a fluorescently stainedDNAmolecule to the edge of a
channel with a rectangular cross section (see Figure 1). The
fluorescently stained DNA molecules were then visualized using
a fluorescence microscope. To achieve successful visualization,
we developed various procedures, modified from previous work,
for tethering DNA molecules to a surface12,13,17,18 and viewing
fluorescent DNA molecules near sidewalls.19

Flow Cell Design. We first designed and constructed a flow
cell where linear shear flow was observed on the scale of the
radius of gyration of a tethered λ-phage DNA. Pressure-driven
Poiseuille flow through a rectangular channel results in simple
shear very near each wall.

Fused quartz coverslips, 250 μm � 25 mm � 25 mm, were
purchased fromTechnicalGlassProducts, Inc., and5mm� 1mm
channels were laser etched 100 μm deep by Translume, Inc.*Corresponding author. E-mail: esgs@stanford.edu.
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Because of the high cost of the laser etched fused quartz cover-
slips, all steps in creating a flow cell during an experiment were
engineered to be reversible. For this reason, a polydimethyl-
siloxane backing (PDMS: Dow Corning Sylgard 184 silicone
elastomer kit) was made that would adhere to the flow cell
through a purely physical bond.

A Harvard Apparatus Pump 11 Pico Plus (PN: 702213), with
the capability of infusion or extraction, was used with a 25 or
50 μL Hamilton 1700 series syringe with luer lock connections
(PNs: 80222, 80920). Teflon tubing with a 360 μm outside
diameter and a 150 μm inside diameter (PN: 1933) and appro-
priate luer lock fittings (PN: P-662) were purchased from
Upchurch Scientific. Because of the flexibility of the Teflon
tubing, which was needed to minimize transmission of vibra-
tions from the pump to the flow cell, blunted 27 gauge needles
were fixed to the ends using a 22 gauge sleeve and epoxy. The
needles were subsequently forced into holes in the PDMS flow
cell.

Refractive Index Matched Solution. Viewing fluorescently
stainedmolecules near a vertical wall requires that the refractive
index of the flowing solution be matched to the refractive index
of the flow cell to prevent refraction-induced blurring. Sucrose
has been previously used to increase the refractive index of
aqueous solutions19 to match the index of fused quartz. The
refractive index of fused quartz is 1.4585 at 588 nm and 1.4633
at 500 nm.20,21 The refractive index of sucrose solutions ranges
from 1.4519 at 60% (m/m) sucrose in water to 1.4654 at 70%
(m/m) sucrose in water.22

To obtain a refractive index of 1.4585 at 588 nm for the sucrose
solution, 64.8 g of sucrose (Invitrogen UltraPure 15503-022) was
added to 35.1 mL of 0.325 M Tris (Invitrogen 15568-025),
6.5 mM EDTA (Gibco ultraPURE: Invitrogen 15575-038),
32.5 mM NaCl (EMD SX0420-1), and 6.5 mg/mL β-D-glucose
(EMD AnalaR: B10117-34) in Milli-Q water. The resultant
solution had a viscosity of 261 ( 5 cP.

DNA Tethering. The second challenge was to create a rever-
sible tethering process, where the quartz surface may be recov-
ered upon cleaning. The biotin-streptavidin linkagewas chosen
to tether DNA molecules to surfaces, primarily due to the
widespread literature on the subject, particularly in its use with
biological systems.23-25

A piranha solution, 5:1 sulfuric acid (EMD SX1244-5) to
hydrogen peroxide (EMD HX0635-6), was used to remove any
carbon-containing molecules and create a hydrophilic surface.
Slides were immersed in the piranha solution, and the activity of
the reaction was sustained by further heating the mixture to
90 �C for 20 min.

In order to view single DNAmolecules tethered to a surface, it
is important that the fluorescently stained molecules be reason-
ably separated. This was accomplished by controlling the tether-
ing density of DNA chains via limiting the number of binding
sites for the biotinylated DNA molecules and later, limiting the
exposure time of the biotinylated DNA to the avidin-activated

surface.The formerwas regulated by adjusting the ratio of biotin-
terminated PEG-NHS chains tomethoxy-terminated PEG-NHS
chains that react with an amine-functionalized surface.

Solution-phase deposition of an aminosilane was used due to
the ease and quickness of the technique and the fact that the
quality of themonolayer is less important than the accessibility of
the amines for the PEGylation reactions. Quartz flow cells were
immersed in a mixture of 2% (v/v) aminopropyltriethoxysilane
(APTES) inhexanes for 15min, quenchedwith ethanol, anddried
under argon. Curing at 160 �C for 1 h at -27 in.Hg was also
required to cross-link the APTES monolayer and create amine-
functionalized surfaces that were stable in aqueous solvents.

Poly(ethylene glycol) (PEG) products, 5000 Da Biotin-PEG-
NHS (SC, succinimidyl carbonate ester), and 5000Damethoxy-
PEG-NHS (SG, succinimidyl glutarate ester) were purchased
from Creative PEGWorks (PNs: PLS-1922, PSB-220) and
stored at -20 �C. Because of unwanted hydrolysis of the
N-hydroxysuccinimide (NHS) ester to a carboxylic acid, NHS
(Aldrich 130672-5G) and 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC: Acros 171440010) were also added to
re-form the NHS ester. 30 μL of a solution containing 32 mM
methoxypoly(ethylene glycol)-succidimidyl glutarate ester
(mPEG-SG), 32 μM biotin-poly(ethylene glycol)-succinimidyl
carbonate ester (BPEG-SC), 0.1MNHS, and 0.4MEDC in PBS
buffer at pH 7.4 (Gibco 10010) was added to the amine-functio-
nalized flow cells and placed in a dark box at 22 �C for 2 h. Dried
flow cells were stored under argon for up to 1 month.

Biotinylated DNA was created by ligating λ-phage DNA
(Invitrogen 25250-010) with the 12-mer biotin-oligomer
(Operon 30-[BioTEG-Q]CCCGCCGCTGGA-50) containing a
sequence complementary to a sticky end of λ-phage DNA. The
T4 DNA ligase kit (M0202) and 100X bovine serum albumin
(BSA) were purchased fromNew England BioLabs. Separation
of unreacted oligomer from biotinylated DNA product was
accomplished by repeated filtering with 100 kDa MW, 1.5 mL
centrifuge filters purchased from Microcon (YM-100) in a
Beckman Coulter Microfuge 18 centrifuge. Stored at 4 �C,
biotinylated DNA remained active in excess of 2 years.

Prior to running a data acquisition experiment, a 30 μL drop
of 1 mg/mL streptavidin in PBS pH 7.4 was placed on the
PEGylated quartz flow-cell and placed in a dark box for 30 min
at 4 �C. Following the assembly of the flow device, 1 μL of
0.05mg/mLbiotinylated λ-phageDNAwas combinedwith 1μL
10-4 M Sytox Green fluorescent dye from Molecular Probes
(S7020) in 100 μL ofMilli-Q water. Themixture and flow device
were immediately removed from light, and the outlet line of the
flow device was submerged in the stained DNA solution. The
DNA solution was pulled through the flow device and allowed
to tether in the flow cell for 5 min, immediately followed by
injecting the sucrose solution using a 25 μL syringe. The sucrose
flowing solution contained 233 μLof 65%sucrose buffer, 0.25�
10-4 M Sytox, 1 μL of 50.8 mg/mL glucose oxidase (Sigma
G714-250KU type X-S), 1 μL of 9.23 mg/mL catalase (Sigma
C40-500MG), and 1 μL of β-mercaptoethanol for oxygen
scavenging, to delay photobleaching of the fluorescent dye
and cleavage of the DNA.

Microscope Setup. Imaging of single molecule λ-phage DNA
was accomplished with a Nikon Eclipse TE300 epi-fluorescence
microscope and a Photometrics Cascade 512B CCD camera.
Light emitted from anEXFOX-Cite 120mercury lampwas sent
through a computer-controlled Sutter Instruments Lambda
10-B Smart Shutter and then a 480( 15 nm bandpass excitation
filter (Nikon set B-2E/C F). A 505 nm long pass dichroic mirror
reflects this light and sends it to a 100X R Plan FLUAR (Zeiss
1084-514) objective which focuses on the flow cell. The Sytox
stained λ-phage DNA has a peak absorbance at 504 nm and
peak emission at 523 nm. The emitted light is collected with the
objective, sent through the dichroic mirror and the 535( 20 nm
bandpass emission filter, and imaged with the CCD camera.
Image capture software (Compix SimplePCI 6.0) was used to

Figure 1. Diagram of flow-gradient cell. Laser etched quartz that has
been treated for DNA tethering is placed on a PDMS backing. The
refractive index of the flowing solution is matched to quartz to improve
resolution in the flow-gradient plane. The perspective of the image on
the right is from the top of the quartz slide looking into the laser etched
channel at the interface between the flowing solution and the channel
wall.
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take movies of the DNA dynamics. For λ-phage DNA experi-
ments in 265( 5 cP, 65%sucrose solution, the time step between
frames usually ranged from 3 s to 2 min. The lamp power was
reduced to half power, and the exposure time for each framewas
100 ms in order to achieve a good signal-to-noise ratio for the
stained DNA molecule.

Data Analysis. The image capture software was capable of
exporting images of each frame that could then be imported to
Matlab.An image analysis toolwaswritten inMatlab that could
extract chain statistics such as chain extension and the radius of
gyration tensor. Data used in the calculation of chain statistics
were restricted to the region containing intensities greater than a
cutoff intensity (≈ 2 standard deviations of pixel intensities),
defining a blob of interest which only contained the DNA.
Because of the high speckle noise present in an image, a few
filters were applied to the image prior to defining the blob of
interest; however, chain statistics were only taken from the
original, unfiltered intensities.

The chain extension is measured as the visible length of the
chain in the flow direction and the radius of gyration tensor is
defined as

Gij �
P
p, q

Iðp, qÞRiðp, qÞRjðp, qÞP
p, q

Iðp, qÞ ð1Þ

where I is the intensity and Ri is the position with respect to
the tethering point for pixel at row p and column q. A
component of R in the 1-direction is defined to be in the
direction of the flow and the 2-direction is defined to be
normal to the surface.

From the radius of gyration tensor, we define the root-mean-
square distance from the wall, δ2, and the orientation angle of
the polymer with the surface, φ, as

δ2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G22 -δ2resolution

q
ð2Þ

tan 2φ ¼ 2G12

G11 -G22
ð3Þ

where δresolution is associated with the widening of the distribu-
tion due to the optical resolution of ourmicroscope as calculated
by measuring the width of a fully extended DNA, which should
in actuality have negligible thickness. The orientation angle,φ, is
equivalent to the angle between the surface and the intensity-
weighted least-squares fit through the image that passes through
the tethering point.

Simulation Procedures

The dynamics of a double-stranded DNA molecule longer
than 100 base pair (34 nm) are well reproduced by a Kratky-
Porod chain model,26 which represents the chain as discrete
rigid segments with a bending potential to induce wormlike
chain behavior.16,27 However, due to current computational
limitations of Brownian dynamics simulations, the chain
length of full Kratky-Porod simulations has been restricted
to less than 10-20 kbp (3.4-6.8 μm). For longer chains,
bead-spring simulations have been used.12-14,28 Bead-spring
models reproduce force-extension statistics of wormlike
chains but do not include bending constraints. Under shear
flow, small fluctuations normal to the surface induce large
fluctuations in extension, and therefore, the reliability of such
coarse-grained bead-spring simulations is unclear. Kratky-
Porod simulations were used to understand the limitations
of coarse-grained bead-spring simulations, used for modeling
λ-phage DNA.

Kratky-Porod Bead-Rod Model. The Kratky-Porod
model is a modified version of the Kramer’s freely
jointed bead-rod chain model27 that includes the bending
modulus. This is the model from which the wormlike
entropic spring force law, eq 13, is derived.29 The polymer
chain is represented by a bead-rod chain with many more
segments, N - 1, than Kuhn steps, Nk. In this way it
is possible to allow the bending modulus to control
the persistence length, regardless of the discretization of
the chain.30

The Langevin equation describes the motion of Brownian
particles in solution. A force balance for each bead (i) in a
system ofN particles yields the Langevin equation. Ignoring
bead inertia, the Langevin equation can be transformed into
a stochastic differential equation for the position,Ri, of each
bead in the chain.

dRi

dt
¼ u¥i þ 1

ζ
ðFW

i þFC
i þFT

i Þþ
ffiffiffiffiffiffiffiffiffiffiffiffi
2kBT

ζ

s
Wi ð4Þ

where ui
¥ is the fluid velocity in the absence of particles:

u¥i ¼
0 _γ 0

0 0 0

0 0 0

2
664

3
775 3Ri ð5Þ

in shear flow. ζ is the bead resistivity; Fi
W represents force

contributions from the wall, Fi
C represents bending within

the chain, and Fi
T represents a tension between adjacent

beads; and Wi is a Wiener process30 such that

ÆWiæ ¼ 0 ð6Þ

ÆWiðtÞWjðtþdtÞæ ¼ δijδðdtÞ≈δij
dt

ð7Þ

where δij is the second-order isotropic tensor between
beads i and j and δ is the Dirac delta function. To
implement this random Brownian force, a Gaussian dis-
tributed random number satisfying these constraints was
generated.

The tension forces, needed to keep the rod lengths fixed,
are unknown a priori and are calculated iteratively using
Picard’s method28,31 until the following constraint is satis-
fied:

jjQij-lj < ε ð8Þ

whereQi is the connector vector between beads i and iþ 1, l is
the length of the discretized rod segment, and ε is chosen to
be l � 10-6.

A stiffer wall force

FW
j ¼ CWkBT

1

exp½5hj=δW�-1
-

1

exp½5�-1

 !
n; hj < δW

0; hj g δW

ð9Þ
than previously used for Brownian dynamics simulations32,33

can be implemented with the addition of an adaptive time
step algorithm. This will help improve the dynamics of the
chain very near the wall. The boundary thickness is again
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chosen to be very small, δW = 0.03l= (1/100)Rg, and CW is
chosen to be comparable to other bending and tension

forces. Discretization of the bending force for a continuous
chain yields

FC
i ¼ l̂P

l
kBT

-Ri-2 þ 4Ri-1 -6Ri þ 4Riþ 1 -Riþ 2; 3eieN-2

2Ri-1 -5Ri þ 4Ri( 1 -Ri( 2; i ¼ 2ðtopÞ, N-1ðbotÞ
-Ri þ 2Ri( 1 -Ri( 2; i ¼ 1ðþ Þ, Nð-Þ

8>><
>>: ð10Þ

where l̂P is the persistence length of the chain in the limit of
infinite bead number.34,35 For finite chains, the actual per-
sistence length, lP, can be calculated by fitting simulation
results for the chain tangent autocorrelation function.

ÆQ1 3Qiæ ¼ exp -
ði-1Þl

lP

� �
ð11Þ

Thus, the actual persistence length of the chain is known and
N or lP is determined iteratively to reproduce the appropriate
number of Kuhn steps.

Bead-Spring Model. The bead-spring chain consist of a
series of Brownian particles held together by entropic
springs. Ermak and McCammon36 developed an equation
for the spatial evolution of hydrodynamically interacting
Brownian particles under constraining forces. For 150Kuhn
step λ-DNA, it has been shown that hydrodynamic interac-
tions are rather insignificant in shear and extensional flow;37

therefore, it follows that for a 22 Kuhn step chain far from
equilibrium hydrodynamic interactions can be safely ne-
glected in free solution. However, it may be of interest to
examine the effects of hydrodynamic interactions due to the
presence of a surface. Here, it is assumed that the entropic
exclusion force shown in eq 21 will dominate over hydro-
dynamic interactions. A system of stochastic differential
equations describing the positions, R, of freely draining
interacting beads, i = 1, 2, ..., N, is as follows:30

dRi ¼

0; i ¼ 1

u¥i þ
1

ζ
ðFHS

i -FHS
i-1Þ

� �
dtþ

ffiffiffiffiffiffiffiffiffiffiffiffi
2kBT

ζ

r
dWi; i ¼ 2 : N-1

u¥i þ
1

ζ
ðFHS

i-1Þ
� �

dtþ
ffiffiffiffiffiffiffiffiffiffiffiffi
2kBT

ζ

r
dWi; i ¼ N

8>>>>>><
>>>>>>:

ð12Þ

This results from a balance between disturbances caused by
the free stream velocity, ui

¥; a half-space entropic force, Fi
HS;

and solvent-bead collisions expressed as an isotropic Wi-
ener process, dWi.

30 Each spatial component of dWi is
modeled as a Gaussian random number with a variance of
dt.28 The first bead in the chain is tethered to the wall and
accordingly has no net disturbance. Note that while this
model captures the correct extensional force of the wormlike
chain using the appropriate spring force, Fi

W, as discussed
below, it does not capture the appropriate bending modulus
over the length of the chain.29,38

The only nonzero component of the free stream velocity is
defined to be that for flow in thex-direction, whereas thewall
normal is defined to be in the y-direction, resulting in ui

¥ =
_γ[y,0,0], where _γ is the shear rate.
At equilibrium, there are far more chain conformations in

a coiled state than in a stretched state. In order to perturb the
equilibrium coil, a force is applied to opposite ends of the

chain. Therefore, there exists an entropic restoring force
pulling the ends of the chain back together. A force law
has been developed for a wormlike chain by Marko and
Siggia29,38 and is used for the entropic spring force between
consecutive beads of a bead-spring chain in free solution.

FS
i ¼ f

Qi

L

� �
Qi

Qi
ð13Þ

f
Qi

L

� �
¼ kBT

4lP

1

ð1-Qi=LÞ2
-1þ 4

Qi

L

 !
ð14Þ

However, the presence of a wall changes the available
conformations of the chain represented by a spring. To
eliminate all conformations that penetrate the surface, the
probability function for a Gaussian chain or a freely jointed
chain can be calculatedby implementing a zero probability or
reflective boundary condition.39 The reasoning is outlined in
Figure 2. Given that the chain starts at point “A”, the
conformation “CB” has equal probability to conformation
“CB” and a reflective boundary condition is necessary and
sufficient. The probability in the presence of the wall, con-
formation “AB” not through “C”, can be defined in terms of
the free space probability, as

PHSðABÞ ¼ PðABÞ-PðAB�Þ ð15Þ

The magnitude of the reflected connector vector between
A and B*, Q*2, is defined by a set of equations

Q�2 ¼ Q )

2 þðεAþεBÞ2 ð16Þ

Q )

2 ¼ Q2 -Q^
2 ð17Þ

Q^ ¼ εB -εA ð18Þ
whereQ ) is the component ofQparallel to the surface andQ^
is the component perpendicular to the surface. Subsequently,
the half-space entropic force associated with the chain end,
B, assuming the chain begins at a fixed point, A, is

FHS
B ðQ, εAÞ ¼ kBT

D ln½PðQÞ-Pð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Q2 þ 4εAεB

p
Þ�

DQ

�����
εA

ð19Þ

Figure 2. Method of reflection: probability near a surface. Probability
of a random walk, starting at A, reaching B by subtracting the
probability of reaching B* (the reflection of B). The probability of
reaching B from C is equivalent to that of reaching B* from C.
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As the chain approaches the surface, 4εAεB , Q2, a Taylor
series approximation yields

FHS
B ¼ -f ðjQjÞ- kBT

jQj þ kBT
D ln f ðQÞ

DjQj
� �

Q
jQj þ kBT

n
εB

ð20Þ
where n is the unit vector normal to the surface. For the
purposes of long tethered DNA chains in shear flow, the
dominating terms are the first term, significant close to the
wall, and last term, significant at high extension. The last
term is responsible for keeping the chain away from the wall.

For a wormlike chain, however, the stiffness requires that
we enforce a zero flux condition as well as a zero probability
condition. In other words, given “A”, the conformation
“CB” does not have equal probability to conformation
“CB*”, due to the discontinuity in the chain contour at C.
Therefore, the half-space probability function is not easily
defined in terms of the free-solution chain distribution. The
probability distribution has been studied previously using
confocal microscopy of tethered DNA molecules,40 but no
closed form for the probability distribution function existed
at the time. The authors used an approximation that, for
chains longer than about 20 Kuhn steps, is equivalent to a
Gaussian distribution with a reflective boundary condition.
This approximation did not have a major impact on their
results, as they were using the distribution to fit the radius of
gyration and analyze scaling with chain length.

Here, Monte Carlo simulations utilizing a Metropolis
algorithm were used to determine the effects on the half-
space entropic force law and probability distribution for a
tethered chain. Forces parallel to the surface and toward the
surface were applied to the chain end, while determining its
average position in each direction. Position versus applied
force is plotted in Figure 3 and Figure 4.

By fitting to simulation results in Figure 4, we see that the
more exclusive character of the wormlike chain results in a
half-space entropic force of the form

FHS
i ¼ -f ðjQijÞ

Qi

jQij
þ 2kBT

n
Riþ 1 3n

ð21Þ

acting on bead i þ 1 as a consequence of spring i. An
analogous calculation is repeated for the force on bead i as
a result of spring i.

A general predictor-corrector method is used for solving
eq 12.28,32,42 The difference here lies in the half-space en-
tropic force containing a component that is not in the
direction of extension, eq 21. The entropic wall exclusion
force normal to the surface is separated from the spring force
parallel to the spring and incorporated into the algorithm as
if it were a body force similar to the drag force.

To ensure that a Brownian fluctuation will not force a
bead through the wall, an adaptive time step was again
implemented. For calculating the end-wall contact fre-
quency, contact with the wall is made if a bead comes within
a distance ofRg/10000. Scaling of contact frequency withWi
was independent of this value, as long as it was much less
than the radius of gyration of a spring.

Results

Kratky-Porod vs Bead-Spring. On the basis of Kratky-
Porod Monte Carlo simulations, in order to accurately
represent a 22 Kuhn step DNA chain at high extension
(95%), one must include at least 300 discretized segments.

Figure 3. Force vs dimensionless extension deficit near a surface:Kratky-PorodMonteCarlo force in direction parallel to thewall vs extension deficit
in the same direction. Different symbols represent different angles at which the force is applied, with increasingly negative angles being pulled into the
wall. The solid curve represents the expected wormlike chain behavior in free solution.

Figure 4. Force vs distance from thewall: Kratky-PorodMonteCarlo
force applied to the chain end pulling into the wall verses average
distance from the wall. Different data curves represent varying forces in
the direction parallel to the surface from 0.11-1000 kBT/bk. Solid
curves represent the prediction of eq 21 at a given extension,
x, approximately representing mean extension at an applied force, Fx.



Article Macromolecules, Vol. 42, No. 22, 2009 9175

Therefore, λ-phage DNA of 153 Kuhn steps would require
more than 2000 discretization segments, and these simula-
tions would require months to run on a single processor. On
the other hand, bead-spring simulations require much less
computation time and require fewer degrees of freedom to
represent the same chain. However, the entropic force law is
derived for a polymer at equilibrium and may not remain
reliable for a polymer in shear flow near a surface.

In order to determine the limitations of the bead-spring
model, we modeled a 22 Kuhn step (proposed length for
DNA-organic molecule complexes) wormlike chain teth-
ered to a surface in shear flow. We examine scaling of
extension deficit (contour lengthminus extension), extension
standard deviation, and root-mean-square distance from the
wall versus flow strength,Wi = _γτ, where _γ is the shear rate
and τ is the longest relaxation time measured by exten-
sion-relaxation42 parallel to the surface. Extension deficit,
extension standard deviation, and root-mean-square dis-
tance from the wall have all been shown to scale as W-1/3

for a wormlike chain.12,13 However, extension deficit and
standard deviation will scale as Wi-2/3 for a freely jointed
chain.12,13 For purposes of double tethering DNA to a
surface, it is also of interest to analyze chain end-wall
contact frequency versus flow strength. Assuming contact
of the chain end with the wall is a diffusive process from the

average distance from the wall, the contact frequency should
scale like Wi2/3.

Figure 5a shows a plot of the extension deficit, 1 - Æxæ/l,
versus Weissenberg number, Wi. It is apparent that dumb-
bell simulations are in agreement with scaling prediction of
Wi-1/3. The slight overprediction in the magnitude of the
scaling factor for extension deficit, -0.36, and standard
deviation in extension, -0.34, is caused by discretization at
the highest Wi and the corresponding deviation in the
force-extension curve at high extension.

Figure 6a shows themean-square distance of the chain end
from the surface scaling as predicted Wi-2/3. This is true
regardless of discretization because the chain’s mean dis-
tance from the wall is completely independent of the force
law (or chain character). Interestingly, the scaling even holds
for length scales that are orders of magnitude shorter than
the Kuhn step length (Æy2æ/L2 , 0.002).

On the other hand, Kratky-Porod simulations shown in
Figure 5 produce a different frequency of bead-chain con-
tact scaling as Wi0.86 rather than calculated from bead-
spring simulations and our predictions of Wi2/3 from the
dumbbell model. There are two possible explanations. First,
the entropic forces will have an effect on end-wall contact,
rather than being purely diffusive. Second, the diffusivity of
the chain end is higher than that of an element within the

Figure 5. Kratky-Porod and WLC bead-spring: extension vs Wi dimensionless extension deficit (a) and dimensionless standard deviation in
extension (b) are shown to approach scalings of bead-spring simulations with increasing number of modes. When more modes are included, the
Kratky-Porod chain displays less freely jointed behavior and more wormlike behavior.

Figure 6. Distance from wall and contact frequency vsWi dimensionless mean-square distance from the wall (a) scales consistently as predicted,
regardless of discretization. (b) Kratky-Porod simulations of chain end-wall contact scale differently from dumbbell simulations and
predictions.
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chain, and as the chain itself gets closer to thewall, it becomes
increasingly easier for the chain end to contact the wall. Both
of these effects should be present for all chains, whether they
are freely jointed or wormlike. As a consequence of a higher
scaling factor for bead-rod chains as compared to a dumb-
bell, the chain will contact the surface more frequently than
predicted and will be beneficial for purposes of double-
tethering DNA and creating molecular wires. This scaling
discrepancy is worth further study and may be highly
correlated with the scaling of the cyclic dynamics frequency,
which would be of consequence to previous predictions.14

Experimental Comparison: Shear Rate Dependence.Visua-
lizing tethered DNA molecules in the flow-gradient plane
provides a direct test of molecular theories and Brownian
dynamics simulations. Weak and strong flows were consid-
ered, and data for the polymer extension, standard deviation
in extension, distance from the wall, and orientation angle
were collected and examined to determine the dependence on
flow strength, Weissenberg number (Wi). For moderate
flows the presence of cyclic dynamics was explored. To
reiterate, cyclic dynamics is the process of extension and
recoil driven by chain distance from the surface. Extension,
height (distance from the wall), and angle autocorrelation
functions and extension-height cross-correlation functions
were inspected for the presence of a characteristic frequency
of cyclic motion as predicted elsewhere.14,15

The length of λ-DNA stained with Sytox-Green at 10-7 M
wasmeasured to be 17.3( 0.5 μmby using high shear rates to

stretch out the chain to near full extension. Dyes used in other
studies, such as YOYO and TOTO, may yield different
contour lengths due to different degrees of intercalation of
the dye within the DNA.14,19,42 The relaxation time for the
tethered DNA in the 261 cP sucrose solution was found to be
52.5 s by extension-relaxation experiments42 parallel to the
surface. The strength of the flow was gauged in relation to the
relaxation time by calculating the dimensionless parameter
Wi= _γτ. The effect of flow strength on the tethered polymer’s
conformation in the flow-gradient plane under the influence
of shear flow was examined in detail. Two-dimensional dis-
tributions in the flow-gradient plane are shown inFigure 7 for
both λ-phage DNA experiments and N = 20 bead-spring
simulations. Distributions from bead-spring simulations
needed modification to create comparable images. First,
points were interpolated between adjacent bead positions to
create the appearance of a continuous chain. Second, a
Gaussian filter was applied to the simulation data on the
same order of the optical resolution of the microscope to
create qualitatively comparable images. By comparing en-
semble-averaged images between simulations and experi-
ments, we see a qualitative agreement of extension versus
Wi. At the lowest flow rate, the experiments and simulations
show an intense peak in the middle of the distribution and
lower intensity near the end, due to the presence of cyclic
dynamics. A few notable discrepancies are found between the
simulation and experimental images. The first is that experi-
ments images seem to be more highly peaked at the end of the

Figure 7. Ensemble images of λ-DNA and bead-spring simulations (a-e) Ensemble images are created by extracting a region of interest for each
frame captured and summing all regions for one molecule. (f, g) Bead-spring simulation comparisons at similar flow rates were transformed with a
Gaussian filter for viewing. The height of each image is 120% of full extension (21 μm for the experimental images).
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chain than do the simulations. Second, and somewhat related,
extensional fluctuations seem to be higher in bead-spring
simulations as visible by a spreading of the distribution near
the end of the chain. Both discrepancies are most likely due to
the discretization used in the bead-spring simulations.

The average extension of a tethered λ-phage DNA mole-
cule is shown in Figure 8 versus Wi. A comparison is also
madewith bead-spring simulations of 153Kuhn stepworm-
like chains and to previous experimental and simulation
results from Doyle.13 Error bars are calculated as standard
errors at the 95% confidence limit assuming data becomes
uncorrelated on the order of a relaxation time. Averages are
calculated using a time series of a single DNA as well as an
average over multiple DNA molecules. Larger errors are
generally associated with averaging over fewer DNA mole-
cules. The extension of a polymer in free shear flow is known
to plateau around 50% of its contour length because of the
tumbling dynamics.14,19 However, when the polymer is
tethered, it is allowed to reach full extension at high Wi
because the probability of recoil decreases and tumbling does
not exist.

Upon increasing the flow strength, a change in the relative
probabilities of restretch and recoil have the effect of changing
the size of the fluctuations in extension. The standard devia-
tion in extension is plotted inFigure 9. There exists an obvious
discrepancy between bead-spring simulations and experi-
ments. Bead-spring simulations consistently overpredict ex-
tensional fluctuations. The entropic spring force assumes an
equilibriumchain distribution,whereas in reality, fluctuations
in chain conformation normal to the surface will be greatly
reduced, in effect stiffening the chain and reducing extensional
fluctuations. This argument is supported by the variation
found between simulations at different levels of discretization,
where increasing number of modes results in better agreement
with experiments. In all cases, a maximum is reached near
Wi≈ 10,where competition between the flow strengthparallel
to the wall and polymer diffusion perpendicular to the wall is
greatest. This is in agreement with Doyle’s observed peak in
the standard deviation at Wi = 5.113 because the relaxation
time was calculated from the autocorrelation function of
extension at equilibrium, which was generally observed in
simulations to be half as large as that calculated via exten-
sion-relaxation. At higher flow strength, beyond this peak,
the region of recoil is reduced and extensional fluctuations
decrease. Extensional fluctuations at low Wi are also small

because the flow is not strong enough to greatly perturb the
equilibrium distance of the polymer from the wall. This
observation is shown in Figure 10.

The polymermean-square distance from thewall as shown
in Figure 10 begins to decrease near Wi ≈ 3-4. The chain
distance from the wall was defined by eq 2 from the radius of
gyration tensor around the tethering point. Increasing theWi
and, therefore, increasing the extension creates an entropic
penalty for diffusion perpendicular to the wall.

There is significant disagreement between bead-spring
simulations and experiments at low Wi. The distribution of
chain distance from the wall differs qualitatively between
wormlike and freely jointed chains. Wormlike chains are
excluded from the wallsmore readily than freely jointed
chains, which will result in larger average distances from
the wall. Experimental results at low Wi are in agreement

Figure 8. Extension vs flow strength. Experimental results for 17.3 μm
λ-phage DNA are in good agreement with bead-spring simulations of
free-draining wormlike chains consisting of 153 Kuhn steps and pre-
vious simulations and experiments by Doyle.13

Figure 9. Extension fluctuations vs flow strength. Experimental results
for 17.3 μm λ-phageDNA show smaller fluctuations than bead-spring
simulations of 153Kuhn step free-drainingwormlike chains. Increasing
the number of modes used to discretize the chain in a simulation has
the effect of decreasing extensional fluctuations. For all chains studied,
peaks in the curves were observed near Wi ≈ 10, where interplay
between diffusion and flow strength was greatest, in agreement with
Doyle.13

Figure 10. Mean-square distance from the wall vs flow strength.
Experimental results for 17.3 μm λ-phage DNA show larger mean-
square distances than do bead-spring simulations of Nk = 153 but
agree with predictions made using Kratky-Porod Monte Carlo simu-
lations near Wi= 0.
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with the mean-square distance from the wall as calculated
using equilibrium Kratky-Porod Monte Carlo simulations
forN=2501 beads andN=1901 beads representingNk =
153 Kuhn steps. Bead-spring simulations using the half-
space entropic spring force, which includes the proper wall
exclusion force, exhibit a character that is a combination of a
wormlike chain and a freely jointed chain. Thewall exclusion
force is only effective at the length scale of a single spring. At
longer length scales, the wall exclusion will be driven by the
freely jointed nature of the bead-spring chain itself.

To calculate the radius of gyration in the wall-normal
direction, we begin by examining aGaussian distribution that
is modified by either a zero probability or zero flux boundary
condition for a freely jointed or wormlike chain, respectively
(see eqs 20 and 21).Awall exclusion force of kBT/y produces a
distribution that has a multiplier of y, whereas an exclusion
force of 2kBT/y yields a multiplier of y2. While making a
simplification that the free chain approximately satisfies a
Gaussian distribution, Gσ(x,y,z); an approximate tethered
freely jointed chain distribution, P(x,y,z) = yGσ(x,y,z); and
an approximate tethered WLC distribution, P(x,y,z) =
y2Gσ(x,y,z), are found. Consequently, mean distances from
the wall of σ, 2σ, and 3σ are obtained for the free space,
tethered freely jointed, and tethered wormlike chains, respec-
tively. Since this relation shouldworkat any length scale along
the polymer chain greater than 10 Kuhn steps, the radius of
gyration will scale in an identical fashion. The radius of
gyration of a polymer calculated from its center of mass is
ÆRg

2æ = Nkbk
2/6. Assuming that calculating the radius of

gyration from an end is equivalent to calculating the radius of
gyration for a polymer with twice the length, we find ÆRg

2æ=
2Nkbk

2/6. The mean-square distance in one direction is 1/3 of
the radius of gyration, Æδ22æ = Nkbk

2/9. Using this formula
and the coefficients foundpreviously, themean-square height,
enforcing different wall entropic-exclusion forces, is

Æδ22æ
L2

¼ 1

9Nk
; F2,wall ¼ 0 ð22Þ

Æδ22æ
L2

¼ 2

9Nk
; F2,wall ¼ kBT

R2
ð23Þ

Æδ22æ
L2

¼ 1

3Nk
; F2,wall ¼ 2

kBT

R2
ð24Þ

Calculating the equilibrium mean-square height (distance
from thewall) for a 153Kuhn step chain tethered to a surface,
we find a mean-square height of Æδ22æ/L2 = 0.0022 for a
wormlike chain, which is in agreement with Monte Carlo
simulations value of 0.0023( 0.0001. Alternatively, we find a
mean-square height of Æδ22æ/L2 = 0.0015 for a freely jointed
chain. These results support the explanation for the discre-
pancy at low Wi between λ-phage DNA experiments and
bead-rod simulations shown in Figure 10.

The orientation angles through the center of mass
(Figure 11a) and through the tethering point (Figure 11b)
are shown to decay rapidly even at low shear rates. The
orientation angle, φ, through the tethering point (origin)
drops rapidly from 90� to approximately 10� at 4-10 Wi.
The orientation angle, θ, through the center of mass (COM)
was invariably less than φ. Because of the entropic penalty of
the chain being in close proximity to the wall, the majority of
the chain is forced out into the fluid. With the competing
drag force, the chain becomes restricted to an L-shaped
region, causing θ < φ.

Experimental Comparison: Strain Dependence and Cyclic
Dynamics. Since we have developed a sufficient understand-
ing of the average dynamic properties for tethered polymers
in shear flow at varying Wi, temporal fluctuations can now
also be analyzed. Based on simulation results, at intermedi-
ate shear rates relative to the polymer relaxation time, 3 <
Wi < 200, the competition between flow-induced drag on
the polymer and Brownian diffusion result in cyclic dy-
namics. Cyclic dynamics denotes the behavior of restretch
and recoil introduced earlier.

Figure 12 shows experimental time traces of chain height,
extension, orientation angle, and the corresponding chain
images in the flow gradient plane. Cyclic dynamics are
observed atWi≈ 4.3( 0.2 and is most obvious by comparing
trajectories of chain height and extension. The dashed lines
connecting points A, B, C, D, E, and F in Figure 12a outline
the oscillatory behavior in the chain height. Dashed lines
connecting corresponding points A*, B*, C*, D*, E*, and
F* in Figure 12b outline oscillatory behavior in the chain
extension. There is a consistent delay in the polymer extension
relative to an increase in height which will later be quantified
through their cross-correlation function.Thepolymer diffuses
away from the surface, into higher velocity fluid, and thus
experiences a larger drag force. This results in chain extension

Figure 11. Orientation angle vs flow strength. Experimental results for 17.3 μm λ-phage DNA reveal larger orientation angles than do
bead-spring simulations of Nk = 153. The orientation angle experiences a sharp decay up to Wi ≈ 10 due to an increase in extension and a
decrease in height. Similar trends are for the orientation angle through the origin and through the center of mass, with a consistently larger angle
through the origin.
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over a time scale governed by the inverse shear rate. The
increase in extension reduces the available conformations
of the polymer and reduces the projection of the chain in
the gradient direction, B-C and D-E. Images shown in
Figure 12 illustrate all three cycles. The fluorescent micro-
scope was capable of capturing higher quality images;
however, to aid with collecting large time series, very low
light intensities were used in the data acquisition. As shown
in Figure 12, orientation angles through the center of mass
and through the tethering point both show large fluctua-
tions when the projection in the gradient direction is large,
e.g., at points B and D.

Correlation functions of these variables and their power
spectral density functions can be used to examine the

presence of quasiperiodicity. Quasiperiodic motion is often
defined as “the type of motion executed by a dynamical
system containing two incommensurate frequencies”.43

Here we define quasiperiodic as motion containing a domi-
nant, nonzero frequency with other incommensurate fre-
quencies.

Experimentally, because of photobleaching of fluores-
cently stained DNA which results in cleavage, between 300
and 600 snapshots at an exposure time of 0.15-0.3 s could be
taken of one molecule. When compared to steady-state
averages from Figures 8 through 11b, larger ensembles were
needed for correlation function calculations due to the small
features characteristic of quasiperiodicity. Therefore, experi-
mental correlation functionswere calculated by taking a time

Figure 12. Cyclic dynamics atWi≈ 4.3( 0.2. 17.3μm λDNAtethered in shear flow experiences a cycle of thickening (AfB,CfD,EfF), extension
(A*fB,C*fD,E*fF*), thinning (BfC,DfE), and recoil (B*fC*,D*fE*). Extension follows thickening at a short time delay (BfB*,Cf
C*); however, thinning is less correlated to extension (B* f C, C* f D). The height of the image in (c) is 21 μm.
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average and a chain ensemble average over individual tra-
jectories similar to those shown in Figure 12.

CX,Y ðtÞ ¼ E½ðXðsÞ-μxÞðYðsþ tÞ-μyÞ�T, n
σxσy

ð25Þ

CXðtÞ ¼ E½ðXðsÞ-μxÞðXðsþ tÞ-μxÞ�T, n
σx

2
ð26Þ

where E[...]T,n represent the expectation over an ensemble of
times, T, and chains, n. μx and σx are defined as the average
value and the standard deviation, respectively, of the stochas-
tic variableX over the entire ensemble. The sampling time, T,
was the time between frames. The stochastic variables for
dilute polymer dynamics do not become uncorrelated until
about 5-10 relaxation times. Although nonindependent data
sets were used to create an ensemble, the ensemble sizeis taken
only to be the number of independent sets.

Power spectral densities (PSD) were also calculated from
correlation functions. A PSD is simply the magnitude of the
Fourier transform of a correlation function. To begin, a
discrete Fourier transform was performed.

DFT½CðnÞ�ðνÞ ¼
XN
n¼1

CðnÞ exp -2πi
ðν-1Þðn-1Þ

N

� �
ð27Þ

where n represents an interval in time space, ν represents an
interval in frequency space, andN is the total number of data
points in each. Ideally, to examine 3 orders of magnitude in
frequency, a single trajectory of 1000 data points is required in
the temporal space correlation functions. However, because
of the photobleaching limitations, two sets of data were taken
in order to resolve multiple decades in Fourier space. At large
time steps one is effectively truncating the frequency domain,
which results in aliasing of the PSD, or a superposition of the
Fourier transforms associated with higher order commensu-
rate frequencies.44 Assuming the PSD decays like a power law
at high frequencies (which we find is correct for our simula-
tions and experiments a posteriori), by performing experi-
ments at small time steps, the influence of aliasing at large time
steps can be quantified and eliminated.

PSDðνÞ≈DFT½CðnÞ�ðνÞ-a
X¥
i¼1

½ð2iN-νÞβ þð2iNþνÞβ�

ð28Þ

where a and β are determined by fitting the PSD at high
frequencies using a nonlinear conjugate gradient algorithm to
minimize mean-square errors.

The autocorrelation function for the extension of a teth-
ered λ-phage DNA chain and the subsequent power spectral
density function are shown inFigures 13 and 14, respectively.
The extension autocorrelation function proves to be amono-
tonically decreasing function which is nearly a simple ex-
ponential. The corresponding PSD in Figure 14 also decays
monotonically with a power of -1.8.

Whereas no periodicity is seen in the autocorrelation of
extension, it is found in the autocorrelation of orientation
angle through the origin. Increases in height in any part of
the chain will result in the chain experiencing higher drag,
and thus the chain lengthens, making φ sensitive to cyclic
motion.

The minimum in the autocorrelation represents a strong
negative correlation between increases in orientation angle
and a decrease following a short time later. The negative
correlation is much stronger than any periodicity seen in the
autocorrelation functions of height or extension, due to the
fact that the orientation angle captures the connection
between increases in height and a delayed increase in exten-
sion. Whereas changes in height or extension do not directly
induce negative fluctuations in themselves, fluctuations in
orientation angles do.

Apparent in Figure 16, the characteristic frequency of
cyclic motion at Wi = 4.3 ( 0.2 is 0.15 ( 0.03, made
dimensionless with the relaxation time of the tethered λ-
phage DNA. The characteristic frequency calculated from
bead spring simulations at Wi = 4.6 is 0.17 ( 0.03. Perfect
agreement is not expected with the effects of discretization,
which increase extensional fluctuations and decrease height
in the simulated chains.

The strongest evidence for the presence of cyclic dynamics
lies in the cross-correlation of the height and the extension.
Because a deviation in height directly causes an increase in
drag and therefore, an increase in extension, there is a
positive correlation between the height at t = 0 and the
extension at t> 0. The cross-correlation between the height
and extension is presented in Figure 17. Very strong correla-
tion, as much as 60%, is observed for positive time atWi=
4.3 ( 0.2.

More information about the time scales of the dynamics
are captured with the cross-correlation than with any auto-
correlation. Positive time represents a deviation in extension
at time t > 0 as a result of a deviation in height. Negative

Figure 13. Extension autocorrelation atWi ≈ 4.3 ( 0.2. Experimental
results for 17.3 μm λ-phage DNA are in agreement with bead-spring
simulations ofNk = 153. Extension autocorrelation decays monotoni-
cally, showing a lack of periodicity in extension.

Figure 14. Extension power spectral density at Wi ≈ 4.3 ( 0.2.
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time represents a deviation in height at time t>0 as a result
of deviation in extension, as apparent by the antisymmetry of
the cross-correlation function. The sign of the cross-correla-
tion function differentiates between one variable having a
positive effect on the other, such as height on extension, and
one having a negative effect, such as extension on height.
Figure 17 shows that for positive time there is a positive
correlation that is maximized in simulations near t/τ= 0.54
( 0.02, Cδ2

= 0.63 ( 0.01 and maximized in experiments
near t/τ=0.26( 0.03,Cδ2

= 0.56( 0.01. The time at which
this maximum occurs is the most probable time it takes for a
polymer to stretch out after the height of the chain increases.
Simulation results also show a slight negative correlation for
negative time. This effect is the result of the entropic effect at
high extensions, where diffusion in the height direction is
limited. This correlation is not captured from experiments
due to the noise threshold. The argument that this deviation
between simulation and experiments is associated with noise

is supported by the fact that when the time step is reduced,
more accurate results are obtained as shown by the open
circles as compared to the open squares in Figure 17.

Not only does an increase in height have an effect on the
extension, but a decrease in height does as well. If the chain
diffuses closer to thewall, the extended chainwill relax on the
time scale of the relaxation time. The width of the peak in the
cross-correlation function is a representation of this beha-
vior. The cross-correlation function shown here is a result of
the superposition of the flow-induced extension following an
increase in extension and an entropic-induced relaxation
following a decrease in height.

One last aspect of the cross-correlation function that
provides useful information is the entire width of the peak.
The sum of the time scales of restretch, recoil, and twice the
entropic time scale gives the time scale for a complete cycle.
Since the peaks of all the dynamics are convoluted and
unresolvable, the width of the convoluted peak can be used
to approximate the time scale of a complete cycle. Therefore,
t/τ = 7.5 ( 0.5 provides an approximation for the average
period of cyclic motion. Molecular dynamic simulations of
freely jointed chains have shown this time to be 4 atWi≈ 4,15

which is in general agreement with our present results. Since,
the period is inversely proportional to the frequency, we
calculate fτ = 0.13 ( 0.01, which is slightly lower than the
actual characteristic frequency, fτ= 0.15 ( 0.03, calculated
from the orientation angle PSD.

Conclusions

Shear flow is, at least at present, the most important flow type
for a tethered polymer chain in microprocessing applications. In
such cases, nearly all laminar flows can be approximated as linear
shear flow in close proximity to the surface (excluding stagnation
point flows). Overall, the dynamics of polymer molecules are
drastically affected by the presence of a wall. We demonstrated
these effects using a combination of theoretical, computational,
and experimental approaches.

Amodification to the entropic spring force associatedwith free
chains was made to incorporate the presence of a wall. It was
found that when random walk chains are tethered to a surface,
they are marked by a modification to the free space entropic
forcelaw of kBT/y in the wall-normal direction. For a wormlike

Figure 15. Autocorrelation of orientation angle through the origin at
Wi ≈ 4.3 ( 0.2. Experimental results for 17.3 μm λ-phage DNA agree
with bead-spring simulations ofNk= 153. Orientation angles through
the origin are larger than the orientation angles through the COM and
fluctuations are greater, improving the resolution of the autocorrelation
function. The minimum in the autocorrelation is easily resolved experi-
mentally and with simulations.

Figure 16. PSDoforientationangle through theoriginatWi≈4.3(0.2.
Experimental results for 17.3 μm λ-phage DNA agree with bead-
spring simulations of Nk = 153. A defined peak is present in each curve
at fτ=0.15( 0.03. This peak represents the most common frequency of
the cyclic motion and proves that cyclic motion is quasiperiodic.

Figure 17. Cross-correlation of height and extension atWi≈ 4.3( 0.2.
Experimental results for 17.3 μm λ-phage DNA agree with bead-
spring simulations of Nk = 153. The presence of the trends shown in
Figure 12 are quantified here. Positive time represents extension
dependence on height, whereas negative time represents height depen-
dence on extension. Both experiments and simulations reveal a max-
imum correlation that appears at positive time. Simulations show a
negative correlation for small negative times; however, this phenomen-
on is unresolvable in the experimental data.
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chain model, the wall is more exclusive due to the requirement
that the curvature of the chain is finite. For this reason, the
entropic force law for a wormlike chain in the presence of a wall
requires a modification of 2kBT/y in the wall-normal direction.
These approximations are valid for tethered chains as well as
chains that arewithin a small distance from thewall, as compared
to the radius of gyration of the chain.

Experiments in the flow gradient plane have revealed the
details of cyclic dynamics for the first time. Simulations have
proposed this phenomena,13,14,45 but experiments in the flow-
vorticity planewere not capable of testing it.12,13Amaximumwas
found in the power spectral density functions of the polymer
orientation angle, in agreement with negative oscillations in the
autocorrelation function. This confirms that cyclic dynamics are
quasiperiodic in nature.

Flow-gradient plane experiments also revealed that bead-
spring simulations were not capable of reproducing proper values
for the mean-square distance from the wall. This limitation may
directly influence Wi scalings of the cyclic dynamics frequency
predicted previously.14 Further experimentation is required to
resolve the proper scaling.

Hopefully, this work may be extended to the varied applica-
tions of tethered polymers previously discussed. For example,
with the aid of the results presented here, a repeatable and
controllable double tethering process could be created, enabling
efficient fabrication of microelectronic devices for large-scale
screening of organic semiconductors on a single molecule scale.
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