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Abstract

Optically anisotropic subwavelength scale dielectric particles have been shown to enable studies
of the mechanical properties of bio-molecules via optical trapping and manipulation. However,
techniques emphasized to date for fabrication of such particles generally suffer from limited
uniformity and control over particle dimensions, or low throughput and high cost. Here, an
approach for rapid, low-cost, fabrication of large quantities of birefringent quartz nanocylinders
with dimensions optimized for optical torque wrench experiments is described. For a typical
process, 10% or more quartz cylinders with diameters of 500 nm and heights of 800 nm, with
uniformity of £5% in each dimension, can be fabricated over ~10 cm? areas, for binding to a

single bio-molecule, and harvested for use in optical trapping experiments. Use of these
structures to measure extensional and torsional dynamics of single DNA molecules is
demonstrated with measured forces and torques shown to be in very good agreement with

previously reported results.

Online supplementary data available from stacks.iop.org/NANO/25/235304/mmedia
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1. Introduction

Techniques such as optical tweezers [1-3], magnetic tweezers
[4], atomic force microscopy [5], and fluorescence micro-
scopy [6] have been developed to manipulate and observe
single bio-molecules, enabling rare and transient events to be
observed by avoiding averaging that occurs in traditional
ensemble measurements. Among these, optical tweezers have
been used to characterize various bio-molecules and biolo-
gical processes in measurements of force and displacement in
piconewton and sub-nanometer regime. Examples include
measuring mechanical properties of biopolymers, recon-
structing energy landscapes for folding or unfolding second-
ary structure of nucleic acids, and directly following

3 These authors contributed equally to this work.
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dynamics of motor proteins translocating on their tracks
[7-11]. While most experiments characterize force and dis-
placement, torque and angular motion play significant roles in
biological phenomena such as DNA replication and tran-
scription [12], ATP synthesis [13] or bacteria propulsion
[14, 15]. However, there have been relatively few reports on
torque and angular measurements of bio-molecules due to
limited availability of methods to directly manipulate and
detect such quantities. Here, we present a method to fabricate
large quantities of birefringent cylinders rapidly and at low
cost using nanosphere lithography (NSL), [16-18] and
demonstrate their use for single-molecule experiments using
an optical torque wrench (OTW) measurement. Key design
considerations are described and compared with other meth-
ods, with nanocylinders of diameter ~500 nm and height
~800 nm shown to provide stable angular trapping in OTW.

© 2014 I0P Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic diagram of a birefringent particle whose extraordinary axis is misaligned with the external electric field (E). Torque is
generated when the induced polarization (P) is not aligned with the electric field (E). The angle between electric field and extraordinary axis
(x.) is denoted as 6. (b) Schematic diagram of the torque detection in OTW. The torque signal is measured by detecting the imbalance of left-
and right-circular polarized components of the scattered beam. PBS: polarizing beam splitter. (c) Schematic of OTW setup using fabricated
quartz cylinders for single molecule experiments. The force and torque exerted on the bio-molecule are controlled by adjusting the

polarization state of laser and the surface position.

Finally, force and torque generated using the cylinders are
calibrated, and linear and angular manipulations of twist—
stretched DNA are demonstrated and discussed. We anticipate
that the fabrication approach described here, which enables
rapid, flexible, low-cost production of dielectric nanos-
tructures with dimensions of <100 nm to ~1000 nm [17] will
help facilitate broad access to optical tweezers, OTW, and
related measurements in single-molecule biophysics.

The OTW [19] has been developed for angular manip-
ulation and precise detection of torque via an optically ani-
sotropic particle trapped in a laser beam. Figure 1(a) shows a
birefringent particle whose ordinary axis (y,) and extra-
ordinary axis (y,) are misaligned to an external electric field.
As a consequence, a restoring torque (7) from the cross pro-
duct of induced polarization (P) and external electric field (E)
tends to align the extraordinary axis with the external electric
field. The resulting torque can be expressed as

= |PxE| =

(¥, — x,)E sin 20 = 7, sin 20, (1)
where 6 is the angle between electric field and extraordinary
axis, and 7 is the maximum magnitude of torque which can
be exerted on the particle. The torque signal can be deter-
mined by measuring the spin angular momentum transfer of
the photon, i.e. imbalance of left- and right-circular compo-
nents of the transmitted beam as shown in figure 1(b).
Figure 1(c) shows a typical OTW setup for single-molecule
experiments. The target bio-molecule is attached with one end
to the glass slide and the other end to a birefringent particle
trapped by a tightly focused Gaussian beam. Controlling the
position of the surface and the state of the input laser beam
allows us to simultaneously stretch and rotate the molecule.
The multiple attachments make the torsion added to the
molecule possible. Force and torque response is detected by
monitoring the position and polarization state of the trans-
mitted trap beam.

A number of studies have been reported on design and
fabrication of optimal particles in OTW [20-25]. The

requirement of optical anisotropy can be obtained from shape
or material. In the case of form birefringence, the difference in
dimensions and resulting anisotropy of polarizability make
angular trapping possible, as reported for oblate particles [23].
However, it is difficult to obtain the uniformity of size and
shape which is necessary for precise calibration in single-
molecule experiments. In an alternate approach, birefringent
quartz cylinders have been designed and fabricated for use in
OTW, and offer several advantages. First, the fabrication
processes makes them easy to produce in large quantity and
with high uniformity. Second, the elongated shape allows the
symmetric axis of the cylinder to align with the propagation
direction of the incident light, leaving the only rotational
degree of freedom to be controlled by the external field.
Finally, for use in single-molecule experiments, the cylinder
can be selectively functionalized only on the top surface,
increasing the efficiency in achieving the appropriate geo-
metry for measurement. In previous reports, fabrication of
such cylinders was achieved by optical [20, 21] or electron
beam lithography [22]. However, these fabrication methods
are either restricted in minimum feature size due to diffraction
limit or are extremely time-consuming, and generally very
expensive. Here, we implement a fabrication process for
quartz cylinders suitable for OTW experiments using NSL.
NSL has been previously developed and applied in anti-
reflection coatings, sensing, and solar energy harvesting
[26-30]. We adapt the NSL technique and fabricate quartz
nanocylinders with tunable sizes.

2. Experiments

The size of nanocylinders typically must be optimized
according to the specific application. For example, larger
nanocylinders can provide larger torque under same laser
intensity and are suitable for experiments such as bacterial
flagellar motor which is capable of generating torque up to
4000 pN nm [31]. On the other hand, smaller nanocylinders
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offer faster response time and can be applied to molecular
motors that do not generate large torque such as ATPase or
RNA polymerase [12, 13]. NSL readily provides the neces-
sary flexibility in size of birefringent nanocylinders, enabling
more possibilities to be explored rapidly and easily in single-
molecule experiments by OTW. Figure 2 shows the key steps
in the fabrication process for the birefringent nanocylinders.
Starting from a 4” single crystal quartz (X-cut) substrate,
90 nm Cr/10 nm SiO, are deposited by e-beam evaporation. A
self-assembled monolayer of 2 ym diameter polystyrene (PS)
nanospheres (with standard deviation of 27 nm as determined
from analysis of scanning electron micrograph) is then
deposited on the SiO, surface using the Langmuir-Blodgett
method [16, 17] as shown in figure 2(a). Reactive ion etching
(RIE) is used to etch the PS spheres to reduce the diameter to
1-1.5 um. These nanospheres then serve as an etch mask to
transfer the hexagonal pattern to the underlying Cr, which
acts as a hard mask containing Cr discs with diameter 510 nm
(with standard deviation of 20 nm) as shown in figure 2(b).
The quartz substrate with Cr hard mask on top then under-
went RIE to yield quartz pillars 800 nm (with standard
deviation of 22 nm) in height as shown in figure 2(c). The Cr
mask and residual polymer resulting from the dry etch are
removed by a standard wet etch process. NSL enables fabri-
cation of dielectric nanostructures over a broad range of sizes,
and specific dimensions can be readily achieved by changing
the initial nanosphere diameter in details of the etching pro-
cess employed. The diameter of the nanocylinders can range
from 50 nm to 1 ym depending on the size of the spheres and
total etching time, and the height of the nanocylinders ranges
from 500 nm to 2 ym, depending on the thickness of Cr mask.
We note that the torque in OTW experiment is proportional to
the volume of the nanocylinder since the signal strength
depends on the total angular momentum transfer of the
nanocylinder. The aspect ratio of the nanocylinder should be
also large enough to enable the alignment of the long axis of
the nanocylinder with the laser beam. With these considera-
tions, birefringent quartz nanocylinders with diameter 500 nm
and height 800 nm have been found to be suitable for single-
molecule experiment in OTW, and this size range was tar-
geted for our experiment [20].

As shown in figure 2(d), the patterned substrate is then
spin coated with PMMA, and the excess PMMA etched away
so that only the top surfaces of the nanocylinders are exposed.
For application in single-molecule experiments, we selec-
tively functionalize only the top surface of the nanocylinder
with amino group which is necessary for further avidin
coating. Next, the wafer is incubated in 1% Vectabond
reagent (Vector Laboratories) for 5 min and then transferred
to acetone for 30 min to remove the PMMA. The wafer is air-
dried and cylinders are collected using a microtome blade (C.
L. Sturkey) as shown in figures 2(e)—(g). Finally, Avidin
(Vector Laboratories) molecules are coupled to the amino-
functionalized cylinders using a Glutaraldehyde kit (Poly-
sciences). For the experiment measuring twist—stretched
DNA, the rotationally-constrained DNA is ligated from three
pieces made separately by polymerase chain reaction. The
central piece is 1351 bp. Two short pieces incorporate

multiple digoxigenin (322 bp) and biotin (336 bp) labelled
nucleotides, which allows for torsionally constrained binding
to the sample chamber surface and cylinder respectively. The
detailed protocol for sample chamber creation and DNA
binding to the surface and cylinder is similar to previous
methods with PS sphere [32, 33]. Briefly, the cover slip
surface is coated with anti-digoxigenin, followed by blotting
buffer to prevent non-specific sticking of DNA and cylinder.
DNA and nanocylinder are then incubated, respectively.
Finally, the sample are flowed and left with experimental
buffer solution (50 mM sodium phosphate buffer pH 7.0,
50 mM NaCl, 10 mM EDTA, 0.02% Tween 20, and oxygen
scavenger solution). We note that controlling the distance
between each nanocylinder and the aspect ratio is crucial to
avoid incomplete removal of the nanocylinders and undesired
quartz residues. Using this process, a 4” quartz wafer provides
~10® nanocylinders, which is sufficient for calibration and
measurement in a typical single-molecule experiment. Com-
pared with conventional lithographies, the approach described
here provides a rapid, low-cost, large-area nanoscale pat-
terning technique covering a wide range of sizes.

Figure 3(a) shows the distribution of nanocylinder dia-
meter collected from different radial positions away from the
4" wafer center. The overall distributions for different posi-
tions are uniform and consistent with a normal distribution
except for a few outliers due to imperfect distribution of the
PS nanospheres. Figure 3(c) shows the overall distribution of
nanocylinder diameter. The averaged diameter is 510 nm with
standard deviation of 20 nm. We observe the diameters of the
nanocylinders at the center of the wafer are smaller than other
places due to lateral etching from variations of local plasma
density during RIE process. Figure 3(b) shows the distribu-
tion of nanocylinder height collected from different position
from the 4” wafer center. The heights of the nanocylinders are
overall uniform. Figure 3(d) shows the overall distribution of
nanocylinder height. The averaged height is 800 nm with
standard deviation of 22 nm. These results confirm that, NSL
can provide large numbers of birefringent nanocylinders with
excellent uniformity.

3. Results and discussion

Accurate calibration of force and torque is required to perform
precise quantitative measurements for a trapped nanocylinder
in OTW. For cylinders of the size discussed here, the cali-
bration of force and position follows the standard protocol for
PS particles of similar dimensions in optical tweezers experi-
ments [3]. Analogous to force, the calibration of torque and
rotation can be achieved by measuring the power spectrum of
the torque signal (intensity difference in two detectors) for a
trapped nanocylinder [19, 20, 34]. The power spectrum can be
fitted by a Lorentzian line shape due to Brownian fluctuations
in rotational motion [35]. This Lorentzian characteristic is

modelled as P(f) = A’ / (f2 + foz) with corner frequency

f, = a/2zé, and amplitude A®> = kT/z’a, where a is the
stiffness of the angular trap, £ is rotational drag coefficient, k is
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Figure 2. Schematic diagram of the fabrication process flow and scanning electron micrograph at each step. (a) A single crystal quartz
substrate is covered with 10 nm Cr/100 nm SiO,, followed by NSL using 2 ym diameter PS nanospheres. (b) A series of dry etching
processes is used to reduce the sphere size and transfer the hexagonal lattice pattern to the underlying Cr layer. (c) Nanocylinders formed
from single crystal quartz by dry etching using Cr mask, which is later removed by wet etch process. (d) Nanocylinder buried in PMMA with
only the top surface exposed for amino-group functionalization. (e) Tilted view of single quartz nanocylinders after mechanical removal.
(f)—(g) Top-down views of single crystal quartz nanocylinders before and after mechanical removal.

the Boltzmann constant, and T is temperature in Kelvin. In
figure 4(a) we observe that the measured power spectrum for a
birefringent nanocylinder (solid squares) is in good agreement
with the fitted Lorentzian line (solid line), showing the bire-
fringent nanocylinder is angularly trapped; whereas a 820 nm
diameter PS nanosphere (solid circles) is not trapped due to the

lack of birefringence. The angular sensitivity is measured by
rotating polarization on a cylinder fixed to the surface.
Figure 4(b) shows that the torque signal modulates sinusoid-
ally, where @ rotating at 1.8rads™ is the angle between the
direction of electric field and the extraordinary axis of the
nanocylinder as shown in figure 1(a), and V) is the maximum
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Figure 3. (a)—(b) Distribution and box chart of nanocylinder diameter and height as a function of position from wafer center. The top and
bottom of the box are the first and third quartiles. The median and mean are shown as the band and square symbol inside the box. The top and
bottom whiskers stand for the standard deviation coefficient (SDC) equal to 1. (¢)—(d) Overall distributions of nanocylinder diameter and

height with values for mean, median, and standard deviation for each.

torque signal voltage obtained at §=45°. Using the fitted
parameters f, = 204 Hzand A’ = 9.8 x 107 V* Hz from data
shown in figure 4(a) as well as V, = 0.11V in figure 4(b), we
obtain £=2.1 pNnms, @ = 2.6 x 10° pNnmrad™', and torque
signal sensitivity 1.2 x 10’ pNnm V™', The measured torque
signal can therefore be obtained by
T=0af = a(V;/ZVO). )
The maximum torque which can be generated here is
~1300 pN nm, given the nominal laser power ~300 mW
Teasured before rotational half-wave plate. We note the
experimentally determined rotational drag coefficient here
is consistent with other experimental [32] and theoretical
works [36] for nanocylinders with similar dimensions.
We further demonstrate the application of the birefrin-
gent nanocylinder in single-molecule experiments by mea-
suring a twisted and stretched DNA undergoing structural
transition. The twisted state of DNA is regulated in vivo by
topoisomerases and influences the accessibility of DNA to
many motor proteins. Therefore the mechanical properties of
DNA under tension and torsion have profound implications in
many biological contexts. Figure 4(c) shows the measured
and theoretically modeled extension of dSDNA recorded as a
function of numbers of rotations under different stretching

forces. Positive rotation is defined as the direction to over-
wind dsDNA. With positive torsion, the extension curves
remain constant at low total turns (<3) since dsDNA is only
overtwisted slightly. Beyond this region, the extension of
dsDNA starts to drop abruptly and monotonically as total
turns are added, indicating that the dSDNA buckles to form a
plectoneme. The critical number of turns for this sharp tran-
sition increases with the applied force due to the increased
rigidity of dsDNA under tension. Our observations are also
confirmed with the phenomenological model for dsDNA
phase transition under force and torque via minimization of
total free energies for combinations of different states (see
supporting information for detailed descriptions and discus-
sions, available at stacks.iop.org/NANO/25/235304/mmedia).
In brief, for a pure state (i) of dsDNA, the free energy of each
state can be approximated as a function of linking number
density (o) and force (f) [37, 38],

Glo.f)=¢ - g(f) + alf)o = o)

3 3)

where ¢; is the energy offset, oo, is the relaxed linking
number, ci{f) and g,f) are the torsional coefficient and
stretching energies as functions of force which can be
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Figure 4. (a) Measured power spectra of torque signal for
birefringent nanocylinders and polystyrene spheres with diameter of
820 nm. The solid line indicates the Lorentzian fit for birefringent
nanocylinders. (b) Torque signal of a fixed birefringent nano-
cylinder scanned by a rotating polarization vector. (c) Measured
rotation—extension curve for a double-stranded DNA at different
fixed forces. Gray dashed line indicates model prediction for low
force limit.

expressed as,

¢(f) = GkTay (1 - j_@ ] )
g,-(f)=/1,-(f— /"Aﬂ) (5)

respectively, where k is the Boltzmann constant, T is the
temperature (which we assume it is under room temperature,
300K), w, = 2#/3.6nm = 1.85nm™" is the contour-length
rate of rotation of the relaxed double helix, and A; and C; are
the stretched and twist persistence length, respectively.

and

Between the phase transition from one state to the other, the
dsDNA can also form into coexisting states between two pure
states if the free energy of the mixed state is lower than the
other pure states. The free energy for a coexisting state
between i and j state can be expressed as [37],

G._; = xG,(0) + xG (o), (6)

where x; and, x; are the fraction of i and j state, respectively
under the constraint, x;+x;=1. These quantities can be
expressed as,

0, —0

X =

i

: )

and X, = .
0; —

=0

The onset and end linking number densities, o;, and o,
can be calculated by minimization of coexistence free

0G;_; . .
ener — =0] with the constraint o = x0 + x.0.
gy % i%i i€

Finally the modeled free energy (G;) and linking number
density (o) can be converted into experimentally measured
quantity as extension (z) and rotation turn as shown in
figure 3(c), respectively, by [37]

z aG,
. (®)
Lo
and
AL
o=k _ 1 ©)
Lk, L/h

where Lk, is the normalized linking number of the relaxed
dsDNA, L=1351bp is the total length of DNA studied
here, h=10.5bp is the contour length of a single helix, and
n is the number of rotation turns. Figure 4(c) shows that
for low positive rotation turns (n<3), the parabolic trend
from equation (3) can be observed from both modeled and
measured results, and is followed by the onset of the
coexistence of stretched and plectonemic states. The mod-
eled extension of dsDNA decreases linearly to zero where
it reaches the full plectonemic state, and this trend is
consistent with our measured results for all applied forces,
except for dsDNA still have physical length due to
imperfect supercoiling in realistic situation. Upon negative
rotation, the extension responses with higher force (2.5 and
3.6 pN) remain almost constant because dsDNA prefers to
unwind rather than buckle, therefore no plectoneme is
formed. For lower force (1 pN), the dsDNA unwinds and
buckles simultaneously when the total applied turn increa-
ses so that the extension curve drops without a sharp
transition. These characteristics can be understood by the
coexistence of stretched and denatured states by following
the similar derivation based on equation (3) (see supporting
information for more details). For even lower force (0.3
pN), a symmetric extension response is expected based on
the phase transition model [37]. The force is small enough
that unwinding of helix structure is unfavorable and only
the stretched and plectonemic states are allowed. The
characteristics we observe in these measurements are
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consistent with other measurements performed using mag-
netic tweezers [39, 40] and OTW [41, 42].

In conclusion, a method for fabricating large quantities of
birefringent nanocylinders using low-cost, rapid-patterning
NSL, and their use in single-molecule manipulation of
dsDNA with OTW, are demonstrated. Patterning of the
cylinder structures using NSL offers a number of advantages
over conventional lithographies employed in previous
approaches, most notably in enabling rapid low cost fabri-
cation of very large numbers of dielectric nanocylinders as
required in OTW experiments. The calibration of force and
torque in OTW measurements using dielectric nanocylinders
fabricated in this way, together with the measured and mod-
elled extension curve of double-stranded DNA under positive
and negative rotation confirm the applicability of these bire-
fringent nanocylinders in OTW measurements.
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