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A
variety of micrometer-sized particles
find application in biological sepa-
ration,1 biophysical techniques such

as magnetic and optical tweezers,2-4 the
preparation of colloidal suspensions and
the study of their physical properties,5,6 or
the construction of artificial devices such as
nanoscale swimmers.7 Both the physical
and chemical properties of such particles,
for example, their ferromagnetic or para-
magnetic character, value of their dielectric
constant, and surface coating, play a role in
their applicability. Birefringent particles,
based on materials capable of exchanging
spin angularmomentumwith light (Figure 1a),
are also of great interest. They have been
exploited in microrheology as sensors to
measure properties of the surrounding
fluid,8-10 in microfluidics as micrometer-
scale pumps for flow generation,11 and in
the torque spectroscopy of single bio-
molecules12,13 through their key role in the
optical torque wrench.
Several methods exist for the produc-

tion of birefringent particles, resulting in a
variety of forms such as vaterite micro-
spheres,14,15 tetragonal lysozyme crystals,16,17

organic semiconductor platelets,18 LiNbO3

microcrystals,19 organic dyemicrocrystals,20

For applications in single-molecule torque
spectroscopy, which form the primarymotiva-
tion for our work, quartz constitutes a particu-
larly suitablematerial,13,21,22 a consequence of
its chemical stability and biological inertness,
the facilitywithwhich it canbecoated, and the
control of its geometry.
La Porta et al.22 pioneered the use of

birefringent particles in an optical torque
wrench (OTW), schematically illustrated in
Figure 1. When a birefringent particle is
trapped in a focused laser beam, the polar-
ization of the trapping beam can be used
to apply a torque to the particle, allowing
it to be aligned or continuously spun23

(Figure 1b). Moreover, in such a configura-

tion the torque exerted on a birefringent
particle can be measured directly from the
change in angular momentum of the light
beam (Figure 1c).13,21,22 In a particularly
elegant implementation of an OTW, the

birefringent particles are formed from

quartz cylinders; such cylinders will align

their long axis with the direction of laser

propagation,16,24 thereby confining two ro-

tational degrees of freedom. Provided that

the quartz extraordinary axis is perpendicu-

lar to the cylinder's long axis, the third

rotational degree of freedom can be con-

trolled by the polarization of the trapping

beam. Controlled rotation of the trapping

beam polarization results in rotation of the

cylinder and, if the cylinder is tethered to a

well-anchored DNA, to the build-up of twist

in DNA12 (Figure 1a,b).
Typically, optical lithography has been

employed in the fabrication and functiona-
lization of such cylinders, as reported by
Deutel et al.21 and Gutierrez-Medina et al.13

However, the use of optical lithography
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ABSTRACT Numerous biological and biotechnological applications rely on the use of micro-

meter- and nanometer-scale particles, benefiting tremendously from quantitative control of their

physical and chemical properties. Here, we describe the use of electron beam lithography for the

design, fabrication, and functionalization of micrometer-scale birefringent quartz cylinders for use in

sensing and detection. We demonstrate excellent control of the cylinders' geometry, fabricating

cylinders with heights of 0.5-2 μm and diameters of 200-500 nm with high precision while

maintaining control of their side-wall angle. The flexible fabrication allows cylinders to be selectively

shaped into conical structures or to include centered protrusions for the selective attachment of

biomolecules. The latter is facilitated by straightforward functionalization targeted either to a

cylinder's face or to the centered protrusion alone. The fabricated quartz cylinders are characterized

in an optical torque wrench, permitting correlation of their geometrical properties to measured

torques. Lastly, we tether individual DNA molecules to the functionalized cylinders and demonstrate

the translational and rotational control required for single-molecule studies.

KEYWORDS: birefringent particles . quartz microcylinders . electron-beam lithogra-
phy . nanofabrication . surface functionalization . optical tweezers . optical torque
wrench
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for making quartz cylinders comes with a number of
limitations. Importantly, it restricts the smallest feature
sizes to ca. 300-400 nm.13 Here, we report a novel,
electron beam lithography-based approach to the
nanofabrication and functionalization of quartz cylin-
ders that presents a number of advantages. First,
electron beam lithography is capable of patterning a
wide range of feature sizes. These can be as small as a
fewnanometers,making it possible to fabricate smaller
cylinders with great ease. Simultaneously, our electron
beam-based approach remains very well-suited for the
fabrication of larger quartz cylinders, especially those
with high aspect ratios. Second, our approach comes
with great versatility: cylinders may be modified into
having a slightly conical shape or fabricated to include
a nanometer-scale centered protrusion for the con-
trolled binding of DNA (thereby reducing overall
precession). Third, our approach introduces selective
surface functionalization following, rather than prior
to, the removal of the etching mask, implying that the
choice of etching mask is independent of the chem-
istry of functional groups and affording a wider choice
of etching geometries and cylinder shapes. Using this
approach, we demonstrate the fabrication of quartz
cylinders with lateral dimensions in the range of 0.5-2
μm and axial dimensions in the range of 200-500 nm.
The cylinders can be made to high uniformity (4.2%
relative standard deviation (RSD) in volume, and a
control of their side angles within an error of 0.3�).
We further fabricate cylinders including centered pro-
trusions on one of their two faces, and demonstrate
excellent control of cylinder functionalization, functio-
nalizing either a single face of a cylinder or only the
centered protrusion itself. We present extensive char-
acterization of the cylinders via scanning electron
microscopy, biochemical analysis, and optical micro-
scopy. The characterization is completed by introdu-
cing the cylinders into an OTW, where we correlate

their physical properties to themeasured torquesignals.
We then demonstrate, using well-controlled tethering of
DNA to the functionalized cylinders, successful force
and torque spectroscopy on an individual biomolecule.

RESULTS AND DISCUSSION
Control of the Physical Properties of Quartz Cylinders. Ide-

ally, quartz cylinders for application in OTW should
have the following properties. First, the cylinder's
aspect ratio (height:diameter) should be sufficiently
large16 to allow for tight confinement of the long axis
of the cylinder along the propagation direction of
trapping beam. Second, depending on the specific
application, the cylinder size should be tunable: for
example, if stronger trapping and larger torques are
desired, larger cylinders are appropriate; conversely,
smaller cylinders have the advantage of lower noise in
the measured torque signal and a smaller drag
(resulting in a faster response time). Third, it should
be straightforward to attach DNA (or other bio-
molecules), and preferably so to the center of the
cylinder's top or bottom surface.13 Otherwise, when
the DNA is stretched, the cylinder will precess and
dramatically increase thenoise in the torquemeasurement.

Fine control of the dimensions and the resulting
geometry of the quartz cylinders necessitates a thor-
ough understanding of the physical processes in-
volved in patterning and etching. Using the protocols
described in theMethods and illustrated in Figure 2, we
were able to fulfill these criteria and fabricate uniform
arrays of quartz microcylinders (Figure 3 panels a and e
show images of such arrays) in a wide variety of sizes
and geometries. For instance, it was possible to control
cylinder height (a range of 0.5-2 μm was fabricated;
Figure 3a-d), cylinder diameter (a range of 200-
500 nm was fabricated; Figure 3a-d), the angle of
the cylinder side wall (Figure 3b-d), and whether or

Figure 1. Schematic of an optical torquewrench. (a) The electric susceptibilities differ along the extraordinary axis (χe) and the
ordinary axis (χo) of a birefringentmaterial. Hence, unless the electric field is alignedwith either axis, the induced dipole P (red
vector) is not colinear with external electric field E (green vector), resulting in the generation of torque τ. (b) Use of an optical
torque wrench for the study of DNA. A birefringent quartz cylinder having its extraordinary axis perpendicular to its
cylindrical axis is maintained in an optical trap as shown. Here k indicates the propagation direction of the trapping laser
beam. The top surface of the cylinder is chemically functionalized to permit the binding of DNA viamultiple bonds. TheDNA's
other extremity is attached to a glass coverslip in aflowcell, likewise viamultiple bonds. By controlled rotationof the trapping
beam's linear polarization, the cylinder can be rotated, generating twist in the DNA. (c) Meanwhile, the torque exerted by the
trapping laser on the cylinder is measured by a torque detector that records the imbalance in the intensities of the right and
left circular components of the transmitted beam.
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not the cylinder included any protrusions from its
center for controlled binding of DNA (Figure 3e-g).
We now discuss the control of these parameters.

To control of the diameter of cylinder's top surface,
it suffices to control the electron beam patterning. We
typically found the difference between the cylinder's
diameter (as measured by SEM) and the nominal
diameter of the defocused spot of the electron beam
to be less than 6% for all wafers of cylinders
(Figure 3b-d,f,g). The shape of the cylinder's cross
section, which is likewise defined by the electron
beam's patterning spot, was similarly easily controlled
and exhibited a uniformly round shape over all cylinder
sizes tested on various wafers (Figure 3b,c,g).

To control the height (and hence the aspect ratio) of
the quartz cylinders, we relied on control of the total
etching time, which was demonstrated to be a reliable
parameter: for instance, provided that the same ma-
chine settings were employed, the etching rate of the
C4F8 plasma was found to be quite reproducible on
different wafers. Additionally, we also found that for

cylinders with heights ranging between 0.5 and 2 μm,
the etching rate remained approximately stable
throughout the time course, that is, any RIE lag could
be ignored.26 However, the etching rate did vary across
the wafer, increasing monotonically with the radial
distance from the wafer center (5 ( 2% per 10 mm,
as measured by SEM analysis over all wafers). This
behavior (known as macro-loading effect27) results
from the depletion of reactant along its transportation
course from outside edge to the wafer center and may
be alleviated by increasing the supply of reactants and/
or decreasing the etch rate. In practice, to acquire
cylinders of sufficiently uniform height, we simply
employed a subsection of the wafer area (e.g., a circular
area at the wafer center, or, preferably, a circular
annulus, which has a smaller radial range for the same
patterning area). An alternative approach would be to
divide the wafer into compartments and to collect the
cylinders separately from each.

In addition to the cylinders' height and diameter,
we control their side-wall angle. This parameter can be

Figure 2. Schematic of the fabrication and selective functionalization of micrometer-scale quartz cylinders using negative-
tone electron beam lithography. (Step 1) A single-crystal quartz wafer is cleaned and prepared for patterning. (Steps 2-4) A
negative electronbeam resist is coatedonto thewafer andprepared for electronbeampatterning. (Steps 5-7) Electronbeam
exposure and development of resist posts. (Steps 8 and 9) Dry etching and formation of the quartz cylinders. (Steps 10-13)
Selective functionalization of the top surface of the quartz cylinders. (Step 14) Shaving off and collecting of the quartz
cylinders. (Steps 8a,b) The formation of centered protrusions. (Steps 11a-13a) Selective functionalization of the quartz
cylinders with centered protrusions. For further details, see Methods.
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tuned with ease by tuning the substrate bias power
during C4F8 plasma dry etching. For example, for a
resist mask with features of 500 nm diameter, 1.4 μm
height, and 3 μm hexagonal pitch, reducing the bias
power from 300 to 250W decreased the cylinder side
wall angle from ∼88� to ∼84� while leaving the etch
rate unchanged (Figure 3d). This dependence of the
side wall angle on the substrate bias power may
derive from competition between ion bombardment
and simultaneous fluorine-carbon polymer deposi-
tion: under reduced substrate bias power the side-
wall would experience weaker bombardment, per-
mitting a more rapid accumulation of polymer on
the side-wall and a concomitant reduction in side-
wall angle.26,28 We note further that the observed
insensitivity of the etching rate to the bias power
suggests that the etching process is predominantly
governed by chemical reactions on the surface,27 in
agreement with the above observation of themacro-
loading effect.

Wenote that the above-mentionedguidelines donot
take into account the design of the resist mask pattern.
However, as the dry etching rate depends on the local
geometry, this is also a parameter of interest. Optimiza-
tion of C4F8 plasma conditions was essential in order to
guarantee the reproducibility of the dry etching recipe;
however, instead of reoptimizing the etching conditions
for different resistmaskpatterns,we found thatwe could
also adapt the local geometry tomaintain approximately
uniform C4F8 plasma settings. Initially, the machine
settings for C4F8 plasma dry etching (Methods) were
optimized for a resist mask with a thickness of 380 nm,
encoding for 300 nm diameter features in a 1 μm-pitch
hexagonal array (yielding cylinders as in Figure 3a,b).
Identical etching settings could be applied to resist
masks that had a smaller feature diameter (e.g., 200 nm,
Figure 3c), resulting in the same etching rates and side-
wall angles. However, when the resist mask had a larger
thickness (1.4 μm) and encoded a larger feature dia-
meter (500 nm), we observed an undesirable deposition

Figure 3. SEM images of fabricated quartz particles. (a) Fabricated quartz cylinders (nominal top diameter: 300-nm) arranged
in a hexagonal array pattern on the wafer. (b) A single quartz cylinder after microtome shaving off the wafer (from the same
wafer as in panel a). Themicrotome shaving consistently produces an evenly cut surface at the base of the quartz cylinder, and
the cross section of the cut surface demonstrates a round shape at the cylinder's base. (c) A cylinder with a smaller diameter
(nominal top diameter: 200 nm) and a higher aspect ratio. (d) A larger cylinder (nominal top diameter: 500 nm) fabricatedwith
a slightly more conical shape. (e-g) Larger cylinders (nominal top diameter: 500 nm) with centered protrusions. (e)
Demonstration that the centered protrusions were fabricated consistently on all cylinders in the patterned area. (f) A typical
feature size of the centered-protrusion cylinder. (g) A single cylinderwith a centeredprotrusion followingmicrotome shaving.
In all panels, the tilt angle of the wafer surface for SEM imaging is indicated in the bottom-left corner.
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of Teflon-like polymer onto the quartz, as opposed to
quartz etching.

By examining the role of pattern geometry, we can
both understand and reduce unwanted polymeric
deposition. First, larger and thicker mask features have
an increased resist surface area exposed to etching
plasma. For a given array pitch, an increase in the
exposed resist surface results in an increased amount
of resist erosion and a concomitant reduction of the
local fluorine-to-carbon ratio. This would tend to favor
the deposition of fluorine-carbon polymers over
quartz etching. Second, such geometric conditions
result in a higher aspect ratio of the etched area
between resist mask features, for which a lower etch-
ing rate typically ensues.29,30 This is mainly attributed
to a decrease in the transport rate of incoming etching
species to the bottom of the etched feature.29,30 If the
increase inmask feature size causes the etch rate to fall
below the rate of polymer deposition, the latter will be
favored. To successfully circumvent this difficulty, we
increased the array pitch of the resist mask to achieve
more-or-less equivalent geometries, yielding a resist
mask pattern with 500 nm feature diameter, 1.4 μm
thickness, and 3 μm pitch (in which both the ratio of
the exposed resist surface to the etched quartz surface
and the aspect ratio of the etched feature were largely
maintained with respect to the original pattern de-
scribed above). With this adaptation, identical machine
settings could be applied, resulting in nearly the same
etching rate and side-wall angle (87.8� ( 0.4�, see
Figure 3b,c,g for differently sized cylinders).

To examine the variability in cylinder geometries
across a wafer, we have performed quantitative SEM
measurements (Methods). Here, cylinders were fabri-

cated using a 300 nm defocused electron spot that
patterned a resist mask with a thickness of 380 nm; the
hexagonal array pitch equaled 1 μm; a circular area of
about 14 mm in radius was employed, yielding ∼0.7
billion cylinders; and the dry etching time was 3 min.
Overall, the cylinders are highly uniform as shown in
Figure 4: the cylinder height increases by 4.3% ((2.0%)
from wafer center to the outmost pattern position
(14 mm from wafer center); the relative standard
deviation (RSD) in top diameter is estimated to be
1.5% and 1.7% in bottom diameter; and the computed
cylinder side-wall angle is nearly constant: 87.8�( 0.3�.
Overall, the RSD in the volume of quartz cylinder is
estimated to be ∼4.2% for whole cylinder population.
Note that for applications of quartz cylinders in an
OTW, the variation in the volume is the most appro-
priate indicator of cylinder dispersity, as both the
optical torque exerted on the cylinder and the rota-
tional drag are approximately proportional to the
cylinder volume.

Selective Functionalization of Fabricated Quartz Cylinders.
To employ quartz cylinders for biophysical experi-
ments in an OTW, DNA (or other biomolecules) should
be controllably bound to the top surface of quartz
cylinder (Figure 1b), and ideally specifically to only the
center of the top surface.13 Our selective functionali-
zation (Figure 2, Steps 10-13, 11a-13a) is demon-
strated by its application to both cylinders with-
out protrusions and cylinders with protrusions
(Figure 5).

We have tested the selective functionalization of
cylinders without protrusions by examining their
ability to specifically bind fluorescently labeled bio-
tinylated oligonucleotides (Methods). As shown in

Figure 4. Dimensions of fabricated cylinders on a quartz wafer as a function of radial distance from the wafer center. The
nominal top diameter equals 300 nm. (a) Average cylinder heights (black), diameters of cylinder tops (blue), and diameters of
cylinder bottoms (red), determined from SEM images. (b) Average cylinder sidewall angles and (c) average cylinders volumes
were calculated using the data in panel a. The error bars in all panels represent one standard deviation from the mean.
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Figure 5a, the fluorescence of bound oligonucleotides
appears nearly exclusively at positions that arrange
into a hexagonal array, indicating that labeled oligo-
nucleotides do not aspecifically bind to the wafer sur-
face. As both the cylinder's side-wall and the cylinder-
free area of the wafer were similarly protected
during chemical functionalization, it is likely that the
formerly protected portion of the cylinder's sides
should lack any specific binding sites. Thus, the chem-
ical functionalization appears limited to the exposed
portion of cylinder surface, which is predominantly the
top surface.

The selective functionalization of cylinders with
centered protrusions was tested similarly. However,
to carry out the functionalization a critical step is
involved, namely exposing the centered protrusion
for chemical functionalization while the rest of the
cylinder surface remains buried in PMMA resist
(Figure 5b). Given the variability in cylinder height
discussed above, one might expect the degree of
exposure of the centered protrusion to vary with the
radial position on the wafer. While this was indeed the
case, the variation in the height of the exposed portion

of centered protrusions was interestingly far smaller
than the variation in the cylinder height. For example,
we find the height of the cylinder main body to
increase by ∼300 nm (from ∼1.7 μm at the wafer
center to ∼2 μm at 30 mm from wafer center), while
the height of the exposed portion of centered protru-
sion increases by only about 100 nm (from ∼120 to
∼220 nm). This may be explained by an inhomogene-
ity in the thickness of the PMMA coating that would
partly compensate the variation in cylinder height. We
have indeed observed that the PMMA layer displays a
slightly undulatory pattern, with maxima on the indi-
vidual buried cylinders that additionally correlate with
their height. With this in mind, we simply designed
protrusions of sufficient height (∼250-300 nm), there-
by ensuring that all centered protrusions were partly
exposed and that the remainder of surface was well-
protected by PMMA. The selective functionalization of
cylinders with centered protrusions was then tested by
the specific binding of fluorescently labeled biotinylated
oligonucleotides as above (Figure 5c). Again, a hexagonal
array of fluorescent spots (of specifically bound oligonu-
cleotides) indicates the chemical functionalization was

Figure 5. Selective functionalization of micrometer-scale quartz cylinders. (a) Fluorescence image of surface-bound
biotinylated, TAMRA-labeled oligonucleotides on a wafer of quartz cylinders without protrusions. The hexagonal pattern of
the fluorescent spots (white) indicates that the oligonucleotides specifically bind to the functionalized portion of cylinder
surface (primarily the top surface). (b) The centered protrusions of quartz cylinders are exposed for chemical functionaliza-
tion, while the rest of cylinder surface remains buried and protected in PMMA resist. The inset shows a zoom on a single
centered protrusion. (c) Same as in panel a, with the difference that the quartz cylinders have centered protrusions. (d) SEM
image of biotinylated microspheres specifically bound to the functionalized centered protrusions of quartz cylinders.

A
RTIC

LE



HUANG ET AL . VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX G

www.acsnano.org

specific to the selectively functionalized portion of the
centered protrusions. Further evidence for the selec-
tivity of the chemical functionalization was evidenced
by direct SEM imaging (Figure 5d), which demon-
strated that biotin-labeled microspheres specifically
bind to the centered protrusions of quartz cylinders.

Applications of Fabricated Cylinders in the OTW. We now
demonstrate the angular trapping properties of quartz
cylinders in the OTW (Methods). First, for untethered
cylinders of two different diameters (200 nm, 500 nm),
we measured torque-rotation curves (Figure 6a;
500 nm cylinder in blue squares, 200 nm cylinder in
red circles). Here, the cylinders are rotated at different
speeds while measuring themean value of the exerted
torque. We clearly observe two distinct regimes in the
response, separated by a threshold frequency: below
the threshold frequency, the mean torque increases
linearly with the imposed frequency, while subse-
quently the mean torque decays toward zero.10,22

The slope in the linear regime is equal to the rotational
drag coefficient, which is itself approximately propor-
tional to the cylinder's volume.31 As expected, there-
fore, the larger cylinder presents a larger slope: the
drag coefficient determined from the slope is about
3.7 pN 3 nm 3 s for the large cylinder (∼500 nm/900
nm/2 μm, top diameter/bottom diameter/height,
Figure 3d), and about 0.18 pN 3 nm 3 s for the small
cylinder (∼200 nm/300 nm/650 nm, Figure 3c). For
comparison, theoretical estimation31 of the rotational
drag coefficient in water yields 3.2 pN 3 nm 3 s for a large
cylinder (700 nm/700 nm/2 μm) and 0.14 pN 3 nm 3 s for
a small cylinder (250 nm/250 nm/650 nm). While the
drag coefficient differs greatly between the small and

large cylinders, the same is not true for the threshold
frequencies. This is because the maximal possible tor-
que exerted on a cylinder is also roughly proportional to
the volume of the cylinder.23 In other words, given a
constant laser power, a larger torque always comeswith
a larger drag. Note that differently sized cylinders come
with distinct advantages: if large torques need to be
applied, larger cylinders should be selected; however,
when a fast response time is desired, smaller cylinders
with their smaller drag are preferred.

We then extended our measurements to cylinders
tethered to dsDNA (Figure 6b,c). Here, we employed
cylinders with selectively coated centered protru-
sions (experiments were equally successful on cylin-
ders selectively coated on only a single face, data not
shown). First, we varied the force applied to the
cylinders by moving the flow cell by piezo-actuators
at a constant speed of 1 μm/min relative to the
optical trap center along the direction of laser pro-
pagation. The displacement of the tethered cylinder
relative to the optical trap center was measured to
determine the force, and its absolute position with
respect to the flow cell surface yielded the molecule's
extension (Figure 6b, blue points). The excellent fit to
the worm-like chain model32 (Figure 6b, red line),
yielding a persistence length Lp = 42 nm and contour
length Lc = 2.6 μm, demonstrated proper attachment
of a singlemolecule. Next, at a fixed force, we rotated the
cylinder, yielding an extension-rotation curve (Figure 6c,
two different forces shown; see also Methods). The
rotational response of the dsDNA, with its characteristic
symmetric response under low forces and asymmetric
response to rotation under high forces,33 demonstrates

Figure 6. Characterization of quartz cylinders in an OTW. (a) The average torque exerted on an untethered quartz cylinder
as a function of rotational frequency. Data are shown in red circles for a large cylinder (cone-shaped with 500 nm top
diameter, Figure 3d) and in blue squares for a smaller cylinder (200 nm top diameter, Figure 3c). The inset shows a zoom
on the data for the smaller cylinder. At each rotational frequency, the optical torque was recorded for 5 s.
(b) Force-extension curve of a dsDNA attached to a quartz cylinder with a centered protrusion (blue points). The red
curve shows a fit to the worm-like chain model. (c) Rotation-extension curves of a dsDNA attached to a quartz cylinder
with a centered protrusion under stretching forces of 0.5 pN (black points) and 2 pN (red points). The rate of laser
polarization rotation equaled 1 turn/s.
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that the dsDNA is multiply tethered to the centered
protrusion. This demonstrates that electron beam-fabri-
cated quartz cylinders are fully capable of manipulating
single biomolecules in the OTW, providing a new tool for
their subsequent study.

CONCLUSIONS

We have developed a novel method based on
electron beam lithography for the fabrication of quartz

cylinders. In comparison to approaches based on
optical lithography, our method provides far greater
versatility: a larger range of cylinder dimensions and
more complex geometries were fabricated, under
conditions of across-wafer uniformity. We have also
developed a novel approach for the selective functio-
nalization of quartz cylinders, whichwas demonstrated
successfully through its use in the stretching and
twisting of DNA in an OTW.

METHODS
Fabrication and Functionalization of Quartz Cylinders. Fabrication of

the quartz cylinders was performed on 100 mm diameter x-cut
single-crystal quartz wafers (University Wafer, USA) and com-
prised 14 principal steps (Figure 2).

In the first step, the wafers were ultrasonically cleaned in
fuming nitric acid (100% HNO3) for 10 min (Figure 2, Step 1),
rinsed in deionized (DI) water and spun dry. Then, the wafer
surface was primed for resist adhesion using hexamethyldisila-
zane by spin-coating at 1000 rpm for 55 s (Figure 2, Step 2). For
the fabrication of small cylinders (height <0.8 μm, Figure 3a-c),
after priming, a 380 nm layer of NEB-22A2E negative electron-
beam resist (Sumitomo Chemical Co.) was spin-coated onto the
wafer at 1000 rpm for 55 s and baked for 3 min at 110 �C
(Figure 2, Step 3). For the fabrication of larger cylinders (height >
1.5 μm, Figure 3d-f), it was necessary to apply a thicker layer of
resist. In this case, the solution of NEB-22A2E resist was first
spread out on the wafer by spin-coating at 500 rpm for 4 s, after
which the resist solution was concentrated by evaporating the
solvent on the wafer for 3 min in the spin-coater. The wafer was
subsequently spun at 1000 rpm for 55 s and baked for 3 min at
110 �C. The layer of NEB-22A2E resist prepared by this method
has a uniform-film thickness of about 1.4-1.6 μm,which greatly
exceeds the maximum possible spin-coated thickness as deter-
mined by the resist solvent content and specified by the resist
supplier. Following the spin-coating of resist, a 20 nm gold layer
is deposited on top of the resist (Figure 2, Step 4) using a
resistive thermal evaporator (Leybold-Heraeus L560). This gold
layer serves as a reflective layer to facilitate the focusing on the
electron beam lithography machine (Leica EBPG 5000þ) and
additionally provides a charge dissipation path during electron
beamexposure. At this point, the sample is ready for patterning.

Feature patterning (Figure 2, Step 5) is performed on a Leica
EBPG 5000þ (acceleration voltage 100 kV, aperture 400 μm).
The cylinders were exposed as single pixels, whereby the pixel
size was adjusted by defocusing a small electron spot to reduce
the irregularity of the feature shape. Nominal pixel diameters of
200 nm (Figure 3c), 300 nm (Figure 3a,b), and 500 nm
(Figure 3d-f) were achieved by defocusing electron spots with
currents of 9, 12, and 38 nA (corresponding to estimated 12, 14,
and 24 nm before defocusing, respectively). Doses equaled
5000 μC/cm2 with a 20 nm beam step size (BSS) (for 200 and
300 nm pixels) or 100 μC/cm2 with a 200 nm BSS (for 500 nm
pixels). The beam settling time was set to 10 μs to minimize the
overall patterning time (per billion cylinders, machine time was
∼10 h for 200 and 300 nm pixel sizes, and ∼8.5 h for 500 nm
pixel sizes). Cylinders were arranged in a hexagonal array with
pitches of 1μm(for 200 or 300 nmcylinders) or 3 μm(for 500 nm
cylinders), yielding a total of 0.4-0.8 billion cylinders.

Following electron beam exposure, the resist was baked at
105 �C for 3 min and the gold overcoat was removed by
immersing the wafer in gold etchant TFA (Transene, USA) for
∼20 s (Figure 2, Step 6), rinsing with DI water, and spinning dry.
Next, the development was done for 1min inMicroposit MF322
solution (Rohm and Haas), followed by a 15 s soaking in 1:10
diluted MF322 solution (Figure 2, Step 7). The wafer was then
rinsed in DI water and spun dry. The wafers were then dry-

etched (Figure 2, Step 8) in an inductive-coupled-plasma (ICP)
reactive-ion etcher (Adixen AMS100 I-speeder) with amixture of
20 sccm C4F8 and 10 sccm CH4, diluted in 100 sccm He. The ICP
source power equaled 2500 W, and the substrate bias RF
power equaled 300W, except for the etching of cone-shaped
cylinders (Figure 3d), where the RF bias power equaled
250 W. The pressure was maintained as low as possible,
∼1 Pa. The temperature was maintained at 0 �C for the
sample holder and 200 �C for the chamber. Under these
settings, for both the 300 and 250 W RF bias power, the
etching rate of quartz was ∼170 nm/min at the wafer center
and ∼200 nm/min at a radial distance of 30 mm from the
wafer center, and the etch selectivity of the quartz relative to
the resist masks was ∼3:1.

For the fabrication of cylinders with centered protrusions
(Figure 3f), two additional steps followed dry etching. First, the
wafer was exposed to O2 plasma in a microwave plasma system
(Tepla 100, TePla AG, Germany) to shrink the size of the resist
residues (Figure 2, Step 8a).13 The microwave power equaled
100 W, and the pressure was kept at 0.15 mbar with a 30-sccm
O2 flow. This resulted in isotropic etching of the resist at a nearly
uniform rate of∼10 nm/min across thewafer. Second, thewafer
was reloaded into the reactive-ion etcher to undergo an addi-
tional C4F8 plasma etching for 90 s using the same settings as
above (Figure 2, Step 8). This resulted in the formation of small
protrusions (Figure 2, Step 8b).

Following the C4F8 plasma etching, the wafer was cleaned
by O2 plasma (Figure 2, Step 9), in the Adixen etcher to remove
residues of the resist mask and Teflon-like polymers deposited
during the dry etching process.

We next proceeded with selective surface functionalization
(Figure 2, Steps 10-13). First, to bury the cylinders, the wafers
were spin-coated with a layer of PMMA 950 k resist (Figure 2,
Step 10) that was determined to initially exceed the height of
the quartz cylinders by∼100 nm. Its thicknesswas then reduced
by exposure to O2 plasma (settings as in Step 8a of Figure 2). For
cylinders without protrusions (Figure 3b-d), the final PMMA
thickness was ca. 10-30 nm thinner than the cylinder height,
just exposing the cylinders' top surface for functionalization
(Figure 2, Step 11). For cylinders with protrusions, the resist
thickness was reduced to a lesser extent so that only the
protrusions were accessible for surface functionalization
(Figure 2, Step 11a; Figure 5b). In both cases, the exposed
surfaces were amino-functionalized by immersing in 1% Vecta-
bond (Vector Laboratories, Burlingame, CA) in isopropyl alcohol
for 5 min, followed by rinsing with DI water and drying by
spinning (Figure 2, Steps 12, 12a). A further step yielded the
desired functional group on the surface; for example, to obtain
biotinylated cylinders the wafer of amino-functionalized cylin-
ders was immersed in 2 mg/mL EZ-Link Sulfo-NHS-LC-LC-Biotin
(Pierce Chemical Co.) dissolved in Na2CO3 buffer (100 mM,
pH 8.5) for 2 h, followed by rinsing with DI water and spinning
dry. Finally, the PMMA resist was removed with acetone in an
ultrasonic bath for 5 min (Figure 2, Steps 13, 13a), and the wafer
was rinsed with DI water and spun dry.

In the final step of the protocol, the quartz cylinders were
shaved off from the wafer (Figure 2, Step 14) using a clean
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microtome blade (DT315D50, C. L. Sturkey, Inc.)21 and stored in
TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 7.5).

Size Measurement of Quartz Cylinders. Characterization of the
quartz cylinders (Figure 3) was conducted via scanning electron
microscopy (SEM) using aHitachi S4800 and a FEI/Philips XL30S/
FEG. A wafer of 300 nm cylinders (Figure 2a,b) was used to
characterize the uniformity of cylinder dimensions across a
wafer (Figure 4). In this measurement, 20 SEM images of
individual cylinders were obtained from different radial posi-
tions on the wafer. Dimensions of the cylinders were directly
deduced from the SEM images with an accuracy of ∼8 nm per
pixel.

Testing the Functionalization of Quartz Cylinders. The functionali-
zation of the quartz cylinders' top surfaces was tested
(Figure 5a) by the binding specificity of fluorescently labeled
biotinylated oligonucleotides (biotin-50-ttagggttagggttaggg-
TAMRA, Biolegio). Using the same approach, we also tested
the functionalization of the cylinders with centered protrusions
(Figure 5c); the latter result was confirmed by direct SEM
imaging of the binding of 200 nm biotinylated microspheres
(FluoSpheres F8767, Invitrogen) onto the functionalized cylin-
der protrusions (Figure 5d).

To bind labeled oligonucleotides, the wafer of selectively
biotinylated cylinders (with or without protrusions) was first
treated with 10 μg/mL streptavidin (Sigma) in PBS buffer
(137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.76 mM KH2PO4,
pH 7.4) for 20 min, rinsed with DI water, and spun dry. Next,
1 mg/mL bovine serum albumin (BSA; Sigma) in PBS buffer was
applied onto the wafer for 20 min to prevent nonspecific
binding, followed by DI water rinsing and spinning dry. Then,
labeled oligonucleotides (10 nM, in PBS buffer) were incubated
with the cylinders for 20 min, followed by rinsing with DI water
and spinning dry. Subsequently, the wafer of cylinders was
imaged using a wide-field fluorescence microscope (IX71,
Olympus, Japan) equipped with a 532 nm diode-pumped laser
(GCL-050-L-0.5%, Crystalaser, USA). To do so, the wafer was
mounted up-side-down on the microscope. Movies (0.1 s
exposure time) were recorded, for which the first frames are
shown in Figure 5a (cylinders without protrusions) and Figure 5c
(cylinders with protrusions).

To test the binding specificity with biotin-labeled micro-
spheres, we employed the same wafer as above. Therefore, the
wafer was first ultrasonically cleaned to remove any remaining
organic coating in fuming nitric acid for 10 min, rinsed in DI
water and spun dry. Next, the cylinders were selectively refunc-
tionalized with Vectabond and EZ-Link Sulfo-NHS-LC-LC-Biotin
as above (Figure 2, Steps 11a-13a). The wafer was then treated
with steptavidin and BSA. A solution of 200 nm biotinylated
microspheres was incubatedwith thewafer for 20min, followed
by rinsing with DI water and spinning dry. The specific binding
of biotinylated microspheres was then visualized by SEM
(Figure 5d).

OTW Instrumentation. To constitute the OTW,10 the laser
(Coherent Compass CW Nd:VO4 1064-4000M) was linearly
polarized and focused by a 60� objective (CFI-PLAN-APO-VC-
60XA-WI, Nikon) into a custom-made glass flow cell mounted
onto piezo-actuators (P-517.3CD, Physik Instrumente). We used
a fast electro-optical modulator (EOM; LM 0202-LT, LINOS) in
combination with a quarter-wave plate (PWPS-1064-10-4, CVI
Melles Griot) as a polarization control system. The torque
transferred to the trapped particle was measured optically
(Figure 1c) by two identical fast intensity detectors (DET10C/
M, Thorlabs) from the imbalance of the two circular components
of the polarization at the trap output, separated using a quarter-
wavelength plate and a polarizing beam splitter (PBS-1064-100,
CVI Melles Griot). The linear displacement of the quartz cylinder
in the trap (and hence the force), as well as its height above the
surface, were detected via a position-sensitive device (PSD;
DL100-7PCBA3, Pacific Silicon Sensor). To obtain constant force,
the force measurement was fed back to the piezo-actuators to
adjust the linear displacement of the trapped particle, clamping
the force at a specified set point. For measurements of quartz
cylinders in the OTW, the power entering the objective equaled
100 mW and data was acquired at 100 kHz.

Flow Cell Assembly and DNA Constructs. Flow cells were as-
sembled from microscope coverslips with a parafilm spacer.

For experiments on quartz cylinders alone, the bottom surface
was coated with nitrocellulose (0.01% (wt/vol) in amyl acetate),
followed by an incubation of 10 mg/mL BSA for 30 min to
prevent nonspecific adhesion of quartz cylinders (prepassivated
with 5 mg/mL BSA for 20 min prior to introduction into the flow
cell). For experiments on quartz cylinders bound to DNA, an
incubation of the flow cell with 0.1 mg/mL antidigoxigenin
(Roche) in PBS for 30 min (to provide for DNA attachment)
preceded the BSA incubation.

We used 7.9 kb dsDNA molecules ligated at their two
extremities to∼0.6 kb PCR fragments functionalizedwithmulti-
ple biotin and digoxigenin groups, respectively.25 dsDNA con-
structs were incubated in the passivated flow cell for 30 min in
tethering buffer (320 mMNaCl, 10 mM Tris-HCl, 1 mM EDTA, pH
7.5) and then again for 30 min in the presence of an additional
0.1 mg/mL streptavidin. Then the quartz cylinders (with bioti-
nylated protrusions), which had been prepassivated in 5mg/mL
BSA for 20 min, were added, to be followed by an additional
30min incubation. Following each incubation step, the flow cell
was flushed thoroughly with tethering buffer. After the final
flushing step, only the dsDNA-tethered cylinders remained in
the flow cell.
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