
2 Cornell NanoScale Facility

B
IO

LO
G

IC
A

L 
A

P
P

LI
C

A
TI

O
N

S

Tunable Elliptical Cylinders for Rotational Mechanical Studies of Single 
DNA Molecules

CNF Project Number: 1738-08

Principal Investigator(s): Michelle D. Wang
User(s): Yifeng Hong

Abstract:
The angular optical trap (AOT) is a powerful 
technique for measuring the DNA topology and 
rotational mechanics of fundamental biological 
processes. Realizing the full potential of the AOT 
requires rapid torsional control of these processes. 
However, existing AOT quartz cylinders are 
limited in their ability to meet the high rotation 
rate requirement while minimizing laser-induced 
photodamage. In this work, we present a trapping 
particle design to meet this challenge by creating 
small metamaterial elliptical cylinders with tunable 
trapping force and torque properties. The optical 
torque of these cylinders arises from their shape 
anisotropy, with their optical properties tuned 
via multilayered SiO2 and Si3N4 deposition. We 
demonstrate that these cylinders can be rotated at 
about three times the rate of quartz cylinders without 
slippage while enhancing the torque measurement 
resolution during DNA torsional elasticity studies. 
This approach opens opportunities for previously 
inaccessible rotational studies of DNA processing.

Summary of Research:
We have achieved our goal by creating smaller 
elliptical cylinders with tunable trapping force 
and torque properties1. Instead of using optical 
birefringence for optical torque generation 
as with the quartz cylinders, these elliptical 
cylinders experience an optical torque via their 
shape anisotropy because the major axis of their 
elliptical cross-section tends to align with the 
laser’s linear polarization (Fig. 1, A and B). These 
cylinders are made of a metamaterial that affords 
an effective index of refraction higher than quartz 
via alternating layers of SiO2 and Si3N4 (Fig. 1C).

We optimized the optical force, torque, and trapping stability 
by tuning the size, shape, and composition of these particles 
via an established COMSOL simulation platform1,2. Then, 
we nanofabricated the metamaterial elliptical cylinders with 
the targeted dimensions obtained from simulations via a top-
down, DUV lithography-based process (Fig. 2A). The liftoff 
method for cylinder collection resulted in more uniform 
metamaterial elliptical cylinders with ~ 4-times volume 

Figure 1: Operational principle of a metamaterial elliptical cylinder in 

metamaterial.



32024-2025 Research Accomplishments

B
IO

LO
G

IC
A

L A
P

P
LIC

A
TIO

N
S

reduction compared with the conventional quartz 
cylinders (Fig. 2, B and C).
We validated the trapping properties of these 
nanofabricated metamaterial elliptical cylinders with 
the AOT. We showed that our metamaterial elliptical 
cylinders can generate a maximum force and a maximum 
torque comparable to the quartz cylinders (Fig. 3, A and 
B). In addition, we measured the rotational motion of 
metamaterial elliptical cylinders and found they show a 

resulted in ~ 3- times faster cylinder rotation rate without 
slippage (Fig. 3B).

 of the metamaterial elliptical 

noise ratio (SNR) in the torque measurement of a DNA 

of a DNA molecule, which was experimentally validated 
via the DNA torsional measurements (Fig. 4, A, B, and 
C).

Conclusions and Future Steps:
We demonstrated, both theoretically and experimentally, 
that our small-size biocompatible metamaterial elliptical 
cylinders can permit cylinder rotation about three 
times the rate of the quartz cylinders while providing 
high force and torque for DNA torsional mechanics 
studies with enhanced torque resolution. Moreover, our 
methodology offers versatility in tuning the refractive 
index, shape anisotropy, and cylinder size to optimize 
the trapping properties. We anticipate that using these 
cylinders can enable previously inaccessible rotational 
studies of DNA-based biological processes. 
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