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Abstract

This thesis explores innovative approaches to improve sensitivity of surface plas-
mon resonance (SPR) sensors and nanoaperture optical tweezers (NOT) technique
for biomolecule analysis.

A significant enhancement in the sensitivity of surface plasmon sensors by 3.3 times
and a quadrupling of resolution are presented compared to conventional SPR sensors.
The optimal design parameters for generating short-range modes on a gold film (pe-
riod: 250 nm, gap size: 40 nm, thickness: 10 nm) are identified using rigorous coupled
wave analysis (RCWA) to achieve minima for incident angle and wavelength, following
the same configuration as conventional SPR sensors which employ a standard 50 nm
thick gold film and Kretschmann-Raether coupling with a light wavelength of 760 nm.
Finite difference time domain simulations confirm the correspondence of short-range
surface plasmon modes to localized surface plasmons (LSP). By using the field con-
finement capability of short-range surface plasmon (SRSP) modes, higher sensitivity
in SPR is achieved, facilitating the characterization of biomolecule interactions.

The second study introduces novel approaches to enhance the colloidal lithog-
raphy technique commonly used. The simplification of nanoaperture detection and
characterization is achieved by charge coupled device (CCD) images and polarization-
dependent transmission, eliminating the need for a scanning electron microscope
(SEM), which otherwise makes the process time-consuming and costly. By employing

polarization analysis, configurations of the holes, including single, trimers, and other
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clusters, along with their orientations, can be identified. Furthermore, changing the
substrate of the sample from glass to polyvinyl chloride (PVC) results in a seven-
fold decrease in the minimum required power for trapping 20 nm polystyrene beads,
attributed to reduced surface repulsion. Lastly, the utilization of tape exfoliation
instead of sonication in ethanol is presented, which preserves the uniform apertures
on the gold surface.

In the third study, an innovative method is presented for rapidly trapping single,
unlabeled proteins in a NOT system. By integrating the principles of dielectrophore-
sis and NOT, a significant 10-fold reduction in trapping time is achieved, along with
the successful trapping of Neuropeptide Y, which has a molecular weight of only 4
kDa. This improvement is obtained by placing the counter electrode on a glass sub-
strate outside the solution, thereby creating a fringe field that enhances the trapping
performance. Placing the counter electrode directly in the solution does not generally
lead to faster protein trapping. However, it is observed that electrophoresis can ex-
pedite the trapping of polystyrene spheres, especially with increasing applied voltage.
This effect is attributed to changes in the repulsive surface potential. This voltage-
dependent trapping enhancement is only observed with positive applied voltages.

Furthermore, in other projects, extraordinary acoustic Raman (EAR) spectroscopy
was used to trap a 20 nm polystyrene sphere. An optimal power level is observed
for exciting the vibrational modes in the nanoparticle and simultaneously obtaining

sharp peaks in the normalized standard deviation (NSTD) of the noise versus beat fre-



quency spectrum. Additionally, PR65, which is a subunit of the protein phosphatase
2A (PP2A), is trapped, and its acoustic vibration modes are excited using the EAR
technique. The experimental results demonstrate that the vibrational modes occur
at frequencies of 9.29 GHz, 19.28 GHz, 30.23 GHz, and 41.18 GHz, which align with
the results obtained through normal mode analysis (NMA). It is noteworthy that
this technique offers the advantage of being single-molecule and label-free compared
to conventional methods used for biomolecule characterization. The characterization
of PR65 serves as a valuable model for understanding the structural regulation of

various repeat proteins.
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Chapter 1

Introduction

This thesis explores novel approaches to enhance sensitivity and trapping techniques
for protein analysis. By employing local resonances from periodically arranged short-
range modes in a configuration similar to traditional SPR sensors, the sensitivity can
be increased threefold, and the resolution can be quadrupled, considering shot noise.
Furthermore, applying certain ideas to existing sample fabrication and measurement
procedures can enhance the trapping process. In the conventional colloidal lithog-
raphy process used for sample fabrication, the detection of double nanohole (DNH)
structures can be simplified by utilizing CCD images and polarization-dependent
transmission, eliminating the need for expensive and time-consuming scanning elec-
tron microscopy (SEM) images. Additionally, tape exfoliation provides a more uni-
form removal of polystyrene beads without the damage that can occur with sonication

or chemical methods. Changing the sample substrate from glass to vinyl significantly



reduces surface repulsion and enables faster particle trapping. Time to trap can
be increased tenfold by integrating dielectrophoresis and NOT techniques, utilizing
voltage, and creating fringe fields to overcome the diffusion limit. Lastly, the thesis
demonstrates the feasibility of utilizing EARS to identify the vibrational modes of
PR65, a subunit of PP2A. These findings align with the results obtained through
normal mode analysis, thereby providing a deeper understanding of the structural

regulation of repeat proteins.

1.1 Motivation

Three works have been completed in this thesis. Here, the motivation for each work

is discussed.

1.1.1 Increasing sensitivity in SPR biosensors

The SPP is exponentially bound to the surface, which gives good sensitivity to changes
in refractive index near the surface, and this is the theory behind the SPR sensors.
The sensitivity and limits of detection of the various SPR sensors show variations
depending on the method employed to excite the surface plasmon [1, 2, 3, 4]. How-
ever, they can be adjusted to the order of 107° in bulk refractive index changes,
corresponding to a detection limit of 1-5 pg mm~2 for biomolecules adsorbed at the

sensor surface. Nonetheless, this resolution proves inadequate for directly detecting



low concentrations of small molecules, necessitating detection limits of 0.1 pg mm™2

or lower [5]. The engineering of these commercial systems takes into account several
factors, including the wavelength and type (LED vs. laser) of the light source, the
type of metal used, the thickness of the metal layer, the detector type (single channel
vs. detector array), data acquisition parameters (dynamic range, analog-to-digital
conversion, and acquisition time), and cost. Nonetheless, a potential exists to im-
prove surface sensitivity and resolution by employing short-range surface plasmon
modes alongside localized surface plasmon (LSP) resonances. This study aims to
leverage the existing commercial SPR platform and explore the application of SRSP
modes in sensing. By incorporating a rectangular stripe grating on a 10 nm thick gold
film, a 3.3 times higher surface sensitivity and four-fold improvement in resolution
are achieved. Thus, using these chips is promising for more sensitive SPR sensing in

future applications.

1.1.2 Improving the colloidal lithography technique for fab-
rication of double nanohole samples

Although many existing methods involve labeling or tethering, which disrupts natural
function, nanohole optical tweezers have shown great potential in studying nanopar-
ticles and various molecular interactions without the need for modifications of the

nanoparticles. However, the fabrication and localization of double nanohole (DNH)



apertures have been limited to specialized facilities and require additional registration
steps. The second work aims to overcome these limitations by introducing a polar-
ization and transmission-dependent technique for localizing and characterizing DNHs
on a substrate and determining their orientation. Additionally, using low-repulsion
substrates and tape fabrication is explored to enhance trapping efficiency and pre-
serve high-quality apertures. These advancements make DNH aperture trapping more

accessible and efficient for various applications.

1.1.3 Decreasing time to trap in nanoaperture optical trap-
ping
In addition to fabrication, the trapping process is slow due to diffusion limitations.
The trapping time duration can be from minutes to even hours. This significantly
complicates the study of particles, making it more difficult and time-consuming. The
third work aims to overcome these limitations by introducing a novel approach using
NOTs and electric fields. By placing the counter electrode on the dielectric substrate
opposite the solution, a fringe field is created, significantly reducing trapping time
for unlabeled proteins. This innovative technique enhances the speed and efficiency
of single protein analysis, opening new avenues for studying biomolecular dynamics

in physiological environments.



1.2 Organization of the dessertation

This dissertation consists of three papers, each incorporating substantial contributions
from the author. The forthcoming sections will delve into these papers, along with
additional research that remains unpublished in a journal but has been presented at

two conferences.

1.3 Contributions

1.3.1 Improving the sensitivity of existing surface plasmon
resonance systems with grating-coupled short-range sur-
face plasmons

E.B. was responsible for calculations, simulations, and analysis tasks. Z.S. observed
the entire procedure and helped with preparing the figures. R.G. conceived the
method, provided assistance with data analysis, and took the lead in writing the

manuscript.

1.3.2 Accessible high-performance double nanohole tweezers

E.B. conducted nanofabrication and measurements associated with modifying the

substrate. G.H. performed measurements, analysis, and simulation regarding polarization-



dependent DNH localization and orientation and wrote the manuscript. M.D. per-
formed the fabrication process for tape exfoliation. S.I. provided assistance in writing
the manuscript. J.E. helped with measurements related to polarization-dependent
DNH localization. M.S. and L.S. provided the PR65 protein. R.G. devised the ex-

periments, assisted with data analysis, and contributed to writing the manuscript.

1.3.3 Fringe dielectrophoresis nanoaperture optical trapping
with an order of magnitude speed-up for unmodified
proteins

E.B. was responsible for conducting all nanofabrication, measurements, and analysis
tasks, as well as writing the manuscript. D.W. provided assistance with data analysis
and also contributed to manuscript writing. R.G. devised the experiments, provided

guidance in data analysis, and participated in manuscript writing.



Chapter 2

Theoretical foundations,
methodology, and experimental

techniques

2.1 Introduction

This chapter of the thesis delves into a comprehensive explanation of the fundamental
principles and concepts underlying the projects. It provides a detailed account of the
theoretical framework that forms the basis of the research, elucidating the method-
ologies employed and the experimental techniques utilized. This chapter serves as a
vital resource for understanding the groundwork and approach adopted throughout

the thesis, shedding light on the theoretical underpinnings and the practical aspects



of the projects undertaken.

2.2 Plasmonics

In this section, the surface plasmon polariton SPP and the dispersion relation for
the propagation of SPPs at the interface are explained. Additionally, two methods
of phase matching, namely prism coupling and grating coupling, are introduced to
excite the SPPs at the planar interface. The RCWA is also explained to determine
the interaction of light with periodic structures. Furthermore, important parameters
that demonstrate the efficiency of SPR sensors, such as resolution and sensitivity, are

defined.

2.2.1 Swurface plasmon polaritons at a single interface

By considering the transverse magnetic (TM) modes and defining the direction of
the propagation of light along the x axis as can be seen in Figure 2.1, the following

relations can be obtained from Maxwell’s equations:

E = — 2.1
* Zweoe 0z (2.12)
s
E, =— H 2.1b
il (2.1b)
0*H
8723/ + (k’(Q]E - ﬁQ)Hy = 0, (21C)
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Figure 2.1: Surface plasmon polariton at the interface of metal and dielectric

. [6]Copyright (©)2017, Annual Reviews



and for transverse electric (TE) modes:

1 OF
H, = 2_&
Wiy 0z
H, = iEy
Whto
O*E
822y + (kje — 52>Ey =0

10

where 1y and €y are the permeability and permitivity of free space. kg is the wave

vector in free space and [ is propagation constant. We consider half of the space (z

> 0) with the positive real dielectric constant of €, and the other half (z < 0) filled

with metal with the dielectric function of €;(w). Due to metallic characteristics, we

know Rele;] < 0. Using the equation set of 2.1, we can derive the following equations:

Hy — A2626$6—k22

WEp€

E.(z) = —Ag—ﬁ P o k2z

WeEp€a

k2eiﬁm€—kgz
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for 2 < 0 and,

H, = Ae'Prek= (2.4a)
. 1 iBxr _kiz
E.(z) = —iA; kiereM (2.4b)
WeEper
E.(z) = —Alieiﬁzeklz (2.4¢)
WeEp€q

for z > 0.
Considering continuity of electric field flux (D) and magnetic field at the interface

we obtain A; = Ay, so:

k__e (2.5)

We should note that we only have surface waves when the signs of the real com-
ponents of the dielectric permittivity are opposite on the two sides. By considering

Equation 2.1 for Hy:

k2 = B — kiey (2.6a)

k3 = 32 — kiey (2.6b)

from the above equations and Equation 2.5, we have the following dispersion relation

for propagating of SPPs at the interface:



€1€2

B =ko

€1+62

from Equations 2.2a - 2.2¢, for electric field components:

E,(z) = AgetBreh2z

H,(z2) = —iAgierwxe_kQZ
WHo
H.(z) = Agie’ﬂ%_k”
WHo

for z > 0 and,

E,(z) = AT k=
Hm<2) = iAlikleiB“eklz
Who

H.(z) = Aliew‘”eklz
WHo

for z < 0. Applying the boundary conditions for the electric

the interface:

Al(lﬁ + k'Q) — 0

12

(2.7)

and magnetic field at

(2.10)

To have confinement, the real part of k; and ks should be both positive, meaning that
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Ay = Ay = 0. Therefore, there are no surface plasmon polaritons for TE modes.

2.2.2 Extraction of surface plasmon polaritons (SPPs) at pla-
nar interfaces

This chapter introduces two important methods: prism and grating coupling. These

methods are used for phase matching to excite SPPs.

Prism coupling

At the interface of the metal and dielectric, SPP cannot occur since 8 > k, where
k is the wave vector in the dielectric medium. Also, k, = ksin(f) is smaller than
the SPP propagation constant g for any angle to the surface normal, @, even the
grazing angle. So, phase matching never happens. However, phase matching can be
achieved when a metal layer is sandwiched between two dielectric layers with different
dielectric constants. In this way, the momentum of k, = k+/esin(f) that is related
to the reflected incident light from the higher index dielectric side in the shape of a
prism can excite the SPP at the interface of a metal and lower index dielectric, which
is air here as it can be seen in Figure 2.2. A dip can be seen in the reflected light
when an SPP occurs since most of the light propagates on the surface. Therefore,
coupling occurs by tunneling the excitation beam into the metal/air interface, which
is known as attenuated total internal reflection. There are two configurations for

prism coupling. One is the Kretschmann method [7] in which metal is evaporated
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onto one side of the glass prism. Incident light with an angle greater than the critical
angle of total internal reflection can excite the SPP at the metal-air interface by
tunneling. The other method is Otto configuration [8]. Excitation of SPP, through
mode matching, is a leaky process since there is always absorption in the metal and
radiation through the prism. When the reflected part of the excitation beam and
leakage radiation have destructive interference, the minimum intensity can be seen in
the reflected light. For an optimum thickness of the metal, destructive interference is

zero, so the leakage radiation can be eliminated from the reflected beam intensity.

air ‘e—— prism
" metal/air interface

metal/prism interface

Frequency
N\

Wave vector

Figure 2.2: Prism coupling and dispersion relation curves [9]Copyright (€)2007,

Springer

Grating Coupling

Another way to create mode coupling at the interface of metal and dielectric is to

create grooves on the metal with a specified lattice constant. Fulfilling the following
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condition, mode matching can take place at the interface [9]:

B =ksin(f) £ vg (2.11)

%” is the reciprocal vector of grating, a is the lattice

In the above condition, g =
constant, and v = (1,2,3,...). Like the prism coupling, excitation of SPP can be

detected when there is a minimum in the reflected light. As shown in Figure 2.3 k),

equals to ksin(#).

Figure 2.3: Phase matching of light to the SPP using grating configuration. k shows
the wave vector of incident light and k)| is it’s component parallel to the surface [9]

Copyright (©)2007, Springer
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Rigorous coupled wave analysis (RCWA)

Rigorous Coupled Wave Analysis (RCWA) is a method for studying electromagnetic
waves in periodic structures. RCWA solves Maxwell’s equations in Fourier space for
layered structures along the Z direction. It uses matrices, eigenvectors, and eigen-
values to compute electromagnetic field solutions. Mode coefficients and exponential
factors depict mode propagation. RCWA is suited for structures with moderate peri-
odicity and index contrast, and it models interactions between layers using scattering
matrices. The method involves calculating parameters within each layer, linking lay-
ers with boundary conditions, and deriving mode coefficients for wave propagation.
So, by applying that, the reflection and transmission coefficient at the upper and
lower space can be related to each other and be determined. The RCWA codes were
used from an open-source package prepared by Bo Zhao at the Georgia Institute of

Technology.

2.2.3 SRSP, LRSP, and the motivation for utilizing SRSP in

SPR sensor

In this section, the short-range surface plasmon (SRSP) and long-range surface plas-
mon (LRSP) are explained, and the reasons why SRSP can be used as a modification
to existing SPR sensors are discussed.

Long-range surface plasmon: Long-range SPPs refer to the conventional SPPs
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that are excited in systems with a thicker metal film (e.g., 50 nm thick gold film).
These SPPs have a smaller propagation constant and are less confined to the metal
surface. They are typically used in commercial SPR biosensors [10].

Short-range surface plasmon: Short-range SPPs (SRSPs) are a type of SPP that
can be obtained by using insulator-metal-insulator (IMI) structures with a reduced
metal thickness (e.g., 10 nm gold film). These SRSPs are more tightly confined to
the metal surface, leading to increased sensitivity to changes in the refractive index
near the surface [11].

The motivation for modifying the existing thin film SPR sensor by making the
film thinner and adding a grating is to achieve even greater surface sensitivity. By
reducing the gold film thickness and employing a periodic grating structure, light
can be coupled into the SRSP modes while the same prism coupling configuration
is retained. The grating-assisted coupling enhances the coupling efficiency and al-
lows for better excitation of the SRSP modes. The LSP resonances arising from the
propagation and reflection of the SRSP modes are utilized to improve the coupling.

In this context, the objective is to address the problem of designing a more sen-
sitive SPR sensor chip. This goal can be achieved using the SRSP modes and LSP
resonances within the existing commercial SPR platform. The application of RCWA
enables the determination of the modified sensor’s surface sensitivity, consisting of a
10 nm thick gold film and a rectangular stripe grating configuration. Importantly,

if the modified chip operates within the same range as the existing devices, it will
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facilitate integration and compatibility with the well-established SPR technology.
The same angle and wavelength as the existing devices can be utilized to en-
sure compatibility and easy integration with widely used commercial SPR systems in
laboratories worldwide. By adopting these parameters, the modified chip can effec-
tively interface with the established commercial SPR systems, thereby enhancing its

practicality and accessibility.

2.2.4 Resolution, sensitivity, Q-factor

In this section, the important parameters in SPR sensors are discussed both concep-

tually and mathematically.

Resolution

Resolution refers to the ability of a sensor to distinguish small changes or variations
in a measured quantity. In the context of this work, resolution refers to the ability
of the sensor chip to detect and differentiate changes in the refractive index near the
surface. Mathematically, resolution can be calculated by determining the smallest
detectable change in the measured quantity that can be distinguished from the noise.

Following equations show how resolution can be obtained in the SPR sensors.

fnoise(ea 0) - f(e, 0) + noise (212)
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A= / (F(6, An) — fuoi(6,0))° B (2.13)

In equation 2.12 f shows the function of reflection versus incident angle in the
SPR sensor. An shows the difference between the refractive index of water and the
refractive index of the adhesion layer on the gold surface. foise shows the function of
f when shot noise and digitization noise are applied to it. Shot noise arises due to the
statistical fluctuations in the number of photons detected by the sensor. Shot noise
is inherent in any optical detection system and is caused by the discrete nature of
light. To find the resolution in the sensor, we need to find the amount of An, which

makes the A minimum. In this way, we find the minimum detectable An.

Sensitivity

Sensitivity refers to the ability of the sensor to respond to changes in the refractive
index near the surface. It measures how much the sensor output changes in response
to a given change in the measured quantity. In this case, the sensitivity of the sensor
chip is specifically related to changes in the refractive index of an adlayer on the gold
film. Sensitivity can be calculated by measuring the change in the output signal of

the sensor for a known change in the input quantity.

Q-factor

The highest Q factor (quality factor) does not always give the best sensor because the

Q) factor measures the sharpness or narrowness of a peak. While a high Q factor can
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provide a narrow peak and potentially enhance the sensor’s ability to detect small
changes, it also makes the system more sensitive to noise and environmental fluctu-
ations. Therefore, in practical applications, a balance needs to be struck between a
high Q factor and the overall performance of the sensor, taking into account factors
such as noise, stability, and ease of fabrication. In some cases, a broader resonance

peak may actually lead to better overall performance and resolution.

2.3 Optical trapping setup and EARs fundamen-

tals

This section provides an explanation of the NOTs principle. It covers the setup fun-
damentals, the application of aperture forces on particles, and the process of trapping.
Additionally, it outlines the crucial parameters for assessing efficiency and analyzing
the trapping signal. The section then proceeds to describe the functioning of the
Extraordinary Acoustic Raman spectroscopy (EARs) method used to identify the vi-
brational modes of individual nanoparticles. It introduces PR65 as the specific target

for obtaining EARs data and highlights the significance of studying it.

2.3.1 Optical trapping setup

In 1986, Arthur Ashkin used a single beam to trap single nanoparticles [12, 13]. In

the conventional trapping, in the Rayleigh regime (d << ) [12], one of the effective
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forces that is applied to a particle in a trap, is related to the scattering in the direction

of propagation of the light, and can be presented as [12]:

d
Fycat = é1287.{-5(5)6( np2 — nm2 )Qnm X d—6
c 3A n,?42n,,? Al

(2.14)

where I is the light intensity, d is the diameter of the particle, A is the wavelength
of the laser, n, and n,, are particle and medium refractive index, respectively. The
other force is associated with the gradient of the electric field, is named Fjaq and is
formulated as follows [14], [15]:

nd (43 n,? —n,,?

2 2
'Y | B (2.15)

1
Fyraa = §nmaV | E |*=

where « is the polarizability of the particle. From the formulae for the particles in
the Rayleigh regime, the scattering field can be neglected, and the required power is
proportional to the inverse third power of diameter according to Equation 2.15. So,
higher powers are needed for trapping small particles in conventional trapping. How-
ever, higher power intensity could cause damage to particles, specifically biological
molecules, which are very sensitive to temperature. Trapping by using an aperture
in metal films can overcome this problem for particles with d < 100 nm. Bethe ob-
tained the transmission of light through a sub-wavelength circular hole on an infinite

perfect electrical conductor PEC plane which is known as Bethe’s theory and can be
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expressed as:

T 14Zym3 83 70

“ 2t 3 ) X (2.16)

)\4

where Zj is the free space impedance, r is the hole radius, Hy, and )y are magnetic
fields and wavelength of an incident plane wave, respectively. Moreover, having a
particle with a refractive index of n, inside the aperture scales the wavelength in
the medium to A = 2—2 and so an abrupt jump in transmitted light through the
aperture can be observed, which is another advantage of using an aperture for trapping
particles.

Using apertures on real metals with a finite thickness also has plasmonic effects
that increase the transmission through the aperture [16, 17, 18, 19]. The particle in-
side the aperture affects the surrounding electromagnetic field in the way that trans-
mitted light will be increased more. More importantly than the power limitation, the
plasmonic trap has a small trapping volume, allowing only one protein to be trapped
at a time, in contrast to conventional trapping methods [20].

As mentioned, based on Bethe’s theory, when a particle with a refractive index
of n, more than the refractive index of the medium is trapped, the transmitted
light will be increased. As the particle escapes from the aperture, the total photon
momentum through the aperture decreases. According to Newton’s third law, a
force is applied to the particle to pull it back to the previous position to keep the

total amount of photon momentum. This effect is called self induced back action
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(SIBA) and explains how particles in the Rayleigh regime can be trapped effectively
with low powers [21, 22, 23]. SIBA trapping enables the detection of the trapping
simply by altering the transmission of light through the apertures due to particle
movement. This is in contrast to other methods that require advanced scattering
schemes [24] [25] [26] and fluorescent labeling for monitoring the particles [27].
Simulations show that the force that is calculated by the perturbative gradient
force Equation 2.15 is larger than the force calculated by the rigorous Maxwell stress
tensor MST analysis of Equation 2.16 [28]. Indeed, SIBA trapping in the aperture
causes larger changes in the electromagnetic force than that predicted by the Rayleigh
scattering field, which is not accounted for in the perturbative regime. In plasmonic
based trapping, localized surface plasmons or resonances from quantum dots or atoms
are needed to enhance the electric field [29, 30, 31]. However, in aperture based
SIBA trapping, it is the particle that changes the electromagnetic field around it and
generates robust changes in transmission. Also, for detection, high resonance quality
is needed for plasmonic based trapping, but for SIBA trapping, detection can be
much easier since the apertures that are used for trapping do not add any signal to
the transmitted light data. Considering the effects of SIBA trapping, nanoaperture
optical tweezers can be used as sensors with signal to noise ratio (SNR) of up to
33 [32]. This characteristic makes aperture SIBA trapping effective for single molecule

detection and molecule interactions.
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2.3.2 Nano-aperture trap stiffness

In general, the motion of the particle in the trap can be caused by two movements:
Brownian motion, which is the fluctuations in trapping, and displacement from the
equilibrium [33]. Trap stiffness is a method that gives us the strength of an optical
trap. Stiffness can be obtained in two ways. First, by measuring the rise time from
untrapped to trapped state for transmitted light from the particle in a trap. Second,
with the auto-correlation of the data, which gives us the time constant. Furthermore,
the time constant can be derived by obtaining the power spectral density of the noise
data, fitting it to a Lorentzian function, and extracting the corner frequency, which
represents the inverse of the time constant.

Single-particle nano-aperture trapping can be utilized for characterizing various
parameters in nanoparticles or solutions, including diameter, concentration, and re-
fractive index of the particles [34]. The time it takes for particles to be trapped and
the duration required for a particle to become trapped after the laser is activated
is directly proportional to the particle’s diffusion time in the solution. Based on
particle diffusion theory in a solution, the time to trap a particle exhibits a linear
relationship with the nanoparticle size and a power-law dependence of -2/3 on the
concentration [35, 34].

The refractive index of the particle can also be calculated according to the Clau-
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sius—Mossotti factor K given by:

€, — €m
K= €p+€ (2.17)
P m

K is a factor that quantifies the changes in the transmission level when the particle
transitions from an untrapped state to a trapped state.

Although trapping with circular apertures can be achieved with lower laser powers
compared to conventional trapping, studies have indicated that trapping using dou-
ble nanoholes offers greater stability than trapping using a single circular aperture.
Utilizing double nanoholes causes nanoparticles to hop between two minimum energy

points on the aperture structure located at the cusps of the aperture [36].

2.3.3 Nanoaperture optical tweezer for protein studies

Typically, when studying proteins, single protein binding is employed, and the in-
vestigation focuses on the free side of the proteins. However, this approach presents
some disadvantages, as one side of the protein becomes blocked, thereby restricting
the protein’s natural motion. This problem can be addressed by utilizing a double
nanohole aperture trapping method. When a single protein is trapped between the
cusps of the double nanohole aperture, it can retain its natural motion. The presence
of the particle leads to a change in the refractive index of the surrounding region,

resulting in an increase in light transmission.
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Figure 2.4a shows a schematic of an optical tweezers setup that enables the acqui-
sition of extraordinary acoustic Raman spectroscopy (EARs) of nanoparticles. This
setup utilizes two lasers instead of a single laser for typical trapping. One laser is
employed for particle trapping within the double nanohole region at the fixed wave-
length, as explained earlier, as shown in scanning electron microscope (SEM) Figure
2.4b. The wavelength of the other laser is adjusted to sweep the beat frequency, which
corresponds to the difference between the frequencies of the two lasers. When this
beat frequency coincides with the vibrational mode frequency of the trapped particle,
the vibrational mode becomes excited, resulting in a peak in the standard deviation

(STD) of the noise signal as a function of the beat frequency.
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Figure 2.4: a. Schematic of dual laser optical tweezers setup: optical isolator (ISO),

fiber polarization controller (FPC), optical spectrum analyzer (OSA), fiber launcher
(FL), half-wave plate (HWP), mirror (MR), beam expander (BE), dichroic reflector
(DI), CCD camera (CCD), microscope objective (MO), optical density filter (ODF),
avalanche photodiode (APD). b. SEM image of a DNH c. Trapping event of 20 nm
polystyrene Copyright (©)2021, IEEE
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2.3.4 PRG65

PR65 is a scaffold protein subunit in the protein phosphatase 2A (PP2A) enzyme as
can be seen in Figure 2.5. PR65 is highly susceptible to mutations, and these muta-
tions can affect its mechanics and dynamics, potentially leading to pathogenic effects.
Therefore, investigating the effect of mutations on the conformational dynamics of

PR65 is of the highest importance.

; “. v Repeats 1315
" Extended: Apo {1b3u) open sideways

Figure 2.5: PR65 functions as a scaffolding protein subunit within the protein phos-
phatase 2A (PP2A) complex. [37][38] Copyright (©)2007, Nature Publishing Group
UK London Copyright (©)1999, Elsevier

Studies on PR65 have investigated its role in PP2A enzyme regulation, its re-
sponse to mechanical forces, and its interaction with other proteins. Previous studies
have used molecular dynamics simulations and elastic network models to explore the

dynamics and functional aspects of PR65. However, the atomic-level investigations
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into the effects of mutations on PR65’s structure and dynamics have been limited.

The utilization of extraordinary Raman spectroscopy in an optical tweezers setup
aims to offer additional insights into PR65. By employing this technique, it becomes
possible to investigate the conformational changes, mechanical properties, and inter-
action dynamics of PR65 under controlled conditions. The EAR setup provides the
ability to understand the role of PR65 in PP2A regulation and potential implications
for disease development.

In summary, vibrational modes of proteins are important because they play a cru-
cial role in their structure, function, and dynamics. Proteins are dynamic molecules
that constantly undergo internal motions, and these motions are facilitated by their vi-
brational modes. The combination of computational simulations, experimental anal-
ysis, and extraordinary Raman spectroscopy in an optical tweezers setup provides a
comprehensive approach to studying the effects of mutations on PR65 and under-
standing its role in enzyme regulation and disease development. To establish the
credibility of the EAR spectra, it is necessary to ensure experimental reproducibility

and compare the results with other theoretical and simulation studies.

2.3.5 Sample preparation

For the preparation, polystyrene beads and protein solution were used. Polystyrene
beads were suspended in water and proteins were suspended in 0.01 M phosphate-

buffered saline (PBS). The concentration for both of them was 0.1% w/v.
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2.4 Using PVC as the substrate in fabrication with

colloidal lithography

2.4.1 Surface charge effects on DNH optical trapping

With the use of double nanohole gold apertures, we have been able to trap at much
lower powers than conventional optical trapping, but it is still desirable to minimize
the required power as much as possible in order to trap particles that are very temper-
ature sensitive. Thus far these double nanohole samples were prepared on glass slides
and the nanoparticles were suspended in water. Due to the high dielectric constant of
water at low frequencies, most surfaces become charged when immersed in water [39)].
This charging of a material’s surface creates an electric field that attracts counterions
in solution, and the charged surface along with the layer of counterions, is commonly
described as an “electrostatic double layer”. A common model of the electrostatic
double layer proposed by Stern can be seen in Figure 2.6. This model combines ideas
of previous models by Helmholtz and Gouy-Chapman and consists of the inner Stern
layer where ions are directly absorbed on the surface and immobile, and the outer
Gouy diffuse layer where mobile ions are distributed according to Poission-Boltzman
statistics [39]. With the electrostatic double layer there also arises electrostatic dou-
ble layer forces between two charged surfaces. Simply, when the two double layers

approach the concentration of free ions increases, causing an osmotic pressure that
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repels the two surfaces, making the electrostatic repulsion force fundamentally differ-
ent from the Coulomb force [39]. This repulsion force is true for surfaces of constant
charge or constant potential that have equal signs and even unequal plates of oppo-
site signs since is predominantly depends on the increasing concentration of ions in
between the surfaces [39]. Furthermore, it can be shown that the magnitude of this
force depends on the surface charge density of the two surfaces [39]. When trapping
polystyrene submersed in water with a glass sample, a repulsion force is expected
since glass gains a negative surface charge in water [41] and polystyrene also has a
negative surface charge [42]. The repulsion forces scale exponentially with distance
and are present at relatively large distances [43]. Since the electrostatic double force
depends on the surface charge densities of surfaces, there are several ways that the
repulsion force can be minimized. First, by adding salts to the solution the solubility
of water decreases as the salt ions attract the water molecules, and in the case of
glass immersed in water cause less of the silanol groups to become ionized by denot-
ing protons to HsO to form hydronium [41]. Therefore, due to the lower surface
charge density on the surfaces, the repulsion forces are therefore minimized. This
effect scales with increasing salt concentration [43].

Since the presence of surface charges is necessary for the electrostatic double layer
force, by choosing a solvent in which the surfaces do not ionize the repulsive force
can be minimized [39]. In the case of glass and polystyrene, a non-polar solvent can

minimize the ionization of the glass surface and reduce the forces between glass and
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polystyrene [43].

By using a more hydrophobic substrate such as polyvinyl chloride (PVC) which
is a kind of plastic to prepare the sample, the surface molecules do not ionize as
easily which also decreases the surface charge density and thus the repulsion force.
Quantitatively, the surface repulsion can affect the trapping forces acting on particles
or molecules near the surface. It can modify the equilibrium positions, stability, and
dynamics of the trapped species. Specifically, the magnitude of the surface repulsion
determines the distance at which the trapping forces become significant and can
counteract other attractive forces.

In some cases, the surface repulsion can lead to a repulsive barrier that prevents
particles from approaching the glass surface closely since glass is a hydrophilic sub-

strate. This barrier hinders the efficient trapping of particles.

2.4.2 Method of fabrication with PVC substrate

In this section, the process of fabricating the double nanohole apertures on PVC is
explained. The effect of the incident power is compared, on the same aperture sizes,
on vinyl versus glass substrates.

We used colloidal lithography to fabricate double nanohole apertures on a gold
film. Microscope coverslips made of PVC, with a size of 22 mm x 22 mm, were
plasma etched for 10 minutes and then sonicated in an ethanol bath for 8 minutes.

10puL solution of polystyrene spheres in ethanol, with a diameter of 300 nm and a
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concentration of 0.01% w /v, was evenly drop coated on the slides. This concentration
is optimal to have a sufficient amount of double spheres on the surface. Using a lower
concentration only produces single particles, and higher concentrations cause particle
aggregation. After drying the slides through evaporation, the slides were plasma
etched for 200 seconds. Plasma etching causes the nano-spheres to shrink, and by
controlling the time of plasma etching, the desired size of particles can be obtained.
At this point, the slides were sputtered (using the MANTIS Sputtering System) first
with 5 nm Ti as an adhesion layer and then with 70 nm Au. After sputtering, the
samples were sonicated in an ethanol bath for 8 minutes to remove the nanoparticles.
A thickness of 70 nm of gold provides an optimal amount of gold that still allows the
particles to be removed. Figure 2.7 shows how this process takes place.

Following this process and specifications, double nanoholes with a cusp size of
50 nm and a diameter of 215 nm were fabricated on thin gold film, vinyl, and glass

substrates, as can be seen in Figure 2.8.

2.5 Electrophoretic and dielectrophoretic double

nanohole trapping

Optical tweezers have become a highly effective method for trapping and analyzing
colloidal and biological particles without causing any damage to them. However, the

diffraction limit prevents the low-power trapping of objects at the nanometer scale.
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Figure 2.7: The process of fabricating double nanohole apertures on a thin gold film.
a) The polystyrene solution is applied to the slides through drop-coating and then
the sample is subjected to plasma etching. b) The sample is coated with titanium
(Ti) and gold (Au) through sputtering. c¢) A top view of the sample. d) The sample
is sonicated in an ethanol bath to eliminate the nanoparticles. [44] Copyright (€)2019,
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Several previous studies have been conducted to facilitate trapping by employing
various methods of applying an electric field to the sample, effectively surpassing the
diffusion limit. To achieve this, either alternating current (AC) or direct current (DC)
voltage can be utilized to generate an electric field that directs the particles toward
the intended area for further examination. In one of these works, through the applica-
tion of an AC electric field, along with a laser beam, a balance was achieved between
electroosmotic and thermophoretic forces. This balance enabled the trapping of flu-
orescently labeled proteins at a distance from an array of holes [45]. Additionally,
dielectrophoresis was employed using gold-coated nanopipettes to trap individual flu-
orescently labeled DNA, where the counter electrode was once again positioned in the
solution [46]. Likewise, the integration of nanohole-enhanced dielectrophoresis, elec-
troosmosis, and optical transmission through a periodic gold nanohole array allows
for the trapping and analysis of proteins and polystyrene particles [47].

On the other hand, the utilization of plasmonic double nanohole (DNH) apertures
in optical trapping has demonstrated its effectiveness in trapping particles smaller
than 50 nm. This is attributed to the reduced plasmonic heating effect and the
significant enhancement of the electric field within the aperture’s gap region. For a
typical solution with a concentration of M to nM, the diffusion time is on the order

of milliseconds, as determined by the Stokes-Einstein formula:

t=—— (2.18)
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In this equation, x represents the mean distance between the particles, D is the
diffusion coefficient, and ¢ is the diffusion time. However, other forces, such as ther-
mophoresis force and repulsion due to surface charge, hinder the motion of particles
toward the aperture, resulting in loading times ranging from several minutes to a few
hours to target particles onto the plasmonic hotspots.

Taking into account the aforementioned considerations, as well as the impact of
applying voltage in previous studies, researchers in another work demonstrated the
rapid trapping of a 25 nm polystyrene particle by utilizing an electrothermoplasmonic
flow generated by an AC field and a laser-induced temperature gradient using double
nanohole in a thin gold film. They achieved the rapid transport of the particle over a
distance of 63 um and its trapping at the DNH in just 16 seconds. Again in this work
a counter electrode is placed in the solution [48]. In this part of the thesis, firstly,
we introduce the use of electrodes in NOTs without relying on labeling the proteins.
Secondly, we are modifying the placement of the counter electrode to generate a
fringe field, which significantly improves performance. In our investigation, we explore
the utilization of an electrode to enhance the trapping speed of unlabeled proteins
using NOTs. We achieve this by placing the counter electrode on the dielectric
substrate beneath the gold film (opposite side from the solution), thus creating a
fringe field in the solution through the nanohole. This modification results in a
tenfold reduction in trapping time. This effect is observed for positive and negative

applied voltages, including AC voltage, indicating that the speed improvement is
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due to dielectrophoresis. Conversely, when the counter electrode is placed in the
solution (the more common approach), applying a positive voltage to the gold film
relative to the counter electrode speeds up the trapping of polystyrene nanospheres.
To gain a clearer understanding of the concepts presented in the mentioned works, it
is necessary to delve into the mechanisms of electrophoresis and dielectrophoresis, as
well as the interaction of forces. The subsequent sections will provide a more detailed

explanation of these processes.

2.5.1 Electrophoresis

Electrophoresis is a technique used to separate charged particles in a solution under
the influence of an electric field. It relies on the principle that charged particles will
migrate in response to the electric field, with their movement determined by their
size, charge, and shape. As the electric field is established, negatively charged parti-
cles (anions) move toward the positively charged electrode (anode), while positively
charged particles (cations) move toward the negatively charged electrode (cathode).
Their charge-to-mass ratio influences the migration of the particles, as smaller, more
highly charged molecules will move more rapidly than larger or less charged particles.
This allows researchers to determine the separated particles’ presence, quantity, and
size. Electrophoresis has numerous applications in various scientific fields, including
molecular biology, genetics, forensics, and biochemistry. It is commonly used for DNA

analysis, protein characterization, and the study of molecular interactions. In elec-
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trophoresis, several forces come into play to determine the movement and behavior of
charged particles. These forces include the electric force, electrostatic force, friction
force, and electrophoretic retardation force. The interaction of forces is shown in
Figure 2.9(a). The electric force is the primary driving force in electrophoresis. It
arises from the applied electric field and acts on charged particles, causing them to
migrate toward the electrode of the opposite charge. The electric force is proportional
to the charge of the particle and the strength of the electric field. The electrostatic
force arises from the interaction between charged particles. When multiple charged
particles are present in a system, they can exert attractive or repulsive forces on each
other based on their charges. The electrostatic force influences the movement and
distribution of charged particles during electrophoresis. The friction force, also known
as the drag force, is a resistive force experienced by charged particles as they move
through a medium. It opposes the motion of the particles and depends on factors
such as the particle size, shape, and velocity. The friction force tends to slow down
the movement of particles during electrophoresis. Following equation shows the drag
force:
1

F;= §pv2CdA (2.19)

Fj is the drag force, p is the density of the fluid, v is the velocity of the object relative
to the fluid, C, is the drag coefficient, which depends on the shape and properties of

the object, and A is the reference area, typically the cross-sectional area of the object
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perpendicular to the flow direction.

The electrophoretic retardation force is a resistive force that counteracts the elec-
tric force. It arises due to the motion of charged particles through a medium with finite
conductivity. As particles move, they create a localized region of charge imbalance,
leading to a potential difference. This potential difference generates an opposing force
that acts against the electric force and slows down the particles. These forces interact
with each other to determine the behavior of charged particles during electrophore-
sis. The electric force drives particles towards the electrode of opposite charge, while
the electrostatic force influences particle-particle interactions. The friction force op-
poses particle motion, and the electrophoretic retardation force acts as a resistive
force against the electric force. The interplay of these forces determines the speed,

direction, and separation of charged particles during electrophoresis experiments.

2.5.2 Dielectrophoresis

Dielectrophoresis (DEP) is a phenomenon where neutral particles are induced to move
in a non-uniform electric field due to their inherent polarizability. It occurs when a
non-uniform electric field is applied to a medium with particles, such as a suspen-
sion or fluid. In dielectrophoresis, the movement of particles is influenced by the
interaction between the electric field and the polarizability of the particles. When a
polarizable particle is subjected to a non-uniform electric field, dielectrophoresis oc-

curs. The electric field causes the particle to become polarized, causing the poles to



40

experience an electric force along the field lines. This force can be either attractive or
repulsive, depending on the orientation of the dipole. Since the field is non-uniform,
the pole experiencing the strongest electric field dominates over the other pole, result-
ing in particle movement. Importantly, the direction of the force depends on the field
gradient rather than the field direction, enabling DEP (Dielectrophoresis) to occur in
both AC and DC conditions. The direction of particle movement in dielectrophore-
sis depends on the relative dielectric properties of the particles and the surrounding

medium. The movement can be classified into two types: positive DEP and negative

DEP.

Positive DEP

In positive DEP, the particles have a lower dielectric constant than the surrounding
medium. When an electric field is applied, the particles experience an attractive force
toward high electric field intensity regions. This occurs because the particles tend to
align themselves with the electric field lines, leading to a net movement toward the

high-field regions.

Negative DEP

In negative DEP, the particles have a higher dielectric constant than the surrounding
medium. In this case, the particles experience a repulsive force away from the high-

field regions. They tend to align themselves against the electric field lines, resulting
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in a net movement away from the high-field regions. The direction and magnitude
of particle movement in dielectrophoresis depend on various factors, including the
electric field strength, frequency, and the physical properties of the particles and the
surrounding medium. By manipulating these factors, researchers can control and
direct the movement of particles in dielectrophoresis experiments. Dielectrophoresis
has several applications, such as particle sorting, cell manipulation, and microflu-
idic device-based assays. It offers a versatile tool for the precise manipulation and
positioning of particles and cells in lab-on-a-chip systems and biological research. Fig-
ure 2.9(b) demonstrates how the presence of an electric field gradient can influence a
polarized particle.
For a spherical particle of radius a, the dielectrophoresis force is:
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in which £ shows the electric field, €} and ¢} are the complex permittivities of
the particles and the liquid, respectively. As can be seen in Equation 2.20, Fpgp and

Fyraqa from Equation 2.15 are both originated from the gradient of the electric field.

2.6 Conclusion

In summary, this chapter serves as an exposition of key theoretical foundations un-

derpinning this thesis’s research. It provides a comprehensive overview of the the-
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ory behind surface plasmon resonance sensors, optical tweezers, and surface charge
repulsion, which form the fundamental basis for the investigations carried out. Fur-
thermore, the chapter includes a detailed explanation of the fabrication process for
double nanoholes using colloidal lithography. By presenting these essential concepts
and methodologies, this chapter establishes a solid foundation for the subsequent

work conducted in the thesis.
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Chapter 3

Contributions

This chapter highlights the author’s contributions through three published papers.
The subsequent section presents an overview of each paper. The complete manuscripts
are included as appendices in the dissertation. In the first subsection, the discussion
revolves around enhancing the sensitivity of SPR sensors by utilizing SRSP. The
subsequent part delves into the investigation of employing PVC substrate instead of
the glass substrate in colloidal lithography to fabricate DNHs on a thin gold film.

Lastly, the final section explores using voltage to speed up trapping in NOTs.
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3.1 Improving the sensitivity of existing surface
plasmon resonance systems with grating-coupled

short-range surface plasmons

SPR sensors, based on the excitation of surface plasmon polaritons (SPPs) on a metal
surface, are widely used for detecting biomolecule interactions.

By incorporating localized resonances from periodically arranged short-range modes
in a similar configuration to traditional SPR sensors, the sensitivity of the surface
can be increased three-fold. Optimal design parameters, such as the period and gap
length of the grating, are determined through RCWA, with finite difference time do-
main (FDTD) simulations confirming the correspondence of the short-range modes to
localized surface plasmon resonances. This approach significantly enhances sensitivity
and resolution for monitoring biomolecule interactions using SPR sensors.

This work is significant as it improves the performance of existing SPR systems
without requiring substantial modifications. With the widespread use and commer-
cialization of SPR sensors in laboratories worldwide, leveraging the existing platform
while enhancing sensitivity has profound implications for biomedical research, di-
agnostics, and drug development. Integrating grating-coupled short-range surface
plasmons enables more precise detection and analysis of biomolecular interactions,

enhancing accuracy in research and diagnostics.



46

This improvement is achieved by utilizing the concept of short-range surface plas-
mon (SRSP) modes, which exhibit tighter confinement to the surface as the metal
film thickness decreases. Light is coupled into these SRSP modes using a periodic
structure with localized surface plasmon (LSP) resonances, demonstrating enhanced
surface sensitivity compared to conventional SPR sensors. Importantly, this proposed
approach maintains compatibility with existing commercial SPR systems using prism
coupling, facilitating its adoption in various research and diagnostic settings.

In summary, this work presents a novel approach to enhance the sensitivity of
existing SPR systems by incorporating grating-coupled short-range surface plasmons.
The proposed method offers three times higher surface sensitivity and four-fold im-
proved resolution compared to traditional SPR sensors. These findings have signif-
icant implications for biosensing, enabling more accurate and precise detection of
biomolecular interactions. Moreover, this approach can be readily implemented in

commercial SPR platforms without major modifications.

3.2 Accessible high-performance double nanohole

tweezers

This work consists of three different projects aimed at improving the existing col-
loidal lithography method for fabricating double nanoholes (DNHs) and consequently

enhancing optical trapping efficiency. Colloidal lithography is a fabrication method
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utilized to create nanoapertures on a glass substrate with a gold film sputtered on
it. By adjusting the size of polystyrene nanospheres and the etching time, precise
control over the size and configuration of the nanoapertures can be achieved.

The first project focuses on detecting and characterizing nanoapertures without
relying on scanning electron microscopy (SEM). Combining camera CCD images with
the polarization-dependent transmission of a laser beam makes it possible to identify
and differentiate between various nanoaperture structures. The brightness and polar-
ization response of the transmitted light exhibit variations across different structures,
facilitating rapid identification of DNH apertures.

The second project explores the use of a polyvinyl chloride (PVC) substrate, which
is a kind of plastic, instead of glass to enhance trapping efficiency in the current col-
loidal lithography method. Trapping experiments conducted with 20 nm polystyrene
nanospheres demonstrate that employing a plastic substrate leads to a stiffer trap,
enabling the use of lower laser powers and reducing heating effects. The plastic sub-
strate also exhibits reduced noise levels during trapping, indicating improved stability.
The transition from glass to plastic substrate reduces the minimum laser power re-
quired by a factor of 7. Using the apertures that were shown in figure 2.8 and the
same incident laser power of 5.4 mW for both of them, 20 nm polystyrene in water
(0.03% v/w) was trapped. Figure 3.1 shows the jumps in transmission signal from
the untrapped to the trapped state. On average (N > 5), a jump of 5% for glass and

10% for vinyl was observed after unblocking the laser.



APD Voltage
o
~
N

e
3
T

0.68

9 10
Time(s)

11

12

13

48

0.68 F

0.67

0.66 [

APD Voltage
© o o o o
o (2] [*2] (2] (2]
= i) @® h S a

o
)

Time(s)

Figure 3.1: Trapping 20 nm polystyrene nanosphere at the same laser power and on

the same aperture size on a) vinyl substrate b) glass substrate



49

According to our experiments, less laser power is needed on vinyl substrates com-
pared to glass, both for trapping initiation and keeping particles in the trap. Incident
power was measured when trapping of 20 nm polystyrene was stable, using the same
aperture sizes on vinyl and glass substrates. On average (N > 6), the initial laser
power was 5.76 mW for the glass substrate and 1.38 mW for the vinyl substrate.
Also, the minimum average power (N > 9) for keeping the particles in the trap was
measured and which was 0.63 mW for vinyl and 4.7 mW for glass substrates. Figure
3.2 shows the minimum laser power needed for keeping particles in the trap on the

glass substrate in comparison to vinyl.
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Figure 3.2: Comparing minimum power needed for keeping particle in the trap for a)

vinyl sample b) glass sample

In the third project, a novel method is developed for removing polystyrene nanospheres
without relying on sonication in ethanol, as commonly employed in colloidal lithog-

raphy. Instead, Scotch tape is utilized to exfoliate the nanoparticles from the surface,



50

followed by washing in ethanol. This tape exfoliation method ensures a more uni-
form removal of spheres compared to sonication, resulting in high-quality apertures
without surface damage.

Overall, these projects contribute to improving the fabrication process of DNHs.
The ability to detect and characterize nanoapertures using CCD images and polarization-
dependent transmission simplifies the characterization process. Using a plastic sub-
strate improves trapping efficiency and stability. Also, it enables low-power trapping,
which is particularly crucial for biological materials. Introducing the tape exfoliation
method provides a viable alternative to sonication for removing nanospheres, yielding
high-quality apertures without surface damage. These advancements have significant
implications for various applications involving DNHs, such as sensing, imaging, and

trapping of biological materials.

3.3 Fringe dielectrophoresis nanoaperture optical
trapping with an order of magnitude speed-up

for unmodified proteins

Single-molecule techniques play a crucial role in understanding the behavior and
dynamics of biomolecules [49]. Analyzing proteins in their unmodified state is es-

sential to avoid disrupting their natural function and causing significant changes in
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their properties like diffusion, surface potential, and binding kinetics [50]. Various
single-molecule techniques, including nanopores, iScat, and NOTSs, enable the study
of unmodified proteins in water-based environments. NEOtrap, a nanopore tech-
nique, allows the trapping of proteins as small as 14 kDa [51]. iScat has achieved a
detection limit of 40 kDa [52], which can be further improved to below 9 kDa using
advanced machine learning [53]. NOTs have successfully trapped single particles as
small as 6.5 kDa [52] [35]. NOTSs face a diffusion limitation wherein particles must
disperse and reach areas with a high-intensity electric field within a distance of a
few tens of nanometers from apertures in order for them to be effectively trapped
[54]. To overcome this, previous studies have utilized voltage to surpass the diffu-
sion limit. For example, a study achieved trapping of fluorescently labeled proteins
by carefully balancing electroosmotic and thermophoretic forces using an alternat-
ing current (AC) electric field and a laser beam [45]. Another approach involved
using gold-coated nanopipettes and dielectrophoresis to trap individual fluorescently
labeled DNA, with the counter electrode placed in the solution [46]. Furthermore,
integrating nanohole-enhanced dielectrophoresis, electroosmosis, and optical trans-
mission through a periodic gold nanohole array allowed trapping and analysis of pro-
teins and polystyrene particles [45]. On the other hand, plasmonic double nanohole
(DNH) apertures have demonstrated effectiveness in trapping particles smaller than
50 nm by reducing plasmonic heating and enhancing the electric field within the aper-

ture’s gap region. Considering the factors mentioned above, including the influence of
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voltage application observed in earlier research, another study showed the fast trap-
ping of a 25 nm polystyrene particle. The researchers achieved this by employing an
electrothermoplasmonic flow produced through an alternating current (AC) field and
a laser-induced temperature gradient, utilizing a double nanohole (DNH) structure
within a thin gold film. They successfully transported the particle over a distance of
63 pm and trapped it at the DNH in a mere 16 seconds. Again, in this experiment,
a counter electrode was positioned in the solution [48]. In this thesis, two significant
modifications are introduced. Firstly, an approach for employing electrodes in NOT's
without the need for protein labeling is proposed. Secondly, the positioning of the
counter electrode is adjusted to generate a fringe field, resulting in a significant en-
hancement of trapping performance. This investigation focuses on utilizing electrodes
to improve the speed of trapping unlabeled proteins using NOTs. To achieve this,
the counter electrode is placed on the dielectric substrate beneath the gold film, on
the opposite side of the solution. This positioning creates a fringe field within the
solution through the nanohole. As a result of this modification, the trapping time is
reduced by a factor of ten, with both negative and positive potentials demonstrating
a dielectrophoretic effect. The applied DC voltage proves to be the most effective
in this approach. Importantly, this method successfully traps neuro peptide Y, with
a low molecular weight of only 4 kDa. Conversely, placing the counter electrode in
the solution generally does not accelerate protein trapping. However, it does lead

to voltage-dependent faster trapping of polystyrene spheres as the applied voltage



increases, likely due to changes in the repulsive surface potential.
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Chapter 4

Additional research contributions

This chapter focuses on two works that have been submitted to conferences but have
not yet been published in journals. These works explore the identification of vibra-
tional modes of particles through the utilization of Extraordinary Acoustic Raman
Spectroscopy EARs. The first part of the chapter discusses the investigation of vi-
brational modes in PR65. The second work examines the effect of laser power on
the spectrum quality obtained in the EAR technique, emphasizing the importance of

using optimum power to achieve optimum results.
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4.1 Extraordinary acoustic Raman spectroscopy of

PR65 [55]

Using a DNH optical tweezer setup and applying two lasers, we trapped and excited
acoustic vibration modes of the PP2A heterotrimeric complex composed of PR65.
Our experiment shows that the vibrational modes are at frequencies of 9.29 GHz,
19.28 GHz, 30.23 GHz, and 41.18 GHz, which matches the normal mode analysis
results. This technique is single molecule and label free compared to typical methods
of characterization of biomolecules. Characterizing PR65 can be used as a paradigm

for understanding the structural regulation of many repeat proteins.

4.1.1 Introduction

Conventional optical trapping has been successful at trapping a wide range of molecules
such as dielectric particles, nano-wires, and crystal nanorods [56, 57, 58, 59]. But,
with conventional (gradient force) optical tweezers there are limitations on which
particles can be trapped [36]. Conventional traps often require high powers and/or
the use of tethering to trap biological molecules [60], [61], and other small molecules
which can disturb the particles’ natural state and are not always practical [62]. To
trap small particles with low powers, apertures that localized the electric field in-

tensity was introduced. These nanoplasmonic apertures utilize the fact that the
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presence of a particle in the aperture results in much larger transmission, which cre-
ates larger restoring forces that contribute to trapping [63]. Trapping with a double
nanohole (DNH) aperture has shown to be much more efficient than conventional
optical traps, allowing for the trapping of small nanoparticles and single proteins at
low powers [36, 44]. With the use of DNH optical trapping, the characteristics of
small molecules, such as protein-protein interactions and protein-DNA interactions
can be determined[62].

Raman spectroscopy has been used to identify the acoustic vibrational modes of
numerous molecules but still has limited use for biological molecules in the nanometer
range, due to its low spectral resolution [64]. Conventional Raman spectroscopy re-
quires that any elastic scattering from the excitation source is filtered out resulting in
a low frequency limit of 10 cm™ [65]. However, molecules such as proteins and DNA
have acoustic modes on the scale of 100 GHz [66]. To excite the Raman modes of pro-
teins we use extraordinary acoustic Raman spectroscopy (EAR) [66], where two lasers
are mixed at slightly different wavelengths producing a beat frequency. The beating
laser acts on the particle as an electrostriction force, causing mechanical deformations
of the particle that result in fluctuations in the scattered light. These fluctuations in
scattered light are directly measured by an avalanche photodiode (APD). As the beat
frequency is tuned to the resonant frequency of the particle, the particle oscillates
resonantly.

In this paper, we demonstrate that DNH apertures can be used to trap the protein



57

phosphatase subunit PR65 without the use of tethering or dyes. Previously, we
demonstrated the use of EAR to identify the characteristic acoustic frequency modes
of polystyrene [66], and in this work, we extend the use of EAR to the enzyme protein
phosphatase 2A (PP2A) subunit, PR65. Protein phosphatase 2A regulates many
activities in the body including DNA replication, transcription, and the cell cycle,
and is dysregulated in many diseases [37]. PR65 is an allosteric regulator within
PP2A, and by identifying its acoustic Raman modes, we can better understand the

conformational changes and binding that contribute to biological signaling.

4.1.2 Experimental setup

Figure 2.4.a shows the optical tweezers setup, which can be used for trapping nanopar-
ticles, proteins, viruses, etc. To trap a single nanoparticle, a DNH aperture in a gold
film was used in order to localize the laser field applied to the particle. The DNH can
be seen in Figure 2.4.b. As shown in Figure 2.4.c, when the particle is trapped in a
DNH, the level of the signal is changed in the avalanche photodiode (APD). This step,
which shows an increase in transmitted light through the aperture, is because of the
change in the refractive index of the area after the particle is trapped. While trapping
polystyrene beads, a 10-20% jump in transmitted light is normal. However, the jump
is only 2-7% for proteins because of the smaller size and polarizability. Fluctuations

are also increased after trapping due to the higher motion of particles in the trap.
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EAR

The main difference of the EAR trapping setup is the use of two lasers instead of one.
One of the laser frequencies is kept constant and the frequency of the other laser can be
controlled by controlling the temperature in the laser controller. The two frequencies
mix to create the beat frequency, which modulates the electrostriction force on the
particle. By changing the frequency of one laser, the beat frequency can be tuned
from 1 GHz to 0.3 THz. Using modulation of two lasers, the particle is thermally
excited with incoherent low frequency light instead of the high frequency coherent
light used for other techniques [33]. When the beat frequency matches the vibrational
modes of the particle, the vibration in the particle increases. Higher vibrational
motions cause more fluctuations in the transmitted light to the APD. Therefore, the
standard deviation (STD) of the signal for the resonant beat frequencies shows more
intensity. With this technique, we can get the resonances of particles without any
energy relaxation, which is typical in conventional Raman spectroscopy. We also
avoid losing data caused by viscous damping since our data comes from the heating

of the particles at the resonance frequency [66].

4.1.3 Experimental results and discussion

In this work, the EARs of 20 nm, 30 nm polystyrene beads, and PR65 are presented

and the resonance peaks are compared with calculated values and simulation results.
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EARs of polystyrene nanospheres

Figure 4.1 shows the EAR spectrum of polystyrene nanoparticles with diameters of
20 £ 2 nm and 30 £ 3 nm. It shows the STD of the data from transmitted light
through the aperture vs the beat frequency which is the difference of the frequencies
of the two lasers. For 20 nm polystyrene beads, the peak frequencies are predicted
by Lamb’s theory to be at 44 GHz [67] and 68 GHz which are related to quadrupolar
accordion mode (n=0, 1=2) and spherical breathing mode (n=0, 1=0), respectively.
The physical mechanism of electrostriction is related to the inversion-symmetry modes
(1 =0 and 1 = 2) and the Brownian motion of the particle is related to heating. For
30 nm nanospheres, the peaks are predicted to be at 29 GHz and 45 GHz [68, 69, 70].
In Figure 4.1 predicted peak values are shown with dashed lines. For the 20 nm
nanoparticle, the measured peaks are at 47.85 GHz and 68.72 GHz, and for the 30
nm nanoparticle, the peaks are at 29.44 GHz and 45.21 GHz. Considering the error
within the optical spectrum analyzer (3 GHz) and the size variation of particles, these
experimental values are in agreement with the calculated values.

These data are reproducible. Figure 4.2 shows the confirmation of the position of

1=2 peaks for 20 nm and 30 nm polystyrene.
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Figure 4.1: EAR spectrum of polystyrene with the diameters of 20 nm and 30 nm
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EARs of PR65

Figure 4.3 shows one trapping event of a PP2A heterotrimeric complex composed of
PR65 using just one laser after blocking the laser and unblocking again. A higher
noise level is obvious after the particle has been trapped. After trapping the protein,
the second laser is introduced to get the EAR spectra [71]. Figure 4.4 shows the
EAR spectra of the PP2A heterotrimeric complex composed of PR65. The dashed
lines are the result of Normal Mode Analysis (NMA) for the compact PR65 scaffold.
The frequencies related to modes 2-5 are reported as 11.06 GHz, 20.79 GHz, 31.54
GHz, 37.95. As it can be seen in Figure 4.4, the peaks in our measurements are at
9.29 GHz, 19.28 GHz, 30.23 GHz, and 41.18 GHz. The experimental values match
well with the NMA considering that there is frequency variation for each of the NMA

results.

4.1.4 Conclusion

In this paper, we have shown that the vibration modes of PR65 can be excited and
detected using the EAR setup. This characterization can be obtained with single
molecule excitation and in a spectrum range of 0.1-10 cm ™! with 0.1cm ~! resolution
which has not been accessible with other techniques. Characterizing PR65 paves the

way to understanding the structural regulation of many repeat proteins.
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4.2 Probing optimum applied power for extraor-

dinary acoustic Raman spectroscopy [72]

We applied a two laser extraordinary Raman spectroscopy technique in a double
nanohole optical tweezers setup to excite and detect the vibrational modes of 20 nm
polystyrene beads. We measured the quadrupolar accordion mode frequency to be
47.85 GHz and the spherical breathing mode frequency to be 68.72 GHz which are
very close to their predicted values. According to our measurements, there is an
optimum power to excite the vibrational modes and to get sharp peaks in the beat
frequency spectrum, simultaneously. Improving the resolution of our present Raman
spectroscopy system provides a way to more accurately detect changes in resonance
frequency, characterize DNA unzipping, and protein-DNA interactions, and classify

mutant proteins.

4.2.1 Introduction

Since the first demonstration of single beam gradient force optical trapping [73], opti-
cal traps have been used widely in biological science as well as material science. While
conventional gradient force optical traps have been successful in trapping dielectric
particles [74], metallic particles [75], and even some larger viruses and bacteria [76],

the use of conventional optical tweezers for particles and biomolecules in the nanome-
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ter range has been limited. With a conventional optical trap, the power required for
trapping scales with the inverse third of the particle size [77], meaning high powers
are required to trap small particles, which can disturb a particle’s natural confor-
mation, especially those of temperature sensitive biomolecules [78, 79]. To overcome
the limitations of conventional optical traps, nanoplasmonic apertures were used to
enhance and localize the electric field acting on the particle. These nanoapertures
created a self-induced back action effect, where the particle within the aperture in-
creased the transmission through the aperture, in turn increasing the optical restoring
forces. Double nanohole (DNH) apertures have shown to be quite effective, trapping
particles in the 10 nm scale as well as single proteins and DNA hairpins at low powers
[80, 81]. Optical trapping with DNH apertures has shown large potential for studying
the characteristics of biomolecules such as DNA unzipping, protein-DNA interactions,
and classifying mutant proteins [81].

Conventional Raman spectroscopy has long been able to identify molecules by
their characteristic frequency modes, but it has certain limitations. Conventional
Raman has low spectral resolution and elastic scattering from the laser source must be
filtered out, restricting the lowest frequency to 10 cm™ [82]. With these limitations,
using Raman spectroscopy to characterize nanoparticles and many proteins, that
have frequency modes in the range of 0.7-10 cm™ [83], has been unfeasible. To
characterize nanoparticles with Raman spectroscopy we use extraordinary acoustic

Raman spectroscopy (EAR), a technique previously described by our group that
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uses two lasers to excite the particle [82]. The two lasers are mixed at a slightly
different wavelength, creating a beat frequency that modulates an electrostriction
force in the particle that causes vibrations in the particle. The beat frequency can
then be temperature tuned to the resonant frequency, causing the particle to oscillate
resonantly.

In this work, we look at probing the optimum power for EAR measurements.
Previously, our group identified the characteristic resonant frequencies of polystyrene
particles as well as some proteins [82], but now we look at the effect of power on the
EAR spectrum. We show that the clarity of the EAR response is dependent on the
incident laser power of which the particle is excited. We also show that if the incident

laser power is beneath a certain level, the resonant vibrations can not be excited.

4.2.2 Experimental results

In this paper we present the EAR for 20 nm polystyrene, showing the measured
resonant frequencies and comparing them to the calculated frequencies. We then
look at the effects of power on the EAR signal, to determine the optimum probing

power for EAR measurements.

EAR of polystyrene nanoparticles

Fig. 4.6 shows the EAR of a 2042 nm diameter polystyrene sphere. The measured

resonant frequencies can be determined by finding at what beat frequencies there
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Figure 4.5: Experimental setup (a) schematic of two-laser EAR trapping setup:

avalanche photodiode (APD), optical density filter (ODF), dichroic reflector (DI),
oil immersion microscope objective (OI MO), CCD camera (CCD), beam expander
(BE), half-wave plate (HWP), mirror (MR), fiber launcher (FL), optical spectrum
analyzer (OSA), fiber polarization controller (FPC), optical isolator (ISO) (b) SEM
image of a DNH in a gold film (c) trapping event of a 20 nm polystyrene sphere.
Copyright (©)2021 SPIE

are peaks in the normalized standard deviation (NSTD). The expected resonant beat
frequencies are calculated using Lamb’s theory and were found to be 44 GHz and 68
GHz for 20 nm polystyrene nanospheres [67]. These frequencies correspond to the
quadrupolar accordion mode (n = 0, 1 = 2) and the spherical breathing mode (n = 0,

1 = 0), for 44 GHz and 68 GHz respectively. Here, we measured the quadrupolar ac-

cordion mode frequency to be 47.85 GHz and the spherical breathing mode frequency
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to be 68.72 GHz. The measured values are comparable with the expected values,
considering a slight variation in polystyrene particle size and the +3 GHz error in the

beat frequency from the optical spectrum analyzer.

Effect of incident laser power on EARs

The quality of the EAR measurements can be affected by the power of the excitation
laser source. As seen in Fig. 4.6, when the power is 9.06 mW after the objective
lens, the peaks within the EAR are very distinctive and sharp. This allows us to
easily determine the resonant frequencies of the particle. However, when the incident
laser power is too high, we see a much broader peak, seen in Fig. 4.7 in which the
laser power is 11.04 mW. It seems that at higher powers, the particle continues to
oscillate resonantly after it is excited even for non-resonant beat frequencies, and
slowly returns to its non-resonant state. Although the frequencies of the acoustic
mode at these high powers can be inferred from the step in the STD, the exact
frequency becomes ambiguous due to the maintained high STD level. Contrarily, if
the incident power is too low the resonant mode can fail to become excited altogether.
Fig. 4.8 shows the EAR spectrum of 20 nm polystyrene when the incident power is
5.44 mW. With a power that is too low neither of the acoustic modes can clearly be
identified, there are no distinct peaks around 44 or 68 GHz, and the EAR spectrum
resembles random noise. These results demonstrate that there is an optimum power

range at which to excite the particles for EAR measurements, but further research is
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needed to limit the range and determine how particle size affects the optimum power
range.
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Figure 4.6: EAR spectrum of 20 nm polystyrene at 12.3 mW before the objective
lens. Copyright (€)2021 SPIE

4.2.3 Conclusion

In this work, we have shown excitation and detection of 1 = 0 and 1 = 2 vibration
modes for 20 nm polystyrene. Comparing with predicted values, it can be seen that
beat frequency peaks can be detected with a resolution of 0.1 cm~! which has not been
accessible with other Raman techniques. Here we also probed the effect of incident
laser power on EAR measurements. An optimum range of power is needed in order

to get sharp peaks in the EARs results and to be able to excite the vibrational modes
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of the particles properly.
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Chapter 5

Conclusion and possible future

projects

5.1 Conclusion

This thesis is composed of several research endeavors focused on enhancing the sensi-
tivity of SPR sensors and improving trapping capabilities in NOTs. The first project
introduces an innovative periodic SRSP design, which can be integrated into exist-
ing commercial SPR sensors. In this design, the SRSP operates by coupling with
the LSP resonance of rectangular structures. The results demonstrate an impressive
3.3-fold increase in sensitivity. Moreover, noise analysis reveals a four-fold improve-
ment in resolution when utilizing the SRSP design. In the second study, a method

is introduced for detecting the location and orientation of DNHs without relying on
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facilities such as SEM. Additionally, in the typical method of colloidal lithography
for fabrication of DNHs, by substituting the PVC substrate, the minimum trapping
power decreases by a factor of seven. Furthermore, by employing tape exploitation
instead of sonication in ethanol for the removal of polystyrene during the fabrication
process of DNHs, the quality of the created apertures improves.

In the last study, using DC voltage in the sample significantly improves protein
trapping, making it approximately ten times faster. This method involves position-
ing the counter electrode on the glass substrate, located on the opposite side of the
solution, but in close proximity to the trapping area vertically. This method uti-
lizes the benefits of fringe fields to enhance the speed of particle trapping. Typically,
placing the counter electrode within the solution does not contribute significantly to
accelerated protein trapping. However, it does demonstrate voltage-dependent accel-
eration when trapping polystyrene spheres at higher applied voltages. Considering
the importance of unmodified protein trapping in NOTs for protein analysis and in-
teraction studies, these modified approaches offer promising solutions. By enabling
considerably faster and more straightforward trapping, this technique paves the way
for advancements in the field, leading to more efficient and precise analysis of proteins

and their interactions.
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5.2 Possible future projects

5.2.1 Exploring trapping of lipid nanodiscs

As a future work, it is important to investigate the trapping of lipid nanodiscs, as
promising possibilities lie in studying the response of functional G protein-coupled
receptors (GPCRs) reconstituted within these nanodiscs using optical tweezers. Trap-
ping lipid nanodiscs not only allows for the exploration of GPCR behavior in a con-
trolled and physiologically relevant lipid environment but also provides an opportunity
to examine the effects of specific ligands, such as ZM and NECA. By employing optical
tweezers, we can precisely manipulate and trap individual lipid nanodiscs containing
reconstituted GPCRs, enabling us to investigate their dynamic response to ligand
binding, conformational changes, and downstream signaling pathways. Understand-
ing the impact of ZM and NECA ligands on GPCR function within lipid nanodiscs can
offer valuable insights into the intricacies of ligand-receptor interactions and poten-
tially unveil novel therapeutic strategies for modulating GPCR signaling. Therefore,
further investigations into the trapping of functional GPCRs reconstituted in lipid
nanodiscs, coupled with the examination of ZM and NECA ligands, hold significant
promise for advancing our understanding of GPCR biology and facilitating the de-
velopment of targeted interventions for various physiological processes and diseases.

Figure 5.1 shows preliminary results for the trapping event of GPCR itself, as



76

well as when the ligands are added to the solution in parts b and c.
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Figure 5.1: Trapping event of a) G protein. b) G protein and NECA ligand ¢) G
protein and ZM ligand.

5.2.2 Small molecule binding

Investigating the effects of small molecule ligands, specifically the small molecule ac-
tivators of PP2A (SMAPs), is of highest importance. These SMAPs have shown the
ability to activate the PP2A complex; however, their precise mechanisms of action
remain elusive. To unravel the intricate details of SMAP binding and its impact on
PP2A function, the utilization of optical tweezers for trapping the PP2A complex and
small molecule ligands is of paramount importance. Trapping the PP2A complex in
combination with optical tweezers also enables the exploration of the specific inter-
actions between SMAPs and the complex’s subunits, such as the regulatory subunit
PR65. Understanding the binding mechanisms and dynamics of SMAPs with PR65
is crucial for unraveling their mode of action in activating PP2A. By observing and

manipulating the interactions between PR65 and SMAPs, researchers can gain valu-
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able insights into the structural and functional changes induced by ligand binding,
shedding light on the intricate regulatory processes involved in PP2A activation.
Furthermore, optical tweezers provide the means to study the effects of differ-
ent SMAP variants and their specific structural features on PP2A activation. This
knowledge is vital for designing novel SMAPs with improved efficacy and selectivity,
paving the way for the development of targeted interventions for various physiological

processes and diseases.
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Appendix A

Improving sensitivity of existing
surface plasmon resonance systems
with grating coupled short range

surface plasmons [84]

Originally published:

Babaei E, Sharifi Z, Gordon R. Improving sensitivity of existing surface plasmon
resonance systems with grating-coupled short-range surface plasmons. JOSA B. 2019
Aug 1;36(8):F144-8.

Reproduced with permission from Journal of the Optical Society of America B.
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A.1 Improving sensitivity of existing surface plas-
mon resonance systems with grating coupled

Short range surface plasmons

A.1.1 Abstract

Here we show that surface plasmon resonance sensors that typically use 760 nm
wavelength Kretschmann-Raether coupling to a 50 nm thick gold film can have 3.3
times higher surface sensitivity by using local resonances from periodically arranged
short-range modes in the same configuration. Considering shot noise, the resolution
was found to improve by four-fold. This was calculated by matching the design
wavelength and minima angle as calculated by rigorous coupled wave analysis, giving
a grating period of 250 nm in a 10 nm thick gold film and gap length of 40 nm.
Finite difference time domain simulations were used to confirm that the short-range
modes correspond to a localized surface plasmon resonances. The present short-range
plasmon approach can be used to improve the sensitivity in monitoring biomolecule

interactions.
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A.1.2 Introduction

Conducting surfaces permit guided waves called surface plasmon polaritons (SPPs),
the mathematical solutions of which have been known for over a century [85]. A
prism can be used to couple light into these surface waves, matching the wave-vector
in the high-index prism to the wave-vector of the surface plasmon [7, 86]. Since the
metal is lossy, light is absorbed at the coupling condition and this leads to a dip in
the reflection [86].

The SPP is exponentially bound to the surface, which gives good sensitivity to
changes in refractive index near the surface. This is the premise behind the commer-
cialized surface plasmon resonance (SPR) biosensors [87]. These commercial systems
have been engineered with consideration of many factors: the light source wavelength,
the light source type (LED vs. laser), the metal type, the metal thickness, the de-
tector type (single channel vs. detector array), the data acquisition (dynamic range,
analogue to digital conversion and acquisition time) and cost. With all of this engi-
neering already in place and many such machines in laboratories around the world,
it is interesting to consider leveraging the existing commercial SPR platform while
using a more sensitive sensor chip.

One potential direction to obtain even greater surface sensitivity is to use short-
range surface plasmon (SRSP) modes [88, 89]. In particular, insulator-metal-insualtor

(IMI) structures permit SRSP modes that become more tightly confined to the surface
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as the thickness of the metal is reduced. This leads to greater surface sensitivity. Here
we consider the use of these SRSP modes in sensing applications while retaining the
popular prism coupling configuration.

The SRSP modes have a larger propagation constant than the usual surface plas-
mon polaritons. Therefore, to couple into these modes while retaining the same
Kretschmann geometry as the usual 50 nm thick gold film, we employ a periodic
structure with localized surface plasmon (LSP) resonances. Another feature of these
modes is that they are more lossy; therefore, it is expected that their reflection dip
will broaden upon coupling.

In this paper, we find a design for SRSP sensing using a rectangular stripe grating
and a 10 nm gold film. The 10 nm gold is thick enough to allow for continuous films
with standard deposition techniques. Using rigorous coupled wave analysis, we find
that the surface sensitivity of these films to an adlayer is 3.3 times higher in terms of
angle units and the resolution is improved by four-fold, while operating in the same
range as commercial SPR systems. Therefore, we believe these chips may be used for

more sensitive SPR sensing in the near future.
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A.1.3 Design

A. Standard SPR Sensing

Figure A.1 shows the schematics of typical surface coupling for a conventional SPR
and the proposed IMI-grating structure. A metal film is confined between two di-
electric layers. Incident light couples to the SPP in case of SPR. Surface resonance
only happens when incident angle toward the structure is greater than the critical
angle. The parallel component of incident light should match the surface plasmon
wave-vector of the metal. Minimum reflection occurs when the energy of the incident
photon is transferred to surface plasmon wave.

Figure A.1 (a) shows the standard configuration for uniform 50 nm gold film.
Uniform films are suitable for SPPs of a single surface. Figure A.1 (b) shows the pro-
posed scheme with periodic gold structure on glass. This structure allows decreasing
gold thickness to 10 nm which increases the confined coupled field significantly.

In conventional SPR sensors, for SPP coupling, the light is angled in the prism to

match the SPP wave-vector. The SPP wave-vector is given by:

ksp = ko | —m (A1)

€m + €4

where ko = 27 /X (A = 760 nm), €, is the relative permittivity of the metal, ¢4 is the

relative permittivity of the adjacent dielectric (in this case water). The wave-vector



in the prism is given by:

kprism = konprism sin

111

(A.2)

where 6 is the angle of incidence in the prism and n,ism is the prism’s refractive index.

In this case the SPP coupling occurs where kgp = Kpism as shown in Figure A.2.
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Figure A.1: (a) Prism coupled SPR structure for 50 nm gold film (b) Modified struc-

ture for 10 nm gold film using a grating. Copyright (©)2019, Journal of the Optical

Society of America B

Figure A.3 shows the reflection of a 50 nm gold film when incident through a prism

as a function of incident angle. The refractive index of the prism is 1.5 and the top

layer is considered to be water with refractive index 1.33. It is clear from this figure

that the reflection dip of optimal SPP coupling occurs at around 73°, as expected from

the coupling analysis above. (Of course, rigorous coupled wave analysis, or RCWA, is

not required for this analysis, since standard transfer matrix theory is applicable to

this uniform layer). It is noted that surface plasmon dispersion is for a semi-infinite

surface, and so the treatment of using wave coupling through the film is approximate,
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Figure A.2: Dispersion for coupling to surface plasmon at water-gold interface when
incident from glass-gold side of the prism. The intersection point is at 73°, which gives

a dip due to losses in the SPP. Copyright (©)2019, Journal of the Optical Society of
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Figure A.3: Reflection from a 50 nm thick gold film on glass with a water top layer

for different incident angles. Copyright (©)2019, Journal of the Optical Society of

America B
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whereas the RCWA is not [90].

B. SRSP grating-assisted coupling

The propagation constant of a surface plasmon wave on a thin metal film with thick-
ness of h which is bounded by two dielectric media, with subscripts 1 and 3, is

determined by following equations [91]:

tanh p,, h(1 + s1s3) = —(s1 + $3) (A.3)
51 = 5—;66—? (A.4)

53 = 5—;66—7; (A.5)

pi =B —kje (A.6)

P = 5 = kiem (A.7)

Pg =3 - kc2)€3 (A.8)

where [ is the wavevector of the SRSP and kj is the free-space wavevector. si, so
and s3 are defined for simplicity.
Using these equations, we find that the effective index of the SRSP is 2.58. From

this, one can couple to the SRSP by using a periodic structure period of 636 nm to
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match the wavevector of light in the prism to that of the SRSP using the equation:

kprism + KG = ﬂ (Ag)
where:
21
Kog=— Al
o=2 (A10)

with A being the grating period and f is the propagation constant of the SRSP.
We attempted this configuration, and found that coupling was weak (a dip in the
reflection of around 30 %). As a result, we considered the possibility of using stronger

resonances found in LSPs in an array format.

C. LSP coupling

LSPs are supported by finite metal nanostructures. We first employed RCWA to
study periodic LSP structures for prism coupling. RCWA is typically used to study
the interaction of an electromagnetic wave with a surface plasmons on a metallic relief
grating. RCWA is also reliable approach to determine dips in reflection as a function
of wavelength and angle [92, 93].

Figure A.4 shows reflection spectrum for different structures using RCWA method.
p is the period of the grating and g is the size of the gap. As shown in the figure
for grating period of 250 nm and gap length of 40 nm, the dip occurred for 760 nm

incident light, which is the operating wavelength desired at this angle of incidence.



115

0.8}
coeth ——p=250 nm, g=20 nm
i —p=250 nm, g=40 nm
§ p=260 nm, g=20 nm
E 04 ——p=260 nm, g=40 nm

[ ——p=270 nm, g=20 nm
; p=270 nm, g=40 nm

, =20 nm
—p=280 nm, g=40 nm

o
N
o
I
N
©
S
=
3

0.4 0.5 0.6 0.7 0.8 0.9
wavelength, A (um)

Figure A.4: Reflection spectra periodic structure supporting SRSP mode with an
incidence angle of 73°. The period, p, and gap g were varied in each curve to find the
case which is most closely matched to the operating wavelength of 760 nm. Copyright
(©2019, Journal of the Optical Society of America B
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To verify that the origin of this dip is from the LSP resonance, we performed
finite-difference time-domain (FDTD) simulations of an isolated structure using the
commercial package by Lumerical. We use a grid size of 0.2 nm in the direction
perpendicular to the layers and 1 nm in the direction of SRSP propagation. The
total domain simulated was 280 nm by 5.75 pm, and bounded by perfectly matched
layers. The glass and gold layers were taken from the Palik database. The gold
thickness was 10 nm, and its length was 250 nm. A dipole source was placed at one
end of the rectangular gold structure and the field intensity was monitored at the
peak at the other end of the structure.

Figure A.5 shows the electric field intensity at the end of the gold nanostructure,
with a clear peak at the desired operation wavelength of 760 nm. Figure A.6 shows
the field intensity at the opposite end of the rectangular structure, with clear edge

enhancement, but also strongly confined light at the metal surface.

A.1.4 Sensing performance

A. Sensitivity calculations

To investigate the improved sensitivity of the resonant periodic structure supporting
the SRSP, a 1 nm adlayer is applied on the top of the gold with refractive index 1.5.
Figure A.7 shows the reflection for different angles of incidence, both for a 50 nm thick

gold film and for the 10 nm thick periodic structure. In each figure, the reflection is
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Figure A.5: Electric field intensity monitored near a 10 nm thick and 250 nm long

rectangular gold structure on glass with a water surrounding. The peak in the LSP

resonance is at 760 nm as desired for the SPR sensor configuration. Copyright ()2019,

Journal of the Optical Society of America B
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plotted for the bare structure and the structure with an adlayer. As demonstrated in
the inset figures, the 10 nm gold periodic structure has 3.3 times higher sensitivity
than for 50 nm continuous gold. (Note, that restricting the adlayer to the top surface
is done for analytic simplicity, and may be achieved in practice by masking the side-

walls).

B. Resolution calculations

To compare the resolution of the gold film with the thickness of 50 nm and structured
film with 10 nm thickness, we added shot noise to the digitized reflection. The digiti-
zation used 1024 bins for angle of incidence and 4096 bins for reflection intensity. We
fit the noisy response to various adlayer index values (thickness 1 nm), and repeated
the procedure to ensure a suitably averaged response. In this way, the resolution was
determined to be 8 x 107° RIU/nm for 50 nm gold and 2 x 10~° RIU/nm for 10 nm

gold SRSP structure.

A.1.5 Discussion

It is clear from the analysis presented that the 10 nm thick gold film with a stripe

grating structure has 3.3 times higher sensitivity and 4 times improved resolution.
Many have suggested that having a narrower peak will improve the performance of

SPR detection systems because it allows for more precisely determining the position

of the reflection dip. For this reason, a figure-of-merit of wavelength shift divided
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Figure A.7: Sensitivity calculations for (a) a 50 nm thick gold film with a 1 nm
adlayer, and (b) a 10 nm thick gold film with 250 nm period and 210 nm length of
each gold segment and a 1 nm adlayer. The insets are shown to clearly depict the
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by peak width is often used [94]. There are arguments to suggest that this is not
always true. Consider the extreme case where the peak is much narrower than even
one pixel spacing of the detector array, then there is no change in the signal detected
for a sub-pixel sized shift with an adlayer. Therefore, having a very narrow peak can
give no signal at all, even though the usual figure-of-merit is huge. Here, we have
done the resolution calculations and found that the broader peak actually allows
for improved resolution because the signal is supported by a greater number of bins
(therefore, the noise in each bin can be averaged to reduce the overall noise). This
noise analysis focuses on shot noise, where the noise is proportional to the square root
of the detected counts. A well-engineered system will be shot noise limited [95]. Low
cost fabrication of these grating structures is also an important consideration. We
believe that these structures can be readily manufactured at low cost using existing
template stripping approaches [96].

It is possible to push the sensitivity even higher by looking at ultra-thin gold
films. While 10 nm continous gold films are commercially available, special methods
can be used to create continuous films down to 5.4 nm that are stable under ambient
conditions [97].

We are also aware of extremely high sensitivity demonstrations using nanorods
(and similar works) [98]. While it is interesting to consider such approaches further,
there are potential advantage of our design. We have already mentioned that our

design is compatible with existing SPR machines, and may be readily mass produced
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using template stripping or other similar approaches. In addition, our design uses a
mainly flat surface and so fouling that can occur with highly structured surfaces is

not as big a concern.

A.1.6 Conclusion

In this work, we consider a perioidic SRSP sensor design that is compatible with
existing commercial SPR sensors. The SRSP works by coupling to the LSP resonance
of a rectangular structure. The design shows a 3.3 times higher surface sensitivity,
which is promising for high-performance detection applications (such as low index
contrast materials or sub-monolayer absorption). A noise analysis shows that the

resolution also improves in the SRSP design.

A.1.7 Funding information

This work is supported by an NSERC Discovery Grant.
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Appendix B

Accessible high-performance

double nanohole tweezers [99].

Originally published:

Hajisalem G!, Babaei E!, Dobinson M, Iwamoto S, Sharifi Z, Eby J, Synakewicz
M, Itzhaki LS, Gordon R. Accessible high-performance double nanohole tweezers.
Optics Express. 2022 Jan 31;30(3):3760-9.

Reproduced with permission from Optics Express, The Optical Society of America.
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B.1 Accessible high-performance double nanohole

tweezers

B.1.1 Abstract

Nanohole optical tweezers have been used by several groups to trap and analyze
proteins. In this work, we demonstrate that it is possible to create high-performance
double nanohole (DNH) substrates for trapping proteins without the need for any top-
down approaches (such as electron microscopy or focused-ion beam milling). Using
polarization analysis, we identify DNHs as well as determine their orientation and then
use them for trapping. We are also able to identify other hole configurations, such
as single, trimers and other clusters. We explore changing the substrate from glass
to polyvinyl chloride to enhance trapping ability, showing 7 times lower minimum
trapping power, which we believe is due to reduced surface repulsion. Finally, we
present tape exfoliation as a means to expose DNHs without damaging sonication
or chemical methods. Overall, these approaches make high quality optical trapping

using DNH structures accessible to a broad scientific community.

B.1.2 Introduction

Nanohole optical tweezers have been broadly used to investigate nanoparticles, start-

ing with early works on circular and rectangular apertures [100, 101, 28, 102, 103].
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Double nanohole (DNH), coaxial and bowtie aperture and similar shaped aperture op-
tical tweezers have been used in the analysis of particles smaller than 20 nm [28, 104,
105, 106, 107, 108, 109, 110, 111, 112, 113, 114, 115], including optical emitters and
quantum emitters [116, 117, 118, 119, 120], magnetic particles [121], DNA [122], pro-
teins [123, 36, 124, 125, 126, 63, 127]. These apertures have also been used in protein-
DNA interactions [62], protein-small molecule interactions [128, 129, 36|, protein-
antibody interactions [130, 131], protein-protein interactions [32], and to study pro-
tein vibrations [66].

The benefit of using a DNH aperture is to have a high field enhancement localized
in the gaps as small as 10 nm [32]. Most of these past works have used top-down
methods, such as focused ion beam, to fabricate the apertures [62, 108]. Recently, we
explored the use of colloidal lithography to create DNH apertures and used scanning
electron microscope (SEM) to find them [44]. This still limits the use of the technique
to those with SEM facilities, and introduces an extra registration step, where the SEM
has to be compared with the microscope image using some fiduciary markers.

To make DNH aperture trapping more accessible, here we introduce a polarization
and transmission dependence technique to localize DNHs on a substrate, as well as
determine their orientation. We also characterize other aperture clusters and singles
with this approach. We explore the use of low-repulsion substrates for improved

trapping efficiency and tape-fabrication for gentle exposure of high-quality apertures.
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B.1.3 Polarization dependent DNH localization and orienta-
tion

Figure B.1(a) shows a schematic of an optical tweezer setup, where a continuous wave
(CW) diode laser beam was collimated, expanded, and focused through a 100x micro-
scope objective (1.25 NA) into a nanoaperture. The transmitted signal was collected
by a 10x microscope objective (0.25 NA) and measured by an avalanche photodiode
(APD - Thorlabs, APD120A). The reflected laser beam and the transmitted LED
light were directed to a charge-coupled device (CCD) camera. Fig. B.1(b) shows a
CCD image of the aperture sample while the LED was on and the laser was off, and
Fig. B.1(c) shows a CCD image of the sample while both the LED and laser were on
and the laser beam was aligned and focused into an aperture.

Nanoapertures in gold on glass substrate were fabricated by using the colloidal
lithography method [44]. Briefly, a 10 uL solution of 300 nm polystyrene nanospheres
in ethanol was drop-coated on a glass microscope slide. Then, 5 nm titanium adhesion
layer followed by a 70 nm gold film was deposited on the sample using a sputtering
system (Mantis). The Au-Ti coated sample was sonicated for 5 minutes in ethanol
to remove the polystyrene nanospheres and to reveal the nanoapertures on the film.
Variations in the size of polystyrene spheres and the etching time results in varying
of gap sizes and apertures diameters. Plasmonic nanoapertures on plastic substrate

were fabricated following the the same process as described above but using polyvinyl
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chloride (PVC) slides instead of glass microscope slides (for SEM images see the

Supplementary Material). Further, the omission of the sonication step in lieu of the

tape-removal is discussed below.

(a) -

10x MO
! ,,E% Sample
—" 100x Ol MO

20 um

Figure B.1: Experimental optical trapping setup. (a) Schematic of an optical tweezer

setup: linear polarizer (LP), half-wave plate (HWP), beam expander (BE), shortpass

dichroic mirror (D), 100 x oil immersion microscope objective (100 x OI MO), piezo

stage (stage), 10 xmicroscope objective (10 xMO), lens (L), optical density filter

(ODF), and avalanche photodetector (APD). (b) A CCD image of a sample with

nanoapertures when the LED light was on and the laser was off. (c) a CCD image

of the sample when both the LED light and laser were on and the laser beam was

focused into an nanoaperture. Transmitted LED light from nanoapertures varied for

different shapes and resulted in varying of brightness of nanoapertures in the CCD

image. Copyright (©)2022, Optics Express
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The colloidal lithography method resulted in formation of varying of nanohole
configurations, i.e. single, double, and variable clusters nanoholes. In this method,
dominant nanoapertures structures, average density of nanoapertures, diameter size of
apertures and their separation gap size of DNHs on a sample were controlled through
the fabrication process [44]. However, location and number of nanoapertures on a
sample could not be controlled through the fabrication process (see the Supplementary
Material) and this resulted in formation of varying of nanoaperture structures over
the sample.

To find a DNH aperture, here we used a combination of CCD camera images and
polarization dependent transmission of the laser beam, not only to align the laser
beam with a nanoaperture, but also to distinguish between different nanoaperture
structures on a sample. In addition, the transmitted LED light from nanoapertures
varied for different nanoaperture structures, resulting in varying their brightness in
the CCD image (see Figs. B.1(b) and (c)).

Figures B.2(a~-d) show CCD images for varying of nanohole configurations and
their transmitted signals (Figs. B.2(e-h)) measured in the APD. We can rapidly iden-
tify DNH candidates by the white light transmission imaged on the CCD. For exam-
ple, Fig. B.2(a) shows a dimmer spot that was a single nanohole (determined later
by SEM that is shown in the inset of the Fig. B.2(a)), whereas Fig. B.2(b) shows a
brighter spot that was a DNH. By ignoring all the dimmest apertures, we can rule

out single apertures. Fig. S2 of the Supplementary Material shows more details of
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Figure B.2: Identifying DNHs and other nanohole configurations on a sample. (a-
d) CCD images of white light transmission of single, double and varying of cluster
apertures. In these images, the same area was artificially marked with yellow contours
and an aperture of interest was shown with a yellow array. Brightness of apertures
were varying depended on nanoholes configuration: (a) single nanoholes (SNHs) were
the dimmest structures, (b) DNHs were brighter than SNHs but dimmer than clusters,
(c and d) clusters were the brightest apertures among varying of configurations. Inset
of figures (a-d) show SEM images of the marked nanoaperture (full SEM image is
shown in the Supplementary Material. (e-h) Maximum and minimum polarization
dependence of the laser transmission of an aperture of interest, marked in (a) to
(d) and measured with the APD: (e) polarization dependence of the SNH shown in
(a). (f) Polarization dependence of the DNH shown in (b). (g and h) polarization
dependence of the clusters shown in (c) and (d), respectively. The HWP was switched
between maximum and minimum transmission values in the plots (e-h). Copyright

(©)2022, Optics Express

identifying DNH by using CCD images and changing the distance of the focusing

microscope objective to the substrate. Next we use polarization dependence of the
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laser transmission. DNH and clusters show a polarization dependence (generally) as
shown in Figs. B.2(f-h). The small polarization dependence of the single nanohole is
a combination of slight anisotropy and some polarization in the optics setup. Among
Figs. B.2(f-h), the DNH could be reliably found by the polarization dependence and
intensity. It should be noted that the HWP was switched between maximum and

minimum transmission values in these plots.
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Figure B.3: Polarization dependence of the laser transmission of DNHs. (a) SEM
images of DNHs with their axes normal or parallel in respect to each other. Full
SEM image is shown in the Supplementary Material. (b) Parallel DNHs show similar
polarization dependence of the laser transmission, and DNHs with normal axes in
respect to each other show opposite transmission response of the laser beam. The
laser polarization direction was rotated by using a HWP in front of the lasrt output,
starting from the zero-order line of the HWP. (c¢) Polar plots of normalized transmis-

sions for DNHs shown in (a and b). Copyright (©)2022, Optics Express

Figure B.3 shows that the orientation of the DNHs could be determined by the

detailed polarization analysis. Maximum transmission through a DNH occurs when
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the laser polarization is along the short axis of the DNH. In these measurements, the
polarization direction of the laser beam was rotated in steps by a HWP in front of the
laser, starting from the zero-order line of the HWP. The transmitted signal through an
aperture was measured by the APD. Figs. B.3(a) shows SEM images of three DNHs
with parallel or normal orientations in respect to each other (the full SEM image is
shown in the Supplementary Material). We observed that DNHs with parallel axes
had similar polarization responses, while DNHs oriented normal in respect to each
others showed orthogonal polarization response (Fig. B.3(b)). Fig. B.3(c) shows polar
plots of normalized polarization dependence of the DNHs in (a) and (b). Normalized
transmission in the polar plots was obtained by dividing transmission values by the
maximum transmission value.

Figures B.4 and B.5 show that this applies to triangular (three holes) and diamond
(4 holes) clusters as well. These apertures could also be located and oriented.

Figure B.4 shows the polarization dependence of the transmission laser beam
through two triangular clusters with different orientations. Fig. B.4(a) shows SEM
images of the triangular apertures and Figs. B.4(b) and (c) show the transmitted
signals and the normalized polar plots of the transmitted signals through the trian-
gular apertures shown in (a). We also trapped 20 nm polystyrene nanospheres by
using triangular apertures showing similar behavior as DNHs (see the Supplementary
Material).

Figure B.5(a) shows SEM images of two diamond configurations clusters with
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Figure B.4: Polarization dependence of triangular clusters with different orientation.
(a) SEM images of two triangular clusters (labeled as Triangular 1 and Triangular 2)
on a sample. (b) Polarization dependence of transmission through the aperture was
obtained by rotating the HWP in front of the laser and measured the transmission
signal in the APD. (c) Polar plot of the normalized transmission signals shown in (b).

Copyright (©)2022, Optics Express
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Figure B.5: Polarization dependent response of two clusters with diamond configu-
ration on a sample. (a) SEM images diamond apertures (also see the Supplementary
Material), marked with yellow contours. (b) Polarization dependence of the transmis-
sion laser beam of the diamond apertures shown on (a). (c¢) Polar plots of normalized

transmission of (b). Copyright (©)2022, Optics Express
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different orientations in respect to each other. Figs. B.5(b and ¢) show the polariza-
tion dependence and normalized polarization dependence of the transmission signals
through the apertures. These show that diamond clusters had polarization depen-

dence while they had higher transmission that DNHs.
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Figure B.6: Polarization dependent response of SNHs and polarization rotation of
the laser beam without any sample (labeled as "No sample”. SNHs showed the same
polarization responses and also the same response as the laser beam without any
sample. We believe this mainly comes from the polarization dependence of the setup.

Copyright (©)2022, Optics Express

Figure B.6 shows that a SNH show a slight polarization dependence but these are
all the same and also the same as not having any sample there (labeled as “No sam-
ple”). Therefore, we believe this is mainly coming from the polarization dependence

of the setup.
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B.1.4 Improved trapping by substrate modification

Figure B.7 shows trapping events of 20 nm polystyrene nanospheres with a DNH in
gold on glass substrate (Fig. B.7(a)) and with a DNH in gold on a PVC plastic sub-
strate (Fig. B.7(b)). We used DNHs with similar gap size of ~50 nm and aperture
diameter of ~215 nm in 70 nm gold film on glass and plastic substrates (SEM images
are shown in the Supplementary Material). Trapping a particle in a DNH aperture
resulted in increasing the transmission, observed by a jump of in the APD signal.
Additionally, when particles were trapped the level of noise also increased. For trap-
ping measurements of > 5 samples for each glass and plastic substrates, trapping on
glass substrate showed on average a 5% jump of the APD signal, whereas trapping
on plastic substrate showed on average a 10% jump in transmission signal, suggesting
that the particle was positioned closer to the maximum intensity of the beam, causing
increased light transmission through the aperture. Furthermore, the level of noise for
the plastic trapping was less than that of the glass trapping indicating that there was
less movement of the particle, and that trapping with a plastic substrate was more
stable than with glass. Also, we observed that the initial laser power required to
trap polystyrene with glass substrate was ~5.8 mW, while for the plastic the initial
required power was ~1.4 mW.

Figure B.8 shows the mean APD voltage of trapping events for varying the inci-

dent laser power, along with the level of noise characterized by the standard deviation
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Figure B.7: Trapping event of 20 nm polystyrene (a) with a DNH in gold on a glass
substrate, and (b) with a DNH in gold on a PVC plastic substrate. Copyright (€)2022,
Optics Express

(STDev), for glass and plastic substrates. With the plastic substrate, it was possi-
ble to keep a 20 nm polystyrene in trapping for laser powers as low as ~0.6 mW,
whereas for the glass substrate the minimum laser power needed to keep the particle
in trapping was ~4.2 mW. Fig. S7 of the Supplementary Material shows the trans-
mission measurement data. This shows changing the substrate from glass to plastic
reduced the minimum trapping power by 7 times and improved the trapping ability,
which we believe is due to reduced surface repulsion because a glass substrate will
charge strongly in water [41, 132, 133]. Since glass is much more hydrophilic than
PVC plastic [134], glass ionizes easily in water[41], which increases the bulk concen-
tration of ions surrounding the glass surface, contributing to a stronger repulsion
force [135, 136].

While we primarily show data for trapping polystyrene nanospheres, we also
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trapped PR65 proteins (see the Supplementary Material) [137].
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Figure B.8: The mean APD voltage of trapping 20 nm polystyrene for varying the
incident laser powers. (a) Trapping with a DNH in gold on a glass substrate, and (b)
trapping with a DNH in gold on a plastic substrate, with the STDev indicating the
width of the trapping signal. Each measurement was conducted by decreasing the
incident laser power while the particle was still trapped. The incident laser power
was decreased until it was too low to keep the particle in trapping site and particle

was released. Copyright (©)2022, Optics Express

B.1.5 Tape exfoliation

Figure B.9 shows the fabrication process of DNH apertures using the colloidal lithog-
raphy [44] by using the tape-removal of nanoparticles instead of the sonication step.
The original colloidal lithography method used sonication to remove the polystyrene
nanospheres, but it was common for the metal film to begin to detach from the surface
before all the nanospheres are removed. Here we used Scotch tape to fully exfoliate

the polystyrene nanospheres without damaging the gold surface. In this method, tape
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Figure B.9: An illustration of fabrication process using tape exfoliation to remove
nanospheres and reveal apertures: (a) a titanium adhesion layer following by a gold
film was deposited on top of polystyrene nanospheres on a glass substrate, (b) a tape
was applied to a small area on the surface, (c¢) the tape was gently removed from the
sample resulted in pulling away the polystyrene nanospheres, and (d) revealing the
nanoapertures on the gold film. Copyright (©)2022, Optics Express

was applied to a small area on the surface and then gently removed to pull away the
polystyrene spheres,; this step was repeated until the desired area has been exfoliated,
taking care not to cover the same area multiple times. This was then followed by
washing in ethanol. Care was taken to apply the tape to a sufficiently small area
to reduce the chance of adhering to the gold. Figure B.10 shows SEM images of
the apertures fabricated by using the tape exfoliation process. Here the nanoparti-

cles were reliably removed, revealing high quality apertures without damage that can

come from sonication or using chemicals.
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(a) (b)

Figure B.10: Nanopaertures fabricated by tep-removal method. (a) An SEM image
of an area on the surface where a tape exfoliation was applied and an area without
applying the tape. (b) An SEM image of the surface before the tap-removal, and
(c) an SEM image of the surface where the tape exfoliation was applied. Copyright
(©)2022, Optics Express

B.1.6 Conclusion

We have demonstrated a way to identify the location and orientation of DNHs in-
situ, without the need for SEM or other complicated processes. This makes the
approach much more accessible without ready access to such facilities, requiring only
the use of an evaporator, as well as eliminating time-consuming characterization and
registration steps.

We have also improved the trapping by switching the substrate from glass to PVC,
which reduces repulsion in aqueous environments and reduces the minimum trapping
power by 7 times. A further improvement in the aperture quality is obtained by using
tape exfoliation instead of sonication in ethanol.

We believe that this low-cost and high-quality approach to DNH trapping will
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enable greater adoption of the technique by the biophysics and quantum emitter
communities. In biophysics, the emphasis can be shifted to protein characterization

and interactions studies rather than fabrication and characterization of apertures.
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B.2 Supplementary material:
Accessible high-performance double nanohole

tweezers

Scanning electron microscopy (SEM) was used to characterize the structures analyzed
in this work and provide a reference for constellation mapping of the sample when
observed in the CCD camera. Figure B.11 shows an SEM image and a CCD image
of the sample shown in the Figure B.2 of the main text.

Figure B.11 shows an SEM image of a sample and three CCD images of the same
sample with three distances of the 100x microscope objective from the surface of
the sample, which revealed varying of brightness of apertures for varying nanohole
configurations. The bright area in the CCD image is a scratch in the gold layer that
serves as a fiducial marking for finding the corresponding location in the trapping
setup.

Figure B.12 shows several of the structures analyzed in the main text. The struc-
ture of each aperture was confirmed using the SEM images.

Figure B.13 shows the transmission simulation for varying the polarization angle of
the incident beam for a triangular structure, obtained by finite-difference time-domain
(FDTD) method (Ansys Lumerical 2020 R2.3) at 973 nm wavelength, confirming that

the transmission shows negligible polarization dependence. A triangular aperture
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Figure B.11: Distinguishing between varying of apertures by varying the distance
of the 100x focusing microscope objective from the surface of a sample. (a) An
SEM image of the sample with an scratch marker on it. (b-d) CCD images of the
same sample with the microscope objective adjusted (b) focused on the cover glass,
(c) focused on top of apertures, (d) focused at bottom of apertures. Changing the
distance between the sample and the microscope objective were used to show variation

of the brightness different apertures. Copyright (©)2022, Optics Express

with 70 nm gap size and 280 nm aperture diameter in a 70 nm gold film was simulated
with the same dimensions as Triangular 1 in the Figure 4 of the main text. The
refractive index of gold was chosen as Au (Gold) — Palik [138]. A layer of water
(HoO (Water) — Palik) with 200 nm thickness was placed above the gold layer. Also
the triangular aperture material was selected as water similar to experiments. A
glass (SiOy (Glass) — Palik) substrate was created with the thickness of 2 ym and

lateral dimensions of 2.8 ym X 2.8 um, the same lateral dimensions as the gold
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()

Figure B.12: SEM image of the sample used in the measurements shown in Figures
3-6 of the main text. Labels are the same as used on the main text. Copyright
(©)2022, Optics Express

and glass layers. For the FDTD simulations, we used the following parameters: the
simulation volume had dimensions of 1.3 ym x 1.3 pm x 170 nm in the x, y and z
directions. A uniform mesh of 5 nm was used. Perfectly matched layers were used
on all boundaries. A total-field scattered-field (TFSF) source with 800 to 1200 nm
wavelength range was used. The TFSF region dimensions in z, y and z directions
were 800 nm x 800 nm x 110 nm and the source was placed 30 nm above the gold
film. To obtain the polarization dependence of the transmission, a frequency-domain
field and power monitor was placed 10 nm above the gold film. Transmission at
973 nm was recorded for varying of the polarization angles of the source from 0° to

90°. Insets show the electric field distribution of the triangular structure for 0°, 45°,
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Figure B.13: The transmission for varying the polarization angle of the incident beam
for a triangular structure, obtained by FDTD simulations. The triangular structure
showed negligible polarization dependence. Insets show the electric field distribution
of the triangular structure for 0°, 45°, and 90° directions of the incident electric field.

Triangle nanostructure was simulated with the same dimensions as Triangular 1 in

the Figure 4 of the main text. Copyright (©)2022, Optics Express

and 90° polarization angles of source, measured with a frequency-domain field and

power monitor which was placed in the middle of the gold film.



144

Trapping is typically performed on DNH structures, but other structures are ca-
pable of trapping. Figure B.14 shows a trapping event of a 20 nm polystyrene sphere

using a triangular-shaped aperture.

Figure B.15 shows close-up SEM images of DNHs created using the colloidal lithog-

raphy method on glass and plastic substrates.
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Figure B.14: Trapping event of a 20 nm polystyrene with the Triangular 1 (the SEM
is shown in Fig. B.12 with the incident laser power of 10 mW. Copyright (€)2022,

Optics Express

As a proof of concept for the common application of protein trapping, the DNH
structures found using the characterization approach presented in the main text were
used to trap the PR65 protein. Figure B.16 shows a trapping event of a PR65 protein
with a glass and with a plastic substrate.

Figure B.17 shows the transmitted laser signal for the data provided in the Fig-
ure B.8 of the main text. The APD voltage was measured for varying of the incident

laser power while a polystyrene nanosphere was trapped with a DNH on the glass
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(a) ) _ (b)

Figure B.15: An SEM image of a DNH in gold on a glass substrate, and (b) an SEM
image of a DNH in gold on a plastic substrate. DNHs on both had aperture size of
~215 nm and gap size of ~50 nm, and they were fabricated by colloidal lithography
method in a 70 nm gold film on top of a glass or plastic substrate, respectively.

Copyright (©)2022, Optics Express
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Figure B.16: Trapping a PR65 protein with glass and plastic substrates. (a) Trapping
with a DNH on a glass substrate, and (b) trapping with a DNH on a plastic substrate.
Copyright (©)2022, Optics Express

substrate (Fig. B.17(a)) and a DNH on the plastic substrate (Fig. B.17(b)).
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Figure B.17: The transmitted voltage measured in the APD for trapping events of
polystyrene nanospheres with plasmonic DNHs on a glass and a plastic substrates for

varying the incident laser power, while the polystyrene nanosphere was still trapped.

Copyright (©)2022, Optics Express
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Appendix C

Fringe dielectrophoresis
nanoaperture optical trapping with
order of magnitude speed-up for

unmodified proteins [139]

Babaei E, Wright D, Gordon R. Fringe dielectrophoresis nanoaperture optical trap-
ping with order of magnitude speed-up for unmodified proteins. Nano Letters. 2023
Mar 31;23(7):2877-82.

Reproduced with permission from Nano Letters, ACS Publication.
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C.1 Fringe dielectrophoresis nanoaperture optical
trapping with order of magnitude speed-up

for unmodified proteins

C.1.1 Abstract

Single molecule analysis of proteins in an aqueous environment without modifica-
tion (e.g., labels or tethers) elucidates their biophysics and interactions relevant to
drug discovery. By combining fringe-field dielectrophoresis with nanoaperture optical
tweezers we demonstrate an order of magnitude faster time-to-trap for proteins when
the counter electrode is outside of the solution. When the counter electrode is inside
the solution (the more common configuration found in the literature), electrophore-
sis speeds up the trapping of polystyrene nanospheres, but this was not effective for
proteins in general. Since time-to-trap is critical for high-thoughput analysis, these
findings are a major advancement to the nanoaperture optical trapping technique for

protein analysis.

C.1.2 Paper content

Single-molecule techniques can resolve heterogeneity in behavior and give access to

kinetics without synchronization [49]. Ideally these methods would allow for seeing
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dynamics at a rapid timescale without modifications to the protein, in a physiolog-
ical environment and be able to study small and large biomolecules. While used
extensively in free-solution studies, modifications like labelling and tethering disrupt
the natural function of biomolecules with significant impact on properties such as
diffusion, surface potential and binding kinetics. [50]

Various single molecule techniques allow for analyzing unmodified proteins in
aqueous environments, including nanopores, iScat and nanoaperture optical tweezers
(NOTs). NEOtrap is a nanopore technique that sizes proteins by monitoring changes
in ionic current for a blocked nanopore [140], and it has recently been used to achieve
sizing of 14 kDa proteins [51]. Early works on iScat achieved a 40 kDa size limit of
detection, [52] which can be further enhanced below 9 kDa by using sophisticated ma-
chine learning techniques [53]. NOTs have previously sized single proteins down to 6.5
kDa, even in heterogeneous unprocessed solutions [35, 125]. More generally, various
shaped apertures have been used to trap and analyze nanoparticles [100, 32, 28, 106,
105, 141, 142, 143, 130, 119, 109, 144, 145, 126, 108, 115, 114, 141, 146, 147, 104, 148|.

Later works combined nanopores with NOT's, which confirms that single proteins
were trapped in NOTs, as generally expected due to natural repulsion [126, 130, 128].
Even without nanopores, the normal single protein analysis of NOTSs is clear from
the uniform distinct steps observed with rare multiple-trapping events [149] and from
the consistent single-particle mass sizing results [35]. While trapped, single protein

dynamics have been observed, including conformational changes (giving information
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about protein shape) and enzyme action [125, 150].

Previous works have introduced electric fields with nanoapertures in metal films to
manipulate nanoparticles. By applying an AC electric field for a counter electrode in
solution, as well as a laser beam, a balance was achieved between electroosmotic and
thermophoretic forces to trap fluorescently labelled proteins at a distance from an ar-
ray of holes [45]. Dielectrophoresis has also been used with gold-coated nanopipettes
to isolate individual fluorescently labelled DNA where the counter electrode was again
placed in solution [46]. Similarly, dielectrophoresis was used to enhance surface trap-
ping and sensing of proteins and polystyrene particles with a nanohole array in a
metal film. [47] There are two main distinctions between these (and similar) past
works and our present work: we are applying the use of electrodes to NOTs for the
first time without the use of fluorescence, and we are changing the placement of the
counter electrode to create a fringe field and thereby enhance performance.

Here we examine the use of a electrode for enhancing the trapping speed of a
NOT for unlabelled proteins. When the counter electrode is placed on the dielectric
substrate supporting the gold film (on the opposite side from the solution), so that a
fringe field is created in the solution by the nanohole, an order of magnitude reduction
in trapping time is achieved. This occurs for both negative and positive applied volt-
age (and AC voltage) demonstrating that the speedup comes from dielectrophoresis.
When the counter electrode is placed in the solution, which is the more common prac-

tice, a positive voltage on the gold film with respect to the counter electrode speeds
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up the trapping of polystyrene nanospheres, but this was not generally effective for
proteins.

Figure C.1(a) shows a schematic of the optical tweezer system containing a gold
film with double nanoholes, fabricated as described previously [44, 99]. Nanohole film
samples were prepared in gold on glass as in a past work [99]. The dimensions were
20 nm for the cusp size and 330 nm for the diameter. A typical electron micrograph
of the sample is shown in the Supporting Information Figure C.5. The sample was
cleaned with acetone between runs. After a few runs, samples were cleaned with KOH
and HyO5 solution. The optical tweezer setup was modified from Thorlabs OTKB by
replacing the 980 nm laser diode with an 850 nm laser diode. The laser power was
maintained at 16 mW.

A counter electrode is placed on the opposite side of the glass substrate to the
sensing volume (away from protein solution) to achieve a fringe field through the aper-
ture, as shown schematically in Figures C.1 (b) and (c). The fringe field can attract
particles in the solution by dielectrophoresis. We have confirmed that the intensity
field gradient increases towards the aperture for the counter electrode above the glass
as shown by finite element method simulations (as shown in Supporting Information
Figure C.12 and C.13), which is schematically represented in Figure C.1(c). If the
counter electrode is placed in solution, the opposite gradient appears (also shown in
Supporting Information Figure C.14 and C.15).

Figure C.2 shows a typical trapping event for the protein aprotinin (6.5 kDa). The
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Figure C.1: Dielectrophoretic double nanohole trapping. (a) Schematic of optical
setup. APD: Avalanche Photodiode, ODF: Optical Density Filter, OI: Oil Immersion,
MO: Microscope Objective, CCD: Charge Coupled Device, DI: Dichroic, BE: Beam
Expander, HWP: Half-Wave Plate, LP: Linear Polarizer, MR: Mirror. (b) Schematic
of microwell sample with electrode placement. (c) Side view of electrode connections
and equipotential lines of fringe electric fields around nanoaperture. Copyright (©)2023

American Chemical Society
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laser is turned on at 2.5 seconds and then 42 seconds elapses before there is a rapid
discontinuity in the signal (trapping) and a large increase in noise (protein undergoing

Brownian motion in the trap). The elapsed time is called the time-to-trap, T.
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Figure C.2: Time-to-trap (T) in a typical protein trapping event of aprotinin. Copy-
right (©)2023 American Chemical Society

We performed trapping measurements for several proteins in three experiments:
with no voltage applied, with DC voltage applied, and with AC voltage applied. Cy-
tochrome ¢, bovine serum albumin, S amylase were from the GE LMW filtration
calibration kit (GE28-4038-41, Sigma Aldrich), and ovalbumin, conalbumin, apro-
tinin, carbonic anhydrase, ribonuclease were from Cytovia. The concentration of 0.1

percent weight per volume was used for all the proteins in 0.01 M phosphate buffer.
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Figure C.3(a) summarizes the results. Applying a DC voltage reduced the time-to-
trap substantially (between 3 and 11 times). The results were repeated between 3

and 10 times for each protein and the mean value is reported in the figure.
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Figure C.3: (a) Average time-to-trap vs. applied DC and AC voltages for different
proteins. (b) Trapping time for ovalbumin trapped applied DC voltage with dielec-

trophoresis method. Copyright (€)2023 American Chemical Society

We also experimented with applying an AC voltage, with frequencies between 10
Hz and 1 kHz. Based on these initial studies, we selected 100 Hz for AC trapping;
however, the speed-up was not as consistent with AC fields as for DC. While either AC
or DC voltages can result in a speed-up for trapping, we have not found a correlation
between this effect and protein charge (zeta potential, see Supporting Information
Table 1), highlighting that dielectrophoresis, a particle polarization effect, is likely
to be the dominant mechanism. A different version of Figure C.3(a) is given in the

Supporting Information Figure C.18, which shows the error bars representing the
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standard deviation over multiple measurements.

Figure C.3(b) shows that the polarity of the DC field did not impact the time-
to-trap, which distinguishes dielectrophoretic from electrophoretic effects. Since the
speed-up was agnostic to sign, the observed trapping is dielectrophoretic in nature.

After trapping a particle with both voltage and laser on, we found that the particle
remained in the trap if the voltage was turned off. We also turned the voltage on
prior to turning on the trapping laser. This led to a small speed up on the time to
trap, but not appreciable. The voltage was not sufficient to trap the particle without
the laser.

We also placed the counter electrode inside the solution, as shown schematically in
Figure C.4(b). This is expected to have two effects: first, the fringe field should have
a negative gradient towards the nanoaperture [151] (decreasing field strength when
approaching the aperture) and second, any surface-charge electrostatic interaction
can be offset by the applied field. The difference between the two configurations is
the gradient of the fringe field. In one case it is increasing towards the aperture and
in the other it is decreasing towards the aperture, as shown in COMSOL simulations
in the Supporting Information Figure C.12, C.13, C.14 and C.15. The electrode-
aperture distance was similar in both configurations of the order of 1 mm. The
height of the channel was 100 microns, but the electrode was offset laterally in both
cases by a comparable amount. We found that having the counter electrode inside the

solution did not speed up trapping for proteins in general (see Supporting Information
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Figure C.11); however, it did reduce the time-to-trap for 20 nm polystyrene spheres
systematically. Furthermore, applying a greater positive potential to the gold film
systematically reduced the time-to-trap, but a negative voltage did not allow for stable
trapping, as shown in Figure C.4(d). This suggests that an electrostatic interaction
was attracting the negatively charged polystyrene particles to the surface to enhance
trapping speed. We believe that the electrostatic effect is more pronounced for the
polystyrene particles because they are significantly larger (typical protein size is a
few nm), and therefore there is more effect from the surface charge.

Considering diffusion alone, we expect that the time-to-trap would be less than a
millisecond, assuming diffusion coefficient of around 100 u?/s and average spacing of
0.1 pm (typical at micromolar concentrations). But this is not what is seen in NOTs:
in the best case, trapping usually takes minutes, and in some extreme cases, tens of
minutes [123]. In some cases, it can be faster (10s of seconds for 20 nm polystyrene
nanospheres) [150]. This can also be sped up by using surfactants to modify the Soret
coefficient and then attract particles to the trap [108]. However, surfactants can have
a damaging effect on proteins [152].

Trapping is slow because of competing effects that can keep the nanoparticles away
from the trapping site. These effects include electrostatic repulsion and thermopho-
bicity (when the trapping site at higher temperature due to the laser). Nanopores have
been used to direct biomolecules to the trapping site with electrophoresis [126, 128].

While this allows for rapid trapping, it requires: fabrication of a nanopore in addition
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Figure C.4: (a),(b) Method of sample preparation and electrode connections for apply-
ing voltage in electrophoresis technique. (¢) Time-to-trap versus applied DC voltage
for 20 nm polystyrene. (d) Trapping event of 20 nm polystyrene sphere at different
DC voltages. Copyright (©)2023 American Chemical Society
to the trapping nanoaperture in a gold film (more nanofabrication time/cost); using
a fragile thin membrane for the nanopore (more delicate); and, using two chambers
(more complicated). Considering these challenges, the present approach does not add
nanofabrication steps, uses a robust substrate and uses a simple single chamber.
This study shows that the location of the counter electrode plays an important

role. In most works, the counter electrode is placed within the solution, and this

can lead to repulsive electro-osmotic flow [45]. If we aim to direct the particles to
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the trapping site, repulsion is not desirable. Dielectrophoretic effects are sensitive to
the location of the counter electrode. The field gradient changes when moving the
counter electrode from the solution to the opposite side of the film. If the counter
electrode is placed in solution, the aperture in the metal plate sets up an opposing
dipole to the applied normal electric field and therefore, the field decreases towards
the aperture (negative gradient) [151]. This causes a repulsive dielectrophoretic force
(assuming the Claussius Mossitti factor is positive for a highly polarizable particle).
On the other hand, placing the counter electrode on the opposite side of the metal
film creates a positive field gradient that attracts particles by dielectrophoresis, which
would lead to faster trapping as seen in the experiments for this configuration.

We believe that part of the reason dielectrophoresis works so well is because the
proteins are highly polarizable (but perhaps not as polarizable as some other parti-
cles, like nucleic acid molecules) in part because of their surface water interactions;
however, this is a topic of ongoing investigation [153]. We confirmed both positive
and negative voltages worked, proving that this was dielectrophoresis and not elec-
trophoresis. At the time of review, we became aware of a preprint using applied
field to manipulate and trap extracellular vesicles with a double-nanohole. [154] In
that work, the double nanohole was surrounded with many holes and these additional
holes pushed the particle towards the center where the double nanohole was located.
Therefore, a repulsive force was seen from the presence of the external apertures when

the counter-electrode was in solution for that work. Without the holes surrounding,
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this would not help trapping. Their interpretation of the results are slightly different
from ours and this may be debated in future works; however, the experimental results
are clear and consistent with our work.

We have also used this technique to analyze various proteins, as done in the
past, making use of noise amplitude and time constant to get information about the
protein size (both from a hydrodynamic and optical scattering point of view, which
are in general different quantities). The results are presented in the Supporting
Information Figure C.7 and C.8. Generally, the proteins showed linear increase in
the noise amplitude with particle size, and a -2/3 exponent dependence with time
constant (which was extracted for various proteins by fitting a Lorentzian to the power
spectrum of the trap data, to retrieve the corner frequency of the power spectrum
density of the thermally driven fluctuations). An exception was Neuropeptide Y,
which showed significantly higher than expected noise amplitude but it did fit the
time constant curve well. The larger fluctuations are possibly because of its rod-like
shape and flexible tail end [155]. Of interest, neuropeptide Y is the smallest protein
we have trapped so far, at only 4 kDa.

In conclusion, a simple modification of placing an external counter electrode to
the double-nanohole containing metal film allows for an order of magnitude faster
trapping of unmodified proteins in solution. The speed-up was observed for both
negative and positive potentials, showing that this is a dielectrophoretic effect. The

approach was most effective at DC applied voltage. By contrast, putting the counter
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electrode in solution did not generally speed up trapping of proteins; it did lead
to voltage dependent faster trapping of polystyrene spheres, with increasing applied
voltage, which we attribute to changes in the repulsive surface potential since it
only worked for positive applied voltages. Since rapid trapping is required for high-
throughput analysis of proteins and their interactions, this is a promising approach

for the application to single molecule biosensors based on NOTs.
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C.2 Supporting information for “Fringe dielectrophore-
sis nanoaperture optical trapping with order
of magnitude speed-up for unmodified pro-

teins”

Figure C.5 shows a typical scanning electron microscope image of the double nanohole

used for protein trapping.

2.0kV 5.0mm x80.1k SE(M)

Figure C.5: A typical electron micrograph of the sample. Copyright (©)2023 American

Chemical Society

Figure C.6 shows a typical trapping signal obtained for Neuropeptide Y (4 kDa),
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the smallest protein we have trapped so far.
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Figure C.6: Typical trapping signals obtained for neuropeptide y (4 kDa). Copyright
(©2023 American Chemical Society

Figure C.7 shows the time constant extracted for various proteins from the corner
frequency of the power spectrum plot. The fit on the log-log plot is -0.64, whereas a
simple theory predicts -2/3 [35].

Figure C.8 shows a linear dependence of noise amplitude with protein mass, except
the smallest protein trapped, neuropeptide Y (4 kDa). The neuropeptide Y showed
a much larger than expected noise signal, which may be related to its has a rod-like
shape and a highly mobile end [155]. The time-constant for this protein, however,

was suitable in sizing.
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Figure C.7: Time constant as a function of protein mass. Copyright (©)2023 American
Chemical Society

Figure C.9 shows typical power spectral density plots and Lorentzian fitting for
neuropeptide Y and conalbumin. The fitting to Lorentzian functions gave more robust
time constant fitting than fitting exponentials that we have used in the past [35].

Figure C.10 shows the a Gaussian probability distribution fit to the noise ampli-
tude histogram for neuropeptide Y.

Figure C.11 shows the voltage dependent trapping of carbonic anhydrase and
bovine serum albumin for the counter electrode in solution. Bovine serum albumin
did not show a speed up on the time-to-trap with applied voltage.

We used a COMSOL Multiphysics model (finite element method) to simulate the
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Figure C.8: Normalized root-mean-square (RMS) of trapped signals, with zero cor-
responding to an empty trap. Copyright (©)2023 American Chemical Society
distribution of electric fields around the aperture when the counter electrode is on the
other side of the glass or in solution. The model consists of 3D geometry representing
double nanohole aperture with radius of 165 nm and cusp size of 20 nm in a gold film
with thickness of 70 nm. The film is between water at the bottom and glass at the
top. The voltage of the gold was set to -0.5 V and the counter electrode to 0 V in
both cases.

Figures C.12 and C.13 show the electric potential simulated in COMSOL for
x-z and y-z planes, showing a concentration around the aperture when the counter

electrode is placed on the glass side. Figures C.14 and C.15 show the electric potential
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Protein Molecular weight (kDa)  Isoelectric point  Distance from pH 7.4  Zeta potential (mV)
Aprotinin 6 10.5[156] +3.1
B-amylase 57 5.0 [157] -2.4
Carbonic anhydrase 30 5.4 [158] -2.0
Conalbumin 75 6.5 [159] -0.9 -1.0 [159] *
Cytochrome c 12 9.6 [160] +2.2 11.7 [161]
Neuropeptide Y 4 7.9 [162] +0.5
Ovalbumin 40 4.5 [163] -2.9 -19.5 [164]
Ribonuclease 13 9.3 [165] +2.2 -0.9 [165]

Table C.1: Isoelectric points and zeta potentials for proteins studied in this work,
sourced from literature. *Note: not measured in PBS buffer.

Voltage ON before laser Voltage OFF before laser

37 110
Aprotinin 63 51
85 89
59 49
Ovalbumin 33 27
42 45

Table C.2: Time to trap values in seconds for proteins when dielectrophoresis voltage
is switched on before or after laser.

simulated in COMSOL for x-z and y-z planes, showing field reducing around the
aperture when the counter electrode is placed in solution.

Figure C.16 is a schematic showing the control measurement where voltage is
switched on before or after the laser.

Table C.1 contains isoelectric points and zeta potentials for the proteins studied
in this work.

Table C.2 contains values for the time to trap for events where the voltage is
switched on before or after the laser.

Figure C.17 depicts the equivalent circuit model for the dielectrophoresis optical
tweezer.

Figure C.18 shows a comparison of the simple arithmetic mean of the time to trap
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of 8 proteins in three different states of applying no voltage, DC voltage, and AC

voltage to the sample. The error bars show the standard deviation of the data.
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Figure C.9: Comparing power spectral density of NPY (Top) and conalbumin (Bot-

tom). Copyright (©)2023 American Chemical Society
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Figure C.10: Normalized histograms (blue) and Gaussian probability density func-
tions (red line) of trapped signal for neuropeptide. Copyright (©)2023 American

Chemical Society



169

b
(a) 300 T T (b) 400
250 350
300
% 200 w
= =250
S o
o 150 1 g 200
) o
£ E150F
=100 4
100
50
{ 50
0 1 L 0 1 1
No voltage DC No voltage DC

Figure C.11: Comparing time to trap with applied DC voltage and with no voltage
applied for proteins: (a) carbonic anhydrase (b) bovine serum albumin. Copyright

(©2023 American Chemical Society
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Figure C.12: Electric potential from xz view when one electrode is gold and one at

the top of glass.Copyright (€)2023 American Chemical Society
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Figure C.13: Electric potential from yz view when one electrode is gold and one at

the top of glass.Copyright (€)2023 American Chemical Society
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Multislice: Electric potential (V)

Figure C.14: Electric potential from xz view when one electrode is gold and one in

the solution.Copyright (€)2023 American Chemical Society
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Figure C.15: Electric potential from yz view when one electrode is gold and one in

the solution.Copyright (€)2023 American Chemical Society
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Figure C.16: Separating dielectrophoresis effect from optical trapping behavior (a) ap-
plying Voltage after laser (b) having the voltage before making the laser ON.Copyright

(©2023 American Chemical Society
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tweezer.Copyright (€)2023 American Chemical Society
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