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ABSTRACT

Nanoaperture optical tweezers are emerging as useful label-free, free-solution tools for the detection and identification of
biological molecules and their interactions at the single molecule level. Nanoaperture optical tweezers provide a low-
cost, scalable, straight-forward, high-speed and highly sensitive (SNR ~ 33) platform to observe real-time dynamics and
to quantify binding kinetics of protein-small molecule interactions without the need to use tethers or labeling. Such
nanoaperture-based optical tweezers, which are 1000 times more efficient than conventional optical tweezers, have been
used to trap and isolate single DNA molecules and to study proteins like p53, which has been claimed to be in mutant
form for 75% of human cancers. More recently, nanoaperture optical tweezers have been used to probe the low-
frequency (in the single digit wavenumber range) Raman active modes of single nanoparticles and proteins. Here we
review recent developments in the field of nanoaperture optical tweezers and how they have been applied to protein-
antibody interactions, protein — small molecule interactions including single molecule binding kinetics, and protein-DNA
interactions. In addition, recent works on the integration of nanoaperture optical tweezers at the tip of optical fiber and in
microfluidic environment are presented.

1. INTRODUCTION

Since the first demonstration of single beam optical trap [1], optical tweezers have been used to isolate and manipulate
dielectric particles [2,3], carbon nanotubes [4-8], graphene flakes [9,10], nanodiamonds [11], semiconductor nanowires
[12-19] and metal nanoparticles [20-30]. This has opened up new possibilities for studying nanometer-size biological
particles and their interactions; for example, studying interactions including those of protein — protein, protein — small
molecule, protein — DNA and protein — antibody.

In order to achieve stable trapping of a single nanometer-sized molecule using conventional optical tweezers, two
challenges have to be overcome. First, for trapping particles much smaller than the wavelength of light, the optical
power required typically scales with the inverse third power of the particle size. Second, as the particle size decreases the
viscous drag is decreased, making escape from the trap faster. Therefore, for trapping smaller particles high laser powers
are needed — an option which is not always available, especially when working with temperature-sensitive biological
molecules. One approach for trapping small biological particles with moderate laser powers is to use nanoapertures in
metal films. Nanoaperture-based optical tweezers have emerged as a useful tool for single molecule studies.

In this paper, we review nanoaperture-based optical trapping schemes and discuss their unique features. We highlight the
recent developments of aperture-based optical trapping for single protein studies and their interaction with small
molecules and with DNA. We show how the high sensitivity of nanoaperture optical tweezers has enabled them to
observe real-time binding dynamics and to quantify binding kinetics of protein-small molecule interactions by simply
measuring the optical transmission of the same trapping laser beam through the aperture. We show how these
nanoaperture traps can be used to probe the low-frequency Raman active modes of nanoparticles, including proteins and
DNA molecules. Furthermore, we present some of the recent efforts towards integrating nanoaperture optical tweezers
with microfluidic environment and at the tip of an optical fiber.



2. NANOPORES AND TRAPPING

Conventional single beam optical traps are mathematically described using the perturbative gradient force formulation
when trapping particles in the Rayleigh regime (diameter d << wavelength 1) [1]. In this regime, two types of optical
forces can be considered: the scattering force and the gradient force. The scattering force is the force exerted on an
object in the propagation direction of the laser beam and can be expressed as [1]
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where, Iy is the light intensity at the particle, d is the diameter of the particle, A is the wavelength of the laser, nj is the
refractive index of the particle, n, is the refractive index of the background medium. The second type of optical force is

the gradient force, which is the force due to the gradient of the electric field intensity |E|2 and is given by [31,32]
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where a is the polarizability of the particle. It is clear that as the particle gets smaller, the ratio between the gradient force
and the scattering force is proportional to the inverse third power of the particle size, which means that the scattering
force can be neglected for particles well into the Rayleigh regime. Furthermore, Eqn. 2 shows that the gradient force
scales with the third power of the particle size. Therefore, to trap smaller particles with this force requires an increase in
the field intensity or working with highly polarizable objects. Indeed, 10 nm Au spheres were trapped with high power
(400 mW) using a single laser beam [33]. In addition, stable trapping of the tobacco mosaic virus was demonstrated
using a single beam optical trap due the high polarizability of the extremely elongated shape of that particular virus [34].
However, conditions like high power and/or high polarizability are not available for general dielectric particles, like
biological molecules (biomolecules), which are also very temperature sensitive. Therefore, new strategies need to be
developed for trapping biological molecules.

In order to overcome the limitations of conventional optical tweezers, a number of nanophotonic and plasmonic optical
trapping techniques have been suggested [35-43], but these are usually perturbative and require high field intensities or
highly polarizable particles to achieve stable trapping of particles less than 100 nm in size. Trapping using nanoapertures
in metal films, when suitably configured, can be used to overcome the problem of required high beam intensities for
<100 nm particles and they also allow for easy detection of trapping events by noting the abrupt increase in the
transmission. Bethe’s theory approximates the light transmission through a circular aperture (r << 1) in an infinite
perfect electric conductor (PEC) by the emission of a magnetic dipole, which can be expressed as
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where Z, is the free space impedance, 4, is the wavelength in free space, r is the aperture radius and Hy is the magnetic
field of the incident plane wave, as shown in Fig. 1a. It can be shown after normalizing to the area of the circular
aperture that the optical transmission through a subwavelength circular aperture is inversely proportional to the fourth
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power of the incident beam wavelength, i.e. T oc (zj . Simplistically, if a dielectric object with a refractive index n,
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surrounds the aperture then the wavelength in the medium is scaled as A = Z% | hence an increase in the transmission
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by a factor of np4 is obtained for the same aperture, as shown in Fig. 1b. The reference to Bethe’s theory here is only an
approximation, since that model considered infinitesimally thin films in perfect electric conductors. Here we consider
films of finite thickness in real conductors that can have plasmonic effects. Nevertheless, it has been demonstrated that
the transmission through the aperture in finite films drops off past the cut-off wavelength in a way that resembles the
scaling of Bethe’s theory [44].
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Fig. 1 Optical transmission through a single subwavelength circular aperture: (a) without dielectric particle. (b)
Transmission is enhanced with a dielectric particle in the circular aperture. (c) Transmission is decreased by AT as the
particle tries to escape from the aperture and as a result the total photon momentum traveling through the aperture decreases.
This induces a force F in the opposite direction pulling the particle back to the hole. (d) The presence of the dielectric
particle makes the aperture optically larger, red-shifting the transmission hence giving an increase in the transmission by
AT. Reprinted from Ref. 45, Copyright 2012, Y. Pang.

This shows that nanoapertures in metal films can overcome the weak perturbative scattering by having the dielectric
particle strongly influence the surrounding electromagnetic environment and consequently inducing an increase in the
transmission; thereby allowing to work beyond the usual perturbative regime.

In addition to the scattering and gradient forces acting upon particles in the Raleigh regime, a number of studies have
reported on the effect of thermally induced forces, on the trapped particle [46-51]. Temperature increases of hundreds of
Kelvin where reported when trapping gold nanoparticles near lipid vesicles exhibiting temperature-sensitive
permeability [52]. Such high increases in local heat intensities are generally undesirable especially when trapping
dielectric particles as this might have some damaging effects [1]. In addition, recent works on protein studies, like
resonant-based plasmonic trapping [53-55] and photonic crystal trapping [56,57] systems are prone to heating issues and
it might be needed address them by applying a number of thermal management strategies; for example, by using adjacent
metal films as a natural heat sink in nanopillar plasmonic trapping [58,59]. Nanoaperture-based trapping, on the other
hand, has the advantage of good thermal conductivity of the metal film which reduces significantly the heating effect.



The temperature rise at the trapping site is expected to be on the order of 0.1 Kelvin [59]. Indeed, nanoapertures in metal
films have shown three orders of magnitude lower heating than in resonant nanorod antennas [60].

2.1 Self-Induced Back Action Optical Trapping

As predicted by Bethe’s aperture theory, a small change in the electromagnetic environment surrounding a
subwavelength aperture in a metal film, such as by the presence of a dielectric object with a refractive index higher than
that of the surrounding medium, causes an increase in the transmission through it. Therefore, if the trapped particle tries
to escape from the aperture transmission decreases; with a corresponding drop in the total photon momentum traveling
through the aperture. Therefore, a restoring force in the opposite direction, according to Newton’s Third Law, will act
upon the particle to balance the momentum rate change; hence pulling it back to the equilibrium position towards the
opening of the aperture, as shown in Fig 1c. This so-called self-induced back-action (SIBA) trapping approach offers
superior trapping ability at lower powers for Rayleigh particles and provide an automatic feedback control without the
need for any external monitoring mechanisms [61-63].

Another way to view this effect is to consider the energy of the particle, which scales as E.p where p is the electric
dipole moment of the particle, which is given by aF in the dipole approximation. With the particle in the aperture, not
only is the energy increased, but also the E field is increased because of more light being transmitted through the
aperture, so this further increases the trapping potential. Trapping using the SIBA effect with a simple circular aperture
was used to achieve stable trapping of 50 nm polystyrene with only 1 mW of laser power [64] opening the doors to trap
<100 nm particles with low powers.

Unlike other trapping schemes that require advanced scattering schemes [33,65, 66] or fluorescence monitoring [40], the
high sensitivity of the SIBA trapping approach allows for trapping detection by simply measuring the transmission
through the aperture. Although the SIBA approach was first demonstrated with subwavelength circular apertures in
metal films, the concept has been applied to a number of other aperture geometries as will be discussed in detail below.
In addition, the generality of the SIBA approach can be optimized to accelerate efforts in the fields of nano-optics and
metamaterials towards sensing applications [67-71].

Although the perturbative optical force formulation (Eqgn. 2) gives a good approximation of the forces acting upon a
particle in a homogeneous electromagnetic environment [3, 72], it does not account for the strong change to the ambient
electromagnetic environment caused by the trapped dielectric particle — as in the case for SIBA trapping. Therefore,
working beyond the perturbative gradient force approximation necessitates the use of the comprehensive Maxwell stress
tensor (MST) analysis. The force acting on a dielectric particle in this case is given by [73]
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where the superscript * denotes the complex conjugate, &, is the free-space permittivity and ¢, is the relative permittivity
of the dielectric particle. Finite-difference time-domain (FDTD) simulations were performed for a nanohole circular
aperture comparing two physical formulations for computing the optical force acting upon a trapped dielectric particle:
the perturbative gradient force approximation (Egn. 2) and the rigorous MST analysis (Eqn. 3). Simulation results
revealed that MST analysis predicts much larger optical forces as compared with the perturbative approximation, Fig. 2.
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Fig. 2 Numerical evaluation of optical forces acting upon a 50 nm (a) and 100 nm (b) polystyrene particles in a
subwavelength nanohole optical trap using the rigorous MST analysis and the perturbative gradient force method. Reprinted
from Ref. 64, Copyright 2009, Nature Publishing Group.

Extending optical trapping towards the nanometer regime with moderate optical powers requires a situation where the
trapped particle plays an active role in the trapping mechanism. SIBA trapping exploits this concept whereby the target
particle plays an active dynamic role in the trapping mechanism to create a larger change in the ambient electromagnetic
field than that predicted by Rayleigh scattering and hence opening up the doors to work beyond the perturbative regime.

It should be noted here that nanoaperture SIBA-based optical tweezers do not require resonance from the trapped object,
which makes them fundamentally different from trapping using resonances of atoms [74,75] or quantum dots [76]. In
addition, while plasmonic based optical tweezers utilize localized surface plasmons to enhance the radiation force [77-
81], SIBA-based optical tweezers rely on the strong influence the trapped particle has on the electric field to achieve a
stable robust trapping; therefore, they do not need a plasmonic resonance either.

Furthermore, unlike microresonator trapping systems [82-88], which rely on high quality resonance, aperture-based
SIBA tweezers are not as sensitive to wavelength and a straight forward measurement of the transmission of the same
trapping laser beam through the aperture can be used to detect trapping events. This is due to the fact that nanoaperture
are naturally background signal free. Therefore, nanoaperture tweezers can also be thought of as sensors, with reported
signal-to-noise ratios (SNR) of up to 33 [89]. This has made them useful tools, not only for detecting single molecules,
but also for observing their molecular interactions, as will be discussed in the subsequent sections.

2.2 Nanoaperture trapping geometries

Although circular apertures in metallic films, Fig. 3a, were used to stably trap 50 nm polystyrene particles with low
powers [64], extending optical trapping towards even smaller particles requires looking for new nanoaperture designs. A
number of nanoaperture shapes have been suggested for increased transmission [90-93], enhanced second harmonic
generation [94,95], surface enhanced Raman scattering (SERS) [96] and for local field enhancement [97-99]. In addition,
the cutoff wavelength of a certain aperture shape might be different than other apertures of the same area [100].
Trapping 22 nm polystyrene particles was achieved using a rectangular plasmonic nanopore [101], as shown in Fig. 3b.
Such a rectangular aperture has the advantage that the propagating gap plasmons can be tuned by adjusting its
geometrical aspect ratio. In addition, it has a stronger resonant transmission than a circular aperture of the same area, yet
both circular and rectangular apertures have the disadvantage of not having a sharply defined trapping site in the
aperture. Double nanohole apertures, as shown in Fig 3c, were used for trapping (and unfolding) a single protein [89], a
12 nm silica sphere [102] and a single DNA molecule [103]. Experimental results show that the double nanchole
aperture trap can trap smaller particles more easily than larger particles, which is the opposite for other optical traps
[102]. This is due to the sensitivity to the gap size between the two nanoholes — it should be commensurate with the
particle size. The bowtie nano-aperture geometry, Fig. 3d, combines high collection cross section and transmission with
strong mode confinement, which also makes it a good candidate for SIBA trapping. Three-dimensional optical
manipulation of 50 nm polystyrene particles was achieved using the bowtie nanoaperture on a tapered optical fiber, as
will be described below [104]. Typical trapping wavelengths for apertures in metal films are in the infra-red region, i.e.
750 nm to 1060 nm.



Fig. 3 Nanoaperture trapping geometries with corresponding near-field intensity maps: (a),(e) circular aperture, reprinted
from Ref. 64, Copyright 2009, Nature Publishing Group. (b),(f) rectangular aperture, reprinted from Ref. 101, Copyright
2011, American Chemical Society. (c),(g) double nanohole aperture, reprinted from Ref. 102, Copyright 2011, American
Chemical Society, (d),(h) bowtie nanoaperture. Reprinted from Ref.104, Copyright 2013, Nature Publishing Group.

Numerical simulation results of various aperture trapping geometries, Fig. 3(e), (f), (g), (h), show that an enhancement in
the local electric field intensity is obtained in the vicinity of the nanoapertures. This enhanced local field intensity is
altered by the presence of the trapped particle. Therefore, as the particle tends to escape from the trap a SIBA force acts
upon it pushing it back to the aperture, providing self-feedback on the particle’s dynamics in the trap.

2.3 Nanoaperture trap stiffness

Trap stiffness is a measure of the strength of an optical trap; it is analogous to the spring constant defined in a
mechanical spring system. It is a measure of the force, the optical trap exerts on the trapped particle when the particle is
displaced from its equilibrium position due to external forces or Brownian motion imparted by the medium at
temperature. Thus, stiffness per laser power unit gives the efficiency of the optical trap, which can be used for
calibration or performance evaluation and comparison. Nanoaperture trap stiffness has been calculated experimentally
using two approaches: autocorrelation of Brownian induced intensity fluctuations and trapping transient analysis [105].
The nanoaperture traps measures the transient change in transmission signal as the particle enters the trapping region and
the intensity fluctuations of the transmission signal while the particle is trapped using a photodiode. These techniques are
analogous to the power spectrum method and the step response method respectively [106,107], used for calculating the
stiffness of a conventional laser tweezer. The only difference is that nanoaperture trap measure directly the transmission
intensity signal as compared to the measurement of the position of the particle in the trap in the conventional laser
tweezer. The latter approach is not suitable for nanoapertures as it is challenging to determine the precise position of
very small particles (1-100 nm) in the nanoaperture using the quadrant photodiode (QPD) or video microscope
[108,109].

For nanoapertures, the transmission through the aperture is related to the position of the particle in the aperture, and so
the Brownian motion induced intensity fluctuations of the transmission signal can be used to assess the trap stiffness.
The autocorrelation of the signal is used to determine the characteristic time constant which is related to the trap
stiffness. It should be noted that for an accurate measurement (10% precision) of the time constant from autocorrelation,
the measurement time should be ~ 1000t [110].

Another approach is the trapping transient technique, which is related to the drag force of the fluid as compared to the
autocorrelation analysis which is based on thermal vibrations. The technique measures the time constant of the transition
from the untrapped to trapped state due to trapping forces as opposed to viscous drag. The time constant obtained from
the trapping transient and the autocorrelation analysis, are used to evaluate the stiffness of the nanoaperture trap. The



motion of a particle in an optical trap under the influence of thermal fluctuation and drag force can be modelled by an
over-damped Langevin equation as [111]

w=5x(t)+(2k—BTj2§(t) ©
dt ¥ y

where X(t) is the particle displacement from the equilibrium position, « is the stiffness of the optical trap, y the

Stokes drag coefficient, and &(t) is the white noise. Using this equation, T,and 7, are related to the trap stiffness, as
[112]

(6)

For the particles trapped at the nanoaperture site, additional drag force can arise due to the wall effects from the wall of
the aperture. The effects are included in the calculation by using a modified Stokes drag coefficient, estimated using
Faxén’s law as [113]:
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where 77 is the viscosity of the medium and h is the distance from the centre of the nanosphere to the wall.
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Fig. 4 shows an example of a trapping event of 20 nm polystyrene bead using a double nanohole aperture. The insets
show the trapping transient and autocorrelation of Brownian induced intensity fluctuations used to find the respective
time constant used for calculation of trap stiffness. These approaches were used to determine the trap stiffness of the
double nanohole aperture traps [105].
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Fig. 4 lllustration of the trapping transient and the autocorrelation of Brownian induced intensity fluctuations (inset)
obtained from a typical trapping event of 20 nm polystyrene nanosphere using double nanohole nanoaperture tweezer (blue:
untrapped state, red: trapped state). Insets shows expanded region of trapping transient with an exponential fit to calculate

the time constant b and autocorrelation of the trapped and untrapped transmission signal. Reprinted from Ref. 105,
Copyright 2014, American Chemical Society.

Table 1 shows a comparison of the trap stiffness of different laser tweezers. The values have been scaled for 10 nm
polystyrene particles. It is clear from this table that nanoapertures are 3-4 orders of magnitude more efficient than
conventional tweezers. There are also other non-aperture type nanostructures for enhanced trapping; however, those
require high local field intensities.

Table 1. Comparison of trap stiffness for different optical traps scaled of a 10 nm dielectric sphere. Reprinted from Ref. 105,
Copyright 2014, American Chemical Society.

Stiffness . 10nm\’
Structure Method® (fN nm™* Scaled Stiffness X( r j
mw™)
(fN nm™ mw™?)
Nano pillar [114] exp. 0.013 0.013x107
Slot waveguide[40] sim. 0.200 0.001
Rectangular plasmonic aperture [101] sim. 0.018 0.018
Plasmonic nano block pair [115] exp. 4.000 0.030
Double nanohole aperture [105] exp. 0.100 0.100
Slot waveguide [72] sim. 0.131 0.131
Circular aperture [64] sim. 6.600 0.400
Coaxial plasmonic aperture [55] sim. 0.190 1.56 (0.36")
Conventional optical tweezer [116] sim. 0.030 0.3x10"

%xp.: experimental, sim.: simulation. °Scaled by Clausius-Mossotti factor to account for increased refractive index
contrast used in calculations.

3. SINGLE PARTICLE TRAPPING AND ANALYSIS

Unlike conventional gradient force optical tweezers which require high laser intensities to trap Rayleigh particles,
nanoaperture optical tweezers have been used to trap and manipulate nanometer-sized particles using moderate powers,
typically between 1 and 10 mW [64,89,102]. The trapped particle is held in a well defined region by the trapping laser
beam. This brings up an issue that the trap will always apply a pulling force on the particle of interest. This may not be
desired in some cases: for example, it may unfold the protein of interest, and this effect cannot be avoided while
maintaining the trapping laser. The transmission of the trapping laser beam through the nanoaperture is monitored and a
trapping event of dielectric particle is detected by the abrupt increase in the transmission (due to dielectric loading)
through the aperture, as shown in Fig.4. Associated with the abrupt increase in the transmission is an increase in the
signal fluctuation which is attributed to the Brownian motion and the conformal changes of the trapped particle in the
aperture. Valuable information regarding the trapped dielectric particle (like its dynamics and interactions, as well as the
number of particles trapped, as will be shown in the subsequent sections) can be extracted from the transmission signal
while the particle is in the trap.

The nanoaperture trap has been used for sensing of nanoparticle size, concentration and the refractive index [117]. The
sensing technique is based on a simple diffusion theory of the nanoparticles in a simple microfluidic environment. The

time-to-trap (T”ap) of the nanoparticle in the nanoaperture trap inside a microfluidic chip is directly proportional to the
diffusion time (t) of the particle. Time-to-trap is the time taken by the nanoaperture tweezer to trap the nanoparticle after



the laser beam is turned on. A statistical analysis of time-to-trap can be used to quantify the concentration and size of the
nanoparticles in the solution. Furthermore, it is possible to determine the refractive index of the particle by examining
the percentage change in the transmission intensity at the trapping instant, which scales with the Clausius—Mossotti
factor.

The dependence of time-to-trap on the nanoparticle size and concentration can be deduced from the theory of diffusion
of particles in a solution where it was shown that the time to trap a particle in a nanoaperture tweezer under simple
microfluidic consideration would show a linear dependence with the size of the nanoparticles and a -2/3 power-law
dependence with the concentration of the nanoparticles [117]. This has been shown using the double nanohole aperture
optical trap where the time-to-trap was measured for 20 nm polystyrene spheres of different concentrations and sizes in
the range of 20-60 nm [117]. Fig. 5a shows the mean time-to-trap for different particle sizes as a function of their
diameter. The straight line fit shows good agreement with the theory where the time-to-trap is directly proportional to the
diameter of the particles. Fig. 5b shows the average trapping time as a function of concentration of 20 nm polystyrene
spheres. It showed a -0.655 power-law dependence, in reasonable agreement with the theoretical value.
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Fig. 5 (a) Mean optical trapping time for varying polystyrene diameters. The horizontal and vertical error bars are standard
deviation (manufacturer specified) and standard error of nanosphere size and trapping time respectively. The straight line is
a linear fit to the data (b) Average trapping time as a function of concentration of polystyrene spheres in aqueous solution.
The dot represents the mean trapping time over multiple events (typically 10-20) for each concentration. The bar represents
the standard error of the data. The straight line represents the power-law fit to the data. Reproduced from Ref. 117.

Nanoaperture tweezers can also determine the refractive index of the trapped particle by observing the percentage
change in the transmission signal when the particle is trapped. One of the factors which determine the amount of change
in transmission level as the particle goes from the untrapped to the trapped state is the refractive index contrast of the

particle (np —n, ). This is attributed to trapping efficiency for particles which is expected to scale, at least to first
order, as the Clausius—Mossotti factor K given by

K — Epén
&, +2¢,

(8)

where &, is the dielectric permittivity of the particle and &, is the dielectric permittivity of the surrounding medium.

Hence, with suitable calibrations it is possible to determine the refractive index of the particle by observing the
percentage change in the transmission signal at the onset of trapping to a previously known sample. In other words, it is
possible to distinguish particle size and refractive index by using two different metrics of a trapping event. First, looking
at the time-to-trap, which scales linearly with the particle size, and then the refractive index can be determined by
looking at the percentage change in the transmission. It is to be noted that for refractive index sensing, particles under
analysis would need to be of similar shape and size and trapping would need to be done on the same nanoaperture for



accurate measurements. This is done to minimize the possible errors in measurements, as these parameters also affect the
change in transmission signal at the instant of trapping. In addition, this approach can also be used to measure the
polydispersity of colloidal particles since it is sensitive to the particle-size. For example, it was experimentally
demonstrated that trapping 20, 40 and 100 nm polystyrene particles in a double nanohole aperture would give 9.95%,
6.05% and 0.78% increase in the transmission, respectively; which means that smaller particles experience larger optical
forces for the same trapping laser power [102].

In a recent study, it was shown that it is possible to differentiate between DNA molecules of different lengths by
measuring the scattered light through a circular aperture in a metallic film [118]. Trapping events of a single 4.7 kbp
plasmid DNA were compared with those of a 48 kbp lambda DNA, with the latter one showing stronger scattering signal
through a 400 nm circular aperture in a gold film.

In an attempt to statistically analyze trapping dynamics of dielectric particles using nanoaperture optical tweezers, 22 nm
polystyrene beads were trapped in a rectangular plasmonic nanopore [101]. Experimental results which were supported
by numerical calculations revealed that although this structure can trap a single polystyrene particle, double-bead
polystyrene trapping showed higher stability in the trap, as shown in Fig 6.
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Fig. 6 Statistic analysis of trapping 22 nm polystyrene beads. (a) Transmission intensity histogram of trapping events shown
in Fig. 7(c), including Gaussian fits based on expectation minimization (EM) algorithm. The three peaks correspond to:
nontrapping state (0), single-bead trapping state (I), and double-bead trapping state (Il). (b) Markov diagram of the state
transition of the trapping events shown in Figure 2. (c¢) Discrimination of three states of trapping based on the hidden
Markov model (HMM) method. Reprinted from Ref. 101, Copyright 2011, American Chemical Society.

In addition, Kramer’s hopping, which refers to particles hopping between two energy minima separated by a barrier,
was reported at the nanoscale using a double nanohole aperture for trapping a 20 nm polystyrene particle [119]. For the
double nanohole aperture, there are two stable trapping points at the two cusps of the aperture. Skewness analysis of the
voltage distribution of the trapping events (showing negative values) were interpreted as the time the particle spends
transitioning over the barrier between the two stable points. In addition, the low frequency roll-off in the power spectrum
as well as the FDTD simulations all supported the Kramer’s hopping hypothesis.

The nanoaperture tweezers as sensors are mainly limited by the acquisition time as they require a large sample space of
the trapping events to accurately predict the time to trap value. This has been a major issue for low concentration sensors
in general [120]. This limitation can be overcome by parallelizing the process with multiple traps in a narrower channel



[121]. Some deviation from simple microfluidic theory may arise at higher concentrations or due to hydrodynamic
effects. The potential applications are in size selectivity in heterogeneous samples, and isolation/analysis (e.g.,
spectroscopy) of particles once trapped. This could be useful in the study of virus populations in biological samples,
where the population levels vary of many orders of magnitude and there is great heterogeneity in the population [122].

4. NANOAPERTURE OPTICAL TWEEZER FOR PROTEIN STUDIES

Protein-small molecule interaction (PSMI) studies typically use surface immobilization techniques combined with
labeling. Surface immobilization uses some of the molecules’ binding sites and restricts its free motion; hence
preventing it from being in its native state [123,124]. Besides heating issues, labeling techniques suffer from
photobleaching, blinking and low signal for single molecule applications [125,126]. In addition, as is the case with
surface immobilization, labeling disrupts the natural state of the molecule; hence affecting the accuracy of the data [127].
Of course, this is not always an issue. For example, there are a number of studies showing that surface-based methods
provide exactly the same results as solution-based techniques [128]. However, in an attempt to overcome the problems
associated with surface immobilization and labeling, a number of label-free, free-solution methods like calorimetery
[129], enthalpic arrays [130] and interferometery [131] have been suggested. However, these alternative ensemble
methods have disadvantages, like long preparation times, low sensitivity and poor detection limits. Nanoaperture optical
tweezers, on the other hand, are emerging as an attractive method for protein studies for a number of reasons. First, they
allow for working at the single molecule level without the need for tethers or labels and hence can provide information
about single molecule interactions which are not accessible by ensemble methods [132,133]. Second, protein-protein
interactions are very temperature-sensitive and nanoaperture optical tweezers have been successfully used to trap 12 nm
dielectric particles using around 3 mW of laser power [102]. The good thermal conductivity of the metallic film of the
nanoaperture plays an important role in dissipating any heat generated at the trapping site. Third, the high sensitivity of
the transmitted light in nanoaperture tweezers to the shape, size and refractive index of the trapped particle makes them
excellent candidates for detecting molecular interactions. Light transmitted through the double nanohole aperture was
used to observe the real time dynamics and to distinguish between the bound and unbound forms of a protein [134].
Forth, unlike fluorescent-based methods, which due to blinking and bleaching are limited in terms of observation times
to minutes, nanoaperture tweezers can extend observation times to hours and maybe days. In addition, the nanosecond
resolution of nanoaperture tweezers (limited to detector) makes them superior to fluorescent-based techniques which are
limited in terms of resolution to about 1 ms, due to photon counting. Fifth, cost and labour associated with tethering (for
surface immobilization) and labeling and photon counting in fluorescent measurements makes them expensive as
compared with current nanoaperture optical tweezers setups. It has been shown that it is possible to integrate
nanoapertures at the end of optical fibers [104,135], hence bringing the cost even lower.

4.1 Single protein binding detection

Single protein binding studies typically bind a protein to a surface and then look at protein interactions through
additional binding events [136-138]. A number of studies have shown single protein binding sensitivity using plasmonic
nanoparticle by monitoring resonance shifts [139-141] and by photo-thermal transduction to achieve increased
sensitivity [142]. Those works, however, have the disadvantage of using some of the binding sites of the molecule for
surface immobilization and hence obscuring/blocking a specific side of the protein by the surface. They also restrict the
motion of the protein, and so the binding event is not in its native state. The double nanohole aperture trap integrated
with microfluidic channels, have been used to trap a single bovine serum albumin (BSA) molecule and then co-trap it
with anti-BSA in a label-free free-solution microfluidic environment [119].When a single BSA molecule gets trapped
between the cusps of the double nanohole aperture it dielectrically loads the region and causes an increased in the
transmission. Once a stable trapping of a single BSA molecule was achieved, anti-BSA was flowed into the channel
where it got bound to the already trapped BSA molecule, causing further dielectric loading to the double nanohole
aperture region and consequently a higher optical transmission was obtained. Single protein binding detection was
further demonstrated using the streptavidin-biotin model with the same aperture trap configuration [143]. In that work,
as shown in Fig. 7, a double-syringe pump was used to deliver biotin-coated polystyrene particles to the double nanohole
trapping site. Once stable trapped of biotin coated polystyrene particle was achieved, the double-syringe pump was used



to flow in streptavidin solution to the trapping site. Protein binding was confirmed by performing two control
experiments: 1) biotin-coated polystyrene particles were trapped and then streptavidin with the binding sites being
blocked off by mixing it with excess biotin was flowed in, and 2) non-functionalized polystyrene particle trapping was
achieved and then streptavidin was flowed in.
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Fig. 7 (a) Demonstration of single protein binding using the double nanohole aperture: (i) flowing 20 nm biotin-coated
polystyrene particles, (ii) trapping event of 20 nm biotin-coated polystyrene particle in the double nanohole aperture and
subsequently flowing streptavidin, (iii) binding of streptavidin with the trapped biotin-coated polystyrene particle. (b) First
control experiment: (i) flowing 20 nm biotin-coated polystyrene, (ii) trapping event of 20 nm biotin-coated polystyrene
particle and subsequently flowing saturated streptavidin, (iii) saturated streptavidin does not bind to the trapped 20 nm
biotin-coated polystyrene particle. (c) Second control experiment: (i) flowing 20 nm non-functionalized polystyrene
particles, (ii) trapping event of 20 nm polystyrene particle and then flowing streptavidin, (iii) streptavidin does not bind to
the trapped 20 nm polystyrene particle. Reprinted from Ref.143, Copyright 2013, OSA.



4.2 Single protein — small molecule interactions

The double nanohole optical tweezer has been used to observe the real-time dynamic variation in PSMI interactions with
the primary focus on the effect of single and multiple binding events on the dynamics of the protein in the trap [134,
144]. In those studies, four forms of streptavidin were considered: bare streptavidin, bare monovalent streptavidin,
biotinylated streptavidin and biotinylated monovalent streptavidin. Time traces of the trapping events of each one of the
four forms were compared, with the bare form of the streptavidin showing slower timescale dynamics as compared to the
biotinylated forms of the protein. The difference between the bare and bound form of the protein manifests itself clearly
when plotting the autocorrelation functions of the trapping events for the four different forms, Fig. 8. The bare form of
streptavidin and monovalent streptavidin show fluctuations on the time scale of 600 ms and 200 ms, while the
biotinylated form of streptavidin and monovalent streptavidin molecules show faster timescale dynamics with respective
fluctuations on the time scale of about 20 ms and 8 ms; which imply that the bound form of the protein is subject to less
conformal changes in the double nanohole trap. This is consistent with numerical studies on streptavidin which suggest
that the four binding loops are highly mobile in the absent of biotin [145]; and is also consistent with other reports in the
literature which suggest that a small molecule binding can substantially alter the molecular dynamics of the protein
[146]. These results demonstrate that the double nanohole optical trap is not only able to differentiate between the bound
and unbound forms of the protein, but also distinguish multiple binding events from a single binding event.
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Fig. 8 Autocorrelation of time traces of trapped streptavidin (SA), biotinylated streptavidin (B-SA), monovalent streptavidin
(MSA) and biotinylated monovalent streptavidin (B-MSA). Reprinted from Ref. 144, Copyright 2014, OSA.

In addition, the double nanohole aperture trap can study the real-time binding kinetics of PSMIs and determine the
disassociation constant [147]. This can be done by using a statistical approach of measuring the resident time of the
molecule in the bound and unbound states, as shown in Fig. 9. The nanoaperture tweezer system can detect the bound
and unbound forms from the transmission signal as the protein in the bound state has a higher polarizability and hence
higher transmission through the aperture, compared to the protein in the unbound state. From this, the affinities were
determined and found to be in good agreement with past literature values [148-151]. Furthermore, it was shown that the
threshold for distinguishing the bound and unbound states could be varied by 20% with little sensitivity to the achieved
results — therefore the approach is robust to small variations in the signal processing.
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Fig. 9 (a, b) Histograms of residence times of human serum albumin (HSA) molecule in the bound and unbound states
respectively as obtained from the transmission signal (inset). The inset shows the interaction of HSA with tolbutamide
during trapping in the double nanohole aperture. Reprinted from Ref. 152, Copyright 2014, Society of Photo Optical
Instrumentation Engineers.

4.3 Single protein — DNA interactions

Using nanoaperture tweezers, it has been possible to extract valuable information regarding the dynamics and interaction
of the biological molecules from the transmission signal obtained during the trapping of the given biological specimen.
This has been illustrated using the double nanohole aperture trap which showed the unzipping of small hairpin DNA
fragments (20 bases) [103]. A unique signature, showing an intermediate step in the transmission signal during the
trapping instant is observed. The initial change in transmission is due to trapping with an intermediate step of time (At)
and a second transition indicates the unzipping caused due to increase in polarizability as a result of elongation of DNA.
The trapping event of single strand DNA with no hairpin structure showed no such intermediate step confirming the
unzipping phenomenon of the hairpin DNA, Fig. 10.

The interaction of a transcription protein with DNA and its impact on the dynamics of the hairpin-DNA has also been
shown by the double nanohole tweezers. The DNA binding protein can stabilize or destabilize the DNA structure and
hence affect the unzipping behavior in the optical trap [153]. The study was done for the sequence specific DNA binding
protein p53. The mutations in p53 are implicated in approximately 75 % of known cancers in humans [154], which
makes the study of its interactions with DNA of critical importance. The wild-type p53 resulted in suppression of the
unzipping phenomenon shown by increased unzipping time (At), as shown in Fig. 10a. This was attributed to strong
binding strength of the p53 to the DNA molecule, critical for the biological activity of p53 as also shown by fluorescence
anisotropy [155]. The binding of the p53 to the DNA hairpin increases the energy barrier (AU) between the trapped and
unzipped state. This results in longer unzipping time, which can then be used to quantify the unzipping suppression
energy AU through the Arrhenius relation. The interaction of a mutant p53 with the hairpin DNA was also studied which
showed a completely contrasting behaviour as compared to the wildtype p53. The mutation in p53 results in partial loss
in the binding activity [156], but completely loses its ability to suppress the unzipping of the DNA hairpin shown by Fig.
10 with no appreciable change in the unzipping time (At). The double nanohole tweezer helps to understand and
distinguish between the interactive behavior of the wild-type and mutant p53 with the DNA showing the specificity
required by a single molecule sensor.

Nanoaperture optical traps can be used as a research tool for better understanding of various protein interactions in real
time, at the single molecule level, in free-solution and in a label-free way. More specifically, the double nanohole optical
trap can be used to understand the dynamics of protein-small molecule and protein-DNA interactions. This could provide
aid to researchers in better understanding the biomolecular interactions which might be useful in many drug discovery
applications. One potential limitation of this technique is the interaction of the trapped particles with the aperture
surface. This include hydrodynamic interactions (such as governed by Faxen’s law [113]), and potential charge



interactions [157]; both of which will modify the laser tweezer response as compared to usual laser tweezers operating in
truly free solution. In a similar way, so far this approach has not been extended to membrane proteins, or intercellular
media, which may be a fundamental limitation due to the physical presence of the aperture. Another limitation of this
trapping approach is the requirement for nanofabrication. However, it has been shown recently that high-throughput
approaches, such as template stripping, may be used to fabricate the apertures [158].
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Fig. 10 (a) Single strand DNA trapping event with no intermediate step. (b) A hairpin DNA trapping event showing the
unzipping with an intermediate step of ~ 0.1sec. (c) The wild type p53 suppresses the unzipping of the DNA hairpin for a
delay of ~5 seconds (d) The mutant p53 is incapable to suppress the unzipping of the DNA hairpin even though there is
partial loss in binding activity. Reprinted with permission from Ref.103, Copyright 2014, OSA.

5. SINGLE PARTICLE SPECTROSCOPY OF TRAPPED PARTICLES

5.1 Raman Spectroscopy

Raman is a tool that has been used for highly specific identification of particles and has seen wide spread use in the
identification of ensembles, in some cases with single particle resolution [159-161]. Although Raman works well for
large ensembles and is a quick and effective tool, when working with smaller population ensembles the practicality
begins to falter [162]. In a solution with a low concentration of the target, optical trapping with nanoapertures can be
used to increase the number of targets in the detection area. Additionally, these plasmonic structures have been shown to
create enhancement in the Raman signal [163]. The trapping achieved by the use of the plasmonic nanoaperture relies on
the strong field confinement within them. 20 nm polystyrene spheres were successfully trapped and had their Raman
signal detected using a plasmonic nanopore [164]. As the particles accumulated in the nanopore, a shift in the Raman



signal was observed that finally stabilized after the nanopore had become saturated. From this signal the polystyrene
within the pore was identified.

5.2 Acoustic Raman

While a particle is trapped in a nanoaperture it experiences the electrostriction force from the electric field between the
two tips that create the trapping region. This electrostriction force pulls on the particle. It has been shown that this
electrostriction force could be used to excite Raman active acoustic modes of an ensemble of particles [165]. Recently,
excitation of acoustic Raman modes of single polystyrene particles as well as single proteins and DNA molecules within
the double nanohole aperture has been achieved by trapping the particle with two tunable trapping lasers [166, 167] as
opposed to a single fixed laser source. In that work, once the protein was trapped in the double nanohole aperture, the
lasers were detuned from each other, hence creating a tunable beat frequency between them. This beat frequency was
used to modulate the electrostriction force on the trapped particle in the aperture. When the beat frequency matched the
frequency of one of the particle’s acoustic modes, the resonant motion of the particle increased the temperature of the
system, hence increasing the root mean squared (RMS) variation of the transmission signal. This increase in the RMS is
the signal that was recorded to detect a resonance and create a Raman spectrum by plotting the RMS of the signal against
the beat frequency between the two laser sources. Spectra of two proteins carbonic anhydrase and conalbumin are shown
in Fig 11; however, 4 different proteins showed distinct spectra in that work.
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Fig. 11 Raman spectra of two globular proteins. (a) 22 different sweeps across 11 trapping events of carbonic anhydrase
showing a singular broad peak centered around 38 GHz. (b) 20 different sweeps across 10 trapping events of conalbumin
showing 2 distinct peaks and a single finely split peak. Red curves show the average of all sweeps. Reprinted from Ref. 166,
Copyright 2014, Nature Publishing Group.

6. INTEGRATION



6.1 Microfluidic integration

The growth of molecular biology has stimulated the development of systems like microfluidic systems for analysis of
biomolecules, DNA and proteins [168]. Among the benefits resulting from the miniaturization of devices for use in these
areas are: decreased cost in manufacture, use, and disposal; decreased time of analysis; reduced consumption of reagents
and analytes; reduced production of potentially harmful by-products; and increased portability [168]. Single-molecule
studies of protein interactions require precise temporal and spatial control over the chemical environment of the
observed biological molecules [169]. Optofluidic microsystems are key components towards lab-on-a-chip devices for
manipulation and analysis of biological specimens. In particular, the integration of optical tweezers in these devices
allows stable sample trapping, while making available mechanical, chemical and spectroscopic analyses.

Polydimethylsiloxane (PDMS) has been the most widely used material in the research and development of microfluidics
[168]. PDMS is an optically transparent elastomer that allows rapid prototyping of devices. PDMS microfluidic
chambers have been used to trap nano particles in double nanchole apertures fabricated on gold samples [89,102]. In
those works, the gold sample was covered by a static fluidic chamber containing a diluted aqueous suspension of
nanometre-sized polystyrene beads. Enabled by the integration of PDMS based flow channels with a double nanohole
aperture trapping setup, the ability to trap nanoparticles against fluid flow for varying flow rates has been characterized
[170]. It was experimentally demonstrated in that work that the flow rate at which the trapped particle is released has an
empirical linear dependence of 1 uL/(minXmW). The volumetric flow rate is relevant here since it determines how much
solution can be delivered to the trapping site. At the same time, this is limited by the local flow rate. In that typical case,
the flow velocity at the centre of the trapped polystyrene particle was estimated to be 5.9 mm/s which translated to 2 fN
Stokes’ drag. It was shown that 10 mW of incident power in a double nanohole optical trap can hold on a particle for
flow rates of up to 12 ul/min. This gave promising results for the delivery of additional nanoparticles to interact with a
trapped nanoparticle; for example, co-trapping of BSA with anti-BSA by sequential delivery of BSA and anti-BSA
solutions to the trapping site using a microfluidic channel was achieved [119]. More recently, single protein binding was
detected using the double nanohole aperture integrated with PDMS based microfluidic channels [143].

While easy to process convenient, PDMS has some drawbacks like: (i) poor chemical compatibility with several organic
solvents as it tends to swell upon contact, making it mainly suitable for aqueous applications; (ii) adsorbtion of
hydrophobic molecules that can release contaminants into the liquid; (iii) nanoparticles of silica in commercial PDMS
causes undesired scattering of light; (iv) channel walls fabricated in deformable material like PDMS may oscillate under
pressure, creating lensing effects and variable focal length in the detection system [171]. One way to overcome these
issues is to translate PDMS-based microfluidic channels to glass. In order to achieve microfluidic chip fabrication
without bonding process, UV curable epoxy was reported to produce a sealed microfluidic channel without using a
bonding process [172]. This new UV epoxy microfluidic channels were made by using very thin layer of UV epoxy as
adhesive layer between glass substrate and the gold sample and connectors were glued with regular epoxy on either sides
of the glass substrate to form inlet and outlet for this channel. These channels were tested for the ability to trap against
flow and had similar results to that of PDMS based channels.

6.2 Fiber Optic Nanoaperture Traps

Integrating apertures and other metallic nanostructures onto the facet of a fiber optic cable has the potential to open up
new devices for chemical and biological sensing. Fiber optic is inexpensive, robust, compact, modular, operates at a
wide variety of different wavelengths, and can survive harsh environments such as high temperature and humidity [173].
Furthermore, most of the optical components for a device are also in fiber, therefore very little alignment is necessary.
As a result these devices can be used to trap and isolate a particle of interest and then translocate it to a desirable location
for further analysis. It can also be used to study its interaction in a different environment or with a different particle. A
lot of research has been accomplished for developing fiber based sensors [174-176], only recently have aperture based
approaches been integrated along with these existing technologies. The other major application for aperture based fiber
probes is near scanning optical microscopy (NSOM), a technique developed since the 1980s and is primarily used to
characterize the near optical field of nanostructures [177,178].



Nanoapertures have been integrated with fiber optic to be used is as hydrogen sensors [179]. Furthermore fiber probe
devices could be used as in-situ biological sensors for detecting within cells. Tapered fibers with a nanoaperture in the
metalized tip can be inserted into a cell and used to detect disease markers or track specific particles [180]. In addition,
fiber-based trapping was suggested to work as a nanopipet where a single nano scale particle could be trapped and then
moved to the desired location [102].

A bowtie nanoaperture milled into the facet end of a tapered fiber was used to trap and manipulate in all three
dimensions a 50 nm polystyrene bead [104]. This technique has the potential to trap and translocate a particle from one
location to another and place that particle into an area of interest with great accuracy. A second demonstration [181]
performs the same experiment using an NSOM fiber probe and using a side mounted camera to observe the actual
trapping even of a 500 nm latex bead. Both of these demonstrations used bowtie aperture geometry milled into a tapered
fiber, as shown in Fig 3c.

Tapering a fiber reduces its robustness and adds complicated fabrication steps. The latest demonstration shows the
possibility of trapping on the end of regular flat facet without tapering using a double nanohole aperture to trap a single
20 nm polystyrene particle [135]. The double nanohole aperture has already shown the ability to trap single protein
molecules and study their real-time interactions. By integrating the latest aperture optical techniques with fiber optics,
exciting new applications in biology, medicine, and chemistry may soon be explored. For example, it may be possible to
use the aperture to isolate a single virus particle from solution and translate it to a new sample to infect a single cell,
thereby enabling the study of virus infection at the single particle level.

7. CONCLUSIONS

Nanoaperture optical tweezers are emerging as an alternative to conventional optical tweezers for detecting single
molecules and studying their interactions. They have all the advantages of other single molecule approaches, but also
have the advantages of being label-free (no fluorescent markers), operating in free-solution (no tethering), being high
speed, giving intrinsic information about the trapped particle (including recently acoustic Raman modes), having low
cost and being scalable (using microfluidics and fiber-optics). They have been used successfully to study the interaction
of proteins with small molecules and with DNA. Even without Raman, it is possible to determine concentration, size and
composition of nanoparticles in solution- all using a single nanoaperture optical tweezer platform. Acoustic vibrational
modes of single dielectric particles have been probed using nanoaperture optical tweezers making it possible to identify
single biological molecules like proteins and hence opening the doors to possibly distinguish their mutant forms or
identify interactions. With all these advances, it is possible to envision future technologies based on nanoaperture optical
tweezers for drug discovery [182], precise nanoparticle analysis, and disease and pathogen detection [183,184], among
other applications.
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