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Abstract

Optical trapping with nanostructured metals has allowed for label-free tether-free
analysis of single proteins (and other biomolecules) and their interactions with fast
detector limited time resolution and duration extending to hours. This perspective
will provide a brief historical introduction, discuss recent advances to augment the
technique with other approaches, and discuss potential for improved performance and
widescale adoption in a range of applications from biologics and drug discovery to

fundamental biophysical studies.

Introduction

Label-free single-molecule sensing is a primary emerging area of biotechnology. The aim is to
understand how proteins function, rapidly find biologics of interest, accelerate the discovery
of drugs and detect with extreme sensitivity. While there has been great impact from single
molecule techniques using labels and/or tethers,! label-free means that we try not to alter

the characteristics of the biomolecules under observation, nor do we rely on time-consuming



and costly labels. Label-free also means we are measuring a direct signal molecule rather
than the indirect signal from the labels, and we can observe for a long time as well as at
fast time scales (even shorter than nanoseconds) since we are not limited by the timescales
associated with the label. Single-molecule means we can observe dynamics in real-time, we
can work with unprocessed “dirty” solutions and we can observe heterogeneity in behavior.
Single molecule also means that we can observe dynamics at equilibrium, such as on-off
binding.

There have already been successes in commercializing single molecule approaches, such
as nanopores to sequence DNA.? Recently, there have been approaches to use a nanopore
electro-osmotic trap (NEOtrap) to size proteins® based on changes in ionic current flowing
through the pore. Proteins can also be sized by light interference scattering (iScat),*° as
well as their dynamics monitored.® These pioneering approaches lead the way to a suite of
future single molecule tools that provide richer information than existing approaches and
can be applied to many existing applications as well as new ones.”

Optical tweezers use light to hold onto nanoscale objects.® To trap nanoparticles with
conventional optical tweezers requires watts of laser power focussed down to the diffraction
limited length-scale of around a micron, which can be damaging, but also provides a fairly
large trap that can contain many nanoscale objects at once — therefore it does not really
allow for isolation of biomolecules. Nanostructured metals (commonly called plasmonics or
nanoplasmonics) allow for confining the beam to sizes below the diffraction limit, comparable
to single proteins. This offers the potential for trapping and observing single proteins, or
other biomolecules and their interactions, in solution.

This perspective piece will discuss the use of nanostructured metals, particularly aper-
tures in metal films, for label-free and tether-free single molecule studies. The ability to hold
onto single molecules without tethers and to measure their properties without labels is what
makes this approach particularly attractive. Recent demonstrations have shown the utility

of this approach to monitor proteins and their interactions, and lead the way to promis-



ing applications, ranging from drug discovery to antibody screening. Internationally, there

% and only a

are about 20 research groups that are working on aperture-based trapping,®”
handful of these have trapped single proteins. Even so, there are many recent and detailed
works that review plasmonic trapping, some of which already include a detailed discussion of
aperture-based trapping and of biological applications.26734 In the past few years, however,
there have been several breakthrough applications in applying shaped apertures in metal
films to the analysis of single proteins and their interactions, and an improvement in the

understanding of this system. Therefore, here I will focus on aperture-based techniques for

single biomolecule analysis as a potentially disruptive technology of the future.

Nanostructured Metals for Trapping

The pioneering work on trapping nanoparticles with focused laser beams recognized that
several watts of focused laser power are required to hold onto particles substantially less than
100 nm in size.® This led to theoretical predictions in 1997 that suggested a sharp metal tips
could increase the local field intensity by 3000 times, resulting in predicted trapping of 10 nm
dielectric spheres with only 6.5 mW of total incident power.?> Showing particular foresight,
that work focused on non-resonant excitation (i.e., away from plasmonic resonances) to avoid
damage. Even so, the local heating was predicted to increase the temperature by 6.5 K at the
surface of the metal. Fortunately, the sharp metal tip benefits from the thermal conductivity
of the gold, 500 times greater than that of the surrounding water, to remove heat, whereas
it is known that isolated metal nanostructures at the plasmonic resonance create substantial
local heating.?® Figure 1 shows the calculated local field intensity at a metal tip, and the
corresponding temperature increase.

Apertures in metal films for trapping nanoparticles were investigated theoretically in
1999,37 and later demonstrated on colloid-lithography fabricated structures.® In 2009, it was

recognized that this trapping was more efficient due to self-induced back-action, where the
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Figure 1: (a) Optical potential of a 10 nm diameter particle of permittivity 2.5 near a sharp

metal tip in water. The potential minimum is approximately 25 times the thermal energy

for intensity of 1 W/um?. (b) Corresponding temperature increase for 65 mW /um? incident
intensity. Adapted from Ref.?* 1997 (©APS.

.'—. k 20nm

particle significantly alters the electromagnetic field distribution and makes the trapping
more efficient.!! This allowed for trapping of 100 nm particles with less than 1 mW of
power. ! An important feature of this technique is that the trapping was easily monitored
by measuring jumps in the transmission of the laser through the aperture — thus providing
a simple label-free way of detecting the trapping events not found in previous works. The
surrounding metal film also assisted in removing heat — some have calculated that this gives
four orders of magnitude less heating than corresponding isolated metal nanostructures with
comparable local field enhancement. 38

Going beyond simple circular apertures, shaped apertures were used to localize the field
further and thereby achieve trapping of 12 nm silica spheres!® and single proteins,? while
still benefiting from simple detection by monitoring jumps in transmission. In those works
double nanoholes (DNHs), combining two single nanoholes, were used. (It should be noted
that earlier works using nanoantennas reported trapping of 10 nm gold particles, but not for
dielectric particles®?).

Similarly, shaped apertures have been used to trap quantum dots'® and use them as

1

single photon emitters,*' as well as to re-position fluorescent beads*? by forming the aper-

ture at the end of a tapered fiber. Various shapes have been explored, like rectangles,*?



bowties, 1316:17:2242 Fano resonant asymmetric apertures? and coaxial apertures. 24444 Even
algorithm designed apertures have been realized for improved trapping using the double-
nanohole as a starting point.?° Common to all these structures is that the aperture shape
should contain a narrow gap or sharp features which localizes the field further for trapping,
which was not afforded by the circular shape of earlier works. Figure 2 shows a composite

of various apertures that have been investigated.

Figure 2: Various apertures for label-free trapping. (a) Circular (reprinted as co-author!!).
(b) Double Nanohole (Reprinted (adapted) with permission from.! Copyright 2011 Ameri-
can Chemical Society). (c) Rectangular (Reprinted (adapted) with permission from.** Copy-
right 2011 American Chemical Society). (d) Bowtie . (e) Coaxial (Reprinted (adapted)
with permission from.?* Copyright 2018 American Chemical Society). (f) Composite (Fano)
(Reprinted with permission of author?). (g) Algorithm designed.

The double-nanohole structure can be fabricated by inexpensive colloidal methods*® and
identified and oriented without the need for electron microscopy or ion beam milling. 4" This
makes the approach accessible to anyone that has a common laser tweezer setup and the
facilities to evaporate thin metal films. Therefore, aperture-based optical tweezers for single
protein analysis have become a tool broadly accessible to researchers without any specialized

facilities or advanced nanofabrication.



Physical Considerations

Even without labels or tethers, analysis of single biomolecules and their interactions involves
perturbing them away from their native environment. For nanopore technologies, the largest
perturbation involves working at salt concentrations that are an order of magnitude higher
than physiological conditions. *® Nanostructured metals for optical tweezers have an operating
environment with a strong local field, local field gradient, surfaces and local heating. We
consider the operating environment in the context of analysis of biomolecules with optical

tweezers.

Proteins

Since this work is mainly considered with proteins, it is useful to briefly review some of their
physical properties that are relevant for trapping in a solution. There are different types of
proteins: membrane, disordered, globular, and fibrous proteins. These exist in membranes,
as part of ordered fibers and in free-solution. The median length of human proteins is 375
amino acids,*® or approximately 50 kDa. The approximate diameter of this median length
protein is 5 nm diameter. There are of the order of 100,000 different proteins in the body,
and they can exist in close proximity. For example, the density of albumin in the blood is
typically around 4 g/dL, which means that the average separation between two of these is
only around 100 nm.

Typical salt concentrations in the body are around 150 mM,? and the composition in
cells is different. Physiological pH is around 7.4. The refractive index of proteins has been
suggested to be around 1.45,%° but it is known to be dependent size, shape, environment.?!
When dealing with optical tweezers, it is important to account for thermophoretic effects —
proteins can either be attracted to heat or cold and this depends on temperature and salt
concentration.®? At physiological conditions, proteins are typically thermophobic, but they

can be thermophilic at lower temperatures.®® Proteins can be denatured by changes in pH,



1.5* They can also be denatured

heating and interactions with chemicals like urea and ethano
by the addition of surfactants.® Therefore, an ideal trapping environment will be as close

to physiological conditions as possible and could be aided by thermophoresis.

Interaction with the Electric Field

The potential energy associated with trapping a nanoparticle in the dipole limit is given by:
U=-=p-F (1)

where p’ is the dipole moment and E is the electric field. Interestingly, the dipole itself
becomes polarized and so its energy increases; however, the total energy decreases by an
equal amount to give a a potential minimum at the highest field intensity location.®® The
optical potential should be greater than the thermal energy, kg7 (where kp is Boltzmann’s
constant and T is temperature in Kelvin), to stably trap the particle.®

The polarizability of a prolate spheroid (an approximate shape for a globular protein) is:

_ Veo (€q — €)
A (Ed — Eb) + €p

(2)
where V' is the volume of the particle and ¢ is the free-space permittivity and A is a geometric

A= (£ -1) <gln E%ﬂ — 1) (3)

where £ = a/v/a? — b? and a and b are the long and short axes, with A = 1/3 for a sphere.

factor:

Since 7 = aE using these values, we find that 10 W/m? is the beam intensity required to
trap a 5 nm diameter sphere with ¢; = 2.25 and the surrounding water relative permittivity
€, = 1.77. This is equivalent to a 100 W laser beam focused down to a micrometer squared.
For a metal nanostructure, the equivalent power would be 10 mW beam focussed down to

100 nm?.



Back-Action

The protein or nanoparticle can influence the field, and thereby change the overall potential
through Eq. 1. A strongly resonant system, like a photonic crystal, allows for shifting the
resonance frequency and changing the energy stored with the introduction of a particle.?®”
Photonic crystals have been used for trapping fairly large labelled single proteins (monitored
by fluorescence).’® Around 10 mW of power was coupled into the cavity (although with a
quality factor of several thousand, the intensity is expected to be 3-4 orders of magnitude
larger inside the cavity, which is similar to the analysis above for powers required to trap).
In photonic crystals, the particle can be treated as a dipole still, not significantly changing
the field profile and therefore not requiring Maxwell stress tensor analysis.®?” By contrast,
in apertures in metal films the force calculated with Maxwell stress tensor analysis was
significantly larger,!! showing clearly the impact of the particle on the trapping potential
(i.e., back-action) not considered in other works.?"

The particle itself may also play a negative role in reducing the trapping potential by
shifting the plasmonic resonance away from the trapping laser wavelength.?® As a result,

negative steps in the optical transmission through the aperture can be observed.

Elongation, Orientation and Size-Effects

Using the same approach as above with Eq 2, we can estimate how much the potential energy
changes in deforming the particle. This is important because the optical tweezer will act
to elongate or stretch the protein through the process of electrostiction, and this may be
considered an unwanted perturbation from the protein’s natural state. To understand the
magnitude of this deformation, a 10% increase in the length of the particle along one axis
from a sphere to a spheroid (without changing the refractive index or the volume, to first
order) gives a potential energy change is 1%. Therefore, the electrostriction force may be
considerably smaller than kg7, the thermal energy, while still having stable trapping. The

elastic response will act against electrostriction to minimize deformation. In the case where



the particle gives a negative step in the aperture transmission, this will act to reduce the
field intensity and minimize electrostriction effects, even though stable trapping can still be
achieved.®

In the first trapping studies of bovine serum albumin (BSA) trapping in a DNH,3° BSA
showed elongation with an increase in optical transmission through the aperture (transition-
ing from the N-form to the F-form). The protein did transition back to the F-form, which
suggests that the potential energy to elongate the protein was comparable to energy that
kept it in the N-form. (The elongation was confirmed by forcing the BSA into the F-form
with decreased pH).

Similarly, studies on trapping of 20 base DNA hairpins in DNHs showed unzipping (elon-
gation) of the DNA hairpin after trapping,% which was irreversible. Forces of this unzipping
process are of the order of 10 pN and over this lengthscale, it is estimated to be slightly larger
than the thermal energy. Doubling the length of the DNA, while halving its cross-section
approximately doubles the polarizability — so the transmission through the DNH doubled
with this elongation (according to Eq. 1 this doubling is expected). There is also an entropic
penalty associated with zipping, and so this process is somewhat more complicated.

The polarizability along the long axis is the highest and so there is torque orienting
the particle along this axis; however, in some cases steric hindrance will favor a different
orientation. For example, it was calculated that close to a sharp tip the particle will orient
along its short axis because then it can have the greatest overlap with the high intensity
region of the electromagnetic field.3?

For plasmonic trapping, the centre of a bigger particle is not as close to the highest
intensity at the surface, and so there signal is reduced (as compared to the scaling expected
for free-space scattering) and the bigger particle experiences a reduced trapping potential. %!
Here it is suggested that this leads large particles, like 20 nm polystyrene spheres, to have
a similar change in transmission to smaller particles, like single proteins.!'%3? Therefore, it

is suggested that measuring particle size from step heights may only be suitable for smaller



particles.

Thermal Effects

Thermal effects play a role in trapping biomolecules with nanostructured metals because
they can adversely affect the biomolecule and influence the trapping efficiency. Simulations
of heating in DNH apertures and tracking of particle motion estimated around 1K increase
per mW /um? of incident intensity.'® Analysis of DNH apertures with fluorescence showed a
larger 2 mW /um? produced 10 K increase in temperature;> however, this heating was also
shown to be strongly dependent on substrate thermal conductivity, adhesion layer absorption
and illumination direction (from the adhesion layer side or not).%? For example, four times
lower heating was observed by illuminating from the opposite side of the adhesion layer,
which is consistent with other works.'® By using sapphire as the substrate, 17 times lower
heating was observed. %2 This heating has been modelled extensively and is well-understood. %
As a complementary approach, analysis of temperature increases in bowtie apertures showed
3.6 K increase in temperature for 7.5 mW of 1064 nm laser illumination, measured using
changes in ionic current through a co-located nanopore.!® Simulations predicted a value of
3.1 K. Therefore, the literature is largely consistent on the level of heating. It should be
noted that monitoring proteins at physiological temperatures (e.g., 310 K for humans) would
require substantially larger heating than observed from the laser alone, and so this would
require introducing plasmonic heating or a thermally controlled trapping platform.

While stronger heating has been used to induce flows and assist transport with metal
particle and aperture array based systems,?3645% the level of heating is not enough with
a single aperture to produce any significant flows; about 10 nm/s is predicted for intense
10mW /pum? excitation. ™

In addition to the absolute temperature, the heating occurs in a localized region which
leads to large thermal gradients and thermophoresis.!® While it is possible to change the

thermophoretic properties by suitable choice of surfactant,'® this can lead to denaturing of
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proteins. Even so, thermal gradients can assist trapping since the Soret coefficient for many
proteins is typically negative for lower temperatures, but positive (repelling) for physiological
temperatures. This means that one may have to trap at a lower temperature, then increase
temperature. Alternatively, nanopore approaches can be used to flow the protein to the

trapping region. 217

Surface Interactions and Diffusion

In aqueous solution, the nanoparticles and the surfaces typically have negative charge, and
so the nanoparticles are repelled from the surface. By changing the geometry, this charge
can be used to trap particles away from a surface in a controllable way without light.%6
This also serves to minimize surface fouling. At the same time, this acts against the optical
trapping potential, and makes the time-to-trap longer.%” A simple estimation of the time-to-
trap would suggest that without surface repulsion the time-to-trap would be of the order of
milliseconds at typical concentrations used, yet the actual time observed in experiments is
of the order of minutes. To further support this hypothesis, trapping of inorganic particles
in hexane, which does not have this surface repulsion, was observed to be in the expected
millisecond range. %69

While surface repulsion can be annoying by creating a delay in trapping, it also prevents
interactions with the surface (including corrections to drag that were originally thought to
be important™). The combination of the optical potential and the electrostatic potential
creates a stable minimum away from the surface and so trapping occurs essentially in free

solution. Detailed analysis of the dynamics including these surface charges is an area for

further investigation.”

Single Proteins?

The uniformity of step height in trapping is an indication that only a single protein was

trapped.” In the early protein trapping work, BSA underwent a conformation change, so it
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was important to rule out that the double-step observed was not coming from trapping of
two proteins, which was done by forcing the BSA into a different conformation where only
a single step was observed. Such changes in state of a protein in a trap have been observed
by others. ™

When multiple nanoparticles are trapped in an aperture-based trap, a double-step is
observed.*3 We showed that this double-step (double trapping) occurs very infrequently for
proteins. ™ We believe this is because proteins carry a slight charge and repel each other in
solution; therefore, it is unlikely to have two in the same trap unless they have some attractive
interaction. Furthermore, we can size the proteins accurately based on their trapping signal,
and so we know even the precise size of the protein trapped,™ let alone that it is a single
entity.

Works combining aperture trapping with nanopores have a complementary ionic current

signal, which only goes further to verify that this is“nano-optical trapping of single proteins”

17,75

Applications to Studying Proteins and other Biomolecules
Aperture optical tweezers can used to observe single proteins, other biomolecules and their
interactions in a label-free, tether-free way.?’ Among the studies so far are:

e specific binding of antibodies to antigen (protein) targets!?7

e quantifying low-affinity interactions with small molecules” and biologics ™

e measuring protein-protein interactions (e.g., the mass change with tryptic cleaving of

serpines ™)

e measuring high-affinity binding interactions to small molecules™

e sizing proteins™

12



e measuring the low-frequency normal modes of proteins, ™ DNA® and even entire virus

particles®!

e measuring protein-DNA interactions (e.g., comparison between wild-type and mutant

p53 binding to DNA®
e measuring concentrations of various proteins in unprocessed (dirty) samples™

In addition, the nanoapertures also enhance the Raman signal from the particle in the
aperture and so this can be used in identification.?!2 It is possible that this could lead to
direct reading of DNA bases with apertures using their natural Raman scattering response, %
where the aperture slows down the translocation speed to improve performance. Metal
nanoparticle based antennas have significant heating since they are thermally isolated, so

this tends to negate the optical tweezer’s effect to slow down translocation,®® as compared

with aperture-based tweezers where a clear slowing down was observed. 417

Comparing and Combining with Other Approaches

Sensitivity in Sizing

Figure 3 shows the measured protein size published for iScat,® NEOtrap® and the DNH
optical trap.”™ The signal measured is different in each case. With iScat, it is the related to
the scattering, so the polarizability of the protein. For NEOtrap, it is the change in ionic
current using a protein trapped in a nanopore. For the DNH, it is the fluctuations in signal
that come from the motion of the protein in the trap. This fluctuation actually gives two
independent measures of the protein size — from the amplitude and the time-scale of the
fluctuation. As described previously, the amplitude scales linearly with particle size and the
time constant of the autocorrelation scales with a -2/3 power.™

All three approaches show good linearity, however, it appears that so far iScat and

NEOtrap have been applied mainly to proteins larger than 50 kDa, whereas the DNH has
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Figure 3: Various proteins measured by 3 different techniques. NEOtrap uses a nanopore
obstruction and monitors ionic current.? iScat (being commercialized by Refeyn) uses inter-
ference scattering.? The DNH uses thermal motion of a trapped particle.” The NEOtrap
and iScat have been demonstrated down to the average human protein size, whereas the
DNH extends down to below 10 kDa.

probed down to 6.5 kDa. This is an important distinction considering that the median human
protein size is close to 50 kDa,* and the median bacteria protein size is 70% of this value.
Clearly to probe the smallest proteins, it is desirable to have a limit of detection below
10 kDa. Obviously there are many other dimensions in which to compare these different
approaches, considering how they monitor complexes, conformations, dynamics, types of
proteins, speed of analysis, ease of use etc. These approaches are all in the early stages
and each show promise as complementary ways in the increasingly important area of single
molecule analysis. For example, it is possible that sensitivity of optical approaches (including

iScat) will improve substantially with the introduction of quantum-based detection.®

Aperture Tweezers and Nanopores

Two groups have combined aperture tweezers with nanopores to obtain complementary ionic

current and optical signals. 21416177 Figure 4 shows a comparison between ionic current,
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ionic translocation time, optical trapping time and optical step height used to distinguish
between an antigen and an antibody. It was found that the optical step change “provided the
clearest separation between antigen and antibody” and so that was used in the subsequent
analysis. '? It should be noted that other optical signals, such as the autocorrelation response

or the noise amplitude, were filtered out in that work, and could provide further analytic

capability in the future.
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Figure 4: Comparison of detection events of RAH antigen (300 nM) and its antibody (300
nM) using (a) nanopore translocation current and time, (b) double-nanohole optical step
height and optically-detected trap time, (¢) combined nanopore current and optical step
height, and (d) combined nanopore translocation time and optical step height change. From
this analysis, it was determined that the optical step height change gave the clearest distinc-
tion between RAH and anti-RAH.'? Reproduced with permission (©IOP 2019.

An important feature of the nanopore work is that it solves the surface repulsion prob-
lem of the aperture-based technique by flowing the proteins into the aperture.'” This is a
valuable advance; however, it introduces instrument complexity and depending upon the
application it may be better to simply use the nanoapertures.” To avoid working at high

salt concentrations or using electrokinetic flow, it is possible to use pressure driven flow.5¢
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Outlook

The present pandemic, as well as Zika and Ebola outbreaks, have created important ap-

87 as compared to

plication areas for rapid and portable nanopore based DNA sequencers,
dominant fluorescence-based techniques. % The value of this technology is apparent: after
initial public offering in September 2021, Oxford Nanopore now has a market capitalization
of 4.33B pounds. There is a growing concensus that techniques that allow for the analysis
of single proteins will be similarly valuable in the near future.”% Ideally, these techniques
should be label-free and tether-free to avoid disruption of the protein. They should also
operate in as close to physiological conditions as possible, to observe the protein’s natural
behavior and interactions in real time. With this capability, it is possible to watch proteins
at work with minimal solution purification or preparation (i.e., one may start with unpro-
cessed “dirty” solutions). This has many applications in discovering small molecule drugs
and biologics, ultrasensitive detection, as well as understanding the basic nature of proteins
and their interactions.

Accessibility and scalability of aperture-based tweezers is likely to be a key part of future
developments. Scalability may come from integrating the aperture based tweezers on the

42,9192 Ty this way, it may be possible to address multiple well-plates

ends of multiple fibers.
in a way similar to bio-layer interferometry, which has become a popular high-throughput
technique.?® Unlike bio-layer interferometry, the aperture optical tweezer does not require
surface tethers/binding, and it operates at the single molecule level. Fabrication complex-
ity and cost has also been a challenge for nanotechnologies; however, colloidal based tech-
niques offer a facile way of creating high-quality DNHs for optical tweezing of proteins and
other biomolecules.*%%7 Field induced breakdown may allow for co-locating the DNH with a
nanopore,? which would greatly simplify this dual-method that has already shown remark-

12,75

able application to immunotherapy targets. Therefore, it is my perspective that recent

advances have improved the prospects of this technique becoming a widely used technology.
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