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Abstract 

 

The purpose of this research was to investigate the effect of point mutations on the 

conformation changes of PR65 using double nanohole (DNH) optical tweezers. It 

explored the following questions: how does a dielectric nanoparticle interact with a 

nanoaperture? Could the way a nanoparticle interacts with a nanoaperture be exploited 

for probing protein conformation changes using aperture tweezers such as the DNH 

optical tweezer? What can be said of the behavior of PR65 when trapped in a DNH 

optical tweezer? Could the behavior of PR65 when trapped in a DNH optical tweezer be 

explained in terms of how PR65 interacts with the DNH aperture? Does the behavior of 

PR65 when trapped in a DNH change with point mutation? How might this be exploited 

for probing the impact of point mutations on the conformational dynamics of PR65 using 

DNH optical tweezers? The study has implications for tracking mutations in proteins as 

well as for drug discovery and testing. Methods employed included both theoretical 

modelling and experimental measurements using the DNH optical tweezer. We modelled 

the interaction between a nanoaperture and a dielectric nanoparticle in terms of a simple 

dipole-dipole interaction based on the Rayleigh scattering and Bethe aperture theorems. 

Our model showed that the interaction enhanced both the trapping potential and the 

transmission through the aperture in accordance with the self-induced back-action (SIBA) 

effect, in which a nanoparticle interacting with a focused laser beam aids in its own 

trapping. The model agreed quite well with numerical simulations performed in 

Lumerical and revealed that the motion of a particle trapped in an optical tweezer can be 

used to probe changes in the shape and size of a particle. This is because changes in the 

shape and size of a particle in an optical tweezer will alter the polarizability of such a 
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particle, and therefore the restoring force that it felt in the tweezer. This will manifest as 

differences in root-mean-squared displacement (RMSD) and corner frequency 

characteristic of the motion of the particle in the optical tweezer between one 

conformation and another. We thus formulated a hypothesis that if conformation changes 

induced by point mutations alter the material polarizability of PR65, then the DNH 

optical tweezer signals acquired by trapping each mutant PR65 will have different 

RMSDs and corner frequencies from that of wild type PR65. To test this hypothesis, 

DNH optical tweezers fabricated by colloidal lithography were used to trap PR65 wild 

type and six of its mutants at a laser power of ~ 22 mW. The resulting optical signals 

were captured using an avalanche photodiode (APD) connected to a digital USB-4771A 

data acquisition module and analyzed using MATLAB. Parameters extracted from the 

acquired signals and studied included the median transition time between the 

characteristic jump states shown by the acquired signals and the RMSD and corner 

frequency of the acquired signals. These parameters were higher for some of the mutants 

of PR65 and lower for others in comparison with wild type PR65. Correlation of the 

RMSDs with in silico mean contour lengths of PR65 wild type and six of its mutants 

studied was also consistent with this conclusion, and in agreement with our hypothesis. 

These results imply that PR65 undergoes conformation changes that are impacted by 

substitution mutations, with some mutations causing PR65 to assume an elongated 

conformation and other mutations causing PR65 to assume a more compact 

conformation.  
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Chapter 1 

 

Introduction 

1.1 An Overview of Plasmonics 

As the title of this dissertation suggests, the plasmonic effect is at the root of the physics of the 

primary tool employed for the research presented in this dissertation. It is thus fitting that the 

report begins with an overview of this concept to make for an easier and robust appreciation of 

the results obtained in the study via the exploitation of the plasmonic effect. 

The field of nanoplasmonics is a relatively new one [2], [3], [4], the term plasmonics having 

only been coined in 2000 by the research group of Harry Atwater [2]. Like most other fields of 

human endeavor, however, the early origins of nanoplasmonics go further back, beginning with 

the work of Michael Faraday with thin gold leaves and colloidal gold particles in 1856 [5]. 

Similarly, the theoretical groundwork needed to understand the underlying phenomena of 

nanoplasmonics was established by Gustav Mie back in 1908 [6], [7]. Nanoplasmonics relies on 

the coupling between electromagnetic fields and the collective oscillations of delocalized 

electrons at the interface between a metal and a dielectric, where the real part of the dielectric 

constant changes sign. This coupling between electromagnetic fields and the collective 

oscillations of delocalized surface electrons is known as a surface plasmon polariton (SPP) when 

it occurs at an interface between a metal and dielectric and as a localized surface plasmon (LSP) 

when it occurs on the closed surface of a small nanoparticle [8], [9], [10], [11]. The existence of 

surface plasmons was first predicted by Ritchie in 1957 [12] and observed by Swan and Powell 

in 1959 [13], [14]. But the concept of surface electromagnetic waves in general was introduced 

by Zennech in 1907 in the context of radio waves [15], with further theoretical support by 
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Sommerfield’s 1909 work on guided electromagnetic waves along a thin wire of finite 

conductivity [15], [16]. The field of plasmonics has rapidly evolved since then leading to a 

myriad of applications in agriculture [17] medicine [18], [19], [20], light technologies [21], [22], 

[23], [24], sensing [25], [26], energy [27], [28], [29], and research [30], [31], [32], [33], [34], 

[35].  

1.2 Surface Plasmons and the Extraordinary Transmission of Light through 

Periodically arranged Subwavelength Apertures 

A metal contains a sea of electrons. Just like a wave is created in a sea of water by disturbing 

its surface, a wave of electrons is created in a metal when, say, a beam of light or other electrons 

with the right energy and momentum is incident on a metal. This wave of electrons in a metal is 

known as a plasmon. Plasmonics is the study of this electron wave. The history of the 

development of plasmonics is a lengthy one involving contributions by many researchers at 

different times since Ritchie, Swan and Powell [5]. Space will not permit us to discuss the 

contribution of every one of these researchers. More pertinent to the present discussion is the 

work done by Ebbesen et al. on the extraordinary optical transmission through subwavelength 

metal apertures [5], which followed the works by Andreas Otto, Erich Kretschmann and Heinz 

Raether, who demonstrated the excitation of surface plasmons on metallic films using light in 

lieu of electrons, thereby making both the generation of plasmons and experiments on plasmon 

related effects handy to many more researchers [5]. To lay a foundation for understanding the 

phenomenon of extraordinary transmission through subwavelength apertures, however, we must 

now discuss surface plasmons. This is frequently a difficult concept to understand for people 

who are new to the field of plasmonics because they have a difficulty understanding how light 

can propagate parallel with the direction of a surface charge that the light either excites or is 
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emitted by since light is a transverse wave [36], [37], since this suggests an electromagnetic 

wave having its propagation vector and polarization collinear. The true picture, though, is that 

the exciting light field does not propagate either along or against the direction of oscillation of 

the surface charges. It is, instead, the electric field (or polarization) of the exciting light which 

lies parallel or antiparallel with the oscillation of the surface charges, and it is not difficult to see 

how light, even propagating on the same surface that it excites oscillating charges on, can satisfy 

the transverse condition. 

Furthermore, the electric field of the exciting light causes charge separation on the surface, so 

that there exist alternate regions of positive and negative charges on the surface which change in 

density and switch sign over time as the electric field goes through a cycle changing its 

amplitude and flipping sign. This is like having a continuum of oscillators on a surface, where 

each oscillator is a ‘charge amplitude’ that could take on a value -q or +q as the oscillator goes 

through a cycle in time. The wave which results from such a collection of surface charge 

oscillators will have both a wavelength and a frequency like any other wave, with the frequency 

determined by the excitation source (exciting light field) and the wavelength by the medium in 

which the wave propagates. Different from the exciting light for the surface charges, however, 

the ‘light’ which is inherently associated with the surface charge density wave (surface plasmon) 

is just a quantity related to the square of the modulus of the electric field of the charge 

distribution – not an actual propagating light field as the surface plasmon does not couple to 

radiative modes. The field decays exponentially into the adjoining medium with its maximum on 

the surface and has a characteristic length given by 
1

𝛿𝑧𝑖
=

𝜔

𝑐
𝐼𝑚 [

𝜖𝑖
2

𝜖𝑑+𝜖𝑚
]

1
2⁄

, where 𝛿𝑧𝑖 is the 

characteristic length of the surface plasmon wave in the medium 𝑖, 𝑖 = 𝑑,𝑚, with 𝑑 standing for 

dielectric and 𝑚 standing for metal, 𝜔 is the angular frequency of the exciting electromagnetic 
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radiation, 𝑐 is the vacuum speed of light, 𝜖𝑖 is the permittivity of medium 𝑖, while 𝜖𝑑 and 𝜖𝑚 are, 

respectively, the permittivities of the dielectric and metallic media. 𝐼𝑚[∙] represents the 

imaginary part of the expression within the brackets. The ‘light’ in surface plasmon effects is 

thus confined tightly to the surface on which the plasmon propagates. It is therefore an example 

of a surface mode which does not radiate into space [3], [38].   

While studying the optical properties of metallic films on which subwavelength cylindrical 

apertures had been fabricated, Ebbesen et al. [39] observed an unusual zero order spectra through 

the array of cylindrical apertures which did not match what was expected for diffraction from 

such apertures. For example, there were large peaks at wavelengths larger than the diameter of 

the cylinders when there should have been no peaks at all. Furthermore, the absolute 

transmission efficiency (the ratio of optical power transmitted through the aperture to the area 

taken up by array of holes [39]) measured at those peaks was greater than 1, with the order of 

magnitude of the absolute transmission efficiency also been larger than standard theory would 

predict. Consequently, Ebbesen et al. attributed their observation to the excitation of surface 

plasmons on the periodic metal film, which in turn coupled to radiating modes either by 

evanescent tunneling or by scattering off roughness on the surface. This was based on a couple 

of observations. The first was the conspicuous absence of the observed anomalous transmission 

spectra for an array of holes fabricated in germanium films, which highlighted the importance of 

the metal on which the arrays were fabricated. The second was that the dependence of the 

transmission spectra of the holes fabricated in the metal samples on the angle of incidence 

matched that of light coupled with surface plasmons in reflection gratings. In a later experiment, 

Ghaemi et al. would find their measurement in good agreement with calculations assuming 
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coupling with plasmons on the interface of the metal in which the subwavelength cylindrical 

apertures were fabricated [40].  

Relevant to this work though is the enhancement that results from the self-induced back-action 

(SIBA) effect rather than the phenomena of extraordinary transmission through periodically 

arranged subwavelength plasmonic nanoapertures. The discussion of the extraordinary 

transmission of light through periodically arranged subwavelength nanoapertures is just to 

provide an overview of the rich phenomena observed in plasmonics, some which find 

applications in very critical fields such as biochemistry and biomedical research as we 

demonstrate in this work. 

1.3 The Beginning of Optical Tweezers 

Arthur Ashkin articulated the principles of optical trapping in the 1970’s [41]. In 1986 he 

demonstrated the first successful trapping of small dielectric spheres using a highly focused laser 

beam [42], [43], [44], [45]. He termed the device so used an optical tweezers to describe its 

ability for picking up and moving objects. The working of the conventional optical tweezers 

invented and used by Arthur Ashkin and a host of other researchers after him is briefly discussed 

in what follows. The limitations of such an optical tweezer are also discussed, followed by a 

discussion of the plasmonic double nanohole (DNH) optical tweezers and how it overcomes the 

inherent limitations of the conventional optical tweezers. Briefly, two forces, namely a scattering 

force and a gradient force, are always present at any point within a beam with a non-uniform 

spatial profile such as found in an optical tweezers [46], [47], [48]. These forces, while not 

collinear, act contrary to each other, with the scattering force in particular being a nuisance in 

single beam gradient traps [49], [50], [51], [52], [53], [54], [55]. The principle differ slightly 

depending on whether the size of the particle being trapped is larger than the wavelength of the 
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light employed in the optical tweezers (Mie regime) or smaller than this wavelength (Rayleigh 

regime) [51], [53].  

The theory describing the optical tweezers effect in the regime between the aforementioned 

extremes is complicated and requires a first principle solution of Maxwell’s equation with 

appropriate boundary conditions [56], [57], [58], [59], except when the difference in the 

refractive index of the particle involved and that of the embedding medium is negligible [60], in 

which case the formulation in the Rayleigh regime can be quite simply generalized to account for 

the forces in the optical tweezers in this general case [61].  

In the Mie regime, the change in momentum when rays of the light used refract through a 

particle gives rise to the scattering force and the gradient force. Diffraction effects can be ignored 

if the ratio of a particle’s refractive index to that of its embedding medium is greater than 1, 

which is the case in the majority of situations encountered in optical trapping [42], [47], [62]. In 

the Rayleigh regime, a particle simply behaves as a collection of induced dipoles polarized by a 

spatially slow varying electric field. Going through the formulation, one finds that the energy of 

the field is proportional to the negative of the squared magnitude of the local field intensity. 

Since the squared magnitude of the local electric field intensity is proportional to the light 

intensity over the particle, it is understandable that gradients in the intensity of the trapping light 

would give rise to forces on the particle, which can be found by taking a gradient of the filed 

energy. A particle with an index of refraction greater than its surrounding medium, such that its 

specific polarizability is positive, will experience a force of attraction toward the focal point of 

the trapping beam where the intensity is highest, and the field energy is minimum. A scattering 

force – which is destabilizing for trapping – also arises from radiation pressure, and thus a highly 
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focused beam is often required to increase the gradient force significantly above the scattering 

force, achieving stable trapping [42], [47]. 

1.4 The Need for Plasmonic Tweezers 

So far, that is how the story goes for conventional optical tweezers. But useful as they may be 

– for example, Arthur Ashkin who invented the technology in 1986 and demonstrated its 

usefulness for manipulating bacteria and viruses in [63] was awarded the Nobel Prize in 

2018 [64] – conventional optical tweezers come with a caveat in the form of two difficulties 

which arise when trying to use them to optically trap very small particles.  

First, the gradient force that pulls the particle into the trap is scaled by the cube of the 

particle’s radius. For very small particles, therefore, a higher intensity gradient is required to 

counter the effect of this scaling. This can be done in one of two ways. The incident light could 

be focused down to a smaller spot or the peak intensity of the input light could be raised. How 

tightly the input light can be focused is limited by diffraction, so for really small particles this 

may be impractical as we may need to focus below the minimum spot size allowed by diffraction 

to achieve trapping, which is simply impossible, leaving the only viable option to be to raise the 

peak intensity of the input light high enough to attain a sufficient gradient force to be able to trap 

such particles. Second, for stable trapping, we need the potential of the gradient force to exceed 

the thermal energy of the particle to be trapped to guarantee that the particle will be pulled into 

the optical trap faster than it can diffuse away from it by Brownian motion [42] – aided by the 

decrease in viscous drag with decreasing particle size [65]. But very small particles can attain 

incredible speeds even for moderate thermal energies, so again we must raise the peak intensity 

of the input light – on which the potential of the gradient force depends [66] – high enough to 
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achieve this. In general, therefore, conventional optical tweezers require high intensities for 

trapping very small particles.  

Now, exposure to high intensities can heat the particles even more, requiring even higher 

intensities to achieve stable trapping and more heating still. For biological samples, which can 

easily be damaged by such heat [67], this is simply not good, hence the need for plasmonic 

nanoapertures, since the local field enhancement of these apertures can be exploited to increase 

the gradient force significantly for moderate light intensities [68].  

Although these tweezers do not benefit from the phenomenon of extraordinary transmission 

(EOT) discovered by Ebbesen et al. for periodic arrays of nanoapertures discussed earlier [69], 

[70], [71], [72], [73], they still take advantage of an enhancement in the transmission through the 

DNH aperture owing to a different effect known as the self-induced back-action (SIBA) effect 

[74], [65], whereby particles in the DNH aperture play an active role in their own trapping in 

such a way that both the transmission through the DNH aperture and the trapping potential are 

enhanced. Add this to the considerable enhancement of the local field in these plasmonic 

aperture tweezers due to the plasmonic effect discussed previously, and what one gets is a 

considerable reduction in the input light intensity required for optical trapping with plasmonic 

aperture tweezers. 

Plasmonic enhancement is the result of energy conservation in plasmonic systems in general. 

The energy of an optical field is resonantly transferred to the conduction electrons in these 

systems. Owing to the optical properties of plasmonic systems, they necessarily span very small 

regions of space – typically of dimensions much smaller than the wavelength of the exciting 

radiation. Storing the energy of the original optical field in the much smaller space occasioned by 
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the physical dimensions of plasmonic systems results in much higher fields – which is the origin 

of the plasmonic enhancement in plasmonic nanoapertures. 

These apertures can exhibit resonances – different from the plasmonic resonance of the metal 

they are made from – because of their geometry and the laws of electromagnetic interaction. 

There are at least two competing explanations for the autonomous feedback which the 

dielectric property of a trapped particle provides in a plasmonic aperture tweezer by way of the 

SIBA effect. 

In the first due to [65], the effect derives from the difference in momentum change 

corresponding to differences in transmission through the particle in and out of the trap location. 

A particle outside the trap location transmits light equally in all directions. As such, the net 

momentum from its transmission is zero. However, the incident light impinging on it exerts a 

force on the particle in the direction of propagation. Accordingly, the total momentum change – 

and hence the force on a particle due to scattering outside the trap location – is along the 

direction of propagation of the incident light. If a particle is in the view of an aperture, the 

scattering force pushes it downstream into the trap location. However, for a particle in the trap 

location, the aperture’s directivity forces the particle to transmit over a very narrow angle, so that 

it experiences a net upstream recoil force due to the change in momentum resulting from light 

transmission (refraction) through it – amplified if the particle has a higher refractive index than 

its surrounding medium, which can be understood on account of Bethe’s aperture theory, since 

the transmission, 𝑇0, through the aperture goes from     𝑇0 = (𝑟 𝜆⁄ )4 in the absence of the particle 

to 𝑇 = (𝑟 𝜆 𝑛⁄⁄ )4 = (𝑛𝑟 𝜆⁄ )4 = 𝑛4(𝑟 𝜆⁄ )4 = n4T0 in the presence of the particle, where  𝑟 is the 

radius of the particle, 𝜆 is the vacuum wavelength of the trapping laser light and 𝑛 is the index of 

refraction of the trapped particle. This dielectric loading makes the aperture effectively larger 
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[65]. This force balances out the force due to the incident light impinging on the particle and 

prevents the particle from leaving the trap downstream of the incident light beam. The SIBA 

effect thus turns the vexatious scattering force into an advantage, exploiting it to provide an 

additional vertical confinement of the trapped particle.  

With the scattering force mostly cancelled out through SIBA, the constraint on the magnitude 

of the gradient force is also lifted, resulting in less intensity of the input light being required to 

achieve a stable trap – bar of course the thermal energy of the particle which, in most cases, the 

metal part of the aperture handles through conduction and radiation. In the other explanation 

[75], [76], [77], the SIBA effect arises from the coupling of the trapped particle’s motion with 

the resonance of the nanoaperture in that the position of the trapped particle alters the resonance 

frequency of the aperture so that it is possible to control the gradient force experienced by the 

particle using the frequency of the input light in lieu of its intensity, thereby allowing stable 

trapping at lower intensities. Unlike the previous explanation, however, this latter explanation 

does not describe any features that ensure the maintenance of stable trapping against 

perturbations. 

All these effects then put together enable stable optical trapping of particles at much lower 

input powers using nanoplasmonic apertures when compared with conventional optical tweezers. 

But while these advantages are shared to varying degrees by different types of plasmonic 

nanoapertures such as bowtie, nanoring, ring slits, single holes, double holes, et cetera [74], [78], 

[79], [80], double nanoholes (DNH) are relevant to the work presented here and would be 

discussed exclusively in what follows. 

The use of plasmonic nanoapertures for optical trapping was first suggested by Okamoto and 

Kawata in 1999 [81]. This was followed by a similar and independent suggestion in 2004 [82] 
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and the first successful trapping with a plasmonic nanoaperture in the same year [83]. This 

experiment demonstrated the use of single plasmonic nanoapertures of 500 nm diameter to trap 

200 nm latex beads.  

The use of such an apparently large aperture (on the nanometric scale), however, fails to take 

full advantage of the plasmonic enhancement available through spatial reduction, and hence 

could not be used for trapping smaller particles without increasing the input photo power to the 

level required in conventional optical tweezers [65]. One way to overcome this would be to 

reduce the aperture size much further using a technique such as focused ion beam milling, for 

example, [84]. However, the symmetry of the aperture would still prevent the harnessing of the 

SIBA effect so that, again, stable 3-dimensional confinement can only be achieved at high input 

light intensities that increase inversely with particle size [65]. Furthermore, DNHs can be 

engineered to maximize the signal-to-noise ratio of the optical trapping signal through enhanced 

transmission [85]. It is not clear when the plasmonic DNH aperture was first used or who 

invented it or first investigated its properties. The 2009 article by Juan et al. seems to suggest 

that it might be the first to describe the double nanohole aperture and to investigate its 

resonances. This suggestion would seem to be corroborated by other publications such as [80], 

[74], [75] and [77], but in another article [85] from 2007 double nanohole arrays in gold film 

were used for enhanced Raman spectroscopy, and Iyer et al. [86] also studied the double 

nanohole aperture independently in 2009. There is also a publication [87] of a 2006 numerical 

investigation of the optical field enhancement of an array structure of DNH apertures. 

Apparently, it seems safe to conclude that the DNH aperture has both been studied and used in 

optical tweezer experiments prior to 2009, but that its resonances were probably elucidated about 

this time. 
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Plasmonic double nanoholes have several advantages as optical tweezers. Surface plasmon 

effects on the surface enhance the gradient force needed to pull particles into the cusp of the 

double nanohole, where the lightening rod effect [88] and the gap plasmon resonance effect [68] 

together give rise to strong fields in the gap between the cusps of the DNH for confining trapped 

particles. All these can be achieved at very reduced trapping light intensities. The double 

nanohole makes it easy to maximize the latter effect in particular by minimizing the width and 

length of the cusps. An additional wedge plasmon resonance [68] also improves optical trapping 

with plasmonic double nanoholes while the SIBA effect enables a reduction in the optical 

intensity used for stable trapping in double nanoholes. Double nanoholes can be fabricated in a 

number of ways including focused ion beam milling [89], [90], electron beam lithography [91], 

[92], [93], template stripping [94], [95], and colloidal lithography [96], [97], [98], [99], [100]. 

The fabrication of double nanoholes by colloidal lithography was employed in this work and will 

be discussed in more detail subsequently. 

The power of plasmonic double nanohole optical tweezers is demonstrated in their successful 

utilization in trapping dielectric particles as small as 12 nm [65]. In this work, the ability of 

plasmonic double nanoholes to exert electrostrictive forces of hundreds of piconewtons [101], 

[102] is exploited to study the conformational changes of PR65 – the 65 kDa structural subunit 

of protein phosphatise 2A [103]. The study is based on two very fundamental premises – the 

light scattered by a physical object is dependent upon its geometry [104], [105]; all dielectric 

materials, but especially soft dielectric materials, exhibit electrostriction – that is, are 

mechanically deformed when exposed to an electric field [106], [107]. It should, therefore, be 

possible to probe the electrostriction-induced change in conformation of a particle such as a 

protein molecule by observing the scattering from such a particle as a function of time.  
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The non-requirement of tethers and labels [108] – which may otherwise influence the result of 

such studies in unknown ways, impacting reliability, or complexify experimental design in a bid 

to eliminate any likely influence by labels or molecular tethers or both and so  increase reliability 

[109] – together with the excellent spatial and temporal resolution [110] make optical tweezers a 

choice tool for this type of studies. Indeed, many previous studies such as [46], [110], [34], [33], 

[96], [32] among others have all demonstrated the power of optical tweezers for single molecule 

studies. 

The historical timeline sketched out here of the development of plasmonics is illustrated 

summarized in Fig. 1.1 below. 

 

Figure 1.1: Timeline of the development of plasmonics. 
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1.5 Optical Tweezers in Single Molecule Protein Studies 

Following the successful demonstration by Arthur Ashkin of the trapping and manipulation of 

small particles such as viruses and bacteria using optical tweezers [63], researchers soon adapted 

it for other purposes such as studying single molecule proteins and their interaction with other 

molecules such as DNA [111]. The first single molecule proteins studied using optical tweezers 

were molecular motors such as kinesin [112] and myosin [113]. These seminal works 

demonstrated the spatio-temporal sensitivity of optical tweezers in tracking minuscule 

movements at the single digit nanometric scale, just as a decade later the capability of optical 

tweezers for studying the mechanism of pausing in DNA transcription was demonstrated by 

Neuman et al. [114]. 

These early experiments used conventional optical tweezers, however, and the relatively large 

trap volumes of these tweezers meant that isolating single proteins for study using them required 

the use of specially treated tethers in the form of micron-sized beads coated with biotin, for 

example, to which single protein molecules were then attached, or the use of labels that allowed 

single molecules to be tracked within the relatively large trap volumes of the optical tweezers 

that contained many such molecules or both, increasing both cost and complexity [115]. For the 

same reason, these experiments required the purest of samples. 

The advent of nanoplasmonic tweezers, however, enabled a significant reduction in trap 

volume such that single molecules could be conveniently isolated within the nanoplasmonic 

tweezers at a time, thereby eliminating the need for both tethers and labels as well as the need for 

highly purified samples [116]. The first single molecule studies conducted using a plasmonic 

nanotweezers was in 2012 [33]. In that study the interaction of DNA with wild and mutant tumor 

suppressor protein p53 was investigated, resulting in the quantification of the unzipping energy 
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of a DNA hairpin using a plasmonic double nanohole optical tweezers. If this was a landmark 

achievement, what came the following year was nothing short of spectacular. In 2015 Wheaton 

et al. [117] determined the Raman spectrum of the proteins Carbonic anhydrase and Conalbumin 

using the plasmonic double nanohole aperture in a study that has been acclaimed to be the “first 

clear evidence of protein acoustical modes of globular proteins” [118]. Double nanohole aperture 

tweezers have also been used to size proteins [119], [120]. 

Other techniques such as nanopore electro-osmotic trap (NEOtrap) [121] and light interference 

scattering (iSCAT) [122], [123], fluorescence spectroscopy [124], and nanopore electrophoresis 

[125] have also been used for single molecule protein studies much like the plasmonic double 

nanohole aperture [33], [116]. However, their use has been limited to single molecules of sizes 

no smaller than 50 kDa, whereas the DNH aperture has been used to reliably characterize single 

molecules down to 6.5 kDa [116]. Furthermore, compared to these other techniques, the 

plasmonic double nanohole aperture seems to have a superior resolution and sensitivity for single 

molecule studies [116]. For example, one study [126] combined the nanopore approach with the 

plasmonic double nanohole aperture technique for characterizing antibody-ligand interactions 

and revealed a superior sensitivity and resolution capability of the DNH technique compared to 

the nanopore approach. The choice of the DNH for the current study is informed by this attested 

superiority of the DNH over these other techniques with respect to single molecule studies. 

However, while the foregoing studies have shown the utility of the DNH aperture for studying 

protein conformation [115], sizing proteins [119] and studying the  interaction of proteins with 

other molecules [127], [33], [111], [126], here the power of DNH optical tweezers in resolving 

single point mutations and their effect on protein stability and dynamics is demonstrated for the 

first time, helping to unravel the intricate mechanisms of protein dynamics and its potential for 
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insightful applications in molecular biophysics; and it is in this regard that the current study not 

only differs from what has come before, but also goes one step further to do something novel 

with this amazing and powerful analytical tool. An overview of the current research and its 

implications will be discussed in the next section.  

1.6 The Research Questions   

Protein phosphatase 2A (PP2A) is a tumor suppressor protein [128]. Its function is thought to 

be regulated by its Aα subunit, also known as PR65, by the latter acting as an elastic bridge 

which deformation controls the opening and closing of the binding and catalysis sites of the 

PP2A assembly as well as by altering the positions of some of its catalytic residues [103]. PR65 

has, furthermore, been implicated in a number of cancers [129], [130] as well as Alzheimer’s 

disease [131], [132]. PP2A has also been investigated for inhibiting the proliferation of cancer by 

inhibiting the production of proteins that drive the growth of cancer cells [128]. It was found that 

certain substances called small molecule activators of PP2A, or SMAPs for short, activate PP2A 

by binding to PR65 to produce conformational changes that enable PP2A to suppress the 

production of cancer signaling proteins [128]. It follows that PR65 is both of interest by itself 

and for the role that its elastic behavior, which derives its conformational dynamics, plays in the 

functioning of the PP2A assembly. However, various mutations of PR65 have been implicated in 

altering PP2A activity [133], [134], [135], and it is important to investigate the impact of this 

mutations on the conformational flexibility of PR65 through its elastic behavior, which has so far 

only been studied numerically [103]. The aim of the current study is to investigate the impact of 

point mutations on the conformational dynamics of PR65 using optical tweezers, which have 

emerged as a powerful tool for probing the biophysics of proteins at the molecular level [136], 

[137], [127], [110]. In particular, the study will show the utility of enhanced field confinement 
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and sensitivity of aperture-based nanoplasmonic tweezers for studying the structure and 

dynamics of single proteins. Unlike conventional optical tweezer approaches, this approach 

allows for characterization of individual unmodified proteins in solution for extended durations 

without the need for tethers or labels [136]. The study will proceed by investigating the 

underlying physics of nanoaperture tweezers, and then comparing the DNH as a tool for probing 

single molecule protein dynamics with other techniques commonly employed for studying 

protein characteristics [138], [119], protein interactions [136], [127], and protein conformational 

dynamics [139], [121]. 

The following very important questions are examined in this study: 

(a) How does a dielectric nanoparticle interact with a nanoaperture, and could this be 

exploited to study protein conformation changes using aperture tweezers such as the 

DNH aperture tweezer?  

(b) What can be said of the behavior of PR65 when trapped in a DNH aperture tweezer, and 

can this be explained in terms of how PR65 interacts with the DNH aperture? 

(c) What is the impact of point mutations on the conformational dynamics of PR65 trapped 

in a DNH aperture tweezer?  

Steps taken to address these questions are discussed in subsequent chapters, as is a brief account 

of techniques commonly employed in studying proteins interactions and dynamics other than 

optical tweezers and how they compare to the method employed in the current study. 

The outcome of this study is relevant to research and biomedical communities, whether as 

biophysicists, biochemists, oncologists and so on, who may find it useful to use protein 

conformational dynamics as a biomarker for studying, identifying and tracking mutations, 

whether at the DNA level leading to the coding of mutant proteins or at the protein level, by 
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either directly using the technique developed in this study for PR65 or by adapting it for their 

purposes. 

1.7 Contributions to Publications and Submitted Manuscripts  

During the study that culminated in this dissertation report, the author contributed two 

published works and two submitted manuscripts (as at the time of writing). This section provides 

details of these various contributions. The author of this dissertation report was coauthor of 

Colloidal lithography double-nanohole optical trapping of nanoparticles and proteins, Opt 

Express, 27 (11), 16184 – 16194, 2019 together with Adarsh Lalitha Ravindranath, Mirali Seyed 

Shariatdoust, the author of this dissertation report and Reuven Gordon. The contribution of the 

author of this dissertation report to that work included computation of the approximate 

concentration of polystyrene solution to use for maximizing the number of DNHs on a surface, 

production of some of publication figures such as the workflow diagram and the experimental 

setup, and participation in the deposition and imaging processes. Coauthored with Reuven 

Gordon, the author of this dissertation report is the first author of Self-induced back-action for 

aperture trapping: Bethe-Rayleigh theory, Opt Express 31 (26), 44190 – 44198, 2023. The 

author of this dissertation’s contribution to this latter work included some of the theoretical 

derivations for the publication, all the numerical computations, all the publication’s figures and 

writing the theory, simulations and discussion sections of the publication’s manuscript. The 

author of this dissertation is also joint first author with Anupam Banerjee of the manuscript on 

Influence of Point Mutations on PR65 Conformational Adaptability: Insights from Nanoaperture 

Optical Tweezer Experiments and Molecular Simulations Impact of mutations on PR65 

conformation adaptability (2023) (manuscript number: adn2208) submitted for publication to 

Science Advances. To this the author of this dissertation report contributed the optical tweezer 
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experiments, the analysis and interpretation of the results of the optical tweezer experiments, 

production of publication figures for the optical tweezer section of the results and methods 

sections of the submitted manuscript and writing up the methods, results and discussion sections 

of the submitted manuscript that pertain to the optical tweezer experiments. Finally, the author of 

this dissertation report is coauthor with Veerpal Kaur and others of the manuscript on Portable 

fiber-based double nanohole optical tweezer for trapping small proteins (2024) submitted to J. 

Phys. Photonics (manuscript reference: JPPHOTON-100588), to which the author of this 

dissertation report’s contribution was the provision of data from trapping using stand-alone DNH 

optical tweezers for comparison with similar data from trapping using fiber-based DNH optical 

tweezers.  
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Chapter 2 

 

Theoretical Background  

In this chapter we present the theoretical background to this work. These are the tools required 

by the reader to understand the work. It was earlier stated that the study is based on two very 

fundamental premises, namely that the light scattered by a physical object is dependent upon its 

geometry [104], [105] and that all dielectric materials, but especially soft dielectric materials, 

exhibit electrostriction – that is, are mechanically deformed when exposed to an electric field 

[106], [107]. It was then averred that, based on these simple but far-reaching premises, it should 

be possible to probe the electrostriction – induced change in conformation of a particle such as a 

protein molecule by observing the scattering from such a particle as a function of time. We 

expand on this concept in this chapter. 

The dependence of scattering on geometrical properties such as shape and size arises from the 

dependence of the specific material polarization, or the residual polarizability per unit of mass as 

has been theorized elsewhere [140], of particles on their shape and size [141], [142]. This 

dependence may be described by expressing the specific polarizability of a particle as α(g), 

where g is a geometric parameter of interest such as size or shape. The effect of varying this 

parameter on the intensity of the light scattered by a particle can be readily seen by inserting the 

specific material polarization above into the Rayleigh scattering formula [143], 

 
𝐼𝑠 =

𝜋2𝛼2

𝜀0
2𝜆4𝑟2

𝐼𝑖𝑠𝑖𝑛
2𝜃 

2.1 
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where ε0 is the permittivity of free space, α is the specific polarizability, λ is the wavelength of 

the incident light, 𝑟 is the distance from the location of the scatterer to the point where the 

scattered intensity is observed, θ is the angle of sight, 𝐼𝑠 is the scattered intensity and 𝐼𝑖 is the 

incident intensity. It can be seen from (2.1) that if g changes in such a way that α increases, then 

there would be an increase in the scattered intensity by the square of α(g). If, on the other hand, g 

changes in such a way that α(g) decreases, then the scattered intensity would decrease.  

Either of these changes would be reflected as a change in the level of the scattered intensity. 

Now, if a dielectric particle is placed in a non-uniform electric field, it will experience a force 

toward the point where the electric field is most intense [46]. This is the same reason that a comb 

attracts bits of paper after it is used on the hair. It can be shown that the magnitude of this force 

is given [144] as in (2.2) below.   

 
𝐹 = (ε − ε0)∭ (E⃗⃗ ⋅ ∇⃗⃗ )

⬚

V

E⃗⃗ dV 
2.2 

 

where 𝐹  is the force, ε is the permittivity of the dielectric, ε0 is the permittivity of free space, 𝐸⃗  is 

the electric field intensity and 𝑑𝑉 is an elemental volume. In a DNH aperture (to be discussed in 

more detail in Chapter 4), the electric field intensity is maximum at the tip of each of its cusps 

and minimum half way between the cusps [68], [145], [146]; a particle trapped in a DNH optical 

tweezer will therefore have its opposite ends pulled toward the cusp nearest to it. These forces 

will cause such a particle to elongate or unfold or straighten, depending on its shape, how these 

forces resolve at its ends, and the magnitude of the forces. This will alter the geometry of the 

affected particle, altering its size, shape or both, and therefore its polarizability and scattered 

intensity as in (2.1). 

Particles in an optical tweezer experiment are suspended in solution and undergo Brownian 

motion [66], [65]. This motion is described by [66], [147], [61] 
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𝑥̇ +

1

𝜏0

𝑥 =
1

𝛾
𝜉(𝑡) 

2.3 

 

where 𝑥 is position, 𝑥̇ is velocity, τ0 = k/γ, with k being the trap stiffness, is the relaxation time, γ 

is the coefficient of friction, 𝑡 is time and ξ(t) is the Brownian force, with the property 

 〈𝜉(𝑡)𝜉(𝑡 − 𝜏)〉 = 𝛿(𝑡 − 𝜏) 2.4 

for some delay τ. The implication of (2.3) is that the particle moves randomly within the 

potential well of the gradient force. As it moves, the angle θ in (2.1) changes, and as such the 

scattered intensity fluctuates randomly in the same manner as 𝑥, while the change in α(g) causes 

the scattered intensity to transition to a new level at the instant of time when the change takes 

place, and remains there unless the change is reversed, usually by turning off its source, if within 

the control of the experimenter. It should be noted that transitions in the level of scattering 

corresponding to changes in α(g) occur only after the first transition in the time trace of the 

scattered intensity, being that a change in α(g) cannot occur until the particle is trapped and well 

within the cusps of the double nanohole aperture, so that the aforementioned first transition in the 

level of the scattered intensity observed in the time trace of the scattered intensity during a DNH 

tweezers experiment is usually attributed to the dielectric loading of the aperture [127], [139] 

when the particle is just trapped. Thus, any observed transition (jump or step) in the time trace of 

the scattered intensity (equivalently, the trapping signal) beyond the first are due to changes in 

α(g) caused by electrostriction in the cusp of the DNH aperture.  

If a mutation alters the shape or conformational flexibility or both of a protein, this will impact 

its polarizability in any adopted conformation following a conformational transformation in 

response to an axial force or forces, say, due to electrostriction in an optical tweezer, and will 

show up in the scattered intensity of the protein [148], which can thus be used to distinguish 

mutant proteins from one another and from the wild type by comparing the amplitude of the 
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scattered intensity of the mutants and wild type to one another. If the scattering protein 

molecules are undergoing random motion such as Brownian motion in a fluid environment, the 

scattered intensity would be modulated by this motion, and one way to represent the amplitude of 

the scattered intensity of the proteins in this case would be through the root-mean-squared-

deviation (RMSD) of the scattered intensity [119]. Other ways would include the autocorrelation 

of the scattered intensity and the power spectral density of the scattered intensity [61]. 

This also provides a way of monitoring Protein-ligand binding using double nanohole optical 

tweezers, for example, since the binding of a particle, such as a small molecule activator of 

PP2A (SMAP), to a protein will lead to a change in α(g) either by changing the shape of the 

protein or by altering its conformational flexibility, such that it undergoes greater electrostriction 

resulting in a change in its shape or size or both, or by making it more polarizable so that it 

scatters more light, or all of this. In any one way or combination of ways that this happens, it 

would manifest as a transition in the time trace of the scattered intensity at the instant that such a 

change occurs, indicating binding, with the caveat that the conformation change due to thermo-

optical forces alone is known in this case, so that the binding-specific conformation change can 

be extracted from the overall conformation change. 

Alternatively, subject to the foregoing caveat, if, say, a protein and a SMAP are mixed and 

binding takes place between these, forming a composite that is then trapped, this will show up as 

a difference in the trapping characteristics of the composite relative to the trapping 

characteristics of the protein alone, for example in the standard deviation of the signal 

normalized to the pre-trap level. For example, if the protein-SMAP composite is made more 

polarizable than the protein alone, then the gradient force experienced by the protein-SMAP 

composite in the presence of a non-uniform electric field becomes larger than the protein alone 
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will experience in the presence of the same electric field. This amplification of the gradient force 

experienced by the protein-SMAP composite in the presence of the electric field will make it 

possible to trap it at a lower intensity than will be required to trap the protein alone. The protein-

SMAP composite will also, according to (2.1), scatter more light than the protein alone. 

Consequently, by trapping just the protein and then the protein-SMAP complex using the same 

laser intensity, binding can be inferred by comparing the standard deviation (or root-mean-

squared-deviation, RMSD) of the acquired trapping signal normalized to the pre-trap level from 

the two separate cases. The physical explanation for this is, of course, that the polarizability of a 

particle influences the tweezer potential. When a particle is trapped in an optical tweezer, it 

undergoes Brownian motion with an amplitude that is correlated with the intensity of the light 

scattered by the object. As previously mentioned, the Brownian motion induces a fluctuation in 

the intensity of the light scattered by the particle, with the fluctuation increasing in amplitude as 

the Brownian motion of the particle increases in rapidity (more about this in Chapter 6). The 

higher the polarizability of a particle, the steeper the tweezer potential it experiences, and the less 

motion the particle undergoes [110], so the amplitude of the noise (fluctuation) is expected to be 

lower (root-mean-squared-deviation). The stiffness is proportional to the polarizability of the 

particle, which is higher for longer particles, so less deviation (fluctuation) is expected if the 

protein is extended by a point mutation.  

Another variable that can be extracted from the record of scattered intensity is the power 

spectral density. This has a corner frequency proportional to the trap stiffness divided by the 

hydrodynamic drag on the particle [110] and so is expected to show the opposite trend of 

increasing as the particle lengths (opposite to the RMSD), which gives us yet another 

independent means by which to carry out the same analysis. Figure 2.1 below shows an example 
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of the acquired signal from trapping PR65 at an intensity of ~ 11.25 mW/µm2. The “noisiness” of 

the signal comes from the motion of PR65 in the optical tweezer. The first step comes from what 

is known as the “dielectric loading” of the aperture, where the presence of the dielectric causes 

the transmission through the aperture to increase (jump) while the second step comes from the 

conformational change of PR65. 

 

 

Figure 2.1: Trapping signal of PR65 showing double jump S0 to S1 and then S1 to S2 due to 

electrostriction-induced conformational change. 
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Chapter 3 

 

The PP2A Assembly and Techniques for Studying Protein 

Interactions   

3.1 Introduction   

In this chapter we describe how the protein phosphatase 2A (PP2A) functions; we also present 

a brief account of the techniques mentioned in the first chapter for studying protein conformation 

and the interaction of proteins with other molecules such as the small molecule activators of 

PP2A (SMAPs). The material in this chapter would be useful for understanding the remainder of 

the work, especially for the non-expert. 

3.2 The Protein Phosphatase 2A (PP2A) 

  The 3-dimensional arrangement of atoms in a molecule of a protein leading to a specific 

shape of the protein molecule is known as the structure of the protein or as the protein’s 

conformation [149]. The specific structure or conformation ordinarily adopted by a protein is 

known as its native fold, and allows it to perform a specific biological function, during which a 

protein would usually undergo changes in structure known as conformational changes [150].  

Broadly, protein structure is classified into four hierarchical orders [151]. The lowest order 

structure is the primary structure, which simply refers to the amino acids that make up a protein, 

known as the amino acid residues of the protein [152]. The primary structure is important 

because it is believed to determine how a protein folds, with every protein sequence folding into 

a unique shape to enable the protein to perform its specific biological function [153]. At a higher 
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level of structural organization is the secondary structure, which refers jointly to the structure 

(technically referred to as a polypeptide) formed by linking two or more amino acid residues 

together by peptide and, if any, disulfide bonds and the spatial arrangement of the amino acid 

residues. There are two very common arrangements – the α-helix and the β-sheet. The α-helix is 

the structure that results when amino acid residues are arranged in a helix around a spine, while 

the β-sheet is the structure that results when amino acid residues form strands which are linked 

side by side by side by side by hydrogen bonds. Figure 3.1(a) below shows an α-helix whereas 

figure 3.1(b) shows a β-sheet. 

 

 

 

 

 

 

 

 

 

Figure 3.1: An α-helix and (b) a β-sheet. Purple balls represent R groups, grey balls represent 

Carbon atoms, blue balls represent Nitrogen atoms, red balls represent oxygen atoms and white 

balls represent hydrogen atoms. Copyright: Freeman & Company, W & H, New York. 
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At an even higher level of structural organization is the tertiary structure, which refers to a 

collection of secondary structures linked together by electromagnetic interactions such as van der 

Waals, hydrogen and ionic bonds involving amino acid side chains called R groups forming a 

more complex 3-D folded structure. The difference between a secondary structure and a tertiary 

structure also involves the length scale over which they are defined. Secondary structures are 

defined over very short length scales typically spanning a few tens of amino acid residues and 

are as such said to be local structures. Tertiary structures, on the other hand, span several 

secondary structures and are thus said to be global structures. 

At the highest level of structural organization is the quaternary structure, which consists of an 

assemblage of tertiary structures forming a complete and functional protein assembly in which 

each tertiary structure is referred to as a monomer or subunit of the protein assembly [154]. The 

subunits are held together in the quaternary structure by the same forces that bind secondary 

structures together in the subunits. The protein phosphatase 2A (or PP2A) is a quaternary 

structure [103], [155], [156]. In fact, the PP2A assembly is not a single protein but a complex 

assemblage of different proteins, each with a distinct structure and function [157]. Broadly, 

however, the PP2A assembly is divided into two parts – a core enzyme part and a holoenzyme 

part [157]. Core enzymes and holoenzymes are similar in the sense that they both convert 

biological substrates to products but differ in the sense that while a core enzyme achieves this all 

by itself, a holoenzyme requires the presence of a non-protein chemical compound known as a 

cofactor to function [158]. The core enzyme part of PP2A consists of a scaffold subunit 

designated as the A subunit, a catalytic subunit designated as the C subunit and a variable 

regulatory or B subunit. The B subunit can be one of different tertiary structures identified, 

respectively, as B, B′ B′′, B′′′. The core enzyme together with any of these forms the 
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holoenzyme part. This makes PP2A able to interact with a wide variety of substrates [157]. 

Figure 3.2 below shows a cartoon of the PP2A assembly. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Cartoon illustration of the PP2A Assembly showing the A, B and C subunits. Source: 

Adapted from [153]. Copyright: Freeman & Company, W& H, New York. 
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As a phosphatase, PP2A plays a vital role in cancer as it reverses the action of kinases which 

control cell activities such as growth, division, proliferation, and survival [159]. For example, 

errors can occur during cell division. Normally, appropriate kinases would signal for abnormal 

cells resulting from errors during cell division to die. But it can so happen that the wrong signal 

is sent by kinases such that, instead of dying, abnormal cells thrive and proliferate in the absence 

of phosphatases to reverse the action of the kinases, or where such phosphatases have been 

deactivated, thereby leading to cancer. PP2A thus has a tumor suppressing activity. PP2A can 

reverse the action of kinases because while kinases act as molecular switches by phosphorylating 

their substrates, phosphatases like PP2A achieve their molecular switching action by 

dephosphorylation of their substrates [160]. 

The foregoing action by PP2A has been attributed to the A subunit of PP2A [128], [161], 

either in the Aα or Aβ conformation, with the former being more abundant [157]. The small 

molecule activators of PP2A also act by binding to the Aα, thereby driving the conformational 

changes that reactivates PP2A to act against oncogenic kinases to halt the progression of tumors 

[128]. The Aα subunit of PP2A (also known as PR65, where this abbreviation stands for the 

65 kDa putative regulatory subunit of PP2A) has a primary structure consisting of a sequence of 

39 amino acid bases. It may be useful to define a few terms for the benefit of the uninitiated prior 

to describing the secondary structure of PR65. A gene is a molecule that is responsible for 

transmitting traits such as height and color in plants and animals. An allele is a copy of a specific 

gene that differs slightly from the original in the way in which it is coded. A diploid organism is 

one in which genes that determine specific physical traits such as height and color occur in pairs. 

Haploinsufficiency is a term that refers to the lack of tolerance of a gene to the loss of an allele in 

a diploid organism [162]. With these terms now defined, the secondary structure of PR65 should 
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be appreciated without difficulty: it is simply a two-layered, left-handed (that is, wound in an 

anti-clockwise fashion) α-helix, 15 of which are tandemly repeated to form the horseshoe tertiary 

structure that is PR65 itself [156], whose importance lies in the fact that it functions as a 

haploinsufficient tumor suppressor gene by playing a role in regulating phosphatidylinositol 

3-kinase (PI3K) signaling [161].  

3.3 Survey of Selected Techniques for Studying Protein Conformation and 

Interactions 

A selection of techniques used in studying protein conformation and interactions is now 

surveyed. The selection is not at all exhaustive because the purpose is not so much to give an 

exhaustive review the techniques commonly employed for the aforementioned purpose per se 

than it is to provide a comparison for the performance of optical tweezers, and especially DNH 

optical tweezers, employed for the same or similar purpose, providing justification for the choice 

of the latter for the current investigation.   

3.3.1 Equilibrium Dialysis 

Equilibrium dialysis is one of the techniques for establishing binding between macromolecules 

such as protein molecules and small molecules (ligands) [128]. Binding is indirectly established 

in this technique using the equilibrium concentration of ligands on one side of a semipermeable 

membrane which permits only ligands through it. 

To understand how the technique works, imagine having 10 molecules of a protein on one side 

of a membrane that permits the passage of ligands from the opposite side of the membrane 

through it, but not protein molecules. Suppose there are 20 ligands on the opposite side of the 

membrane. The difference in the concentration of ligands on the two sides of the membrane will 
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drive ligands from the side where they are in higher concentration to the side where their 

concentration is less until equilibrium is established by the concentration of ligands on both sides 

of the membrane being equal. Thus, in the absence of binding, equilibrium will be established 

across the membrane when there are 10 ligands on the side of the membrane opposite the side 

containing the protein molecules (and 10 ligands on the side of the membrane containing the 

proteins). If there is binding, however, the 10 ligands which cross to the side of the membrane 

containing proteins will all be removed from solution by binding to the 10 molecules of protein 

on that side of the membrane, which would leave an excess of 10 ligands on the opposite of the 

membrane and, therefore, a concentration gradient that continues to drive ligands across the 

membrane to the other side of it. Since there are now no more free proteins on the side of the 

membrane opposite the side where the ligands are contained, equilibrium is reached when there 

are 5 ligands opposite the side of the membrane initially containing free proteins (and 5 ligands 

on that side as well). That is, binding is established in equilibrium dialysis whenever the final 

concentration of ligands (5 in this hypothetical example) is equal to the initial concentration of 

ligands (20 in this hypothetical example) less half the difference between the initial 

concentrations of ligands and macromolecules (5 = (20 − 10) 2⁄ , in this hypothetical example). 

Figure 3.3 below is a visual demonstration of this process taken from [163].  
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Figure 3.3: Illustration of Equilibrium Dialysis. Copyright: Havard Apparatus. 

 

In Chapter 2 it was described how this could be done using DNH optical tweezers. Compared 

to the use of the DNH optical tweezers, equilibrium dialysis is both slow and more expensive. 

Slow because one must wait for equilibrium to be reached, which can take a while for a process 

driven by diffusion across a membrane; and more expensive because a larger amount of both 

protein and ligand is required for equilibrium dialysis than for a DNH optical tweezers as was 

discussed in Chapter 2.  
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3.4 Photoaffinity Labeling 

Photoaffinity labelling (PAL) is another technique used for studying protein-ligand interaction 

or binding [128]. The technique gets its name from the use of molecular tags or probes which get 

activated by illumination with light of a specific wavelength such as ultraviolet light or infrared 

radiation [164]. A photoaffinity label has three parts to it [165] – an affinity or specificity unit, 

which refers to the small molecule or ligand which binding to a given protein is of interest; a 

photoreactive molecule such as benzophenone and a molecular identification tag such as biotin. 

The affinity unit is designed to bind with a specific protein, and when introduced into an 

environment containing the target protein and given time, the affinity unit binds covalently and 

reversibly with the target protein. The mixture is then irradiated with light of the appropriate 

wavelength so that the photoreactive molecule forms a highly reactive intermediate that quickly 

binds irreversibly to the protein before the affinity unit can dissociate from the protein. This fixes 

the entire photolabeling unit permanently to the protein. The identification tag enables the target 

protein to be isolated and studied. There are many routes by which this isolation can be done. For 

example, streptavidin could be used to bind the biotin of the photoaffinity label, or an antibody (a 

type of blood protein produced in response to and counteracting a specific body or substance 

which the body of an organism finds to be foreign to itself) could be used to bind to the protein’s 

epitope – also known as an antigenic determinant, is the part of an antigen molecule (a molecule 

foreign to the body of an organism, and, therefore, causing an immune response from the body of 

the organism), to which an antibody attaches itself – thereby isolating the target protein [165]. 

This method of isolating a protein-ligand complex is known as affinity chromatography [166]. A 

resin is coated with streptavidin or a particular antibody. The resin is contained in a column 

which is pre-equilibrated in an appropriate buffer prior to introducing the sample containing the 
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protein. The protein of interest is tethered to the resin by the streptavidin or antibody binding to 

the biotin or epitope of the photoaffinity label bound to the protein of interest while all other 

proteins freely flow out of the column until they have all been removed. 

The protein of interest is then extracted by changing the pH, which disrupts the bonding 

between streptavidin or antibody and biotin or epitope allowing the protein-ligand complex to 

flow out. This process also enriches the labelled proteins [165]. The captured protein-ligand 

complex is then analyzed using Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis 

(SDS-PAGE) and Western blotting, and the protein of interest excised from the gel. 

SDS-PAGE is a chromatographic technique for separating and analyzing proteins based on 

their molecular weights. Disulfide bonds are first reduced from the protein by treating the protein 

with β-mercaptoethanol, for instance. This aids the unfolding of the protein. SDS – an ionic 

detergent – is then further used to disrupt non-covalent bonds in the proteins causing them to 

unfold. SDS further binds to the unfolded proteins, covering them in negative charge. The result 

is that the proteins all acquire a near identical charge to mass ratio. Because the proteins so 

treated become identically charged, separation is based solely on the molecular weight of the 

proteins. 

An accelerating electric field is subsequently introduced between two electrodes sandwiching a 

column containing the proteins by connecting the electrodes up to a source of steady 

electromotive force (emf). A constant electric force is thus exerted on the charged proteins in the 

column, such that the proteins acquire a velocity inversely proportional to their molecular 

weights, such that, at any given instant, lighter proteins are drifting faster than heavier ones, with 

the result that after some time the proteins become separated into bands at varying distances 

from one another. The bands are made visible by staining with a dye such as Coomassie blue, 
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with a leftmost band of proteins of known molecular weights, known as marker proteins, used as 

a reference for determining the molecular weights of the analyzed proteins. Figure 3.4 below 

illustrates the process of attaching molecular tags to proteins. 

Western blotting is a similar chromatographic technique used to identify unknown proteins but 

will not be described here because interest is being limited to surveying techniques employed in 

the investigation of the interactions of known proteins. Compared to the use of nano-optical 

tweezers such as DNH optical tweezers, photoaffinity labeling is both more complex, time-

consuming, and expensive. It also has the potential of altering the target protein, thereby 

interfering with its interaction, if not done properly and with the utmost care and design. It also 

cannot yield any information on how interaction affects the target protein, whereas this can be 

deduced with an optical tweezers system such as a DNH optical tweezers as was described in 

Chapter 2. With photoaffinity labeling, there is also the problem of optical bleaching, quenching 

by water molecules and non-specific binding. However, it has the advantage that it can reveal the 

specific site of binding, which cannot be done with optical tweezers. 
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Figure 3.4: Schematic of PAL workflow. Copyright: Future Science Ltd. 
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3.5 Radio Labeling 

Radio labeling provides another option for the identification tag used with photoaffinity 

labeling in investigating protein-ligand interactions [165]. The radio label – often tritium or 

iodine-125 – is incorporated into the ligand, and detecting radiation in captured protein-ligand 

complex after separation would be evidence of successful binding. Issues with this mainly 

concern the safety of handling and the care required to prepare samples and dealing with the very 

short lifetimes of the radio isotopes which can make measurement very difficult – all issues 

which are absent with the technique of optical tweezers, and especially nano-optical tweezers 

employing plasmonic effects such as the DNH optical tweezer. 

3.6 Fluorescence Correlation Spectroscopy 

This relies on the difference in the hydrodynamic characteristics of a protein in different 

conformations [167]. It essentially provides information on changes in protein conformation via 

measurement of the hydrodynamic radius. Molecules to be examined using fluorescence 

correlation spectroscopy are tagged with a fluorophore and illuminated in solution using focused 

light. The Brownian motion of the molecules induces a fluctuation in the measured fluorescence 

intensity of the molecules, which is analyzed using temporal correlation to extract kinetic 

parameters such as hydrodynamic radius associated with the Brownian motion underlying the 

fluctuation in the measured fluorescence intensity. The disadvantage of this technique in 

comparison with the use of optical tweezers such as the DNH optical tweezer is its use of 

fluorescent tags which can modify the protein and confound results. The use of fluorescent tags 

also makes the experimental design and procedure more complex and expensive, which can be 

avoided using optical tweezers techniques such as afforded by the DNH optical tweezer. 
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3.7 Single Molecule Fluorescence Energy Transfer 

This technique utilizes the distance dependence of Förster resonance to study conformational 

changes in proteins by attaching donor and acceptor chromophores at a single location on a 

protein and measuring the efficiency of the Förster resonance energy transfer, is inversely 

proportional to the sixth power of the distance between donor and acceptor, between the 

chromophores, which provides direct information about the separation between the 

chromophores as the protein to which they are attached undergoes conformation changes [168]. 

As with fluorescence correlation spectroscopy, single molecule fluorescence energy transfer 

requires fluorescent tags, which is a disadvantage compared to optical tweezer techniques such 

as DNH optical tweezers.  

 3.8 Single Molecule Force Spectroscopy 

In this technique, tension or compression forces applied to a single protein molecule through 

tethers at two adjacent locations on a protein provide insight into the mechanical properties of a 

protein, such that the response of a protein to being altered or, equivalently, feedback from a 

mechanically altered protein can be used to monitor and to detect conformational changes 

undergone by a protein [169]. Here, the disadvantage relative to the DNH optical tweezer is the 

requirement for tethers which means that the probe force is not directly applied to the protein 

under investigation. Additionally, the dynamics of the tethers can obscure that of the protein 

under investigation. 

3.9 Nanopore Electro-Osmotic Trap (NEOtrap) 

In this technique, a process – known as electro-osmosis – involving hydrodynamic flow of 

ions under a spatially uniform electric field through a porous origami-DNA sponge, or similar 
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structure, adsorbed to a solid state membrane across a nanopore is used to drive a single protein 

molecule towards the origami-DNA molecule to which the protein then gets attached, producing 

a signature drop in ionic current that is used to interrogate physical properties of a protein as well 

as any conformational changes which may be undergone by a protein [121]. This technique, 

although not requiring the use of tethers or labels, has only been demonstrated for proteins of 

about 50 nm [121] in diameter whereas the DNH optical tweezer has been used to trap and 

manipulate proteins down to about 12 nm across [170]. 

3.10 DNH Optical Tweezers 

The DNH optical tweezer is a type of a nanoplasmonic tweezer that incorporates a structure 

consisting of a metal film on glass, with an aperture composed of two overlapping circular 

apertures made using one of several techniques such as focused ion beam milling (FIB), colloidal 

lithography, electron beam lithography (EBL), reactive ion etching, template stripping, et cetera, 

such that the depth of each aperture is equal to the thickness of the metal film. Laser light is 

focused through the aperture in a diffraction limited spot, creating an intensity gradient that is the 

source of the trapping force experienced by a particle that approaches within the range of this 

force. The particle scatters light, which intensity is measured using an avalanche photodiode 

(APD), and once trapped, the Brownian motion of the particle induces a fluctuation in the 

measured scattered intensity, analyzed using either the temporal autocorrelation or power 

spectral density method [61] or in terms of the RMSD of the fluctuation of the measured 

scattered intensity [139]. The technique boasts a number of advantages such as not requiring 

labels and tethers [136], being relatively inexpensive and easy to fabricate [96], having a high 

sensitivity [6], and requiring small volumes of sample solution that need not be highly purified 

[116].    
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Chapter 4 

 

Colloidal Lithography Fabrication of Plasmonic Double Nanohole 

Apertures 

4.1 Introduction   

In this chapter we discuss the first of several steps taken to investigate the research questions 

raised in the penultimate paragraph of the first Chapter. Specifically, we describe the fabrication 

of plasmonic DNH apertures by the method of colloidal lithography. 

4.2 Colloidal Lithography   

 Lithography is derived from two Greek root words, namely, “lithos” meaning stone [171] and 

“graphein” meaning to write [172]. It refers to a range of techniques for writing using templates 

[173]. Lithography was invented in the late 18th century by Johann Alois Senefelder [174]. 

Lithography has been used for writing patterns on surfaces in nanofabrication since the 20th 

century [175]. For example, Fischer and Zingsheim used lithography to imprint patterns with a 

100 nm resolution onto a photoresist in 1981 [175]. This seminal work could only write such 

patterns over a limited area of a surface of at most 25 μm2, but this limitation was soon 

eliminated via the method devised by Deckman and Dunsmuir in 1982 [176]. This technique has 

variously been dubbed natural lithography [176] and nanosphere lithography [177], [178]. We 

adopt the term colloidal lithography [96] to emphasize the fact that the technique relies on the 

use of colloidal nanospheres that are deposited on a surface and used as either deposition or 

etching masks, but especially the latter in our case. 
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Colloidal lithography has been used for fabricating nanoapertures for over 3 decades, 

beginning with Fischer who in 1985 and 1986, respectively, used the technique to fabricate 

single nanohole apertures for studies in microscopy and spectroscopy, respectively [179], [180]. 

The optical properties of nanoapertures made by colloidal lithography have been studied by 

numerous researchers, for example, [181], [182], [183] and one can easily observe that they are 

identical with those made by other techniques such as focused ion beam milling (FIB) [39], but 

offers more flexibility with regard to parallel processing, ease of implementation, and low cost 

[96]. We can even report finding less variation in apertures made using colloidal lithography as 

opposed to focused ion beam milling, for example. The use of colloidal lithography for making 

nanoapertures has not been limited to single nanoholes (SNH) as double nanoholes apertures 

(DNH) have also been made using the technique [184]. The cusp sizes of this early double 

nanohole aperture tweezers, while adequate for the purposes they were made, can be made 

smaller for a more robust trapping of smaller particles like proteins if, prior to metal deposition, 

the colloidal masks used for making the double nanohole apertures were etched in a high-power 

plasma as described in [96]. 

The caveat against using the colloidal lithography technique for making double nano-hole 

apertures is that it is random and, as such, gives the fabricator no control over what type of 

nanohole aggregations are predominantly produced. This can be overcome if a technique can be 

found for controlling the placement of the polystyrene nanospheres on a surface in such a way as 

to form a preferred pattern consisting solely of singles, doubles, triples, etc. as desired. Some 

promising routes that have been explored for implementing this include dielectrophoresis [185] 

and nanorobotic manipulation [186]. The results are far from perfect, however, so more work 

needs to be done in this regard. 
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In the work being reported, we used polystyrene beads as masks for making DNH apertures. 

First, microscope slides (12-550-A3, Fisherbrand) are cleaned for 15 minutes in a plasma 

machine at high power and then sonicated for 8 minutes in an ethanol bath. 38 mL of ethanol is 

added to 30 µL of 10 % w/v solution of 500 nm polystyrene beads and stirred thoroughly. Each 

of the microscope slides from the previous step is uniformly drop-coated with the resultant 

solution from the last step. The coating is allowed to dry out overnight by evaporation in a dust-

free environment, so that the nanospheres adhere to the microscope slides. This is followed by 

separately exposing each slide from the last step to a beam of plasma for a time that varies from 

170 seconds to 177 seconds to etch the polystyrene beads down to create the narrow cusps 

between pairs of touching polystyrene beads, with each slide being exposed for a minute longer 

than the one before it. It was found that slides exposed for 173 seconds and 174 seconds were 

best for trapping PR65. The range of etch times was initially estimated based on the target cusp 

size, which must be wide enough to fit the particle to be trapped and yet narrow enough to give 

considerable field enhancement for stable and efficient trapping. For how to satisfy both 

conditions, reference was made to [96], which is a previous study establishing the relationship 

between the etch time and the cusp size. 

Following the last step, a 7 nm thick adhesion layer of titanium was deposited on the 

microscope slides with plasma-etched polystyrene beads on them, followed by the deposition of 

a 70 nm thick layer of gold. Once this process of deposition was complete, the slide was 

sonicated for 6 minutes in an ethanol bath to remove the polystyrene beads, producing nanoholes 

of different aggregations on the surface – singles, doubles, triples, et cetera as shown in Figure 

4.1 below. 
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Figure 4.1: Array of nanoapertures on a glass substrate made by colloidal lithography.  

 

 

A zoom in of a double nanohole aperture from Figure 4.1 above is shown in Figure 4.2 below. 

 

 

Figure 4.2: A double nanohole isolated from Fig. 4.1 
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Figure 4.3 above is the flow process summarizing the fabrication of the DNH aperture by 

colloidal lithography. Figure 4.4 below shows an example of the trapping signal for PR65 

trapped using a DNH aperture made by colloidal lithography, where the time trace has been 

normalized with respect to the mean of the pre-trap signal, the pre-trap portion of the signal 

being the segment on the left of the vertical step up to about 2.7 s on the time axis.   

Figure 4.3: Process flow for making DNHs by colloidal lithography. A. Drop-coating glass with 

colloidal solution. B. Evaporating water from drop-coated glass and coalescence of polystyrene 

beads. C. Plasma etching. D. Titanium/Gold deposition. E. Sonication. F. Finished sample of 

nanoapertures in gold-on-glass showing single nanoholes (SNH), double nanoholes (DNH) and 

triple nanoholes (TNH). Even more complex composites like quadruples and higher occur, but 

with increasing rarity, in real samples [96]. 
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Figure 4.4: Signal for PR65 trapped with a DNH made by colloidal lithography. 

 

Focused ion beam milling (FIB) [170] has been mentioned in passing as a technique for 

producing DNH apertures. It enjoys an advantage of allowing a researcher control over what 

type of apertures to produce and where to position the apertures on a surface. It is, however, a 

more expensive technique than colloidal lithography in terms of instrument requirement. 

Colloidal lithography also requires less skill in implementation, which may account for the less 

variability that we seem to have observed between the apertures produced by colloidal 

lithography and those that were previously made using FIB. Difficulties with using FIB, for 

example, include aligning the beam, dealing with surface charge issues, being precise with 

cutting angles, etc. 

Apart from FIB, there is also the template-stripping technique of producing DNH apertures 

[94]. In this technique, DNH apertures are made on a master or template which are then 
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transferred to other surfaces on which DNH apertures are desired to be reproduced. This 

technique has the advantage of being cost effective, with the major cost being in the production 

of the master which can be reused again and again and allowing for parallel production and a 

high throughput. The disadvantage is that the master is only as good as the technique used in 

making it. Accordingly, it is susceptible to high systematic errors where the technique used to 

produce the master has accuracy, precision or both issues.  

As can be seen, the master for a template-stripping process can be made either by FIB or 

colloidal lithography. Apart from the precision issues associated with the FIB technique, 

template-stripping using FIB to make the master would have been the best technique. However, 

because of the precision colloidal lithography, template stripping can be done away altogether 

with no increase in cost.  

In conclusion, while colloidal lithography is limited by giving a researcher little control over 

what type of aperture to preferentially produce and where and how to position apertures on a 

surface, therefore calling for more research and innovation on the technique, it clearly provides 

an economically viable means of making DNH apertures reproducibly, which justifies our choice 

of the technique for making the DNH apertures used for this work. 
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Chapter 5 

 

Self-Induced Back-Action for Aperture Trapping: Bethe-Rayleigh 

Theory 

5.1 Introduction   

In this chapter we look at the Self-Induced Back-Action (SIBA) effect for off-resonant 

apertures within the framework of the Bethe-Rayleigh theory to elucidate the advantages of 

optical trapping using shaped apertures vis-à-vis conventional optical traps. It is shown that 

while surface plasmons do exist in real systems, they are not necessary or required for the 

occurrence of the SIBA effect. This is shown analytically, followed by numerical simulations 

which show that the analytical model developed captures the physics of the system. While the 

theory of this chapter is developed for a single circular aperture in a perfect electric conductor 

(PEC), it is argued that this can be extended to other shaped apertures and to multiple such 

apertures. 

5.2 SIBA in Optical Trapping Theory and Practice  

 SIBA arises from the interaction of a particle with a local electromagnetic field in such a way 

that the particle modifies the field, and therefore the force that the particle feels from the field, 

thereby contributing to its own trapping [65]. Aperture trapping was first investigated 

numerically by [81]. This was followed by an experimental demonstration of particle trapping 

near an aperture [83]. Since that demonstration of particle trapping near an aperture, apertures 

have been used in a variety of other optical trapping experiments with the same success. 

Examples include the optical trapping of dielectric spheres of varying sizes [65], [170], [187], 
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proteins [137], [127], [115], [188], [139], quantum dots [189], [190], vesicles [191] and several 

other particles. Theories such as [192] explaining SIBA have tended to be based on shifts in 

cavity resonances. While such theories sufficiently describe SIBA in resonant systems such as 

photonic crystal cavities [193], [194], [195] and apertures [196], they are not as adequate for 

describing SIBA in non-resonant systems such as off-resonant subwavelength apertures, 

necessitating other theories that bridge this gap. A simple theory explaining SIBA in non-

resonant subwavelength apertures in terms of the Bethe-Rayleigh aperture-particle theory is here 

proposed. Finite-Difference-Time-Domain (FDTD) simulation is used to show that this simple 

theory captures the physics of SIBA in non-resonant subwavelength apertures. The theory under 

discussion is developed for a single subwavelength aperture in a PEC, but it is argued that this 

can be extended to other systems such as other shaped apertures and multiple apertures. 

5.3 Bethe-Rayleigh SIBA theory   

 The theoretical quantification of SIBA when an aperture satisfying Bethe’s theory interacts 

with a particle in the Rayleigh regime is now developed. For the purposes of this theory, an 

aperture satisfying Bethe’s theory will be called a Bethe aperture while a particle which interacts 

with an electromagnetic field according to Rayleigh’s theorem will be referred to as a Rayleigh 

particle. It will be shown that the SIBA effect can be modelled as an interaction between a Bethe 

aperture and a Rayleigh particle, with the Bethe aperture modelled by a magnetic dipole and the 

Rayleigh particle by an electric dipole. Figure 5.1 below shows the schematic of the geometry of 

the problem, where the following parameters are defined: R is the radius of the Bethe aperture, a 

is the radius of the Rayleigh particle, r is the center-to-center distance from the Bethe aperture to 

the Rayleigh particle, z is the direction of propagation of the beam of light exciting the Bethe 
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aperture and x is the direction of polarization of the exciting beam of light, modelled as a plane 

wave. 

 

Figure 5.1: Geometry of an aperture in a metal film interacting with sphere with light incident 

from the opposite side. Copyright: Optica Publishing Group. 

 

   By Bethe’s theory [197], the electric field produced by a subwavelength aperture in a perfect 

electric conductor can be modelled in terms of the electric field of an effective magnetic dipole 

with magnetic polarizability, 

 
𝛾 =

8𝑅3

3
 

5.1 

assuming a plane wave normally incident from below the conducting screen containing the 

aperture. The effective magnetic dipole at the aperture produces an electric field, 𝐸⃗ 𝑚 , given by 
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𝐸⃗ 𝑚 = −

𝑍0

4𝜋
𝑘2(𝑛⃗ × 𝑚⃗⃗ )

𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟
(1 −

1

𝑖𝑘𝑟
) 

5.2 

where, 

 
𝑚⃗⃗ = 𝛾𝐻⃗⃗ 0 =

8𝑅3

3
𝐻⃗⃗ 0 

5.3 

is the effective magnetic dipole moment of the aperture, with 𝐻⃗⃗ 0 being the magnetic field 

imposed on the aperture, 𝑍0 is the impedance of free space 𝑘 is the propagation constant, 𝑛⃗  is the 

unit vector pointing in the direction from the center of the aperture to the center of the spherical 

dielectric and 𝑟 is the distance from the center of the aperture to the center of the spherical 

dielectric. A harmonic time dependence is implicit. 

The electric field of 2.1 polarizes the dielectric sphere, producing an electric polarization 

 𝑝 = 𝛼𝐸⃗ 𝑚 5.4 

where 𝑝  is the electric dipole moment of the dielectric sphere given by, 

 
𝛼 = 4𝜋𝜖0

𝜖𝑟 − 𝜖𝑏

𝜖𝑟 + 2𝜖𝑏
𝑎3 5.5 

with 𝜖𝑟 being the relative permittivity of the dielectric sphere embedded in a medium of relative 

permittivity 𝜖𝑏, and 𝜖0 the permittivity of free space. The polarized dielectric creates a magnetic 

field, 𝐻⃗⃗ 𝑝 , given by 

 
𝐻⃗⃗ 𝑝 =

𝑐𝑘2

4𝜋
(−𝑛⃗ × 𝑝 )

𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟
(1 −

1

𝑖𝑘𝑟
) 

5.6 
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back at the aperture. Here, 𝑐 is the vacuum speed of light. The magnetic field, 𝐻⃗⃗ 𝑝, from the 

polarized dielectric modifies the magnetic field at the aperture resulting to an effective magnetic 

field, 𝐻⃗⃗ 𝑎, at the aperture given by, 

 𝐻⃗⃗ 𝑎 = 𝐻⃗⃗ 0 + 𝐻⃗⃗ 𝑝 5.7 

Thus, the magnetic dipole moment is changed from its value in (5.3) to 

𝑚⃗⃗ 𝑒𝑓𝑓 = 𝛾𝐻⃗⃗ 𝑎 =
8𝑅3

3
𝐻⃗⃗ 𝑎 

5.8 

and through this modifies the electric field created by the aperture from what it should have been 

in the absence of the dielectric sphere, or if the sphere did not interact with the aperture. Using 

(5.8) in (5.2), we get 

 
𝐸⃗ 𝑚 = −

2𝑅3𝑍0

3𝜋
𝑘2(𝑛⃗ × 𝐻⃗⃗ 𝑎)

𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟
(1 −

1

𝑖𝑘𝑟
) 

5.9 

Using (5.4) in (5.6), we obtain 

 
𝐻⃗⃗ 𝑝 =

𝛼𝑐𝑘2

4𝜋
(−𝑛⃗ × 𝐸⃗ 𝑚)

𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟
(1 −

1

𝑖𝑘𝑟
) 

5.10 

Inserting (5.9) into (5.10), we get 

 

𝐻⃗⃗ 𝑝 = −
𝛼𝑅3𝑍0𝑐𝑘

4

6𝜋2
(
𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟
(1 −

1

𝑖𝑘𝑟
))

2

(𝑛⃗ × (𝑛⃗ × 𝑚⃗⃗ 𝑒𝑓𝑓)) 

5.11 

If we assume for simplicity that 𝑛⃗  is in the 𝑧-direction and 𝑚⃗⃗  is in the 𝑥-direction, then (5.11) 

simplifies to, 
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𝐻⃗⃗ 𝑝 = −
𝛼𝑅3𝑍0𝑐𝑘

4

3𝜋2
(
𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟
(1 −

1

𝑖𝑘𝑟
))

2

𝑚⃗⃗ 𝑒𝑓𝑓 

5.12 

where the final result has also been multiplied by 2 to account for the image dipole, since the 

ground plate of the conducting screen implies that the magnetic field at the aperture is doubled 

by the image dipole of the Rayleigh particle. Making 𝐻⃗⃗ 𝑝 the subject of the formula in (5.7), then 

inserting the resulting expression along with (5.8) into (5.12) and solving for 𝐻⃗⃗ 𝑎, we obtain 

 

𝐻⃗⃗ 𝑎 =
𝐻⃗⃗ 0

1 +
𝛼𝑅3𝑍0𝑐𝑘4

3𝜋2 (
𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟 (1 −
1

𝑖𝑘𝑟
))

2 
5.13 

(5.13) describes the back-action through the term in the denominator. By using (5.13) in (5.8), 

we obtain 

 

𝑚⃗⃗ 𝑒𝑓𝑓 =

8𝑅3

3

1 +
𝛼𝑅3𝑍0𝑐𝑘4

3𝜋2 (
𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟 (1 −
1

𝑖𝑘𝑟
))

2 𝐻⃗⃗ 0 

5.14 

The transmitted intensity 𝐼 through an aperture into the half-space, in terms of the effective 

magnetic dipole moment of the aperture, is given by 

 
𝐼 =

𝑍0𝑘
2

24𝜋
|𝑚⃗⃗ 𝑒𝑓𝑓|

2
 

5.15 

In the absence of back-action we use 𝑚⃗⃗ 𝑒𝑓𝑓 = 𝑚⃗⃗ =
8𝑅3

3
𝐻⃗⃗ 0 in (5.15) to obtain, 

 

𝐼 =
𝑍0𝑘

2

24𝜋
(
8𝑅3

3
)

2

|𝐻⃗⃗ 0|
2
 

5.16 
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By using (5.14) in (5.15), simplifying and dividing the resulting expression by (5.16), we obtain 

an expression for the normalized transmission,𝑇, through the aperture: 

 
𝑇 =

1

|1 +
𝛼𝑅3𝑍0𝑐𝑘4

3𝜋2 (
𝑒𝑥𝑝(𝑖𝑘𝑟)

𝑟 (1 −
1

𝑖𝑘𝑟
))

2

|

2 
5.17 

A plot of 𝑇 as a function of 𝑟, calculated from the Bethe-Rayleigh theory for 𝑎 = 𝑅 = 50 nm, 

𝜆 = 500 nm, 𝜖𝑟 = 2.343 and 𝜖𝑏 = 1 is shown as a solid dark curve in Figure 5.2 below. 

 

Figure 5.2: Transmission through aperture calculated with Bethe-Rayleigh theory, 

normalized to   transmission without SIBA. Theoretical result and FDTD 

simulation shown. Copyright: Optica Publishing Group. 
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The trapping potential is given by, 

 
𝑈 = −

𝛼

2
|𝐸⃗ 𝑚|

2
 5.18 

where all terms are as has been defined and 𝐸⃗ 𝑚 is given by (5.2) in the absence of SIBA or, in 

the presence of SIBA, by (5.9). The calculated difference between the trapping potentials with 

and without SIBA is shown as a solid dark curve in Figure 5.3 below, for an incident intensity of 

~ 11.25 mW/µm2. The theory is plotted only to 50 nm, so that the aperture and the particle are 

not overlapping, and the results are physically meaningful. 

Figure 5.3: Difference in trapping potential of aperture with and without SIBA calculated with  

Bethe-Rayleigh theory (black), and for the FDTD simulations with and without SIBA (green). 

Copyright: Optica Publishing Group. 
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5.4 Numerical Simulations   

 FDTD simulations were performed using Ansys Lumerical FDTD to show that the dipole 

model, presented in the preceding section, captures the basic physics of the system. The structure 

of this FDTD simulation was a 1 nm thick perfect electric conductor (PEC) with a circular 

aperture of 50 nm radius through its center. The PEC had an area of 1 µm2 in the 𝑥 − 𝑦 plane. 

Because of the symmetry of the structure, a symmetric boundary condition was imposed at the 

minimum of the 𝑥-axis while anti-symmetric boundary condition was similarly imposed at the 

minimum of the 𝑦-axis. Perfectly Matched Layer (PML) boundary condition was used 

everywhere else. The simulation domain was made to go through the PEC to simulate an 

infinitely wide PEC plane. The simulation domain was 900 nm × 900 nm × 1000 nm. A total 

field scattered field (TFSF) source was used with 201 wavelengths in the range from 500 nm to 

1500 nm. The source was 𝑦-polarized, with an amplitude of 2.911 × 106 V/m and propagated in 

the forward 𝑧-direction. The TFSF source was 640 nm × 640 nm × 682 nm. A dielectric sphere 

of 50 nm radius having a refractive index of 1.56 was moved along the direction of the beam, 

directly above the circular aperture of the PEC. A coarse uniform mesh with 𝑑𝑥 = 𝑑𝑦 = 25 nm 

and 𝑑𝑧 = 1 nm was initially set in the simulation region. To improve accuracy, however, a mesh 

override was used. The mesh override region was designed to match the dimensions of the TFSF 

source. For this mesh override, 𝑑𝑥 = 𝑑𝑦 =5 nm while 𝑑𝑧 = 0.25 nm. The mesh refinement 

setting in the simulation region was set to the conformal variant 1 type. The dt stability factor 

was set to 0.95, the time step to 0.0031638 fs and the minimum step size to 0.025 nm. Two 2-D 

monitors of the frequency domain field and power type were used. One 𝑧-normal monitor was 

fixed at 𝑧 = 0 and measured the transmission while another 𝑥-normal monitor was fixed at 𝑥 = 0 

and measured the E-field. The 𝑧-position of the dielectric sphere was varied in steps of 10 nm 
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from 51 nm to 261 nm, and for each position of the dielectric sphere, the transmission, 𝑇, and the 

𝐸-field were recorded with and without the particle. The intensity at the desired wavelength  

(500 nm) was extracted from the record of intensity versus wavelength and the trapping 

potential, 𝑈, was computed in accordance with (5.18). Figure 5.4 below shows a 𝑦𝑧-section of 

the simulation setup.  

 

Figures 5.5 A-D below show the distribution of the magnitudes of the electric and magnetic 

fields with and without the nanoparticle. 

  

Figure 5.4: 𝑦𝑧-section of simulation setup. Copyright: Optica Publishing Group. 
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Figure 5.5: (A) Distribution of |𝑬⃗⃗ |
𝟐
without SIBA. (B) Distribution of |𝑬⃗⃗ |

𝟐
wit SIBA. 

(C) Distribution of |𝑯⃗⃗⃗ |
𝟐
without SIBA. (D) Distribution of |𝑯⃗⃗⃗ |

𝟐
without SIBA. Copyright: Optica 

Publishing Group. 

 

The numerically computed transmission as a function of 𝑟 is shown as the solid olive-green 

curve in Figure 5.2 above, while the difference between the numerically computed trapping 

potentials with and without SIBA is shown as a solid olive-green curve in Figure 5.3 above.  
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5.5 Discussion   

 Quantitative agreement between theory and simulation is found in this study, thus providing 

support that the dipole theory captures the relevant SIBA physics for this geometry. While off-

axis excitation is possible, we will need to include electric dipole at the aperture that is normal to 

the aperture, so we have left it out in this simple theory to keep things as clear as possible. We 

moved the particle off-axis in the simulation and found a slight increase in the transmission of 

less than 1 % and an increase in the difference in trapping potential relative to the no-SIBA case 

of about 2 % above the on-axis value for every 5° tilt at a wavelength of 500 nm. For normal 

incidence, as in the current study, the first order effect is the magnetic-electric dipole interaction 

considered.  

As can be seen from Figures 5.2 and 5.3 above, SIBA enhances both the transmission and the 

trapping potential. In particular, about 17 % increase in the transmission and about 28 % increase 

in the difference in trapping potential relative to the no-SIBA case can be observed in Figures 11 

and 12 above. The enhancement shown explains the already known and exploited ability of 

aperture tweezers to work at lower optical intensities, a quality which makes them useful for 

trapping photosensitive samples. 

The observation of SIBA with a PEC is interesting because it indicates that surface plasmons 

are not necessary, whereas it does not deny the existence of plasmons in real systems. Surface 

plasmons are particularly interesting close to the plasmonic resonance, which is not of primary 

interest for this off-resonance work. Shaping the aperture can also be captured within the present 

theory by using the effective magnetic polarizability of a shaped aperture.  
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The Bethe polarizability in the present model does not account for plasmonic resonance 

effects. Plasmonic resonances can shift the peak in the transmission, and the corresponding 

polarizability for larger apertures (for example, [198], [199]). It is possible then to con- 

sider that this theory can be modified to include these resonance effects; however, the simple 

Bethe theory does not present any resonance peak (in fact, it over-estimates the trans- 

mission for larger apertures due to the strong power scaling). The polarizability of the 

nanoparticle does contain implicitly the Frölich resonance condition that accounts for the 

plasmonic resonance of the particle, but that is not explored in this work. 

The plasmon resonance of apertures in real metals are around 300 nm and in the visible 

regime for vacuum and Ag [200] and in the infrared for supported apertures in Au and in 

water [65]. At much longer wavelengths, the transmission through the aperture is better 

represented by a Bethe theory than the tail end of a Lorentzian, so we believe that the present 

theory would be better suited for that regime. 

While equal nanoaperture and particle size was chosen as a starting point in this study 

to ensure that we were in the dipole limit for both the particle and aperture, we attempted 

different geometries as well. For example, doubling the aperture radius increased the change 

in transmission (normalized to the no-particle case) by over 5 times, and the potential 

increased by 64 times. 

In this work, we have shown that there is a SIBA contribution within Bethe-Rayleigh 

theory for a particle-aperture system. By monitoring the transmission changes, it is possible 

to get information related to the particle size and position, which has already been done in 

experiments to size proteins [138]. It is also possible that this can be applied to tracking [201], 

and possibly to near-field polarization mapping [202]. To achieve polarization and full 
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position tracking, the present theory should be extended to include off-axis positions 

(including the electric dipole of the aperture as well). 

While the agreement between analytical and numerical solutions found in this study is 

close, it is not exactly spot-on. Since we performed a convergence study and found that the 

solution was fully converged (showing negligible variation with smaller mesh sizes) for the 

simulation parameters used, we believe that the differences remaining between theory and 

experiment are the result of the dipole approximation made in the theory. 

5.6 Conclusion   

 Here we have shown the most basic description of SIBA in an aperture system that uses an 

effective magnetic dipole of the aperture and the electric dipole of a particle within the 

interaction range of the aperture-particle system. The magnetic dipole of the Bethe aperture 

creates an electric field, which polarizes the electric dipole of the Rayleigh scatterer, which in 

turn creates a magnetic field back at the aperture. This can enhance the transmission and trapping 

potential significantly for the non-resonant case and benefit trapping. This simple theory may be 

extended to different aperture shapes, or different locations of the aperture with respect to the 

particle (and perhaps even multiple apertures or multiple particles). 
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Chapter 6 

Impact of Point Mutation on PR65 Shape Using DNH Optical Trapping Signals 

6.1 Chapter Overview   

This Chapter applies much of what has been discussed so far in this work to studying the effect 

of mutations, and in particular point mutations, on the shape of the PR65, as the α-subunit of 

protein phosphatase 2A (PP2A) is known. PR65 wild type is studied along with six of its 

mutants. Results found show that, relative to PR65 wild type, certain mutants of PR65 are 

elongated while others are shortened when exposed to optical tweezer force. This provides a 

relatively simple and inexpensive method of tracking mutations in proteins by way of changes in 

their contour length.  

6.2 Introduction   

Proteins are not only the building blocks of life, but also represent the lowest level at which the 

physical manifestation of biological mutations [203] are usually noticeable [204]. The way that a 

protein functions and interacts with other proteins and non-protein biological molecules is 

critically tied to its shape or structure [205], [206], [103]. This underscores the importance of 

studying the impact of mutations on the shape of a protein like PR65 – the A-subunit of protein 

phosphatase 2A (PP2A) [103], which has been implicated in Alzheimer’s [207], [132], and 

cancer [129], [156], [128]. 

Multifarious techniques have been, and continue to be, developed for interrogating protein 

conformation changes. Examples include fluorescence correlation spectroscopy [208], which can 

provide information on changes in protein conformation via measurement of the hydrodynamic 
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radius [167]; single molecule fluorescence energy transfer [209], which utilizes the distance 

dependence of Förster resonance to study conformational changes in proteins by attaching donor 

and acceptor chromophores at a single location on a protein and measuring the efficiency of the 

fluorescence resonance energy transfer between the chromophores, which provides direct 

information about the separation between the chromophores as the protein to which they are 

attached undergoes conformation changes [168]; single molecule force spectroscopy [210], in 

which tension or compression forces applied to a single protein molecule through tethers at two 

adjacent locations on a protein provide insight into the mechanical properties of a protein, such 

that the response of a protein to being altered or, equivalently, feedback from a mechanically 

altered protein can be used to monitor and to detect conformational changes undergone by a 

protein [169]; nanopore electro-osmotic trap (NEOtrap), in which a process known as electro-

osmosis involving hydrodynamic flow of ions under a spatially uniform electric field through a 

porous origami-DNA sponge, or similar structure, adsorbed to a solid state membrane across a 

nanopore is used to drive a single protein molecule towards the origami-DNA molecule to which 

the protein then gets attached, producing a signature drop in ionic current that is used to 

interrogate physical properties of a protein as well as any conformational changes which may be 

undergone by a protein [121]. As well as these, another technique which has been used to 

conduct biophysical assays, and which has shown tremendous potential, if not superiority in 

some respects among other single molecule techniques, is the plasmonic double nanohole (DNH) 

aperture tweezers. This technique, unlike most, if not all, of the foregoing ones, does not require 

the use of molecular tethers or labelling, which not only increase cost and complexity, but can 

also introduce artifacts that can mask effects that one is trying to investigate or lead to erroneous 

results either by changing the intrinsic properties of a protein [211], [212] or forming a complex 
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with the protein that behaves differently from the protein [213]. To date, the DNH has been used 

to study the unfolding of single bovine serum albumin (BSA) molecules [115], the unzipping of 

DNA-hairpins and the interaction of these DNA-hairpins with proteins [33], the sizing of 

proteins [138], the binding of antibodies to specific proteins [126], [214], the interaction of 

proteins with ligands [136], [137], among several other applications that demonstrate the 

potential of the DNH for single molecule studies. 

Here, specifically, we investigate the impact of point mutations on the shape of PR65 wild 

type and six (6) of its mutants using DNH optical trapping signals. Our choice of the DNH 

optical tweezers for this study is predicated on what has already been said, for example in 

chapter 3 and earlier in this chapter, but also on the fact that the DNH is cheap and easy to 

fabricate and to use [96], even as it yields results in real time. Furthermore, while the loss of 

sample fidelity due to denaturation caused by heating is an issue that is frequently a source of 

concern in the use of optical trapping techniques for studying biological samples [215], the 

plasmonic effect [6] and the self-induced back action (SIBA) effect [65], [1] allow for trapping 

with considerably lower optical intensities in plasmonic DNH tweezers, which thus produces less 

heat as a consequence; even the little heat generated is conducted away by the metal part of the 

plasmonic nanotweezers [6], the consequence of which is that sample damage due to heating is 

avoided in plasmonic DNH optical tweezers. Again, the enhanced isolation capability of the 

nanotweezer system due to its much smaller trapping volume eliminates the need for highly 

purified samples [116], leading to a further reduction in cost. Furthermore, the nanoplasmonic 

DNH optical tweezers has also shown greater sensitivity when compared to other techniques 

such as nanopore [126]. 
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It has been shown [216] that point mutations can produce larger-than-average structural 

changes in proteins. We provide experimental evidence of such a structural change in PR65 

involving a change in its shape – compacted versus elongated – by comparing the root mean 

squared deviation (RMSD) and corner frequency for PR65 wild type and six (6) of its mutants 

computed from the time trace of the signals acquired by trapping each of these in a DNH optical 

tweezers. The hypothesis underpinning the work is first presented. This is followed by a 

description of the experiment performed to test the hypothesis. The results obtained from the 

experiment are then presented and, lastly, an analysis of those results to show how well they 

support our hypothesis. 

6.3 Hypothesis 

If conformation changes induced by substitution mutations alter the material polarizability of 

PR65, then the DNH tweezer signal acquired by trapping each mutant of PR65 will have a 

different root-mean-square-deviation (RMSD) and corner frequency from that of wild type 

PR65. 

To understand the rationale behind this hypothesis, imagine a dielectric sphere suspended in a 

fluid such as water being trapped in the cusp of a DNH such as that in Figure 4.2 of chapter 4. 

Imagine that the dielectric sphere experiences an optical force which elongates it into a spheroid. 

This will cause the polarizability of the elongated dielectric spheroid to increase relative to that 

of the original dielectric sphere while also reducing the hydrodynamic drag on the elongated 

spheroid, since narrower objects like arrows experience less drag than balls, for example. The 

increase in polarizability of the elongated sphere will result in it experiencing a stiffer trapping 

force in accordance with 𝐹 𝑔𝑟𝑎𝑑 ∝ 𝑟𝑒𝑎𝑙(𝛼)∇𝐼, where 𝐹 𝑔𝑟𝑎𝑑 is the trapping (gradient) force, 

𝑟𝑒𝑎𝑙(𝛼) is the real part of the polarizability, 𝛼, and ∇𝐼 is the intensity gradient. For a dielectric 
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the imaginary part of the polarizability is negligible. The trapped particle undergoes Brownian 

motion, and the effect of a stiffer trap force is a reduction in the root-mean-square-deviation 

(RMSD) of the trapped particle due to increased confinement. Meanwhile, the trap stiffness,   

𝑘 ∝ 𝑟𝑒𝑎𝑙(𝛼)∇2𝐼 increases while the hydrodynamic drag, γ, decreases with the result that the 

corner frequency characteristic of the trapped particle’s Brownian motion, 𝑓𝑐 =
𝑘

𝛾
, increases. If, 

on the other hand, a trapped particle, in response to the optical force, assumes a more compact 

shape than the one described, then the RMSD and the corner frequency go in the opposite 

direction, with the RMSD increasing and the corner frequency decreasing. The foregoing 

hypothesis is realized simply by replacing the dielectric particle in this thought experiment with a 

protein molecule such as PR65. 

6.4 Method.   

The optical trapping experiment was conducted by first making a microwell on a clean glass 

microscope slide of 150 µm thickness (Ted Pella, Inc.) using an imaging spacer (Secure Seal 

imaging spacer, Grace Bio-labs) to form an open chamber measuring 120 µm in depth and 9 mm 

in diameter. With a micropipette, this chamber was filled with 10 µL of the analyte, diluted to 

10 µM from an initial concentration of 200 µM. A sample of gold-on-glass with double nanohole 

(DNH) apertures fabricated on it by colloidal lithography, was inverted over the microwell 

chamber to seal it off. Figure 6.1 below is a step-by-step cartoon of the assembly process. 
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Figure 6.1: A. Clean glass microscope slide. B. Image spacer. C. Test tube containing solution of 

PR65 in phosphate-buffered saline. D. Micropipette. E. DNH in gold. F. Microwell. H. 

Introducing 10 µL of 10 µM dilute PR65 solution into microwell using a micropipette. I. 10 µL 

of 10 µM dilute PR65 solution in microwell. J. Inverting DNH over microwell to seal it off 

chamber. K. Completed sample ready for placement on sample stage for trapping experiment. 

 

The microwell chamber sealed off with the gold-on-glass structure containing the DNHs was 

then carefully placed on a 3-axis piezo-controlled stage between a 1.3 NA 100× oil immersion 

objective and a 10× collection objective such that the underside of the microscope cover slide 

bearing the microwell was in contact with the oil immersion objective. By slow 

counterclockwise rotation of the z-knob of the 3-axis piezo-controlled stage, the sample mounted 

on the stage was brought to the confocal position between the oil immersion objective and the 

collection objective. Thereupon, multiple bright spots – corresponding to apertures on the 

gold-on-glass sample within the area of illumination of a light emitting diode (LED) which sent 

light through the apertures, which transmission was captured by a charge-coupled device (CCD) 



 68 

camera – could be seen on the screen of a computer connected to the CCD camera. Using the x- 

and y-knobs of the 3-axis piezo stage, the DNH-bearing structure was moved over the LED beam 

so that the center of one of the observed spots coincided with the location of a colored tape strip 

used as a marker on the screen of the computer connected to the CCD camera. The LED was 

then turned off, and a 980 nm laser was focused through the 1.3 NA, 100× oil immersion 

objective to a diffraction limited spot through the selected aperture. The transmission through the 

aperture was monitored using an avalanche photodiode (APD) (with a 1.3 optical density (OD) 

filter placed in front of it to prevent its saturation). The laser was first turned on to a very low 

power (1.2 mW, for example) and, using the x-, y- knobs of the piezo-controlled 3-axis stage, the 

DNH-bearing gold-on-glass structure was moved on a horizontal plane to until the center of the 

laser spot coincided with the location of the colored tape strip used as a marker on the screen of 

the computer connected to the CCD camera. A half-wave plate (Thorlabs, WPH05M-980) 

mounted on the laser path was then used to verify if the selected aperture was a DNH by rotating 

the half-wave plate and observing the change in the APD signal, acquired using a USB-4771A 

data acquisition module from Advantech. The USB-4771A data acquisition module was 

connected to the same computer as the APD. The readout from the USB-4771A data acquisition 

module was viewed on the screen of this computer. For a DNH, the change in APD between 30 

% and 50% was expected [146] with rotation of the half-wave plate because of the polarized 

nature of the DNH transmission, unlike other aperture configurations such as the single 

nanohole, the triangular triple and the square quadruple nanoholes which all show relatively 

negligible change in transmission with the rotation of the half-wave plate. The APD typically 

reads around 1.2 V – 1.6V at the minimum transmission polarization and between 1.56V – 1.8V 

and 2.1V – 2.4V at the maximum transmission polarization for a DNH. If an aperture did not 
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pass this test, a different one was selected by the same procedure and the test was repeated until a 

DNH was found. The laser power was then increased to 22.5 mW before the 100× oil immersion 

objective, and trapping, identified by a discrete jump and an increase in APD signal noise of at 

least 10%, was awaited. The data, acquired at a 100 kHz sampling rate over a duration of 5 – 10 

s, was exported to MATLAB (or any other suitable scientific computing software) as a 

2 × 500000 or 2 × 1000000 matrix for further analysis. Figure 6.2 below shows a schematic of 

the experimental setup while an exemplar trapping signal is as shown in Figure 6.3A below. The 

experiment was repeated at least 10 times for PR65 wild type and each mutant. 
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Figure 6.2: Schematic of experimental setup. WLS is a white light source; DM stands for 

dichroic mirror; APD stands for avalanche photodiode; L is a lens; MO stands for microscope 

objective; S is the sample; OIO stands for oil immersion objective; SS is the sample stage; CAM 

is a camera; M stands for mirror; BE is a beam expander; HWP is a half wave plate; LP is a 

linear polarizer; OI is an optical isolator. Top left inset shows the diffraction pattern seen when 

the laser is focused through the sample while center right inset shows how the laser light is 

focused through the sample by the OIO and collected by the MO. Throughout, magnifications 

are shown by the × symbol followed by a number to the left of an objective, e.g., ×10 MO 

indicates a microscope objective with a magnification of 10. 
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6.5 Results, Analysis and Characterization of PR65 and its Variants.   

When it is trapped, the optical signal from the trapped PR65 (wild type or mutant) molecule 

exhibits a characteristic step in the APD signal coincident with the entry of the PR65 molecule 

into the optical trap, and an increase in the noise amplitude, as can be seen in Figure 6.3A. That 

this signal is from a single molecule is deduced from past studies. For example, [126] combined 

the DNH with a nanopore, which has a verified single molecule signal, and observed that the 

signal from the DNH was consistent with single molecule events from the nanopore. Similarly, 

molecular weight sizing of proteins achieved by [138] via monitoring the transmission signal of 

the DNH was found consistent with single protein sizes. The dark portion of the plot is the signal 

prior to trapping the molecule. The mean of a 0.5 s long portion of this part of the signal was 

used to normalize the entire signal to ensure that repeated measurements are not affected by 

small variations in the adjustments of the x- y- z-knobs of the piezo which align the DNH to the 

center of the laser beam. The grey portion of the plot is the signal corresponding to a molecule’s 

trapping event. A 2 s long portion (green portion of plot) of this, necessary for accurately 

computing the corner frequency without minimal cost in computer memory [217] was selected 

such that it terminated 1s away from the end of the trapping event to ensure that the trapped 

particle is in steady state [90] – far away from the start of the of the trapping event and not too 

close to where the laser is blocked off to untrap the molecule. The corner frequency and RMSD 

are computed using this section. To compute the corner frequency, a Hanning-windowed discrete 

Fourier transform (DFT) was used to compute the power spectral density, and a portion of this 

corresponding to a lower cut-off frequency of 10 Hz and an upper cut-off frequency of 1.38 kHz 

– to avoid aliasing – was fitted with a Lorentzian of the form, 
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𝑦(𝑓) =

𝐴

1 + (
𝑓
𝑓𝑐

)
2 

6.1 

where 𝑦 is the PSD, 𝑓 is the frequency, 𝐴 and 𝑓𝑐 are free parameters, with 𝑓𝑐 being the desired 

corner frequency. The fit is done by means of a non-linear least square method, with initial 

estimates for 𝐴 and 𝑓𝑐 being two Gaussian random numbers generated in MATLAB which were 

then refined using an iteration scheme that returned final values for 𝐴 and 𝑓𝑐 which minimized an 

objective function associated with (6.1), which was then fitted using the found values of 𝐴 and 𝑓𝑐 

together with values for 𝑓. This is shown in Figure 6.3C below. To compute the RMSD, the 

portion of DNH was fed to the MATLAB function histcounts with the normalization parameter 

set to ‘probability’. This returned a histogram of the DNH signal. The centers of each rectangle 

of the histogram were read and these together with the returned probabilities were used to 

compute a Gaussian envelope to the histogram of the form, 

 
𝑝(𝑧) = 𝐵𝑒𝑥𝑝 (−

(𝑧 − 𝜇)2

2𝜎2
) 

6.2 

where 𝑝 is the probabilities returned by ‘histcount’ from the DNH signal fed to it, 𝑧 is the values 

corresponding to the centers of the rectangles of the histogram returned by ‘histcounts’ while 𝐵, 

𝜇 and 𝜎 are fit parameters, with 𝜎 being the sought RMSD. As with the computation of the 

corner frequency, a non-linear least square method was used to obtain values for 𝐵, 𝜇 and 𝜎. 

First, 𝑧 was fed to the MATLAB function ‘normfit’ to obtain initial estimates for 𝜇 and 𝜎. An 

initial estimate for 𝐵 was chosen as the mean of the maximum and minimum values of 𝑝 

previously returned by ‘histcount’. These initial estimates were refined in an iterative scheme 

that returned final values of these parameters which minimized an objective function associated 
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with (6.2). To remove contribution to the RMSD by noise from the pre-tap stage (dark segment 

of Figure 6.3A below), the trapping signal was filtered using a low pass finite impulse filter (fir) 

with a cut-off frequency twice the corner frequency from the PSD computation. This was 

implemented in MATLAB using the built in ‘designfilt’ routine. The Gaussian envelope in 

Figure 6.3B was computed using this difference in RMSD of the pre-trap signal and the trapping 

signal just described together with values of 𝐵, 𝜇 and 𝑧.  

 

Figure 6.3: Tetherless aperture-based nanoplasmonic tweezers enable characterization of the 

structural dynamics of PR65 and single-site mutants. (A) PR65 undergoes a characteristic step as 

it enters the double nanohole trap, followed by an increase in noise from Brownian translational 

motion. (B) A histogram of this noise (transmission through the aperture, T, normalized to the 

pre-trap level) sampled after the trapping event. (C) The power spectral density from the detected 

transmission of PR65. (D) Root-mean-square deviation and (E) corner frequency of the 

amplitude of the noise for WT PR65 and the six mutants. (F) The mean end-to-end distance 
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observed across 1.5 μs of molecular dynamics simulation for WT PR65 and the six mutants 

report a Pearson correlation coefficient of -0.83 with the normalized RMSD. 

This was repeated for each trapping event for wild type PR65 and each of its mutants studied. 

 

Table 6.1 below shows mean values of the RMSD and corner frequency for each of these 

together with their standard deviations. 

Table 6.1: Mean corner frequencies and normalized RMSDs for PR65 wild type (WT) and 

mutants. 

protein mean corner 

frequency (Hz) 

standard 

deviation (Hz)  

mean 

normalized 

RMSD 

standard 

deviation  

S323L 122.8180 5.3987 0.0018 0.0009 

F502W 45.0714 2.0035 0.0019 0.0007 

WT 24.6624 2.9474 0.0021 0.0009 

E375D 25.7502 5.8874 0.0030 0.0007 

Y168V 20.9672 4.2953 0.0033 0.0006 

L198V 16.7766 1.2493 0.0067 0.0015 

D315E 15.9921 3.1029 0.0099 0.0028 

 

Figures 6.3 D and E above are histograms of the values of the corresponding variables in Table 

6.1 above and the error bars in Figures 6.3 D and E above represent the standard deviations of 

the corresponding variables shown in Table 6.1. To further support the hypothesis that the 

differences observed in our DNH optical tweezer measurements were related to differences in 

conformational changes in the proteins, a linear correlation was computed between the RMSD 
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from our DNH aperture tweezer measurement and the mean contour lengths of each protein from 

molecular dynamics simulations performed by Mert Gur’s groups at both the Istanbul Technical 

University, Turkey and the University of Pittsburgh, USA. As shown in Figure 6.3, a strong 

negative correlation existed between the two, showing that elongated conformations 

corresponded to lower RMSDs in agreement with the hypothesis. The choice of the RMSD 

instead of the corner frequency for this comparison is informed by the fact that RMSD depended 

solely on the confinement of the protein in the trap which, in turn, depended solely on the protein 

through its material polarizability whereas the corner frequency depended on the fluid in which 

the protein is suspended as well through the drag constant and thus less directly on the protein in 

comparison to the RMSD. Table 6.2 below shows the mean contour lengths of the proteins from 

molecular dynamics simulation used in making Figure 6.3F. 

Table 6.2: Mean count lengths of PR65 WT and mutants from molecular dynamics simulations. 

Source: Mert Gur, Istanbul Technical University, Turkey and University of Pittsburgh, USA. 

protein mean contour length (Å) standard deviation (Å)  

S323L 70.3 9.4 

F502W 70.4 9.9 

WT 66.2 9.8 

E375D 68.4 8.9 

Y168V 64.6 11.2 

L198V 67.2 9.7 

D315E 58.2 15.6 

 

The explanation for these results is follows. When trapped, the Brownian motion of the 

particle causes the “noise” seen in the APD signal (corresponding to the normalized 



 76 

transmission, T, through the aperture, normalization being with respect to the pre-trap level of 

the APD signal) to increase. The greater the stiffness associated with the optical tweezer 

potential, the lower the amplitude of the Brownian motion of the particle [110], so a lower 

amplitude of the corresponding “noise” seen in the APD signal, measured by the root mean 

squared deviation (RMSD) of the acquired signal, is expected for a larger stiffness of the optical 

trap. The stiffness of the optical trap is proportional to the trapped particle’s material 

polarizability, which is larger the longer a particle is, so that a lower RMSD is expected if a 

protein is elongated by a point mutation. Furthermore, the trapped particle is a thermally driven 

oscillator subject to the viscous drag of the fluid in which it is suspended. Consequently, it will 

oscillate with a range of frequencies, among which the energy of the particle’s motion would be 

distributed according to the power spectral density which, as theory [218] shows in this case, is a 

Lorentzian of the form (6.1), characterized by a corner frequency, 𝑓𝑐, given by the ratio of the 

trap stiffness to the hydrodynamic drag on the proteins [110]. Not only does (6.1) not involve 

any inertial contribution, due to this being negligible [55], but also PR65 WT and its mutants 

studied in this work have very near identical molecular weights and, prior to being trapped, 

charge distributions. Accordingly, differences in the stiffness of the optical trap potential 

experienced by each protein must be due to differences in the material polarizability of the 

proteins resulting from their differences in conformational stability. Furthermore, regardless of 

how the viscous drag changes with the change in protein conformation, the trapping potential is 

generally higher than the thermal energy of the surrounding fluid (at least 10 times as much for a 

functional optical trap [43], [63]) and, for microscale objects, polarizability is more sensitive to 

changes in shape than the drag [214]. Consequently, the optical trap stiffness generally follows 

the polarizability of the trapped protein, and, as such, the corner frequency which, as has been 
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defined, is the ratio of the trap stiffness to the viscous drag, is expected to increase as the particle 

elongates, as opposed to the trend shown by the RMSD as the particle elongates.  

The justification for the foregoing interpretation of the results is that point mutations are 

unlikely to change the physical dimensions of a protein significantly, so that all changes 

observed can be attributed to changes in the shape of the protein such as the way in which the 

protein is folded. Specifically, we distinguish elongation by unfolding from elongation by 

stretching. We similarly distinguish shortening by folding from shortening by compression. For 

example, the maximum RMSD in atomic positions observed in [210] was about 2.1 Å, which – 

although significant to support the conclusion that a new protein structure has emerged according 

to [210] – is yet less than the average contour length of an amino acid [211]; meanwhile, a 

single-domain protein would typically contain about 150 amino acid residues [212] – a change of 

less than 1 part in 600, supporting the reasoning behind the interpretation pursued in this work.  

As has been explained, the acquired time trace in our experiment is related to the diffusion of 

the trapped protein, the characteristic of which depends on both the hydrodynamic radius and the 

polarizability of the protein, both of which depend on the size and shape of the protein [213], 

[137], as characterized by the RMSD and corner frequency of the time trace from trapping each 

protein. Differences in RMSDs and corner frequencies correspond to differences in material 

polarizability arising from differences in conformation changes corresponding to elongation or 

shortening, relative to PR65 WT, due to differences in conformational stability induced by 

different point mutations to PR65 WT.  

6.6 Conclusion.   

PP2A is a very important Serine/ Threonine phosphatase. It performs a central role in 

sustaining cellular processes and in maintaining signaling pathways. Its dysregulation has been 
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implicated in various human cancers, Alzheimer's disease, and decreased resistance to pathogen 

infections. In this study, the effects of point mutations on the structure and dynamics of PR65, a 

component of PP2A, have been investigated. The influence of minute alterations at specific 

regions of PR65 on the possible conformational changes that it can undergo in response to 

mechanical forces have been probed by targeting specific mutations at its hinge sites. By 

showing that differences in RMSDs and corner frequencies correspond to differences in material 

polarizability arising from differences in conformation changes corresponding to elongation or 

shortening, relative to PR65 WT, of point mutants of PR65 studied in this work – a result which 

can only be explained by these point mutants of PR65 having different conformational stabilities 

to the WT – our investigations seem to show that mutations at certain hinge sites, such as S323L, 

E375D and especially F502W, were favorable to extended conformations of PR65 while 

mutations at other hinge sites such as Y168V and D315E stabilized more compact forms of 

PR65.  

The power of the DNH optical tweezers enabled the analysis of the differences in 

conformational changes of WT PR65 and its mutants at the single-molecule level without 

modifications by labels, tethers or both and the associated cost in one or more of money, time, 

technicality and complexity of conventional optical tweezers and other single-molecule 

techniques. Observed trends from comparing the DNH optical tweezer results obtained for PR65 

WT with those of its mutants were consistent with molecular dynamics simulations. The mutants 

S323L, E375D, and F502W had the highest corner frequencies by the results of our analysis of 

the experimental data and indicated that these mutations resulted in larger trap stiffnesses and 

extended conformations while the mutants Y168V and D315E had the lowest corner frequencies, 

indicating that they resulted in smaller trap stiffnesses and compact forms of PR65. 
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We posit that the findings reported in this work may be relevant to understanding how 

mutations alter the function of PR65, and how these may be connected to any anatomical or 

physiological conditions for which PP2A has been implicated, potentially due to the impact of 

such mutations on the conformational flexibility and activity of the PP2A complex. These 

findings may also be relevant to studying the impact of mutations on other proteins, besides 

extending the utility of the DNH optical tweezers as a biophysical tool.  

Further, as a matter of reliability, it is worth reporting that previous studies [219], [125], [220] 

have investigated heating in aperture systems similar to the DNH employed in the current study 

and indicate a temperature rise of  ~1°
𝐶

𝑚𝑊
 (for a diffraction limited spot size of around 1 𝜇𝑚2) of 

laser power. In the current work, ~16 𝑚𝑊 of laser power was incident on the sample. 

Accordingly, the expected temperature rise was around 16°𝐶 above room temperature, which 

was well within physiological limits. Furthermore, the same laser power and wavelength were 

employed for all measurements for consistency of the results.  
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Chapter 7 

Diverse PP2A Scaffold Dynamics Observed Directly by Nanoaperture Optical Tweezers 

Disclaimer: The work in this chapter is the result of a collaboration. I performed all 

experimental work while the data analysis and figures, apart from Figure 7.3, were made by Dr 

Demelza Wright. 

7.1 Chapter Overview   

Allostery is a term in biochemistry that refers to the presence of a physical location or 

locations (regulatory site(s)), other than the active site, on complex proteins to which ligands can 

bind [221]. Allostery comes from two Greek root words, “allos” meaning other and “stereos” 

meaning solid (object) [222]. Allostery is a useful mechanism for cell signalling and for cell 

regulation of enzyme activity [221] via protein conformational changes or changes in protein 

dynamics [223], [224]. Motivated by the possible link between the catalytic activity of protein 

phosphotase 2A and the spring-like nature of its A-subunit, otherwise known as PR65, this 

chapter follows up previous in silico analysis [103] which predicted deformation and unstacking 

under applied force. Nanoaperture optical trapping of individual unlabelled and untethered PR65 

molecules undergoing a distinct step transition that is identified as deformation is presented. As 

in the previous chapter, it is observed that the trapping signal is strongly impacted by point 

mutations to PR65. But whereas the previous chapter dealt with the impact of mutations on the 

shape of PR65 using nano-optical tweezers, here the impact of mutations on the flexibility of 

PR65 to shape changes or, put differently, the mechanism by which the shape changes studied in 

the previous chapter occur, is investigated via the deformation timescale. An order of magnitude 

change in the deformation timescale is observed. It is further observed that telegraphing between 
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native and deformed states on the order of milliseconds for specific mutants can occur owing to 

stochastic resonance. The investigation provides a new insight into the mechanical properties of 

PR65 and a path to probing the biomechanical contribution to enzymatic activity. 

7.2 Introduction   

Understanding the structure-function relationship of proteins is a cornerstone of biomedical 

science. In the last few decades, interest in proteins has greatly increased due to development of 

new therapies (such as anti-cancer) and through development of new techniques to study these 

small (nm-scale) yet ubiquitous molecules. This is at the core of our study of allostery; how 

protein conformational dynamics underlie complex signal communication and function [225], 

[226]. State-of-the-art techniques now focus on measurements of single proteins to reap benefits 

such as small sample requirements and resolving heterogeneity, though many still rely on 

indirect measurements (via fluorescent tags) and protein modification by tethering that can have 

unpredictable impact on protein motion. Label and tether-free optical measurement of proteins 

has been repeatably demonstrated by the DNH optical tweezer method. Herein, DNH optical 

tweezer is used to observe the dynamic motion of a scaffold repeat protein and the impact of 

mutation on conformational stability of PR65. 

We select PR65, the scaffold subunit of protein phosphatase 2A (PP2A), because of its role in 

regulating the function and activity of PP2A [103], which is involved in many cellular activities 

and which dysregulation has been associated with the development of cancer [227]. PR65 was 

previously shown in molecular dynamics simulations to undergo viscoelastic deformations in 

response to forces that occur in living systems [103], as well as unstacking conformational 

changes [103]. The flexible nature of PR65 and its ability to unstack and deform can modulate 
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the enzymatic action of PP2A [228], [229]. Understanding and modulating these properties is 

key to understanding PP2A activation in anti-cancer therapies [128].  

Despite PP2A being one of the most abundant enzymes in the human body, there has been no 

direct experimental evidence of the mechanical properties of PR65, likely due to its small size 

(~10 nm) being near or below the resolution of most protein pulling methods [230], [231]. We 

provide the first experimental evidence of these deformations by single protein measurements in 

DNH optical tweezers. We further demonstrate that (as predicted) the behavior of these 

deformations can be subtly tuned through substitutions on mutant versions of the protein. 

7.3 Methods   

A schematic of the experimental setup used for this work is shown in Figure 7.1a below. A laser 

diode focused onto samples through a microscope objective while the transmitted light is 

collected through a second objective and measured on an avalanche photodiode. Exemplar 

scanning electron microscopy image of a double nanohole aperture is shown in Figure 7.1b 

below. Trapping events are identified by monitoring the transmitted laser light through the 

aperture for a sudden increase (or for some experiments decrease) in transmission and 

simultaneous increase in signal variation, often measured by RMS of the captured aperture 

transmission [120], [138], [139]. 
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Figure 7.1: Optical trapping with DNH. a. Optical setup schematic showing laser focused onto 

sample and collection. b. Representative scanning electron microscope image of a DNH. 

 

Double nanohole samples were prepared as in past work using 500 nm polystyrene particles as 

template [96], [146], resulting in a cusp separation of 27 nm and hole diameter of 350 nm. The 

sample was cleaned with hexane between runs. After a few runs samples were cleaned with a 

plasma etch to remove the stuck proteins from the surface. The concentration of 10 µM was used 

for all the proteins in 0.01 M phosphate buffer and 2 mM dithiothreitol. Trapping was performed 

with an optical tweezer setup modified from Thorlabs OTKB with 980 nm laser diode. The laser 

power was maintained at ~ 22 mW, measured just before the lower microscope objective in 

Figure 7.1 a above. 

7.4 Results and Discussion   

PR65 displays additional features in its trapping profile as shown in Figure 7.2 below. A sharp 

dip in the transmission (II) is followed by an increase that plateaus at an intermediate step (III) 
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before final transition to a higher level (IV). The intermediate step time (sometimes multiple 

steps) varies between 35 ms and 1 s, with a mean value of 380 ms. The final trap step remains 

indefinitely until the protein is released from the trap by blocking the laser beam.  

 

Figure 7.2: PR65 WT trapping event with regions highlighted in color: Untrapped (pink, I), sharp 

dip (yellow, II), intermediate step (green, III), final step (orange, IV). 

  

These events are associated with the trapping of a single protein which has been confirmed by 

several works [139], [232], [233], including those with nanopores where a separate nanopore 

signal is obtained to confirm the single particle nature [234]. Once a single protein is trapped it is 

unlikely that a second protein will enter the trap due to electrostatic repulsion [116], [120]. As 

further confirmation, single protein trapping has enabled the accurate sizing of individual 

proteins based on their dynamic motion [138].  
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Previous works have shown that when a protein has multiple conformations, differences in 

polarizability can result in discrete steps in the trapping signal [138], [115].  For example, BSA 

transitioning between N and F forms [115], enzyme action [137], or small molecule binding 

[137]. We attribute the steps seen in this work with similar transitions that occur spontaneously 

in the dynamics of PR65.  

The viscoelastic properties of PR65 have been modelled previously [103]. In that work, 

PR65’s repeat units were shown to undergo unstacking in response to (physiologically 

accessible) pulling forces around 150 pN; an important result given PR65's role in PP2A as a 

mechanical linkage between substrate binding and catalytic subunits. The result of our 

experimental measurements presented here seem to be consistent with this, although as discussed 

below the magnitude of the force in our experiment was much smaller than 150 pN, and might 

well mean that a different mechanism accounted for the deformation observed in our experiment, 

or perhaps studying PR65 in an aqueous environment in lieu of air as in the numerical study 

allowed the same deformation mechanism reported in [103] to obtain in our experiment, albeit at 

a much lower axial force. 

Past in silico works used 150 pN applied over 2 nm to cause PR65 unstacking, corresponding 

to an energy ~3 ×10-19 J which is ~100 kBT [103]. Those works calculated that unstacking occurs 

in ~50 ps. We observe significantly longer (7 – 9 orders of magnitude) unstacking times, which 

show that a much smaller force is being applied in our experiments. While stable trapping occurs 

for ~10 kBT (Ashkin’s criterion) [42], the long timescale of the unstacking compared to past 

calculations suggests that we are applying a negligible force compared to those works and that 

the transitions are driven by normal stochastic motion with a relatively small bias from 

electrostriction (also of the order of 1-10 kBT). The order of magnitude quoted for the 
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contribution from electrostriction is based on the fact that the computed power spectrum, as 

shown in Figure 7.3 below, is Lorentzian, indicating a weak trap [61] with a potential within the 

Ashkin criterion [39]. 

 

 

Figure 7.3: Power spectral density plot of trapping signal from DNH showing Lorentzian 

characteristic typical of weak optical traps. 

 

In molecular dynamics simulations, the deformations of PR65 have been predicted to be 

related to the amino acid configuration and substitution mutations resulted in changes to the 
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location of and energy barrier towards unstacking [103]. In addition, experimental works on 

ensembles have shown sensitivity of denaturalization on point mutations [228]. To probe the 

impact of point mutations on single proteins in experiment, we perform additional trapping 

experiments with six PR65 mutants: Y168V, F502W, E375D, D315E, S323L and L198V. To 

compare behavior between PR65 wild type (WT) and mutants, the length of intermediate steps 

were extracted from data. Figure 7.4a below shows the intermediate step length between the start 

of trapping (dip in transmission) to the final trapped state for PR65 WT and mutant trapping 

events (between 4 to 7 events for each mutant), with the median value shown in black. For 

events with quasi-stable final states, the shortest time to highest transmission state was selected. 

While the distribution of intermediate step lengths is broad for all mutants, median values vary 

by an order of magnitude from 50 ms (S323L) to 0.8 s (E375D). This shows clearly that the 

process causing a multi-step trapping signal is strongly impacted by mutations to PR65.  
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Figure 7.4: PR65 WT and mutants. a. Intermediate step times (colored circles) and mean values 

(black squares) for PR65 WT and mutants versus relative stability. b. Trapping event of mutant 

L197V, scaled to show long intermediate step. c. Trapping event of mutant D315E, scaled to 

show telegraphing behavior (upper) and scale zoomed to show intermediate step (lower). 

 

These results support the intermediate steps observed (Figure 7.4b above, for example) during 

optical trapping of PR65 being attributed to an unstacking deformation of the structure that can 

be delayed in onset by increasing the stability of the protein towards unfolding. Unstacking was 

predicted to occur at multiple sites, each with a different energy [103], [228], a feature which is 

likely linked to PR65's ability to bind subunit C and multiple isoforms of subunit B [229].  

Some of the trapped proteins (D315E and S323L) displayed a telegraphing behavior, shown 

here in Figure 7.4c above. This behavior is indicative that the protein is quasi-stable between two 
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different conformations, showing that the electrostriction force from the DNH optical tweezer is 

sufficiently low that it is perturbative but does not govern the observed dynamics.  

7.5 Summary and Conclusion   

In summary, we have observed a spontaneous change in the trapping signal of PR65 (WT and 

6 mutants) when trapped in a DNH optical tweezer, which we interpret as changes in the 

polarizability coming from unstacking under thermal fluctuations, with some contribution also 

from electrostriction. Many orders of magnitude faster unstacking had been predicted in silico 

with much higher pulling forces than we expect to be present in our setup. We see a general 

trend that point mutations can strongly influence the energetics of unstacking. This approach 

shows potential to investigate the connection between mechanical properties and catalytic 

activity, as well as application to curing cancers and neurological diseases by modulating this 

activity. For example, the L197V mutation we investigated has been shown to prevent a small 

molecule activation of anti-tumor activity in a previous study [128] (it was labelled L198V in 

that work), and so it is interesting to note that it confers significantly greater mechanical stability 

in our experiments. However, the source of the broadness of the distribution of intermediate step 

lengths seen in these measurements needs to be further investigated to reveal whether it is a 

feature of the protein itself or caused by a feature of the experiment.  
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Chapter 8 

 

Conclusion 

The purpose of the current research was to investigate the effect of point (substitution) 

mutations on the conformation changes of PR65 using DNH aperture tweezers. 

The study was anchored on answering the following questions: 

(a) How does a dielectric nanoparticle interact with a nanoaperture, and could this be 

exploited to study protein conformation changes using aperture tweezers such as the 

DNH aperture tweezer?  

(b) What can be said of the behavior of PR65 when trapped in a DNH aperture tweezer, and 

can this be explained in terms of how PR65 interacts with the DNH aperture? 

(c) What is the impact of point mutations on the conformational dynamics of PR65 trapped 

in a DNH aperture tweezer?  

The interaction between a nanoaperture and a dielectric nanoparticle was modelled in terms of 

a simple dipole-dipole interaction based on the Rayleigh scattering and Bethe aperture theorems. 

The model showed that the interaction enhanced both the trapping potential and the transmission 

through the aperture in accordance with the SIBA effect, in which a nanoparticle interacting with 

a focused laser beam aided its own trapping. The model also showed that the transmission was 

characteristic of the particle’s polarizability through the modification of the field of the aperture 

by the dielectric particle. This suggested that nanoaperture tweezer signals might be used to 

probe particle changes that altered the polarizability of a particle. In particular, it was 

hypothesized that if conformation changes induced by substitution mutations alter the material 
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polarizability of PR65, then the DNH optical tweezer signal acquired by trapping each mutant 

PR65 will have a different RMSD and corner frequency from that of wild type PR65. 

To test the stated hypothesis, PR65 wild type and six of its mutants were trapped in a DNH 

aperture tweezer at a laser power of ~ 22 mW, and the resulting optical signals captured using an 

APD connected to a digital USB-4771A data acquisition module were analyzed using 

MATLAB. Parameters extracted from the acquired signals and studied included the median 

transition time between the characteristic jump states shown by the acquired signals and the 

RMSD and corner frequency of the acquired signals. Comparison of these parameters for the 

mutants with those for wild type PR65 showed that some mutations conferred more stability on 

PR65 while other mutations had a destabilizing effect on PR65. Correlation of these parameters 

with in silico mean contour lengths of PR65 wild type and six of its mutants studied was also 

consistent with this conclusion, in line with the hypothesis. 

Based on the foregoing results, it can be concluded that under mechanical forces such as would 

be present in an optical tweezer, PR65 undergoes conformation changes that are impacted by 

substitution mutations, which can be probed using nanoaperture tweezers such as the DNH 

aperture tweezer since the transmission through the aperture of the DNH aperture tweezer 

depends on the material polarizability of PR65 which, in turn, depends on the conformation of 

PR65. This might have potential for the detection of mutant proteins and for tracking protein 

mutations and conformational dynamics. Additionally, the technique might be extended to study 

the binding of ligands to proteins, with implications for drug discovery and testing.  
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Appendix A. MATLAB Code for Computing PSD 

 

 
function [] = psd_comp(FileName,vsp) 
%This fxn takes an input data file and returns plots of PSD and 
%Laurentzian fit and prints the corner frequency as a title 
%FileName = file name. File must be .txt format. E.g.,'pr65_today_1.txt'; 
%vsp = row vector of time points that define the data segment to compute 
%PSD from. E.g., to compute PSD from a data segment from  
%t = 8 s to t = 10 s, then vsp = [8,10]; 
% Call: psd_comp(FileName,vp); 
%NOTE: The trapping data should have no more than one jump. 
fs=100000; 
fid=fopen(FileName); 
M=textscan(fid,'%f','HeaderLines',15,'CollectOutput',1); 
fclose(fid); 
A=M{1};  
 
%%%%%%% SEGMENT WHICH PICKS OUT SEGMENT OF RAW DATA TO COMPUTE PSD FROM %%%%%%%%%%%%% 
 
A2=A((numel(A)-1000)+1:end); 
mide=mean(A2); 
lst=min(A);lsti=find(A==lst); 
if lsti==numel(A) 
    disp('problem: have to find jump position by hand!') 
else 
    for iq=lsti:numel(A) 
        if A(iq)-lst>=mide-lst 
            idj=iq; 
            break; 
        end 
    end 
end 
idu=idj-20000; 
An=A(1:idu); 
ins=100; 
nf=round(numel(An)/ins); 
boi=1; 
vec=[]; 
av=[]; 
for id=1:nf 
    if id*ins>numel(An) 
        break; 
    end 
    eoi=id*ins; 
    temps=An(boi:eoi); 
    if numel(temps)<ins 
 
    else 
        vec(id)=mean(abs(temps-mean(temps))); 
        av(id)=mean(temps); 
    end 
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    boi=eoi+1; 
end 
kz=find(vec==min(vec)); 
if numel(kz)>1 
    kzu=kz(1); 
else 
    kzu=kz; 
end 
Am=av(kzu); 
B=A(fs*(vsp(1):vsp(2)))/Am; 
 
%%% SEGMENT WHICH PERFORMS PSD COMPUTATION AS WELL AS LAURENTZIAN FIT %%%%%%%% 
 
nt=0.2; 
ntd=nt*fs; 
nn=numel(B); 
rmd=rem(nn,ntd); 
if rmd~=0 
    k=(nn-rmd)/ntd; 
else 
    k=nn/ntd; 
end 
bvn=cell(1,[]); 
for i=1:k 
    temp=B(((i-1)*ntd)+1:i*ntd); 
    bvn{i}=temp; 
end 
nbd=numel(bvn{1}); 
nj=numel(bvn); 
pstm=zeros(nbd,nj); 
for jj=1:nj 
    temp1=bvn{jj}; 
    x=(1:nbd)*(1/fs); 
    a=[sum(x.^2),sum(x);sum(x),numel(x)];b=[sum(x.*temp1');sum(temp1)]; 
    X=a\b;Y=(X(1)*x)+X(2); 
    pstm(:,jj)=temp1-Y'; 
end 
wn=zeros(nbd,1); 
for jk=1:nbd 
    wn(jk)=0.5*(1-cos(2*pi*(jk-1)/nbd)); 
end 
s1=sum(wn); 
mat=zeros((nbd/2)+1,nj); 
for ij=1:nj 
    yfft=fft(pstm(:,ij).*wn,nbd); 
    yfftn=yfft(1:nbd/2+1); 
    psd=(1/(s1^2))*abs(yfftn).^2; 
    psd(2:end-1)=2*psd(2:end-1); 
    mat(:,ij)=psd; 
end 
pxx=mean(mat,2); 
f=0:fs/nbd:fs/2; 
psdx=pxx(2:end-1); 
freq=f(2:end-1)'; 
qp=freq>=10;qr=freq>=1380;qs=qp-qr;qq=find(qs~=0); 
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p=psdx(qq); 
pp=psdx(qq); 
fp=freq(qq); 
fpp=freq(qq); 
psd_fit=@(As,fc,fp)log10(As)-log10(fc^2+fp.^2); 
obj_f=@(params)sum((log10(p)-psd_fit(params(1),params(2),fp)).^2); 
start_point=rand(1,2); 
opts1 = optimset ('MaxFunEvals',1e6); 
opts2 = optimset('maxiter',1e6); 
options = optimset(opts1,opts2); 
estimates = fminsearch(obj_f, start_point,options); 
Au=estimates(1);f_c=estimates(2); 
fsc=f_c/max(fp); 
while 1 
    if fsc>0.1 
        break; 
    end 
    start_point=rand(1,2); 
    opts1 = optimset ('MaxFunEvals',1e6); 
    opts2 = optimset('maxiter',1e6); 
    options = optimset(opts1,opts2); 
    estimates = fminsearch(obj_f, start_point,options); 
    Au=estimates(1);f_c=estimates(2); 
    fsc=f_c/max(fp); 
end 
psdxn=Au./(f_c^2+fp.^2); 
 
%%% SEGMENT WHICH PLOTS THE RESULTS %%%%%%%% 
 
fig2=figure('Color','w'); 
loglog(fpp,pp,'.r','LineWidth',2); 
hold on; 
loglog(fp,psdxn,'-b','LineWidth',2); 
xlabel('frequency (Hz)','FontSize',12) 
ylabel('psd (V$^2$/Hz)','FontSize',12) 
% title({['upper state'],['$f_c$ = ',num2str(f_c),' Hz']},'FontSize',12); 
title({['$f_c$ = ',num2str(f_c),' Hz']},'FontSize',12); 
legend({['data'],['Lorentzian fit']},'FontSize',12) 
ax=gca;ay=gca; 
ax.LineWidth=1.25; 
ay.LineWidth=1.25; 

 
saveas(gcf,'PSD','svg'); 
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Appendix B. MATLAB Script For Plotting The PSD 

 

%%% Script for Plotting the PSD %%% 
clear; 
clc; 
close all; 
format long; 
set(groot,'defaulttextinterpreter','latex'); 
name='pr65_today_1.txt'; 
fs=100000; 
ts=18.3314;te=19.9419; 
vp=[ts,te]; 
psd_comp(name,vp); 
set(gcf,'InvertHardcopy','off'); 
saveas(gcf,'PSD_pr65_WT9','svg'); 
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Appendix C. MATLAB Code for Computing RMSD 

 

 
function [] = rmsd_comp_projs(FileName,tj,fs,vsp,nbars) 
%This fxn takes an input data file and returns plots of returns plots of  
%histogram and Gaussian fit and prints the rmsd as a title 
%FileName = file name. File must be .txt format. E.g.,'pr65_today_1.txt'; 
%tj = time point where jump occurs if computed by hand. Initially 
%set tj =[]. If the program can not automatically find tj, the user 
%will be prompted to compute this manually and then call this function 
%again with the value of tj as a second input argument. If prompted 
%by the program to compute tj manually, all that is required is to 
%plot the trapping data vs time and find the time point where the  
%jump occurs by eye inspection. Let's say that this time point is ts,  
%then tj = ts. 
%vsp=row vector of time points that define the data segment to compute 
%PSD from. E.g., to compute PSD from a data segment from  
%t = 8 s to t = 10 s, then vsp = [8,10];  
%NOTE: vsp must be the same for both the PSD and the RMSD computations. 
%fs=sampling frequency at which trapping data was acquired. 
%nbars=number of bars that give best look to plot of histogram and  
%Gaussian envelop. The bars of the histogram should fit in the envelop 
%as closely as possible. User can try any nbars>=25;e.g., nbars=35. 
% Call: rmsd_comp_projs(FileName,[],fs,vsp,nbars) or  
% rmsd_comp_projs(FileName,tj,fs,vsp,nbars) if tj is found manually.  
%NOTE: The trapping data should have no more than one jump. 
fid=fopen(FileName); 
M=textscan(fid,'%f','HeaderLines',15,'CollectOutput',1); 
fclose(fid); 
A=M{1};  
if isempty(tj) 
    A2=A((numel(A)-1000)+1:end); 
    mide=mean(A2); 
    lst=min(A);lsti=find(A==lst); 
    if numel(lsti)>1 
        ilst=round(quantile(lsti,0.5)); 
    else 
        ilst=lsti; 
    end 
    if numel(lsti)==numel(A)||ilst>=floor((1+numel(A))/2) 
        disp(['signal has drift: have to find jump position by eye ...' ... 
            'then enter manually as 3rd argument in call to this function!']); 
        return; 
    else 
        for iq=lsti:numel(A) 
            if A(iq)-lst>=mide-lst 
                idj=iq; 
                break; 
            end 
        end 
    end 
else 
    idj=tj*fs; 
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end 
idu=idj-20000; 
An=A(1:idu); 
ins=100; 
nf=round(numel(An)/ins); 
boi=1; 
vec=[]; 
av=[]; 
for id=1:nf 
    if id*ins>numel(An) 
        break; 
    end 
    eoi=id*ins; 
    temps=An(boi:eoi); 
    if numel(temps)<ins 
 
    else 
        vec(id)=mean(abs(temps-mean(temps))); 
        av(id)=mean(temps); 
    end 
    boi=eoi+1; 
end 
kz=find(vec==min(vec)); 
if numel(kz)>1 
    kzu=kz(1); 
else 
    kzu=kz; 
end 
Am=av(kzu); 
t=(1:1:length(A))/fs; 
si=vsp(1)>t;se=vsp(2)>=t;di=se-si;ip=di~=0; 
B=A(ip)/Am; 
tp=t(ip); 
nt=0.2; 
ntd=nt*fs; 
nn=numel(B); 
rmd=rem(nn,ntd); 
if rmd~=0 
    k=(nn-rmd)/ntd; 
else 
    k=nn/ntd; 
end 
bvn=cell(1,[]); 
for i=1:k 
    temp=B(((i-1)*ntd)+1:i*ntd); 
    bvn{i}=temp; 
end 
nbd=numel(bvn{1}); 
nj=numel(bvn); 
pstm=zeros(nbd,nj); 
for jj=1:nj 
    temp1=bvn{jj}; 
    x=(1:nbd)*(1/fs); 
    a=[sum(x.^2),sum(x);sum(x),numel(x)];b=[sum(x.*temp1');sum(temp1)]; 
    X=a\b;Y=(X(1)*x)+X(2); 
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    pstm(:,jj)=temp1-Y'; 
end 
wn=zeros(nbd,1); 
for jk=1:nbd 
    wn(jk)=0.5*(1-cos(2*pi*(jk-1)/nbd)); 
end 
s1=sum(wn); 
mat=zeros((nbd/2)+1,nj); 
for ij=1:nj 
    yfft=fft(pstm(:,ij).*wn,nbd); 
    yfftn=yfft(1:nbd/2+1); 
    psd=(1/(s1^2))*abs(yfftn).^2; 
    psd(2:end-1)=2*psd(2:end-1); 
    mat(:,ij)=psd; 
end 
pxx=mean(mat,2); 
f=0:fs/nbd:fs/2; 
psdx=pxx(2:end-1); 
freq=f(2:end-1)'; 
qp=freq>=10;qr=freq>=1380;qs=qp-qr;qq=find(qs~=0); 
p=psdx(qq); 
pp=psdx(qq); 
fp=freq(qq); 
fpp=freq(qq); 
psd_fit=@(As,fc,fp)log10(As)-log10(fc^2+fp.^2); 
obj_f=@(params)sum((log10(p)-psd_fit(params(1),params(2),fp)).^2); 
start_point=rand(1,2); 
opts1 = optimset ('MaxFunEvals',1e6); 
opts2 = optimset('maxiter',1e6); 
options = optimset(opts1,opts2); 
estimates = fminsearch(obj_f, start_point,options); 
Au=estimates(1);f_c=estimates(2); 
fsc=f_c/max(fp); 
while 1 
    if fsc>0.1 
        break; 
    end 
    start_point=rand(1,2); 
    opts1 = optimset ('MaxFunEvals',1e6); 
    opts2 = optimset('maxiter',1e6); 
    options = optimset(opts1,opts2); 
    estimates = fminsearch(obj_f, start_point,options); 
    Au=estimates(1);f_c=estimates(2); 
    fsc=f_c/max(fp); 
end 
cf=2*f_c; 
design_LPF=designfilt('lowpassfir','FilterOrder',4,'CutoffFrequency',... 
    cf,'SampleRate',100000); 
AA=filter(design_LPF,A); 
C=AA(ip); 
Ac=AA(1:idu); 
inc=100; 
nfc=round(numel(Ac)/inc); 
boc=1; 
vcc=[]; 
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avc=[]; 
for idc=1:nfc 
    if idc*inc>numel(Ac) 
        break; 
    end 
    eoc=idc*inc; 
    tempc=An(boc:eoc); 
    if numel(tempc)<inc 
 
    else 
        vcc(idc)=mean(abs(tempc-mean(tempc))); 
        avc(idc)=mean(tempc); 
    end 
    boc=eoc+1; 
end 
kzc=find(vcc==min(vcc)); 
if numel(kzc)>1 
    kcu=kzc(1); 
else 
    kcu=kzc; 
end 
Amc=avc(kcu); 
[N,edges]=histcounts(C/Amc,nbars,'Normalization','probability'); 
centers=zeros(1,numel(N)); 
for i=1:numel(N) 
    centers(i)=(edges(i)+edges(i+1))/2; 
end 
id=find(N~=0); 
centers=centers(id(1:end)); 
N=N(id(1:end)); 
y=@(a,m,s,centers)a*exp(-(((centers-m).^2)/(2*(s^2)))); 
obj_fxn=@(params)sum((N-y(params(1),params(2),params(3),centers)).^2); 
[mn,sg]=normfit(centers); 
y0=[(max(N)+min(N))/2,mn,sg]; 
opts1=optimset('MaxFunEvals',1e6); 
opts2=optimset('maxiter',1e6); 
options=optimset(opts1,opts2); 
f0=fminsearch(obj_fxn,y0,options); 
au=f0(1); mu=f0(2);su=f0(3); 
yu=au*exp(-(((centers-mu).^2)/(2*(su^2)))); 
figure('Color','w'); 
subplot(1,2,1) 
plot(t(1:idj-1),A(1:idj-1)/Am,'-k','LineWidth',2); 
hold on; 
plot(t(idj:end),A(idj:end)/Am,'Color',[0.5,0.5,0.5],'LineWidth',2); 
plot(tp,A(ip)/Am,'Color',[0,0,1],'LineWidth',2); 
hold off; 
xlabel('time (s)','FontSize',14); 
ylabel('T','FontSize',14); 
axx=gca;ayy=gca; 
axx.LineWidth=1.25; 
ayy.LineWidth=1.25; 
axx.FontSize=14; 
set(axx,'fontname','Arial'); 
ayy.FontSize=14; 
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set(ayy,'fontname','Arial'); 
axis('tight'); 
subplot(1,2,2) 
h=histogram(C/Amc,numel(N),'Normalization','probability'); 
hold on; 
plot(centers,yu,'-k','LineWidth',2); 
hold off; 
h.FaceColor=[0,0,1]; 
h.EdgeColor=[0,0,0]; 
ax=gca;ay=gca; 
ax.LineWidth=1.25; 
ay.LineWidth=1.25; 
ax.FontSize=14; 
xlabel('T','FontSize',14); 
ay.YTickLabel=''; 
ax.XAxis.Exponent = 0; 
set(ax,'fontname','Arial'); 
ay.FontSize=14; 
set(ax,'fontname','Arial'); 
set ( gca, 'xdir', 'reverse' ); 
axis('auto'); 
camroll(-90); 
end 
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Appendix D. MATLAB Script for Plotting The RMSD 

 

 
clear; 
clc; 
close all; 
format long; 
set(groot,'defaulttextinterpreter','latex'); 
name='PR65_MUTANT_B_6.txt'; 
rmsd_comp_projs(name,[],100000,[2,4],35); 
set(gcf,'InvertHardcopy','off'); 
saveas(gcf,'rmsd_pr65_WT5','svg'); 
saveas(gcf,'rmsd_F502W_6','svg'); 
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Appendix E. MATLAB Codes for Plotting The Trapping Data Vs Time  
 
clear; 
clc; 
close all; 
format long; 
set(groot,'defaulttextinterpreter','latex'); 
fid=fopen('PR65_MUTANT_B_6.txt'); 
M=textscan(fid,'%f','HeaderLines',15,'CollectOutput',1); 
fclose(fid); 
A=M{1}; 
fs=100000; 
step = 1/fs; 
tmin = 1; 
tmax = length(A); 
t=(1:1:tmax)*step; 
 
A2=A((numel(A)-1000)+1:end); 
mide=mean(A2); 
lst=min(A);lsti=find(A==lst); 
if lsti==numel(A) 
    disp('problem: have to find jump position by hand!') 
else 
    for iq=lsti:numel(A) 
        if A(iq)-lst>=mide-lst 
            idj=iq; 
            break; 
        end 
    end 
end 
idu=idj-20000; 
An=A(1:idu); 
ins=100; 
nf=round(numel(An)/ins); 
boi=1; 
vec=[]; 
av=[]; 
for id=1:nf 
    if id*ins>numel(An) 
        break; 
    end 
    eoi=id*ins; 
    temps=An(boi:eoi); 
    if numel(temps)<ins 
 
    else 
        vec(id)=mean(abs(temps-mean(temps))); 
        av(id)=mean(temps); 
    end 
    boi=eoi+1; 
end 
kz=find(vec==min(vec)); 
if numel(kz)>1 
    kzu=kz(1); 
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else 
    kzu=kz; 
end 
Am=av(kzu); 
B=A/Am; 
figure('color','w') 
plot(t(1:idj),B(1:idj),'-k','LineWidth',2); 
hold on; 
plot(t(idj+1:end),B(idj+1:end),'-','Color',[0.5,0.5,0.5],'LineWidth',2); 
hold off; 
xlabel('time (s)','FontSize',14); 
ylabel('normalised transmission','FontSize',14); 
ax=gca;ay=gca; 
ax.LineWidth=1.25; 
ay.LineWidth=1.25; 
ax.FontSize=14; 
set(ax,'fontname','Arial'); 
ay.FontSize=14; 
set(ax,'fontname','Arial'); 
axis('tight'); 
set(gcf,'InvertHardcopy','off'); 
saveas(gcf,'MUT_L_3','svg'); 
 

 


