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ABSTRACT

Nanoaperture optical trapping (NOT) enables the capture of single proteins to detect
their conformational dynamics without labeling or tethering, thus preserving their
structure. Protein folding is highly sensitive to environmental conditions, making
the investigation of thermodynamic parameters a robust method for probing confor-
mational stability. While previous studies have employed laser-induced heating to
modulate the local temperature, such methods are limited in accessing broader tem-
perature ranges. In this work, the low-temperature dynamics of individual Bovine
Serum Albumin (BSA) are investigated using a custom-built temperature-controlled
stage. The transitions between the normal (N) and fast (F) conformational states
of BSA were uncovered. Notably, the N form exhibited a maximum occupancy at
21±1 ◦C, which was interpreted as the point of maximal thermodynamic stability for
the compact N state relative to the F state. This approach enabled the extraction
of single-molecule thermodynamic parameters without requiring modification to the
protein’s native structure, providing a multifaceted NOT method for broad applica-
tions.
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Chapter 1

Introduction

1.1 Motivation for Thesis

Protein conformational dynamics are fundamental to biological function. Enzy-
matic activity, ligand recognition, host-pathogen interactions, signal transduction,
and structural organization rely on carefully orchestrated dynamics and environmen-
tal responsivity. Misfolded or conformationally unstable proteins are implicated in
proteinopathies, including neurodegenerative diseases [2, 3] : Alzheimer’s [2], Parkin-
son’s [3], Huntington’s [4]; prion-related disorders [5]; Type 2 diabetes [6]; systemic
amyloidoses [7], and certain forms of cancer [8]. Although current ensemble-averaged
techniques have elucidated many aspects of protein structure, they lack the ability
to directly capture transient or heterogeneous conformational states at the single-
molecule level and in real time.

This thesis presents a novel approach to studying protein conformational behav-
ior using nanoaperture optical trapping (NOT). Specifically, double nanohole (DNH)
optical tweezers are employed to capture individual proteins and monitor conforma-
tional transitions through changes in transmitted light intensity. This technique is
a label-free approach with high sensitivity and detection with minimal photodam-
age due to the use of low optical powers thanks to plasmonic field enhancement
at the nanoscale. Unlike previous studies, this experimental setup integrates pre-
cise thermal control, enabling a novel methodology to probe temperature-dependent
conformational changes with necessary temporal resolution (10–100 µs scale). By
combining NOT, thermal modulation, and signal analysis, this work demonstrates
a platform for real-time analysis of protein stability and folding landscapes under
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tunable environmental conditions.

1.1.1 Design and Development of Temperature-Controlled Nanoaper-

ture Optical Trapping Experimental Set-up

During NOT experiments, where single-molecule sensitivity enables detection of sub-
tle conformational transitions, the ability to modulate and stabilize sample temper-
ature is essential for conducting thermodynamic analyses. However, integrating con-
ventional active heating or cooling systems, such as those involving fans or fluid
circulation, poses significant challenges due to mechanical vibrations, electromag-
netic interference, and spatial constraints inherent to high-resolution optical systems.
To maintain thermal stability without introducing noise or optical misalignment, a
temperature-controlled stage must be designed and implemented. Its effectiveness;
however, depends on the use of appropriate materials that preserve the sensitivity
and alignment precision required for NOT experiments.

1.1.2 Conformational Dynamic Analysis of Proteins through

Low-temperature Optical Trapping

Protein conformational stability is inherently governed by temperature-dependent
thermodynamic forces [9]. Thermal energy mediates the equilibrium between folded
and unfolded conformational states by altering the balance between enthalpic stabi-
lization (hydrogen bonding, van der Waals forces) and entropic contributions (solvent
and chain interactions) [9, 10]. At moderately low temperatures, reduced molecular
motion and enthalpic contributions dominate, causing proteins to likely favour their
ordered, N-state conformation. As temperature increases, thermal fluctuations dis-
rupt the non-covalent interactions that maintain the tertiary structure, causing partial
unfolding or denaturation.

The temperature-dependent equilibrium between the conformational states can
be described by the Gibbs free energy change (∆G), which reflects the balance of
enthalpic and entropic contributions to folding [9, 10]. By examining how ∆G varies
with temperature, often using the Gibbs-Helmholtz equation, quantification of protein
stability and identification of critical transition points, such as melting temperature
(Tm) or denaturation thresholds [11] is possible.

Low-temperature regimes are not as well characterized as their high-temperature
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counterparts with regard to: cold denaturation, intermediate folding states, stability
points, and the environmental sensitivity of folding mechanisms. The experimental
separation of the enthalpic and entropic contributions to folding proves challenging,
leaving room for other analytical attempts which utilize thermodynamic parameters
to probe protein conformational behaviour.

1.2 Organization of Thesis

Chapter 2 provides the theoretical and experimental foundations for studying pro-
tein conformational dynamics using thermodynamic principles and NOT. Traditional
methods are reviewed alongside the Gibb’s free energy framework for analyzing fold-
ing behaviour. NOT is introduced as a label-free, single-molecule technique, which
can resolve structural transitions of protein conformational states via laser transmis-
sion intensity fluctuations. Alluding to prior work with bovine serum albumin (BSA),
this section aims to emphasize the importance of extending analysis to lower tem-
perature regimes to better characterize native and intermediate states, highlighting
NOT’s broader implications for thermodynamic protein analysis.

Chapter 3 outlines methods used in the design and implementation of a temperature-
controlled NOT set-up. Improvements made to a previous temperature-controlled
stage design are provided, followed by detailed procedures for the nanofabrication of
gold DNH samples and the preparation of BSA protein solutions. An adapted pro-
tocol for trapping single molecules at controlled temperatures is presented, which is
based on the conventional NOT approach developed by Dr. Gordon’s nanoplasmonics
group.

Chapter 4 presents results obtained using a temperature-controlled NOT system.
The first section outlines preliminary proof-of-concept experiments that demonstrate
the efficacy of the setup for single-molecule thermodynamic studies. The next sec-
tion details a study of conformational transitions in the model protein BSA at low
temperatures, showcasing the system’s capability to resolve temperature-dependent
folding behaviour. In particular, the discovery of a low-temperature conformational
stability point is identified through a novel analysis methodology based on Arrhenius’
state transition theory.

Chapter 5 provides suggestions for future work, including modification to the
gold DNH sample for improved thermal performance, as well as enhancements to the
temperature-controlled NOT setup to improve experiment precision and flexibility.
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Chapter 6 concludes this thesis.
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Chapter 2

Background

This chapter is structured hierarchically. It begins with a broad overview of meth-
ods for studying protein conformational states, and then narrows to a foundational,
yet motivating discussion on the use of NOT in conjunction with thermodynamic
parameters as an enhancement to these approaches.

2.1 The Study of the Conformational States of Pro-

teins : Label and Label-Free Methods

Proteins are macromolecules with physiological functions that depend on their conformation-
the three-dimensional adopted shape determined by their compositional, primary
amino acid sequence and interactions with their immediate cellular milieu [12]. The
conformation arises through a hierarchical organization of structural levels wherein
the primary sequence folds into a secondary structure of α-helices and β-pleated
sheets by hydrogen bonding, followed by tertiary packing by hydrophobic and ionic
interactions, hydrogen bonds, and disulfide bridges. Multiple peptide chains may con-
glomerate to form quaternary structures [13]. A protein; however, does not remain
in one conformational state. It is a Boltzmann ensemble of conformations [14]. It
may have a dominant tertiary or quaternary conformation, but will access smaller
fluctuating populations weighted by their free energies, in response to environmen-
tal cues. Fluctuations are described in terms of dynamic or static flexibility [14].
Dynamic flexibility refers to the rate of transition between conformations and per-
tains to energy maxima (or barriers between states) whereas static flexibility refers
to the energy minima and equilibrium quantities of the states themselves [14]. The
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precise orchestration of protein flexibility is required for maintaining physiological
equilibrium, as cellular processes involve dynamic conformational states of proteins.
In particular, intrinsically disordered proteins (IDPs) are an extreme of this dynamic
spectrum [15]. They lack a fixed tertiary structure, yet retain functional versatility
since they are conformationally fluid at equilibrium. They sample a wide ensemble
of conformations to accommodate multiple binding partners, and are usually hubs in
signaling pathways.

Consequently, structural changes that arise from protein misfolding can disrupt
this balance and become pathogenic. Misfolding can arise from genetic mutations,
environmental shifts, oxidative stress, or errors during post-translational modifica-
tions [16]. In addition to loss of function [17], misfolded proteins can self-aggregate
into toxic amyloid fibrils and oligomers. For example, prions, which are proteinaceous
pathogenic agents, have spatial properties that can induce conformational changes in
normally folded, similar proteins, leading to amyloids in the brain [5].

Cells have corrective mechanisms to manage protein homeostasis: molecular chap-
erones assist in proper folding or target unstable proteins; the degradation of misfolded
proteins by ubiquitin-proteasome systems [18]; and autophagy of larger aggregates [4].
However, disease progression may continue unabated, so efforts to mitigate protein
misfolding disorders increasingly focus on molecular interventions. Developing thera-
pies requires a precise understanding of the early conformational transitions that ini-
tiate misfolding. Designing agents that target these intermediate states is challenging
because they must exhibit high specificity while minimizing toxicity. Consequently,
gaining improved structural insights into folding pathways is critical to the devel-
opment of more selective therapeutics, specifically those that perturb aggregation
processes [19].

It is therefore vital that protein conformation dynamics and stability states are
understood for medical applications and fundamental research. In particular, drug
development largely depends on protein stability, from the point of discovery, pro-
duction, storage and transportation, to pharmacokinetics. Each stage is subjectively
indicative of environmental composition, such as buffer formulation, in research prac-
tices. The conformation’s compactness and energetically-dependent folding behavior
can therefore reveal optimal stability conditions such as pH, ionic strength, and tem-
perature. By studying the influence of these parameters, optimization of a protein’s
use can be understood, or further, provide the ability to engineer proteins as novel
therapeutic agents (for example, monoclonal antibodies) [20, 21, 22, 23].



7

2.1.1 Label-Based Methods

Current methods used to study protein stability are label-based or label-free. The
most widely label-based method is Förster Resonance Energy Transfer (FRET), which
quantifies the nanometer proximity between two fluorescently labeled macromolecules.
Labeling involves the attachment of two fluorophores to a biomolecule or molecular
complex. Although effective, labeling can be technically challenging and costly, and
has the potential to interrupt the integrity of the protein under investigation [24, 25,
26]. As a result label-free methods have gained interest due to exemplary resolution,
sensitivity, specificity, and the potential for high-throughput for a range of proteins
without overt consideration for catered optimization [27, 28].

2.1.2 Label-Free Methods

Examples of label-free methods include: intrinsic fluorescence spectroscopy, UV ab-
sorbance spectroscopy, and light scattering. Intrinsic fluorescence spectroscopy relies
on the natural emission of aromatic amino acids, particularly tryptophan, to moni-
tor conformational changes during unfolding or denaturation. This approach can be
sensitive and non-invasive but is limited to proteins that contain fluorescent residues
and can be inadvertently influenced by environmental conditions such as pH or ionic
strength [29]. UV absorbance spectroscopy tracks changes in UV absorbance ratios
at characteristic wavelengths, which reflect protein concentration and conformation.
Although it is rapid and easy to implement, this method has lower sensitivity and
can be affected by the presence of buffer components or contaminants [30]. Light
scattering techniques, including static and dynamic light scattering, are widely used
to detect aggregation events that often accompany protein unfolding. Unfortunately,
these methods often require careful calibration, can fail to distinguish between differ-
ent types of aggregates, and do not always provide structural detail [31].

2.2 Thermodynamic Approaches for Label-Free Meth-

ods

Other label-free methods employ temperature as a strategy to resolve protein con-
formational dynamics and stability. During protein heating, differential scanning
calorimetry (DSC) and differential scanning fluorimetry (DSF) detect changes in the
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heat capacity and fluorescence. The latter is susceptible to producing false results
due to unwanted interactions between fluorescent dyes and the protein, and some
proteins may not produce significant fluorescent changes upon unfolding [32]. The
former may produce detailed thermodynamic parameter data, such as enthalpy and
entropy, but it requires relatively large amounts of purified protein and specialized
equipment, limiting its throughput [33].

A protein’s thermodynamic parameters are used as a proxy for its stability through
the calculation of ∆G [9, 10]. It assumes a two-state isothermal-isobaric closed sys-
tem where a protein reversibly transitions from its native (folded) to its unfolded
conformation. Specifically, at its melting temperature, Tm, the protein is found to
be equally folded and unfolded [34] and ∆G = 0. If the equilibrium constant is
known, the enthalpy (∆H) and entropy (∆S) of unfolding can be determined, since
the following equation holds:

∆G = ∆H − T∆S = −RT lnK (2.1)

where:

R is the universal gas constant,

T is the absolute temperature,

K is the equilibrium constant.

DSC and DSF utilize this relation [35, 36, 37, 38, 39], but this approach assumes
a constant temperature, so is only valid at a specific point, and cannot discern the
degree to which stability is enthalpy or entropy-related. Further, it cannot account
for proteins that transition through intermediate or non-cooperative states.

An improved thermodynamic framework for assessing protein stability adopts a
more general model than 2.1 termed the Gibbs-Helmholtz equation [11]. It includes
van’t Hoff enthalpy change (∆HvH) and heat capacity change (∆cp) to account for
temperature dependence. ∆cp, a parameter critical to proteins, enables continuous
modeling of ∆G(T) beyond the assumption of a two-state folding/unfolding system,
so protein stability can be examined at broader and more physiologically relevant
temperatures other than Tm. The Gibbs-Helmholtz relation is expressed as:

∆G(T ) = ∆HvH

(
1− T

Tm

)
−∆cp

(
(Tm − T ) + T ln

T

Tm

)
(2.2)
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For example, in the case of the well-characterized BSA, [40] used three comple-
mentary techniques: fluorescence spectroscopy (as a local site-specific probe), circular
dichroism (as a global probe for α-helical structure) and differential scanning calorime-
try (to probe the energetics of unfolding) and the Gibbs-Helmholtz equation with the
values Tm = 338.2K, ∆HvH = 31 kcal/mol, and ∆cp = 1.0 kcal/(K ·mol) during state
transitions, to find a maximum stability at approximately 36◦C (where ∆G is high-
est). However, BSA undergoes significant structural changes above 30◦C [41], so the
validity of this approach may be limited, highlighting the need for untargeted stability
analyses that characterize informational ensembles without assuming thermodynamic
parameters in advance.

2.3 Using Thermodynamic Approaches with Nanoaper-

ture Optical Trapping

Light-matter interaction was first described as the deflection of a comet’s tail away
from the sun by Kepler in 1619 [42]. The light provided a mechanical force, an idea
that was expanded to the exertion of pressure due to momentum by Maxwell in the
19th century [43]. This radiation pressure was limited in that the forces involved
were so miniscule that it necessarily be enacted in a vacuum- resulting in the only
meaningful application being solar sail propulsion, albeit a theoretical novelty at
that time [43]. It was not until the invention of the laser in the 1960s that highly
focused coherent light beams could exert measurable, practical optical forces; and
the insight of Dr. Arthur Ashkin that small particles only required small forces that
optical trapping was possible. Ashkin demonstrated that micrometer-sized dielectric
particles could be trapped or accelerated using two counterpropagating lasers because
of the finite balance between an optical levitation force, the particle weight, and
gravity [43] [42]. Then in 1986, single beam trapping of tobacco mosaic viruses and
bacteria Escherichia coli was achieved, which eventually led to its interdisciplinary
use, resulting in Ashkin’s Nobel Prize in Physics in 2018 [44]. It was demonstrated
that electromagnetic waves can be considered as a large collection of photons, each
with a quantized amount of momentum that can be transferred to matter, providing
the balancing forces required for trapping with few optical components. Improvements
made to the initial trapping set-up have led to modern traps that are capable of a high
degree of control over several trapping parameters such as trap strength and location.
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High-resolution measurements of small trapped particle displacements (forces) are
currently possible due to developments in other optics-related fields. For instance,
the introduction of near-field optics has allowed work in the nanometer regime by
overcoming the limitations imposed by the diffraction limit of free-space laser beams.
In 2023, by employing an adjustable plasmonic optical nanogap, direct trapping of
single molecules as small as ∼5Å (0.57nm) in solution has been achieved [45].

The following section is an overview of the label-free method, NOT. The details
of all relevant theory for this methodology will be provided followed by its specific
use as a platform for the previously discussed thermodynamic approaches to studying
protein conformation dynamics with BSA as a model system.

2.3.1 Optical Forces in the Rayleigh Regime

To represent the forces present in a particle-light system, an electromagnetic model
is required. For particles made of linear, isotropic material with sizes much smaller
than the wavelength of light, the Rayleigh regime applies (r ≪ λ) [43, 42]. The
particle can be modeled as a point electric dipole, which experiences Lorentz force in
an electromagnetic field, and is written accordingly:

⟨F⟩ = 1

4
Re(αp)∇|E|2 + σ(αp)

1

2c
Re (E×H∗) + σ(αp)

1

c
∇×

(
ϵ0

1

4ωi
E× E∗

)
(2.3)

where:

⟨F⟩ is the time-averaged force acting on the particle,

αp is the polarizability of the dielectric particle,

E and H are the electric and magnetic fields,

c is the speed of light,

σ(αp) is the particle cross-section, assuming it is a sphere.

The first and second terms in 2.3 represent the gradient and scattering forces
[42]. The third is the spin-curl force, which arises from the curl of the spin angular
momentum of the incident beam. Since this work uses linearly polarized light, this
term is omitted.
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The polarizability determines all three force components and is expressed as:

αp =
α0

1− i α0k3

6πϵm

where:

α0 = 4πϵ0n
2
mr

3
(

m2−1
m2+2

)
is the Clausius-Mossotti relation,

r is the particle radius,

m = np

nm
is the relative refractive index of the particle to the surrounding

medium.

The gradient and scattering forces can be rewritten as [42]:

F⃗grad = −2πn0r
3

c

(
m2 − 1

m2 + 2

)
∇I(r⃗) (2.4)

where:

I(r⃗) is the time-averaged optical intensity at position r⃗.

F⃗scat =
8πn0k

4r6

3c

(
m2 − 1

m2 + 2

)2

I(r⃗)ẑ (2.5)

where:

k = 2π
λ

is the wave number,

ẑ is the direction of beam propagation.

It can be seen that optimizing the trap by tuning the polarizability is possible,
since the gradient trapping strength is directly related to the dielectric contrast be-
tween the particle and the medium. If m < 1, the force can reverse direction. More-
over, it arises from the interaction of the induced dipole with the spatial variation
of the electric field, or the gradient of intensity, causing the particle to move toward
regions of higher or lower intensity depending on the value of m. When m > 1, the
particle is attracted to the area of highest intensity (where rays are highly focused),
which in this work, is at the centre of the incident Gaussian beam.

When the light scatters off of the particle, the change in momentum flux (from
the Poynting vector) results in a scattering force in the direction of light propagation
[43].
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There are two key implications from the scaling of the forces in 2.4 and 2.5 with
particle volume: the gradient force must be large enough to counteract the scattering
force for stable trapping; and that any sufficiently small, non-absorbing particle can
be trapped three-dimensionally. In practice; however, particles experience random
motion due to thermal fluctuations, manifested as stochastic Brownian motion, which
can be estimated from the particle’s interaction with the solvent through the drag
coefficient [46]:

Fdrag = 6π ν r v (2.6)

where:

Fdrag is the force due to drag,

ν is the dynamic viscosity of the fluid,

r is the radius of the particle,

v is the particle velocity relative to the fluid.

The magnitude of the resulting Brownian force fluctuates randomly, and for stable
trapping, the optical gradient force must exceed the typical thermal fluctuations. As
particle size decreases, Brownian motion becomes increasingly significant, potentially
resulting in trap escape. Mitigation may involve increasing: viscous drag through
particle tethering, m, or laser intensity- all of which have practical limitations, par-
ticularly the last, which risks particle photodamage and denaturation. Therefore,
laser light confinement must be increased.

2.3.2 Subwavelength Optics and Nanoapertures

Subwavelength optics concerns the interaction between electromagnetic waves and ob-
jects with features less than half the wavelength. The transmission through nanoaper-
tures is a facet of this field, particularly in a fixed-dimensional metal film.

Beginning with Bethe’s aperture theory (1944) [47], which concerns how a nor-
mal incident plane wave interacts with a circular aperture in a perfectly conducting,
infinite thin screen. The field does not simply pass through, but the transmission is
modeled as radiation from induced dipoles.
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Considering the case of the electromagnetic field having parallel components to the
thin film. Using the quasi-static approximation, when compared to the spatial depen-
dence, the time dependence of Maxwell’s equation is negligible. Since the aperture is
much smaller than the wavelength, it can be approximated as a magnetic dipole with
polarizability that is geometrically governed. In the case of a circular aperture, this
is αm = 8r3

3
. The magnetic polarizability then dictates that the transmitted power

emitted by the magnetic dipole is:

P =
2Z0π

3

3λ4
(αmH0)

2 (2.7)

where:

Z0 is the free-space impedance,

λ is the wavelength of light,

αm is the magnetic polarizability,

H0 is the magnetic field amplitude of the incident light.

If 2.7 is normalized to the circular area, the transmission is inversely proportional
to the fourth power of the light wave-length In essence, there are dominant field
components outside of the aperture due to the magnetic dipole parallel to the surface,
which has a moment that is induced by discontinuity of surface currents and charges
caused by the aperture. As a result, after normalizing the transmitted power to
the aperture area πr2, it becomes proportional to the fourth power of the aperture
radius, and inversely proportional to the fourth power of the wavelength, resulting in
suppression of light through the aperture:

T ∝
( r
λ

)4

The light diminishes with aperture radius reduction. However, different polar-
izabilities arise from different shaped apertures, so optical transmission may differ
between apertures of the same area.

If the incident field has perpendicular components, the aperture is modeled as an
electric dipole with a similar diffracted power formulation.

Although foundational, Bethe’s theory was contradicted by Ebbessen (1998) by
demonstrating extraordinary optical transmission (EOT) [48]. Light transmission was
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doubled through a silver film with periodic apertures through resonant coupling to
surface plasmon modes on the metal surface. Additionally, Bethe’s theory is limited
to the microwave regime, where the metal acts as a perfect conductor, and so does
not consider the real response of the metal such as in the case of visible-IR regime
[49].

2.3.2.1 Surface Plasmons

Since metals are not perfect conductors at shorter incident EM wavelengths they can
absorb light, have losses, and support surface plasmon (SPs) waves- the coherent os-
cillation of electrons at a metal-dielectric boundary. Such behaviour is modeled using
the Drude model which gives the metal’s frequency-dependent relative permittivity,
ε(ω) using electron motion [49]. It predicts a negative real part at a frequency below
plasma frequency, and at a dielectric-metal interface, if one material has a negative
permittivity with a large magnitude in the real part, a surface plasmon wave can
form. It propagates with wave vector β > k0, (the wave vector of light in free-space).
This can be shown by solving for Maxwell’s equations at the boundary, and is given
by the dispersion relation:

β = k0

√
εdεm

εd + εm

The resulting SP is bound to the metal surface because its exponential decay
sequesters it to a length of hundreds of nanometers into the dielectric and tens of
nanometers into the metal. In the case of an isolated metallic NA, SPs exist as a non-
propagating mode called localized surface plasmon (LSP). The oscillation is spatially
confined to the edges of NA, causing strong electric field enhancement, especially at
sharp corners, cusps or narrow gaps (termed hotspots), which are orders of magnitude
stronger than the incident light field, producing strong gradient forces [50]. It is
therefore sensible that since advent of lithography techniques to produce arbitrarily
shaped metallic NAs, their incorporation into NOT for the purpose of concentrating
light to sub-diffraction-limited spot sizes by inducing SPs is a given. In the case of
our group, DNH apertures are integrated into the NOT setup to enhance gradient
forces during trapping (see Figure 3.3).
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2.3.2.2 Self-Induced Back Action

The potential well of a trap may be deepened to overcome the Brownian motion
(thermal fluctuations) through a proposed mechanism called self-induced back action
(SIBA) [51]. It is a dynamic mechanism in which the trapped particle modifies the
trapping potential as it moves relative to the NA. Transmission through the NA is
sensitive to the surrounding dielectric environment, so the presence of a dielectric
object with a higher refractive index than the surrounding medium increases the
effective refractive index near the aperture. If the particle drifts away from the aper-
ture, the transmitted photon momentum decreases, and by Newton’s third law, this
change generates a reaction force that pulls the particle back toward the trap center.
This feedback-enhanced trapping mechanism enables stable confinement with opti-
cal intensities up to twenty times lower than those required in conventional optical
trapping, exemplifying a further advantage to NA integration into NOT.

2.3.3 Investigating Thermodynamic Parameters of Proteins

using NOT for Protein Stability Analysis

NOT can be used to study protein conformational dynamics through investigation of
their thermodynamic parameters. In terms of incident laser power, localized heating
within the nanoaperture has been reported to be one degree Kelvin per milliwatt
[52, 53, 54, 55, 56], so laser power tuning can probe structural changes of trapped
proteins [57, 1]. This was first exemplified using BSA as a model system, where a re-
versible two-state transition was observed as transmission fluctuations of the incident
laser through the nanoaperture during power incrementation [58].

2.3.3.1 BSA as a Model Protein System

It should be further explained that BSA serves as a valuable model for studying pro-
tein conformational dynamics due to its well-defined domain structure, high solubility,
and sensitivity to environmental conditions. It is a 66 kDa water-soluble monomeric
protein, composed of 583 amino acid residues, with approximate dimensions of 80 ×
80 × 40 Å, and a hydrodynamic radius of 3.4nm [58]. It is the most abundant protein
in mammalian blood plasma, present at concentrations of 40–50 mg/mL, and plays
critical roles in the transport and binding of hydrophobic molecules.

Structurally, BSA consists of three homologous domains (I, II, and III), each
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subdivided into two subdomains (A and B), which offers some predictability of its
folding behaviour due to internal symmetry. These domains are stabilized by 17
disulfide bridges formed between the thiol groups of strategically positioned cysteine
residues, and a single free sulfhydryl group (Cys34) located in a hydrophobic pocket
of domain I. This disulfide network is not only essential for the stability of the com-
pact, fully folded normal (N) state, characterized by a high degree of α-helicity and
tightly packed hydrophobic domains shielded from the aqueous environment, but also
creates multiple unfolding hinge points that generates structural variability and het-
erogeneous conformational states [59, 60, 61, 62, 63].

Figure 2.1: Conformational states of BSA: normal (N), fast (F), extended (E). [1]

Under mildly destabilizing conditions (e.g., low pH, mild heat, or weak denat-
urants), BSA adopts a partially unfolded or folded intermediate, fast (F) state,
where inter-domain packing loosens and hydrophobic pockets become more solvent-
accessible.

With further stress, BSA progresses to the extended (E) state, where α-helical con-
tent is largely lost, domains are fully denatured, and the protein assumes a random
coil conformation with exposed hydrophobic surfaces that can promote aggregation.
The three states are depicted in Figure 2.1 [64]. These transitions reflect distinct en-
ergy minima on the protein’s Gibbs free energy landscape, and have been extensively
characterized using CD, DSC, fluorescence spectroscopy, and DLS.

The folding and unfolding of BSA can be understood as the outcome of a balance
between enthalpic stabilization and entropic driving forces.

On the enthalpic side, strong covalent disulfide bonds in Domain I act as molecular
clamps, resisting complete unfolding. Hydrophobic packing across all three domains
stabilizes the protein core, while hydrogen bonds preserve the integrity of α-helices
and β-sheets. Salt bridges, particularly in Domain II, provide additional electrostatic
reinforcement.

On the entropic side, partial or full unfolding increases backbone flexibility and
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mobilizes hydrophobic side chains. The release of structured water molecules from
previously buried hydrophobic regions further increases solvent disorder, favoring un-
folded conformations. These entropic contributions promote conformational hetero-
geneity, enabling the protein to access a range of structural states.

Taken together, and considering how the energetic contributions vary with tem-
perature, the probabilities of all protein conformations can be predicted at any given
temperature, generating an interpretable Boltzmann ensemble.

For BSA, the relevant temperature range for investigation is 0◦C to 60◦C. The
lower bound is set to avoid cold-induced aggregation or solvent freezing, which can
artificially constrain conformational sampling. The upper bound remains below the
onset of irreversible thermal denaturation [65].

2.3.3.2 Former Work: High temperature study of BSA conformation dy-
namics using NOT

In recent work by our group, NOT was used to observe a three-state transitional
behaviour by invoking localized heating from the incident laser, producing a temper-
ature range of 37 ◦C to 45 ◦C [1]. At the various temperatures, the probability density
function (PDF) of the incident laser scattering was determined and used to produce
a corresponding free energy landscape, a graph of energy across a reaction coordinate
that underlies the thermodynamic parameters previously discussed. By evaluating
the ∆G of the landscapes, it was concluded that for the N-to-F transition, ∆G had
linear temperature dependence, suggesting that it relies mainly on entropy, and can
be expressed as:

∆G(T ) = 130± 55− 0.43T ± 0.18 kcal/mol (2.8)

This linear dependence was not observed for the F-to-E transition, however.
Rather, a maximum in the change of Gibbs free energy with temperature was ob-
served at 38 ◦C, a value in agreement with [1], which reported a stability point at
36 ◦C, while ignoring the N state.

This work was exemplary in analyzing thermodynamic parameters as a conjecture
for conformational protein dynamics and stability, as it was relatively untargeted
when compared to other label-free analytical methods. It allowed for an unbiased
investigation of the entire conformational landscape, since it could be observed for
the temperature range probed. However, it did not uncover N-to-F state transition
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information as fully as the F-to-E transition, suggesting that a larger temperature
range needed to be probed. Therefore, by looking at a lower temperature range,
entropic and enthalpic contributions to N-to-F transitions may be rectified. With
temperature decrease, enthalpic contributions would dominate and the protein would
find a stability maximum for ∆G for the compact N-state. Further, by using BSA
as a model system, temperature-controlled NOT for conformational stability analysis
can surely be adapted for all proteins, which is the purpose of this thesis.

2.4 Concluding Remarks

This chapter established the theoretical and practical foundation necessary for un-
derstanding protein conformational dynamics using thermodynamic principles and
NOT. Traditional methods were reviewed for their role in probing protein stability,
highlighting both their advantages and limitations. Thermodynamic models, partic-
ularly Gibbs free energy, and its refinement through the Gibbs-Helmholtz equation,
were introduced as tools for quantifying protein folding behavior across temperature
ranges.

A discussion of NOT, which emerged as a unique, label-free platform capable of
resolving structural transitions at the single-molecule level was provided. Past work
with BSA demonstrated that thermodynamic analysis of laser transmission fluctua-
tions can provide insight into the energy landscape governing protein folding. The
extension of this methodology into lower temperature regimes represents a crucial
step to achieve a complete characterization of the native and intermediate states of
BSA, which is the motivation of the work in this thesis for it also has the potential to
demonstrate the broader applicability of NOT for thermodynamic stability analysis
of proteins entirely.
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Chapter 3

Experimental Methods

This Chapter will outline the methods used in the design and implementation of
temperature-controlled NOT experiments. Considerations made to improve a preced-
ing temperature-controlled stage design will be provided followed by the procedures
for nanofabrication of DNH gold samples and BSA sample preparation. Then, a sug-
gested protocol to trap single molecules at controlled temperatures is provided, which
is an adaptation of the original optical trapping procedure utilized by Dr. Gordon’s
nanoplasmonic group.

3.1 Temperature-Controlled Stage

3.1.1 Motivation: Previous Temperature-Controlled NOT Ex-

periments

The intention of this thesis was to produce a temperature-controlled stage to fit within
a pre-existing optical trapping set-up. It was initially influenced by the previous
work of Dr. Elham Babaei, who integrated a thermoelectric cooler (TEC) to reduce
the temperature of the gold film during DNH optical trapping of single proteins.
Namely, it was shown that the time to trap of BSA was decreased by increasing the
voltage of the TEC-system used due to the creation of a thermal gradient with local
heating by the incident trapping laser. Further, the corner frequency of trapped BSA
and carbonic anhydrase (CA) as a dependency on temperature reduction was under
investigation in order to reveal the phenomenological Soret coefficient formulation.
However, design parameters, which will be discussed in the following section, resulted
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in experimental limitations for future work.

3.1.1.1 Initial Cooling Stage Design

During optical trapping, no external vibrations should be introduced to the optical
system, since measurements are mechanically sensitive. In lieu of this, the preceding
temperature-controlled stage used a non-mechanical cooling system. Unlike common
systems of its type, it did not require fans or fluid to wick away generated heat.
It consisted of assembled components on top of a common microscopy slide holder
(ThorLabs, MAX3SLH) used in common optical trapping experiments. A solid copper
cylinder (3 cm diameter x 4.5 cm length) sat flush against two Peltier TEC coolers
(CP2020405H), which were bridged to the sample by a small, “L”-shaped copper
piece. All interfaces had thermal grease to increase heat transfer. The Peltier coolers
were connected to a DC voltage supply in series, and the temperature was recorded
using a hand held infrared temperature gun (Sovarcate, HS960D) directed towards
the interface between the copper bridge and the gold sample.

Assuming steady-state conditions and no parasitic losses for this configuration,
the theoretical minimum achievable temperature during NOT was −15.5 ◦C and the
time to achieve it was 3.5 minutes. The heat sink had a heat capacity of 110 J/K.
Calculations are presented in Appendix A.1.

3.1.1.2 Limitations of the Previous Experimental Procedure for Cooling
during NOT

Despite the theoretical minimum achievable temperature at the cold side of the TEC
(sample via the copper bridge), the lowest observed during trapping experimentation
was approximately 15.0 ◦C. This was due to the protocol by which data was acquired:
the trap was achieved at ambient temperature, then the voltage supply turned on
to initiate temperature reduction with the Peltier stack. The rate of cooling was
constant and recorded using a cell phone timer at the point of voltage initiation,
and matched to a video of the thermal infrared gun values. The time was compared
to that of the DAQ for data extraction and analysis. During this time, the rapid
rate of cooling on the sample caused the refractive index of the liquid in the solution
to change, resulting in a drift in the optical path length within the DNH until the
trapped signal was eventually lost within seconds- which is insufficient to achieve
the estimated lowest temperature possible at 3.5 minutes. The rate of cooling was
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outpaced by the observed thermal drift of the optical system. This inadvertently
limited experimental degrees of freedom for common, useful investigative parameters
such as power during trapping, and as a result multiple traps would have had to
be acquired and compared, introducing nuance during acquisition and variability
amongst usable data (ex. DNH selection and alignment, the single molecule being
trapped and assessed) and the potential loss of molecular integrity between cooling
acquisitions (temperature cycling is typically not recommended during small molecule
assessment). In addition, this method imposes limitations on signal analysis due to
signal instability. The thermal drift caused by the rapidly decreasing transmission
voltage does not allow for long enough usable data segments, despite detrending
attempts. Inconsistencies with temperature reporting (since done by hand/eye) were
also unideal design outcomes.

3.1.2 Design Considerations for an Improved Temperature-

Controlled Stage

This section aims to outline key design considerations made to overcome the limita-
tions previously discussed regarding the initial cooling stage. Improvements focused
on: the stage base material, heat sink size and composition, and Peltier stack con-
figuration to increase the overall, stable experimental runtime through a sustained
set temperature. The incorporation of a Proportional-Integral-Derivative (PID) con-
troller is then discussed.

The final temperature-controlled stage design comprised: a 3D-printed base, a
two-phase heat sink, a three-stage Peltier cooling stack, a copper bridge, and a ther-
mistor connected to a PID controller, as shown in Figure 3.1.

3.1.2.1 3D-Printed Base

The base was a custom 3D-printed rendition of ThorLabs’ “MAX3SLH-Microscopy
Slide Holder” (Thorlabs, MAX3SLH) that sat on top of the piezoelectric stage (Thor-
Labs, MDT630B) within the full optical trapping set-up depicted in Figure 3.5. It
had 3.0 mm-deep inlays that securely housed other system components to maintain
their flush interconnection to optimize heat transfer. The inlays also dampened vibra-
tional noise during optical trapping measurements by securing component positions.
The base composition, polyethylene terephthalate glycol (PETG), was selected for its
low coefficient of thermal expansion of 0.00006 - 0.00007% per °C increase. PETG’s
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Figure 3.1: Exploded view schematic of temperature-controlled stage.

softening point (80 ◦C) and high melt temperature (225 − 255 ◦C) ensured thermal
stability throughout operation (the maximum observed temperature of 68 ◦C) [66].
Compared to other candidate materials (e.g. PLA or ABS), PETG offered higher
impact resistance and reduced brittleness. Although PETG is hygroscopic and sus-
ceptible to deformation over time under sustained load, these effects were mitigated
by limiting the infill of the print to 10% to enhance both structural rigidity and
heat dissipation. Since the temperature-controlled stage did not require additional
dampening to accommodate fans or fluidics, mechanical robustness was considered
less important than thermal resistance. PETG is not reactive to chemicals such as
acetone, isopropyl, and ethanol, which are commonly used for cleaning optical set-up
components, but can absorb the condensation that inevitably forms during cooling
[66]. To preserve the base’s mechanical properties the metal components were lined
with felt as an absorptive barrier.

3.1.2.2 Two-Phase Heat Sink with Latent Thermal Storage

The previously used cylindrical copper heat sink had a maximum heat capacity of
110 J/K, providing approximately 37.6 minutes of operation for a 38.5 ◦C temperature
difference across the Peltier stack (see Appendices A.1 and A.2). Although increasing
the volume of the heat sink could improve this thermal buffer, the design was re-
stricted by spatial limitations once integrated into the entire optical trapping set-up.
Specifically, a 52.56± 0.02mm clearance between the stage platform and the optical
condenser and the 1 kg maximum load recommended for the piezoelectric stage.

To maximize thermal capacity within these constraints, a two-phase design was
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adopted: a copper cylinder with a vented brass cap enclosing a palm–paraffin wax
blend (Make Market, 349075). Operationally, the high thermal conductivity of cop-
per (400W/m·K) facilitated rapid heat transfer from the largest Peltier module to
the wax, distributing thermal energy evenly and preventing localized overheating.
Once the wax reached its melting point (62.887 ◦C), its high latent heat of fusion
(200–250 J/g) allowed it to absorb incoming heat without a rise in temperature, ef-
fectively stabilizing the system [67].

The total thermal storage capacity of the two-phase heat sink was estimated to
be ≈ 63 kJ, accounting for both sensible heating and the latent heat of the wax,
as well as the sensible heat contributions of the copper and brass components. The
calculations used ∆T = 40◦C, the temperature difference between ambient conditions
and the wax melting point, and are detailed in Appendix A.3. To compare, at this
∆T , the preceding design offers 4.4 kJ in heat storage capacity only; however, this
significant improvement needed to be evaluated relative to the total heat load from
the Peltier stack in order to assess the operational efficiency of the improved system.

3.1.2.3 Multi-Stage Peltier Cooling Stack

A semiconductive thermocouple made of two materials placed between ceramic plates
is a Peltier TEC. With a DC current, p- and n-junctions move in opposing directions,
moving heat from one ceramic face to the other, generating a thermal gradient. The
performance is quantified by its net cooling power, Qc, which is defined by:

Qc = αITc −
1

2
I2R−K(Th − Tc) (3.1)

where:

Qc is the cooling power (W),

α is the Seebeck coefficient (VK−1),

I is the electric current (A),

Tc is the cold-side temperature (K),

Th is the hot-side temperature (K),

R is the electrical resistance (Ω),

K is the thermal conductance (WK−1).
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Qc is influenced by: the Peltier effect (useful cooling caused by heat transport,
scaled by the Seebeck coefficient α, which typically ranges from 0.05 to 0.07 V/K for
most TEC models), Joule heating (wasted heat due to electrical resistance), and back
heat flow (conductive heat transfer from the hot side to the cold side).

System sizing refers to matching the cooling power to the thermal load, QL. To
achieve this, two parameters are of interest: the maximum cooling capacity, Qmax,
obtained from the manufacturer’s specification sheet, and the temperature difference,
∆T .

Considering the extreme case of maintaining the cold side of the system at 0 ◦C

for one hour, the thermal load was calculated from the maximum heat capacity of
the heat sink as:

QL =
63 kJ

3600 s
= 17.5W.

Since the heat sink temperature must necessarily be ≈ 63 ◦C to induce phase
change, this value is taken as the temperature difference ∆T . When referring to
Figure 3.2 for the largest Peltier module (TEC1-12704), an input current between
3.0 - 4.0A is required to achieve this ∆T , but it only yields a cooling power QC of
at most 3W, which is insufficient to meet the required thermal load of 17.5W. This
relatively low cooling performance is primarily attributed to internal Joule heating
within the TEC module itself.

Figure 3.2: Cooling power vs. current for the largest TEC module, TEC1-12704

From Figure 3.2, one can expect a higher QC if a lower current is chosen; how-
ever, ∆T becomes limited. Stacking multiple Peltier coolers in succession allows the
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required ∆T to be split amongst modules. Therefore, in this manner, a three-stage
Peltier stack consisting of TEC1-12704K10, TECE-12704K10, and CP2020405H mod-
ules was used. The dimensions of each Peltier decreased in size when distanced from
the sink, and were arranged pyramidally. The original “L”-shaped copper bridge con-
nected the smallest Peltier cooler to the top of the sample (on the glass side, not the
gold side). Thermal grease was used between each element to maximize heat flow
within the system.

In the direction of heat flow, each TEC in the stack must dissipate its own inter-
nal joule heating and the cumulative heat pumped by all preceding smaller stages.
Consequently, the thermal load increased progressively towards the heatsink. To ac-
commodate this, the TEC with the greatest surface area and highest heat-pumping
capacity was placed closest to the heatsink since it operates at a relatively low cur-
rent density when compared to the smaller TECs, thereby reducing resistive (I2R)
losses and preventing thermal bottlenecks that could compromise system stability.
Conversely, the smallest TEC was placed closest to the sample, since it was sufficient
in handling the lightest thermal load.

The stacked configuration optimized power efficiency: all modules were connected
in parallel to the common current supply of the PID, allowing each to draw a fraction
of the total current. The parallel connection was preferred since TECs generally
exhibit higher efficiency at lower currents. While the cooling power increased linearly
with current, the internal joule heating rose quadratically. In this manner, a maximum
net cooling point, Imax, beyond which additional current causes more heating than
cooling, as illustrated in Figure 3.2. Eventually the heating effect surpassed the
cooling benefit, so a reasonable operating current was chosen to the left of the global
maximum, ensuring net cooling and improved efficiency.

A total input current of 2.0A was considered. Using the specifications of the
TEC modules provided in Table 3.1, the input currents to each module were calcu-
lated to be 0.86A, 0.54 A, and 0.60A for the CP2020405H, TECE-12704K10, and
TEC1-12704K10 modules, respectively. These values all fall on the left-hand side of
the net cooling power versus current characteristic curve (i.e., the rising part of the
parabola) for each module, according to the manufacturers’ datasheets [68, 69, 70].
(See Appendix A.4 for calculation details.)

In Appendix A.5, the total power dissipation of the stack at these currents was
calculated to be 14.26W, which could maintain the lower temperature bound of 0 ◦C

(as the PID set-point) for 73.8min. This was sufficient for NOT with thermal control.
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Table 3.1: Specifications of TEC Modules

TEC Model Dimensions (mm) Max Voltage (V) Max Current (A) Resistance () Qmax (W)
CP2020405H 20× 20× 4.05 6.0 2.0 2.0 7.7 (at Vmax, 27 °C)
TECE-12704K10* 30× 30× 3.6 15.0 3.0 3.2–3.5 33
TEC1-12704K10 40× 40× 4.7 15.4 4.0± 0.5 2.85–3.15 33.4 (at 15.4 V DC)

* Approximated from TEC1-12703 due to lack of datasheet.
** When the ambient temperature changes by 1 °C, the module resistance changes by
approximately 0.015 Ω.

3.1.2.4 PID Controller Parameters: Current, Gain, and Steinhart-Hart
Constants

For precise temperature control and stability over an experimental time duration
of at least one hour, a PID (ILX Lightwave, LDT-5910) controller was used. The
temperature feedback was dictated by a negative temperature coefficient (NTC) 10 kΩ
thermistor (Amphenol Sensors, TH310J39G), which was affixed to the bridge at the
sample end, opposite the smallest Peltier cooler, depicted in Figure 3.1. Considering
the thermistor characteristics and the Peltier stack configuration, the PID controller
was operated using the following parameters:

Current

According to Section 3.1.2.3 the current was set to 2.0 A as per calculations.

Gain

The analog feedback gain determines how quickly the actual temperature reaches and
settles to the set-point value. Counterintuitively, the smallest available gain of 1.0
was used during experimental operation of the temperature-controlled stage, as higher
(preprogrammed) gains of 3.0 and above resulted in set-point overshoot followed by
prolonged oscillations.

This trade-off was acceptable since the heatsink provided sufficient thermal buffer-
ing to meet the experimental time requirement of one hour (73.8 minutes). For ex-
ample, at a gain of 1.0, the system reached a set-point of 8 °C in approximately 5
minutes, with a maximum overshoot of 0.3 °C, and oscillations that settled after 14
minutes. Reducing the current to 1.8A did not produce a meaningful improvement
in oscillation damping time.
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Steinhart-Hart Constants

To account for the non-linear relationship between the thermistor’s resistance and
temperature, the PID controller was programmed using Steinhart–Hart constants,
which were derived using the Steinhart–Hart equation:

1

T
= A+B ln(R) + C (ln(R))3 (3.2)

where:

Symbol Description Units
T Temperature K
R Resistance Ω
A Steinhart–Hart coefficient A dimensionless
B Steinhart–Hart coefficient B dimensionless
C Steinhart–Hart coefficient C dimensionless

Three sets of three resistance-temperature pairs were used to calculate A, B, and
C, which were then averaged to give the programmable values of A = 0.0027720,
B = 0.00025142, and C = 2.5648× 10−7. The calculations are in Appendix: A.6.

3.2 Nanofabrication of Gold DNH Samples

Gold DNH sample preparation was initiated with a glass microslide (Fisherbrand 12-
550C, 76× 25.4× 1.0 mm3) that was cut into thirds by scribing with a diamond tip
and cleaving. The slides were cleaned with 99% ethanol and dried with nitrogen gas.
They were then sonicated in ethanol for 10 minutes, followed by sequential rinsing
with acetone, deionized water, and ethanol, with drying between each step.

A solution of 1:100 dilution of 300 nm diameter polystyrene beads (Sigma-Aldrich,
MFCD00131491 LB3) in 99% ethanol was evenly distributed on the glass slides. The
slides were left overnight to allow ethanol evaporation, forming a bead mask with a
randomized distribution, including dimers.

The samples were then plasma etched for 170 seconds (Harrick PDC plasma
cleaner) to control cusp size then subjected to sputtering of 7 nm of titanium (to
form an adhesion layer) followed by 70 nm gold (Mantis QUBE system). Beads were
removed by adhesive tape after 10 minutes of sonication in ethanol.
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Finally, the samples were cleaned with ethanol, dried with nitrogen gas, cut into
quarters using a diamond scribe, and cleaned again. Scanning electron microscopy
(Hitachi S-4800) showed that the DNHs had an average aperture length of 471 nm and
cusp size of 33± 3 nm, suitable for trapping BSA based on its molecular dimensions
(provided in Section 2.3.3.1). An example is shown in Figure 3.3.

Figure 3.3: Scanning Electron Microscope (SEM) image of a double nanohole
(DNH) within a 70nm gold film on glass bound by a 7nm titanium adhesion layer.
The length and cusp sizes are displayed.

3.3 Sample Preparation

A 9.4 µL portion of a 10 mg/mL suspension of BSA (Sigma-Aldrich, MWGF70-1KT)
in 10 µM phosphate-buffered saline (PBS) was added to a microwell formed by placing
a 0.1 mm thick image spacer (Grace BioLabs, GBL-654008-100EA) onto a glass slide
(Globe Scientific Inc., 1419-10). The solution was sealed using the DNH sample, with
the gold side facing downward.

3.4 Temperature-Controlled NOT

This section aims to outline temperature-controlled NOT. It requires an aptly timed
and meticulously orchestrated protocol initiated by the establishment of a stable
system temperature, followed by trapping.

3.4.1 Establishment of PID Set-Point Temperature

To estimate the experimental temperature at the center of the microwell, two ther-
mometer probes were placed in addition to the thermistor, as shown in Figure 3.4, and
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a cooling trial was performed with the temperature-controlled stage in the absence of
an incident laser. Table A.2 in Appendix A.7 provides the coincident temperatures
at the thermistor, and probes A and B throughout the duration of the trial.

Figure 3.4: Thermistor and probe positions, A and B, on the gold DNH sample
during cooling trial (A), and a side view of the sample with dimensions of the gold
film (12.5 mm) and bridge-to-sample connection (4.0 mm) (B) used for geometric
temperature approximation which assumes a linear temperature gradient across the
sample.

In this trial, the PID controller was set to a temperature of 8 ◦C, which was
reached within five minutes, then the system oscillated within 0.4 ◦C until 14 min-
utes. The system remained at 8.30 ± 0.03 ◦C until 58 minutes when it destabilized
(the temperature rose in all three probed locations). At thermal equilibrium, it was
concluded that the temperatures at A and B were approximately 12.36± 0.15 ◦C and
19.33± 0.12 ◦C.

The temperature at the center of the sample microwell due to cooling, TC , was
estimated geometrically according to Figure 3.4:

TC =

(
6.25mm− 4mm

12.5mm− 4mm

)
(TB − TA) + TA (3.3)

TC = 0.2647 · (TB − TA) + TA (3.4)

Where TA and TB are the equilibrium temperatures measured at probes A and B,
respectively.
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To consider the temperature contribution from the incident laser due to local-
ized heating during trapping, COMSOL simulation results for a 980 nm laser were
assumed, as reported in previous work [1]. This study found a local temperature in-
crease of 0.58 °CmW−1 of laser power, measured before the objective. A power loss of
25% at 850 nm was assumed as per the manufacturer, and an additional 56.7%± 3%

loss through the objective was determined experimentally by comparing power mea-
surements taken before and after the objective using an oil-immersed power meter
(Thorlabs, S401, S130VC sensor) (see Table A.3, Appendix A.7), and is referred to
as the laser scaling factor (LSF) from this point forward.

Therefore, a generalized equation to calculate the temperature in the microwell,
TM , was deduced:

TM = TC +

(
0.58 ◦CmW−1 × Laser Power (mW) × 75

LSF

)
(3.5)

Substituting the expression for TC , this becomes:

TM = 0.2647(TB − TA) + TA +

(
43.5

LSF
× Laser Power (mW)

)
(3.6)

Assuming an LSF value of 43.7, as used in the work presented in this thesis:

TM = 0.2647(TB − TA) + TA + 0.9954× Laser Power (mW) (3.7)

The LSF should be recalculated following realignment of the optical set-up since it is
alignment-dependent.

3.4.2 Protocol for Experimentation

Once the desired temperature set-point was calculated and programmed along with
the operational parameters for the PID controller, the gold DNH sample was mounted
onto the temperature-controlled stage. It was critical to establish gentle thermal
contact between the underside of the copper bridge and the glass coverslip of the
sample—sufficient for efficient heat transfer, but not so tight as to warp or compress
the sample, especially during laser focusing and objective alignment. With the sample
properly seated, and the incident laser path through the center of the microwell, the
PID controller was turned on.

After thermal stabilization at the PID set-point, the 850 nm laser (Eagleyard DFB-
0852-00050-BFY02-0002) was activated and aligned to the DNH of the sample. The
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laser beam was collimated, passed through a linear polarizer and half-wave plate, and
then expanded before entering a 100× oil-immersion microscope objective (1.25 NA,
Nikon CFI E Plan Achromat 100× oil). After transmission through the DNH, the
beam was collected by a 10× objective (0.25 NA, Olympus Plan N 10×/0.25 FN22),
detected by an avalanche photodiode (Thorlabs, APD110A), and digitized via a data
acquisition module (Advantech, USB-4711A). A camera was used to assist with DNH
visualization and alignment.

Upon protein trapping—identified by a discrete voltage jump and increased noise
on the APD signal—the laser current was incremented as needed to achieve specific
experimental objectives while the temperature was maintained to within ±0.3◦C of
the PID set-point. The complete optical trapping setup is shown in Fig. 3.5.
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Figure 3.5: Complete temperature-controlled NOT set-up with: PID controller,
temperature-controlled stage, and optical trapping components for 850nm laser.
The schematic of the NOT setup: DNH sample = gold double nanohole sample, LP
= linear polarizer, HWP = half waveplate, BE = beam expander, CCD = charge
coupled device, D = dichroic mirror, Oil MO = oil immersion microscope objective,
L = lens, ODF = optical density filter, APD = avalanche photodiode.
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Chapter 4

Results and Discussion

This chapter provides the results acquired with temperature-controlled NOT. The
first section describes observations made using the set-up during preliminary, proof-
of-concept experiments, deeming it effective for use in research-based endeavours. The
next section presents a study of the conformational transitions of the model protein,
BSA, using the temperature-controlled NOT set-up at low temperatures.

4.1 Efficacy of the Temperature-Controlled Stage

Prior to research-intended experiments, the temperature-controlled stage was inte-
grated into an 850 nm optical trapping set-up and evaluated for its efficacy (see
Figure 3.5). The signal stability and the accuracy of temperature reporting were
considered.

4.1.1 Signal Stability Evaluation

4.1.1.1 Generalized Observation: Previous Temperature Controlled Stage
Comparison

This Section compares the general use of the temperature-controlled stage to that
of its predecessor discussed in 3.1. As a result of the improved design, a set-point
temperature range of 2 °C to 40 °C was achieved, in conjunction with the relevant
physiological range for BSA study discussed in Section 2.3.3.1 (since laser heating
contributes to the sample temperature). The temperature was sustained over time
frames of up to one hour within 0.3 °C of the PID set-point, to accommodate lengthy
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experiments.

Figure 4.1: Comparison of trapped BSA using two temperature-controlled NOT
experimental procedures. In (A), the BSA is trapped at an incident laser current of
130 mA (∼8 mW), then the temperature is reduced using TEC modules. The
transmission rapidly decreases linearly around 30 seconds (at 20.36 °C) and is lost
by 60 seconds (at 15.27 °C). In (B), the target temperature of 15 °C is reached, then
the trap is acquired as before, but is sustained for 1190 s at a PID set-point of
15.0± 0.25 ◦C. The current of the incident laser is reduced in 10 mA (∼0.75 mW)
increments until the threshold current of the laser is reached at 30 mA (∼1 mW),
allowing experimental flexibility not achievable in (A).

Figure 4.1 compares (A), the initial experimental approach, to (B), the improved
procedure, in terms of signal transmission through the DNH over time. Both signals
exhibit trapped BSA at 130mA (∼8mW) with a 850 nm laser.

In (A), the trap was obtained at ambient temperature (23.22 °C), then the voltage
supply to the Peltier coolers was activated to reduce the temperature (see Section
3.1.1.2). The lowest temperature reached was 15.27 °C. The signal and tempera-
ture were unstable, causing rapid misalignment through the DNH by 30 seconds (at
20.36 °C), and complete signal loss within one minute. This limits both experiment
time and trapping stability.

In (B), the PID set-point temperature was allowed to stabilize before aligning the
laser through the DNH. The trap then occurred as in conventional NOT. Temperature
stability enabled sustained transmission, allowing for controlled power adjustments
- an ideal feature for dynamic experimental approaches. In this example, the laser
current was incremented in 10 mA (∼0.75mW) steps, and the trap was sustained for
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1190 s at a PID set-point of 15.0± 0.25 ◦C, nearly 20 times longer than in approach
(A).

A sustained horizontal transmission over time is preferred in single-molecule anal-
ysis, since a stable molecular state can be identified, making it easier to distinguish
between different discrete states or transitions. Flat regions are ideal for quantitative
analysis, such as calculating PSD, energy landscapes, or Gaussian fitting, and they
align well with modeling techniques such as Hidden Markov Models (HMMs), which
assume constant emissions from stable states.

In contrast, a temporally decreasing signal can introduce processing complica-
tions. In this temperature-controlled NOT method comparison, the causation of the
linear drift in (A) is assumed to be predominantly thermal, which can obscure or
mimic molecular conformational transitions, leading to errors in state detection and
quantification. For instance, drift can spread out histogram peaks, ultimately under-
mining the interpretability of the data. It is possible; however, to correct the drift with
preprocessing methods such as baseline subtraction (moving average), or polynomial
detrending; however, a sustained, flat signal is preferred to avoid overcorrection.

4.1.1.2 Signal to Noise Ratio

A large signal-to-noise ratio (SNR) is preferred during NOT. Factors that enhance
SNR include: laser power, since increased power raises both trap stiffness and signal
strength; detector sensitivity; and the size and refractive index of the trapped particle
relative to the NA geometry.

Detrimental factors to SNR are: laser-induced noise such as power fluctuations
and coherence noise; detector-associated thermal and electronic noise; mechanical
vibrations within the setup; environmental noise (for example, temperature fluctua-
tions and air currents); artifacts produced by electromagnetic interference from nearby
electronic devices; and intrinsic sample noise, including Brownian motion, which is
particularly pronounced in low-stiffness traps.

To assess the temperature-controlled stage’s influence on SNR, it was calculated
for three separate trapping events at ambient according to:

SNR =

∣∣∣∣µtrap − µbaseline

σbaseline

∣∣∣∣ (4.1)

where:

µtrap is the mean signal during trapping for 5 seconds,
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µbaseline is the mean baseline signal before trapping for 5 seconds,

σbaseline is the standard deviation of the baseline signal.

The average SNR was 24, which is comparable to the reported SNR of 33 for BSA
at ambient using conventional NOT by Dr. Gordon’s group in [58]. This validates
baseline operation of the retro-fitted setup.

During temperature-controlled traps; however, the SNR decreased to 15 at 10 °C
and 9 at 16 °C. The reduction is attributed to additional thermal noise introduced by
the stage once active. The thermal gradient at the sample sight may cause refractive
index changes in the medium that weaken the trap stiffness, and spurious baseline
fluctuations arising from convection currents and electronic noise associated with
active temperature control. These mechanisms are plausible, but cannot be concluded
with certainty without further investigation to isolate the dominant source of SNR
degradation (for example, controlled studies with power spectral density).

4.1.2 Temperature Reporting Accuracy

The following figure compares the transmission through the DNH during three high-
temperature-controlled trapping events of BSA with symmetrical power incremen-
tation. The PID set-points for the events are: (A) 24.0 °C, (B) 28.0 °C, and (C)
40.0 °C.

During the experiment the ambient room temperature was maintained at 22.0±
0.5 ◦C, and the heat sink was allowed to cool to ambient between each temperature-
controlled trapping event. All events were performed using the same gold DNH sample
and temperature-controlled trapping performed according to Section 3.4.2.
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Figure 4.2: Comparison of transmission through the DNH between three
high-temperature probed trapping events of BSA with symmetrical power
incrementation (14.1, 12.8, 11.8, 10.4, 9.2, 7.9 mW). The PID-set-point
temperatures were: (A) 24.0 °C; (B) 28.0 °C; and (C) 40.0 °C. The dissimilar
transmission between descending (blue) and ascending (red) arm of each trace
suggests thermal hysteresis due to delayed local equilibration of the trapping region,
despite constant PID set-points and symmetrical power incrementation during
temperature-controlled NOT.
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In each trapping event shown in Figure 4.2, the ascending (red trace) power in-
crements do not exactly match their earlier descending (blue trace) counterparts, as
expected. Since the PID set-point remains constant during trapping, this behavior
suggests thermal lag within the optical trapping system. This discrepancy increased
with the PID set-point temperature.

4.1.2.1 Thermal Lag During Power Incrementation

Proper investigation of the thermal lag must consider the same two contributing fac-
tors to temperature approximation as in section 3.4.1. The first is localized heating
due to light absorption from the incident laser, which increases with power. Lag-
ging heat dissipation within the surrounding medium may cause discrepancy during
cooling. The second, a spatio-temporal temperature gradient across the DNH sample,
which concerns how its gold-to-glass interface contributes to heat dissipation from the
Peltier-stack, akin to the relationship discussed geometrically during low-temperature
probing in NOT. Since the perceived thermal lag increased with PID set-point tem-
perature, it was assumed that it was predominantly influenced by the latter, and so
was evaluated in the most extreme case of the 40.0 °C PID set-point, from Figure
4.2 (C). In the situation of high-temperature probing; however, the equilibrium was
not measured in the same manner as previous to calibrate the true temperature at
the DNH of the sample, but rather, a relative approximation using trap stiffness was
adopted, which compared an unknown (nominally, at a PID set-point of 40.0 °C) to
reference dataset with temperature, T, and using dynamic viscosity, µ(T ), as a proxy:

T = 22.82± 0.50 ◦C +

(
0.58 ◦CmW−1 × Laser Power (mW) × 75

LSF

)
(4.2)

(See Section 3.4.1.)
For the unknown dataset the stiffness versus power plot is shown below in Figure

4.3, revealing that the stiffness does not follow the same path during downwards (blue
trace) as it does during upwards (red trace) power incrementation despite a constant
reporting of temperature on the PID-controller. Below that, in Figure 4.4, is the
stiffness trend of the reference dataset, which was trapped on the same day, with the
same gold DNH sample.
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Figure 4.3: Trap stiffness vs. power of trapped BSA at a PID-set point of 40.0 °C.
The stiffness is calculated from the corner frequency of the PSD of the signal taken
at six powers (14.1, 12.8, 11.8, 10.4, 9.2, 7.9 mW), first through decreasing (blue
trace) then increasing incrementation (red trace) during one trapping event with a
PID set-point of 40.0 °C. There is discrepancy of stiffness values between each power
incrementation arm.

Figure 4.4: (A) Transmission of the ambient temperature trap (reference dataset)
through the DNH and (B) Plot of power vs. trap stiffness for the same data set.
The ambient temperature was approximated as:
T = 22.82± 0.50 ◦C + 0.58× power at the sample, and was used to estimate the
temperature for an unknown dataset at the same powers.

At a fixed laser power, trap stiffness k(T ) is inversely proportional to the viscosity
µ(T ) of the sample medium. The Andrade equation, which describes the exponential
decrease of viscosity with temperature for liquids, can be used to model the true local
temperature at the DNH at each power in the unknown dataset by comparing the
stiffness values to the reference set and applying the inverse relationship:
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kunknown

kref
=

µ(Tref)

µ(Tunknown)
⇒ Tunknown = f−1

(
µ(Tref)

kref

kunknown

)
(4.3)

where:

µ(T ) is the dynamic viscosity of the liquid at temperature T ,

kref is the trap stiffness at a known reference temperature Tref,

kunknown is the stiffness measured at an unknown temperature.

The dynamic viscosity of a liquid can be modeled using the Andrade equation
[71]:

µ(T ) = A · exp
(

B

T − C

)
(4.4)

where:

A, B, and C are empirical constants specific to the liquid,

T is the temperature in Kelvin.

Here, water is used as an approximation for the sample medium (PBS), with the
Andrade coefficients according to [72]:

µ(T ) = 2.414× 10−5 · exp
(

247.8

T − 140

)
(4.5)
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Figure 4.5: Estimated temperature at the DNH sample vs. time during
temperature-controlled NOT at high temperatures. The timestamps are taken at
the beginning of the corresponding power levels seen in Figure 4.2. The temperature
was estimated using trap stiffness and a reference data set for a trap at ambient
temperature and by using the Andrade equation, which relates a liquid’s viscosity to
its temperature. A thermal lag is exemplified, as the red-trace is shifted upwards
when compared to its earlier blue-trace counterpart despite symmetrical power
incrementation during trapping.

4.1.2.2 Observed Temperature Shifting

It was found that for the trap at a PID set-point of 40.0 °C, the approximated local
temperature of the sample per time-stamped power incrementation confirms a spa-
tiotemporal contribution to the local temperature distribution across the gold DNH
sample during temperature-controlled NOT at high temperatures. In Figure 4.5, a
progressive increase in local temperature is observed over time during identical power
increments and is evidenced by the upward shift from the earlier (blue) to the later
(red) traces-indicative of thermal lag within the system. This delayed thermal re-
sponse is expected, as heat originating from the copper bridge must traverse a 1mm
thick glass layer before reaching the thin gold film and subsequently propagating
toward the center of the gold DNH sample where trapping occurs, as in the geo-
metric temperature calibration method described in Section 3.4.1. The temperature
gradient may be attributed to the substantial disparity in thermal conductivity be-
tween the two materials: glass (∼1Wm−1 K−1) acts as a thermal insulator, while gold
(∼315Wm−1 K−1) facilitates rapid lateral heat conduction [73]. As a result, the heat
transfer process is bottlenecked by the insulating glass substrate, thereby slowing the
thermal equilibration across the sample.
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It should be discussed; however, the impossibility of reaching approximate tem-
peratures below ambient during high temperature probing, which is exemplified in
this analysis. A constant viscosity was approximated to that of water at 23 °C (1.002
mPa s) [72] for all reference, ambient temperatures, not accounting for the dynamic
contribution due to local heating of the laser, which would decrease it with increasing
power. In addition, the approximation of the corner frequency from the PSD at low
laser powers may have been affected by non-Lorentzian behavior, likely arising from
system nonlinearities or mechanical drift, as evidenced in Figure 4.2. Such deviations
from the ideal Lorentzian profile can introduce significant uncertainty in corner fre-
quency estimation and are more pronounced under weak trapping conditions where
SNR is lower and external influences have a greater relative impact. With better
attempt; however, this method may be used to approximate the temperature at the
sample without probing and employing an arduous geometric approximation such as
in section 3.4.1 for calibration.

One further limitation of this approach is that the Andrade equation does not lend
to evaluating the distinction between the laser and the Peltier stack contributions to
the overall temperature directly. In the expression, the exponential is nonlinear,
therefore a decomposition of T is not possible to evaluate, unless one temperature is
fixed. The obvious approach would therefore be to assume that the PID set-point
is reached instantaneously at the sample, but it has been exemplified here that this
is not the case. Alternatively, one can assume the calculation for the laser heating
contribution is accurate; however, the COMSOL simulations used were an approxi-
mation for a 980nm laser, and assume immediate heat dissipation in the system. This
contribution; however, is evidenced during temperature-controlled NOT in Figure 4.2
as the overall trend in heating at the sample is not linear, due to a power dependence.

In summary, when comparing the descending and ascending power ramps, there
are observed differences in transmission, trap stiffness, and estimated temperature vs.
time, showing a memory effect: the system does not immediately return to the same
state when the power is returned. This observation confirms that local sample tem-
perature lags behind power changes due to material thermal resistance, particularly
across the glass substrate, and should be accounted for in high-temperature NOT
analyses, specifically for temperature calibration. A calibration method that uses a
reference (ambient), control dataset was therefore provided.
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4.2 Temperature-Controlled NOT at Low Tempera-

tures

This section provides and discusses the experimental results acquired in the publica-
tion [74], in which the temperature-controlled NOT presented in this thesis was used
to examine the conformational dynamics of BSA at low temperatures (18◦C to 25◦C).
This range was chosen to coincide with the high temperature range investigated by
our group [1], thereby covering nearly the entire physiological range relevant to BSA,
as discussed in Section 2.3.3.1.

4.2.1 Results

This section will outline the analysis method used to interpret the NOT results found
at a PID set-point temperature of 8.0 °C at various powers. Using the temperature
calibration outlined in section 3.4.1, at an input current for the 850 nm incident laser
of 110 mA, the temperature within the microwell of the sample was estimated to
be 21.0 ±1◦C. The experimental methods outlined in Chapter 3 were followed, then
the current was incremented by 10 mA intervals (corresponding to power intervals
of 2 mW), which was interpreted as a 1 °C change due to objective losses and laser
heating, in accordance with [1]. The range of temperature was therefore 18.0 ±1◦C
to 23 ±1◦C during a single trapping event.
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Figure 4.6: The transmission through the DNH nanoaperture due to trapped BSA
measured as APD voltage with corresponding PDFs at (A, B) 18 ± 1 °C, (C, D) 19
± 1 °C, (E, F) 20 ± 1 °C, (G, H) 21 ± 1 °C, (I, J) 22 ±1°C, (K, L) 23 ± 1°C. The
voltage levels corresponding to the N and F conformational states are indicated by
dashed horizontal lines taken from the mean of Gaussian fits. To allow for
comparison at different temperatures, the voltages were normalized by dividing by
the voltage of the N-state level (0.4089, 0.5045, 0.5735, 0.6981, 0.8134, and 0.9037 V
for 19 ± 1, 20 ± 1, 21 ± 1, 22 ± 1, and 23 ± 1 °C). (F) Ribbon diagrams of the N
and F state conformations of BSA are provided as an inset.
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The first column in Figure 4.6 shows the observed conformational transitions be-
tween the N and F states in the time-series of the APD voltage for six different
temperatures during one trapping event. The compactness of the state influences the
degree of light scattering, so the N and F states have lower and higher APD transmis-
sions, respectively. The means of which are also provided as horizontal dashed lines
in the time-series data. The trapped signal data was acquired at 10 kS/s, and a 100
point average was used to reduce noise. To produce the corresponding probability
density functions with double Gaussian fits for each temperature depicted, which are
in the second column of the same figure, a 10 s window was binned (N = 50) to ensure
both N and F states were captured. The total time for the data presented was 19.5
min; however, the experiment was repeated at eight additional set-point temperatures
which had overlapping temperatures with the presented data (based on calibration
according to Section 3.4.1 and current incrementation).

The Gaussian fits measured the changes in the transmission intensity due to the
conformational changes of BSA, so from the area under each (AN , AF ), the time
spent in each state could be determined. In the aforementioned higher tempera-
ture study [1], the probability density was corrected by deconvolution to account for
translational, rotational, and other fluctuations of the BSA within the trap. This was
required to accurately represent the energy landscape for absolute thermodynamic
parameter extraction; however, in this work only the relative occupancy of each state
was of interest, so the simple Gaussian fitting procedure was deemed acceptable.



46

Figure 4.7: The natural logarithm of the ratio between the time spent in each state
as described by Arrhenius equation for transition state theory. A maximum was
found at 21 ± 1°C, which represents the maximum stability temperature for the
compact N form. The temperature error bar was due to the measured fluctuations
at the thermistor, and the vertical axis error bar was from uncertainties found by
the Gaussian fitting procedure.

To model the relative time spent in each state, Arrhenius’ equation was used.

AN

AF

= e−∆GNF /kBT (4.6)

where:

AF is the area (interpreted as time spent) in the folded state,

AN is the area (interpreted as time spent) in the native state,

∆GNF is the Gibbs free energy difference between the native and folded states,

kB is the Boltzmann constant, and

T is the absolute temperature.

In this manner, the change in Gibbs free energy required for conformational state
transition can be derived from the natural logarithm of the ratio of the areas, in
units of kBT (and to within a constant offset). A plot of this relative value versus
temperature is presented in Figure 4.7. A maximum occurs at 21± 1 ◦C, which was
interpreted as the maximum stability point for the N state with respect to the F
state.
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Circular dichroism measurements reported by [41] suggested that there is a transi-
tion at approximately 30.0◦C (in 5.0±1 ◦C steps), likely due to α-helix contributions
being replaced with β-sheet contributions. However, this temperature is not compa-
rable to the 21.0±1 ◦C maximum stability of the N- with respect to the F- state found
in this work [74], nor the 36 °C maximum stability expected from Gibbs–Helmoltz
theory, nor the 39 °C maximum stability of the E with respect to F state found by [1].
Above 25 °C; however, the onset of the E-state was observed using the temperature-
controlled NOT, perhaps indicating that the finding by [41] could also be this. A
recent pH study by [75] unveiled that the E form appeared with the observation of
β-rich spectra.

4.2.2 Comparative Analysis of Conformational Stability for a

Temperature Set

The analysis was repeated for a trap acquired at a low temperature set-point of
11.0 ◦C with the same DNH sample. Depicted in Figure 4.8 is a maximum stability
point observed at approximately 22.0 ± 1 ◦C, which is within a reasonable range of
that reported for the 8.0 ◦C set-point (21.0 ± 1 ◦C ). The accompanying PDFs and
corresponding Gaussian fits are provided in Appendix A.8 for a probed temperature
range of 18.0± 1 ◦C to 25.0± 1 ◦C.

Figure 4.8: Maximum stability temperature for N-to-F state occupancy observed at
22.0± 1 ◦C for a PID set-point temperature of 11.0± 0.3 ◦C, which is within
reasonable range of that reported for the 8.0 ◦C set-point (21.0± 1 ◦C ).
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Beyond 25.0±1 ◦C, the E-state was observed, and therefore the relative comparison
of N to F state occupancy using Arrhenius’ theorem could not be performed.

To quantify the statistical similarity of the conformational state distributions mea-
sured at the two temperature data sets, a cross-correlation of the PDFs of the scaled
voltage signals was performed. The results are presented as a heat map in Figure 4.9.

Figure 4.9: Cross-correlation between 8.0 °C and 11.0 °C PID set-point data sets.
Dominance at correlating temperature nodes would indicate statistical similarity of
conformational state residence times between the two sets, and accuracy in
temperature estimation based on 3.4.1.

Ideally, a strong correlation between PDFs measured at corresponding probed tem-
peratures would indicate reproducible temperature-dependent conformational dynam-
ics; however, the heat map exhibits sporadic dominance with multiple off-diagonal
peaks. The temperature-dependent PDFs, normalized to their respective N-state
mean voltages, are shown in Figure 4.10, with the first dataset at 8.0 °C and 11.0 °C on
the bottom. These population distributions reveal a common temperature-dependent
trend, which transitions from F- to N- to F-states with increasing temperature, de-
spite inconsistent state occupancy dwell times. Conceptually, this could reflect mul-
tiple paths to the same conformational stability point, or alternatively, a variability
in the Boltzmann ensemble for the same protein at the same temperature. Since the
temporal resolution of 200 µs (accounting for Nyquist and anti-aliasing, with a 10
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kHz sampling frequency) of the NOT set-up was sufficient to capture BSA confor-
mational transitions, which have been reported to occur on a millisecond timescale
in other temperature-controlled studies over this temperature range [76], histogram
results may be skewed from 100-point averaging. States that produce similar optical
signatures may have been grouped together, or low-occupancy states may not have
been captured.

Furthermore, path-dependent memory may influence behavior: a protein’s cur-
rent state can be biased by its previous state, an effect potentially reinforced by the
isolated trapping environment, which lacks in vivo factors such as ions, pH varia-
tions, or ligand interactions. Additional contributions may arise from laser-induced
protein polarity, affecting dipole-dependent conformational features such as α-helices
or β-sheets. Without complementary structural methods (CD, NMR, cryo-EM), the
precise assignment of states to structural intermediates remains unresolved.

And lastly, inaccuracy in temperature reporting according to the method pre-
sented in Section 3.4.1 could contribute to experimental source of error, suggesting
refinement.

Figure 4.10: Temperature-dependent PDFs of traps at two PID set-point
temperatures (8.0 °C (A) and 11.0 °C (B)). The scaled voltage is normalized to the
N-state (which is indicated at 0 V). Discrepancies between the two sets may
indicate that the conformational ensemble distributions are influenced by
independent variables other than temperature during during low-temperature NOT,
or that temperature calibration requires refinement.



50

4.2.3 Conclusion

Using the custom-made temperature-controlled NOT set-up and experimental meth-
ods discussed in Chapter 3, this work revealed a conformational stability maximum
around 21.0 °C to 22.0 °C, as determined from the relative occupancy of the N-to-F
state. This result was reproducible between two traps initiated at different low-
temperature PID set-points (8.0 °C and 11.0 °C) within a reasonable range. However,
the cross-correlation results highlighted discrepancy in the temperature-dependent
statistical distribution of the conformational states between datasets, indicating the
need for experimental refinement, specifically in temperature calibration of the gold
DNH sample during low-temperature NOT.

Overall, the finding presented in this Section extended prior high-temperature
studies by [1] capturing conformational dynamics in a previously unexplored low-
temperature regime. It exemplified the value of label-free single-molecule techniques
in mapping protein folding landscapes with thermodynamic sensitivity.
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Chapter 5

Future Work

5.1 DNH Sample Modification

To address the thermal lag discussed in Section 4.1.2.1, one approach is to reduce the
temperature gradient measured across the gold DNH sample during experimentation.
Alluding to the disparity between thermal conductivities of the layered materials
discussed, a straightforward solution would be to change the point of thermal contact
from the glass side to the gold side, allowing heat transfer with the copper bridge to
occur directly through the conductive material. However, this cannot be done with
the current configuration, since the DNH sample is fixed on top of a microscope slide
with an optical spacer, obstructing access to the gold surface from below. Therefore,
a design improvement, which is depicted in Figure 5.1, uses a frame made of copper
tape, which is applied to microscope slide around the optical spacer. The gold DNH
sample is fabricated wider than in the current design, and makes direct contact with
the frame, which is connected to the copper bridge forming a continuous conductive
path. The 0.5 mm thick glass insulation is bypassed, facilitating symmetrical heat
transfer between copper and gold. The high thermal conductivities of the metals may
significantly reduce the spatio-temportal thermal gradient, effectively minimizing the
observed thermal lag.
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Figure 5.1: Modified DNH sample configuration with a copper tape frame forming a
conductive path between the copper bridge of the temperature controlled stage and
the gold film. This design bypasses the glass insulating layer to improve heat
transfer symmetric and reduce thermal lag during experimentation.
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5.2 Temperature-Controlled Stage and Optical Trap-

ping Set-up

The symmetrical heat transfer achieved in the previous section can be improved
further by changing the Peltier stack to an annular TEC cooler that rests on top of
the sample, allowing light to pass through its center without obstructing the trapping
laser’s path. To achieve this; however, the optical setup must accommodate a heat
sink that can fit between the objective lenses used during transmission mode optical
trapping, or reconfigure the setup to reflection mode.
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Chapter 6

Conclusions

This work demonstrates a label-free, single molecule platform using DNH optical
tweezers with thermal control to probe protein conformational dynamics in real time.
Because protein structure is critical to metabolic function and has pathological im-
plications when misfolded or conformationally unstable, understanding folding be-
haviour under varying conditions is essential. Temperature is key to protein stability,
and although thermodynamic parameters such as Gibbs free energy are commonly
used, they can be difficult to extract.

To expand upon previous high- temperature studies by this group, this work
enables investigation of model protein BSA in a low-temperature regime, revealing a
previously unreported conformational stability point of the native, folded (N) state
at 21±1 ◦C. The signal analysis a adopts a relativistic approach based on Arrhenius’
theory and state occupancy, allowing a more direct and simplified method to quantify
conformational stability and dynamics than previous works that required extensive
processing to extract absolute values related to energy landscapes.

This low-temperature stability point has not been uncovered by previous meth-
ods, highlighting the invaluable need to explore larger temperature regimes for other
proteins in a label-free, unbiased manner.

The novel temperature-controlled stage developed here, which uses a biphasic heat
sink, allowed passive thermal modulation of the gold DNH sample while maintaining
necessary NOT conditions for experimentation. Temperature calibration techniques
and suggestions for design improvements are provided to encourage future exploration
of thermodynamic parameters of single molecules.
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Appendix A

Additional Information

A.1 Initial Cooling Stage Design: Minimum Achiev-

able Temperature and Experimental Time

The system includes:

Two CP2020405H thermoelectric coolers (TECs):

– Connected in series to a 2V power supply.

– Maximum temperature difference: ∆Tmax ≈ 77◦C

– Maximum current: Imax ≈ 2.0A

– Internal resistance: R ≈ 2.0Ω

A copper L-shaped bridge:

– Dimensions: length = 5 cm, width = 2 cm, height = 0.3 cm

– Specific heat capacity: cp = 0.385 J/g·K

– Density: ρ = 8.96 g/cm3

Ambient temperature: Tamb = 23◦C

TEC Operational Parameters

For one TEC, at 1V input:

I =
V

R
=

1

2.0
= 0.5A
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This gives a relative current:

Ir =
I

Imax
=

0.5

2.0
= 0.25

Assuming the cooling capability of the TEC scales linearly with current at low currents
(∆T ∝ I), the temperature change can be estimated as:

∆T ≈ 0.25 · 77 = 19.25◦C

The cascaded temperature difference across two stacked TEC modules is therefore:

Thot = 23◦C, ∆T = 19.25◦C

⇒ Tcold = 23◦C − 2× 19.25◦C = −15.5◦C

Thus, the minimum achievable temperature at this voltage is:

Tmin ≈ −15.5◦C

To estimate the time required to cool the sample via the copper bridge, the cooling
power of the adjacent TEC must be considered under the specified operating condi-
tions. According to the manufacturer’s specification sheet, at an input voltage of 1V
and a temperature difference of ∆T = 19.25◦C, the cooling power is Qc ≈ 0.95W.

The copper bridge has:

Volume: V = 5 · 2 · 0.3 = 3 cm3

Mass: m = 3 · 8.96 = 26.88 g

Then, its heat capacity is:

C = m · cp = 26.88 · 0.385 ≈ 10.35 J/K

To estimate the cooldown time:

∆t =
C ·∆T

Q
=

10.35 · 19.25
0.95

≈ 209.7 seconds ≈ 3.5minutes
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The time to reach −15.5◦C is:

Cooldown time ≈ 3.5minutes

A.2 Thermal Buffer Estimate of Copper Heatsink

The copper heatsink is a solid cylinder with:

Diameter: 3 cm

Length: 4.5 cm

A solid cylindrical copper heatsink:

Dimensions: diameter = 3 cm, length = 4.5 cm

Specific heat capacity: cp = 0.385 J/g·K

Density: ρ = 8.96 g/cm3

Volume and Mass

V = πr2h = π

(
3

2

)2

· 4.5 = π · 2.25 · 4.5 ≈ 31.8 cm3

m = V · ρ = 31.8 · 8.96 ≈ 285 g

Thermal Capacity

cp = 0.385 J/g·K ⇒ C = m · cp = 285 · 0.385 ≈ 110 J/K

Estimated Hold Time

Assuming the heatsink absorbs a thermal load of:

Qload ≈ 2× 0.95W (from two TECs operting at 1V input each)

The time before reaching thermal saturation is:

∆t =
C ×∆T

Qload
=

110× 19.5× 2

1.9
= 2257.89 seconds ≈ 37.63minutes
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Time at thermal saturation: ≈ 37.63minutes

A.3 Thermal Storage Capacity of Two-Phase Heat

Sink

The composite heat sink consists of three main materials: copper, brass, and a palm-
paraffin wax blend. Their volumes, masses, and thermal properties are calculated as
follows:

Volume and Mass Calculations

Copper Wall Volume:

Vwall = π(r2outer − r2inner)× L

= π(2.72 − 2.582)× 9.25

= π(7.29− 6.6564)× 9.25

= π × 0.6336× 9.25

= 18.41 cm3

Copper Base Volume:

Vbase = Length × Width × Height

= 5.747× 5.747× 0.25

= 8.26 cm3

Brass Cap Volume:
Vcap = πr2h

= π × (2.9025)2 × 0.207

= 5.48 cm3

Inner Wax Volume:
Vcap = πr2h

= π × (2.58)2 × 9.25

= 193.43 cm3
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Mass Calculations:

mwall = Vwall × ρCu = 18.41× 8.96 = 164.96 g

mbase = Vbase × ρCu = 8.26× 8.96 = 74.03 g

mcap = Vcap × ρBrass = 5.48× 8.44 = 46.26 g

mWax = VWax × ρWax = 193.43× 0.90 = 174.09 g

Heat Capacities

Using specific heat capacities cp from literature:

Copper: cp = 0.385 J/g·K

Brass: cp = 0.380 J/g·K

Wax (paraffin): cp = 2.1 J/g·K

Calculating heat capacity C = m · cp:

CCu = 238.99× 0.385 = 92.01 J/K

CBrass = 46.24× 0.380 = 17.57 J/K

Cwax = 174.09× 2.1 = 365.589 J/K

Ctotal sensible = 92.01 + 17.57 + 365.589 = 475.17135 J/K

Latent Heat of Wax

The paraffin wax undergoes a phase change near 63◦C with a latent heat of fusion of
approximately 250 J/g:

Qlatent = 174.09× 250 = 43, 522.50 J

Total Thermal Storage

Assuming a temperature swing ∆T = 40◦C (from ambient to phase change tempera-
ture), the total energy stored including latent heat is:
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Qtotal = Ctotal sensible ×∆T +Qlatent = 475.17135× 40 + 43, 522.50 = 62, 529.354 J

A.4 Current Distribution Across Peltier Stack

For a total input current of Itotal = 2.0A, connected in parallel, the current per Peltier
module is calculated as follows:

Resistances:

CP2020405H: RCP = 2.0Ω

TECE-12704K10: RTECE = 3.2Ω

TEC1-12704K10: RTEC1 = 2.85Ω

Voltage:

For each TEC under a common unknown voltage V :

Itotal = ICP + ITECE + ITEC1 = 0.5V + 0.3125V + 0.3509V = 1.1634V = 2.0A

⇒ V ≈ 2.0

1.1634
≈ 1.719V

Peltier Module Current Distribution:

ICP =
1.719

2.0
= 0.8595A

ITECE =
1.719

3.2
≈ 0.5372A

ITEC1 =
1.719

2.85
≈ 0.6032A

The current distributed to each module is:

CP2020405H (20×20mm): 0.86A
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TECE-12704K10 (30×30mm): 0.54A

TEC1-12704K10 (40×40mm): 0.60A

A.5 Operational Efficiency of Peltier Stack

Power Dissipation Calculation for Each Module:

Power Dissipation per TEC

CP2020405H

At I = 0.86A, the approximate power dissipation is estimated based on the maximum
rating of 7.7W at 2.0A. Assuming linear scaling with current:

PCP2020405H =
0.86

2.0
× 7.7W = 3.31W

TECE-127004K10

PTECE-127004K10 =
0.54

2.0
× 33W = 5.94W

TEC1-127004K10

PTEC1-127004K10 =
0.6

4.0
× 33.4W = 5.01W

Total Power Dissipation

Ptotal = 3.31W+ 5.94W+ 5.01W = 14.26W

Time to Reach Thermal Saturation

Assuming a thermal load of 63 kJ:

t =
63, 000 J

14.26W
= 4421.18 s

t =
4421.18 s

60 s/min
≈ 73.83min
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A.6 Steinhart-Hart Constants

The Steinhart–Hart constants were calculated using three sets of temperature–resistance
pairs as provided by the manufacturer. The results from each set, as well as their
average, are listed below.

Table A.1: Temperature-Resistance Pairs for thermistor Steinhart-Hart Coefficient
Fits for Different Data Ranges

Set Data Points (T, R) A B C
1 (−40, 341.2), (25, 10), (150, 0.194) 0.0027747 0.00025013 2.8× 10−7

2 (−10, 55.76), (0, 32.82), (35, 6.528) 0.0027708 0.00025196 2.4838× 10−7

3 (−2, 36.39), (10, 19.95), (25, 10) 0.0027704 0.00025217 2.4106× 10−7

Average – 0.0027720 0.00025142 2.5648 × 10−7

According to the manufacturer, Equation (3.2) yields a maximum error of 0.01 °C over the range
−20 °C to 50 °C.

A.7 Establishment of PID Set-Point

Table A.2: Temperature vs. time measured at three probes on the gold DNH
sample: Ttherm, Probe A, and Probe B. Thermal equilibrium is reached and
maintained from approximately 14 to 58 minutes, at temperatures: Ttherm = 8.30 ±
0.03 °C, TA = 12.36 ± 0.15 °C, and TB = 19.33 ± 0.12 °C.

Time (min) Ttherm (°C) TA (°C) TB (°C)
0.00 22.8 22.8 22.7
19.97 20.47 22.7 22.6
28.58 18.36 22.1 22.6
37.37 16.48 21.6 22.5
44.64 15.29 21.1 22.5
53.75 14.10 20.5 22.4
62.17 13.22 19.8 22.3
69.85 12.65 19.3 22.2
77.84 12.92 18.8 22.1
83.70 12.21 18.3 22.1
95.90 11.57 17.7 21.9
111.25 10.78 16.7 21.5

Continued on next page
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Table A.2 – Continued from previous page
Time (min) Ttherm (°C) TA (°C) TB (°C)
127.48 10.09 16.0 21.1
147.50 9.33 15.1 20.9
179.32 8.74 14.1 20.4
220.90 8.28 13.3 19.9
320.60 8.01 12.1 19.2
559.27 8.13 12.3 19.3
840.96 8.31 12.0 19.2
985.50 8.26 12.1 19.2
1140.64 8.28 12.3 19.5
1440.71 8.34 12.2 19.1
1740.98 8.27 12.3 19.4
2040.56 8.29 12.4 19.4
2341.64 8.32 12.5 19.3
2648.10 8.25 12.5 19.2
2941.10 8.33 12.5 19.4
3240.64 8.34 12.4 19.5
3539.88 8.36 12.4 19.2
3842.19 9.03 12.6 19.5
4149.56 9.17 12.8 19.7
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Table A.3: Calculation of the laser scaling factor (LSF), which is the mean of the
ratios of power before and after the objective measured at 10mW increments of the
850 nm laser current. The laser has a threshold of 30mW, and at this alignment,
LSF = 43.7.

Current (mA) Power After Objective (mW) Power Before Objective (mW) Ratio (After/Before)
30 1.12 1.11 1.009
40 1.78 3.41 0.522
50 2.53 5.63 0.449
60 3.14 7.96 0.394
70 3.81 10.35 0.368
80 4.51 12.78 0.353
90 5.26 12.35 0.426
100 5.91 17.76 0.333
110 6.43 20.54 0.313
120 7.47 22.84 0.327
130 7.97 25.52 0.312

Average 0.437

A.8 Gaussian Fits for PID-Set Point of 11.5± 0.3 ◦C
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Figure A.1: Figure continued onto next page.
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Figure A.2: (A) APD voltage measuring transmission through the DNH aperture
with BSA trapped and corresponding PDFs at (A, B) 18 ± 1 °C, (C, D) 19 ± 1 °C,
(E, F) 21 ± 1 °C, (G, H) 22 ± 1 °C, (I, J) 23 ±1°C, (K, L) 25 ± 1°C. The N and F
levels are indicated by dashed horizontal lines taken from the mean of Gaussian fits.
The voltages were normalized to allow comparison at different temperatures by
dividing through by the voltage of the N-state level (0.2450, 0.3292, 0.6656, 0.8820,
0.9945, 1.2078 V for 18 ± 1, 19 ± 1, 21 ± 1, 22 ± 1, 23 ± 1 °C, and 25 ± 1 °C).
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