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Chapter 1

Introduction

Abstract

This work compiles both enzymatic and non-enzymatic strategies in the design of advanced
biosensing platforms. The enzymatic component of this work focuses on allantoinase, a key
enzyme involved in purine catabolism associated with oxidative stress. A comprehensive
bioinformatic and structural evaluation of allantoinases from multiple species was performed
to identify physicochemical determinants critical for enzyme immobilization. Parameters
including solubility, hydrophobicity, compactness, disorder propensity, thermostability, and
solvent accessibility were systematically analyzed to rank enzyme suitability for biosensing
applications. This establishes design criteria for enzyme-based sensing platforms with
improved stability and catalytic efficiency. The non-enzymatic component centers on the
rational functionalization of gold nanoparticles (AuNPs) as plasmonic transducers.
Comparative experimental studies were conducted using two bifunctional thiol linkers, DTSSP
and DSP, to investigate concentration-dependent sensing from its adsorption behavior,
colloidal stability, and localized surface plasmon resonance (LSPR) modulation. Distinct
differences in surface coverage, aggregation tendencies, and optical red-shift responses
between the two linkers were obtained. DTSSP exhibited pronounced concentration-dependent
aggregation and significant SPR red shifts, whereas DSP demonstrated comparatively minimal
spectral changes, highlighting the influence of linker chemistry on plasmonic signal
transduction. To complement experimental observations, all-atom molecular dynamics
simulations were performed to examine linker—AuNP interactions at the molecular level.
Computational modelling provided mechanistic insight into adsorption energetics, surface
coordination, and stability, enabling a correlation between atomistic behaviour and
macroscopic optical responses. Collectively, this work integrates enzymatic characterisation,
quantitative surface chemistry, adsorption thermodynamics, and molecular simulation into a
coherent strategy for biosensor development. This thesis advances the fundamental

understanding of enzymatic and non-enzymatic biosensing strategies.
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Chapter 1. Introduction

Introduction and Literature Review
1.1 Oxidative Stress and Allantoin as a Clinical Biomarker

Oxidative stress arises when the generation of reactive oxygen species (ROS) exceeds
the capacity of antioxidant defenses, leading to damage to lipids, proteins, and nucleic acids.
12 This imbalance is implicated in the onset and progression of a wide range of pathologies,
including metabolic disorders, cardiovascular disease, chronic kidney disease,
neurodegeneration, and inflammatory conditions.>* Because ROS themselves are short-lived
and highly reactive, their presence is typically inferred indirectly through chemically more
stable downstream products formed by the oxidative modification of endogenous metabolites.
6 The quantitative assessment of such products has therefore become central to redox
biology and clinical chemistry, both for mechanistic studies and for diagnostic or prognostic

applications.

Among the numerous oxidative stress biomarkers proposed like F2-isoprostanes,
protein carbonyls, 8-hydroxy-2'-deoxyguanosine, and thiobarbituric acid reactive substances
(TBARS), urine oxidation products occupy a special place because of their direct relationship
to cellular energy metabolism and purine catabolism.”® Uric acid, the end product of purine
metabolism in humans, is particularly susceptible to non-enzymatic oxidation by ROS,
generating several oxidation products, of which allantoin has emerged as a robust marker of
systemic oxidative damage. Unlike many lipid peroxidation markers, allantoin is chemically
stable, can be measured in minimally invasive matrices such as urine and serum, and its
formation in humans is almost exclusively non-enzymatic, thereby directly reflecting oxidative

processes rather than confounded enzymatic pathways.

1.1.1 Allantoin as a Non-Enzymatic Oxidation Product of Uric Acid

Several clinical and translational studies have demonstrated elevated allantoin levels
in conditions associated with heightened oxidative stress, including chronic renal failure,
metabolic syndrome, and inflammatory diseases.”!® Patients with chronic renal failure
showed significantly higher allantoin concentrations in both plasma and erythrocytes
compared to healthy controls, supporting its utility as a marker of oxidative damage in renal
dysfunction.!! In gout and hyperuricemic states, serum allantoin is increased and correlates
with disease severity, reflecting enhanced oxidation of uric acid during chronic inflammation
and crystal-induced oxidative bursts. Moreover, allantoin has been proposed as a sensitive

biomarker in exercise-induced oxidative stress and environmental exposure studies.!? These

17
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Chapter 1. Introduction
findings position allantoin as a promising, non-invasive oxidative stress biomarker linked to

metabolic perturbations, inflammation, and renal dysfunction.

1.1.2 Limitations of Current Allantoin Detection Methods

For routine clinical and point-of-care applications, however, sensitive, selective, and
rapid analytical methods are needed to quantify allantoin in complex biological matrices.'?
Conventional chromatographic techniques, although highly accurate, often require elaborate
sample preparation, expensive equipment, and trained personnel, limiting their use outside
specialized laboratories. This has motivated the development of enzymatic and biosensing
strategies that leverage the specificity of biocatalysts, for example, toward allantoin or its
metabolic context. In this regard, allantoinase, the hydrolase that converts allantoin to

allantoate in plants and lower organisms, has been exploited as a recognition element for

biosensors targeting allantoin in biological samples.'*

1.1.3 Enzymatic Recognition: Allantoinase as a Biocatalytic Element

Allantoinase catalyzes the ring-opening hydrolysis of allantoin, and when coupled with
appropriate secondary reactions or detection chemistries, it enables the transduction of
allantoin levels into measurable optical or electrochemical signals.'® Enzyme-based sensing
offers several advantages: high substrate specificity, potential for signal amplification through
catalytic turnover, and operation under physiologically relevant conditions. Yet, the practical
realization of allantoinase-based sensors requires a detailed understanding of enzymatic
parameters such as Michaelis—Menten kinetics, turnover numbers, pH and temperature optima,
and inhibition or activation by matrix components. Moreover, the immobilisation of
allantoinase onto suitable transducer surfaces must preserve its activity and stability while

6 These considerations motivate a systematic

supporting robust signal generation.!
investigation of allantoinase kinetics and immobilisation strategies as a foundation for
biosensor development targeting allantoin and, by extension, oxidative stress and associated

metabolic and renal disorders.

Despite substantial advances in redox biology, the routine clinical assessment of
oxidative stress still relies predominantly on chromatographic and mass spectrometric
techniques that are labour-intensive, instrument-dependent, and unsuitable for rapid or point-
of-care deployment. Although allantoin is a chemically stable and physiologically relevant
oxidation product of uric acid, it remains underutilised in clinical diagnostics due to the lack

of simple, selective, and miniaturizable detection platforms. Integrating enzymatic specificity

18
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Chapter 1. Introduction

with plasmonic transduction offers a promising strategy to overcome these limitations,
enabling rapid, sensitive, and potentially portable detection of oxidative stress biomarkers

through controlled nanobiointerfacial engineering.

1.2. Plasmonic Gold Nanoparticles in Biosensing

Gold nanoparticles (AuNP) are widely used nanocomponents in biosensors for the
detection of target analytes. The ease of surface functionalization, such as modification of
AuNP with thiol groups (Brust-Schiffrin method), ligands, antibodies, or DNA, allows tuning
of sensors to target very specific analytes.!” A key advantage of AuNPs is their high surface-
to-volume ratio, suitable for efficient binding to the target molecule and enhancing sensitivity
at low analyte concentration.'® Additional critical properties that render high suitability for

9 resistance against oxidation,® thereby

sensing applications include their inertness,
supporting long-term performance.?! The principle behind their use in sensing is based on
surface plasmon resonance (SPR), where the electrons in gold nanoparticles oscillate in
response to light.?? This property is also linked to the quantum size effect where changes in
the electronic and optical properties of AuNPs takes place when the size becomes comparable
to that of de Broglie wavelength of electrons.?* In principle, the continuous energy band level
of bulk gold particles becomes discrete when the particle size reduces to a few nanometers,
which is referred to as quantum confinement.?* The SPR phenomena can be observed through
UV-vis spectroscopy, the synthesis of citrate-stabilised AuNPs, and the principle of SPR
detection using the Kretschmann configuration are illustrated in Fig. 1.1.>° The approach
allows researchers to detect angle shifts in reflected light, which are caused by increased
perturbations at the metal-solution interface and by the mass increase on the AuNP surface.
Importantly, the SPR phenomenon occurs in continuous thin films, where the coupling of
light striking and the excitation causes a dip in reflected light intensity at a specific resonance
angle. Though the phenomenon can be effectively captured through a prism, the relative
change in wavelength can be detected using a straightforward optical setup, as reported by
several researchers. Localised SPR (LSPR) is a similar phenomenon that involves oscillation
of electrons, which occurs in metallic nanoparticles and results in strong absorption and
scattering of light at the resonance wavelength.?® The Kretschmann configuration is the most
widely used method for conventional SPR sensing, where biomolecular interactions are
monitored through shifts in the resonance angle.?® Alternatively, localised surface plasmon
resonance (LSPR) sensors based on metallic nanoparticles enable detection through shifts in
the plasmon resonance wavelength, allowing simpler optical instrumentation without the need

for prism-based angular interrogation.

19
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Chapter 1. Introduction

The peak position and intensity of LSPR bands are highly sensitive to size,?’ shape,?®
aggregation,”® and refractive index’® of the surrounding environment. Henceforth, the
quantum size effect is critical in controlling and tuning the properties of AuNPs, particularly

for application in optoelectronics and biosensing.

1.2.1 Role of Surface Chemistry in Optical Stability

Surface chemistry plays a decisive role in governing the optical stability of gold
nanoparticles (AuNPs).>! The density and organisation of surface-bound linkers directly
influence interparticle interactions and aggregation behaviour. At low surface coverage,
insufficient steric or electrostatic stabilisation can permit nanoparticles to approach closely,
promoting plasmonic coupling and red shifts in the localised surface plasmon resonance
(LSPR) band. Conversely, higher linker densities can enhance colloidal stability by introducing
steric barriers and/or electrostatic repulsion, thereby maintaining interparticle separation and
preserving a sharp, well-defined SPR peak. Interparticle plasmonic coupling is highly distance-
dependent, with nanometer-scale changes in spacing leading to significant spectral shifts and
band broadening. In addition, the surface charge imparted by functional ligands modulates zeta
potential and governs long-range electrostatic interactions in solution, further influencing
dispersion stability. Therefore, precise control over linker chemistry, surface coverage, and
charge distribution is essential for achieving reproducible optical responses and stable
plasmonic performance in AuNP-based biosensing platforms. Thus, surface functionalization

is the central determinant of plasmonic response.

Additionally, the quantum size effect is also responsible for generating fluorescence,
which is relatively weaker compared to traditional fluorophores.>> However, it is observed
only when AuNPs are small-sized.’® The strategy that has been implemented to harness the
fluorescence effect is via surface modification, where a tagged fluorescence can influence via
a phenomenon called fluorescence resonance energy transfer.’* The application has been

demonstrated not only for biosensing but also in the field of bioimaging.>”

In addition to the experimental proceedings, significant advancements in
computational resources have transformed the integration of molecular computation into
research. Understanding the structural arrangement and electronic and chemical properties of
AuNPs is crucial for complementing and interpreting the experimental observations.*® The
insights at the atomic and molecular levels are crucial for assigning the spectral changes such
as acquisition from UV-vis, FT-IR, and Raman. Density functional theory (DFT)*’ and

molecular dynamics (MD) simulations for modelling gold clusters and nanoparticles allow

20
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Chapter 1. Introduction

predicting their stability, binding modes, and charge transfer characteristics. Researchers have
also used such in silico results to uncover the mechanism governing the AuNP’s complex
behavior, as demonstrated through microscopy and catalytic assays. Further, these
simulations have accelerated the rational design and optimisation of AuNP’s property for

specific applications in sensing and biomedicine.

1.3 Applications of AuNP-Based Biosensing Platforms

This section reviews recent advances in the use of surface-functionalized gold
nanoparticles (AuNPs) for the detection of biologically and clinically relevant analytes.
Particular emphasis is placed on how nanoparticle size, shape, surface chemistry, and
interfacial architecture influence sensitivity, selectivity, and signal amplification in optical and
electrochemical sensing platforms. The discussion also addresses surface-induced processes at
the nano-bio interface, including protein adsorption, enzyme immobilisation, antibody
orientation, and conformational modulation, as characterised through spectroscopic and
microscopic techniques. Finally, computational approaches such as molecular dynamics
simulations and quantum chemical calculations are introduced as complementary tools for
interpreting experimental observations and guiding the rational design of high-performance

plasmonic biosensors.
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Figure 1.1: Schematic representation of citrate-mediated synthesis of AuNPs and Kretschmann SPR
configuration

1.3.1 Gold nanoparticle for the sensing of small molecules and metabolites

AuNPs have emerged as a versatile nanomaterial for engineering with biorecognition
elements in sensors owing to their electrical, optical, and surface properties. In particular, the
strong surface plasmon resonance, high surface-to-volume ratio, and ease of surface
functionalization make them excellent candidates for developing sensitive and selective

detection platforms. These processes include surface engineering with functional ligands,
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Chapter 1. Introduction
biomolecules, and nanocomposites, which effectively recognise the relative physical changes

in colourimetric, plasmonic, and spectroscopic signals upon recognition of analytes.
Several studies have explored these strategies for varieties of targets metabolites relevant for
diseases such as neurotransmitters, hormones, and small molecules, which demonstrate the

adaptability of AuNP across biomedical applications.
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Figure 1.2: L-cysteine modified AuNPs showing LSPR redshift for cypermethrin sensing

Rujiralai et al. demonstrated the use of L-cysteine functionalized AuNP for detecting
cypermethrin — an insecticide which is a water pollutant and hazardous to health.*® Their
work highlights the advantage of conventional surface functionalization, in which AuNPs
were synthesized using the Turkevich method (Fig. 1.2). The functionalization of AuNPs was
achieved using L-Cys, in which the reaction mixture was stirred at room temperature. The
authors reported the colloidal solution attained uniform dispersion, attributed to the
electrostatic repulsion of AuNP@L-Cys carboxy terminals and with the observed particle size
of 14 nm. The analyte cypermethrin was hydrolysed with alkali KOH solution and then
vortexed with AuNP@L-Cys for the sensing reaction. The resulting redshift of the plasmonic
peak from 525 nm to 634 nm, confirmed the presence of analyte with the limit of detection of
0.2 mg L. In another work, Onifade et al.>* have proposed an SPR sensor probe that
integrates AuNP with graphene quantum dots (GQDs) for the detection of uric acid. The
authors used self-assembled monolayers of (3-aminopropyl) triethoxysilane (APTES), which
is a silane coupling agent and binds covalently with the glass substrate, providing attachment
of AuNP-GQD stacking (Fig. 1.3). The Au films attained a thickness of 50 nm, confirmed
through microscopy, and were deposited using a sputter coater. In this reaction scheme, the
carboxyl groups of GQD act as binding sites for the amino group of uric acid. The binding
kinetics were evaluated using the Langmuir adsorption isotherm model. The Kretschmann-
configured plasmonic platform shows a lower limit of detection of 0.2 mg. L, with

noticeable reproducibility and repeatability.
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Figure 1.3: APTES-Au-GQD SPR platform for uric acid binding.*

Wang et al. reported the use of functionalized gold nanoparticles for the detection of
serotonin in which the sensing mechanism was both colorimetry and SERS dual-mode.*° The
synthesized AuNP particle of 26 nm size was used for preparing two functionalized forms with
dithiobis succinimidyl propionate (DSP-AuNP) and N-acetyl-L-cysteine (NALC-AuNP) The
functionalization mechanism was mediated through their sulthydryl groups. Both forms aid in
double reaction, that is, the amino group of 5-HT with DSP via hydrogen bond and electrostatic
interactions. Interestingly, the surface plasmon absorption peak of both functionalized forms
was not significantly different, indicating the surface modification does not affect the SPR
effect of AuNPs. The detection of 5-HT was confirmed with the redshift peak from 535 nm to
730 nm. This dual-mode system is advantageous, as it avoids interference with other
biomolecules due to specific interaction and further results in high selectivity. The detection
limit based on this liquid sensor was 0.15 nmol L', and showed high accuracy with human
serum for 5-HT detection. The sensing mechanism of DSP/NALC-functionalized AuNPs for

serotonin detection is illustrated in Figure 1.4.
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Figure 1.4: DSP/NALC-functionalized AuNPs enabling dual colorimetric—-SERS detection of

serotonin.*

In another work, Kim et. al have used AuNP for signal enhancement in competitive
lateral flow immunoassay (LFI) for detection of cortisol.*! Though it is a well-known

approach which combines gold ions and reducing agents like hydroxylamine, hydroquinone,
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and tartaric acid to form a layer around AuNP, resulting in upto 100-fold increase in the

colorimetric signal (Fig. 1.5). The challenge being the reactiveness of the reducing agents,
which have potential to bring non-specific signals. In their work, the authors have
incorporated an internalized auto-enhancement complex, which is a gold ion pad, containing:
(1) dried gold enhancement reagent on a cotton pad and (ii) buffer pad with hydrophobic
material. This complex delays the rate of gold ion dissolution and separates the flow of AuNP
conjugated anti-cortisol antibody. The AuNP of ca. 15 nm diameter was used for conjugation
with the antibodies. Later, with the AuNP conjugates, the dried gold enhancement reagent
flows through the strip, resulting in signal. The detection range of this method was effective
with the reported LFI method, as the limit of detection is 3.8 pg mL™! to 10 ng mL™!, even with
10,000-fold fewer AuNP conjugates compared to competitive FLI.
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Figure 1.5. Auto-enhanced AuNP signal amplification in competitive LFI for cortisol %

1.3.2 AuNP conjugation with DNA probes for detection

The biomolecule DNA can either tether or wrap around AuNPs, offering high affinity for
attachment of AuNPs.** This interfacial process enhances the colloidal stability and surface
charge, while modulating the localized microenvironment which in turn moderates the signal
readout. Engineering schemes have been developed to optimize the mechanism of DNA
attachment to AuNPs and maintain their sensing performance in complex samples.** The
conjugation method is widely achieved through a thiol-modified surface. However, other
methods such as freeze thaws, chemical binders, and microwave assisted dry heating are also
suitable for this purpose. It enables sensing with high specificity and selectivity for
complementary DNA sequences, proteins, and specific biomolecules. Thus, it transforms
them into a powerful tool for minimizing non-specific adsorption and translates the binding
event into detectable optical or fluorescence changes even at ultra-low concentration of

analytes.
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Figure 1.6: ssDNA- and dsDNA-coated AuNPs interacting with proteins to activate DCF
fluorescence.**

Qin et al. have investigated the use of DNA strands for surface decoration of AuNPs
with the objective of investigating the probe performance for detection of small molecules.**
This strategy is relevant when the AuNPs are used for detection of metabolites in biological
fluid, where non-specific interaction with biological macromolecules tends to form protein
corona and reduces the overall detection efficiency. In their work, they used AuNPs having
diameter of ca. 13 nm to conjugate with single-stranded (ss) DNA through denaturation and
incubation (Fig. 1.6). Additionally, they also processed sulfhydryl-modified ss and double-
stranded (ds) DNA with freeze-directed method to combined with incubation strategies to
couple them with AuNPs. This approach results in a less negative zeta potential and a
decrease in contact angle, indicating a reduction in electrostatic repulsion and a change in
overall hydrophobicity. These probes are then linked with dichlorofluorescence (DCF)
molecule and tested for detection of ambroxol hydrocholoride (AMB). The adsorption of
DCF was more in dsDNA compared to ssDNA and led to quenching of fluorescence
intensity. Interestingly, in the sample, AMB adsorbs competitively onto the surface of AuNP,
thereby replacing DCF, resulting in increased fluorescence intensity and confirming the
detection. The limit of detection (LoD) with DNA-AuNP-DCF in commercial milk samples
was 14.23 nM, which was 2-fold compared to 35.82 nM with AuNP-DCF probes. Overall,
this strategy is useful for reducing the impact of interfering molecules in AuNP probes-

based detection.
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Figure 1.7: ssSRNA—-AuNP systems where target-induced RNA cleavage causes aggregation detected
via RGB analysis.*

Another advancement in AuNP-based nucleic acid biosensor has been reported by
Alarcén et al., which they refer to as the CRISPR-associated plasmonic colorimeter method.*’
In this approach, they combine AuNP aggregates with CRISPR RNA target recognition,
specifically LwaCas13a, to facilitate colorimetric readout (Fig. 1.7). The typical size of AuNP
used was 12 nm, functionalized with ssSRNA. The hybrid composite remains in the colloidal
dispersion state until a specific RNA target was present in the analyte sample. Once the
ribonucleoprotein recognizes the target RNA, its nuclease activity is activated, leading to the
cleavage of the ssSRNA attached to the AuNP. This reaction triggers the aggregation of AuNP,
which promotes plasmonic change, responsive for detection. The method shows LoD of 1 fM

for RNA detection in biological samples as a specific application in diagnostics.
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Figure 1.8: SPR shifts of AuNPs synthesized with different reducing agents along with stability
changes of citrate—AuNPs over time.*

Ding et al. have investigated how surface chemistry and storage conditions affect
DNA adsorption, stability, and sensing performance.*® They employed Turkevich method to

synthesize AuNPs using four different reducing agents, viz. citrate, glucose, ascorbate, and a
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zwitterionic organic chemical buffering agent - HEPES. Notably, citrate and glucose-reduced

AuNPs exhibited the highest level of DNA adsorption (Fig. 1.8). Among these, citrate-reduced
AuNPs exhibited the most pronounced colorimetric response with an LSPR shift of 13 nm. On
the contrary, HEPES-reduced AuNPs resulted in a broader particle size distribution, ranging
from 6.5 nm to 43 nm, while ascorbate-reduced AuNPs have an average size of 41 nm. The
colorimetric change observed in HEPES—reduced AuNPs was more substantial than other
reducing agents used in this study. Each of the AuNPs exhibited stronger SPR peaks, measuring
at 520 nm, 526 nm, 530 nm were for citrate-, ascorbate-, and HEPES-AuNPs, respectively. The
authors also optimize the NaCl concentration to evaluate colloidal stability, identifying 32 mN
NaCl as the critical transition point. The findings of this work also indicate that the choice of
surface ligand is crucial for modulating sensor performance. In principle, only intermediary
binding affinity of surface ligands offer critical optical signaling. In this context, only citrate
provides an intermediate affinity, which is optimal under the tested conditions. However, a
critical finding of this work also suggests that the storage of citrate leads to a loss, both for

colloidal stability and DNA adsorption capacity.

1.3.3 Integration of AuNPs with wearable sensors

Wearable and flexible sensors with integrated AuNP can be considered as another step
closure to the laboratory measurement and its translational application for real-time monitoring
of analytes. With the combination of optical and electrical properties of AuNPs, researchers
have integrated them with elastomeric substrate, hydrogels, and microfluidics that can be
conforming with dynamic physiological or environmental system while maintain a stable
signal readout. Such platforms are reported to enable on-skin biochemical analysis, motion
tracking, and strain analysis. Thus, these examples suggest that AuNP can be considered a soft

sensor component for personalized and precision applications.

A wearable SERS-based sensor developed by Ye et al. was reported to transform sweat
detection, featuring a microfluidic channel.*’ In this design, the channels were modified using
a PDMS and AuNPs superlattice film. The reducing agent used to synthesize AuNPs is a
mixture of oleylamine and n-hexane. The resulting high quality AuNPs is a large continuous
superlattice film with monodispersed and uniformly sized AuNP of 6.3 nm. For testing the
sensing performance, the system was attached to skin using medical adhesive tape. A hydrogel
modified with cobalt (II) chloride was used to measure sweat along with pH values and SERS
signals. The LoD pertains to be 5 mM, indicating the robustness of the design for real-time

diagnostics of hydration and lactate levels.

In another study by Huang et al., a flexible stain sensor was developed using AuNPs
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with a size of 25 nm.*® These nanoparticles were linked through tetra (ethylene glycol) dithiol

(SH — TEG- SH) linkers, which facilitate the formation of covalent bonds. The role of AuNPs

is to act as a conducting material within the hybrid strain sensor. The AuNPs were
synthesized by seeded growth method (Fig. 1.1), allowing precise tuning of its conductive

property and adaptability with the substrate, as an application in flexible electronics.

In the same line, Ramesh et. al, have developed AuNP-based humidity sensors that are
integral to smart irrigation schemes.*” The designed system enhances agriculture through
automation of water scheduling and minimizing water wastage. The authors have used the
classical Turkevich method to synthesize AuNPs ranging from 10 — 15 nm. These nanoparticles
were deposited on Kapton (polymide film) substrate, integrated with silver electrodes to create
the sensor. The sensor is multipurposed in nature, which functions for humidity detection and
detects breathing patterns when attached to a 3D printed mask to distinguish between normal,
deep, and fast breathing patterns. Furthermore, the sensor can also detect moisture from fingers,

which offers a prospect of extending its application in diagnostics.

1.3.4 Detection of pathogen using AuNPs-based probe design

AuNP-based colorimetric assays also offer suitable platform design for translating the
pathogen binding events into optical signals for sensing. Using unique approaches to decorating
AuNPs with biological recognition elements such as antibodies, bacteriophages, and small-
molecule ligands, the nanoscale interaction can be translated into notable shifts in plasmonic
peak position. This enables the researchers to track the presence of target microbes based on
visual color change. Interestingly, the nanomaterial design helps track the subtle changes in
particle spacing, surface chemistry, and aggregation pattern for tracking the concentration of
pathogen and generating distinct optical responses. Thus, these platforms offer rapid and

crucial point-of-care technology useful for infection diagnostics.

In a study by Oh et al, the researchers successfully utilized AuNP to detect SARS-
CoV-2 nucleocapsid proteins.’® The approach involves combining streptavidin-coated AuNP
cores with the biotin-antibody-coated AuNP satellites. The binding of these particles maintains
a critical size separation of approximately 15 nm, which is estimated for the combined size of
antibody and streptavidin. The engineered nanoparticle effectively prevents strong plasmon
coupling and enhances detection sensitivity. In the synthesis procedure, the authors have
employed melamine to induce a gap size of <2 nm. The AuNP cores, which displayed a surface
plasmon resonance peak in the range of 529 nm for bare particles (size 40 nm), while for the
final clusters (particle size in cluster was either 40—40 nm or 40—15 nm), the peak shifted to

532 nm. Both sized AuNPs have been used for preparing streptavidin-loaded AuNPs and a
28
TH-4104_ 226159101



Chapter 1. Introduction
bioinylated AuNPs. After adding antibodies, the colorimetric shift was observed from red to

pale purple. The resulting LoD was 0.038 ng mL™' and a detection range spanning from 300
pg mL™! to 1,000 ng mL™!, which were comparable to the commercially available COVID-19
test kits.

In another study by Olszewska et al, bacteriophages - viruses that infect bacteria, were
employed to develop a method for pathogen detection.’’ The target microbes include
Pseudomonas aeruginosa, Vibrio cholerae, or E. coli. Herein, the bacteriophages were
modified with thiol groups, which enables them to aggregate the AuNPs upon interaction with
samples containing the target bacteria. The reaction results in a notable colorimetric change
from red to purple colour, which is indicative of the detection sensitivity. The AuNPs are
synthesized using the seed-mediated method, yielding four distinct sizes 7 nm, 20 nm, 50 nm
and 85 nm. The LoD of this system ranges from 100 to 102 CFU, indicating high efficacy and
precision. Alongside the colorimetric shift, a significant redshift was also recorded in SPR

peaks, which establishes a new benchmark for pathogen detection.

Similarly, Sekar et al, have modified the AuNPs with glucose, which act as a targeting
molecule for detection of bacteria.’? The approach demonstrated that the interaction between
glucose functionalized AuNPs and bacteria leads to either aggregation or repulsion, resulting
in significant shift in the SPR peaks. A redshift in this context is indicative of aggregation,
while a blue shift signifies repulsion. Since the glucose molecules have hydroxyl groups, it
tends to bind with the cis-diols of the peptidoglycan present in the bacterial cell walls,
facilitating targeted detection. For AuNPs synthesis, a green method was used, using the plant
extracts from Physalis minima. The SPR for these nanoparticles was initially measured at 546
nm, with an average particle size of 36 nm. Following the functionalization with glucose, the
SPR shifted to 552 nm. Notably, as the concentration of E. coli increased, a significant blue
shifted SPR peak at 539 nm was observed along with notable color change from light brown

to bluish pink, indicating the capability of bacterial detection.

Sahar et al, have also reported a sensor fabricated for detection of Streptococcus
pyogenes M1 serotype (M1-GAS), which is a causative organism for pharyngitis (sore
throat).>® The effectiveness of this sensor is attributed to the use of AuNPs that were modified
with the H-1 antigen, a bacterial surface protein which binds with sugar moiety and lectin. The
LoD of the sensor was achieved at 1.5 x 102 CFU.mL"!, with a detection time of 20 minutes.
The AuNPs are synthesized using the traditional Turkevich method, exhibiting standard SPR of
520 nm., aligning well with average particle size of 20 nm. The study observed redshifts

ranging from 14 to 56 nm for the M1-GAS concentrations range of 1x10° to 10° CFU.mL™.
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Such engineered technology can thus be useful as a point-of-care diagnostic. An account of

various AuNP particle sizes along with biorecognition, nanocomposites employed and

corresponding LoD for sensing studies are in Table 1. However, despite extensive work on

AuNP biosensors, systematic understanding of linker-controlled surface chemistry remains

limited.

Table 1: Account of AuNP-based sensors with corresponding biorecognition elements,

nanocomposites, and Limit of Detection (LoD).

AuNP size Analyte Biorecognition/ LoD Reference
Nanocomposite
14 nm Cypermethrin L-Cysteine functionalized 0.2 mg B
(insecticide) AuNP L-1
~50 nm (Au film) Uric acid AuNP + Graphene 0.2 mg/dL v
quantum dots (GQD)
13 nm Ambroxol DNA-AuNP 14.23 nM "
hydrochloride (ssDNA/dsDNA) (in milk)
(AMB)
12 nm RNA target AuNP + CRISPR 1 ™M i
(LwaCas13a + ssRNA)
6.3 nm Sweat metabolites AuNP superlattice film + 5mM 7
PDMS + hydrogel
25 nm Strain (mechanical ~ AuNP connected with TEG ~ GF=126 *
stress) dithiol linkers
16 nm, 25 nm, 40 Histamine AuNP + cation-selective 0.72 yM *
nm polymer

15-20 nm Norovirus AuNP+ SMV25 aptamer 9.65
ng/puL

15 nm SARS-CoV-2 Strp-AuNP+Ab-satelite  0.038 ng !
mlL—1

7, 20, 50, 85 nm Bacteria Phage-induced AuNP 100 — 102 "’
aggregation CFU

1.4 Fundamental mechanism of amino-acid attachment to AuNPs

Within the context of modern diagnostics and sensor application, protein-coated

TH-4104_226159101

30



Chapter 1. Introduction
AuNPs are at the core. However, these engineering solutions are critically dependent on the

basic science through which the proteins are anchored to the metal surface. This reflects a
balance between electrostatic interaction, hydrophobic forces, coordination bond, and covalent
bonding that locks the key residues with AuNPs while preserving their biochemical activity
(Fig. 1.9).>7 The subtle variation in amino acid composition, protein orientation, and local
surface chemistry of biomacromolecules are key for stable and nearly covalent attachment *2,
This, however, is more crucial for achieving colloidal stability, controlling aggregation,

signal reliability, and stability of the nano-bio interfacial processes.

Cysteine is considered as the most effective amino acid for protein attachment to
AuNPs through the formation of a covalent Au-S bond. This thiol group attachment undergoes
a three-step attachment process, which begins with physisorption, followed by chemisorption
involving electron transfer and concludes with formation of a stable Au-thiolate covalent
bond.>® Interestingly, it has been established that the binding energy of for Cys-Au
interactions is 1.5-2 times greater than that of other covalent interactions. A remarkable
property of Cys is its ability to form a hard corona, which makes the amino acid a critical
component for bioconjugates. In this context, Cys plays critical role in irreversible
adsorption, as reported through its interaction with IgG antibodies.”® It demonstrates the
highest affinity for citrate-AuNPs, among all 20 natural acids, as reflected through the Gibbs
free energy value of 5.69. This affinity is attributed to the strong Au-S bond, which has a
binding energy 3.5 times greater than Lys or His amino acids.®® Furthermore, the strength of
Au-thiol interaction has been established in the range of 40—50 kcal mol ™', comparable to that

of covalent bonds.>®

Tryptophan with its indole ring structure, has potential to adsorb onto gold surface in a
stacking orientation.®! This interaction mode utilizes the delocalized = electrons clouds, while
the -COOH and -NH: groups provide additional binding affinity through salt bridges with Au.
Furthermore, Ozaki have established that the reducing ability of protein during AuNP
synthesis is proportional to the number of Trp residues, as it enhances the predominance of

nucleation reactions, resulting in increased yield.®?

Tyrosine has exceptional ability to facilitate molecular assembly through both non-
covalent interactions and covalent crosslinking. As emphasized by Kima and Min, Tyr plays
critical role in reduction of Au* and subsequent initiation of nanoparticle formation.®* As per
the suggested mechanism, Tyr transfers an electron to Au** or AuCls and reduce them to
neutral atom (Au®). These atoms further nucleate and form AuNPs. The process is referred as

green synthesis, as it uses biocompatible amino acid, in which the phenolic hydroxyl group
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chelates Au*" ions and help reduce them to Au° thus serving dual role in chemical

transformation and nucleation. Additionally, Tyr also serves as a protective corona layer in

which the -COOH and -NH: groups provides steric and electrostatic stabilization.®*
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Figure 1.9: Schematic showing the major interaction modes between amino-acid residues and
AuNPs: Au-S, Au—COO~, Au—NH:, n—Au, and Au—N coordination

Glycine exists as a zwitterion in aqueous environment which can readily adsorbed onto
AuNP through electrostatic and coordination interaction. It has been reported that the neutral
glycine has potential to bind Au3 the amine groups,% however, the size of gold cluster has
negligible impact on the interaction vibrational peaks.®® However, Vesga et al. have reported
that glycine promotes aggregation which can increase the strength of surface-enhanced Raman

signal.®’

Likewise, Aspartate and glutamate interact with the gold surface through their -COOH
groups, yet it shows minimal binding. These amino acids with negative charges exhibit a near
flat pattern in UV-vis spectra indicating weak binding and surface interaction compared to
aromatic and positively charged amino acids.®® Based on the study by Buglak and Kononov,
it was concluded that Binding of gold ions with negatively charged amino acids (aspartate and

glutamate) is significantly weaker than with cysteine, tyrosine, and histidine.®

1.4.1 Amino-acid contributions to protein orientation on AuNPs

Antibody-Au interactions are fundamentally driven by the ionizable amino acid
residue present on the protein surface.”’ These residues become protonated below pH 7.5,
while the citrate-capped AuNPs have a negative charge, which in the presence of clusters of
basic amino acid like Lys/His residue generate electrostatic attraction. This leads to

aggregation of AuNPs and a change in LSPR. Further, the self-assembly process helps in the
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formation of protein-gold nanoclusters. Notably, at low pH, the high concentration of protonate

Lys and His, generates a positive charge to neutralise the deprotonated citrate groups. As a
result, it eliminates the electrostatic repulsion, stabilizes the colloidal suspension, and

predominates the vdW forces to cause aggregation.>’

In the work of Xu et al, the focus was on critical process of direct adsorption and role of
each amino acid in maintaining orientation during the binding of protein on AuNPs.*° They
elucidated that aliphatic amino acids like Gly and Ala have effective binding efficiency due
to reduced steric hindrance compared to the amino acids with bulkier side chains. This

enhances their ability to maximize contact with the nanoparticle surface.

Li et. al, prepared certain class of AuNP-based artificial antibodies (Goldbody), by
engineering peptide (Pepl), derived from an antibody CDR.”! This peptide includes Cys
residues at both ends, allowing for dual Au—S bonding to anchor with nanoparticle surface
while restoring its native conformation. This thiol-specific conjugation preserves the active
state of the protein. Their work highlights that peptides or polyethylene glycol (PEG) chains
which lack cysteine lacks specificity, highlighting that Cys is the critical for achieving stable
orientation in functional bioconjugates. As Raman spectroscopy is a versatile tool for probing
disulfide bonds (S-S), notable orientation of Cys interactions on AuNP surface impact the
overall dynamics and results in variation in wavenumbers for characterization. Often these
interactions exhibit bidentate anchoring, which often induces a strained conformation to the S-
S linkage.” This information is crucial especially when studying the interaction mechanism

of AuNPs with proteins via Cys-based linkage.

1.5 Thiol-Based Linker Chemistry at the AuNP Interface

As discussed previously, thiol-Au linkers are widely used for biomolecule
immobilization due to the strong affinity of the —SH group for gold surfaces. When cysteine
residues are positioned away from the active site, this mode of attachment can preserve protein
orientation and catalytic activity. Extending this concept, bifunctional thiol-containing
crosslinkers such as dithiobis(succinimidyl propionate) (DSP) and its sulfonated analogue 3,3'-
dithiobis(sulfosuccinimidyl propionate) (DTSSP) are commonly employed to couple gold
anchoring  with  selective  amine-reactive  chemistry for controlled surface

functionalization.”?7#

1.5.1 Oriented protein conjugation via site specific linkers

Bare AuNPs attach onto proteins indiscriminately, which creates non-specific
attachments. This effect arises due to the multivalent nature, from electrostatic to covalent thiol
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bonding. Such functionalization is a challenge for achieving precise sensing because the
AuNPs can bury the active sites or destabilize the overall conjugated system. The smart
approach of surface engineering overcomes this challenge by introducing targeted linkers, such
as thiol-PEG, I-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) coupling chemistry, or acrylate modifications. These linkers
selectively target the protein via Cys, Lys, or His residues while spacing themselves
appropriately to retain the functional site available.”>’® Henceforth, these approaches lock the
oriented binding without affecting the activity and result in reproducible bioconjugates for

diagnostic applications.

Thiol-Au linkers is one of the most common linker approaches, in which the -SH group
attaches strongly through the cysteine residues of the protein.”’ In some cases, where the
position of Cys residue is far from the active site, the orientation is generally preserved. This
allows the bioconjugate to maintain strong activity. This has been highlighted in the work by
Gao et al., as the bioconjugate’s activity was found significantly decreased, when the Cys
residue is situated near the active site.”® Furthermore, in another work by Okyem et al, the
anti-horseradish peroxidase IgG antibody was modified with N-succinimidyl acrylate to
modify the lysine residues.” The work also demonstrated that as pH decreases the positive
charge increases, resulting in change in protonation state of the imidazole on His residue.
This modulation fine tunes the protein charge within the range of pH 6.0 — 8.0, Lys
residue remains protonated. Likewise, EDC/NHS linker is another common linking strategy
used in context with AuNP-functionalized probes. EDC activates the carboxyl group on
AuNPs with NHS stabilizing this activation and facilitating the coupling reaction with Lys.
Moreover, the PEG linkers, possessing a thiol end that bond to the AuNP surface,
demonstrates dual-action capability. It allows to bind with His, Cys, and other residues.”
Similarly, Malemide-SH linkers react only with Cys (-SH) group, thereby providing a
targeted approach.®

Localized surface plasmon resonance (LSPR) is a collective oscillation of conduction
band electrons in metallic nanoparticles driven by incident electromagnetic radiation. When
the frequency of the incoming light matches the natural frequency of these electron oscillations,
strong resonant absorption and scattering occur, manifesting as intense and size-, shape-, and
environment-dependent optical bands.’""%? Gold nanoparticles (AuNPs) have become
prototypical LSPR platforms due to their biocompatibility, chemical stability, and
straightforward synthesis with well-controlled sizes and shapes. The LSPR band of spherical

AuNPs in the visible region is highly sensitive to changes in the local refractive index,
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interparticle spacing, and surface chemistry, making them excellent transducers for

biosensing. 81:83:84

In colorimetric biosensing formats, the aggregation of AuNPs, or changes in their local
dielectric environment upon analyte binding, leads to distinct spectral shifts and visible color
changes that can be detected by simple spectrophotometry or even by the naked eye. This
label-free optical response has been widely harnessed for the detection of proteins, nucleic
acids, small molecules, and ions. The ability to integrate AuNPs into surface plasmon
resonance (SPR) configurations further enhances sensitivity, where AuNPs act as amplifying
elements on planar plasmonic substrates.® For oxidative stress biomarker detection,
including allantoin, AuNP-based platforms offer the possibility of coupling enzymatic
reactions or affinity binding events to plasmonic readouts, enabling rapid, miniaturizable, and

potentially point-of-care assays.*¢%’

Fundamental to the performance of AuNP biosensors is the surface functionalization
strategy used to immobilize recognition elements such as enzymes, antibodies, or synthetic
receptors. The Au—S bond between gold and thiolated ligands provides a versatile and robust
anchor for constructing self-assembled monolayers (SAMs) and crosslinked architectures on
nanoparticle surfaces. The choice of linker molecules, their functional groups, spacer length,
and hydrophilicity directly affect colloidal stability, surface coverage, and analyte accessibility.
Mixed self-assembled monolayers and bifunctional linkers have been extensively explored to
optimize orientation, density, and bioactivity of immobilized biomolecules. In addition,
adsorption of proteins and polymers onto AuNPs frequently follows characteristic isotherms
whose parameters reflect the affinity, capacity, and cooperativity of binding, thereby

influencing sensor response, dynamic range, and reproducibility.

For enzymatic sensing of allantoin using allantoinase, AuNPs can serve as either
dispersed colorimetric reporters or as nanostructured interfaces in SPR setups, providing
enhanced optical sensitivity compared to flat metal films alone. To exploit these advantages, it
is crucial to engineer the AuNP surface such that the enzyme is stably attached, correctly
oriented, and retains its catalytic properties, while the underlying plasmonic response remains
tunable and reproducible. These requirements, in turn, place stringent demands on the linker
chemistry and on a quantitative understanding of linker adsorption and organization on the

AuNP surface.
Dithiobis(succinimidyl  propionate) (DSP) and its sulfonated analogue
3,3'-dithiobis(sulfosuccinimidyl propionate) (DTSSP) are homobifunctional, thiol-containing
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crosslinkers widely used in bioconjugation and surface immobilization. Both molecules

comprise an internal disulfide spacer flanked by N-hydroxysuccinimide (NHS or sulfo-NHS)
ester groups at each terminus. The disulfide moiety, reduced or chemisorbed, provides a strong
anchoring point to gold via Au—S bonds, while the NHS esters react selectively with primary
amines on proteins and other biomolecules at near-neutral pH to form stable amide linkages.
In the context of AuNP functionalization, DSP is soluble in organic solvents such as dimethyl
sulfoxide (DMSO) and is often used to introduce amine-reactive groups on gold electrodes and
nanoparticle surfaces, whereas DTSSP, bearing sulfonate substituents, is water-soluble and

membrane-impermeable, enabling aqueous-phase and extracellular crosslinking. 38

The structural differences between DSP and DTSSP give rise to distinct solubility,
adsorption, and aggregation behaviors when used to modify AuNPs. DSP’s hydrophobic
character and limited aqueous solubility typically require organic cosolvents, which can
influence nanoparticle stability and protein conformation during functionalization. DTSSP, by
contrast, is intrinsically hydrophilic due to its sulfonate groups, favoring electrostatic repulsion
between modified particles and thereby potentially improving colloidal stability in
physiological buffers.”®®! At the same time, the presence of charged groups may alter the
packing density and orientation of the linker on the gold surface, as well as the
accessibility and reactivity of the NHS esters toward amine-containing ligands. These
differences can manifest in the extent of AuNP aggregation, surface charge (zeta potential),
and changes in LSPR band position and width, all of which are critical for reproducible

plasmonic sensing.

Thiol-gold chemistry is central to the formation of ordered linker layers and their
subsequent interaction with biomolecules. The chemisorption of thiolated linkers on gold
involves the formation of strong Au—S bonds and, depending on the linker structure and surface
conditions, can lead to densely packed monolayers or more heterogeneous, patchy
arrangements.”>” The balance between Au-S binding, ligand-ligand interactions, and
solvation effects governs surface coverage, orientation, and mobility. Experimental studies,
often interpreted using adsorption isotherm models, provide macroscopic parameters such as
maximum surface coverage and binding constants that reflect underlying molecular-scale
processes. For AuNPs, where curvature and finite size further complicate packing, adsorption
isotherms become a powerful tool to quantify the interaction of DTSSP and DSP with the

nanoparticle surface and to relate surface coverage to optical response and colloidal stability.

In addition to their anchoring function, the NHS (or sulfo-NHS) ester termini of DSP

and DTSSP provide reactive handles for covalent attachment of proteins such as allantoinase,
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as well as stabilizing polymers or blocking agents. The reactivity and hydrolytic stability of

these esters determine the efficiency of bioconjugation and the resultant density of active
enzyme on the AuNP surface. Differences in linker hydrophilicity, steric hindrance, and surface
packing can thus influence not only the initial adsorption and aggregation behavior of the
AuNPs but also the distribution, orientation, and activity of immobilised biomolecules. Despite
widespread practical use of DSP and DTSSP in biosensor construction, systematic comparative
studies that correlate their adsorption thermodynamics, surface organization, and plasmonic

behavior with biosensing performance remain limited.

1.5.2 Relevance of Adsorption Isotherms in Linker—AuNP Interactions

The adsorption of linkers, proteins, and other ligands onto AuNP surfaces is frequently
analyzed using isotherm models such as Langmuir, Hill-modified Langmuir, Freundlich, or
Temkin isotherms. These models provide quantitative descriptors of surface binding, including
the maximum surface coverage, affinity constants, and potential cooperativity among adsorbed
species. For example, Ruiz et al. systematically investigated the adsorption of antibodies onto
citrate-stabilized AuNPs across different pH conditions using nanoparticle tracking analysis
and fitted the data to a Hill-modified Langmuir equation to extract binding constants and layer
thickness.”* Such analyses reveal how environmental factors and surface charge influence
monolayer formation and the functional orientation of biomolecules, directly impacting

biosensor sensitivity and specificity.

In the context of DSP and DTSSP modification, adsorption isotherms can be used to
compare the binding energetics and saturation coverage of the two linkers on AuNP surfaces.
Deviations from ideal Langmuir behavior may indicate heterogeneous binding sites, multilayer
formation, or linker—linker interactions that promote aggregation or clustering. Moreover,
correlating isotherm parameters with LSPR shifts and colloidal stability provides insight into
how molecular-scale adsorption translates into macroscopic optical behavior. This is
particularly relevant for colorimetric sensing, where controlled aggregation or subtle
interparticle distance changes underpin signal generation. A rigorous isotherm-based
characterization of DTSSP and DSP adsorption thus offers a quantitative framework for

rationally selecting and optimizing linker chemistry in plasmonic biosensors.

To evaluate linker adsorption over a broad concentration range, gold nanoparticles
were incubated with varying concentrations of DSP and DTSSP. A calibration curve was used
to quantify the amount of unbound linker, allowing calculation of the number of linker

molecules adsorbed per nanoparticle at equilibrium. From these values, adsorption capacity
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and apparent binding constants were determined.

1.6 Need for Computational Modeling

While experimental techniques such as UV—vis spectroscopy, dynamic light scattering,
zeta potential analysis, and electron microscopy offer valuable information on AuNP
functionalization and aggregation, they provide limited direct insight into the molecular-level
organization, dynamics, and energetics of linkers and biomolecules at the metal interface.
Many key questions such as how DTSSP and DSP arrange themselves on curved AuNP
surfaces, how mobile they remain once adsorbed, how solvation and counterions influence their
conformations, and how these factors collectively affect colloidal stability and protein binding,
are challenging to address experimentally with high spatial and temporal resolution. As a result,
mechanistic interpretations of adsorption isotherms and plasmonic responses often rely on

simplified assumptions about surface coverage and orientation.

Molecular dynamics (MD) simulations have emerged as a powerful tool to
complement experiments by providing atomistic or coarse-grained descriptions of
ligand-functionalized AuNPs in explicit solvent. Several studies have used MD to investigate
the solvation, structure, and thermodynamics of thiolated AuNPs, revealing how surface
coverage, ligand chain length, and terminal functional groups influence ligand shell anisotropy,
solvent penetration, and interparticle interactions. For instance, Yadav and Chakravarty
examined thiolated AuNP solvation in near-critical fluids and showed that density and
temperature modulate the anisotropy of the ligand corona and the Helmholtz free energy of
solvation. Similarly, Cetin and co-workers demonstrated that the aggregation behavior of
functionalized AuNPs in toluene strongly depends on the polarity of terminal ligand groups,
affecting interparticle distances, radial distribution functions, and hydrogen bonding

networks.

MD simulations have also been successfully applied to probe biomolecular adsorption
onto AuNPs, including the formation of protein coronas and competitive binding of multiple
proteins on citrate-capped particles.”> These multiscale approaches provided detailed
information on recognition processes, adsorption modes, and structural preservation or
rearrangement of proteins, offering explanations for sometimes conflicting experimental
observations. Importantly, simulations can directly quantify binding energetics, surface
diffusion, and conformational ensembles that are difficult to access experimentally.
Integrating such computational insights with experimental data enables more accurate

mechanistic models of nanoparticle functionalization, stability, and biosensing performance.
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For the specific case of DSP and DTSSP on AuNPs, computational modeling can
elucidate how the introduction of sulfonate groups, variations in hydrophilicity, and differences
in charge distribution influence the adsorption geometry, surface packing, and mobility of the
linkers. Moreover, simulations can probe how linker coverage affects the local dielectric
environment and interparticle potential of mean force, thereby providing a microscopic basis
for understanding experimentally observed differences in colloidal stability, aggregation
propensity, and LSPR shifts between DSP- and DTSSP-modified AuNPs. In addition,
modeling can help rationalize how linker organization modulates the accessibility and
orientation of immobilized enzymes such as allantoinase, ultimately affecting catalytic

efficiency in biosensing configurations.

Molecular computation for AuNPs has proved to be a valuable tool for obtaining
atomistic information relevant to the structure, dynamics, and reaction mechanism.
Furthermore, these tools are indispensable to assign and understand the spectroscopic results,
including UV-vis, Raman, and FT-IR. CHARMM-GUI's nanomaterial modeler in this
context have emerged as a bridge between experimental design and modelling its in-silico
counterpart.’® The transformative algorithm face-centered cubic (fcc) metals, including gold
atoms.”” Furthermore, the offer for not only building the starting atomistic coordinates for
simulation but include interoperability among available standard simulation engines including
Charmm, Gromacs, NAMD, and AMBER.?”® Especially for modelling of AuNP, the
implementation of ‘interface force-field” (IFF) in CHARMM-GUI which provides
straightforward atomistic description of AuNPs. Furthermore, it validated lattice constant and
surface energy, which are more accurate than DFT-level accuracy, in context of remaining
close to the experimental values. Notably, IFF parameters are based on Wulff construction
method for equilibrated nanoparticle shapes.”” Kariuki et al. to AuNP in a 10 x 10 x 10 nm
box along with the capping agent citrate and neutralizing counter ions.”” Another major
advantage of CHARMM-GUI is that they provide options for creating appropriate Miller
indices such as low-energy [111] and intermediate-energy [100] facets which corresponds to
the characteristic truncated octahedral AuNPs commonly observed experimentally.'®
Henceforth, the interface is ideal to create comparable facet-dependent adsorption or protein
binding. Kaumbekova et al. employed CHARMM-GUI to construct face-centered cubic
structures of Au nanospheres varying from 1 nm to 5 nm and performed all-atom MD
simulations using Amber99SB force field for bovine serum albumin (BSA).!! They
discovered that Au nanoparticles and NaCl synergistically induce conformational changes in

BSA. In the model containing 5 nm Au nanoparticles, it enhances helices and protein folding
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in presence of salt; while 1 nm Au nanoclusters destabilize BSA structure. This computational

modeling provided critical insights into size-dependent protein corona formation. Baruah et
al. utilized CHARMM-GUI Nanomaterial Modeler to construct 4 nm spherical AuNPs and
functionalized them with polyphenols derived from turmeric and curcumin.'’? The authors
generated the starting structural model for simulation and using the interoperable file system,

the coordinates were processed in GROMACS for calculating the simulation trajectory.

Other studies using innovative approach for AuNP modelling including embedded-
atom model and machine learning potential for computational modelling of AuNPs. For
example, a study by Zeni et al. employed machine learning force fields (ML-FFs) coupled
with molecular dynamics to investigate size-dependent melting of AuNP containing 147 to
6,266 atoms.'® Their valuable findings revealed that melting initiates preferentially at low-
coordinated atoms on vertices and edges, then propagates to atoms on [100] and [111] facets
before finally extending to the nanoparticle interior. This data-driven characterization using
unsupervised learning revealed that thermodynamic stability varies systematically with
nanoparticle size. Recently, they also developed an efficient and interpretable machine
learning force field for AuNPs, which uses DFT based data.!® Their benchmarking on the
melting temperature of AuNPs are in-line with experimental data, which suggest that such data

driven thermodynamic properties can be predicted with good accuracy.

In another work, Li et al. employed all-atom polarizable approach for MD
simulations of AuNP in aqueous electrolyte solutions with varying ionic compositions.'® The
study implemented a core-shell model for Au atoms to account for surface polarization effects.
This approach captured information relevant to facet-dependent polarization, hydration energy,
and ion adsorption dynamics revealing that Au [100] facets exhibit greater polarizability than
Au [111] facets. The study also highlights that ‘image charge effects’ are significant near the

cluster surfaces.

These computational strategies employing CHARMM-GUI and other customized
algorithms have established quantitative framework for strategic modelling of AuNPs with
engineered properties suitable for biomedical applications. Furthermore, with the integration
of machine learning force fields and advanced sampling methods with CHARMM-GUI, the
capabilities to predict complex dynamic behaviour can be advances. Henceforth, such
innovative approach in future can accelerate computational predictions for advancing clinically

validated nanotherapeutics.

1.6.1 Model preparation strategies for AuNPs using CHARMM-GUI

40
TH-4104_226159101



Chapter 1. Introduction
CHARMM-GUTI’s Nanomaterial Modeler offers a visual and controllable method for

building AuNPs with specific shapes, sizes, and surface facets. This workflow details various
AuNP model classes with illustrations corresponding to different strategies, including
sprehere-like nanoparticles, cylinders, rods, boxes, polygons, and Wulff-based polyhedral
which are predominantly [111], [100], and [110] surfaces.

Simple geometric particles and slabs of AuNP with dimensions in the order of 5-10 A,
which are often modelled to probe local structure and interface chemistry at a minimal
computational cost. In CHARMM-GUI, these are constructed by choosing gold as an fcc metal,
specifying the target size along X, Y, and Z coordinates, and choosing a shape. Note that the
builder internally works from an oriented fcc unit cell for Au, and thus for a shape such as
“sphere” in Fig. 1.10 (a), it corresponds to a cluster-cut from a crystalline lattice and wrapped
in a smooth envelope. Such nearly spherical particles are frequently used as generic models for
ultrasmall AuNPs where curvature dominates over explicit facet expression. A similar strategy
has been employed as starting points in MD simulations by Kariuki et al. where they have
used citrate-capped and ligand-protected ultrasmall gold particles.” In Fig. 1.10 B-E, a
gradual transition from compact clusters to extended slabs and cubic particles has been
illustrated by changing the box dimensions and periodicity. These geometrical setups, the
periodicity needs to be called in X and Y direction while keeping Z non-periodic. The
corresponding thickness is ~5 A and the lateral dimensions are ~10 A. These compact slabs are
ideal to compute surface energies, adsorption geometries, and short-time diffusion of
adsorbates on Au. Conversely, using equal dimensions (e.g., 10 x 10 x 10 A3) with full
periodicity in all directions gives the small cubic particle as shown in Fig. 1.10 E, which
displays a predominance of [001]-like terraces on each face. These cubes are common in

studies where one wants a finite particle but with clear, extended {001} facets.!*
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(a) (b)

.

Figure 1.10: Representative gold nanoparticle (AuNP) geometries generated with CHARMM-GUI

Nanomaterial Modeler using Interface Force Field parameters for fcc gold. Gometric models

constructed by specifying target dimensions and periodicity for (a) compact quasi-spherical Au cluster,

(b) short Au nanorod, (b) cylindrical AuNP, (d) thin Au[111] slab, and (e) small cubic AuNP with

predominantly [100] terraces. Wulff-type polyhedral AuNPs where facet exposure is tuned by

selecting combinations of Miller indices and associated surface energies, shown for (f)
mixed-facet particle exposing [111], [100], and [110]; (g) [111]-dominated morphology with minor
[110] edges; (h) [100]-rich polyhedron with smaller [111] caps; and (i) [110]/[100]-enriched particle

highlighting high-energy facets.

Likewise, modeling Wulff-type equilibrium shapes for AuNPs by combining explicit
Miller indices and orientation-dependent surface energies is shown in the lower panel of Fig.
1.10 (E). In the Wulff construction, the distance of each facet from the particle center is
proportional to its surface free energy y(hkl), which are supplied as y(111), y(100), and y(110)
from the Interface Force Field database, CHARMM-GUI can generate polyhedra that minimize
total surface energy for a given volume. For gold, the typical hierarchy y(111) <y(100) <y(110)
means that [111] facets tend to dominate at equilibrium, with smaller contributions from [100]
and only limited [110] exposure. This is accounting most of the experimental observations for
AuNPs corresponding to the 5-20 nm size range as a truncated octahedra or related shapes
made mainly of [111] and [100] faces. Wulff-type particle where [100], [110], and [111] facets
all appear on the surface is shown in Fig. 1.10 (F). Such mixed-facet models are useful when
studying structure—activity relationships in catalysis, because catalytic turnover often localizes

on edges and corners where different facets meet, and the junctions mimicking realistic

42
TH-4104_226159101



Chapter 1. Introduction
nanocrystal catalyst. Barmparis et al. In his study showed that for Au particles below about 16

nm, equilibrium shapes derived from such Wulff constructions match experimental
transmission electron microscopy quite well, with surfaces dominated by [111] and [100] and
only minor appearance of higher-index planes. In MD simulations, these [111]-rich models are
often chosen to represent thermodynamically stable seeds growth and to benchmark surface
diffusion of adsorbates under near-equilibrium conditions.'’!?” In Fig. 1.10 (H), a more [100]
- dominated polyhedron, where square facets are clearly visible and the [111] facets appear as
smaller triangular caps. For AuNPs, such [100]-rich morphologies are important because they
exhibit distinct adsorption energies and electronic properties compared with [111] surfaces,
impacting reactions like oxidation, and electron transfer at AuNP interfaces. Using
CHARMM-GUI models with controlled [100]/[111] ratios allow simulation studies to separate
geometric and chemical contributions to these facet-dependent effects in a consistent
force-field framework. Fig. 1.10 (I) shows [110] feature prominent alongside [100]. MD
simulations on such [110]-rich AuNPs have been used to rationalize experimental observations
where high-index or stepped surfaces show enhanced catalytic rates or stronger protein

adsorption compared to low-index [111] surfaces.’1%%10?

1.6.2 Integration of Experimental and Computational Approaches

Despite significant advances in both experimental characterization and computational
modeling of functionalized AuNPs, these approaches are often pursued in parallel rather than
in a fully integrated manner. Experimental studies report LSPR responses for specific linker—
AuNP systems, this might lack the Conversely, computational works frequently focus on model
systems that are only loosely connected to experimentally realizable conditions, limiting their
immediate applicability to sensor design. Bridging this gap requires coordinated studies where
experimental observables and simulation outputs are explicitly correlated, allowing mutual

validation and refinement of both approaches.

In the context of enzymatic sensing of oxidative stress biomarkers, such integration is
particularly valuable. Experimental determination of enzymatic parameters for allantoinase,
such as Michaelis constant, maximum velocity, and operational stability upon immobilization,
provides critical input for biosensor performance modeling. At the same time, MD simulations
of linker-modified AuNPs can illuminate how surface chemistry influences enzyme loading
density, orientation, and microenvironment, which in turn affect the experimentally measured
kinetic parameters and optical responses. By iteratively comparing simulation-predicted trends
in surface coverage, mobility, and binding energetics with adsorption isotherm parameters and
plasmonic readouts, a deeper mechanistic understanding of the entire sensing interface can be
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achieved.

Such an integrated framework is aligned with broader trends in nanobiointerfaces
research, where multiscale simulations are increasingly used to rationalize experimental data
and guide the design of plasmonic biosensors with improved sensitivity, selectivity, and
robustness. For complex systems like enzyme-functionalized AuNPs employing bifunctional
linkers, this combined approach is essential to disentangle the contributions of linker chemistry,
nanoparticle morphology, enzyme properties, and environmental conditions to the overall

sensor performance.

1.7 Research Gap and Motivation

Although allantoin has gained considerable attention as a non-invasive biomarker of
oxidative stress in humans and experimental models, there remains a lack of biosensing
platforms that simultaneously demonstrate high selectivity, sensitivity, and operational
simplicity for its detection in complex biological matrices. Existing analytical approaches are
dominated by chromatographic and mass spectrometric techniques, which, while accurate, are
not readily translatable to routine clinical or point-of-care settings. Enzymatic biosensors based
on allantoinase offer a promising alternative, but systematic investigations of the underlying
enzymatic parameters, especially in immobilized and nanostructured contexts, are limited. A
detailed characterization of allantoinase kinetics, stability, and performance in conjunction
with plasmonic transducers is therefore needed to realize practical devices for oxidative stress

assessment.

On the nanomaterials side, AuNP-based plasmonic sensors have achieved impressive
sensitivity for a variety of analytes; however, the role of bifunctional thiol-based linkers such
as DSP and DTSSP in modulating colloidal stability, surface coverage, and optical response
has not been comprehensively elucidated. Many studies employ these linkers as convenient
crosslinking agents without fully characterizing their adsorption mechanisms or quantifying
their impact on LSPR properties and aggregation behavior under biosensing conditions.
Comparative analyses of DSP and DTSSP, particularly in aqueous environments and under
conditions relevant to enzyme immobilization, are sparse. In addition, the use of adsorption
isotherm models to connect linker binding parameters with plasmonic behavior and biosensor

performance remains underexplored.

At the molecular level, there is a notable gap in atomistic understanding of how DSP
and DTSSP arrange and diffuse on curved AuNP surfaces, how solvation and electrostatic
interactions shape their organization, and how these factors correlate with macroscopic
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observables such as adsorption isotherm parameters, zeta potential, and LSPR shifts. While

MD simulations have been applied to thiolated ligand shells and protein adsorption on AuNPs,
there is a lack of studies that specifically target bifunctional NHS-based linkers and directly

integrate simulation outcomes with experimentally measured adsorption and optical data.

Consequently, current literature lacks a unified study that: (i) develops and
characterizes an enzymatic sensing framework for allantoin based on allantoinase, (ii)
systematically investigates the adsorption, surface chemistry, colloidal stability, and plasmonic
response of AuNP platforms functionalized with DSP and DTSSP, and (ii1) employs molecular
dynamics simulations to elucidate the molecular-level behavior of these linkers on AuNP
surfaces and to correlate these insights with experimental adsorption and optical measurements.
Addressing this gap is essential for rationally designing AuNP-based biosensors that harness
both the specificity of enzymatic recognition and the tunability of plasmonic transducers,

grounded in a mechanistic understanding of the underlying nanobiointerface.

1.8 Objectives of the Present Thesis

In light of the above considerations, the overall aim of this thesis is to construct a
coherent, mechanistically informed framework that integrates biochemical sensing, plasmonic
nanomaterials, surface chemistry, and computational modeling for biosensing purposes. The
work is structured around three interlinked objectives that collectively bridge biochemistry,

nanoplasmonics, and computational chemistry.

Objective 1: To investigate evolutionary relationships and structural variables
influencing adsorption in allantoinase proteins from diverse sources through comparative
sequence and three-dimensional structural analyses, with emphasis on substrate-binding sites,
amino acid interaction networks, molecular packing, hydrophobic surface area, and overall

surface characteristics.

Objective 2: To experimentally investigate and compare the sensing behavior using
surface coverage kinetics, colloidal stability, and optical responses of thiol-based linkers
DTSSP and DSP on citrate-stabilized gold nanoparticles, using spectroscopic, microscopic,
and adsorption isotherm analyses, to identify an optimal linker for AuNP-based colorimetric

biosensor platforms.

Objective 3: To elucidate the molecular-level adsorption mechanisms, interfacial
dynamics, and binding energetics of DTSSP- and DSP-functionalized gold nanoparticles using
all-atom molecular dynamics simulations, and to correlate computational insights with

45
TH-4104_226159101



Chapter 1. Introduction
experimental observations to rationalize linker-dependent aggregation, stability, and plasmonic

behavior.

Taken together, these three objectives form a unified research framework in which
biochemical characterization of allantoinase (Objective 1) defines the requirements for
selective enzymatic detection; systematic experimental study of linker-functionalized AuNPs
(Objective 2) provides the plasmonic transducer platform and quantifies how DSP and DTSSP
govern surface properties and optical responses; and molecular-level simulations of linker—
AuNP interfaces (Objective 3) explain and refine the interpretation of experimental data. This
integrative approach aims not only to advance fundamental understanding of
enzyme-functionalized plasmonic nanoparticles for oxidative stress biomarker detection but
also to establish general design principles for nanoplasmonic biosensors that leverage

coordinated

1.9 Thesis Contribution Statement

This thesis establishes two complementary frameworks for biosensor development.
First, the enzymatic study demonstrates as a model for converting underexplored metabolic
enzymes into biosensing elements by coupling enzymatic specificity with measurable
physicochemical signals. Using allantoinase as a case study, the work outlines a systematic
pipeline for identifying, characterizing, and integrating enzymes with sensing platforms, which
can be extended to a wide range of catalytic proteins with biosensing potential. Second, the
plasmonic nanoparticle study develops a predictive model linking linker chemistry,
adsorption thermodynamics, and plasmonic behavior. By quantitatively correlating linker
structure with surface organization and LSPR response, the work provides design rules for
engineering functionalized gold nanoparticles with controlled sensitivity and stability.
Together, these studies present a complete biosensor design strategy that integrates biological
recognition with tunable plasmonic signal amplification, offering a general framework for the

rational development of next-generation biosensing platforms.
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1.10 Thesis Structure

The work done during the doctoral program is organized into a thesis having six

chapters, as following:

Chapter 1 presents the literature review and identifies the key research gaps addressed
in this thesis. It outlines the overall framework of the study and introduces the enzymatic

biosensor design based on allantoinase (Chapter 2) and the non-enzymatic plasmonic sensing

approach (Chapter 4) with its computational validation (Chapter 5). The chapter also highlights
the limited fundamental understanding of linker behavior in biosensing, which this work aims

to address.

Chapter 2 consists investigation of allantoinases enzyme, from 86 different sources.
These sequences were thoroughly evaluated to determine their biochemical and biophysical
properties and to rank their suitability for immobilisation. When it comes to developing
enzyme-based sensors, properties such as solubility, structural compactness, hydrophobicity,
and hydrodynamic attributes must be thoroughly considered. The information is essential for
the precise engineering of enzymes with specific biochemical and kinetic properties to
achieve unparalleled sensitivity for analyte detection and long-term sensor stability against
environmental perturbations. This study is helpful for future studies involving underexplored

enzymes with potential for sensing.

Chapter 3 entails designing a protocol for image analysis based on gel
electrophoresis. The objective of this work is to develop a quantitative understanding of

agarose gel electrophoresis by analysing DNA band mobility, relative band intensity, and pore-
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size distribution using ImageJ. By measuring migration distances and intensity profiles, this

study aimed to correlate DNA transport with gel microstructure. Additionally, SEM-based
pore-size analysis enabled quantification of the nanoscale architecture governing

electrophoretic behaviour.

Chapter 4 involves a detailed comparative study of the mechanistic framework for
AuNP functionalization. This chapter focuses on the quantitative experimental comparison of
AuNP functionalization using DTSSP and DSP. The core finding revealed a stark difference
in colloidal stability and optical response: DTSSP functionalization resulted in concentration-
dependent aggregation, causing a large SPR red shift, which was visually confirmed. In
contrast, DSP-functionalized AuNPs exhibited high colloidal stability, showing only a minimal
SPR shift and retaining a well-dispersed morphology. Adsorption isotherm studies further
quantified this difference, showing DTSSP had a significantly higher maximum adsorption
capacity and reached saturation faster, while DSP exhibited a lower capacity but still showed
favorable adsorption characteristics. These experimental results provided the definitive

macroscopic evidence necessary for the molecular investigation in the subsequent chapter.

Chapter 5 This chapter established the molecular-level mechanism underpinning the

experimental results from Chapter 4 using all-atom Molecular Dynamics (MD) simulations.

The findings conclusively linked the structural difference in the linkers to their functional
outcomes. This chapter successfully validated the experimental findings by providing the
quantitative, energetic, and kinetic reasons for the distinct DTSSP-mediated aggregation versus

DSP-mediated stability.

Chapter 6 presents a comprehensive summary of the research carried out in this thesis
and consolidates the key findings from all preceding chapters. It highlights the major scientific
contributions of the study in the context of enzymatic and non-enzymatic biosensing strategies.
The chapter also identifies remaining limitations and outlines potential directions for future

research to address the existing gaps in the literature.
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Chapter 2. Computational Evaluation of Allantoinase Structural
Variables Influencing Adsorption

Chapter 2

Computational Evaluation of
Allantoinase Structural Variables
Influencing Adsorption

Abstract

Designing enzyme-based sensors necessitates a comprehensive exploration of
macromolecular properties, including specificity, stability, and hydrodynamic attributes.
Integrating an enzyme with a suitable transducer involves immobilizing it onto a surface,
facilitated through adsorption or entrapment techniques. Allantoin, a stable biomarker
metabolite, holds promise for detecting oxidative stress-related complications through its
corresponding enzyme. In this study, we examined allantoinase from various taxa, with
bacterial origin comprising over 70% of the dataset. Factors like relative pl, solubility
index, and amino acid frequency-based hydropathy aid in estimating the basic solubility.
The overall stability, along with the hydrophobic area, and thermostability using the
aliphatic index, has been explored. Furthermore, the compactness and spherical geometry
of the enzyme are crucial for protein adsorption and are evaluated through parameters
like spatial conformation, asphericity, and hydrodynamic radius distribution. Bacterial
allantoinase also demonstrates significant adaptability to environmental changes, as
indicated by solvent-accessible surface area, hydrophobicity, and instability index. This
study highlights the importance of the properties necessary for optimizing, calibrating,

and ensuring the stability of enzyme-based sensor design.
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Allantoinase Data Colleetion

PCA Analysis
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Figure 2.1: Workflow for sequential and structural analysis of Allantoinase

* This work has been published in:

Das, S., Krishnamoorthy, J., & Kar, R. K. (2025). Estimating the structural and spatial
variables of allantoinase enzyme critical for protein adsorption. Biochemical and Biophysical
Research Communications, 743, 151161.
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2.1 Introduction

Purine metabolism is a central biochemical network that links nucleotide turnover,
nitrogen disposal, redox homeostasis, and (in some organisms) energy generation. In all
domains of life, the synthesis and degradation of purine nucleotides must remain tightly
regulated to maintain balanced pools of ATP/GTP and of the corresponding deoxynucleotides
needed for DNA replication and repair. Perturbations in these pathways can therefore influence
diverse physiological outcomes, ranging from altered growth and development to inflammation
and metabolic disease. Within the broader purine catabolic route, uric acid (urate) and its
downstream oxidation products occupy a special position because they sit at the intersection of

nitrogen metabolism and oxidative chemistry.

In many organisms, uric acid is further metabolized to allantoin and subsequently to
allantoate and urea (or other downstream products depending on the lineage). The conversion
of uric acid to allantoin occurs through oxidative steps in the same pathway and hence can
generate reactive oxygen species (ROS). ROS are highly unstable and highly reactive
molecular entities (including radicals and non-radical oxidants) capable of damaging lipids,
proteins, and nucleic acids. When ROS generation exceeds the capacity of antioxidant
defenses, oxidative stress develops, initiating or accelerating cellular dysfunction and disease

progression.

2.1.1 Allantoinase and its role in purine catabolism

Allantoinase (EC 3.5.2.5), a member of the amidohydrolase (aminohydrolase)
superfamily, plays a key catalytic role in this catabolic module by converting allantoin into
allantoate (allantoic acid).!!® This transformation represents a chemically challenging
hydrolytic opening of the imidazolidinedione ring of allantoin and thereby commits the
metabolite to further degradation and nitrogen recovery. In microorganisms and plants,
efficient utilization of purines can be advantageous under nitrogen-limited conditions, where
purine degradation becomes a route to salvage nitrogen and carbon skeletons. More broadly,
the enzymatic steps downstream of urate influence the steady-state concentrations of
intermediates and can modulate the extent to which oxidative products accumulate. Thus,
understanding the enzymes that regulate these downstream metabolic steps is essential for

interpreting how oxidative intermediates are processed within the purine degradation pathway.

Allantoinase, a member of the amino hydrolase family, plays a crucial role in the purine
metabolic pathway. Its primary function involves catalysing the conversion of allantoin into
allantoic acid.!!® The substrate allantoin in this process is generated through the oxidation of
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uric acid within the same pathway. Allantoinase significantly contributes to the efficient
utilization of purines, ensuring the availability of nucleotide precursors for DNA and RNA
synthesis ”°. The breakdown of purine metabolism results in the generation of reactive oxygen

species (ROS), highly reactive molecules known to cause cellular damage.

2.1.2 Oxidative stress, antioxidants, and the urate-allantoin axis

Oxidative stress is closely linked to the progression of pathological conditions,
including diabetes, arthritis, and cardiovascular diseases, among others. The cellular response
to oxidative stress includes enzymatic defenses (e.g., superoxide dismutase, catalase, and
peroxidases) as well as small-molecule antioxidants that neutralize ROS and related free
radicals. In human physiology, urate is estimated to contribute up to 60% of free radical
scavenging capacity in human plasma, making it a critical antioxidant in bodily fluids.!!! The
interaction between ROS and urate results in the production of the metabolite allantoin, serving
as a stable marker of free radical activity in human serum. Furthermore, it has been proposed

as a potential biomarker for oxidative stress, indicating a broad spectrum of diseases.”!°

The level of allantoin in the serum of healthy individuals ranges from 2 to 3 pg/L,!"
while in biofluids such as urine, it ranges from 14—800 uM, demonstrating its remarkable
stability.!'> Monitoring allantoin levels can provide valuable insights into oxidative stress and
the body's antioxidant defense effectiveness.!>!!3 This hints at the necessity for developing
sensors capable of accurately sensing allantoin levels. There are several methods of generating
a sensing mechanism for the detection of allantoin. Allantoinase can be immobilized on a
surface material, such as a low-dimensional nanomaterial or nitrocellulose matrix.'® When
biofluids containing allantoin come into contact with the sensor, the analyte binds to the
immobilized enzyme, inducing detectable changes in physical properties. These changes can
be observed through various methods, including optical signals (UV/Vis, fluorimetry,
chemiluminescence, and surface plasmon resonance) and electrochemical techniques (cyclic

voltammetry and amperometry), for precise clinical diagnostics.

The potential application of allantoinase extends well beyond enzymatic and
physiological function, offering opportunities in sensor development. Despite its biological
relevance, allantoinase remains relatively underexplored, with limited information available
regarding its structural characteristics and detailed functional properties. Despite allantoin’s
significance as a potential biomarker, there is a knowledge gap in the surface immobilization
of allantoinase enzyme.!'? Access to sequential and structural information about allantoinase
variants can provide valuable insights, aiding in the development of stable sensor prototypes

through protein engineering.
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2.1.3 Motivation for sensing: why enzymatic detection of allantoin?

Monitoring allantoin can provide insight into oxidative stress burden and into the
effectiveness of antioxidant defenses in vivo. However, conventional analytical workflows
(often chromatographic or mass-spectrometric) can be time-consuming, require specialized
instrumentation, and may be poorly suited for point-of-care settings. These practical limitations
motivate the development of selective, inexpensive, and rapid sensors that can quantify

allantoin directly in complex matrices such as serum, urine, saliva, or sweat.

Enzyme-based sensors are particularly appealing for polar, small-molecule analytes
because enzyme active sites provide molecular recognition and catalytic amplification. In an
allantoinase-based sensor concept, immobilized allantoinase captures and converts allantoin,
and the associated chemical transformation is transduced into an observable signal. Depending
on the sensor architecture, the signal may arise from changes in absorbance/fluorescence, from
coupled reactions that generate electroactive species, or from alterations in interfacial

properties that can be read out by electrochemical or optical methods.

A central technical challenge in such devices is that the enzyme must operate
efficiently when constrained on or within a material matrix. Immobilization can perturb
enzyme conformation, modify access to the active site, and introduce mass-transport
limitations. At the same time, immobilization can improve reusability, simplify integration into
portable formats, and enhance stability by reducing aggregation or proteolytic susceptibility.
Thus, the design of an effective allantoin sensor depends strongly on understanding how

allantoinase behaves at interfaces.

2.1.4 Enzyme immobilization: materials, mechanisms, and performance constraints

To function as a practical biosensing element, allantoinase must be immobilized on a
surface or within a scaffold, such as low-dimensional nanomaterials (e.g., nanoparticles,
nanofibers, nanosheets) or porous matrices including nitrocellulose. Immobilization strategies
include physical adsorption, covalent attachment, affinity-based capture, and entrapment in
polymeric networks. Each approach presents tradeoffs among simplicity, activity retention,

orientation control, and long-term stability.

Physical adsorption is attractive because of its minimal chemistry and compatibility
with many substrates, but it can be sensitive to ionic strength and pH and may allow enzyme
leaching. Covalent attachment can improve robustness, yet it risks modifying residues essential
for catalysis or structural integrity unless attachment sites are carefully chosen. Affinity-based

approaches (e.g., tag-mediated binding) can enforce orientation but require engineered
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constructs and may add cost or complexity. Entrapment and hydrogel-based methods can
preserve local hydration and reduce denaturation, but may introduce diffusional barriers for the

analyte.

In all cases, a fundamental requirement is that the immobilized enzyme maintains (i)
access of allantoin to the binding pocket, (ii) catalytic turnover under the relevant pH and ionic
conditions, and (iii) mechanical and chemical stability over the intended device lifetime. These
requirements connect molecular-scale properties (surface charge distribution, hydrophobic
patches, flexible loops, oligomer interfaces, and the geometry of the active site) with device-
scale performance metrics such as sensitivity, selectivity, response time, and operational

stability.

Sensor readouts can be implemented via optical or electrochemical modalities. Optical
methods include UV/Vis absorbance, fluorimetry, chemiluminescence, and surface plasmon
resonance, while electrochemical methods include cyclic voltammetry and amperometry. The
selection of a transduction method typically depends on the target matrix, required detection
limit, and integration constraints (e.g., whether the platform is disposable, wearable, or
compatible with microfluidics). Importantly, the immobilization matrix itself can influence
signal generation, for instance by quenching fluorescence, altering refractive index near the

surface, or contributing background currents.

Our objective in this work is to gain structural insights into enzymes and uncover
hidden trends in their properties, such as surface charge, hydrophobicity, voids, and substrate
specificities — critical factors in protein adsorption or immobilization. Allantoin, a chemically
polar molecule found in body fluids, rapidly increases in concentration in response to oxidative
stress.!>!> Previous studies on allantoinase, employing a recombinant approach with high-
yield expression, suggests the potential for precise modulation of its functional activity.''-'16
Our work focuses on a comprehensive analysis of allantoinase proteins from diverse sources,
utilizing bioinformatics techniques to establish evolutionary relationship through the primary
sequences of homologous proteins. Subsequent analysis delves into the three-dimensional
structure of the proteins, with a particular emphasis on the substrate binding site, amino acid
network, intrinsic volume, hydrophobic area, and surface analysis. Acquiring such information

is invaluable for understanding critical details about structure, substrate specificity, and the

impact of the environment on adsorption specificity and analyte sensitivity.

2.1.5 Knowledge gap and need for structural/bioinformatic insight

Despite the relevance of allantoin as a potential biomarker and the clear promise of
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enzyme-based sensing, there remains a tremendous knowledge gap regarding how allantoinase
variants behave upon surface immobilization and which molecular features best predict
adsorption specificity and retained activity. Allantoin is a chemically polar analyte; therefore,
subtle differences in the electrostatics and hydrogen-bonding capability of the substrate-
binding pocket, as well as the distribution of polar residues on the protein surface, may strongly

influence both catalytic efficiency and immobilization behavior.

Access to sequence and structural information across allantoinase homologs provides
an opportunity to rationally select or engineer enzyme candidates for sensing applications.
Sequence analysis can reveal conserved catalytic motifs and cofactor-binding residues, while
also identifying variable regions that may tune stability, oligomerization, or surface properties.
Phylogenetic relationships inferred from primary sequences can help organize homologs into
clades that share functional characteristics or environmental adaptations (e.g., thermophily,

halotolerance), which may translate into desirable device performance.

Structural analysis complements sequence-based approaches by providing a three-
dimensional view of the features most relevant to immobilization and sensing. These include
surface charge patterns that govern electrostatic adsorption, hydrophobic areas that mediate
nonpolar interactions with materials, voids and internal packing that correlate with stability,
and the geometry and accessibility of the active site. In addition, mapping residue networks
around the substrate-binding pocket can reveal potential allosteric couplings or mutational

hotspots that enable modulation of activity without compromising folding.

2.1.6 Scope and objectives of this work

The objective of this work is to gain structural insights into allantoinase enzymes and
to uncover trends in properties that are critical for adsorption and immobilization, including
surface charge, hydrophobicity, internal voids, and determinants of substrate specificity. We
focus on a comprehensive analysis of allantoinase proteins from diverse sources, using
bioinformatics tools to establish evolutionary relationships through primary-sequence
comparisons of homologous proteins. Building on these relationships, we analyze three-
dimensional structures (experimental when available and/or predicted models when
appropriate) with particular emphasis on the substrate-binding site, amino-acid interaction
networks, intrinsic volume and packing, hydrophobic surface area, and overall surface

characteristics.

By linking evolutionary variation to structural features and physicochemical
descriptors, this work aims to inform the rational selection and engineering of allantoinase
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variants for robust biosensing. In the broader context of oxidative stress monitoring, such
insight supports the development of stable sensor prototypes capable of accurately quantifying
allantoin in clinically relevant matrices and thereby enabling improved assessment of
physiological stress and disease Furthermore, recombinant expression approaches reported for
allantoinase suggest that functional activity can be tuned and that high-yield production is

feasible, providing a practical foundation for protein engineering and device integration.

Overall, the interplay among purine catabolism, redox chemistry, and biomarker
detection motivates a systematic investigation of allantoinase at the sequence and structure
levels. Understanding how molecular properties govern catalytic function and interfacial
behavior is essential for translating a biologically important enzyme into a reliable analytical

component.

2.2 Materials and methods

Data collection. Our investigation beings with 19 protein sequences associated with
the PuuE and DAL1 genes, encoding the allantoinase enzyme. These sequences were obtained

from a comprehensive list reported by Ramazzina et al.''’

We expanded the allantoinase
dataset using BLAST (Basic Local Alignment Search Tool) analysis, obtaining 304
similar/homologous sequences.''® Subsequently, we annotated these sequences using the NCBI
server. To cross-correlate, we utilized AlphaFold database and retrieved the predicted three-
dimensional structural models for these proteins.''” This resulted in a refined dataset

comprising of 86 protein models, which were further analyzed.

Phylogenetic analysis. A phylogenetic tree was constructed to analyze the evolutionary
relationships among the datasets using the Molecular Evolutionary Genetics Analysis
(MEGAT11) software.'?° The parameter utilized include a gap opening of -2.9, hydrophobicity
multiplier of 1.2, with the clustering method of unweighted pair group method with arithmetic
mean (UPGMA). The process commenced with a multiple sequence alignment using the
MUSCLE algorithm, followed by iterative refinement and progressive alignment of sequences
to improve the scoring function.!?! This approach facilitated accurate alignments, particularly
for divergent sequences. For tree construction, Jones-Taylor-Thornton substitution model with
tree interference option of nearest-neighbour interchange were employed. For the phylogeny
test, bootstrap analysis with 1000 replicates were used to obtain the branching patterns.

Statistical significance was verified using the maximum likelihood score.

Dataset annotation and management. The Interactive Tree of Life (iTOL) algorithm
was employed to annotate and generate phylogenetic tree.'?? The datasets were color-coded
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and major taxa were labeled based on relevant features to gain insights into the evolutionary

history and relatedness within the allantoinase dataset.

Analysis of isoelectric point (pI). To understand solubility properties, we calculated
the isoelectric point (pI) and hydropathy index (GRAVY) based on primary sequences. For

24 and Protcal

the pl values, we employed Expasy,'?® Prot pi, Isoelectric point calculator,’
protein calculator. The solubility index of the enzymes was calculated using Soluprot v1.0.!
The algorithm not only predicts the likelihood of soluble protein expression in E. coli but also
reflects the solubility and expression of the target proteins. The overall amino acid composition

was analysed using the box-plot method and the BioEdit program v.7.2.!%

Active site residues analysis. The binding site of allantoin in the enzyme’s active site
was analysed, for which the crystal structure of PuuE allantoinase (pdb code 3CL7) was first
analysed to pinpoint the ligand-binding residues. Using AutoDock Vina PyRx0.8, we

conducted docking calculations,'?’

starting with the 3D-SDF format of allantoin, optimised
using Open Babel. With the grid centre fixed at 1.16, -0.34, and -1.14 A coordinates, we
employed Gasteriger-Marsili charges for electrostatic description. The docked complex with
lowest binding energy was considered for analysis. The active sites of the remaining
AlphaFold-predicted allantoinase models were subsequently identified through sequence and
structural alignment with the reference structure (3CL7), and conserved residues

corresponding to the binding pocket were used for comparative active-site analysis.

By comparing the spatial distribution of active site residues with probable disordered
regions, we obtained the active site residues’ information from allantoinase structure. The
coordinates of side chain residues within 4 A of the bound ligand have been considered as the
active site residues. This data holds significant potential for tuning the sensitivity of enzyme-
based biosensors. After aligning the active site residue lists and processing through COBALT

9

multiple alignment server'?® and WebLogo,'” we obtained amino acid frequency for

comparison across taxonomic group of bacterial, fungal, arthropod, and chordata categories.

Disordered region prediction. The disordered region was estimated using PrDos."*° A
FASTA formatted sequence serves as input to create a position-specific score matrix, and
compared to non-redundant structural information from the PDB through a PSI-BLAST search.
Amino acid occurrence and weighted based on sequence encoding scheme, enabling the

calculation of disorder probability for individual amino acids.

Estimates for instability index and extinction coefficient. The instability indexing for

the bacterial allantoinase was determined using the ProtParam tool. The algorithm takes into
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account empirical parameters for dipeptides based on statistical analysis from a stable and

B3LI32 assigning weight to compute the

unstable proteins’ dataset, reported elsewhere,
instability index. For i = L — I, where L is the sequence length and the instability weight for a
dipeptide starting at position i, it is denoted as DIWV(x[i]x[i+1]), for which the instability
index is calculated using Equation 1.

» 10, o Eqn (1)
Instability Index = (T) X Y DIWV (x[i] x[i + 1])

i=1

If the computed instability index for a protein sequence is <40, it suggests that the
protein is likely to be stable. This information aids in selection of suitable host organisms.
Another key parameter, is the extinction coefficient, which measures the relative absorption of
light in diverse environments. These estimates are based on calculating the molar extinction
coefficient for a specific sequence and on correlating the amino acid composition with the
spectral signature under native/denaturing solvent conditions.!*> Such estimates are highly
beneficial for spectroscopic characterization of a protein, especially during its purification

Process.

Structural insights from volume calculation. Allantoinase molecular surfaces were
analysed using ProteinVolume server to obtain valuable insights into the intrinsic volumes '!!.
The algorithm refers as flood-fill, calculate void (Vveid) and van der Wals volume (Vyqw), based
on cartesian coordinates, contributing to the total volume (Viotal = Vyoid + Vvaw). This algorithm
includes energy minimization to avoid steric clashes, employing a volume probe at the protein's
centre of mass and extending outward in systematic steps.!*> For correlation analysis, we
excluded the allantoinase from Spathospora sp., which has the longest sequence with a total

residue 758.

Aliphatic index analysis. Theoretical estimates for the volume occupied by the
aliphatic side chains (Ala, Val, Ile, Leu) provide insights into thermal stability, a crucial
aspects of protein engineering. These calculations, based on Equation 2, demonstrate how the
relative volume of hydrophobic amino acids influences a protein’s susceptibility to

denaturation caused by environmental factors.

Aliphatic index = X(Ala) + a * X(Val) + b = [ X(Ile) + X(Lew)] Eqn(2)
Where X represents the mole percentage of respective aliphatic amino acids, while the
coefficients a and b define the relative volume of the side chain of Val and Ile or Leu,

respectively (a = 2.9, b =3.9).
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Solvent Accessible surface area calculation. SASA calculation involves using a probe sphere,
typically a water molecule with a radius of 1.4 A to numerically assess the interaction of

individual amino acids and estimate the accessible surface area (A?).

Surrounding Hydrophobicity and LRO: We also account for surrounding Long Range
Order (LRO) and Hydrophobicity (Hp) to gain insights into the enzyme’s stability. Using the
SRide server,'** a BLAST search with an E-value threshold of 0.001 was conducted to identify
conserved residues crucial for stability. The maximum number of homologous sequences for
conservation score is 50 with a threshold value of 6. The parameters for calculations,
including threshold for LRO and Hj set at 0.02 and 20, respectively. The surrounding
Hydrophobicity (Hp) encapsulates the theoretical summation of the hydrophobic index for

residues within an 8 A radius.!3’

Hydrodynamic properties. Structural properties associated with degrees of freedom
include hydrodynamic radii, such as anhydrous — Ro, rotational — R, and translational — Rr
properties. Our calculations also consider spatial conformational distribution, including the
radius of gyration (Rg) and specific volume. We also collected parameters like Dmax, axial
ratio, intrinsic viscosity, and asphericity. These calculations were performed using HullRad,'*®
which employs a convex hull model to estimate the hydrodynamic properties associated with

the physical orientation of macromolecules.

Principal component analysis (PCA). The PCA was performed using an inhouse
written matlab program considering the 16 features such as, Total no. of AA, Disorder Ratio,
SASA, Total Hp, SUM LRO, Dmax, f/fo, Asphericity, Total Volume (A3), Void Volume,
VDW Volume, Aliphatic index, Solubility Index, Extinction Coefficient, Instability Index and
Cys Residue count. The features were labelled as F1 to F16 as in the presented order. The
species of organisms considered were labelled from 1 to 63. The scores and loadings were
obtained for different PCs and the inherent clustering if present within these species will be
visibly discernible in the scores plot. The features responsible for the clustering in the score
plot can be identified using the loading vectors. If the loading vectors are long (higher
magnitude) and directed towards a cluster then, we interpret it as up regulation of the
corresponding feature for that cluster. The automated clustering (based on the PCA scores
values) was performed using dbscan algorithm by setting the epsilon radii value to 0.01 and

minimum points in cluster to 5.

2.3 Results

Our investigation aims to explore the structural attributes of allantoinase enzymes
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encoded by DAL1 and PuuE genes. These enzymes share similar catalytic activity and
structural features, such as a-p barrel.!'” Notably, DALI with a fungal origin, demonstrates
broader organism distribution compared to PuuE, which originates from bacteria. PuuE
contains specialized domains known as polysaccharide deacetylase and they are involved in
maintaining cell wall components.’*’” Conversely, DAL1 contains the component amino
hydrolase, directly involved in the metabolism of purine components. Significant changes in
the protein sequence and structure during the evolution of allantoinase have led to substitutions
of amino acids in the active site. These substitutions have enabled the enzyme to function
independently of metal ions and adapt to a new substrate, allantoin, departing from its original

polysaccharide substrate.

2.3.1 Phylogenetic analysis

Understanding the intricate evolutionary dynamics of enzyme families is vital for
comprehending how amino acids govern their structural and functional attributes. Genetic
substitutions not only dictate functional shifts but also significantly impact physiochemical
outcomes. Using phylogenetic analysis, tracing the divergence/convergence we gained insights
into vital role of enzymes in the cellular domain and their corresponding signalling cascade. It
also shed light on the factors that contribute to enzymes stability, global folding, and steady

protein-protein interacting interfaces.

In Fig. 2.2, the phylogenetic tree shows the distances between clade. The branch lengths
provide the scale of separation among the origin of enzymes. Among the 86 species in the
phylogeny, the majority, comprising 63 proteins, belongs to bacterial species. Additionally,
there are 6 enzymes from fungi, 1 from the plantae kingdom, and a few more from phylum
mollusca, chordates, and athropods, totalling 1, 6, and 9, respectively. Consequently, the

number of branches is limited to three or less due to a smaller number of proteins in the dataset.

Notably, the bacterial species exhibit divergent branches with more than six major nodes,
with dominant species like Deinococcus — 7, Streptomyces — 14, and Desulfosporosinus — 10.
Other enzymes from popular species such as Escherichia, Bacillus, and Salmonella account
for < 3. Overall, the data indicates that for allantoinase, the functional annotation of bacterial
enzymes has intriguingly evolved compared to other taxa. It is important to highlight that a
majority of protein expression on the laboratory-scale relies on bacterial plasmid/constructs.
Henceforth this analysis holds significant relevance in the selection of specific bacterial

strains for downstream processing. '
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Figure 2.2: Phylogenetic analysis of alantoinase sequences (A) The number of sequences falling under
specific clade. (B) Representative phylogenetic tree with clade distances and nodes corresponding to
evolutionary related sequences

2.3.2 Isoelectric point analysis.

The isoelectric point (pl) is a critical parameter in protein biochemistry as it determines
the pH at which the protein carries no net charge. It provides insight into the overall energy
distribution, relevant for protein’s physical properties. Accurate pl estimates are essential for
protein purification. We computed the theoretical pl values for the 86 protein sequences
encoding allantoinase and analyzed their trends using statistical parameters. Fig. 2.3
illustrates the pl values for all sequences, with a mean value of 5.62. The majority of
sequences cluster around the mode value of 5.22, suggesting a preference for slightly acidic
conditions. However, a few outliers with higher pl indicate a subset of sequences with more
alkaline properties. The standard deviation was calculated to be 0.52, signifying a moderate
degree of variability among the sequences. The data also revealed positive skewness of 2.21
and a high kurtosis value of 8.57, reflecting that the tail of data (leptokurtic distribution) is
towards higher pl. A 99% confidence interval analysis shows that majority of allantoinase lie
within a specific pl range. The upper confidence interval (UCI) of 5.77 and a lower
confidence interval (LCI) of 5.47 were found.

Detailed analysis across the biological kingdoms (Eubacteria, Fungi, Plantae) and
Phyla (Chordata, Mollusca, Arthropoda), provides a comparative outlook. Within the fungi
kingdom (n=6), an average pl of 5.67 was observed, indicating a propensity towards slightly
acidic to neutral properties. In the Arthropoda phylum (n=9), the pI values range from 5.16 to
6.09, suggesting moderately acidic to neutral charge distribution. Conversely, Chordata
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exhibits an extensive pl range from 5.22 to 6.88, with an average of 6.02 (n=6), indicating a
shift from slightly acidic through to marginally basic properties. This demonstrates a broader

variability in pl within Chordata species as opposed to Fungi and Arthropoda.

The larger segment representing bacterial allantoinase (n=63), displaying a pl spectrum
from 4.93 to 8.35 (average 5.54). This extensive distribution underscores a significant diversity
in charge properties. The mean pl places bacterial allantoinase between Fungi and Arthropoda
in terms of charge distribution, with Zygomycces parabaili presenting an outlier pl of 8.35,
markedly alkaline. Additionally, Streptomyces species (n=14) unveils a pl range from 5.05 to
5.81, indicating a potential difference in the charge characteristics of allantoinase within the
phylum. These variabilities in isoelectric points underscore their profound significance in
experimental settings, particularly in elucidating the implications on enzyme function, stability,

and potential applications.

We further observed that algorithms for predicting pl values vary in results. By
comparing outcomes from different sources (Prot Cal, Protpl, and IPC with the Expasy tool),
we can assess reliability and accuracy in pl values reporting. Specifically, Prot Cal and Prot pl
tend to underestimate pl values, while IPC overestimates them, as visualized in Fig. 2.3(C).
Likewise, Expasy, shows significant differences. Nevertheless, they show relatively similar

trend in the pl values.

Expasy
A ooy WMin. = 4.76 B

01 = 522 Bacteria
Q2 =543
Q3= 584

Max. = 8.35
Chordata.

Arthropoda.

Counts

Fungi
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Figure 2.3: (A) Histogram for Isoelectric point and (B) Comparison of mean value of pl and GRAVY
value for different taxa. (C) Box plot showing the amino acid frequency (%) information for the 84

allantoinase sequences

2.3.2 Analysis of GRAVY.

The analysis of GRAVY (Grand Average of Hydropathicity) for allantoinase offers
valuable insights into protein’s hydrophobic and hydrophilic property, which are based on the
Kyte-Doolite and Hopp-Woods scale for individual amino acids. The extent of
hydrophobicity is indicated by a positive score and for our dataset (Fig. 2.4), GRAVY value
ranges from -0.33 to 0.17, with the most hydrophilic and hydrophobic enzymes corresponding
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to Anopheles triannulatus and Chloroflexales bacterium, respectively. Though the mode
GRAVY value corresponds to -0.15, the mean value is -0.13 indicating the overlap in
distributed data. The GRAVY value peaks at -0.19 for arthropod allantoinase, aligning
closely with the pl value. inclining towards the hydrophilic range. Interestingly, for fungi,
chordata, and bacteria, the average values are similar, that is -0.12. However, a weak correlation
is observed between the distribution of pl and GRAVY values for the allantoinase dataset,

highlighting the complexity of protein behavior.'?
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Figure 2.4: Histogram plot for GRAVY value for all species

2.3.3 Analysis of protein solubility parameters.

Maintaining proteins in a soluble state is a critical aspects of protein biophysics.
Majority of allantoinase solubility parameter are at the concentrations at which they are
marginally soluble. This limited solubility can decrease protein yield, whereas achieving
optimum solubility can help preserve the protein in its native state with a stable conformation.
The soluble state of allantoinase protein is essential for ensuring optimal enzymatic activity,
critical for detecting allantoin in a biosensor prototype. This stable state can significantly
enhance performance and efficacy, allowing the analyte to be detected even at low
concentrations. The information holds value as it streamlines the enzyme immobilization

process, thereby simplifying fabrication processes.!'*

Through SoluProt program, the gradient boosting machine learning technique was
employed to reveal an intricate relationship between solubility and insolubility of these
proteins, to access their potential for overexpression in E. coli.!*’ Nearly 62 % of sequences
exhibited a solubility index below 0.5, indicating high propensity for insolubility during

expression (Fig. 2.5). It also indicates challenges associated with expressing and purifying
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these proteins. Furthermore, Streptomyces species (n=14), displayed solubility index ranging
from 0.32 to 0.47, with an average of 0.39. These figures cast doubt on efficacy of expressing
and purifying enzymes from this species without any side-directed mutagenesis. Similarly,
enzymes from Deinoccocus (n=7) exhibited lower solubility tendencies. On the contrary, 33.4
% of the allantoinase enzymes are lying above 0.5 solubility index, hinting their potential for
soluble expression. The species set of Desulfosporosinus (n=6) and Desulfitobacterium species
(n=4) hovered over borderline solubility with an average of 0.49 and 0.53. Species from
Escherichia coli (strain MS21 and K12), Salmonella species, E. faecalis, H. halodurans and

K. pneumoniae showcased remarkable solubility index of ca. 0.8.
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Figure 2.5: Solubility index generated for bacterial allantoinase

2.3.4 Insights from amino acid composition.
Box plot visually summarises the amino acid composition and identifies hidden patterns.

In Fig. 2.6, the population statistics are depicted, exhibiting a substantial degree of variability
and high dispersion for each individual amino acid. The maximum variability was observed
in the case of Ala, which imparts minimal steric constraints in the three-dimensional
framework. Rare occurrence amino acids (frequency range 0-1) are sulphur containing
residues like Cys and Met, and the aromatic residues Trp and Tyr. Hydrophobic amino acids
dominant, as indicated by the box-position of Ile, Leu, Asn, and Glu. Non-polar amino acids in
high frequency such as Ala, Leu, Gly and Val indicate compactness of the native structure of
protein. The distribution of Leu, Glu, and Val in the enzyme sequences features several

outliers.
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Figure 2.6: Weblogo representing the frequency of amnio acids in the active site of allantoinase. The
stack height is indicative of the sequence conservation and frequency of occurrence at the specified
position. Representation is shown for (A) allantoinase complete dataset, (B) bacterial (C) fungi (D)

chordates and (E) arthropods with ‘n’ denoting the number of sequences in each clade/taxa. (F) A
representative three-dimensional structure of allantoinase (E. coli Strain K12) is shown for its secondary
structural arrangement, a-helices in cyan and -strands in magenta.

2.3.5 Sequence-structure analysis focusing on allantoin binding site.

The reported allantoinase structures are typically found in tetramer.!'* However, for
the purpose of our three-dimensional architecture analysis, we have chosen to consider only
monomers. According to Kim et al. the active site is commonly referred to as TIM-barrel
structure due to the arrangement of helices-loop-sheet secondary structures.''® The substrate
allantoin binds to a large cavity in the enzyme consists -strands, a-helices, and loops. In Fig.
2.6 F, the arrangement of secondary structural patterns in E. coli strain K12 is illustrated. The
spatial distribution of secondary structures highlights the inner region (active site) containing

B-sheets, which are radially covered by the a-helices.

The active site has been further elucidated interpreted through its sequential
composition. The frequency of amino acids is delineated on a comparative basis across
varying taxa, subsequently visualized through weblogo representation. The empty positions

indicate the gap penalty used for the multiple sequence alignment algorithm. The complexity
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and diversity of a sequence motif are closely correlated with the size of the amino acid character
bins.!*! Fig. 2.6 shows the weblogo for entire dataset, where His and Asn at the N-ter and Gly,
Asp, and Ser at the C-ter are conserved, ascribing a common structural/functional role. Gly, in
particular, is pivotal as B-strand breaker and involved in providing conformational flexibility
to the enzyme active site.'*> Positions 5-7 and 10-14 are partially buried, and populated by
Phe, Ala, Thr and Cys, indicating dynamic conservation level across the alignment. The acidic
residue Asp, red remains conserved across all the dataset, except in a few bacterial allantoinase
(Fig. 2.6 B). Stacking of multiple amino acids, in the 7-8 and 12-13 position, shows its critical
role in maintaing flexibility within the active sites, which is pronounced in case of arthopods
(Fig. 2.6 E). The least variation in the active site residues were found in case of chordates and
fungi, showing high divergence and no strong preference for any particular amino acid.
Collectively, all allantoinase contain a conserved aromatic residue Trp, at position 14 or 17,

which underscores its criticality in facilitating crucial interactions.
2.3.6 Accounts of allantoinase disorder characteristics

Disordered regions refer to the structural regions that lack a well-defined and stable
three-dimensional structure. These regions are often flexible and unstable due to the absence
of any specific conformation.!* This analysis helps estimate the challenges during purification
and crystallisation, and also impacts the protein-adsorption process. Focusing on critical
regions when stabilizing protein adherence for biosensing applications can significantly extend

the protein's functional lifetime and enhance sensing proficiency (Fig. 2.7).
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Figure 2.7: Disordered characteristics of all species (b) bacterial species

Bacterial species have the lowest number of disordered regions, likely due to their
streamlined genetic material and low sequence complexity (Figure 2.8 A). The disordered ratio
for the bacteria ranges from 0.02 to 0.06, with 23 species having a disordered ratio of 0.02 (Fig.

2.7 B). Notably, the highest ratio for disorder is observed for E. coli MS 21-1, Chlorofexota
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bacterium, and E. fergusonii, with a value of 0.06.

The extent of disordered regions in allantoinase proteins varies among different
taxonomic groups due to several biological and evolutionary factors. Arthropods have the
highest average ratio of disordered regions (7%), followed by fungi (6%). While bacterial
allantoinase have the lowest average (3%), it highlights the compact three-dimensional
structure and thus is a good candidate for immobilization purposes. Interestingly, when
correlated with the length of the proteome, the overall percentage and average disorder ratio
were also found to be lowest for bacterial origin (Table 2). The difference arises due to specific
amino acid sequence features, such as a greater frequency of charged and hydrophilic residues,
or low sequence complexity, which are specific to protein disordered areas. Further discussion
will focus on the analysis of bacterial proteins with insights from instability index and

extinction coefficient.

Table 2: Average disorder ratio in different phylogenetic taxa of allantoinase

Average Average  ratio  (Disorder | Percentage (%) of
disorder region/ Proteome size) Disorder region
Fungi 32 0.06 6
Chordates 26 0.06 6
Bacteria 14 0.03 3
Arthropoda 35 0.07 7
All 19 0.04 4

2.3.7 Accessing the stability parameters of bacterial allantoinase.

Instability index is an indicator of protein stability in vitro, based on empirical index
of amino acids in the sequence.'’! The average instability index estimated for bacterial
allantoinase is 36.33, pointing to notable stable. Specifically, 50 bacterial allantoinase
sequences with values <40 is considered stable, while the remaining 13 show values >40 (Fig.
2.8 A). Escherichia and Streptomyces species emerge as promising candidates for developing
allantoinase-based sensor due to their high acceptance rate in laboratory-scale expression yield.
Evaluation from Streptomyces species, reveals an average index of 37, with a marginal
exception of S. ferrugineus (value 41). Conversely, the enzyme from Escherichia species yields
a slightly higher average instability index of 42. Despite exceeding the 40 thresholds, the
associated instability can be effectively controlled during routine protein purification and

isolation protocol.!*
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2.3.8 Representation of allantoinase’s structural models

Structural ensembles from diverse taxonomic groups are overlaid to obtain insights
into secondary structural content and resemblance. Notably, a distinct demarcation between
potential disordered regions (blue) and the active site (green) of the protein is evident in
Figure 2.9. Of particular interest is the qualitative alignment between bacterial and chordate
taxa. The disordered regions are mostly conserved in the central segment of primary
sequences, but are also confined to a distinct peripheral region of the enzyme, with an
exposed surface. Furthermore, additional disordered regions located on the C-ter region are
clearly separated from the active site. This crucial insight aids to our understanding that the
presence of disordered regions or the associated conformational alternation does not hinder
the enzyme’s ability to adsorb on surfaces. Importantly, the specificity and sensitivity of the
protein upon adsorption remain unaffected, given the spatial separation of the active site from

the disordered region.
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Figure 2.9: structural models of allantoinase showing the disorder regions (blue) and active binding
sites (green). The N-ter (pale yellow) and C-ter (cyan colour) of the structures are represented as sphere.
The number of structural models used in this representation are denoted as ‘n’. The indicative structural
models represent (A) Bacteria (n=10) (B) Chordates (n=6) (C) Fungi (n=6) (D) Athropoda (n=9) (E)
Mollusca (n=1) (F) Plantae (n=1). (G) Histogram representing area of hydrophobic active site. (H)
Visual representation of 3D structure of allantoinase showing hydrophobic cluster in the active site
region

In Fig. 2.9 G, we presented a statistical analysis of the hydrophobic patches present on
the surface of the allantoinase, offering significant insights into enzyme stability. Certain
bacterial species, such as Desulfitobacterium sp., Streptomyces and R. radiotolerans, exhibit
pronounced hydrophobic residues-rich areas near the active site. The occurrence of these
hydrophobic amino acid residues near the active site significantly impacts substrates and
products accessibility, potentially influencing the catalytic activity. These hydrophobic regions
can create intricate pockets and channels, thereby affecting molecules access to the catalytic

center %, Utilizing these interactions through immobilization methods holds promise for

preserving the enzyme’s catalytic activity across various conditions. Additionally, visual
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representation of the hydrophobic clusters near the active site region can be found in Fig. 2.9

H.

2.3.9 Insights into the intrinsic volume.

Protein folding is the fundamental aspect that regulates the structure-function
relationship. We focused on analyzing the packing pattern of allantoinase and identified
correlations between the driving forces essential for the enzyme’s conformational stability,
thermostability, and ligand binding. This information could also underpin our understanding
of effects of mutations and prediction of stability parameters. In Fig. 2.11 (C), various
regression analysis for the Vigw and Vyeid, which together constitute the total intrinsic (Viotar)
volume are presented as explained in Fig. 2.10. In Fig. 2.11 A, the analysis of Vil in relation
to the protein length displayed a strong regression (Pearson’s R and R? as 0.94 and 0.89).
However, when focusing solely on bacterial allantoinase, no significant correlation was
observed, suggesting that the enzymes from other taxa with extended and flexible regions
demonstrate a strong correlation with the increased sequence length. The regression for Viotal
with Vyaw and Vyoid is significant for the data set. Pearson’s R value for Viota vs Vyaw remains
0.99 when calculated for all the proteins and bacteria Fig. 2.11 B. For Viotal VS Vvoia Pearson’s
R changes slightly from 0.97 (all dataset) to 0.92 for bacterial (Fig. 2.11 D). This implies that
bacterial allantoinase exhibit variation in intrinsic volume due to differences in Vyoid.
Additionally, the regression between Vyaw and Vvoia for all proteins with R? value of 0.91, while

for bacteria it reduced to 0.74.

Void
Volume

Molecular

/ Surface

vdW
Volume

Total Volume = vdW + Void volume

Figure 2.10: Visual representation of the intrinsic volume parametersVarious factors
influence how protein adsorb to a substrate surface, including the chemical and physical
properties of both the protein and the material surface. Van der Waals forces are considered
to be significantly involved in the adsorption of proteins onto materials such as graphene,
Silica, or other low-dimensional materials.'** Unfolded proteins are more susceptible to
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changes in ionic strength and, therefore, are more influenced by vdW forces than folded
proteins. Therefore, understanding the intrinsic volume parameters influencing the folding
state of allantoinase is crucial. It has also been suggested that a combination of electrostatic
interaction, counterion release, and vdW forces are necessary to explain the binding

behaviour of Proteins.
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Figure 2.11: Volume-based parameter analysis of allantoinase. (A) Correlation between Vo and
Proteome size. (B) Correlation between Vi vs Viaw (C) Correlation between Vioal Vs Vyoida (D)
Correlation between Vyaw and Vioid

2.3.10 Structural characteristics based on solvent accessibility.

SASA analysis, essential for understanding the surface-proximal regions and
estimating the sensor’s stability, particularly after its adsorption to the surface. A strong
correlation between SASA and proteome size for all proteins (R=0.95), and for bacterial
allantoinase (R=0.74) in Fig. 2.12(A-C) is shown. Specifically, bacterial allantoinase has a
SASA volume range of ca. 15500 and 18700 A% (Fig. 2.12 B), the lowest across different taxa,
with Streptomyces sp. showing the lowest extrinsic SASA. This indicates better residue burial,
enhancing stability by lowering hydrophobic residue exposure. As discussed in the work by
Marsh, SASA denotes the extrinsic area property, closely linked with the intrinsic properties
like Vvaw, Vvoid, and hydrophobic surface.!*’ Furthermore, strong regression values with R? of
0.94 and 0.91 for Vyaw and Vg, respectively (Fig. 2.11), underscores the protein's
adaptability to environmental changes without perturbing enzyme’s performance.

72

TH-4104_226159101



Chapter 2. Computational Evaluation of Allantoinase Structural
Variables Influencing Adsorption

A B
o 025 ¢ Fungi S 0.07 Bacteria
= Chordata s
b~ .20 ] :
é 02 A Arthopod e~ 0.06 *
A ® Mollusca = 0.05 xx

T 015 ‘ S
5 x Bacteria % 0.04 = xxx x 2
E 0.10 A ® Plantae "o" 0.03 XX RXFFRRX x
& ' o= 0.02 x XX XX XXX XX

005| M =
a ﬁg 0.01 %

0.00 — 0

400 500 600 700 435 440 445 450 455 460 465 470
Total Residues Total Residues

Figure 2.12: Stability analysis of allantoinase. (A) SASA of all clades. (B) SASA of bacterial
allantoinase

2.3.11 Estimates of hydrophobicity and structural compactness

To elucidate the determinants of protein stability and function, we consider critical
metrics like Hydrophobic indices to characterize a protein’s hydrophobic,'** and Long Range
Order (LRO) to estimate the spatial arrangement of distally located residues that stabilize the
protein 3D shape.'*® The calculations are based on pairs of residues that are 12 or more
residues in sequence but within a spatial distance of 8 A.!*” LROs are relevant for
understanding the extent of local perturbation resulting in an unfolded conformation. Our
analysis reveals that O. halophilus exhibits the highest Hp value at 35.27, which indicates its
higher propensity for hydrophobic interactions (Fig. 2.13 A), integral to minimize the
solvent-induced structural perturbations. In contrast, R. radiotolerans displays markedly lower
Hp at 22.97. Among the bacterial allantoinase, Alkalihalobacillus sp. has the highest total LRO
of 0.38 and R. radiotolerans has the lowest at 0.073 (Fig. 7E). A robust correlation between
LRO and Hp (Pearson R=0.94) (Fig. 2.13), underscores the interdependence between
protein’s hydrophobic profile and compactness. Other strong correlations have been
established between the hydrodynamic parameters of allantoinase, indicating compactness and

structural stability
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Figure 2.13: (A) LRO of bacterial allantoinase (B) Correlation between LRO and Hp
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2.3.12 Spatial conformational distribution and degree of freedom.

The distribution of protein fold across the center of mass provides insight into its
compactness and overall dynamics.'*® It was also foundn that the average value of Rg for the
entire dataset is ca. 21, indicating that the overall spatial conformational distribution is
assymmetric. The findings are visually depicted in the box plot in Fig. 2.14 B, where median
values of 24.3 for Ro and 21.3 for Rg, indicates the tightly packed 3D structure (Rg < Ro).

Notably, an outlier for Rg at 24.2 was observed, associated with E. coli MS21 allantoinase.
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Figure 2.14: (A)Two-dimensional density plot between Asphericity and Rg (B)) Pie chart of
Asphericity of complete and bacterial allantoinase

Protein’s asphericity indicates how its shape deviates from a perfect sphere, which is
vital in determining the functional and stability. Asphericity values range from 0 for a perfectly
spherical shape to 1 for an irregular shape. Through a 2D density map correlating Rg and
asphericity, we pinpoint proteins sharing similar size properties. A large portion of the dataset
shows density >60% and indicates that the majority of allantoinases demonstrate close to zero
asphericity. To obtain deeper insights, as shown in Fig. 2.14 B, notably, 97 % of allantoinase in
the dataset ranges between low to moderately (up to 0.11) asphericity, indicating minimal
deviation from a perfect sphere. Interestingly, all bacterial allantoinases (except S. paratyphi),
show low asphericity, which demonstrates they are less susceptible to structural perturbations

caused by solvent interactions, rendering more stable during adsorption.
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Figure 2.15: (a) Violin plot of Rtranslational and Rrotational parameters among the bacterial
allantoinase. (b) Box plot to show the range of Ro and Rg

We also elucidated the translational and rotational radii of allantoinase, to gain insights
on the protein dynamics that governs its interaction property. In highly diluted solutions, the
rotational and translational diffusion coefficient and the Ro of the biomolecule, temperature
and the solution's viscosity (1), are related through the Stokes-Einstein-Debye and Stokes-
Einstein (SE) equations. Physically the phenomenon of Brownian or stochastic motion in
solvents, depict the interplay of frictional forces and torque captured by the translational and
rotational radii, respectively. Our findings are illustrated in violin box plots in Figure 2.14 A,
highlighting the variation in R-rotational ranging from 30-32, while the R-translational
demonstrates relative stability from 28-30. One key realization from this analysis is that
although the allantoinase globular-folded size remains compact, its susceptibility to mass
distribution leads to notable variance in the R-translational radii. This observation sheds light
on the protein’s propensity to spread out, which is uncovered during Brownian motion, as
indicative by relatively higher R-rotational radii. Additional parameters such as translational
diffusion coefficient (Dt) and frictional coefficient (f/fo). These critical estimates ensures that

the immobilized enzyme maintains its structural integrity, preserving catalytic efficiency.'#’

2.3.13 Multivariate analysis on the derived features from different species.

The PCA performed on 16 features derived for 63 species producing allantoinase,
resulted in the following scores and the loading obtained for the first two principal components
(PC) as shown in Biplot (Fig. 2.16). The clustering based on scores of PC I & II, resulted in 5
distinct clusters and some individual species that could not be clustered were represented as
outliers (Table 3). Though many of the species from same genus are grouped together such as
Streptomyces in group V, we also see distribution of same genus into different groups, e.g.
Bacillus into group I, II; Deinococcus into group III, IV and VI. Another interesting aspect of
the Biplot is that the features responsible for the clustering of group I such as Asphericity
(F8), Total Volume (F9), Void Volume (F10), exhibited higher value compared to other
species. Similarly, we also note that, Total Hp (F4) seems to be down regulated in Group I1I,
which is the reason why its corresponding loading vector is pointed away (opposite direction)
from its cluster. The implication of PCA is that, it provides multiple options to choose a

species with desired feature characteristics from a pool of clustered species.
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Figure 2.16: Principal Component Analysis of allantoinase species. The scores are shown in filled

circles, and the loading vectors are shown in blue arrows. The clustering of the score plot was

performed using dbscan algorithm. The resulting clusters were named as, Group I (¢), Group II (e),
Group III (e), Group IV (), Group V (o) and Group VI ()

Table 3: The species present within each cluster or group obtained from the dbscan clustering based

on the score values of PCA

Group I

Group 11

Group III

A. alcalophilus
A. okhensis
A. wakoensis
B. licheniformis
B. paralicheniformis
B. swezeyi
B. subtilis
D. geothermalis

D. chlororespirans
D. dehalogenans
D. dichloroeliminans
D. hafniense
D. acididurans
D. acidiphilus
D. lacus
D. meridiei
D. youngiae
E. faecalis
H. halodurans
K. pneumoniae
M. ruber
N. vireti
S. paratyphi
S. typhimurium
S. sphaeroides

B. smithi
C. bacterium
D. kobayashii
P. caldoxylosilyticus

D. grandis
D. phoenicis
K. racemifer
Ktedonobacter sp.
K. bacterium
M. taiwanensis
S. usitatus

Group IV

Group V

Group VI (outliers)

D. peraridilitoris
D. radiodurans
O. halophilus

TH-4104_226159101

S. ambofaciens
S. antibioticus
S. avermitilis
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S. caeruleatus
S. coelicolor
S. cyaneogriseus
S. dysideae
S. ferrugineus
S. griseostramineus
S. lincolnensis

D. gobiensis
D. marmoris
D. orientis
E. coli MS 21-1
E. coli strain K12
E. fergusonii
R. radiotolerans

S. longwoodensis
S. mutabilis
S. pactum
S. regalis

2.4 Conclusion

In this comprehensive study, allantoinase enzymes from 86 different sources were
thoroughly evaluated to determine their biochemical and biophysical properties, with aim of
ranking their suitability for immobilization. Notably, a significant majority (73%) were
originating from bacterial origin. When it comes to developing enzyme-based sensors,
properties such as solubility, structural compactness, hydrophobic area, and hydrodynamic
attributes must be thoroughly considered. The information is essential for precise engineering
of enzymes with specific mechanical, biochemical, and kinetic properties to achieve
unparalleled sensitivity for analyte detection and long-term sensor stability against

environmental perturbations.

Our analysis elucidates the relationship between environmental pH and its propensity
to enhance adsorption to counter-charged substates. It sheds light on properties of allantoinase,
where its intrinsic hydrophilic nature, underscored by a negative hydropathy index. Notably,
bacterial allantoinase reveals diminished disorder ratio alongside high stability, primarily due
to the Cys residue which favour disulfide bonds with substrates. However, only 40% of the

bacterial allantoinase was observed to meet predefined solubility threshold.

The active site of the enzyme, characterized by conserved titratable residues such as
His and Asp, plays a pivotal role in retaining enzymatic activity through pH dependent
(de)ionization, within the specific buffer range. Moreover, bacterial allantoinase is least prone
to environmental perturbations attributed to its stable tertiary structure. This stability is further
enhanced by significant hydrophobic active site area per residue and lower SASA. Further,
Escherichia and Streptomyces show superior values for stability index and extinction
coefficient, suggesting them as strong candidates for adsorption suitability. Similar compelling
correlation between intrinsic volume and protein length for bacterial allantoinase indicate its
compact folding pattern in contrast to other taxa. Based on analysis of hydrodynamic
parameters such as Rg, Ro, asphericity, Dmax, and frictional coefficient, bacterial allantoinase

shows a more uniform and spherical shape, which is highly desirable for optimal adsorption
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onto surfaces. The theoretical estimates offer significant advantage, providing a cost-effective
and readily accessible alternative to traditional experimental validations such as Analytical
Ultracentrifugation (AUC), Size-Exclusion Chromatography (SEC), Nuclear Magnetic
Resonance (NMR), and Small-Angle X-ray Scattering (SAXS), which may be limited in their
applicability to polydisperse samples.'>°

Enzyme-based sensors face challenges like sensitivity to process conditions and
reduced stability. Improving enzyme stability and simplifying recycling and processing are
critical for enzyme immobilization. This study provides valuable insights by analyzing
structural parameters, aiding in selecting the promising species for the physical adsorption
and immobilization methods. These parameters are crucial for developing effective sensors in

various settings
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Chapter 3

Analysis of Agarose Gel Electrophoresis and
Pore Size Characterization

Abstract

Agarose gel electrophoresis is a fundamental technique used for the separation and analysis of
nucleic acids based on their size and conformation. This separation mechanism relies on the
porous network formed by agarose polymers, which acts as a molecular sieve under an applied
electric field. Understanding the relationship between gel microstructure and DNA migration
behavior is essential for accurate interpretation of electrophoretic results. In this chapter,
agarose gel electrophoresis data were quantitatively analyzed using image-based methods, and
the pore size characteristics of the agarose gel matrix were examined using scanning electron
microscopy (SEM). The combined analysis provides insight into how gel microstructure
correlates with DNA band mobility and intensity. The quantitative relationship established
between agarose pore morphology and DNA migration provides broader insight into
biomolecular transport in porous hydrogel matrices. Such understanding is directly relevant to
the design of hydrogel-based biosensing platforms, where analyte diffusion, binding

interactions, and signal generation are strongly governed by the underlying network

microstructure.
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Figure 3.1: Schematic of agarose gel imaging and SEM analysis followed by image processing
and quantitative feature extraction workflow. This work has been published in:

Kotal, A., Das, S., Sarangi, S., Das, N., & Kar, R. K. (2025). Image Analysis for Analytical and
Microbial Studies. Journal of Chemical Education, 102(4), 1684-1693.
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3.1 Introduction

Agarose gel electrophoresis is one of the most widely used analytical techniques in
molecular biology for the separation, visualization, and semi-quantitative analysis of nucleic
acids. Its popularity originates from its operational simplicity, low cost, and high resolving
power for DNA fragments across a broad size range. In an applied electric field, negatively
charged DNA molecules migrate through a hydrated network of agarose fibers, and their
mobility is primarily governed by size, conformation, and the physicochemical properties of
the gel matrix.'>! Agarose gels are often used as routine lab tools without much thought, but
their internal structure, especially the size and distribution of pores, strongly influences how

molecules move during electrophoresis and therefore affects the accuracy of results.!>?

The gel matrix formed by agarose is a physically crosslinked porous network created
upon cooling of hot agarose solutions. Linear agarose polymers self-associate via hydrogen
bonding and hydrophobic interactions to generate double helices, which further aggregate into
superhelical bundles and three-dimensional networks.!>®> The interstitial voids within this
network constitute the pores through which hydrated DNA molecules must traverse under an
applied electric field. These pores act as a molecular sieve that imposes steric constraints and
solid friction on migrating DNA. As a result, larger DNA fragments experience greater
hindrance and migrate more slowly, while smaller fragments can navigate the porous network
more efficiently, leading to size-dependent separation. The effective sieving characteristics of
an agarose gel therefore depend critically on parameters such as pore diameter, pore

connectivity, tortuosity, and heterogeneity of the microstructure.

In practical terms, the performance of agarose gel electrophoresis is typically evaluated
in terms of resolution, band sharpness, migration reproducibility, and the accuracy of size
estimation relative to known standards. These macroscopic performance indicators are
influenced by several experimental variables, including agarose concentration, buffer
composition, ionic strength, applied voltage, gel thickness, and temperature. Among these, the
concentration and microstructure of the agarose matrix are especially important because they
directly modulate the pore size distribution and mechanical rigidity of the gel. Higher agarose
concentrations generally yield smaller pores and increased gel stiffness, improving resolution
for small DNA fragments but simultaneously impeding the migration of larger molecules.
4Conversely, lower agarose concentrations generate larger pores, facilitating the migration of
high-molecular-weight DNA at the expense of resolving power for smaller fragments. A
rigorous understanding of the relationship between gel microstructure and DNA migration

behavior is therefore essential for the rational design and optimization of electrophoretic
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separations.'>*

The characterization of agarose gel microarchitecture has historically lagged behind
standard electrophoretic applications, despite the crucial role that pore structure plays. Instead
of using quantitative structural data, agarose concentration and buffer conditions are chosen
empirically in many labs using empirical charts or acquired experience. These methods are less
effective when high resolution separations, reliable quantitative interpretation, or technique
transferability are needed, even if they frequently function well for typical diagnostic or cloning
procedures. For instance, minute changes in the polymer batch, gel aging, or gel casting
circumstances might change the effective pore network, resulting in variability in DNA
migration from gel to gel or lane to lane.!>® It is challenging to determine whether variations in
band mobility or intensity are due to biological variation, mistakes in sample preparation, or
inherent heterogeneities in the gel matrix without direct knowledge of the underlying

microstructure.

At the same time, with the right sample preparation, electron microscopy techniques,
especially scanning electron microscopy (SEM), can be used to directly visualize the agarose
network. High resolution imaging of the dried network is made possible by freeze drying or
critical point drying agarose gels, which is followed by conductive coating.'*® This allows for
the visualization of the fiber architecture and the distribution of pores at the nanoscale. Through
systematic image analysis of SEM micrographs, quantitative parameters such as pore diameter
and pore area distributions can be extracted. These structural metrics, when coupled with
electrophoretic performance data, provide a powerful framework for establishing structure—
function relationships in agarose gels. In particular, they enable direct assessment of how mean
pore size, distribution width, and the presence of rare larger voids influence DNA mobility,

band separation, and lane-to-lane reproducibility.'>’

The present chapter adopts such a combined electrophoretic and microstructural
approach to investigate the role of agarose gel pore morphology in governing DNA migration
behavior. Agarose gels of defined composition are prepared under controlled conditions, and
DNA fragments are separated using standard horizontal electrophoresis. High-resolution gel
images are acquired and analyzed using Image] to extract band positions, calculate
percentage relative mobility, and quantify band intensities in different lanes.'”® These
metrics provide an objective measure of the extent and reproducibility of size-dependent
separation, as well as the consistency of DNA loading and the degree of diffusion-related
losses.! Particular attention is given to comparing relative mobility and intensity profiles

between lanes containing identical DNA mixtures, thereby probing the uniformity of the gel
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matrix and the applied electric field.

It was mmobilized immediately after preparation, rapidly frozen, and subjected to
freeze-drying under vacuum to minimize structural collapse and preserve the native network
architecture as closely as possible. The dried gels are then sputter-coated with a thin conductive
layer and imaged at high magnification to resolve the fiber network and pore morphology.
Image analysis software is used to identify individual pores, measure their diameters, and
calculate their areas, yielding statistical distributions of pore size and pore area. The resulting
histograms are further analyzed using Gaussian fitting to estimate mean pore diameters and
assess the width and symmetry of the size distribution. These data enable characterization of
the gel matrix in terms of both its predominant pore scale and the degree of heterogeneity

arising from the presence of smaller and larger pores.!*

This work attempts to clarify how microscopic characteristics of the agarose network
translate into macroscopic electrophoretic performance by combining these two
complimentary datasets: quantitative pore structure metrics from SEM and quantitative DNA
migration metrics from gel electrophoresis. The mean pore size determined from SEM is
interpreted in the context of the observed range of DNA fragment mobilities, providing
physical justification for the size-dependent separation. At the same time, deviations from
ideal, perfectly uniform pore structures, as reflected in skewed pore area distributions and
occasional larger voids, are related to the minor variations observed in band mobility and
intensity between identically loaded lanes. In this way, the chapter establishes a direct
correlation between pore size distribution characteristics and the reproducibility and resolution

of DNA separation. !>

This integrated perspective is not only of fundamental interest for understanding
molecular sieving mechanisms in agarose gels, but also has practical implications for method
optimization and standardization. Reliable knowledge of pore size scales and heterogeneity can
guide the rational selection of agarose concentration for specific size ranges of DNA, inform
the choice of buffer conditions and applied fields, and aid in diagnosing unexpected changes
in electrophoretic behavior. Furthermore, the quantitative framework developed here combines
image based electrophoretic analysis with SEM derived microstructural characterization and
can serve as a useful approach for studying other gel systems, including polyacrylamide,
composite gels, and emerging polymer matrices used in microfluidic and lab on a chip

platforms.

A broader implication of this work lies in the growing reliance on imaging as a

83
TH-4104_226159101



Chapter 3. Analysis of Agarose Gel Electrophoresis and Pore Size
Characterization

quantitative analytical tool rather than a purely descriptive technique. Understanding gel
microstructure and electrophoretic behavior ultimately depends on extracting reliable
numerical information from visual datasets, linking structural characterization with functional
performance. This highlights the central role of systematic image acquisition, processing, and
analysis in modern scientific workflows, where translating visual observations into
reproducible metrics enables deeper interpretation across biological, chemical, and materials

research contexts.

Image-based information is vital in the scientific domain, providing a valuable
perspective for understanding and analyzing complex phenomena. Deriving quantitative
conclusions from visual data is essential. Key features of images such as size, shape, intensity,
and spatial distribution contain important insights that significantly enhance our scientific
understanding of various problems.!>” However, effective interpretation often requires
thorough processing, including enhancing image contrast, improving resolution, segmenting
specific areas, and highlighting regions of interest. Herein, it is important to track these
processes, maintain transparency, and accurately reproduce the information extracted from
multidimensional imaging data. Ultimately, achieving a high level of accuracy, sensitivity, and

precision in image interpretation is crucial for advancing scientific knowledge.

The significance of image-based analysis in biological fields is undeniable, particularly
for electrophoresis gel images and fluorescence i1mages obtained from confocal
microscopy.!®® These techniques are crucial in phase-contrast microscopy and immuno-
histopathological contexts, where aspects such as staining, cell density, and spatiotemporal
location play vital roles in accurate assessment.'®! Furthermore, insights gained from imaging
methods extend to interdisciplinary areas such as nanotechnology and biomedical
engineering. For instance, FE-SEM (field emission scanning electron microscopy) and FE-
TEM (field emission transmission electron microscopy) for material characterization are
essential in determining size distribution, aspect ratio, and morphological features.'®?
Additionally, while less commonly employed, analyses of pore sizes and surface morphology
through methods like profilometers and metallography are equally significant. Thus, the
concept of image processing is critical for advancing research and innovation across

disciplines.

Imagel is a leading open-source program based on the Java platform, specifically
created for scientific image analysis, which was originally developed by NIH.!'®* The algorithm
provides remarkable capabilities such as intuitive image visualization, segmentation, tracking,

and statistical results.'*® The software is continuously updated with new processing protocols,
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TH-4104_226159101



Chapter 3. Analysis of Agarose Gel Electrophoresis and Pore Size
Characterization

analysis macros, and plug-ins being integrated routinely.'®* Each update undergoes rigorous
validation through peer-reviewed publications, ensuring a high level of accuracy and reliability

165

across fields, including biology,'®® chemistry,'® and materials science.

In summary, this chapter focuses on the analysis of agarose gel electrophoresis and
pore size characterization to uncover the structure—function relationship between gel
microarchitecture and DNA migration. The first part of the chapter describes the preparation
of agarose gels, the electrophoretic separation of DNA, and the quantitative image-based
analysis of band mobility and intensity. The second part presents the preparation of agarose
gels for SEM, the acquisition of high-resolution micrographs, and the quantitative extraction
of pore size and pore area distributions. Finally, the electrophoretic and morphological results
are correlated to demonstrate how the nanometer-scale porous network of agarose underlies
the observed macroscopic electrophoretic performance. Through this comprehensive approach,
the chapter provides a robust framework for understanding and ultimately controlling DNA

transport in agarose-based separation systems.
3.2 Methodology

3.2.1 Preparation of Agarose Gel

Agarose gel was prepared by dissolving analytical-grade agarose powder in 1x
electrophoresis buffer (TAE) to obtain the desired gel concentration. The solution was heated
until complete dissolution, yielding a clear and homogeneous melt. The molten agarose was
cooled to approximately 55-60 °C and poured into a gel casting tray fitted with a comb to form
wells. The gel was allowed to polymerize at room temperature for 30—40 min before use as

well mentioned in the paper.

3.2.2 DNA Sample Preparation and Electrophoresis

DNA samples were mixed with loading dye prior to electrophoresis. The solidified gel
was placed in an electrophoresis chamber filled with 1x running buffer, ensuring complete
submersion. Samples were carefully loaded into the wells, and electrophoresis was performed
under a constant DC voltage. Negatively charged DNA fragments migrated toward the anode
through the agarose gel matrix according to their size and conformation. Following
electrophoresis, the gel was stained using an appropriate nucleic acid stain and visualized
using a gel documentation system. High-resolution images were acquired for quantitative

analysis.

3.2.3 Image-Based Quantification of DNA Bands

85
TH-4104_226159101



Chapter 3. Analysis of Agarose Gel Electrophoresis and Pore Size
Characterization

Accounting Gel Band Displacement

Load agarose gel image in ImageJ
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Measure distance of individual band

\

Comparision with ladder sequence

Figure 3.2: Stepwise approach to assess gel band displacement.

After loading the image into the Imagel software, the image was calibrated using a
known scale. This calibration was applied to the entire image. "Set Scale" was selected under
the "Analyze" menu, and the known distance was input to establish the pixel-to-length ratio.
This step standardized the image for accurate distance and size measurements. The image was
then converted to 8-bit to reduce memory usage. The length from each well to the bands was
measured, recording the distance for each band by starting from the same reference point for
consistency. This step was repeated for all bands in the gel, and the data were saved

simultaneously for comparison.

DNA band migration and intensity were quantified using Imagel software. The Gel
Analyzer tool was used to define individual lanes and detect band positions. Migration distance
for each band was measured from the loading well to the band center. Relative mobility (Rf)
was calculated by normalizing each migration distance to the dye-front migration distance and
expressed as percentage relative mobility. Band intensity was determined by integrating the
pixel intensity within each band area after background subtraction. These values were used to

compare relative DNA abundance between lanes and assess experimental reproducibility.

3.2.4 Analysis of gel band intensity
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Gel Band Intensity Analysis

Load agarose gel image in ImageJ
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Figure 3.3: Sequential process for analyzing gel band intensity

To calculate the gel band intensity, after loading the agarose gel image, the image was
converted into an 8-bit type to reduce the file size. One of the critical steps was the removal of
background noise by using the “subtract background” function under the “Process” menu. The
rolling ball radius or other parameters were adjusted accordingly to reduce noise while
effectively preserving the bands. Alternatively, manual thresholding was performed to
eliminate background noise. The gel analyzer tool in ImageJ was used to specifically analyze
bands in the gel, helping to select lanes and analyze their gel intensity areas. This created a
graph where the peaks corresponded to the bands on the gel. Each peak represented a band and
was labeled accordingly. Then, the area under the peaks was determined to measure the

intensity of each band, reflecting the concentration of DNA in that band.

3.3 Results and discussion

3.3.1 Quantification of Relative Mobility
To quantify DNA migration, the Gel Analyzer tool of Image] was employed to

measure the displacement of individual DNA bands from the loading well. The relative

mobility (Rf) was calculated and expressed as a percentage of the total migration distance. In
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Fig. 3.4 (A), the gel documentation (gel doc) image clearly shows four distinct lanes, each
approximately 1 mm in width.'®” Among these, lanes 2 and 3 display ten well-resolved DNA
fragments of varying sizes. These visible banding patterns represent the separated DNA
fragments that have migrated different distances through the agarose matrix under the influence
of the electric field. The clarity of the bands indicates a well-optimized gel concentration and
electrophoresis condition, ensuring effective separation and minimal smearing. Such well-
defined bands are essential for quantitative analysis, as they directly correspond to discrete

DNA fragment populations present in the sample.

Figure 3.4: (A) shows the gel documentation image of an agarose gel containing four lanes, each with
a width of approximately 1 mm. Lanes 2 and 3 display ten well-resolved DNA fragments, which were

selected for detailed quantitative analysis. (B) SEM image of 0.8 % of agarose gel (adapted with

reference from '%7)

To characterize the migration pattern more precisely, the Gel Analyzer tool integrated
within ImagelJ software was employed. This digital tool converts the gel image into a density
profile plot, allowing extraction of key parameters such as band intensity (reflecting DNA
fragment abundance) and migration distance (representing molecular size-dependent mobility).
Through this analysis, the relative mobility of DNA fragments in lane 2 was determined to
range between 20 and 118 mm. Similarly, lane 3 displayed a corresponding range of 22 to 117
mm, revealing a closely matched migration behavior between the two lanes. This systematic
displacement pattern suggests uniform electrophoretic conditions across the gel, ensuring that
the observed differences are inherent to the sample composition rather than experimental

variations.

Interestingly, a minor deviation in the relative mobility of bands 1 through 7 between
lanes 2 and 3 was observed. Such slight mobility differences may arise from subtle variations

in DNA conformation, sample loading volume, or local gel inconsistencies. In molecular terms,
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factors such as sequence composition (e.g., GC content), DNA topology (linear vs.
supercoiled), and salt residue carryover can also affect migration. Nevertheless, the near-
identical pattern between the two lanes indicates reproducible separation and validates the

robustness of the electrophoresis process used in this experiment.

Beyond migration distance, the intensity of each DNA band provides valuable
quantitative information about the relative abundance of individual fragments within each
sample. Band intensity is directly proportional to the amount of DNA present in that zone,
brighter bands correspond to larger quantities of DNA, while fainter bands represent less
abundant fragments. By analyzing the integrated intensity (in square pixels) using Imagel’s
Gel Analyzer, we obtained values ranging from 12,325.26 to 62,649.34 sq. pixels. These
quantitative data can be used to infer relative DNA concentrations and assess sample loading

uniformity across lanes.
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Figure 3.5: Comparative band mobility and intensity analysis. (A) Percentage relative mobility (Rf)
plotted against band position for Lane 2 (black) and Lane 3 (red), showing closely overlapping
migration profiles with a progressive increase in mobility at higher band positions. (B) Bar graph
representing the relative percentage difference in band intensity between the two lanes across ten bands,
highlighting minor variations at lower band numbers and pronounced negative deviations for bands 8—

10.

Collectively, these findings not only elucidate the migration dynamics of DNA
fragments under electrophoresis but also underscore the value of digital image analysis in
enhancing the interpretative depth of classical gel-based techniques. The observed
correspondence of migration patterns between lanes 2 and 3, accompanied by slight but
measurable intensity variations, provides a detailed picture of DNA mobility and abundance.
This understanding forms the basis for more advanced molecular biology applications,
including size estimation of unknown fragments, restriction mapping, verification of PCR

products, and genotyping workflows.

In summary, Fig. 3.5(A) provides a visual and quantitative assessment of DNA
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migration behaviour under standardised electrophoretic conditions. The systematic analysis
of mobility and intensity parameters enhances the reliability and reproducibility of
electrophoretic measurements, enabling accurate characterisation of DNA fragment
separation. These results validate the analytical approach and demonstrate the relationship
between DNA molecular properties and migration behaviour, thereby supporting the

robustness of the methodology for molecular analysis and experimental applications.

3.3.2 Quantitative Analysis of DNA Band Intensity and Relative Abundance

Band intensity is essentially a reflection of the amount of DNA present in a given
fragment population; thus, analyzing intensity enables semi-quantitative estimation of sample
concentration. In the current study, this intensity-based quantitative assessment was critical for
comparing the DNA content between two experimental lanes. Fig. 3.2 (B) presents the relative
difference in band intensity between lanes 2 and 3 across ten distinct DNA fragments. By
calculating the relative difference (i.e., intensity in lane 2 minus intensity in lane 3), positive
values correspond to higher intensity in lane 2, whereas negative values indicate higher
intensity in lane 3. This approach provides a visual and numerical framework to assess the

uniformity of DNA loading and the reproducibility of electrophoresis outcomes.

The results reveal that the intensity differences between these two lanes are generally
small for most bands, signifying that both samples were loaded with nearly identical quantities
of DNA. This similarity indicates consistency in the pipetting process, gel composition, and
electrophoretic conditions. Minimal variation also implies that diffusion of DNA within the gel
matrix was effectively controlled, reflecting well-optimized electrophoresis parameters such as

buffer composition, voltage, and run time.

Slightly larger deviations in intensity occur in the higher band numbers (corresponding
to smaller DNA fragments). Such differences can arise from several factors: (i) increased
diffusion rates of smaller DNA molecules during electrophoresis, leading to fainter or slightly
dispersed bands; (ii) imperfections in well loading or sample pipetting; and (iii) potential
saturation effects in fluorescent detection for high-concentration regions. These parameters,
although minor, highlight the delicate nature of electrophoretic separations, where physical

effects like diffusion and molecular sieving subtly influence the measured fluorescence profile.

To further quantify this phenomenon, the Gel Analyzer function in ImageJ was used
to obtain integrated intensity values for each band. The computed values spanned from
12,325.26 to 62,649.34 square pixels, corresponding to the lower and upper limits of

fluorescence density among the ten fragments. These intensity values provide a direct measure

90
TH-4104_226159101



Chapter 3. Analysis of Agarose Gel Electrophoresis and Pore Size
Characterization

of relative DNA quantity within each fragment population. The resulting profile offers a semi-
quantitative calibration that can be correlated with DNA standard markers to estimate fragment

yield or purity.

Such analyses are valuable not only for interpreting experimental reproducibility but
also for the principles of quantitative data interpretation in molecular biology. By measuring
relative band intensities, the learning includes connecting visual electrophoretic patterns with
quantitative representations of molecular abundance. This insight builds foundational
understanding of how measurement, normalisation, and error analysis guide biotechnological

applications ranging from genetic profiling to PCR-based diagnostics.

Moreover, the relationship between band intensity and DNA concentration has
practical relevance in assessing sample quality across different experimental steps. High- or
low-intensity bands can serve as indicators of yield efficiency in DNA extraction or as

markers of successful PCR amplification.

In conclusion, the intensity analysis presented in Figures 3.5 (A) and (B) reinforces
the reliability and reproducibility of the electrophoretic procedure, demonstrating near-
identical quantitative DNA distributions between the two lanes. Subtle variations among
specific bands offer insights into molecular diffusion dynamics and experimental precision.
These findings collectively highlight the dual significance of electrophoretic analysis—both as
a research technique for examining DNA composition and as a pedagogical tool that deepens
understanding of molecular quantification and data-driven interpretation in the biological

sciences.

3.3.3 Morphological Characterization of Agarose Gel Pore Structure

3.3.4.1 SEM Imaging of Agarose Gel Matrix

To directly visualize the internal microstructure of the agarose gel, SEM imaging was
performed after appropriate sample preparation involving freezing and overnight drying. Fig.
2.1(A) shows a representative SEM micrograph of the agarose gel surface at high
magnification. The image reveals an interconnected porous network formed by agarose fibers,

with irregularly shaped pores distributed throughout the matrix.

3.3.4.2 Pore Size Distribution
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Figure 3.6: Histogram showing the distribution of pore size diameters (nm) with a fitted Gaussian
curve, indicating the predominant pore size range of the sample. (B) Distribution of pore area (nm?)
illustrating the frequency of pores as a function of their surface area, highlighting a higher population
of smaller pores with a long tail toward larger pore areas.

Quantitative analysis of pore size was carried out by measuring pore diameters from
SEM images using image analysis software. Fig. 3.6 represents a histogram of pore size
diameter distribution, overlaid with a Gaussian fit. The pore diameters are primarily
distributed in the range of approximately 5—12 nm, with a mean pore size centered around 8§-9
nm. The relatively narrow distribution suggests a reasonably homogeneous gel matrix, which

is consistent with the reproducible DNA migration observed in electrophoretic experiments.

3.3.4.3 Pore Area Distribution

In addition to pore diameter, pore area was analyzed to capture the variability in pore geometry.
Fig. 3.6 B shows the distribution of pore area as a function of pore count. The distribution is
highly skewed, with a large number of small-area pores (<200 nm?) and a progressively
decreasing number of larger pores extending up to ~1200 nm?. This long-tailed distribution
indicates the presence of occasional larger voids within the gel matrix, which may locally

facilitate faster migration of smaller DNA fragments.

3.3.5 Correlation Between Pore Structure and DNA Migration

The combined electrophoretic and SEM analyses provide a coherent picture of DNA
transport through the agarose gel. The average pore sizes determined from SEM imaging are
consistent with the size-dependent separation observed in gel electrophoresis, where larger
DNA fragments experience greater hindrance and exhibit lower relative mobility. The presence
of a heterogeneous pore area distribution explains the minor variations in band mobility and
intensity between lanes. These results highlight the critical role of gel microstructure in
determining electrophoretic performance. Accurate estimation of pore size distribution is
therefore essential for optimizing gel concentration, predicting resolution, and interpreting
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DNA migration behavior in analytical and preparative electrophoresis.

3.4 Conclusion

In this work, a combined electrophoretic and morphological approach was employed
to elucidate the role of agarose gel microstructure in governing DNA band migration and
intensity behavior. Quantitative image-based analysis of agarose gel electrophoresis
demonstrated highly reproducible DNA band mobility and intensity across multiple lanes,
indicating uniform electric field distribution and consistent gel architecture. Complementary
SEM characterization revealed a nanometer-scale porous network with a moderately narrow
pore size distribution, which directly correlates with the observed size-dependent separation of
DNA fragments. The presence of a heterogeneous pore area distribution further explains minor
variations in band mobility and intensity, particularly for smaller DNA fragments. Collectively,
these results establish a direct structure—function relationship between agarose gel pore
morphology and electrophoretic performance, providing a framework for understanding
molecular sieving mechanisms in agarose-based separations. This study is also employed to
interpret the relationship between band intensity and DNA concentration, thereby gaining
hands-on experience in gel image analysis and understanding DNA quantification principles.
Such training provides them insight into experimental reproducibility, data normalization,
and semi-quantitative molecular analysis, skills foundational for genetic analysis, DNA

fingerprinting, and diagnostic applications.

Overall, the intersection of electrophoresis, image analysis, and biosensing will likely
be shaped by advances in quantitative bioimage analysis. As open-source tools and pipelines
mature, they increasingly support robust extraction of intensity, size, and mobility metrics from
gel images and hydrogel-based assays. Future work can couple these image-derived features
with machine learning and uncertainty quantification frameworks developed for biosensors,
enabling automated, statistically grounded interpretation of gel-based experiments that directly

inform sensor design, optimization, and validation.
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Chapter 4

Comparative Adsorption and Plasmonic
Response of Functionalized AuNPs

Abstract

Gold nanoparticles (AuNPs) are widely employed in colorimetric biosensing due to their
localized surface plasmon resonance (LSPR), which is highly sensitive to surface chemistry and
interparticle spacing. However, the choice of surface linkers is often empirical, with limited
understanding of how small structural differences influence adsorption behaviour and optical
response. In this study, we present a comparative investigation of citrate-stabilized AuNP
functionalization using two structurally related NHS-ester crosslinkers, 3,3'-
dithiobis(sulfosuccinimidyl propionate) (DTSSP) and dithiobis(succinimidyl propionate)
(DSP). Although both linkers possess disulfide moieties that enable Au—S chemisorption and
terminal amine-reactive groups for bioconjugation, they differ in hydrophilicity and charge,
which significantly influence their adsorption behaviour and optical response. DTSSP caused
strong red shifts and aggregation, whereas DSP maintained stability with minimal spectral
change; adsorption analysis showed higher, multilayer adsorption for DTSSP and more
uniform adsorption for DSP. Overall, the results establish a direct correlation between linker
chemistry, adsorption thermodynamics, surface mobility, and plasmonic response. The
anionic and hydrophilic nature of DTSSP promotes dynamic surface reorganization and
aggregation-driven red shifts, while DSP forms a more compact and stable interfacial layer
that preserves colloidal dispersion. The insights obtained in this work provide fundamental
design principles for controlling nanoparticle stability, aggregation, and plasmonic response
through linker chemistry. Such understanding can accelerate the development of nanoparticle-
based biosensors by reducing trial-and-error in surface functionalization. These findings are
also relevant to nanomedicine, where stable nanoparticle coatings are essential for drug
delivery, imaging, and therapeutic applications. In addition, improved control over
nanoparticle interfaces can support the development of sensitive environmental sensors for
detecting pollutants and toxins. More broadly, the study advances the fundamental

understanding of nano-bio interfaces, enabling rational design of functional nanomaterials

95
TH-4104_226159101



for diverse technological applications.

Keywords: Gold nanoparticles (AuNPs); DTSSP; DSP; Surface plasmon resonance (SPR);

Adsorption isotherm modeling; Colorimetric biosensing.

Adsorption Isotherm

DTSSP §V%

B
- ,.;—; e — £ i
@ 7N " i~
- — = B ot
- _. £ 2 5 v
- Au-DTSSP g e 1 WY —
Citrate e L ‘ @
AuNP’s ’ ..' o —
DSP . .
Au-DSP 5
Spectral Controlled Aggregation
Characterization Dispersion Tendency
DTSSP : 3,3'-Dithiobis(sulfosuccinimidyl propionate) DSP — Dithiobis(succinimidyl propionate)

Figure 4.1: Schematic of DTSSP and DSP functionalization of citrate AuNPs and their basic
characterization along with SPR change

4.1 Introduction

Gold nanoparticles (AuNPs) have emerged as one of the most versatile and promising
nanomaterials in biomedical research, primarily due to their unique physicochemical properties
that enable diverse therapeutic and diagnostic applications.'®® Their exceptional characteristics
including tunable optical properties, high surface-area-to-volume ratios, biocompatibility, and

facile surface functionalization—position them at the forefront of modern nanomedicine.'®

The distinctive properties of gold nanoparticles arise from their nanoscale dimensions,
typically ranging from 1 to 150 nm. At this scale, AuNPs exhibit quantum size effects and
unique electronic configurations that differ markedly from bulk gold.!”® The high surface-
area-to-volume ratio facilitates enhanced reactivity and molecular interactions, making them
exceptionally suitable for conjugation with various biomolecules. This property is particularly
advantageous for drug delivery and biosensing applications, where maximizing surface

interactions is critical for therapeutic efficacy.!®

AuNPs demonstrate remarkable chemical stability under varying pH, temperature, and
ionic conditions, ensuring consistent performance and long-term reliability across diverse

biological environments.!”! Their inert nature minimizes non-specific interactions with
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biological systems, while their gold-thiol chemistry provides a robust platform for selective
surface functionalization. The ease of synthesis through both chemical and physical methods,

combined with precise control over size and shape, further enhances their versatility.!”

The most distinctive feature of gold nanoparticles is their localized surface plasmon
resonance (LSPR), a phenomenon that underpins many of their biomedical applications. LSPR
occurs when incident electromagnetic radiation, typically in the visible to near-infrared
spectrum interacts with the conduction band electrons in the metallic nanoparticle. This
interaction causes the free electrons to oscillate collectively at a specific resonance frequency,
creating an intense, localized electromagnetic field confined to the nanoparticle surface.?? The
resonance frequency is exquisitely sensitive to the nanoparticle's size, shape, and the
dielectric properties of the surrounding medium. For spherical gold nanoparticles, the LSPR
peak typically occurs between 500-600 nm, appearing as a characteristic ruby-red color in
solution. However, anisotropic structures such as nanorods, nanostars, and nanotriangles
exhibit multiple plasmon bands, including longitudinal modes that can be tuned into the near-

infrared region (650-1000 nm), where tissue penetration is optimal.'”?

AuNPs are highly effective for surface functionalization, providing a valuable platform
for the development of colorimetric biosensors. Their properties, like absorption, scattering,
and fluorescence is critical for such applications. As the size of these spherical nanoparticles
increases from 20 nm to 80 nm, the absorption spectra demonstrate a significant shift from 520
nm to 550 nm. The red-shift, as related to the size of the nanoparticles, progressively increases
with larger gold nanoparticles. Additionally, the formation of complexes with ligand or
macromolecule alters the local dielectric environment. This interaction exposes the
nanoparticles to solvents that affect the refractive index at the interface, thereby enhancing their
functionality. The plasmon resonance creates an electromagnetic field enhancement that can
be 10-10° times stronger than the incident field in localized "hot spots".!”* This field is
confined to within a few nanometers of the nanoparticle surface—the so-called near-field
region—effectively concentrating light energy into volumes far smaller than the diffraction
limit. This property forms the basis for surface-enhanced spectroscopic techniques and highly

sensitive biosensing platforms.
The ability to functionalize AuNP surfaces with diverse molecular entities is central to

their biomedical utility. Gold's strong affinity for sulfur-containing compounds, particularly

thiols, provides a straightforward conjugation strategy. Molecules bearing thiol (-SH),
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disulfide (-S-S-), or thioether groups spontaneously form stable Au-S bonds with nanoparticle

surfaces, creating robust, covalent attachments that withstand physiological conditions.!”

To enhance the sensitivity and specificity of the colorimetric sensors, attaching linker
molecules onto the surface of the gold nanoparticles is the appropriate strategy.
Conventionally, bio-conjugate methods, like passive adsorption and random covalent bonding
for bifunctional linkers attachment were widely used. Efficient choice of linkers for surface
modification includes polyethylene glycol (PEG), biotin-avidin, N-hydroxysuccinimide
(NHS) esters, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide = (EDC), and 11-
mercaptoundecanoic acid (MUA). 23,24 Among these linkers, thiol functional groups are
critical for attachment to gold surfaces. DTSSP -3,3'-Dithiobis(sulfosuccinimidyl propionate)
and DSP -Dithiobis(succinimidyl propionate) are two such widely-used linkers that leverage
this property by covalently binding to the AuNPs. 25,26 Importantly, both of these probes
contain a central disulfide bond, readily cleaved in situ for thiol-based binding with the Au
core, while their N-hydroxysuccinimide (NHS) ester termini covalently couple to primary

amines on biomolecules.'”®

The key chemical difference between the two linkers is the presence of an additional
sulfonate group in DTSSP. The functional moiety aids in dispersibility in the aqueous
environments compared to the DSP. This quality enables the DTSSP linker to maintain the
native conditions of biomolecules, making it ideal for applications in drug delivery, protein-
protein crosslinking and interaction studies where minimal interference is crucial. Due to
their ability to covalently bind with the gold nanoparticles both these linkers are used in

biosensing.
4.1.1 Functional and mechanistic insights of DTSSP and DSP probes

DTSSP and DSP are chemical cross-linkers that are used in biosensors, drug delivery,
and protein studies. Their utility lies in attachment to gold particles through cleavable thiol
groups. Additionally, they also form stable amide bonds through sulfo-NHS esters by linking
amine-containing molecules. The main difference between them is that DTSSP is water-
soluble because it has sulfonate groups, while DSP is not water-soluble due to lack of charged
groups, and thus dissolves in organic solvents like DMSO and DMF. This makes DTSSP
more useful for experiments in water or outside cells, whereas DSP is better for experiments
inside cells, for detecting neurotransmitters,'!”” or for working with membrane proteins.'® In
this section, we summarized the strategies adopted for linking DTSSP and DSP linkers for
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biosensing application.

DTSSP has also proven particularly useful for linking proteins and lipids due to its
water solubility and compatibility with physiological pH. Chung et al. immobilized Myoglobin
on a gold surface through a chemical bond formed between the amine groups of myoglobin
and the sulfo-NHS ester groups of DTSSP.!”® Importantly, the DTSSP fragment retains its
redox property even after immobilization, which is confirmed through the oxidation and
reduction peak characterization. Oliverio et al. have demonstrated the strategies of chemical
functionalization of plasmonic surface biosensors, in which DTSSP is demonstrated to couple
with Cys or Lys residues of self-assembled monolayers of Au surfaces.!”® Maity et al., reported
the attachment of DTSSP linkers with the AuNPs to design POCT prototype to detect for f2-
microglobulin (B2M) detection in human tears.'®® The mechanism involves, DTSSP’s
covalent attachment with AuNPs to form N-succinimidyl-3-thuipropionate via gold-sulphur
bond. This bond has active NHS groups, which further can react with the primary amines
present in the antibodies. Following this reaction step, one end of the antibody remains free to
bind with the antigen, present in analyte. This attachment leads to a change in AuNPs size,
causing agglomeration. The subsequent variation in AuNP color and intensity of transmitted
rays thus forms the primary sensing principle. Ngo et al. further optimized a DTSSP based
SERS assay, achieving superior sensitivity compared to conventional methods and successfully
detected small extracellular vesicles (biomarkers) derived from ovarian cancer cell lines.'®! In
their sandwich SERS immunoassay, the AuNPs were coated with Raman active molecules,
followed by conjugation with target antibodies using DTSSP. The free surface-ends of these
SERS nanotags were blocked with bovine serum albumin to prevent non-specific binding. The
hydrodynamic radius of these nanotags were characterized to ~56 nm. The overall surface
charge of these nanotags were negative, indicating its stability after conjugation with
antibodies. Cordina et al. use DTSSP to attach lectins to AuNPs, enabling the formation of
lectin-SERS nanotags for glycan (sugar) detection on proteins and cells. Here, the disulfide
linkage chemisorbs on the AuNP surface and links the lectins to the AuNPs, while the N-
hydroxysuccinimide (NHS) esters react with primary amines on the lectin.'®? The role of
DTSSP is that lectin is stably displayed on AuNP surface, minimizing desorption during
labelling and washing steps. Silva et al. have utilized DTSSP to attach antibodies to gold
nanoparticles, enabling highly specific biosensing for the SARS-CoV-2 spike protein.!? The
characteristics Raman spectrum of free DTSSP were reported in this work, which shows

marked difference with DTSSP conjugated AuNP due to SERS effects. The spectral results
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indicate the disulfide bonds of DTSSP were broken when adsorbed on AuNPs. In another work
done by D'Amato et al. DTSSP is used for the detection of a protein associated with Zika
virus.'®* During antibody immobilization, DTSSP adsorbs onto the AuNP surface through its
disulfide moiety, forming a stable linker layer on the nanoparticles. The sulfo-NHS ester
groups of DTSSP remain available for bioconjugation and subsequently react with primary
amine groups present on the antibody molecules. This nucleophilic substitution results in the
formation of stable amide bonds, accompanied by the release of N-hydroxysulfosuccinimide,

thereby covalently anchoring the antibody to the DTSSP-functionalized AuNP surface.

Ayankojo et al. used DTSSP to modify electrode surface, which allowed binding of
ncovS1 proteins through its NHS groups. Here also, the S—S bond of DTSSP cleaves for further
reaction and attachment with thin film, gold-modified electrode.!® In another work by
Chavan et al., a novel approach to detect serotonin through formation of its dimeric complex
by catalytic oxidation, which binds with DTSSP coated AuNPs.!*¢ The final complex tends to
aggregate which in turn changes color from wine red to blue for colorimetric assay. The
aggregation tends to mediate through surface-functionalized DTSSP, where the succinimidyl
ester binds with primary amine and allow the dimeric scaffold formation. Such linker-
analyte-linker sensing system brings a unique strategy for immunoassay-based detection of

serotonin.

DSP has also been widely used in sensors targeting macromolecules through the amine-
reactive NHS ester groups, enabling specific and stable conjugation. Using this principle, Wang
et al. developed a colorimetric sensor, in which DSP react with amino moiety of serotonin and
another probe N-acetyl-l-cysteine (NALC) bind non-covalently through hydrogen bonding and
electrostatic interaction to the hydroxyl moiety of serotonin. Henceforth, the Au-S bond is used
to combine DSP and NALC, which leads to crosslinking aggregation and results in plasmon
coupling. The double reaction mechanism effectively reduces the interference of other
biomolecules in sensing mechanism. In another work by Liu et al, uses DSP-AuNPs prepared
by ligand-exchange reaction, onto while dopamine was assembled via standard amine-coupling
reaction between amino group of dopamine and carboxyl group of DSP. Fe** acts as a cross-
linker in this case to induce aggregation of AuNPs via coordination to dopamine, which offers
rapid colorimetric-based detection. Likewise, Ling et al., uses DSP-coated AuNPs probes to
detect histamine. DSP reacts with aliphatic amino group of histamine, and imidazole ring of

histamine selectively binds with AuNPs via n-n* conjugation. The reaction induces
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aggregation of AuNPs, leading to colorimetric detection for red to blue color change. Jayeoye
et al explored the DSP attachment with AuNPs, resulting in significant stability of
nanoparticles compared to normal citrate-based stabilization approach. DSP-modified AuNPs
tends to acquire capacity to resist facile aggregation irrespective of the system’s ionic strength,
while holding its amine conjugation capacity. In their work, they conjugated creatinine with
DSP-AuNPs, which was further used for detection of Silver (Ag") ions in environmental
samples. Furthermore, Au nanoprobes are often coated in thiolated polyethylene glycol in order
to increase the circulation time and biocompatibility by semi masking probes from proteins

found in biological tissues and serum.

While DTSSP and DSP are widely used for AuNP functionalization, there remains a
clear gap in addressing comparative colloidal and optical property responsible for interfacial
processes. In this work, we compared the linkers - DTSSP and DSP, functionalization with
AuNPs, and correlated their concentration-dependent adsorption behavior. This study provides
insights into optimizing linker selection for AuNP-based colorimetric biosensing platforms.
Herein, we achieved reliable UV-based quantification of surface-bound DSP and DTSSP at
concentrations as low as 5 pL from a 0.4 mg/mL stock solution, corresponding to
approximately 1,397 uM for DSP and 726 pM for DTSSP (equivalent to 2 pg of linker). The
minimum detectable amount for our assay was determined to be 3.32 pL. for DSP and 0.87 uL
for DTSSP, corresponding to the smallest volumes of linker that could be reliably detected
through surface attachment to AuNPs. This study corroborates experimental method and
theoretical modelling for monitoring binding kinetics that might prove useful for designing
novel probes. The study of the kinetic parameters of gold-thiolate bond on colloidal gold
nanoparticles was performed, with the intention of designing parameters necessary to

successfully prepare optical nanoprobes for biological sensing applications.
4.2 Materials and methods

Gold(III) chloride trihydrate (HAuCls-:3H20), sodium citrate tribasic dihydrate, 3,3'-
dithiobis(sulfosuccinimidyl propionate) (DTSSP), and dithiobis(succinimidyl propionate)
(DSP) were purchased from Sigma-Aldrich. All chemicals were of analytical grade and used

as received without further purification.

4.2.1 Synthesis of Gold Nanoparticles (AuNPs)

AuNPs were synthesised via the modified Turkevich reduction method under highly

controlled physiological conditions.!®” The citrate to gold chloride precursor was set to
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1.5:1(trisodium citrate dihydrate: HAuCls). Initially, 195 ml of water was boiled in a round-
bottom Erlenmeyer flask on a hot plate. A cylindrical magnetic stir bar was placed inside to
stir the solution vigorously, ensuring uniform temperature. Separately, 20 mg of HAuCls was
suspended in 0.7 mL of Milli-Q water, and this was gradually added to the boiling water. In
parallel, 30 mg of trisodium citrate dihydrate was dissolved in 3 ml of Milli-Q water. This
reaction mixture was maintained at a boil with continuous stirring until the colour of the
solution slowly changed from pale yellow to wine red. Aliquots of the solution were collected

every 10 minutes for a total of 80 minutes to monitor the growth of nanoparticles.

4.2.2 Optimization of DTSSP and DSP conjugation on AuNPs

The DTSSP stock solution was prepared at an approximate concentration of 657 uM,
while the DSP stock solution was maintained at ~989 uM. For concentration-dependent
functionalization studies, DTSSP was added to AuNP dispersions at 3, 6, 14, 20, 26, 33, 40,
46, 55, 60, and 66 puM. Similarly, DSP concentrations were varied at 5, 10, 20, 30, 40, 50, 60,
70, 80, 90, and 100 uM. Defined aliquots from the respective stock solutions were introduced
into the nanoparticle suspensions and vortexed to ensure homogeneous mixing, followed by
overnight incubation at 4 °C to facilitate surface functionalization. The samples were then
centrifuged at 11 000 rpm to remove unbound linker molecules, and the resulting AuNP-linker

conjugates were resuspended in deionized water for subsequent analysis.

4.2.3 Physicochemical Characterization of AuNP-Linker Conjugates

The UV-visible absorbance spectra of AuNP-DTSSP and AuNP-DSP dispersions
were recorded using a Shimadzu UV-vis spectrophotometer. All measurements were
performed in triplicate using quartz cuvettes with a 1 cm optical path length at 25 °C. Deionized

water was used as the reference blank. The absorbance spectra were collected over a

wavelength range of 250—700 nm. For absorption measurements, 1 mL of AuNP-DTSSP and
AuNP-DSP dispersions was directly withdrawn from the respective stock solutions and used
for UV—vis spectral readings. To investigate the rate kinetics of linker binding and subsequent
stabilization of AuNPs, the linker solution was added directly to the AuNP dispersion in situ,
and UV-vis spectra were recorded immediately after addition and at regular time intervals

thereafter.

The functionality and interaction of the synthesized nanoparticles (AuNPs) along with

the functionalized nanocomposites (AuNP-DTSSP) and (AuNP-DSP) were inspected using a
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PerkinElmer FTIR spectrophotometer (Spectrum Two) at 25 °C in the range of 4000—400 cm™

!. The spectral resolution was adjusted to a resolution of 4 cm™' with 36 scans.

4.2.3.1 FE-TEM
For FE-TEM sample preparation, a small aliquot of the AuNP-DTSSP and AuNP—

DSP dispersions was drop-cast onto a carbon-coated copper grid (400-mesh) and allowed to

dry under ambient conditions before imaging.

4.2.3.2 Energy-Dispersive

Elemental composition and purity of the synthesized AuNPs and linker-functionalized
conjugates were analyzed using energy-dispersive X-ray spectroscopy (EDX) coupled with a
field-emission transmission electron microscope. For sample preparation, a dilute dispersion
of AuNP, AuNP-DTSSP, or AuNP-DSP was drop-cast onto a carbon-coated copper grid and
allowed to dry under ambient conditions. The dried grids were introduced into the microscope
chamber under high vacuum, and spectra were acquired from multiple regions to ensure
representative elemental analysis. The characteristic Au signal was used to confirm
nanoparticle composition, while additional peaks corresponding to C, O, N, or S indicated

successful surface functionalization.

4.2.3.3 X-ray Diffraction (XRD)

The crystalline phase and structural properties of AuNPs were investigated using
powder X-ray diffraction (XRD). For sample preparation, colloidal dispersions were
centrifuged to obtain concentrated nanoparticle pellets, which were subsequently drop-cast
onto a clean glass substrate and dried to form a thin film. Diffraction patterns were recorded

over a 20 range of 20°-80° using Cu Ka radiation. The obtained diffraction peaks were

indexed to evaluate crystallinity, lattice structure, and phase purity of the synthesized

nanoparticles.

4.2.3.4 Selected Area Electron Diffraction (SAED)

Selected area electron diffraction (SAED) analysis was performed during TEM
imaging to examine the crystallographic structure of individual nanoparticles. A small volume
of diluted AuNP dispersion was deposited onto a carbon-coated copper grid and air-dried prior
to measurement. Diffraction patterns were collected from localized regions using an
appropriately selected-area aperture to isolate individual nanoparticle assemblies. The

resulting concentric diffraction rings were analyzed to identify characteristic
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crystallographic planes and confirm the polycrystalline face-centered cubic structure of gold.

4.2.4 Adsorption analysis

To monitor linker adsorption over a wide range of concentrations, nanoparticles were conjugated
with linkers DSP and DTSSP, and a standard curve was used to determine the number of linker
molecules adsorbed per particle at saturation and apparent dissociation constants for each linker-
AuNP conjugate.

The adsorption isotherm helps elucidate how the adsorbate interacts with the surface of the
adsorbent at equilibrium concentration (Ce). In our study, we studied the following adsorption
isotherm fittings - Langmuir, Freundlich, Temkin Isotherms. Initially, the adsorption capacity was
calculated using equation 1

Qe

_ (CO_Ce)V
m

Equation 1

Where, Co is initial concentration of adsorbate (mg/mL), Ce is equilibrium concentration
of adsorbate (mg/mL), V is volume of solution (L), and m is the mass of adsorbent (mg). The
Langmuir isotherm linearized as 1/Q. vs 1/C., which represents monolayer adsorption onto a

homogeneous adsorbent surface, as per equation 2

1 1 .
1= [ ! ] * (—) + ( ) Equation 2
Qe QmaxKL Ce Qmax
Where Q. is amount of adsorbed NPs in mg.g ', Qm is maximum adsorption capacity from for
monolayer coverage in mg.g ', and Ce is initial concentration of NPs in solution.

Freundlich isotherm linearized as log Q. vs log C., which is appropriate for multilayer adsorption
on heterogeneous surfaces as per equation 3

logQ, = logKF + %logCe Equation 3

Temkin Isotherm linearized as Q. vs In C., accounting for adsorbate-adsorbent interactions and a
variable heat of adsorption, using equation 4

Q. = BinCe + BinA Equation 4

Parameters for Qmax, Ki, K¢, n, A, B were obtained by a linear curve fitting method, where Qmax
represents the maximum adsorption capacity, Ki represents the Langmuir constant, and Kr
represents the Freundlich constant.

Goodness-of-fit was evaluated via regression coefficient (R?) and residual analysis. All data points

and fitted curves were plotted for complete comparative visualization.
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4.3 Results and Discussion

4.3.1. Characterization of Bare AuNPs
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Figure 4.2: Morphological and size distribution analysis of bare AuNPs. (a) TEM image showing
spherical gold nanoparticles (scale bar: 50 nm). (b) Particle size distribution histogram (c) High-
resolution TEM image of AuNP (5 nm scale bar) (d) UV—Vis absorption spectrum of AuNPs exhibiting
a distinct surface plasmon resonance (SPR) band centred at ~527 nm, characteristic of well-dispersed
gold nanoparticles

The transmission electron microscopy (TEM) image in Fig. 4.2 (a) reveals that the
synthesized bare AuNPs possess a predominantly spherical morphology with relatively

uniform size distribution and well-defined particle boundaries, indicating controlled nucleation

and growth during synthesis. The particles appear well-dispersed with minimal aggregation,
suggesting good colloidal stability. Statistical analysis of particle dimensions, shown in Fig.
4.2 (b), presents a narrow size distribution fitted with a Gaussian profile, yielding an average
particle diameter of approximately 37 nm. The limited spread in particle size confirms the
monodisperse nature of the nanoparticles, which is critical for achieving consistent optical and
plasmonic properties. Such uniform morphology and size homogeneity are expected to
contribute to stable surface plasmon resonance behavior and reliable performance in

subsequent functionalization and sensing applications.

Selected area electron diffraction (SAED) is a transmission electron microscopy

(TEM)-based technique used to investigate the crystalline structure, phase composition, and

105
TH-4104_226159101



lattice ordering of nanomaterials. By collecting diffraction patterns from a localized region of
the sample, SAED provides information about crystallinity and atomic arrangement, allowing
differentiation between amorphous, single-crystalline, and polycrystalline structures. The
SAED pattern shown in Fig. 4.3 (c) has a well-defined concentric ring corresponding to the
characteristic (111), (200), (220), and (311) crystallographic planes of fcc gold were observed
through the SAED analysis with measured d-spacing values of 2.35, 2.04, 1.44, and 1.23 A,
respectively (Fig. 4.2), indicating the formation of highly crystalline face-centered cubic (fcc)
AuNPs with a polycrystalline nature and well-ordered lattice structure. The presence of sharp
and continuous diffraction rings further confirms uniform crystallinity and phase purity of the
synthesized nanoparticles, consistent with the XRD and HRTEM observations.'”! The UV—Vis
spectrum exhibits a distinct SPR band at approximately 527 nm, confirming the formation of
gold nanoparticles.'”> The well-defined peak indicates uniform particle distribution and stable
optical behavior, which is essential for subsequent functionalization and sensing studies.
HRTEM analysis was used to evaluate the morphology of gold nanoparticles. The high-
resolution TEM (HRTEM) image of AuNPs showing a well-defined nanoscale particle with
clear lattice fringes, indicating crystalline structure and uniform morphology at the nanometer
scale (scale bar: 5 nm). The image reveals clear lattice fringes with an interplanar spacing of

approximately 0.234 nm, which corresponds to the (111) crystallographic plane of fcc gold.
AuNP
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Figure 4.3: (a) X-ray diffraction (XRD) pattern of AuNPs displaying characteristic diffraction peaks
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corresponding to the crystalline structure of gold, confirming successful nanoparticle formation and
phase purity (b) Energy-dispersive X-ray spectroscopy (EDS) spectrum of AuNPs confirming the

elemental composition (c) Selected area electron diffraction (SAED) pattern of AuNPs

The EDX elemental mapping exhibited a characteristic peak at approximately 2.30 keV,
corresponding to the Au X-ray emission line, with additional smaller peaks at 8.5, 9.8, 10.4,
and 11.5 keV corresponding to higher-order X-ray transitions (Fig. 4.3). This further confirmed
the uniform distribution of gold throughout the sample. When DTSSP was used to conjugate
with AuNPs, it approaches the Au surface, and Au electrons cause the reductive cleavage of
the disulfide bond. In the solvent medium, the intact disulfide bond of the DTSSP molecule
undergoes hydrolysis, which lets the formation of a covalent bond with Au atoms through the
sulfide group.'®* Hydrolysis of the DTSSP-AuNP complex results in surface-bound
carboxylates, which give AuNP an overall negative charge.!”> Notably, DTSSP contains two
NHS ester groups, which are open for reaction with the terminal Lys residues, which form the

basis of AuNP functionalization with biomacromolecules.'**

4.3.2 Reaction Mechanism
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Figure 4.4: Schematic representation of AuNP synthesis followed by surface functionalization with

DTSSP and DSP linkers

Fig. 4.4 shows the steps pertaining to the reaction mechanism for the functionalization
with the linkers DTSSP and DSP. Firstly, we synthesised AuNPs using modified Turevich
Method, followed by covalent attachment of DTSSP and DSP linkers. In the subsequent step
a covalent attachment of DTSSP with AuNPs to form N-succinimidyl-3-thiopropionate
(NTSP) via gold-sulphur bonds was established. The NSTPs formed in the AuNP-DTSSP
reaction composites have an exposed active N-hydroxysuccinimide (NHS) groups, which is

active for biomolecules attachment through primary amine groups.'®>
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Figure 4.5: Concentration-dependent colorimetric response of AuNP-DTSSP and AuNP-DSP
systems, showing progressive linker binding and nanoparticle assembly from low to high

concentrations.

The attachment of DTSSP and DSP onto the citrate-capped AuNPs leads to a change
in Surface Plasmon Resonance of AuNPs, which accounts for the agglomeration phenomenon.
This agglomeration was accompanied by a visible change in the color of the AuNP suspensions,
along with variations in the intensity of transmitted light through the colloidal solutions,

80 This results in a

indicative of altered optical properties upon linker conjugation.!
bathochromic shift of the surface plasmon resonance band and a change in the color of the
solution from red to blue as shown in Fig. 4.5, which is useful deterministically even at a very

low analyte concentration.

4.3.3 Spectral Behavior of AuNP-DTSSP and AuNP-DSP
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Figure 4.6: UV—Vis absorption spectra of the AuNP—DSP system showing concentration-dependent
optical behaviour. (A) Spectral response at low DSP concentrations (5—40 uM) illustrating gradual
changes in absorbance intensity. (B) Spectra recorded at higher DSP concentrations (50-100 uM)

show further modulation of the plasmonic band

In order to prove the projected mechanism discussed in Fig. 4.5, a series of materials
and optical characterizations have been performed. The UV-vis spectra of AuNPs, DTSSP-
AuNP conjugates, and DSP-AuNP conjugates have been summarized as shown in Fig 4.6 (a-
b) and Fig. 4.9 (a-b), respectively. Bare AuNP samples show a characteristic peak maximum
at 527 nm confirming the size to be in the range of 35 — 40 nm. The attachment of the linkers
DSP and DTSSP has been confirmed by the red-shift of the AuNP peak to 529 nm and 533 nm,
respectively. This can be attributed to a change in the local refractive index around the attached
AuNPs after the attachment of linkers and subsequent agglomeration of AuNPs due to the
presence of active sites on the linker. In particular, the presence of thiol-derived disulfide
moieties and NHS ester groups in DTSSP and DSP facilitates surface binding and interparticle
bridging, promoting aggregation of the AuNPs.
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Figure 4.7: Colorimetric sensing response of AuNP—DSP system showing a progressive change in

solution colour with gradual increase in DTSSP concentration (5—100 uM)

The addition of the DTSSP linker (6 pM) to AuNPs resulted in a red-shift of the SPR
peak from 527 nm to 533nm. As the DTSSP concentration increases, the SPR peak
progressively shifts to 535 nm (14 uM), 537 nm (20 uM and 26 pM), 549 nm (33 uM, 40 uM,
and 46 pM), and finally reaches 550 nm at 53 pM and 66 uM DTSSP, indicating an intense
increase in local refractive index and plasmonic coupling arising from enhanced surface
functionalization and concentration-dependent interparticle aggregation, ultimately
approaching saturation of linker adsorption on the AuNP surface, which can be seen around 46

uM for DTSSP. The calibration plot for AuNP-DTSSP can be seen in Fig. 4.8.
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Figure 4.8: UV—Vis calibration curve of the AuNP-DSP system showing the linear relationship

between absorbance and DSP concentration.
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Figure 4.9: UV—Vis absorption spectra of the AuNP-DSP system showing concentration-dependent
optical behavior. (A) Spectral response at low DSP concentrations (540 pM) illustrating gradual
changes in absorbance intensity. (B) Spectra recorded at higher DSP concentrations (50-100 pM)

showing further modulation of the plasmonic band

In contrast, DSP-AuNP conjugates showed relatively less red-shift with increasing
concentration (Fig. 4.9). For a comparative analysis, the same linker concentrations were
maintained. The addition of DSP to AuNPs (5 pM) resulted in an SPR peak at 527 nm. With
increasing DSP concentration, only a slight redshift was observed, with the peak appearing at
528 nm (1040 uM), 529 nm (50-60 uM), and 530 nm (70-100 uM), indicating minimal
spectral change and limited surface modification compared to DTSSP, for increased

concnetrations.
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Figure 4.10: UV—Vis calibration curve of the AuNP-DSP system showing the linear relationship

between absorbance and DSP concentration.

The linear fit confirms concentration-dependent optical response and demonstrates the

suitability of the system for quantitative colorimetric sensing.
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Figure 4.11: Colorimetric sensing response of AuNP—DSP system showing a progressive change in

;B"l

solution color with gradual increase in DSP concentration (5—100 uM)
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Figure 4.12: Time-dependent UV—Vis spectral evolution and kinetic analysis of linker—AuNP
interactions AuNP and DSP

Time-resolved UV vis absorption spectra of AuNP-DTSSP conjugates have been
recorded from 0 to 80 min, showing a gradual decrease in SPR peak intensity with time.
Figures 4.12 and 4.13 present the evolution of the surface plasmon resonance (SPR) band of
AuNPs upon conjugation with DTSSP and DSP, respectively, monitored over a period of 80
min. In both systems, the SPR band centered around ~527-535 nm progressively decreases in
intensity with time, indicating changes in the local dielectric environment and nanoparticle

surface state following linker adsorption.

For the DTSSP-functionalized AuNPs (Fig. 4.12 b), a pronounced and continuous
decrease in SPR intensity is observed with increasing incubation time. This behavior suggests
dynamic surface reorganization and progressive interparticle interactions facilitated by DTSSP.
The presence of sulfonate groups in DTSSP enhances its aqueous solubility and electrostatic
interactions, enabling increased surface mobility and linker-mediated bridging between
adjacent nanoparticles. As a result, plasmonic coupling becomes more prominent with time,

leading to attenuation of the SPR band.
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Figure 4.13: Time-dependent UV—Vis spectral evolution and kinetic analysis of linker—AuNP
interactions AuNP and DTSSP

In contrast, the DSP-functionalized AuNPs exhibit comparatively smaller spectral
changes over the same duration. The SPR intensity decreases at a slower rate, indicating a more
stable colloidal system. DSP lacks charged sulfonate groups, which limits electrostatic
repulsion and surface mobility, favoring the formation of a relatively compact and immobilized
monolayer on the AuNP surface. This behavior is consistent with reduced interparticle bridging

and minimal aggregation.

The kinetic trends are further quantified in Figures 4.12 (b) and 4.13(b), where the
absorbance at the SPR maximum is plotted as a function of time. The AuNP—-DTSSP system
shows a steeper decline in absorbance, with linear fitting indicating faster kinetics of surface
reorganisation and aggregation. The faster decline in absorbance observed for the AuNP—
DTSSP system is attributed to the strong adsorption of DTSSP onto the gold surface, which
partially displaces citrate stabilizers and reduces electrostatic repulsion between
nanoparticles. The resulting interparticle interactions promote surface reorganization and

aggregation, leading to a more rapid decrease in SPR intensity compared to bare AuNPs.

In contrast, the AuNP—-DSP system exhibits a more gradual decrease in absorbance,
indicating slower surface adsorption and reduced nanoparticle aggregation. The absence of
sulfonate groups in DSP results in a less disruptive interaction with the citrate-stabilised
AuNP surface, preserving colloidal stability for a longer duration. Consequently, interparticle
interactions and surface reorganisation occur more slowly, leading to a lower rate of SPR
intensity loss. The difference in absorbance decay rates between the AuNP-DTSSP and
AuNP-DSP systems highlights the significant influence of linker chemistry on adsorption
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kinetics and nanoparticle stability.

Overall, these results demonstrate that the AuNP-DTSSP system induces faster and
more pronounced time-dependent changes in AuNP optical properties compared to the AuNP-
DSP system. This behaviour can be attributed to the higher surface mobility, flexible spacer
length, and charged nature of DTSSP, which collectively promote dynamic rearrangement

and aggregation. Conversely, DSP forms a more stable, less mobile surface layer that

preserves nanoparticle dispersion over time.
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Figure 4.14: FTIR spectra of pure DTSSP and AuNP-DTSSP

The chemisorption of the [3,3’-Dithiobis(sulfosuccinimidyl propionate)] (DTSSP) and
[dithiobis (succinimidyl propionate)] (DSP) crosslinker on the AuNP surface was validated
using Fourier-transform infrared spectroscopy (FTIR). In Fig. 4.14 The adsorption of citrates
on the AuNPs is confirmed by peaks at 1400 cm™! for (vs (COO)) and 1630 cm ! (va (COO-
)).!8 Upon functionalization with DTSSP, the appearance of a peak around ~1740 cm™ is
associated with the carbonyl (C=0) stretching vibration of the crosslinker.The S-H stretch can
be expected between 2550 and 2620 cm, indicating the stretch of the S-H bond binding to the
surface of AuNP. This S-H stretch signal is very weak but can be seen at 2600, which shows
the disappearance of the peak with the AuNP attachment.!® The spectrum showed a decrease
in the N-H characteristic peak at 3250 — 3300 cm-1 and the disappearance of the C=0 peaks at
1720 — 1820 cm™ for the sulfocuccinimidyl group, suggesting the formation of crosslinking
bonds between DTSSP and the amino group.!®” HS ester bond peat at 1780 cm™ and free

carboxylic acid peak at 1740 cm™!, ready for conjugation.!'®®
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Figure 4.15: FTIR spectra of pure DSP and AuNP-DSP

The FT-IR analysis for surface interaction or chemisorption of the thiolate crosslinker
(DSP) to the gold surface shows binding of the crosslinker represented (Fig. 4.15) by the peak
at 1029 cm™! which is a characteristic of N-O-V esters in DSO, 1297, 1316, 1345, 1408, 1436
cm™! corresponding to C-N-C stretch of NHS esters and the peak at 1734 cm™ represents the
carbonyl stretching of the NHS esters.!” The FTIR Spectra of DSP functionalized AuNPs
shows the following peaks. The appearance of peak at 1718 cm™! corresponds to the presence
of C=0 functional group. The appearance of a band at 2895 cm™! corresponds to aliphatic C—

H stretching, mainly from CH. groups.’®
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Figure 4.16: Transmission Electron Microscopy micrographs obtained for (a) AuNP conjugated
DTSSP (b) AuNP conjugated DSP

The TEM images reveal distinct structural organization depending on the linker
chemistry used for surface functionalization. In Fig.4.16 (a), AuNP-DTSSP conjugates form
extended chain-like assemblies, suggesting enhanced interparticle interactions mediated by the
hydrophilic and charged nature of DTSSP, which promotes dynamic surface rearrangement

and aggregation. This structural arrangement is consistent with the pronounced plasmonic red-
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shifts observed in UV—Vis analysis. In contrast, Fig. 4.19 (b) shows AuNP—DSP conjugates
with more isolated and loosely distributed nanoparticles, indicating the formation of a relatively
compact surface layer that preserves colloidal stability. The reduced aggregation in the DSP
system reflects weaker interparticle bridging compared to DTSSP, supporting the observed

minimal spectral shifts and stable optical response.
4.3.4 Thermodynamic Modeling of Linker Adsorption on AuNP Surfaces

Adsorption isotherm analysis provides a thermodynamic framework to understand how
linker molecules interact with the gold nanoparticle surface at equilibrium. In AuNP—linker
systems, adsorption determines the density, orientation, and uniformity of the surface-bound
layer, which directly influences interparticle spacing, colloidal stability, and plasmonic
behavior. Thiol-containing crosslinkers such as DTSSP and DSP undergo strong Au-S
chemisorption, forming self-assembled interfacial layers whose surface coverage evolves with
linker concentration. Modeling this process using adsorption isotherms enables evaluation of
binding affinity, surface saturation, and energetic heterogeneity of the nanoparticle interface.
In the context of plasmonic biosensing, such parameters are critical because variations in linker
adsorption density alter the local refractive index and interparticle coupling, ultimately
governing the magnitude of surface plasmon resonance (SPR) shifts and colorimetric response.
Therefore, adsorption isotherm modeling serves as a bridge between molecular-level linker

chemistry and the macroscopic optical properties observed in AuNP-based sensing systems.
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Figure 4.17: Linearized adsorption isotherm plots derived from experimental data. (A) Linear fitting
for the DTSSP system showing the Langmuir Adsorption isotherm model. (B) Linear fitting for the

DSP system showing the Langmuir Adsorption isotherm model.
To understand the best-fit isotherm equation and associated theory for elucidating
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adsorption equilibrium behavior of DTSSP and DSP linkers, Langmuir, Temkin, and the
Freundlich were chosen. The Langmuir adsorption isotherm model assumes monolayer
adsorption on a homogeneous surface with uniform binding sites and no interaction between
adsorbed molecules. It was observed that both linkers follow the Langmuir model. The
linearized Langmuir plot of 1/Ce versus 1/Qe exhibited excellent correlation for both linkers,
DTSSP and DSP. The former exhibited a maximum monolayer adsorption capacity (Qmax) of
48.3 mg/g, greater than DSP (25.73 mg/g). This indicates a higher adsorption capacity of DTSSP
on the AuNP surface. Both linkers exhibited similar adsorption affinity toward the Au surface,
with KL values of 0.49 L mg™ and 0.48 L mg' for DTSSP and DSP, respectively. The high
correlation coefficients (R? = 0.98 for DTSSP and R? = 0.99 for DSP) confirm that the Langmuir
model accurately describes the adsorption process. Furthermore, the separation factor (RL) values
of 0.26 and 0.28 for DTSSP and DSP, respectively, fall within the range of 0 < RL < 1, indicating

favorable adsorption.
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Figure 4.18: Linearized adsorption isotherm plots derived from experimental data. (A) Linear fitting
for the DTSSP system showing the Freundlich Adsorption isotherm model. (B) Linear fitting for the
DSP system showing the Freundlich Adsorption isotherm model.

The adsorption behavior was further analyzed using the Temkin isotherm model. For DTSSP, the
Temkin model showed a strong fit with R? = 0.97. The Temkin parameters were determined as A
= 3.59 x 10® and B = 0.084. These values suggest that the adsorption energy changes
progressively with increasing DTSSP surface coverage, likely due to linker—linker interactions and
occupation of energetically distinct surface sites. For DSP, the Temkin model also provided an
excellent fit with R* = 0.98. The corresponding parameters were A = 8.54 x 10 and B = 0.16.
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The higher A value suggests a comparatively stronger equilibrium binding parameter, while the
larger B value indicates a greater variation in adsorption energy with increasing surface coverage.
Overall, DSP exhibited a slightly better agreement with the Temkin model than DTSSP, as shown
in (Fig. 4.18 c,d).
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Figure 4.19: Linearized adsorption isotherm plots derived from experimental data. (A) Linear fitting
for the DTSSP system showing the Temkin Adsorption isotherm model. (B) Linear fitting for the DSP

system showing the Temkin Adsorption isotherm model.

The Freundlich adsorption isotherm, which describes adsorption on heterogeneous
surfaces, was also applied to the experimental data. The Freundlich adsorption capacity
constant (KF) was determined to be 0.0059 for DTSSP and 7.51 for DSP. The adsorption
intensity parameter (n) was found to be 0.52 for DTSSP and 1.74 for DSP. The corresponding
correlation coefficients were R? = 0.94 for DTSSP and R? = 0.97 for DSP. These results
suggest that although both systems show some degree of surface heterogeneity, the
Freundlich model provides a weaker fit for DTSSP compared with the Langmuir model. The
B parameter, which equals RT/b, reflects the variation in adsorption energy, while the
binding constant KT indicates moderate binding affinity. Summary of the values have been

mentioned in Table 4.

Table 4: Adsorption isotherm parameters (Langmuir, Freundlich, Temkin) and corresponding R?

values for DTSSP—AuNP and DSP—AuNP conjugates.

119
TH-4104_226159101



Isotherm Model Parameter DTSSP DSP
Langmuir Qmax (Mg g™ 48.3 25.73
Ki (Lmg™) 0.49 0.48
RL 0.26 0.28
R? 0.98 0.99
Temkin A 3.59x107°® 8.54 x 107
B 0.084 0.16
R? 0.97 0.98
Freundlich KF 0.0059 7.51
n 0.52 1.74
R? 0.94 0.97

Overall, the adsorption parameters clearly establish that both DTSSP and DSP primarily
follow Langmuir adsorption behavior. This confirms the monolayer surface functionalization
of the AuNPs. DTSSPs exhibit a higher adsorption capacity, whereas DSP demonstrates a
more ideal homogeneous monolayer adsorption behavior due to the higher linear fit.
Additionally, given the higher correlation coefficients obtained for the Langmuir and Temkin
models, the adsorption of both DTSSP and DSP on the AuNP surface can be interpreted in a
stepwise manner. Initially, both DTSSP and DSP undergo monolayer adsorption on the
AuNP surface, as supported by the strong Langmuir fit, indicating adsorption at a finite
number of uniform and equivalent binding sites through Au—S interactions. As the surface
becomes progressively occupied, the adsorption process is then followed by changes in
binding energy, as evidenced by the good agreement with the Temkin model. This suggests
that once the initial monolayer begins to form, the interaction strength gradually changes with
increasing surface coverage, likely due to linker—linker interactions, steric crowding, and

reduced availability of high-energy binding sites.

4.4 Conclusion

Gold nanoparticles (AuNPs) are among the most widely used nanoprobes for
colorimetric sensing due to their sensitive surface plasmon resonance (SPR) response to
changes in the local environment. For reliable sensing performance, it is essential to understand
the behavior of the bioconjugation linkers that anchor biomolecules such as antibodies and
proteins onto the nanoparticle surface. A detailed understanding of linker chemistry and

adsorption behavior can significantly improve the accuracy of sensor design and reduce the
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time required for empirical optimization of surface functionalization strategies. In this study,
two commonly used thiol-based crosslinkers, DTSSP and DSP, were systematically
investigated to understand their interaction with gold nanoparticle surfaces. The SPR response
of AuNP-linker systems were examined across a range of linker concentrations, enabling the
identification of the minimum effective concentrations required for detectable surface
modification, which were found to be 3 uM for DTSSP and 6 uM for DSP. Based on the
available literature, these concentrations represent the lowest reported linker concentrations at
which measurable AuNP surface functionalization and SPR response have been achieved. In
addition to the optical characterization, thermodynamic modeling of the adsorption process
revealed distinct differences in surface organization between the two linkers. DTSSP
exhibited significantly higher surface coverage, indicating dense adsorption and
heterogeneous surface organization, whereas DSP displayed behavior closer to ideal
monolayer adsorption. These results demonstrate that even subtle structural differences in
linker molecules can lead to substantial variations in adsorption density, surface organization,
and nanoparticle behavior. Understanding these relationships provides valuable insights for the
rational design of nanoparticle-biomolecule interfaces, enabling researchers to select
appropriate linkers for biosensing applications and save time more efficiently rather than

relying solely on trial-and-error approaches.
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Chapter 5

Molecular Dynamics Simulation Insights
into Linker-AulNP Interfaces

Abstract

This study presents a comprehensive experimental and molecular dynamics investigation of
gold nanoparticle (AuNP) functionalization using two widely employed amine-reactive
disulfide  crosslinkers, [dithiobis(succinimidyl propionate)] (DSP) and [3,3'-
dithiobis(sulfosuccinimidyl propionate)] (DTSSP). The work systematically compares their
concentration-dependent adsorption behavior, colloidal stability, surface organization, and
optical response to establish mechanistic design principles for AuNP-based colorimetric
biosensing platforms. Citrate-reduced AuNPs (~35-40 nm) exhibited a characteristic surface
plasmon resonance (SPR) peak at 527 nm. Upon functionalization, it was seen that DTSSP
induces aggregation with higher adsorption; DSP maintains colloidal stability. All-atom
molecular dynamics simulations (100 ns) provided atomistic insight into these experimental
observations. DSP formed a stable, immobilized monolayer characterized by plateau mean
square displacement (MSD), homogeneous radial distribution functions (RDFs), and van der
Waals-dominated binding energetics. In contrast, DTSSP exhibited enhanced surface
mobility, heterogeneous packing, and extended conformations consistent with interparticle
bridging. MM/GBSA analysis showed stronger overall binding for DTSSP (AG = —4020 kcal
mol ™) relative to DSP (AG = —2300 kcal mol '), driven by favorable solvation and van der
Waals interactions; however, the same hydrophilic sulfonate groups that increased binding
affinity also facilitated dynamic reorganization and aggregation. The combined
computational-experimental framework establishes a direct correlation between linker
chemistry, surface mobility, adsorption thermodynamics, and plasmonic behavior. The results
demonstrate that subtle structural modifications, especially the introduction of charged
sulfonate groups, greatly influence interfacial dynamics and macroscopic optical properties.
These findings provide mechanistic guidance for rational linker selection in AuNP-based

biosensing, drug delivery, and nano-bio interface engineering.

Keywords: Gold nanoparticles; Molecular dynamics simulation; Linker functionalization
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(DSP/DTSSP); Colloidal stability and plasmonic response.
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Figure 5.1: Schematic of MD simulation of DTSSP and DSP interactions with citrate-
stabilized AuNPs.
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Chapter 5: Molecular Dynamics Simulation Insights into
Linker-AuNP Interfaces

5.1 Introduction

The rational design and optimization of functionalized gold nanoparticles for
biosensing applications necessitate a fundamental understanding of the molecular-level
interactions governing linker—nanoparticle interfaces. While experimental techniques such as
transmission electron microscopy, ultraviolet—visible spectroscopy, Fourier-transform infrared
spectroscopy, and adsorption isotherm analyses provide macroscopic and ensemble-averaged
information about nanoparticle behavior, they often fall short in elucidating the atomistic
mechanisms that underlie colloidal stability, surface reorganization, and aggregation
phenomena. Computational approaches, particularly all-atom molecular dynamics simulations,
have emerged as indispensable tools for bridging this knowledge gap by enabling direct

visualization and quantitative analysis of dynamic processes at the nano—bio interface.?’!

Molecular dynamics simulations offer several unique advantages in the study of
functionalized metallic nanoparticles. First, they permit the explicit modeling of individual
linker molecules, solvent interactions, and surface chemistry at femtosecond temporal
resolution and sub-nanometer spatial resolution. Second, simulations allow for the
deconstruction of complex energetic phenomena into well-defined components such as van der
Waals interactions, electrostatic contributions, and solvation effects, thereby facilitating the
interpretation of experimental observables in terms of underlying molecular forces. Third,
computational methods enable the systematic exploration of hypothetical scenarios and the

prediction of behavior under conditions that may be experimentally inaccessible or
202

prohibitively expensive to investigate.

Despite advances in the experimental characterization of gold nanoparticle
functionalization, significant questions remain regarding the mechanistic origins of differential
linker behavior. Specifically, the comparative performance of homobifunctional crosslinkers
such as dithiobis(succinimidyl propionate) (DSP) and its sulfonated analog 3.,3'-
dithiobis(sulfosuccinimidyl propionate) (DTSSP) has been documented experimentally, yet the
molecular-level phenomena responsible for their contrasting colloidal stability profiles,
adsorption kinetics, and plasmonic responses remain incompletely understood. DSP, a
lipophilic, membrane-permeable crosslinker with molecular formula CisHisN2OsS: and
molecular weight of 404.41 g/mol, features two N-hydroxysuccinimide ester groups connected
by an eight-atom spacer arm containing a central disulfide bond. In contrast, DTSSP, with
molecular formula CisH12N2Na201S4 and molecular weight of 608.51 g/mol, incorporates
sulfonate groups that confer water solubility and membrane impermeability while maintaining
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the disulfide-cleavable architecture.

The present chapter addresses these knowledge gaps by presenting a comprehensive
set of all-atom molecular dynamics simulations designed to elucidate the differential behavior
of DSP- and DTSSP-functionalized gold nanoparticles. The simulations were undertaken to
complement and explain experimental observations of surface plasmon resonance shifts,
adsorption isotherm characteristics, colloidal stability, and transmission electron microscopy
morphologies reported in previous chapters. By employing a suite of computational analyses
including mean residence time calculations, mean square displacement profiling, radial
distribution function analysis, and molecular mechanics/generalized Born surface area binding
free energy decomposition the simulations provide mechanistic insight into linker retention,
surface mobility, spatial organization, and energetic contributions to binding. The rationale for
comparing DSP and DTSSP extends beyond their chemical similarity; these linkers represent
a model system for understanding how subtle structural modifications, particularly the
introduction of charged hydrophilic groups, can profoundly influence nanoscale interfacial

dynamics and consequently dictate macroscopic functionality in biosensing platforms.

5.2 Simulation Methodology

5.2.1 Construction of the Gold Nanoparticle Model

The gold nanoparticle model was constructed as a truncated octahedral structure
comprising 309 gold atoms, corresponding to an approximate core diameter of 1.0 nm. This
particle size was selected to balance computational tractability with experimental relevance, as
it falls within the regime where quantum size effects remain moderate yet plasmonic properties
are well-developed. The crystallographic structure of the gold core was based on the face-
centered cubic lattice of bulk gold, with lattice parameter 4.08 A. The nanoparticle exposed
predominantly (111) facets, consistent with the energetically favorable surface termination
observed in experimentally synthesized citrate-reduced gold colloids.?*

Initial coordinates for the gold nanoparticle were generated using a custom script that
carved a truncated octahedron from an extended gold lattice. The particle was subsequently
energy-minimized in vacuum using steepest descent minimization followed by conjugate

gradient refinement to relax any surface strain induced by truncation. The optimized gold core

exhibited a smooth, well-defined surface appropriate for subsequent linker attachment.

5.2.2 Linker Attachment Strategy

DSP and DTSSP linkers were attached to the gold nanoparticle surface via covalent
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Au-S coordination bonds, reflecting the well-established chemisorption mechanism by which
thiol-containing molecules bind to gold surfaces.?* The thiol-gold interaction involves
oxidative addition of the S—S disulfide bond to the gold surface, yielding thiolate species that
coordinate strongly to gold atoms, particularly at undercoordinated surface sites such as step
edges and adatoms.?*® The binding energy of thiolate to gold surfaces is approximately 40—50
kcal/mol, sufficient to ensure irreversible adsorption under ambient conditions.

For each system, four linker molecules were symmetrically distributed on the (111)
facets of the gold nanoparticle. This surface coverage was chosen to avoid steric crowding
while permitting observation of linker—linker interactions and collective reorganization
phenomena. The initial linker configurations were generated by manually positioning each
molecule with its sulfur atom in proximity to a threefold hollow site on the Au(111) surface,
consistent with crystallographic evidence for thiolate adsorption geometry. The alkyl spacer
chains connecting the disulfide moiety to the N-hydroxysuccinimide ester groups were initially
oriented perpendicular to the surface to facilitate subsequent relaxation into energetically
favorable conformations.

For the DSP system, the molecular structure corresponded to 3,3'-
dithiobis(succinimidyl propionate) with full atomic detail. For the DTSSP system, sulfonate
groups (-=SOs7) were incorporated into the succinimidyl rings, and counterbalancing sodium
ions were added to ensure electroneutrality. The inclusion of explicit sulfonate groups and their
associated electrostatic interactions constituted a critical structural difference expected to drive

differential solvation and mobility behavior.
5.2.3 System Setup, Solvation, and Periodic Boundary Conditions

Each functionalized gold nanoparticle (DSP-AuNP or DTSSP-AuNP) was immersed
in a cubic simulation box filled with explicit water molecules, thereby creating a fully solvated
system appropriate for studying aqueous-phase interfacial phenomena. The TIP3P water model
was employed to represent solvent molecules, consistent with standard practice in biomolecular
simulations and previous studies of functionalized gold nanoparticles.?’® TIP3P offers a
computationally efficient three-site rigid model that reproduces essential thermodynamic and
structural properties of liquid water while maintaining numerical stability during integration of
the equations of motion.

The dimensions of the simulation box were chosen such that the minimum distance
between the nanoparticle surface and the box boundary was at least 1.5 nm, ensuring that the

nanoparticle did not interact with its periodic images under standard cutoff distances for
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nonbonded interactions. Periodic boundary conditions were applied in all three Cartesian
directions, thereby simulating an infinite system and eliminating spurious surface effects. The
water molecules were initially positioned using a pre-equilibrated water box that was overlaid
onto the functionalized nanoparticle, with any water molecules overlapping with the solute
removed.

To neutralize the net charge of the DTSSP-functionalized system arising from the
sulfonate groups, an appropriate number of sodium ions (Na*) were added to the simulation
box, replacing randomly selected water molecules. No additional ions were required for the
DSP system, which remained electrically neutral. The ionic strength was maintained at

physiologically relevant levels to approximate experimental buffer conditions.

5.2.4 Force Field Parameterization

The force-field parameters for gold atoms were adopted from the model developed by
Heinz and co-workers, which provides a consistent description of metallic surfaces and
nanoparticle interfaces within classical molecular dynamics simulations. This parameter set is
specifically optimized to reproduce experimentally relevant properties of gold, including lattice
constants, surface energies, and interfacial interactions with organic ligands. The Heinz force
field treats Au—Au interactions using a parameterized Lennard—Jones framework compatible
with common biomolecular force fields, enabling accurate representation of gold—thiolate
binding environments and ligand—surface adsorption processes. The use of these validated
parameters ensures realistic modeling of structural stability and surface energetics of AuNP—

linker systems.

5.2.5 Energy Minimization and System Equilibration

Prior to initiating molecular dynamics simulations, each solvated system was subjected
to a multistage energy minimization and equilibration protocol designed to relax unfavorable
contacts, equilibrate solvent structure, and achieve stable thermodynamic conditions. The
minimization phase employed the steepest descent algorithm followed by conjugate gradient
minimization until the maximum force on any atom fell below 10 kJ mol™ nm™". This procedure
removed any steric clashes between linker atoms, water molecules, and the gold surface that
may have arisen during initial system construction.

Following energy minimization, the system was gradually heated from 0 K to 300 K
over a period of 100 ps in the canonical (NVT) ensemble. During this heating phase, position

restraints with force constant 1000 kJ mol™ nm™ were applied to the gold core atoms to prevent
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structural deformation, while the linker and solvent molecules were allowed to move freely.
Temperature control was maintained using the velocity-rescaling (V-rescale) thermostat with
a coupling constant of 0.1 ps, which provides efficient and stable temperature regulation
without inducing spurious dynamic artifacts.

After reaching the target temperature of 300 K, the system was further equilibrated for
500 ps in the isothermal—-isobaric (NPT) ensemble to equilibrate the system density and
pressure. Pressure coupling was achieved using the Parrinello-Rahman barostat with a
reference pressure of 1 bar, coupling constant of 2.0 ps, and isotropic compressibility of 4.5 x
107° bar™'. During NPT equilibration, position restraints on the gold core were maintained to
preserve the nanoparticle structure while allowing the simulation box dimensions to adjust in
response to thermal expansion and solvent reorganization. The combination of NVT and NPT
equilibration ensured that the system attained proper thermodynamic equilibration before data

collection commenced.
5.2.6 Production Molecular Dynamics Simulations

Following equilibration, unrestrained molecular dynamics simulations were conducted
in the NPT ensemble for a total production time of 100 ns per system. The integration timestep
was set to 2 fs, consistent with standard practice for systems employing rigid water models and
constraints on bond lengths involving hydrogen atoms. The LINCS algorithm was applied to
constrain all bonds, thereby permitting the use of a 2 fs timestep without risk of integration
instability.?"’

Temperature and pressure were maintained at 300 K and 1 bar, respectively, throughout
the production runs using the V-rescale thermostat and Parrinello-Rahman barostat with the
parameters described above. Coordinates were saved every 10 ps, yielding 10,000 snapshots
per trajectory for subsequent analysis. Velocities and energies were recorded at the same
frequency to enable monitoring of system stability and convergence. The 100 ns production
runs provided sufficient sampling to capture linker adsorption dynamics, surface
reorganization events, and the establishment of equilibrium distributions for structural and
energetic observables. Previous studies of functionalized gold nanoparticles have demonstrated
that key dynamic processes such as ligand reorientation and interparticle aggregation occur on
timescales ranging from picoseconds to tens of nanoseconds, placing them well within the

accessible range of the present simulations.

5.2.7 Trajectory Analysis Methods
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The molecular dynamics trajectories were subjected to a comprehensive suite of post-
simulation analyses designed to extract mechanistic insights into linker behavior and correlate
computational observables with experimental measurements. Four principal analysis
techniques were employed: mean residence time (MRT) -calculations, mean-square
displacement (MSD) profiling, radial distribution function (RDF) analysis, and molecular
mechanics/generalized Born surface area (MM/GBSA) binding free-energy decomposition.?%

Mean Residence Time: The mean residence time quantified the duration for which
individual linker molecules remained bound to the gold nanoparticle surface, thereby providing
a direct measure of binding stability and surface retention. A linker molecule was defined as
bound when the distance between its sulfur atom and the nearest gold surface atom was less
than 3.0 A, corresponding to the first minimum in the sulfur—gold radial distribution function.
Residence times were computed by identifying continuous binding events for each linker and
averaging over all molecules and over the trajectory. The methodology followed established
protocols for residence time calculations from molecular dynamics trajectories, incorporating
corrections for transient unbinding events with a duration less than 5 ps.?%

Mean Square Displacement: The mean square displacement of linker center-of-mass
coordinates was computed as a function of lag time to characterize the translational mobility
of adsorbed molecules. MSD profiles distinguished between immobilized, diffusive, and
dynamic reorganization regimes, with plateau behavior indicative of surface confinement and
continuously rising MSD consistent with lateral diffusion or desorption—reabsorption cycles.
MSD values were computed using standard ensemble and time averaging procedures to ensure
statistical convergence.?’!

Radial Distribution Function: Radial distribution functions were calculated to quantify
the spatial organization of linker molecules relative to the gold nanoparticle surface. Two types
of RDFs were generated: (i) the center-of-mass radial distribution function, describing the
distribution of linker centers of mass as a function of distance from the gold core center, and
(i1) the Au-S radial distribution function, describing the distribution of sulfur atoms relative to
gold surface atoms. The RDFs provided information on surface packing density, coordination

geometry, and the presence of distinct adsorption layers or heterogeneous binding modes.?!°

5.2.8 MM/GBSA Binding Free Energy Decomposition

Binding free energies were estimated using the molecular mechanics/generalized Born
surface area approach, which combines molecular mechanics energies with continuum
solvation models to approximate the free energy of binding between the linker molecules and
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the gold nanoparticle surface. The MM/GBSA method decomposes the total binding free
energy, AGbind, into contributions from molecular mechanics energy changes (AEMM),

solvation free energy changes (AGsol), and conformational entropy changes (—TAS):

AGbind = AEMM + AGsol - TAS Eqn (7)

The molecular mechanics term is further subdivided into bonded, van der Waals, and

electrostatic components:

AEMM = AEbonded + AEvdW + AEelec Eqgn (8)

The solvation free energy is partitioned into polar (AGGB) and nonpolar (AGSA)
contributions, with the polar term calculated using the generalized Born model and the

nonpolar term estimated from the solvent-accessible surface area:

AGsol = AGGB + AGSA Eqn (9)

Due to the high computational cost of normal mode analysis for entropy estimation
and the focus on relative rather than absolute binding affinities, the conformational entropy
term was omitted in the present calculations. MM/GBSA calculations were performed on a
representative ensemble of snapshots extracted at regular intervals from the production
trajectories. This analysis provided quantitative estimates of the energetic driving forces for
linker adsorption and enabled direct comparison of DSP and DTSSP binding

thermodynamics.?*
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5.3 Results and Discussion

5.3.1 Mean Residence Time and Surface Retention Stability

10 nsl 100 ns

¥

(©)

T
DTSSP

Figure 5.2: Mean residence time, surface mobility, and structural evolution of DSP- and DTSSP-

functionalized gold nanoparticles from molecular dynamics simulations.

The mean residence time analysis revealed robust and persistent adsorption of both
DSP and DTSSP linkers onto the gold nanoparticle surface, with MRT values approaching 2
ns for both systems. These extended residence times reflected the strength of the chemisorptive
Au-S coordination bonds and confirmed that both linkers underwent stable surface binding
rather than transient physisorption. The formation of covalent thiolate—gold bonds,
characterized experimentally by FTIR spectroscopy through characteristic peaks in the 600—
500 cm™ region, ensured that linker molecules remained surface-bound throughout the
simulation timescale, consistent with the irreversible adsorption behavior reported in the
literature for thiol self-assembled monolayers. The structural evolution and mobility

characteristics of the functionalized systems are summarized in Fig. 5.2.

Despite the overall similarity in MRT magnitudes, a subtle but significant difference
emerged between the two linkers. DSP exhibited a marginally higher mean residence time
relative to DTSSP, suggesting slightly greater retention on the gold nanoparticle surface. This
enhanced retention correlated directly with the experimental observation that DSP-
functionalized gold nanoparticles maintained stable ultraviolet—visible absorption spectra with
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minimal surface plasmon resonance shifts across a wide range of linker concentrations.
Specifically, the SPR maximum for DSP-AuNP remained confined to the narrow range of 527—
530 nm regardless of DSP concentration, confirming colloidal stability and uniform surface
coverage. The stable SPR wavelength indicated that interparticle distances remained
sufficiently large to prevent plasmonic coupling, a consequence of the immobilized, spatially

homogeneous DSP monolayer that sterically stabilized the colloid.

In contrast, DTSSP displayed a slightly lower mean residence time, which, while still
indicative of strong chemisorptive binding, suggested a greater propensity for dynamic surface
reorganization relative to DSP. This observation aligned with the experimental observation of
concentration-dependent aggregation in DTSSP-functionalized systems, as manifested by
pronounced SPR red-shifts from 535 nm at low DTSSP concentrations to 550 nm at elevated
concentrations. The red-shift in the SPR maximum is diagnostic of plasmonic coupling
between nanoparticles brought into proximity, typically occurring when interparticle
separations decrease to distances comparable to or smaller than the particle diameter. The
simulation results suggested that the reduced residence time for DTSSP facilitated dynamic
surface reorganization and interparticle bridging events, whereby extended DTSSP molecules
could span the gap between adjacent nanoparticles, promoting aggregation and the associated
optical response. The difference in MRT between DSP and DTSSP, while modest in absolute
terms, carried significant mechanistic implications. The marginally reduced retention time for
DTSSP likely arose from the presence of the sulfonate groups, which introduced strong
electrostatic interactions with the aqueous solvent and enhanced the hydrophilicity of the
linker. The favorable solvation of the sulfonate moieties provided a competing energetic
contribution that partially offset the stabilization gained from Au-S bonding, thereby
facilitating transient unbinding or rearrangement events. Furthermore, the charged character of
DTSSP promoted intermolecular electrostatic interactions that could drive linker clustering and
heterogeneous surface distributions, contributing to the dynamic character observed in the

simulations.

The correlation between mean residence time and experimental adsorption isotherm
behavior provided additional mechanistic insight. DSP exhibited excellent agreement with the
Langmuir monolayer adsorption isotherm model, yielding a coefficient of determination R =
0.96 and Pearson correlation coefficient r = 0.97. The Langmuir model assumes adsorption
onto a finite number of equivalents, independent surface sites, with each site capable of
binding a single adsorbate molecule. The high MRT and uniform surface coverage observed

in simulations were consistent with the Langmuir assumption of strong, uniform binding to
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discrete sites, with minimal lateral interactions or multilayer formation. The calculated
maximum adsorption capacity for DSP, Qmax = 13.34 mg g' reflected the saturation of

available gold surface sites by a monolayer of DSP molecules

Conversely, DTSSP adsorption conformed more closely to the Freundlich isotherm
model, with R? = 0.9383, indicative of heterogeneous adsorption onto a surface with variable
binding affinities or the occurrence of multilayer adsorption and aggregation. The Freundlich
model accommodates a distribution of binding energies and does not impose a strict saturation
limit, consistent with the dynamic reorganization and bridging behavior suggested by the lower
mean residence time and elevated mean square displacement observed in DTSSP simulations.
The substantially higher maximum adsorption capacity for DTSSP (Qmax = 56.81 mg g™)
reflected the formation of multilayer or bridged structures that extended beyond the monolayer

regime accessible to DSP.
5.3.2 Mean Square Displacement and Linker Mobility

The mean square displacement profiles provided a clear mechanistic distinction
between the surface mobility regimes of DSP and DTSSP, complementing the residence time
analysis with information on lateral diffusion and translational dynamics. For DSP, the MSD
exhibited an initial rise to approximately 60 A2, followed by a pronounced plateau that persisted
over the remainder of the simulation trajectory. This plateau behavior was characteristic of
molecules that had undergone adsorption onto a surface and subsequently became spatially
confined, with their translational motion restricted to localized fluctuations around fixed
adsorption sites. The absence of significant long-time growth in the MSD confirmed that DSP
linkers remained immobilized on the gold nanoparticle surface following initial binding, with
minimal lateral diffusion or desorption—readsorption cycling.

The immobilized monolayer character revealed by the DSP MSD profile correlated
directly with experimental evidence of colloidal stability. Transmission electron microscopy
images of DSP-functionalized gold nanoparticles displayed well-dispersed, non-aggregated
particles even at high DSP concentrations, consistent with the formation of a sterically
stabilizing monolayer that prevented interparticle contact. The constant SPR wavelength at
527-530 nm across the concentration range further supported the notion of a stable,
immobilized surface layer that maintained uniform interparticle separations and precluded
plasmonic coupling. The Langmuir isotherm fit and the moderate adsorption capacity
(Qmax=13.34mg/g) reinforced the interpretation of DSP adsorption as a monolayer process

wherein molecules occupied available surface sites and became spatially constrained, with
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minimal lateral diffusion over extended timescales.

In marked contrast, DTSSP exhibited dramatically different MSD behavior. After an
initial rapid rise corresponding to adsorption, the MSD continued to increase, reaching values
exceeding 110 A2 before exhibiting fluctuations and a subsequent decline at later simulation
frames. This behavior was indicative of transient surface mobility, wherein DTSSP molecules
underwent surface rearrangement, potentially including desorption—readsorption cycles, lateral
diffusion, and collective reorganization events. The elevated MSD values relative to DSP
suggested that DTSSP linkers were not spatially confined to fixed adsorption sites but instead
explored a much larger area of the nanoparticle surface or engaged in interparticle bridging
configurations.

The dynamic surface reorganization revealed by the DTSSP MSD profile correlated
strongly with experimental observations of concentration-dependent aggregation. As DTSSP
concentration increased, the progressive SPR red-shift from 535 nm to 550 nm indicated that
gold nanoparticles were approaching one another sufficiently closely to allow plasmonic
coupling. This aggregation behavior was facilitated by the extended, dynamic DTSSP
molecules, which could bridge between neighboring particles and mediate interparticle
interactions. Transmission electron microscopy confirmed the formation of linear chain-like
assemblies in DTSSP-functionalized systems, a morphology consistent with linker-mediated
aggregation wherein mobile, flexible crosslinkers connected discrete nanoparticles into
extended networks. The higher adsorption capacity and the superior fit to the Freundlich
isotherm supported the interpretation of DTSSP adsorption as a heterogeneous, multilayer, or
bridging process in which mobile linkers facilitated extensive surface coverage and
interparticle crosslinking.

The mechanistic origin of the differential mobility between DSP and DTSSP resided in
their distinct chemical structures and solvation properties. DTSSP incorporated sulfonate
groups (—SOs") attached to the succinimidyl rings, imparting a substantial negative charge to
the molecule and dramatically enhancing its water solubility. The sulfonate moieties engaged
in strong electrostatic interactions with water molecules and counterions in the aqueous
environment, generating a favorable solvation free energy that partially compensated for the
loss of Au—S coordination during transient unbinding events. This enhanced water solubility
promoted dynamic surface reorganization by reducing the energetic penalty associated with
desorption or rearrangement, thereby facilitating the mobility observed in the MSD profiles.
Furthermore, the extended hydration shells surrounding the sulfonate groups introduced steric

and electrostatic repulsions between neighboring DTSSP molecules, destabilizing densely
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packed monolayer configurations and favoring more heterogeneous, dynamic surface
structures.

The flexible spacer arm connecting the disulfide moiety to the succinimidyl ester
groups further contributed to the mobility of DTSSP. The propionate chains permitted
substantial conformational freedom, allowing DTSSP to adopt extended configurations that
could reach across interparticle gaps and mediate aggregation. In contrast, DSP, lacking the
charged sulfonate groups, exhibited lower water solubility and stronger association with the
hydrophobic regions of the gold—water interface. This hydrophobic character favored
immobilization onto the gold surface, with DSP molecules forming a compact, densely packed
monolayer stabilized by van der Waals interactions among the alkyl spacer arms and minimal
disruption by solvent fluctuations. The combination of reduced solvation energy and favorable
lateral packing interactions in DSP resulted in the immobilized, monolayer behavior quantified

by the MSD plateau.
5.3.3 Simulation Snapshots and Morphological Evolution

Visual inspection of molecular dynamics trajectory snapshots at early (10 ns) and late
(100 ns) simulation timepoints revealed distinct morphological evolution patterns for DSP- and
DTSSP-functionalized gold nanoparticles, directly corroborating the quantitative analyses of
mean residence time and mean square displacement. For the DSP system, snapshots extracted
at both 10 ns and 100 ns exhibited a uniform, densely packed ligand shell with homogeneous
surface coverage. The linker molecules remained bound to the gold nanoparticle surface with
their alkyl spacer arms oriented approximately perpendicular to the surface, forming a compact
monolayer that enveloped the gold core. Minimal interparticle bridging or clustering was
observed, consistent with the immobilized, spatially constrained behavior indicated by the
MSD plateau.

The stable morphology of the DSP ligand shell persisted throughout the entire
simulation timeframe, confirming the immobilized, monolayer character quantified through
MRT and MSD profiles. The gold nanoparticle core retained its initial truncated octahedral
geometry, with no evidence of surface reconstruction or roughening. The uniform distribution
of DSP molecules on the surface, combined with the absence of dynamic reorganization events,
supported the interpretation that DSP formed a sterically stabilizing monolayer capable of
maintaining colloidal dispersion even at elevated linker concentrations. This morphological
observation aligned directly with the experimental TEM images of DSP-conjugated gold

nanoparticles, which displayed well-dispersed, spherical particles with uniform size
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distribution and no evidence of aggregation or chain formation.

In striking contrast, the DTSSP system exhibited substantial morphological changes
over the simulation trajectory. At the early timepoint of 10 ns, the DTSSP-functionalized
nanoparticle displayed a relatively uniform surface coverage, with linker molecules distributed
across the gold surface in a manner qualitatively similar to the DSP system. However, as the
simulation progressed, evidence of linker reorganization, local clustering, and potential
interparticle bridging configurations emerged. By 100 ns, the DTSSP ligand shell had adopted
a markedly less compact and more heterogeneous structure compared to DSP. Some DTSSP
molecules extended further from the gold surface, creating a diffuse, extended corona rather
than a densely packed monolayer. Regions of the gold surface exhibited localized aggregation
of DTSSP molecules, while other regions displayed reduced coverage, indicative of
heterogeneous adsorption and dynamic reorganization.

The extended conformations adopted by DTSSP molecules in the late simulation
snapshots were consistent with the elevated MSD values and suggested a mechanism for the
interparticle bridging observed experimentally. The flexible propionate spacer arms and the
favorable solvation of the sulfonate groups permitted DTSSP molecules to explore extended
configurations, wherein one end of the linker remained bound to the original nanoparticle while
the other end reached toward neighboring particles or adopted conformations that could
facilitate subsequent crosslinking events upon particle approach. This structural heterogeneity
and dynamic reorganization provided a molecular-level explanation for the formation of linear
chain-like assemblies observed in experimental TEM imaging.

Transmission electron microscopy of DTSSP-conjugated gold nanoparticles
confirmed the aggregation behavior predicted by the simulations, revealing linear chain-like
assembly’s characteristic of linker-mediated interparticle bridging. The chains consisted of
individual gold nanoparticles connected in one-dimensional arrays, with interparticle
separations consistent with the length of the extended DTSSP linker. The morphological
evolution observed in the simulations, from relatively uniform surface coverage at early times
to heterogeneous, extended configurations at later times, provided a plausible mechanistic
pathway by which DTSSP facilitated aggregation. Initial adsorption of DTSSP onto isolated
nanoparticles was followed by dynamic surface reorganization, during which some molecules
adopted bridging conformations that could span interparticle gaps. Upon collision or approach
of neighboring nanoparticles, these extended DTSSP molecules mediated crosslinking, locking
the particles into chain-like assemblies stabilized by multiple linker bridges. The resulting

aggregated structures exhibited the pronounced SPR red-shift to 550 nm observed
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experimentally, a direct consequence of plasmonic coupling between proximate nanoparticles.

The morphological snapshots thus provided a visual and mechanistic bridge between
the quantitative simulation analyses and the macroscopic experimental observables. The stable,
densely packed DSP monolayer corresponded to colloidal stability and constant SPR, while
the dynamic, heterogeneous DTSSP corona corresponded to aggregation and SPR red-shifts.
The simulations captured the early stages of these processes, offering insight into the
molecular-level events that preceded and enabled the formation of the extended aggregated

structures observed experimentally.

5.3.4 Radial Distribution Function Analysis

Radial distribution function analysis provided quantitative characterization of the
spatial organization of linker molecules around the gold nanoparticle surface and elucidated
differences in surface packing density and coordination geometry between DSP and DTSSP.
The center-of-mass radial distribution function and the Au-S radial distribution function
offered complementary perspectives on linker distribution, with the former reflecting the
overall spatial extent of the ligand shell and the latter probing the direct coordination
environment at the gold—thiolate interface.

For the DTSSP system, the center-of-mass RDF exhibited a sharp, intense peak at
approximately 0.6-0.7 nm from the gold core center, followed by smaller features at larger
distances. This sharp peak indicated a highly localized population of DTSSP molecules in close
proximity to the gold surface, consistent with strong chemisorptive binding and the ability of
DTSSP to form dense interfacial layers. The intensity and sharpness of the peak reflected the
substantial surface coverage achieved by DTSSP, with multiple molecules adsorbed within a
narrow radial shell. The presence of secondary features at larger radial distances suggested the
existence of linker molecules in extended conformations or participating in bridging
configurations between neighboring particles, consistent with the heterogeneous surface

structure observed in simulation snapshots.
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Figure 5.3: (a) Figure 5.3: Radial distribution functions (RDFs) describing (a) linker organization
(DTSSP and DSP) at the AuNP interface and (b) chemisorptive anchoring through Au—S contacts.

The corresponding Au—S RDF for DTSSP displayed a broad, high-intensity band
between approximately 2.0 and 3.0 A, confirming the presence of extensive chemisorptive
anchoring of DTSSP to the gold nanoparticle surface. The broad peak indicated a distribution
of Au-S contact distances rather than a single, well-defined coordination geometry, reflective
of the heterogeneous adsorption sites available on the curved nanoparticle surface and the
conformational flexibility of the linker molecules. The high intensity of the Au-S peak
quantified the large number of closely spaced sulfur—gold contacts, supporting the
interpretation that DTSSP formed a densely populated, heterogeneous interfacial structure with
multiple linkers simultaneously coordinated to the surface.

These simulation-derived RDF features correlated directly with experimental evidence
from Fourier-transform infrared spectroscopy, which demonstrated clear shifts and intensity
changes in the carbonyl, amine, and sulfonate vibrational bands upon DTSSP adsorption, along
with diagnostic features in the 600-500 cm™* region assigned to Au—S bonding. The presence
of the Au-S stretching mode confirmed covalent attachment of DTSSP to gold nanoparticles,
while the perturbations in the organic functional group vibrations reflected the constrained
environment and altered electronic structure of the surface-bound linker. The dense,
heterogeneous interfacial structure revealed by the RDF analysis provided a molecular-level
explanation for the pronounced, concentration-dependent SPR red-shifts observed
experimentally. The high surface density of DTSSP, combined with the extended
conformations and clustering behavior, facilitated interparticle crosslinking and plasmonic
coupling, driving the formation of linear chain-like aggregates observed by transmission
electron microscopy.

In contrast, the DSP system exhibited markedly different RDF patterns indicative of a

more uniformly distributed but less densely packed monolayer. The center-of-mass RDF for
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DSP featured a broader, less intense peak centered near 2.8-3.0 nm from the gold core center,
with no sharp maxima at shorter distances. The broader peak reflected a wider distribution of
linker center-of-mass positions, consistent with a monolayer in which molecules occupied
discrete adsorption sites but exhibited conformational variability and lateral separation. The
reduced intensity relative to DTSSP indicated a lower surface packing density, consistent with
the Langmuir monolayer behavior and the moderate adsorption capacity (Q max = 13.34 mg
g™') determined experimentally further support this interpretation.

The Au-S RDF for DSP was comparatively flat, with only a low-intensity feature
emerging at larger distances. This flat profile suggested fewer tightly clustered Au—S contacts
and a more homogeneous coverage of isolated thiolate sites. The absence of a sharp, intense
Au-S peak indicated that DSP molecules were more spatially dispersed on the gold surface,
with each linker occupying a distinct adsorption site and minimal overlap or clustering. This
spatial organization was consistent with the immobilized, monolayer character revealed by the
MSD plateau and the stable morphology observed in simulation snapshots.

The simulation-derived RDF profiles correlated directly with the experimental
ultraviolet—visible spectroscopy and adsorption isotherm data for DSP. The DSP-modified gold
nanoparticles displayed nearly constant SPR maxima at approximately 529-530 nm over a
wide range of DSP concentrations, indicating that interparticle distances remained large and
plasmonic coupling was negligible. The Langmuir-type adsorption behavior, with its
characteristic high correlation coefficient and saturation at moderate adsorption capacity,
reflected monolayer coverage on equivalent sites, consistent with the homogeneous, sparsely
packed Au-S coordination environment revealed by the RDF. Transmission electron
microscopy images showing largely dispersed particles with only mild, random aggregation
further supported the picture of DSP forming a stable, relatively dilute chemisorbed monolayer
that preserved colloidal stability.

Together, the RDF profiles and the experimental data converged on a coherent
mechanistic picture: DSP formed a stable, relatively dilute, homogeneous monolayer that
preserved colloidal stability through steric repulsion and prevented plasmonic coupling,
whereas DTSSP produced a denser, more heterogeneous Au—S coordination environment
characterized by extensive chemisorptive binding, local clustering, and extended
conformations that promoted interparticle association and the pronounced optical and

morphological changes observed experimentally.

5.3.5 MM/GBSA Binding Energy Decomposition

Table 5: MMGBSA binding energy components for DTSSP- and DSP-functionalized AuNP. The total
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binding free energy (AG) and individual van der Waals, electrostatic, polar solvation (EGB), and
nonpolar solvation (SA) terms are reported, highlighting the stronger overall binding of DTSSP
compared to DSP and the distinct balance of noncovalent and solvation contributions for each linker.

System Total AG vander Waals  Electrostatic Polar solvation, Nonpolar
(kcal/mol) (kcal/mol) (kcal/mol) EGB (kcal/mol) solvation, SA
(kcal/mol)
DTSSP -4020.93 -6807.73 +1,358,040.43 -1,355,185.31 -68.32
DSP -2300.30 -2430.11 0.00 +177.18 -47.37

Molecular mechanics/generalized Born surface area calculations provided quantitative
assessment of the binding free energies and energetic contributions underlying the differential
adsorption behavior of DSP and DTSSP on gold nanoparticle surfaces. The MM/GBSA
analysis decomposed the total binding free energy into contributions from van der Waals
interactions, electrostatic interactions, and solvation effects, thereby elucidating the molecular

forces responsible for linker retention, mobility, and surface organization.
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Figure 5.4: (c) Decomposition of MMGBSA binding energies for DTSSP- and DSP-functionalized
AuNP. Bar plots compare the total binding free energy (Total) and individual contributions from van
der Waals (VDW), electrostatic (ELE), polar solvation (GB), and nonpolar solvation (SA) terms for
DTSSP (blue—yellow bars) and DSP (red—purple bars). DTSSP exhibits a more favorable overall
binding free energy driven by stronger van der Waals and polar solvation contributions, whereas DSP
shows weaker but still favorable binding dominated by van der Waals interactions, consistent with the
formation of a stable yet less densely packed monolayer on the AuNP surface.

The total binding free energy for DTSSP was calculated as —4020.93 kcal/mol,
substantially more favorable than the corresponding value for DSP of —2300.30 kcal/mol (Fig.
5.4). This nearly twofold enhancement in binding affinity for DTSSP relative to DSP indicated
that DTSSP experienced stronger overall interactions with the gold nanoparticle surface. The
individual energy components revealed the molecular origins of this enhanced binding;
specifically, the interaction is driven by dominant electrostatic and van der Waals
contributions, which successfully overcome a substantial unfavorable polar solvation penalty

inherent to the highly hydrophilic sulfonate groups of DTSSP.
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For DTSSP, the van der Waals contribution amounted to —6807.73 kcal/mol, reflecting

extensive favorable dispersive interactions between the linker atoms and the gold surface, as
well as among linker molecules themselves in the densely packed interfacial layer. The large
magnitude of the van der Waals term was consistent with the high surface coverage and local
clustering observed in the RDF analysis and simulation snapshots. The gas-phase electrostatic
contribution was calculated at a highly positive +1,358,040.43 kcal/mol; however, in the
MM/GBSA framework, this large positive value is strongly coupled with and compensated
by the polar solvation term. Rather than indicating net physical repulsion in the bound state,
these large opposing values reflect the massive energetic interplay required to desolvate the
highly hydrophilic sulfonate groups (-SOs3°) at the interface. Ultimately, the total binding
affinity is driven by the combination of these powerful electrostatic interactions and favorable
van der Waals forces, which together successfully overcome the high polar solvation penalty
associated with shedding the molecule's ordered water shell. These charge-density effects
likely contributed to the dynamic reorganization and heterogeneous surface distribution
observed in the MSD and morphology analyses, as molecules sought to minimize unfavorable
electrostatic contacts through spatial rearrangement.

The polar solvation energy, calculated using the generalized Born model, was strongly
negative at —1,355,185.31 kcal mol™, nearly compensating for the unfavorable electrostatic
term. This large favorable solvation energy reflected the strong hydration of the sulfonate
groups, which engaged in extensive electrostatic interactions with the aqueous solvent and
counterions. The favorable solvation of DTSSP explained the enhanced water solubility and
the dynamic surface behavior observed in the simulations: the energetic penalty for desorption
or rearrangement was partially offset by the gain in solvation energy as the sulfonate groups
became more fully exposed to solvent. The nonpolar solvation term, estimated from solvent-
accessible surface area, contributed —68.32 kcal mol ™, reflecting the hydrophobic burial of the
alkyl spacer arms upon adsorption. For DSP, the energetic profile differed markedly. The van
der Waals contribution was —2430.11 kcal/mol, substantially smaller in magnitude than for
DTSSP, consistent with the lower surface coverage and more dispersed monolayer structure
revealed by the RDF and MSD analyses. The electrostatic contribution was zero, reflecting the
absence of charged functional groups in DSP. The polar solvation term was positive at +177.18
kcal/mol, indicating an unfavorable desolvation penalty upon adsorption, as DSP molecules
transitioned from the aqueous phase to the gold surface without the compensating favorable
hydration of charged groups. The nonpolar solvation term contributed —47.37 kcal/mol, again
reflecting hydrophobic burial of the spacer arms.
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The MM/GBSA results explained a critical and initially paradoxical observation:
DTSSP exhibited stronger total binding energy yet displayed higher surface mobility and
dynamic reorganization relative to DSP. The resolution of this paradox lay in the distinct
balance of energetic contributions for the two linkers. For DTSSP, the strong binding energy
arose from a combination of extensive van der Waals interactions and highly favorable
solvation of the charged sulfonate groups. However, the same structural features that enabled
strong binding namely, hydrophilicity, charged character, and conformational flexibility—also
facilitated linker reorganization and interparticle bridging. The large favorable solvation
energy reduced the energetic barrier for desorption or rearrangement, permitting DTSSP
molecules to explore a wide range of surface configurations and extended conformations.
Furthermore, the electrostatic repulsions among sulfonate groups destabilized densely packed,
uniform monolayers, driving the formation of heterogeneous, dynamic surface structures.

In contrast, DSP exhibited moderate binding energy dominated by van der Waals
interactions, with minimal electrostatic contributions and an unfavorable desolvation penalty.
The absence of favorable hydration interactions meant that desorption or rearrangement
incurred a substantial energetic cost, stabilizing the monolayer configuration and suppressing
dynamic reorganization. The hydrophobic character of DSP favored immobilization onto the
gold surface, with molecules forming a compact, densely packed monolayer stabilized by
lateral van der Waals interactions and minimal disruption by solvent fluctuations. The resulting
stable monolayer preserved colloidal stability, as evidenced by constant SPR wavelengths and
Langmuir monolayer adsorption behavior.

The MM/GBSA analysis thus provided a molecular-level thermodynamic explanation
for the differential behavior of DSP and DTSSP, reconciling the apparently contradictory
observations of stronger DTSSP binding yet higher DSP stability. The energetic decomposition
highlighted the importance of solvation effects and electrostatic contributions in determining
not only binding affinity but also surface mobility, dynamic reorganization, and ultimately the

macroscopic colloidal properties of functionalized gold nanoparticles.

5.3.6 Correlation Between Simulation and Experimental Observations

The molecular dynamics simulations presented in this chapter provided a
comprehensive mechanistic framework for interpreting the experimental observations reported
in Chapter 4. The correlation between computational and experimental observables validated
the simulation methodology and demonstrated the utility of molecular dynamics as a tool for
elucidating the molecular origins of nanoparticle behavior. In simple terms, DSP forms a stable
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protective coating on gold nanoparticles, while DTSSP forms flexible linkers that can connect
nanoparticles and cause aggregation.

The mean residence time analysis revealed that DSP exhibited marginally higher
surface retention relative to DTSSP, a subtle but mechanistically significant difference that
correlated directly with the LSPR behaviour. The stable SPR wavelength at 527-530 nm for
DSP-functionalized nanoparticles across a wide concentration range reflected the formation of
a stabilizing monolayer that maintained uniform interparticle separations and prevented
plasmonic coupling. The high MRT for DSP ensured that linker molecules remained surface-
bound and immobilized, preventing dynamic reorganization and bridging events that could
mediate aggregation. In contrast, the slightly lower MRT for DTSSP again corresponds to the
SPR red-shifts from 535 nm to 550 nm, indicative of progressive aggregation and plasmonic
coupling as DTSSP molecules facilitated interparticle bridging.

The mean square displacement profiles provided direct insight into the contrasting
colloidal stabilities of the two systems. The MSD plateau observed for DSP quantified the
immobilized monolayer character that was visually confirmed by TEM images showing well-
dispersed, non-aggregated nanoparticles. The spatial confinement of DSP molecules to fixed
adsorption sites prevented the formation of interparticle bridges and preserved colloidal
dispersion. Conversely, the elevated and fluctuating MSD for DTSSP correlated with the TEM
observations of linear chain-like assemblies, wherein mobile, flexible DTSSP molecules
mediated crosslinking between adjacent nanoparticles. The dynamic surface reorganization
revealed by the MSD analysis explained the mechanism by which DTSSP facilitated
aggregation: transient mobility and extended conformations enabled linker molecules to
explore configurations that could span interparticle gaps, locking particles into aggregated
structures upon collision.

The radial distribution function analysis quantified the spatial organization of linker
molecules and correlated directly with the adsorption isotherm data and FTIR spectroscopy
results. For DSP, the broad, low-intensity COM RDF and flat Au—S RDF reflected the
formation of a uniform, sparsely packed monolayer consistent with The Langmuir-type
adsorption observed for the DSP—AuNP system indicates monolayer coverage on energetically
equivalent surface sites. The high correlation coefficient obtained from the Langmuir isotherm
fit (R? = 0.9342), together with the moderate maximum adsorption capacity (Qmax = 13.34 mg
g"), validates the simulation-based prediction of stable monolayer formation. Furthermore,
FTIR spectroscopy confirmed chemisorptive binding of DSP to the AuNP surface through Au—
S coordination, providing direct experimental evidence in support of the adsorption model
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inferred from both isotherm analysis and molecular dynamics simulations.FTIR spectroscopy
confirmed the chemisorptive Au—S bonding through diagnostic peaks in the 600-500 cm™
region, consistent with the RDF evidence for Au—S coordination. For DTSSP, the sharp, intense
COM RDF peak and broad, high-intensity Au—S RDF band reflected dense, heterogeneous
surface packing, consistent with the Freundlich isotherm behavior ((R? = 0.9383) and the
elevated adsorption capacity (Qmax=56.81 mg/g). The heterogeneous binding environment
captured by the RDF explained the broader applicability of the Freundlich model, which
accommodates a distribution of binding affinities rather than assuming a uniform monolayer.

The MM/GBSA binding energy decomposition provided a thermodynamic
explanation for the contrasting adsorption behaviors and correlated with the observed
differences in colloidal stability and aggregation propensity. The stronger total binding energy
for DTSSP (—4020.93 kcal/mol) arose from extensive van der Waals interactions and highly
favorable solvation of the sulfonate groups, consistent with the high adsorption capacity and
dense surface coverage observed experimentally. However, the same favorable solvation
interactions that enhanced binding also facilitated dynamic reorganization and aggregation, as
the energetic barrier for desorption or rearrangement was reduced. The moderate binding
energy for DSP (-2300.30 kcal/mol), dominated by van der Waals interactions with minimal
solvation contributions, stabilized the immobilized monolayer configuration and preserved
colloidal stability. This energetic distinction provided a molecular-level rationalization for the
experimental observation that DSP maintained stable SPR wavelengths while DTSSP exhibited
concentration-dependent aggregation.

The convergence of simulation and experimental results across multiple independent
observables residence time and SPR stability, MSD and TEM morphology, RDF and
adsorption isotherms, MM/GBSA and aggregation behavior—validated the simulation
methodology and established molecular dynamics as a powerful tool for mechanistic
interpretation of nanoparticle functionalization. The simulations not only reproduced the
qualitative trends observed experimentally but also provided quantitative predictions and
molecular-level explanations that were inaccessible to experimental techniques alone. The
integrated computational-experimental approach demonstrated in this chapter represents a
paradigm for the rational design of functionalized nanoparticles, wherein simulations guide the
selection of linker chemistries and surface functionalization strategies to achieve desired

macroscopic properties.

5.5 Conclusion
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The experimental investigations presented in Chapter 4 demonstrated distinct
differences in stability and behavior between various gold nanoparticle—linker systems. To
further elucidate the molecular mechanisms underlying these observations, all-atom molecular
dynamics simulations were performed on the corresponding AuNP-linker systems. It was
revealed that DSP formed a stable, immobilized monolayer characterized by high mean
residence time, plateau MSD behavior, homogeneous spatial distribution, and van der Waals-
dominated binding. This monolayer architecture conferred colloidal stability by sterically
preventing interparticle contact, thereby maintaining constant SPR wavelengths and Langmuir-
type adsorption behavior. In contrast, DTSSP exhibited dynamic surface reorganization
characterized by slightly lower mean residence time, elevated and fluctuating MSD, dense
heterogeneous packing, and strong binding driven by both van der Waals and favorable
solvation contributions. The hydrophilic, charged sulfonate groups in DTSSP facilitated
dynamic rearrangement and interparticle bridging, driving concentration-dependent
aggregation, SPR red-shifts, and Freundlich-type adsorption behavior.

The radial distribution function analysis quantified the spatial organization of the two
linkers, revealing sparse, homogeneous monolayer coverage for DSP and dense, heterogeneous
multilayer or bridging structures for DTSSP. The MM/GBSA binding energy decomposition
explained the apparent paradox of stronger DTSSP binding yet greater DSP stability,
demonstrating that favorable solvation interactions in DTSSP both enhanced binding affinity
and facilitated dynamic reorganization, while van der Waals-dominated DSP binding stabilized
the immobilized monolayer configuration. The simulation results correlated directly with
experimental observations from ultraviolet—visible spectroscopy, transmission electron
microscopy, Fourier-transform infrared spectroscopy, and adsorption isotherm analyses,
establishing molecular dynamics as a validated tool for mechanistic interpretation and
predictive design of functionalized gold nanoparticles.

The mechanistic insights obtained from these simulations transcended the specific case
of DSP and DTSSP, offering broader principles for understanding nano—bio interfaces. The
critical role of hydrophilic functional groups in modulating surface mobility and aggregation
propensity, the balance between binding affinity and dynamic reorganization, and the
relationship between spatial organization and colloidal stability represent general design
principles applicable to a wide range of linker chemistries and nanoparticle systems. The
simulations demonstrated that subtle structural modifications such as the introduction of
charged sulfonate groups can profoundly influence interfacial dynamics and macroscopic

functionality, underscoring the importance of molecular-level design in nanoparticle
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engineering.
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Chapter 6

Future Scopes and Perspectives

The work presented in Chapter 2 opens several future directions, particularly toward the
development of practical allantoin biosensors and broader protein-engineering strategies for
immobilized enzymes. The structural and functional data obtained for the allantoinase
enzyme can be used to facilitate its effective immobilization on suitable sensing platforms,
thereby enabling the translation of this system into a potential point-of-care diagnostic device
for allantoin detection. In particular, to develop immediate and experimental directions,
express and purify top-ranked bacterial allantoinases (e.g., Escherichia and Streptomyces
candidates with favourable solubility, instability index, and extinction coefficients) and
validate the predicted stability and activity experimentally. Optimize immobilization
protocols  (physisorption, sol-gel entrapment, polymer matrices, low-dimensional
nanomaterials) using the identified parameters. Systematic comparison can be done for
different supports (e.g., graphene, silica, porous polymers, nitrocellulose) to test how intrinsic
volume, sphericity, and hydrophobicity translate into real adsorption efficiency and retained

catalytic activity.

Future work can focus on developing prototype allantoin biosensors, either optical or
electrochemical, using the shortlisted allantoinase enzymes and evaluating key performance
parameters such as limit of detection (LOD), linear detection range, response time,
operational stability, storage stability, and reusability in relevant biological fluids, including
serum and urine. The active-site residue mapping and identification of conserved titratable
residues such as His, Asp, and Trp can further guide rational modifications to tune the pH
response and sensitivity of the enzyme, for example through targeted mutagenesis at positions
influencing structural flexibility and hydrophobic clustering. In addition, the observed
thermostability and high aliphatic index of the enzyme provide opportunities to design sensors
capable of functioning under elevated temperatures or harsh environmental conditions, which
is advantageous for point-of-care diagnostics in low-resource settings as well as for long-term

implantable or wearable biosensing platforms.

In broader biological and diagnostic contexts, this work can serve as a model framework
for identifying hidden structural and functional trends within an enzyme or an enzyme family,
particularly in cases where simulating hundreds of enzyme variants is computationally
impractical. By applying the analytical approach demonstrated here, researchers can extract

TH-4104 22615910
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functional features of related enzymes, thereby guiding targeted investigations and rational

design strategies within large enzyme families.

Future work can also systematically investigate how agarose concentration, buffer
composition, and electric field strength modulate pore size evolution and DNA migration
dynamics using the combined electrophoretic—-SEM workflow established in this chapter.
Building on early demonstrations that agarose-gel pore architecture critically governs size-
dependent separation®'! and on later mechanistic analyses of DNA transport in gels and free
solution.'”> Advanced imaging modalities such as cryo-SEM or confocal laser scanning
microscopy could be employed to visualize hydrated gel networks and capture in situ
structural changes under an applied field. Coupling these structural insights with theoretical and
computational descriptions of polymer networks and polyelectrolyte migration would enable
predictive control over gel design, facilitating the optimization of resolution and run time for
specific fragment size ranges in both conventional slab gels and miniaturized or microfluidic

electrophoresis platforms.

The present study establishes a systematic framework for understanding how DTSSP
and DSP linkers interact with citrate-stabilized gold nanoparticles and how these interactions
govern colloidal stability and optical response. Building on these findings, future work can
focus on translating the optimized AuNP-linker systems into practical biosensing platforms.
This includes extending the current proof-of-concept to real biological targets such as small-
molecule metabolites, proteins, or clinically relevant biomarkers, and rigorously determining
analytical performance parameters such as limit of detection, linear dynamic range,
selectivity, and robustness in complex matrices. By directly coupling the observed
concentration-dependent SPR shifts and aggregation behaviour with quantifiable sensing
metrics, the system can be evolved from a fundamental model into a reliable colorimetric

assay suitable for point-of-care or laboratory diagnostics.

In addition, the insights gained into linker-dependent adsorption capacity, surface
coverage, and colloidal stability create an opportunity to rationally design new linker
architectures. Future studies can systematically vary structural features such as spacer length,
charge density, hydrophilicity, and multivalency to establish clear structure—property
relationships for Au-thiolate interfaces. These modified linkers could be combined in mixed
self-assembled layers, for example, co-adsorbing DTSSP or DSP with polyethylene glycol or
zwitterionic thiols, in order to fine-tune the balance between high biofunctional loading and

TH_41%8125%2?1%0569%:glnon-speciﬁc adsorption. Such engineered monolayers would help decouple



Chapter 6: Conclusion and Future Prospectives

sensitivity from stability, thereby improving reproducibility of localized surface plasmon

resonance responses under high ionic strength and physiologically relevant conditions.

The current all-atom molecular dynamics simulations provide detailed mechanistic
insight at the single-particle level, particularly regarding residence time, mobility, and spatial
organization of linkers at the AuNP surface. A logical future extension is to expand these
simulations toward multi-particle assemblies, enabling the direct visualization of linker-
mediated aggregation pathways and hotspot formation that underlie the experimentally
observed red shifts and chain-like morphologies. Coupling atomistic simulations with coarse-
grained or continuum-scale models will allow prediction of how microscopic parameters such
as binding free energy, coverage kinetics, and radial distribution functions propagate to
macroscopic observables like aggregation rate, hydrodynamic size, and optical spectra. In this
way, simulation can evolve into a predictive design tool for screening linker candidates and

optimizing conjugation protocols before experimental implementation.

On the experimental side, further refinement of the adsorption and kinetic models will
strengthen the theoretical description of the AuNP-linker system. Temperature-dependent
adsorption studies, combined with time-resolved UV—Vis spectroscopy, dynamic light
scattering, and nanoparticle tracking analysis, can be used to extract thermodynamic
parameters and to directly link the evolution of surface coverage with colloidal aggregation
and SPR shift dynamics. Beyond the classical Langmuir, Freundlich, and Temkin approaches,
the application of more sophisticated isotherm and kinetic models will help to resolve
heterogeneity in binding sites, multilayer formation, and diffusion-controlled processes.
This multi-model treatment will provide a more nuanced mechanistic picture, allowing
future researchers to choose linker type and conjugation conditions based on quantitative

criteria rather than empirical trial-and-error.

Finally, to move toward real-world impact, the optimized DTSSP- and DSP-
functionalized AuNPs should be benchmarked against established conjugation chemistries
and evaluated under realistic operational conditions. Comparative studies with widely used
systems such as MUA/EDC-NHS, maleimide—thiol, and biotin—streptavidin linkages will
clarify the advantages and limitations of each linker in terms of stability, signal-to-noise ratio,
and ease of fabrication. Parallel efforts should address the scalability of nanoparticle synthesis,
batch-to-batch reproducibility, storage stability, and performance in complex clinical samples
such as serum or tear fluid. By systematically addressing these translational aspects, the

TH-4104 226159101 . :
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colorimetric and plasmonic biosensors suitable for decentralized diagnostics and other

biomedical applications.
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