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ABSTRACT  

Biosensors have proven to be a strong instrument for detecting varied targets such as proteins, 

DNA, small molecules (disease biomarkers), toxins and metabolites with great sensitivity and 

specificity. 

The fundamental goal of the research presented in this thesis was to evaluate the applicability of 

NAD(P)/NAD(P)H as redox agents for gold nanostar shape alteration in colourimetric clinical 

enzymology. Furthermore, our research aimed to develop simple, low-cost, highly sensitive and 

specific gold nanostar-based colourimetric biosensor platforms for analyte detection as well as to 

understand how NAD(P)/NAD(P)H affects colourimetric, redox chemistry and morphological 

changes in gold nanostars.  

A seedless 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and silver-mediated 

method was used to synthesise the gold nanostars. However, the procedure was simple, robust, 

and repeatable, yielding heteromorphic, monodispersed, multi-branched nanostars measuring 37 

nm ± 2nm in diameter. The nanostars were found to have varying stabilities in salt, ionic strength 

and cell culture medium environments after being functionalised with polyethylene glycol (PEG) 

8 000, polyethylene oxide (PEO)100 000 and polyvinylpyrrolidone (PVP) 10 000. Our findings 

show that capping agents influenced gold nanostar stability, functionalisation and colourimetric 

biosensing capabilities, with PVP capping proving to be the most appropriate option for HEPES-

mediated gold nanostar synthesis. 

Gold nanostars' anisotropic structure has shown considerable promise in plasmonic colourimetric 

sensing. When the colourimetric ability of the new nanostars was evaluated, it was discovered 

that the colourimetric assays for gold nanostars could be tailored for a specific application by 

using capping agents, enzymes and the detection solution as colourimetric catalysts. The high-

energy facets at the terminals of the gold nanostar spikes triggered remodelling to start from there, 

resulting in the transition from star morphology to quasi-spherical nanoparticles and colourimetric 

signals.  The colourimetric signals obtained were vivid and easily discernible with the naked eye. 

However, it has been revealed that differences in the morphological properties or the surface 

nature of gold nanostars strongly affect their plasmonic colourimetric sensing and optical 

properties.  

The protein conjugation and immobilisation approach were also found to have an effect on the 

analyte detection rate. For optimal concentration-dependent detection findings, apoenzymes 

were co-immobilised with their coenzymes during biosensor fabrication. The biosensors reacted 
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to the neo-formed NAD(P)/NAD(P)H after the addition of NAD(P)/NAD(P)H-dependent enzymes 

galactose dehydrogenase and aldose reductase, resulting in a sufficient colourimetric gradient 

based on substrate concentration visible to the naked eye and detectable spectrophotometrically. 

When the same colourimetric assay parameters were used in an ELISA-type assay, the 

colourimetric variation between different concentrations of glucose oxidase and galactose 

oxidase enzymes resulted in a sufficient analyte concentration-dependent vivid colourimetric 

gradient, as expected. 

This thesis summarises the most recent studies about the optical and spectroscopic features as 

well as the effect of NAD(P)/NAD(P)H redox chemistry on gold nanostars. Furthermore, it was 

found that NAD(P)/NAD(P)H-dependent enzymes could be used in gold nanoparticle-based 

plasmonic colourimetric assays when hydrogen peroxide-producing enzymes are unavailable. 

The versatility of technology was demonstrated across a broad spectrum of analytes. We applied 

it to detect metabolites (glucose and galactose) in a variety of matrices and conditions using 

plasmonic gold nanostars as both a scaffold and transducer element.  The ramifications and 

scope of these findings have yet to be determined, as the full potential of anisotropic gold 

nanoparticles is only now being studied. This is critical for the successful development of robust, 

simple, and low-cost diagnostic equipment for resource-constrained settings. In conclusion, the 

NAD(P)/NAD(P)H-dependent enzymes immobilised on gold nanostars have the potential to 

replace costly equipment, reagents and lengthy experiments needed to assess various analytes 

and related clinical disorders such as diabetes and galactosemia diagnosis. 

Keywords  

Gold nanostars, Bioassay, Biosensor, Conjugation, Immobilisation, Anisotropic, Plasmonic, 

Heteromorphic, Apoenzymes, Coenzymes, Gold nanoparticles. 
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1.1 Background 

Metallic nanoparticles, in particular gold nanoparticles (AuNPs), have piqued the scientific 

community's interest due to their remarkable physical, chemical and biological properties arising 

from their "nano" size (Zhang et al., 2009). In general, nanoparticles are particles of any shape 

having at least one dimension in the 1 – 100 nm range (Guerrero-Martínez et al., 2011). The key 

arguments for employing gold nanoparticles instead of other metal nanoparticles include the great 

stability of AuNPs, the ease with which gold surfaces can be chemically modified and their 

decreased toxicity for biological purposes (Alkilany & Murphy, 2010; Daniel & Astruc, 2004; Eustis 

& El-Sayed, 2006; Guerrero-Martínez et al., 2011; Javed et al., 2020b; Shipway et al., 2000). The 

optical effects of colloidal gold, however, evoked the interest of ancient scientists, with colloidal 

gold being used in Chinese ceramics to sharp reddish colours in 400 BC (Dykman & Khlebtsov, 

2012) and in the famous Lycurgus Cup of Roman origin combined with colloidal silver to achieve 

a dichroic effect in 400 AD  (Freestone et al., 2007), or in Persian artwork to obtain lustrous effects 

in 900 AD (Fermo & Padeletti, 2012). There were little to no applications proposed for AuNPs until 

the thirteenth century when European alchemists began to propose AuNPs for medical use (Lou-

Franco et al., 2020). However, J. A. Chrestien established the feasible potential of AuNPs in 

treating syphilis patients in the nineteenth century (Chrestien, 1811; Lou-Franco et al., 2020). 

Following that, John Turkevich published a detailed study of the process of colloidal gold 

nucleation and growth, paving the way for the wide range of nanoparticle synthesis strategies and 

applications found today (Turkevich et al., 1951). 

It is worth noting that the characteristics of materials at the nanoscale change greatly from those 

observed in bulk materials due to quantum-size effects (Daniel & Astruc, 2004). Since then, a 

plethora of research has focused on these properties, whether physical, chemical, or biological, 

in order to characterise and understand how AuNPs behave (Daniel & Astruc, 2004; Garcia, 2012; 

Trudel, 2011). AuNPs are being employed in a variety of medical disciplines (drug delivery, 

immunosensing and biolabeling) and have been shown to improve disease diagnosis, treatment 

and prevention (Amina & Guo, 2020; Chandra et al., 2010; Howes et al., 2014; Saha et al., 2012; 

Zhang et al., 2009). The ease of synthesis of AuNPs as well as their distinctive features 

(particularly their colourimetric and physical properties), enable the easy manipulation and 

tailoring of sensors for a wide range of targets, including proteins, enzymes, oligonucleotides, 

metal ions and viruses (Cordeiro et al., 2016; Dykman & Khlebtsov, 2012; Radwan & Azzazy, 

2009; Saha et al., 2012; Si et al., 2021). Furthermore, AuNPs can function as a molecular scaffold 

(a platform for biological component(s) attachment) as well as a signal transducer, increasing 

sensor sensitivity (Saha et al., 2012). As a modified ELISA approach, AuNPs are also ideal for 

constructing a 96-well microplate format assay panel with high throughput and sensitivity 
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(Pallavicini, Cabrini, Cavallaro, et al., 2015; Zhang et al., 2015). However, for practical 

applications, the characteristics of AuNPs are determined by the synthesis process, size, shape, 

and surface chemistry (Garcia, 2012; Hammond et al., 2014). 

Anisotropic AuNPs, specifically gold nanostars (AuNS), are among the most efficient plasmonic 

nanomaterials for optical sensing, featuring a solid plasmonic core, which can be a sphere, a rod, 

or another shape and supports protuberant plasmonic tips (Hao et al., 2004; Liu et al., 2014; 

Pazos-Perez et al., 2018). The nanostar core acts as a nanoscale antenna, greatly enhancing the 

excitation cross section and electromagnetic field enhancements of the tip plasmons (Hao et al., 

2007b). The protruding arms enhance the electromagnetic field and indirect and direct localised 

surface plasmon resonance (LSPR) biosensing by adding to the plasmonic contributions and the 

lightning rod effect (Atta et al., 2016). The tips are thus responsible for the majority of AuNS's 

plasmonic properties (Pazos-Perez et al., 2018; Rahman et al., 2015; Shao et al., 2012). 

Furthermore, AuNS exhibit an unequal distribution of localised surface plasmon resonances 

(LSPRs) across their surface, owing to the high energy facets (protruding arms) and the lower 

energy facets (core) (Rahman et al., 2015). Controlling the arm density and length of the AuNS 

architecture without affecting the overall dimensions is a common strategy for tailoring AuNS 

morphology-directed optical properties (Webb et al., 2014a). 

A plethora of research on AuNS-based biosensors revealed that they are extremely sensitive to 

environmental changes, as seen by rapid LSPR variations in response to a biorecognition event 

(Moses Phiri et al., 2019; Rodríguez-Lorenzo et al., 2018; Xianyu et al., 2021a). The bulk of these 

plasmonic colourimetric biosensors use hydrogen peroxide-producing enzymes; the hydrogen 

peroxide produced biocatalytically will etch/grow the AuNPs, resulting in a plausible LSPR shift 

(Li, Ma, et al., 2013; Moses Phiri et al., 2019; Xianyu et al., 2021a; Zhang et al., 2018). The LSPR 

shift is primarily attributed to the change in the surface electron oscillations which may be 

influenced by the shape, size, dielectric environment, surface coating and nanoparticle-chemical 

environment interactions (Guo et al., 2016; Mayer & Hafner, 2011; Unser et al., 2015). 

Furthermore, these variations can be detected spectrophotometrically and by the naked eye 

through colourimetric signal variations in the AuNP solutions. 

Despite AuNS' versatility, there are still aspects of their synthesis that require attention. There are 

currently no standardised synthesis procedures for ideal monodisperse stars with a sufficient yield 

of the morphology of interest, well-defined properties and potential scale-up. To understand the 

underlying behaviour of these nanoparticles, comprehensive experimental, theoretical and 

computational research are required (Atta et al., 2016; Cristiano et al., 2020; Tsoulos & Fabris, 

2018; Tsoulos et al., 2018).  In addition to the issues associated with morphological 
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characteristics, reagent toxicity is a major concern (Sperling et al., 2008). Most published 

procedures employ environmentally and biologically harmful chemicals such as dimethyl 

formamide, cetyltrimethylammonium bromide and sodium borohydride (Yang et al., 2015; Zhao 

et al., 2007). This may have sparked other ecologically friendly nanoparticle production strategies 

(Adamu usman et al., 2018; Ahmed et al., 2016; Amina & Guo, 2020; Kunoh et al., 2018). These 

are generally referred to as "green" synthesis methods and the Good's buffers are commonly 

used in anisotropic AuNS (Chandra et al., 2016; Chen et al., 2010; Jimmy Huang et al., 2020; Xi 

& Haes, 2019; Xie et al., 2007b). 

Two approaches are widely used for the synthesis of anisotropic gold nanostructures: Seeded 

and seedless. The former relates to chemical synthesis, self-assembly, or molecular 

manufacturing techniques, such as the nucleation of gold atoms (seeds) from a molecular 

precursor and their development into colloidal AuNPs. In the seeded AuNS synthesis, gold 

nanoparticle seeds of various shapes are grown and guided to form branches. These approaches 

necessitate a number of stages, which may contribute to batch differences as well as post-

synthesis purification to eliminate unreacted surfactants (Vinnacombe-Willson et al., 2021; Wang 

et al., 2022; Wu et al., 2009). The advantages of seeded methods provide extremely 

monodispersed AuNS with great controlled branch and AuNS size growth, resulting in AuNS with 

tunable geometries (Kumar et al., 2016; Monsefi et al., 2020; Vinnacombe-Willson et al., 2021; 

Wang et al., 2022). Most of these high-yield seed-mediated procedures for synthesising AuNS 

with high dimensional monodispersity use Triton-X, ascorbic acid and AgNO3 as shape-directing 

agents (Atta et al., 2019). In contrast, the seedless technique is superior in terms of reagents and 

reaction time economics (Mulder, 2019; Phiri et al., 2019a; Xie et al., 2007b). The processes are 

generally uncomplicated, with little to no post-synthesis purification of surplus chemicals (Mulder, 

2019; Phiri et al., 2019a). However, because of insufficient precision of reaction parameters such 

as reagent concentrations, pH and temperature, seedless protocols often produce polydispersed 

samples (Liu et al., 2019; Phiri et al., 2019a; Xie et al., 2007b; Zhang et al., 2022). However, 

because various factors are thought to affect the formation of the nanostars, the simplicity of this 

one-pot approach (two reagents and one solution) can result in considerable batch-to-batch 

variability (Poklepovich-Caride et al., 2022). Overall, five major parameters (surfactant 

concentration, Au3+ concentration, temperature, pH and stirring) and their secondary interactions 

affect the growth, shape and optical characteristics of AuNS (Atta et al., 2019; Vinnacombe-

Willson et al., 2021; Wu et al., 2009; Zhang et al., 2022). 

In this study, 2-[4-(2-hydroxyethyl) piperazinyl] ethanesulfonic acid (HEPES), one of Good's 

buffers and AgNO3 were used in a one-pot seedless AuNS synthesis technique. Anisotropic gold 

nanoparticles with low post-synthesis purification, increased particle stability and a high scaling 
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potential are formed when HEPES and AgNO3 are reacted with a solution of HAuCl4 (Au3+ ions) 

(Chandra et al., 2016; Xie et al., 2007b). HEPES, a zwitterion, aids in the formation and 

stabilisation of AuNS by acting as a reducing and stabilising agent (Zhang et al., 2022). Through 

reversible activation of the amine and sulfonate groups in HEPES, HEPES creates sufficient 

elastic interfacial energy barriers, reducing the possibility of particle agglomeration in solution and 

electron redistribution decreases its attraction to the AuNS, allowing adsorption to AuNS (Xi & 

Haes, 2019; Xi et al., 2018). Acidification causes this phenomenon, which is influenced by pH, 

acid concentration and the protonation state of HEPES (Xi & Haes, 2019). HEPES' piperazine 

moiety generates nitrogen-centred free radicals that decrease the Au3+ ions, making it an 

excellent weak reducing, capping and shape-directing agent (Araújo-Chaves, 2015; Liu et al., 

2014; Xi & Haes, 2019; Zhang et al., 2022). Since Xie et al. (2007b) described the use of HEPES 

for colloidal gold nanostars synthesis (Xie et al., 2007b), a variety of variations have been 

published, including Saverot and co-workers' two-step technique employing HEPES and the 

addition of HAuCl4 for gold nanostar growth and branch length (Saverot et al., 2016). HEPES has 

minor salt and temperature effects as well as high water solubility, making it useful in cell culture 

due to its low permeability to cell membranes (Jimmy Huang et al., 2020; Saverot et al., 2016; Xi 

& Haes, 2019; Xie et al., 2007b). HEPES is noncytotoxic and biocompatible, making HEPES-

mediated AuNS more suitable for biological applications (Jimmy Huang et al., 2020; Saverot et 

al., 2016; Xi & Haes, 2019; Xie et al., 2007b). 

AuNS have the most intriguing uses in biology because the surface plasmon resonance of 

the nanoparticle can be tailored into the tissue transparency window of biological tissue 

(D'Hollander et al., 2016). Thus, AuNS can be employed as both diagnostic and therapeutic 

agents, with a variety of diagnostic instruments and techniques including photoacoustic 

tomography, surface-enhanced Raman spectroscopy, magnetic resonance imaging, positron 

emission tomography, and X-ray computer tomography (Liu, Yuan, et al., 2015b; Sasidharan et 

al., 2016). Because of their higher surface-to-volume ratio and contact cross-section, AuNS act 

more powerfully as a radiation dose enhancer, and research is being performed in cancer 

treatment (Liu, 2016; Liu, Yuan, Fales, et al., 2015). Furthermore, AuNS tips have an enhanced 

electromagnetic field that enhances Raman scattering in the region, resulting in a sensitive 

approach for vivo or in vitro chemical analysis that can identify the presence of specific molecules 

such as proteins, dendrimers, and nucleotides (Chirico et al., 2015; Hao et al., 2007b; Nalbant 

Esenturk & Hight Walker, 2009; Pazos-Perez et al., 2018).  
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The suitability of NAD(P)/NAD(P)H as redox agents in diagnostic applications is crucial in defining 

the activity of energy-producing pathway-related diseases as well as other NAD(P)/NAD(P)H-

driven oxidative stress disorders (Oka et al., 1981; Umrikhina et al., 1990; Ying, 2008).  Defects 

in the equilibrium of these redox couples are linked to a wide range of illnesses, including 

diabetes, neurological disease, heart disease, and cancer (Ying, 2008).  Since the mid-20th 

century, researchers have investigated the intrinsic fluorescence of NAD(P)/NAD(P)H redox 

cofactors. Furthermore, while the fluorescence spectra of NAD(P)H are indistinguishable, 

interpreting the signals coming from their combined fluorescence, typically designated NAD(P)H, 

can be challenging (Xiao et al., 2018). The measurement of NAD(P)/NAD(P)H is important in 

biochemistry since it helps to characterise enzyme activity, homeostasis, and metabolism (Xiao 

et al., 2018). However, present approaches are insufficiently sensitive and/or selective for 

detecting low levels of NAD(P)/NAD(P)H (Jiang et al., 2020). While nanotechnology approaches 

for detecting NAD(P)/NAD(P)H, such as the use of AuNPs, are particularly intriguing, their 

applicability in clinical samples and activity assays is limited (Veskoukis et al., 2018). This work 

makes a unique contribution by using AuNS, particularly for NAD(P)/NAD(P)H detection in clinical 

enzymology. 

Delayed disease diagnosis is a major problem in developing countries and isolated communities 

(Boniface et al., 2012; Gaede & Versteeg - Mojanaga, 2011).  This is owing to undeveloped 

people's poor access to and marginalisation of accessible healthcare service distribution when 

compared to developed communities (Boniface et al., 2012; Gaede & Versteeg - Mojanaga, 2011). 

Because laboratory infrastructure is limited in underdeveloped areas, point-of-care (POC) 

diagnostics can aid in the diagnosis and treatment of patients during the same visit, increasing 

patient health quality (Drain et al., 2014; Giuliano & Grant, 2002; Noah & Ndangili, 2019; St John 

& Price, 2014). The term "RE-ASSURED" alludes to the World Health Organization's (WHO) 

point-of-care testing guidelines, which state that tests must be "affordable, sensitive, specific, 

user-friendly, rapid/robust, equipment-free or minimal and deliverable to those in greatest need" 

(Cordeiro et al., 2016; Land et al., 2019). Recent nanotechnology advancements have resulted 

in a broad range of nanosensing systems with distinct properties that are revolutionising molecular 

diagnostics  (Cordeiro et al., 2016; Land et al., 2019; St John & Price, 2014; Syedmoradi et al., 

2017). The primary goal of this research was to develop AuNS-based platforms with promising 

state-of-the-art proofs-of-concept (physical-chemical principles and biomolecular recognition) that 

are suited for POC development and implementation in resource-constrained areas. 
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1.2 Problem statement and Justification 

NAD(P)/NAD(P)H are universal and ubiquitous redox coenzymes/cofactors that drive unique 

enzymatic reactions involved in major metabolic pathways. As a result, utilising dehydrogenases 

and reductases for NAD(P)/NAD(P)H sensing broadens and decentralises the analytical sensing 

domain, including circumstances when no oxidase enzymes are involved. This strategy can be 

developed to detect these redox couples for diagnosis of associated clinical disorders.  

Anisotropic gold nanostars have a larger extinction coefficient than spheres and, to the best of 

our knowledge, have never been employed as scaffolds and signal amplifiers for 

NAD(P)/NAD(P)H plasmonic colourimetric detection. In response to analyte biorecognition 

events, these anisotropic gold nanostar-based biosensors must generate plausible colourimetric 

signals with straightforward, rapid, consistent, and reproducible result interpretation.  

Motivated by clinical and point-of-care diagnostic applications, gold nanostar-based plasmonic 

colourimetric detection of NAD(P)/NAD(P)H can meet the ASSURED criteria, hence improving 

health care delivery in resource-constrained locations. Despite their simple synthesis processes, 

using environmentally friendly chemicals and producing homogeneous gold nanostars is critical. 

As a result, gold nanostar-based biosensors have the potential to replace laboratory-based 

approaches for measuring NAD(P)/NAD(P)H concentrations and enzyme activity, making analyte 

detection simple and inexpensive. 

1.3 Aim and Objectives  

This research aimed to assess the suitability of NAD(P)/NAD(P)H as redox agents for gold 

nanostar shape alteration in colourimetric clinical enzymology. Furthermore, the study sought to 

create simple, inexpensive, low sample volume, highly sensitive and specific gold nanostar-based 

colourimetric biosensor platforms for analyte detection as well as to understand how 

NAD(P)/NAD(P)H affects colourimetric, redox chemistry and morphological changes in gold 

nanostars. As a result, this study fully investigated the synthesis, functionalisation, 

characterisation and biosensing properties of gold nanostars. 

To achieve this aim, the following objectives were implemented: 

1) To synthesise gold nanostars that are stable in morphology and homogeneity utilising an 

environmentally friendly protocol. In addition, to determine the optimal capping agent for 

the gold nanostars synthesised. Furthermore, the gold nanostars were functionalised with 

glucose oxidase and their biosensor capability in enzymatic assays was assessed in 

conjunction with the different capping agents i.e., how the capping agents influenced the 
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colourimetric ability of the enzymatic assays. This could serve as a model for other 

enzymes that produce hydrogen peroxide. 

2) The colourimetric parameters of the biosensor produced in Objective1 were transferred to 

gold nanostars functionalised with galactose oxidase, NAD(P)/NAD(P)H-dependent 

galactose dehydrogenase and aldose reductase enzymes. This might be used to evaluate 

the biosensor capabilities in NAD(P)/NAD(P)H settings by employing galactose oxidase 

as a hydrogen peroxide-producing enzyme as a reference point for the generation of 

colourimetric signals.  

3) To develop a competitive assay that includes hydrogen peroxide utilising the NAD(P)+-

dependent galactose dehydrogenase assay parameters defined in Objective 2. This could 

be used to evaluate the colourimetric capabilities of biosensors in NAD(P)H-hydrogen 

peroxide settings. Furthermore, redox potentials and reaction rates were used to evaluate 

the theoretical biosensor colourimetric signal production technique. 

4) To develop a mathematical model of gold nanostar adiabatic oxidation. This might be used 

to assess the self-degeneration of gold nanostars generated in Objective 1 without 

capping agents. 

1.4 Thesis structure 

This thesis is a collection of eight chapters created expressly to meet the criteria of North-West 

University. It was written in an article format for the completion of the Doctor of Philosophy in 

Biochemistry degree. Each chapter serves as a foundation and stepping stone for the following 

chapter; therefore, it includes an introduction, materials and techniques, results and discussion 

and a conclusion tailored to the chapter. 

Chapter 1: This chapter introduces current applications of gold nanoparticles. It also discusses 

the necessity of anisotropic gold nanostars in point-of-care diagnostic tests. This justifies the use 

of nanotechnology and clinical diagnostics in the current inquiry. 

Chapter 2: This chapter is a detailed overview of gold nanostar synthesis techniques including 

capping agent selection and biosensor design with a focus on NAD(P)/NAD(P)H plasmonic 

colourimetric nano-biosensors. 

Chapter 3: This chapter describes the project study design and scope. 
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Chapter 4: This chapter describes a HEPES-mediated seedless synthesis method of anisotropic 

gold nanostars. It also demonstrates the characterisation and stability of gold nanostars in various 

conditions using various capping agents. Furthermore, it describes the effects of capping agents 

on anisotropic gold nanostars. 

Chapter 5: This chapter describes the feasibility of NAD(P)/NAD(P)H as redox colourimetric 

agents employing anisotropic gold nanostars as enzyme scaffolds and galactose as a reference 

analyte. 

Chapter 6: This chapter describes the hydrogen peroxide mediated quantification of NAD(P)H 

and inverse galactose plasmonic colourimetric sensing using anisotropic gold nanostars. 

Chapter 7: This chapter discusses the theoretical modelling of anisotropic gold nanostar adiabatic 

oxidation.  

Chapter 8: This chapter provides a summative conclusion of the study and discusses the study's 

potential future prospects 

1.5 Outcomes of this study 

This study resulted in the following publications: 

1) Munyayi, T.A.; Vorster, B.C.; Mulder, D.W. The Effect of Capping Agents on Gold 

Nanostar Stability, Functionalization, and Colourimetric Biosensing 

Capability. Nanomaterials 2022, 12, 2470. https://doi.org/10.3390/nano12142470.  

Published 2022 (Submitted 15 June 2022). 

2) Munyayi, T.A.; Mulder, D.W.; Conradie, E.H; Vorster, B.C. Feasibility of NAD(P)/NAD(P)H 

as redox agents in enzymatic plasmonic gold nanostar assays for galactose quantification. 

Royal Society Open Science 2023, 10. https://doi.org/10.1098/rsos.230825. Published 

2023 (Submitted 15 June 2023). 

3)  Munyayi, T.A.; Mulder, D.W.; Conradie, E.H; Vorster, B.C. Quantitative galactose 

colourimetric competitive assay based on galactose dehydrogenase and plasmonic gold 

nanostars. Biosensors 2023, 13(11), 965; https://doi.org/10.3390/bios13110965.  

Published 2023 (Submitted 08 October 2023). 

This research resulted in the following conference contributions: 

https://doi.org/10.3390/nano12142470
https://doi.org/10.1098/rsos.230825
https://doi.org/10.3390/bios13110965


 

10 

1) Munyayi, T.A.; Vorster, B.C.; Mulder, D.W. The Effect of Capping Agents on Gold 

Nanostar Stability, Functionalization, and Colourimetric Biosensing 

Capability. Attendance only. 6th South African Nanoscience and Nanotechnology Summer 

School, 23 – 25 October 2022, Lord Charles Hotel, Cape Town, South Africa. 

2) Munyayi, T.A.; Vorster, B.C.; Mulder, D.W. The Effect of Capping Agents on Gold 

Nanostar Stability, Functionalization, and Colourimetric Biosensing Capability. Poster 

presentation. 8th International Conference on Nanoscience and Nanotechnology in Africa 

(NanoAfrica 2022), 26 – 28 October 2022, Lord Charles Hotel, Cape Town, South Africa. 

1.6 Author contributions 

Mr. T.A Munyayi designed the experiments, performed the laboratory bench work, evaluated the 

data and produced draft articles for this study. Prof. B.C. Vorster, Dr. D.W. Mulder and Dr. E.H. 

Conradie were involved in the study's design, data analysis, article reviewing, proofreading and 

study integrity. 
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CHAPTER 2 LITERATURE REVIEW 

AN OVERVIEW OF THE FUNDAMENTALS OF ANISOTROPIC GOLD 

NANOSTARS AND THEIR USE AS BIOSENSORS IN THE BIOMEDICAL 

FIELD 
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2.1 Preface 

The following sections of this literature review highlight a brief introduction on gold nanoparticles 

as a whole, the synthesis of anisotropic gold nanostars with tunable properties and their analytical 

applications. In addition, a thorough overview of how capping agents influence the surface 

chemistry, stability, functionalisation and colourimetric signals of conjugated gold nanostars is 

provided. Finally, a general perspective on several important applications of plasmonic 

nanoparticles is offered, with special emphasis on in vitro colourimetric sensing of metabolites 

and NAD(P)/NAD(P)H redox couples. 

2.1.1 Introduction 

Plasmonic colloidal nanoparticles are distinctive nanostructures capable of showing significant 

electromagnetic fields, known as localised surface plasmon resonances (LSPRs), at their surface 

when excited with the right wavelength of irradiated light (Zhao et al., 2008). Aside from colloidal 

nanoparticle composition, three factors influence the wavelength and intensity of these 

electromagnetic fields: shape, size and plasmon intercoupling between neighbour particles 

(Becerril-Castro et al., 2022). Almost every gold nanoparticle shape may have its size readily 

adjusted. However, when compared to the other two parameters, the effect of size on the 

wavelength and intensity of the LSPR is minor (Becerril-Castro et al., 2022). Depending on the 

dielectric environment, geometry, size, composition and particle-particle separation distance, a 

characteristic absorption band will be seen in a certain region of the electromagnetic spectrum as 

a result of the LSPR (Li et al., 2009; Marcheselli et al., 2020; Samsuri et al., 2017).  

Despite the wide array of existing plasmonic colloidal materials from transition elements, doped 

semiconductors and metal oxides, chalcogenides and graphene, silver (Ag) and gold (Au) are the 

predominantly utilised noble metals (Comin & Manna, 2014; Liu & Swihart, 2014; Vilela et al., 

2012). Although LSPRs are more efficient in silver, gold nanoparticles (AuNPs) have received 

special attention due to their superior chemical stability, non-toxicity, inertness, and synthetic 

accessibility (Dreaden et al., 2012; Eustis & El-Sayed, 2006). The use of nanosized gold colloids 

may be traced back to illustrious ancient eras such as the Faraday’s pioneering colloids and 

Lycurgus cup era (Faraday, 1857; Freestone et al., 2007). Albeit the preparation of monodisperse 

gold spherical particles was proverbial since the 20th century; the synthesis of AuNPs with 

anisotropic morphologies tremendously progressed in the last decade (Fig.2-1) (Gong et al., 

2012; Grzelczak et al., 2008; Li, Zhao, et al., 2014; M. Pallares et al., 2019).  
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Figure 2-1: A schematic representation of the most prevalent gold nanoparticle 
assemblages and morphologies. Adapted from Freitas de Freitas et al. (2018). 

Anisotropic gold nanoparticles (cubes, rods, plates, prisms and stars) have an unequal 

distribution and hybridisation of the LSPRs on their surface, allowing light concentration in specific 

places that generally match the tips in their structure (Alvarez-Puebla et al., 2010; Barbosa et al., 

2010b). As a result, anisotropic nanoparticles exhibit strong absorption and scattering in the UV-

Visible (UV-Vis) range, which confer them with vivid colours that have intrigued scientists for 

centuries (Link & El-Sayed, 2003).  

Michael Faraday pioneered extinction studies on spherical nanoparticles in 1857 and later in 

1905, Gustave Mie presented a general solution to Maxwell's equations that construe the 

extinction of spherical particles of arbitrary size and developed the following equation for 

irradiation applicable to UV-Vis spectroscopy (Fig.2-2) (Faraday, 1857; Hergert & Wriedt, 2012; 

Horvath, 2009). Figure 2-2 depicts the metal nanosphere, electron oscillations and the UV-Vis 
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spectral profile when incident light is irradiated on the nanosphere, resulting in localised surface 

plasmon resonances. 

 

Figure 2-2: Schematic diagram of the localized surface plasmon resonance effect. 

 

E(λ) =
24πNAa

3εm
3
2⁄

λ ln(10)
[

εi
(εr + χεm)2 + εi

2]              [1] 

where 𝐸(𝜆) is the extinction (sum of absorption and scattering), 𝑁𝐴 is the density of nanoparticles, 

𝑎 is the radius of the sphere, 𝜀𝑚  is the dielectric constant of the medium surrounding the sphere, 

𝜆 is the wavelength of the incident radiation, 𝜀𝑖 and 𝜀𝑟  are the imaginary and real components of 

the nanoparticle’s dielectric function, respectively, 𝜒 is the term that describes the aspect ratio of 

the nanoparticle (𝜒 = 2 for a sphere). The major determinants of the optical properties of metal 

nanoparticles is their shape, size and dielectric environment (Kelly et al., 2003).  

Figure 2-3 exhibits experimental Vis-NIR spectra of gold nanoparticles of different shapes: gold 

nanospheres (AuNPs), nanorods (AuNRs) and nanostars (AuNSs) (Montes & Belén, 2016). For 

AuNRs two plasmon bands are observed, corresponding to longitudinal and transverse plasmon 

resonance modes and related to light absorption and scattering along the long axis and the short 

axis of the particles, respectively (Sosa et al., 2003). 
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Figure 2-3: Vis-NIR spectra of (a) 30 nm AuNPs, (b) AuNRs in H2O (red) and in CHCl3 (green), 
and (c) AuNSs of different sizes. Reproduced with permission from (Montes & Belén, 2016). 

Plasmonic gold nanostars are made consisting of a solid plasmonic core (spherical, rod, or any 

other shape) that houses protuberant plasmonic spikes (Hao et al., 2007b; Pazos-Perez et al., 

2018). Among anisotropic plasmonic nanoparticles, gold nanostars (AuNS) are peculiar as they 

offer optical tunability by tailoring subtle variations in their geometry (Liu, Yuan, et al., 2015a). 

While the plasmonic core is significant as an electron antenna that supplies electrons to the tips, 

the excitation cross section and electromagnetic field enhancements of the tip plasmons are 

significantly increased (Hao et al., 2007b). Thus, the main plasmonic features of anisotropic AuNS 

arise from the tips “lightning rod effect”, leading to exceptional sensitivity and signal generation  

(Pazos-Perez et al., 2018; Rahman et al., 2015; Urbieta et al., 2018). Anisotropic AuNPs are 

exceptional due to their structural, optical and catalytic properties, which are unique and 

customarily superior to those of spherical AuNPs (Li, Zhao, et al., 2014). Conclusively, AuNS are 

a novel sensing nanoplatform applicable in various fields, principally due to their plasmon 

tunability into the near infrared (NIR) region and their sensitivity to changes in environments (Liu, 

Yuan, et al., 2015a; Yuan et al., 2013). The ability to manipulate the plasmon band of anisotropic 

nanoparticles to be in resonance with typical Vis-NIR light sources is a critical property that opens 

exciting possibilities for biological applications (De Aberasturi et al., 2015; Dreaden et al., 2012). 

In this regard, this thesis focuses on the use of AuNS as a scaffold and signal-amplifying 

transducer in the development of plasmonic colourimetric biosensors for clinical enzymology. In 

addition, the thesis intended to evaluate the suitability of NAD(P)/NAD(P)H as redox agents in 

plasmonic colourimetric AuNS biosensors. 
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2.2  Synthesis of gold nanostars 

This section focuses on the common synthetic strategies used by researchers to achieve 

improved shape and size control of anisotropic AuNS by taking into account factors such as 

shape-directing agents, capping agents, solvent and reactor conditions (Siegel & Baker, 2021). 

Syntheses of anisotropic AuNS are generally classified as seeded or seedless growth methods 

(Fig.2-4); with the choice of synthesis method being critical to the parameters of the resultant 

morphology (Perez-Gonzalez et al., 2020; Siegel & Baker, 2021). 

 

Figure 2-4: Indication of anisotropic nanoparticles syntheses routes  and anisotropic 
morphologies .Reproduced with permission from (Perez-Gonzalez et al., 2020). 

2.2.1 Seeded growth gold nanostars 

A typical reaction in seed-mediated formation of AuNS involves seed precursors, which are 

usually spherical AuNPs that act as nucleation centres for the preferential deposition of additional 

Au0 atoms. (Siegel & Baker, 2021). Spherical citrate-stabilised gold nanoparticles can be grown 

to sizes larger than 100 nm by altering factors such as solution temperature and pH as well as 

the injected Au3+: seed ratio (Bastús et al., 2011; Bigall et al., 2008; Siegel & Baker, 2021). 

Isotropic growth of branching AuNS can be slowed down by interactions between surfactants or 

ions with certain crystal faces, resulting in selective deposition of free gold onto unobstructed 

surfaces (Perrault & Chan, 2009). It has been proposed that the preferential adsorption of capping 

molecules on specific crystalline facets of the metal seed surface triggers the anisotropic growth 
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process by changing growth rates along specific crystallographic orientations (Bastús et al., 

2011).  

The influence of additives such as silver nitrate (AgNO3) on the growth of AuNS has also been 

documented, so that a greater degree of control over the nanoparticle star shape can be 

accomplished by adding silver ions at different stages of the growth process (Chen et al., 2003; 

Nehl et al., 2006b; Sau & Murphy, 2004; Wu et al., 2009). The use of seed-mediation allows the 

nucleation and growth processes to be separated in time, allowing for greater control over the 

shape and size of the emerging AuNS (Bigall et al., 2008; Perrault & Chan, 2009). As a result, as 

indicated by Wulff's theorem, the crystalline structure of the precursor seed plays a critical role in 

the ultimate morphology of the AuNS (Li et al., 2016; Miracle-Sole, 2013). Nonetheless, other 

researchers believe that single or multiple twinned seeds are required to allow branch formation 

in noble metal particles (Kuo & Huang, 2005; Yuan et al., 2007).  

Atta et al. (2019) have detailed the synthesis of heteromorphic AuNS (multi- and six-branched 

AuNS) via single crystalline seed development (Atta et al., 2019). The reduction of 

tetrachloroauric (III) acid trihydrate (HAuCl4) by sodium borohydride (NaBH4) in the presence of 

surface Triton X-100 at varied concentrations produced single crystalline Au seeds with (111) 

planes.  Finally, the seeds, AgNO3 and ascorbic acid (AA) were added to a HAuCl4 growth solution 

in Triton X-100 with a concentration equivalent to the seed solution, producing the heteromorphic 

AuNS. De Silva Indrasekara et al. (2018) proposed a modified Turkevich approach for the 

synthesis of surfactant- and capping-agent-free AuNS, indicating that increasing the Au3+: Rseed 

ratio, regardless of seed size, resulted in a branch length: core size drop, core size drop and branch 

density drop (De Silva Indrasekara et al., 2018).  Chen et al. (2003) also reported a seeded 

procedure for the synthesis of gold multipods (1-4) by employing prefabricated silver plates as 

seeds in an excess of cetyltrimethylammonium bromide (CTAB) capping agent, which took a 

significantly lengthy time (1-20 days) to complete (Chen et al., 2003). Barbosa et al. (2010b) 

discovered that adding the seed precursor to the growth fluid prior to full Au3+-Au+ reduction 

resulted in greater polydispersity of the emerging branching AuNS due to oxidation of the seeds 

themselves (Barbosa et al., 2010b). Furthermore, Kuo and Huang developed a similar multistep 

approach employing tiny gold seeds and sodium dodecyl sulphate (SDS) capping agent, yielding 

poorly defined heteromorphic anisotropic AuNPs with random branching (Kuo & Huang, 2005). 

Many researchers have used temperature and pH to synthesize metallic particles with various 

morphologies. Depciuch et al. (2020), produced hollow, porous AuNPs with a broad range of light 

absorption at have been produced at elevated temperatures of 40-60 ºC. pH-dependent synthesis 

of anisotropic gold nanostructures have also been widely researched and provided outstanding 

morphological control (Tofanello et al., 2016). 
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In conclusion, as with most seed-mediated syntheses, precursor concentration, reducing agent 

concentration, capping agent, reaction time, reaction pH and seed quality are the major 

anisotropic growth process determinants for AuNS production. Because seed-mediated growth 

reactions are not one-pot processes, timing the addition of seed to the synthesis is crucial for 

AuNS production. The use of a gold seed precursor allows for more control over the final 

morphology of branching AuNS based on seed size and crystalline structure. Furthermore, due 

to modest heterogeneities in the seed structures, this type of synthesis frequently results in 

polydispersity in both size and form of the resultant morphologies (Hao et al., 2007a; Kelly et al., 

2003; Siegel & Baker, 2021; Webb et al., 2014b). 

2.2.2 Seedless growth gold nanostars 

In the seedless approach (one-pot synthesis strategy), milder, water-soluble and biocompatible 

reducing and capping agents are considered to enhance anisotropic AuNS synthesis, 

performance and application (Xie et al., 2007a). The one-pot, seedless approach is essentially 

dependent on the reducing agent and surfactant used, with substantial limitations such as shape-

directing agents aggressively adsorbing onto the gold surface, restricting use without extra "clean 

up" of the neo-formed anisotropic AuNS (Barbosa et al., 2010b; Guerrero-Martínez et al., 2010; 

Siegel & Baker, 2021; Xi & Haes, 2019). The ability to tailor the anisotropic AuNS morphology 

within seedless syntheses is paramount to their viability in applications. 

Xie et al. (2007a) suggested a seedless synthetic approach that produces heteromorphic 

monodispersed AuNS by employing 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) as a mild reducing and capping agent and AgNO3 as a shape-directing agent (Xie et 

al., 2007a). Once passivated by polyvinylpyrrolidone (PVP), the AuNS produced by this approach 

were multi-branched and roughly 37 ± 2 nm in diameter, with good stability and plasmonic sensing 

(Xie et al., 2007a).  Webb et al. (2014a) established the tunability of seedless HEPES-mediated 

AuNS by varying the concentrations of HAuCl4 and HEPES as well as the pH of HEPES (Webb 

& Bardhan, 2014; Webb et al., 2014b). Yuan et al. (2012) suggested a seedless silver- and AA 

technique by rearranging the order of reactant addition in the original seed-based process, which 

produced monodispersed heteromorphic AuNS (Yuan et al., 2012). Phiri et al. (2019b) recently 

proposed a simple seedless approach using HAuCl4 and an AA solution at a low pH (RAA = 2), 

allowing for the formation of nucleation sites, after which AgNO3 was rapidly injected, resulting in 

heteromorphic anisotropic AuNS formation comparable in terms of size control to that of seeded-

growth methods (Phiri et al., 2019b). Hao et al. (2004) developed a seedless technique for 

producing anisotropic AuNPs that exhibited morphological transition at 4 ºC storage settings 
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utilising HAuCl4 and bis(p-sulfonatophenyl) phenylphosphine dipotassium salt (BSPP) as the 

stabilizer (Hao et al., 2004).  

In conclusion, like with other seedless syntheses, the key anisotropic growth process factors 

include precursor concentration, reducing/surfactant concentration, capping agent, reaction time 

and reaction pH. Furthermore, anisotropic growth seedless synthesis techniques are one pot, 

simple and require only a few stages, with no requirement for premade seed templates for AuNS 

formation (Saverot et al., 2016; Xie et al., 2007c). 

A qualitative comparison of seeded and seedless nanostar approach is shown in Table 2-1 below. 

Table 2-1: Qualitative comparison of the seed-mediated versus seed-less synthesis 
methods of gold nanostars. 

Seed-based syntheses Seed-less syntheses 

Greater control over particle size and morphology Lesser control over particle size and morphology 

Not one-pot reactions One-pot reaction 

Defined growth template from precursor seeds A more sensitive nucleation phase 

Often must utilise harsh reagents Can easily rely on “green” reagents 

Relatively insensitive to reaction condition changes 
 

Highly sensitive to reaction condition changes 

 

Conclusively, seeded techniques have an advantage (Table 2-1) because the nucleation phase 

occurs on a template with predetermined facet composition and crystallinity, whereas seedless 

approaches use no prefabricated templates (De Silva Indrasekara et al., 2018; Kereselidze et al., 

2012b; Xi et al., 2018). Overall, by carefully tailoring the previously mentioned synthetic factors 

(e.g., pH, reductant concentration/strength), many of the shortcomings of seedless approaches 

can be averted. 

2.3 Surface modification and functionalization of gold nanostars 

This section discusses the methods used to modify the surface chemistry, stability, 

biocompatibility and specificity of gold nanostars by functionalising capping agents and ligand 

molecules (antibodies, proteins, drugs and biomarkers) to the gold nanostars' surface. 

2.3.1 Capping agents 

Recent trends in nanoparticle synthesis and surface manipulation, the use of distinctive capping 

agents, have allowed the preparation of surface-functionalised and monodispersed nanoparticles 

for various applications (Javed et al., 2020b). Capping agents are molecules that act as 
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stabilizers, preventing coalescence and steric hindrance hence stabilising the interaction of 

nanoparticles within the preparation medium (Sidhu et al., 2022). In some situations, capping 

agents are responsible for modifying the surface chemistry, physico-chemical and biological 

properties of nanoparticles and colloidal dispersions (Li, Chang, et al., 2013; Restrepo & Villa, 

2021). As a result, understanding the interactions between nanoparticles, capping agents and 

ligands is critical for correlating nanomaterial properties and functionality. 

2.3.2 Types of capping agents 

Distinct types of capping agents have been utilised in nanoparticles’ synthesis including 

surfactants (Smith & Korgel, 2008), small ligands (Gavia & Shon, 2015), polymers (Baygazieva 

et al., 2014; Grubbs, 2007), dendrimers (Crooks et al., 2001; Niu & Crooks, 2003), cyclodextrins 

(Noël et al., 2014) and polysaccharides (Raveendran et al., 2003). Capping agents are 

categorised into numerous kinds, each with a unique influence that imparts distinct end properties 

on the nanoparticles, with the overall goal of avoiding coalescence (Campisi et al., 2016b). 

Besides preventing nanoparticles agglomeration, the modification of metal surface by organic 

ligands enhances compatibility with another phase or introducing additional functionalities 

(Campisi et al., 2016a). 

Figure 2-5 is representing the various types of capping agents used in nanoparticle synthesis 

protocols. In addition to the well-known agents, novel biogenic capping agents (proteins and 

amino acids) in nanoscience are being discovered that enhances the physical properties (size, 

shape, and surface charge) of the nanoparticles and influence their interactions with the living 

cells (Sidhu et al., 2022). 
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Figure 2-5: Various capping agents routinely employed in nanotechnology. Reproduced 
with permissions from (Javed et al., 2020b). 

2.3.3 Polymer–based capping agents 

Polymers are macromolecules formed by the chemical bonding of large numbers of smaller 

molecules, or repeating units, called monomers (Gad, 2014). Polymers may be naturally found in 

plants and animals (natural polymers) or may be man-made (synthetic polymers) (Gad, 2014; 

Grubbs, 2007). Owing to the popularity and versatility of polymeric materials, there are nearly 

limitless possible combinations of monomers – or oligomers, or prepolymers – that can combine 

to form a polymer (Gad, 2014). Different polymers have a number of unique physical and chemical 

properties due to which they find usage in everyday life. The functional groups of a capping 

polymer stabilise the nanoparticles by steric or electrostatic repulsions and avoid nanoparticle 

coalescence (Baygazieva et al., 2014; Grubbs, 2007; Shenhar et al., 2005). Among all the 

strategies for particle solubilisation and stabilisation, ligand exchange methods usually lead to 

AuNS with limited colloidal stability, while polymer encapsulation appears to be a versatile method 

and does not depend on the chemical nature of the underlying nanoparticle core (Zhang et al., 

2011). The most frequently used polymer capping agents in colloidal dispersions to regulate 

nanoparticles are as follows: 

2.3.3.1 Polyethylene glycol (PEG) 

PEG is a biocompatible polymer with structural formula H–(O–CH2–CH2)n–OH (Shameli et al., 

2012). PEG has been used as a capping agent in nanotechnology extensively for several 

purposes such as the biomedical field for sustained and targeted drug delivery. The coating of 
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metal and metal oxide nanoparticles with PEG takes place in wet-chemical synthesis (Rajitha et 

al., 2021). PEG has been reported in a plethora of studies as a capping agent for metal 

nanoparticles involving gold (Au), silver (Ag), zinc (Zn) and many others to reduce cytotoxicity, 

improve stability and biocompatibility associated with metal nanoparticles (Pinzaru et al., 2018; 

Singletary et al., 2017; Zamora-Justo et al., 2019). Nevertheless, its hydrophilic properties grant 

a greater water affinity and biodegradability to the polymer (Shameli et al., 2012). 

2.3.3.2 Polyvinyl alcohol (PVA) 

PVA is one of the high-performance capping agents used in nanotechnology (Aisida et al., 2020; 

Junaidi et al., 2017). PVA, which is essentially made through hydrolysis of polyvinyl acetate, is a 

synthetic polymer owning great hydrophilicity, biocompatibility and biodegradability (Amann & 

Minge, 2012; Jadoun & Jangid, 2019). PVA has been used as a stabilising agent, for shape and 

size control of Ag nanoparticles for use in various biomedical arenas  (Gaaz et al., 2015; 

Kyrychenko et al., 2017). PVA has been widely employed in biomedical applications for 

passivating magnetic nanoparticles and improving their dispersion in other materials (Zhang et 

al., 2019). To improve the optical emission, crystallinity and size dispersion, ZnO nanoparticles 

capped with PVA were prepared by the sol–gel method (Kundu et al., 2011). Iron oxide or 

magnetite nanoparticles are most likely to agglomerate due to magnetic forces and it 

compromises the effectiveness and potential use of these nanoparticles (Hutami Rahayu et al., 

2018). Therefore, PVA has been employed as a capping agent and glutaraldehyde as a cross-

linker in the fabrication of iron oxide nanoparticles. This has not only prevented the agglomeration 

but also the oxidation of iron oxide nanoparticles via a two-step method in which first the iron 

oxide nanoparticles were prepared and then coated and crosslinked with PVA and glutaraldehyde 

(Hutami Rahayu et al., 2018). 

2.3.3.3 Polyvinylpyrrolidone (PVP) 

PVP, commonly known as p polyvidone (C6H9NO)n, is a water-soluble polymer formed by the 

addition polymerization of the N-vinylpyrrolidone monomer (Ajitha et al., 2016). PVP is one of the 

significant capping agents that have been utilised in nanotechnology to overcome drawbacks 

associated with conventional methods of preparation of nanoparticles such as their toxicity, size 

and agglomeration (Ajitha et al., 2016; Safo et al., 2019). Hence, eco-friendly nanosyntheses 

protocols using PVP as a capping agent around metal nanoparticles such as Iron (Fe), silver (Ag), 

gold (Au), zinc (Zn), etc. have proved to produce stable nanoparticles (Koczkur et al., 2015; 

Kumar et al., 2017; Phiri et al., 2019b; Safo et al., 2019). PVP with its exclusive physico-chemical 

properties like solubility both in water and organic solvents, biocompatibility, chemical stability 
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and non-toxicity makes it a potential biomaterial in many considerable medical and non-medical 

purposes (Safo et al., 2019).  

2.3.3.4 Chitosan 

Chitosan is a co-polymer made up of N-acetyl-D-glucosamine and D-glucosamine that is formed 

through alkaline deacetylation of chitin, which occurs naturally in crustaceans, or hydrolysis of 

chitin by the enzymatic action of deacetylase (Pellis et al., 2022). In nanoscience, chitosan has 

been extensively used in the preparation of metal nanoparticles as a stabiliser and promoting wet-

chemical synthesis, although the bonding between chitosan and metallic nanoparticles is still a 

debate (Javed et al., 2020b). For instance, the linkage between platinum (Pt) nanoparticles and 

chitosan has been suggested to be via amino and secondary hydroxyl groups (Deng et al., 2017). 

Chitosan has been used as a capping agent to stabilise the colloidal dispersion and to control the 

morphology and optical properties of metal nanoparticles including gold (Au) , silver (Ag) , copper 

(Cu), etc. (Cinteza et al., 2018; Franconetti et al., 2019; Jayaramudu et al., 2019). Capping AuNP 

with chitosan is employed as a temperature manipulation indicator because AuNP changes the 

colour and intensity of chitosan with storage temperature and duration (Mohan et al., 2019). This 

difference in colour and intensity is principally owing to the change in shape and size of chitosan 

capped Au nanoparticles, potentially used for the development of sensors in the food industry 

(Mohan et al., 2019). 

2.3.4 Protein–based capping agents 

Proteins are an excellent source of distinctive functional groups that can be utilised in tailoring 

nanoparticle surface chemistry (Marișca & Leopold, 2019). Charge and hydrophobicity of 

nanoparticles can be changed by adding particular proteins to their surface (Amina & Guo, 2020; 

Arib et al., 2021; Liébana & Drago, 2016). Nanoparticles have considerable adsorption capacities 

due to their large surface area and can bind to proteins (peptides, phospholipids, lipids, nucleic 

acids) connected to the surface via covalent bonds or adsorption resulting in the formation of a 

dynamic nanoparticle-protein corona, which alters the stability, functioning and reactivity of 

nanoparticles in various settings (Saptarshi et al., 2013). A diverse range of proteins are being 

used in nanoparticle passivation for a variety of applications, owing to the fact that proteins have 

specific end groups that can impact nanoparticle end use (Guzmán-Soto et al., 2020; Marișca & 

Leopold, 2019; Wu & Hu, 2007).  
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2.4 Surface functionality of gold nanostars 

Surface modification and functionalisation is a prerequisite for the synthesised nanoparticles as 

it entails their interaction with the environment and possible downstream application (Sperling & 

Parak, 2010). These interactions ultimately induce superior colloidal stability, biocompatibility and 

specificity and may yield a controlled assembly or delivery of nanoparticles to a target by 

appropriate functional molecules on the particle surface (Dreaden et al., 2012; Sperling & Parak, 

2010; Vega et al., 2014). However, because they can be functionalised with one or more proteins 

that introduce the requisite bio-functionalities, these nanoparticles can behave as multifunctional 

scaffolds in biological applications. (Conde et al., 2014). Finally, the conjugation technique is 

directly dependent on a variety of characteristics such as size, surface chemistry and shape as 

well as the type of ligands and functional groups to be used in functionalisation. (Conde et al., 

2014). Furthermore, when evaluating the conjugation approach, it is also important to consider 

the type of biological molecule and the end application of the nanoparticle conjugate. 

Sulphur compounds [thiols (– SH) or disulphide groups (S–S)] may protect gold surfaces using a 

weakly bound (physisorbed) form or a strongly bound (chemisorbed) one, often assumed to be 

Au(I)–thiolate (Häkkinen, 2012; Pakiari & Jamshidi, 2010; Reimers et al., 2016).  Experimental 

and calculated evidence indicated that chemisorbed surface species are actually bound mainly 

by strong van der Waals (aurophilic-like) forces (Reimers et al., 2016). Gold – Sulphur stable 

bonds (Au–S, ~ 50 Kcal mol-1) are common anchoring groups utilised for the attachment of other 

molecules (Love et al., 2005). Other functional ligands such as amines (i.e., dodecylamine or 

oleyamine) also interact with gold surfaces; withal, the binding forces are comparatively weak 

(Rao et al., 2019).  

A common strategy for improving the colloidal stability of the nanoparticles after synthesis is the 

so-called “ligand exchange” (Zan et al., 2018). A representative example is the functionalisation 

of capped AuNS with thiolated ligands (i.e. mercaptoundecanoic acid, MUA; mercaptopropionic 

acid, MPA and 3,3'-Dithiobis(sulfosuccinimidylpropionate) DTSSP) where the surface Au ions 

form the strong chemisorbed Au(I)–thiolate with the thiolated ligands (Enea et al., 2019; Mulder, 

Phiri, et al., 2019c; Vega et al., 2014). Therefore, replacement or overcoating of the surfactant 

bilayer adsorbed on the surface of the nanoparticle by thiols is required to amass biocompatible 

nanoparticles (Alkilany et al., 2009).  

Ligand exchange is also a popular strategy for phase transfer from organic solvents into aqueous 

solutions (or vice versa) (Yang et al., 2011). In this case, the molecules stabilising the 

nanoparticles in the starting phase may be overcoated or replaced by other ligands with stronger 

binding features, inducing the transfer to the second phase with high colloidal stability (Cook et 
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al., 2021). Additionally, different agents can be used to facilitate the phase transfer process. For 

instance, acetone decreases the surface tension at the interface, while strong acids or bases 

protonate negatively charged groups (or deprotonate positively charged amino groups), leading 

to particles with lower surface charge and thus less stable in aqueous media (Lista et al., 2014). 

The important role of the modification of the nanoparticle surface in many biological applications 

is highlighted through the strong effect that surface charge has on both cellular uptake and 

biodistribution of nanoparticles (He et al., 2010). Positively charged nanostructures have 

enhanced affinity to negatively charged cell surfaces, thereby being the most likely candidates to 

cross cellular membranes and enter the cytoplasm of cells, an important aspect to consider in 

drug delivery applications (Cho et al., 2010). The binding of the target moiety (e.g. antibody, 

peptide, folate) can occur either directly to the AuNS surface or to the terminal end of an attached 

polymer chain (Cobley et al., 2011). 

Conclusively, surface functionalisation of nanoparticles is a key requisite to provide stability in 

physiological environments, biocompatibility, impart functionality, amplify sensitivity and create 

cellular targeting effects, while maintaining the original properties of nanomaterials (Jiang, Win, 

et al., 2013). Furthermore, protein corona development and ligand-receptor complex formation 

both enhance nanoparticle stability and functionality (Simonelli et al., 2019). 

2.5 Gold nanostar–based plasmonic biosensors 

This section describes how plasmonic gold nanostars can be employed in plasmonic-based 

biosensors as scaffolding, building blocks and signal-amplifying transducers. A comprehensive 

explanation of plasmonic gold nanostar biosensors in biosensing and theranostics is also 

presented. 

2.5.1 Biosensors 

Biosensors are small analytical instruments that use a biological catalyst or receptor in close 

proximity to an appropriate transducer to detect specific analyte(s) (Belluzo et al., 2008; Nagel et 

al., 1992). To maximise response, limit interference and simplify reuse, the biological components 

are tightly incorporated into the physicochemical transducer surface (Damborský et al., 2016b). 

The transducer turns specific biochemical events into readable signals such as electrical, thermal, 

or optical signals proportional to the concentration of the analyte of interest, allowing it to be 

distinguished from structurally related molecules (Fig.2-6)  (Prasad, 2014). Even in the presence 

of complex matrices, a biosensor with a high-specificity biorecognition element may detect 

analytes directly. 
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Figure 2-6: Biosensor working principle. Adapted from Huang et al. (2021). 

Biosensors are typically classified into two categories: one based on biorecognition elements and 

another based on the type of transducer (Naresh & Lee, 2021). Bio-recognition elements include 

immunosensors, enzyme sensors and cell/tissue-based sensors and DNA sensors, whereas 

transducers comprise of electrochemical biosensors, optical biosensors and piezoelectric 

biosensors (Sawant, 2017). Ultraviolet (UV), gel electrophoretic mobility, surface plasmon 

resonance (SPR), infrared absorption and fluorescence absorption are some of the principles that 

optical sensors may employ (Chen & Wang, 2020; Damborský et al., 2016a). 

We present a brief overview of the basic principles of operation of plasmonic-based biosensors 

and their bioanalytical applications. The primary emphasis is on AuNS-based optical biosensors, 

which are surface plasmon resonance (SPR)-based biosensors that include SPR imaging and 

localised SPR.  

2.5.2 Enzyme-based plasmonic gold nanostar biosensors 

Enzyme-based plasmonic biosensors are hybrid biosensors that entail enzymes carry out the 

biorecognition and the method of transduction is based on optical plasmonic readouts (Bollella & 

Katz, 2020; Damborský et al., 2016a). The immobilisation and bioconjugation of the enzyme(s) 

on the nanoparticle surface are the most critical components in enzyme-based biosensors (Ding 

et al., 2015b; Homaei et al., 2013; Temoçin, 2021). Poor immobilisation and conjugation 

techniques may impair active site accessibility, stability over time and enzyme functioning (Guzik 

et al., 2014; Quintanilla et al., 2010b).  The major strategies for immobilising enzymes on 

nanoparticle transducers are adsorption, covalent bonding, crosslinking, encapsulation and 

entrapment (Mohamad et al., 2015; Siddique, 2021).   
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Using enzyme-guided crystal growth, Rodríguez-Lorenzo et al. (2018) developed a gold nanostar-

based plasmonic biosensor with inverse sensitivity (Rodríguez-Lorenzo et al., 2018). In this 

investigation, glucose and glucose oxidase (GOx) were used as model analytes and enzymes, 

respectively. The hypothesised signal-generation mechanism involves GOx producing H2O2, 

which reduces Ag+ ions to form an Ag0 coating around the plasmonic AuNS biosensor, causing a 

substantial blueshift in the LSPR of the AuNS plasmonic band (Fig 2-7). Furthermore, plasmonic 

colourimetric sensing has a substantial advantage over conventional detection methods in that 

readouts based on visible colour shifts can be recognised quickly with the naked eye, eliminating 

the need for complicated apparatus.  

 

 

Figure 2-7: The hypothesized signal-generation technique using enzyme-guided crystal 
growth. Adopted from Rodríguez-Lorenzo et al. (2018). 

Furthermore, GOx concentration influences the nucleation rate and Ag0 growth, such that (i) at 

low GOx concentrations, favours the growth of a conformal Ag0 coating, causing a large blueshift 

in the LSPR of the AuNS; and (ii) at high GOx concentrations, favours Ag0 nucleation, causing a 

minor variation in the AuNS LSPR. Xianyu et al. (2021a) reported the iodide-induced quick and 

sensitive surface etching of gold nanostars, which they then turned into an adaptable biosensing 

platform for enzyme-catalysed detections (Xianyu et al., 2021a). Their findings demonstrate that 

horseradish peroxidase (HRP)-catalysed iodide ion oxidation results in AuNS transformation to 

spherical AuNPs, resulting in a blue spectral shift in the AuNS LSPR band and enzyme-dependent 

colourimetric changes in the solution (Fig. 2-8). 
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Figure 2-8: Iodide-mediated surface etching sensitivity and specificity for HRP detection. 
a) Iodide-induced concentration-dependent surface etching of AuNS. b) UV-Vis spectra of 
AuNS etched by varying iodide concentrations. c) AuNS A780/A550 value etched by iodide 
varying from 0.7 μM - 0.8 μM. d) Illustration of an HRP-catalyzed iodide consumption 
reaction that prevents surface etching of AuNS. e) AuNS UV-Vis spectra following iodide 
consumption catalyzed by varying HRP concentration. f) AuNS colourimetric signals 
iodide consumption by HRP catalysis (40 ng/mL) and other proteins (800 ng/mL) including 
ALP, GOx, protease (Prot), BSA, IgG, and streptavidin (S-A). Adopted  from Xianyu et al. 
(2021a). 

Furthermore, plasmonic colourimetric sensing has a substantial advantage over conventional 

detection methods in that readouts based on visible colour shifts can be visualised with the naked 

eye.  
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2.5.3 Fundamentals of redox reactions, NAD(P)/NAD(P)H redox couples, and their 

influence in plasmonic biosensors 

This section of the literature review is primarily concerned with the fundamentals of redox 

reactions, NAD(P)/NAD(P)H redox couples and their influence in plasmonic gold nanostar-based 

biosensors. Using gold nanostars as the biosensor platform, extensive knowledge is available on 

how neo-formed H2O2 from enzymatic processes affects gold nanostar morphology and 

colourimetric signals. Nonetheless, little is known about how gold nanostars function in the 

presence of electron-deficient or electron-rich environments as well as competitive inhibition-

prone settings and how these environments affect gold nanostar performance. As a result, 

understanding how NAD(P)/NAD(P)H affect nanobiosensors has the potential to significantly 

expand the sensing fraternity even in the absence of H2O2-producing enzymes. Furthermore, the 

feasibility of using NAD(P)/NAD(P)H to drive redox reactions for gold nanoparticle synthesis and 

colourimetric techniques is evaluated. 

2.5.3.1 Introduction 

Redox reactions, also known as reduction-oxidation reactions, are chemical processes in which 

electrons are shuffled from one atom, ion, or molecule to another and the oxidation number of a 

participating chemical species changes (Cracolice & Peters, 2015; Nelson et al., 2008; Zanello et 

al., 2019). The notion of redox reactions in biochemistry can be confounding because the transfer 

might take numerous forms. Electrons and protons are transmitted concurrently, as in the 

NAD(P)/NAD(P)H redox couples, which transmit two electrons and one proton (H+) (Sharma et 

al., 2022).  The oxidation and reduction reactions always occur concurrently in redox reactions, 

as seen in Figure 2-9 below. 

 

 

Figure 2-9: Representation of a reduction and oxidation process system. 
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Any redox process can be divided into two half-reactions, oxidation and reduction, which must be 

stoichiometrically balanced in order to account for the electrons involved in bond formation with 

other atoms (Bagotsky, 2005a). The thermodynamic activity of diverse chemical compounds can 

be assessed using the standard electrode potential E° (Kotz, 1991). However, because there are 

no methods for measuring its absolute value, the electrode potential of a chemical compound is 

measured relative to a standard hydrogen electrode (SHE) (Hill & Kolb, 2004). The redox half 

equations and electrode potential values shown in Table 2-2 are used throughout this section. 

Table 2-2: Redox half equations and electrode potential values. Extracted from (Haynes, 
2002). 

Redox Equation Electrode Potentials (𝑬°) V 

NAD+ + H+ + 2e− ⇄  NADH                   −0.32 

NADP+ +H+ + 2e− ⇄  NADPH −0.324 

𝐴𝑢𝐶𝑙4
− + 3𝑒− ⇌  𝐴𝑢 + 4𝐶𝑙− (𝑏𝑢𝑙𝑘) +1.52 

𝐴𝑢𝐶𝑙4
− + 3𝑒− ⇌  𝐴𝑢 + 4𝐶𝑙−  (𝑛𝑎𝑛𝑜)  +1.002 

H2O2 + 2H
+ + 2e− ⇄ 2H2O                   +1.78 

Ag+ + e− ⇌ Ag                                          +0.80 

𝐻2𝑂2 + 2𝑒
− ⇄ 2𝑂𝐻−                         +0.867  

Cu2+ + e−  ⇄  Cu+                                   +0.153 

𝑂2 + 4𝐻
+ + 4𝑒− ⇄ 2𝐻2𝑂  (𝑏𝑢𝑙𝑘) +0.401 

𝑂2 + 4𝐻
+ + 4𝑒− ⇄ 2𝐻2𝑂   (𝑛𝑎𝑛𝑜) +1.229 

𝑁𝑂3
− + 2𝐻+ + 2𝑒− ⇄ 𝑁𝑂2

− +𝐻2𝑂 +0.421 

∆𝑮° = −𝒏𝑭𝑬°  

∆G°: Gibbs free energy change per mole of reaction; E°: standard cell potential 

n: s of electrons transferred in the reaction; F: Faraday constant (96485𝐶𝑜𝑢𝑙𝑜𝑚𝑏𝑠 𝑚𝑜𝑙 ×   𝑒−⁄ ) 

 

2.5.3.2 NAD(P)/NAD(P)H redox couples in biochemical reactions 

Nicotinamide adenine dinucleotides are ubiquitous soluble redox coenzymes that undergo 

reversible oxidation and reduction in all major metabolic pathways (Koju et al., 2022; Xiao et al., 

2018). Many pathological disorders have been linked to redox couple imbalances, with the 

NAD+/NADH redox couple regulating cellular energy metabolism (glycolysis and mitochondrial 

oxidative phosphorylation) and the NADP+/NADPH redox couple maintaining redox balance (fatty 

acid and nucleic acid production) (Koju et al., 2022; Yang & Sauve, 2016; Ying, 2008). NADP+ is 
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structurally identical to NAD+, with the exception of an extra 2' phosphate on the adenosine ribose 

moieties (Fig.2-10). 

 

Figure 2-10: Structural difference of the NAD(P)/NAD(P)H redox coenzymes. 

The aldo-keto reductases (AKRs) are an enzyme superfamily composed of aldose reductases, 

aldehyde reductases, hydroxysteroid dehydrogenases and dihydrodiol dehydrogenases that 

metabolise a diverse variety of substrates in the presence of their coenzymes NAD(P)/NAD(P)H 

(Jez et al., 1997). AKRs are usually 37 kDa monomers with a (α/β)8-barrel motif, extensive loops 

at the back of the barrel that control substrate specificity and a conserved coenzyme binding 

domain (Penning, 2015). The (α/β)8 or TIM-barrel motif (triose-phosphate isomerase) is a 

versatile and adaptable scaffolding with structural modifications required for binding a wide variety 

of carbonyl substrates (Jez et al., 1997). The binding of the NAD(P)/NAD(P)H coenzyme to the 

enzyme triggers a massive conformational change, reorienting a loop and effectively locking the 

coenzyme in place (Borhani et al., 1992). The active site of AKRs is located at the C-terminal face 

of the barrel and it is optimised for high-affinity interaction with pyridine nucleotides 

NAD(P)/NAD(P)H in the absence of a canonical Rossman fold (Barski et al., 2008; Jez et al., 

1997). The catalytic mechanism of AKRs involves binding of the substrate to the active-site pocket 

of the enzyme-coenzyme complex with subsequent hydride transfer from the nicotinamide ring to 

the carbonyl group (Ehrig et al., 1994). The hydride transfer step is more rate-limiting than proton 

transfer, while the cofactor exchange and its attendant loop and enzyme conformational changes 

appear to be the rate-limiting step for the overall enzymatic reaction (Fig.2-11) (Flynn et al., 1995; 

Grimshaw et al., 1989; Weiner et al., 2009). 
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Figure 2-11: Schematic kinetic mechanism and electron transport in active site of 
NAD(P)/NAD(P)H dependent enzyme. Reproduced with permission from (Flynn et al., 1995; 
Grimshaw et al., 1990). 

These coenzymes attach to a specific enzyme (s) to facilitate electron transport and hence aid in 

the creation of the enzyme-substrate complexes (Fig.2-11) (Mayr & Nidetzky, 2002). Because the 

change in redox state is proportional to the original substrate concentration, assessing 

NAD(P)/NAD(P)H concentration is an indirect method of measuring the required substrate (Mayr 

& Nidetzky, 2002). The involvement of NAD(P)/NAD(P)H redox couples in electron transport and 

shuttling activities results in no net nucleotide consumption (Koju et al., 2022). 

2.6 NAD(P)/NAD(P)H redox couples quantification assays 

There have been numerous methodologies established for quantifying NAD(P)/NAD(P)H, 

including HPLC, single-cell capillary electrophoresis (CE), enzymatic cycling, fluorescence, 

colorimetry and chemiluminescence. However, several of these approaches are not only time-

consuming, but also need time-consuming sample processing procedures and are costly to 

operate (Hatam et al., 2017). 

2.6.1 Fluorescence assays 

The nicotinamide moiety of NAD(P)H absorbs light of wavelength 340 ± 30 nm and emits 

fluorescence of wavelength 460 ± 50 nm, whereas the related oxidised forms NAD(P)+ are not 
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fluorescent (De Ruyck et al., 2007; Patterson et al., 2000). Variations in autofluorescence intensity 

may thus represent changes in [NADH] or [NADPH], which are commonly denoted as NAD(P)H 

to indicate the unclear origin of the signal (Duchen et al., 2003; Spät & Pitter, 2004). The Beulter 

test (Figure 2.11), a fluorescence-based test, is the most commonly used dry blood spot 

diagnostic test for galactosemia (Beutler; Beutler & Baluda, 1966; Fujimoto et al., 2000) .  

 

Figure 2-12:  Schematic mechanism of Beutler’s test. NADPH chrome fluorescence is used 
to quantify enzyme activity or deficiencies. 

The reaction process involves fluorescence detection of the neo-formed NADPH, making 

Beutler's test an easy and quick assay for GALT  and Gal-1-P mass screenings (Misuma et al., 

1981).  

2.6.2 Colourimetric assays 

2.6.2.1 Dye-based NAD(P)/NAD(P)H colourimetric assays 

Although the reduction of tetrazolium salts and other organic dyes by NAD(P)H to formazan has 

been widely used in biological and clinical research, its application is limited due to the formazan 

product's low solubility and sensitivity (Chamchoy et al., 2019; Tsukatani et al., 2007). Formazan 
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dyes are synthetic chromogenic compounds produced by the reduction of tetrazolium salts by 

dehydrogenases and reductases (Fig.2-13). Depending on the initial tetrazolium salt used as the 

reaction substrate, formazan dyes range in hue from dark blue to deep red to orange (Septisetyani 

et al., 2014).  

 

Figure 2-13: Structural differences between tetrazolium salt/formazan in the presence of 
NAD/NADH. 

Polydiacetylenes (PDAs), a conjugated polymer family, have been widely exploited as sensing 

materials for detecting diverse species due to their distinctive optical features (Chen et al., 2012). 

The alignment of PDA monomers is sensitive to external stimuli, which results in the release of 

strain on the backbone, generating a colourimetric change from blue to red and fluorescence 

amplification (Jiang et al., 2020). 

Overall, traditional colourimetric methods based on interactions between organic dye probes and 

target analytes, on the other hand, are limited by organic dyes' low extinction coefficients 

(Magaraphan & Joothamongkhon, 2013). 

2.6.2.2 Nanoplasmonic-based NAD(P)/NAD(P)H colourimetric assays 

Due to the unusually high extinction coefficients of AuNPs attributed by their LSPR, the detection 

limit of AuNP-based colourimetric assays can be in the nanomolar range (or even lower) (Ghosh 

& Pal, 2007). Catalytic growth and plasmonic colourimetric readouts for NAD(P)/NAD(P)H-based 

biocatalysed AuNPs conversions were reported by  Xiao et al. (2004a). Furthermore, the LSPR 

band simultaneously redshifted, resulting in red to blue colourimetric signals dependent on the 

concentration of NAD(P)H in the solution (Xiao et al., 2004a). Boonyuen et al. (2020) developed 
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a controlled reversible assembly of AuNPs in the presence of NADPH for the sensitive 

colourimetric detection of glucose-6-phosphate dehydrogenase (G6PD) deficiency (Boonyuen et 

al., 2020). Their findings revealed that AuNPs segregate in the presence of NADPH and 

aggregate in the absence of NADPH. Finally, the employment of varied AuNP shapes in sensing 

NAD(P)/NAD(P)H and associated analytes has the potential to diagnose many clinical disorders. 

2.7 Theoretical NAD(P)/NAD(P)H redox reactions with plasmonic gold nanostars 

The AuNS synthesis technique was also discussed in redox terms to help interpret the redox 

chemistry involved when NAD(P)/NAD(P)H interacts with AuNS. HEPES at a certain pH initially 

reduces the Au (III) salt to Au(I) ions, following this a disproportionation process occurs, yielding 

thermodynamically unstable Au0 (Xie et al., 2007b). These activated Au0 species serve as the 

nucleation centres and protuberant spikes develop in the presence of AgNO3 (Atta et al., 2019). 

This seedless growth process produces scattered heteromorphic AuNS of various diameters 

(Siegel & Baker, 2021). 

AuCl4
− + 3e−⟶  Au + 4Cl−               E° = +1.002V             [2]  

O2 + 4H
+ + 4e−⟶ 2H2O          E

° = +1.23 V                        [3] 

𝟒𝐀𝐮𝐂𝐥− + 𝟔𝐇𝟐𝐎 
𝐇𝐄𝐏𝐄𝐒+𝐀𝐠𝐍𝐎𝟑
→          𝟒𝐀𝐮+ 𝟏𝟔𝐂𝐥− + 𝟑𝐎𝟐 + 𝟏𝟐𝐇

+             𝐄° = −𝟎.𝟐𝟐𝟖 𝐕    [𝟒] 

Here, H+ enhances the reduction potential of the O2 half reaction from 0.401 to 1.229 V (vs a 

normal hydrogen electrode, NHE), while 𝐶𝑙−acts as complexing agent, which reduces the 

reduction potential of 𝐴𝑢0 𝐴𝑢3+⁄   from 1.52 to 1.002 V (vs NHE) (Long et al., 2014). The electrode 

potentials of species are highly dependent on environmental factors such as pH value and ligand 

complexation, which essentially can be understood from the Nernst Equation (Deng et al., 2015; 

Long et al., 2014). For the case of 𝐶𝑙− and 𝑂2, oxygen plays the central role in oxidation while 

chloride is mainly responsible for corrosion and potential reduction (Long et al., 2014).  

Theoretical thermodynamics predicts that NAD(P)+ and H2O2 spontaneously reacts with Au0 

(AuNS) as follows using typical reduction potentials and half-cell reactions (Table 2-2):   

Au ⟶ Au3+ + 3e−    E° = −1.002 V                                                [5] 

NAD+ +H+ + 2e−⟶  NADH      E° = −0.32 V                              [6]  

NADPH⟶NADP+ + 2e− + H+        E° = +0.324V                      [7] 
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H2O2 + 2H
+ + 2e−⟶2H2O               E

° =   +1.78 V                                                  [8] 

2Au + 3NAD+ + 3H+ ⇌ 2Au3+ + 3NADH    E° = +0.682 V; ∆G° = −394.8 kJ      [9] 

2Au + 3H2O2 + 6H
+ ⇌ 2Au3+ + 6H2O        E

° =   +2.782 V; ∆G° = −1611kJ        [10] 

Thermodynamically viable and spontaneous redox reactions show that NAD(P)+ and H2O2 can 

trigger morphological changes in AuNS (Equations 9 and 10).  The Au-NAD(P)H redox reaction, 

on the other hand, is not thermodynamically viable; however, Huang et al. (2005) suggested that 

in the presence of oxygen, AuNPs (rods, spheres) can react with NAD(P)H, resulting in 

spectrophotometrically detectable morphological changes (Fig.2-14) (Huang et al., 2005). It was 

demonstrated in their study that AuNPs promoted the oxidation reaction of the biofluorophore 

NADH to NAD+ with a visible decrease in absorption intensity at 340 nm and a rise in absorption 

intensity at 260 nm over time. The shift in the surface plasmon absorption band of AuNPs 

suggests that NADH is surface-catalysed by the AuNPs, with surface-bound O2 interacting with 

NADH to produce NAD+. Furthermore, the process was fluorometrically recorded, demonstrating 

that the conversion reaction causes the fluorescent intensity of NADH to be quenched because 

NAD+ is not fluorescent (Huang et al., 2005). 
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Figure 2-14: (a) NADH (0.05 mM) absorption spectra at various intervals after gold 
nanorods (AuNRs-0.3 nM) were introduced (b) Absorption spectra of 0.05 mM NADH at 
various periods following the addition of 0.17 mM HAuCl2 solution.  (c) Absorption spectra 
of AuNPs (spheres-0.46 nM) at various intervals following the addition of 0.05 mM NADH. 
(d) NADH oxidation initial reaction rate vs. AuNPs concentration. Adapted from Huang et 
al. (2005). 

Hietzschold et al. (2019) and Xiao et al. (2004b) on the other hand, proposed that NAD(P)H can 

facilitate the formation of AgNPs and AuNPs in the presence of AgNO3 and AuCl4− in the presence 

of reducing agents (Hietzschold et al., 2019; Xiao et al., 2004b). In this regard, NAD(P)H functions 

as a moderate reducing agent, resulting in the formation of AgNPs and AuNPs. Xi and colleagues 

investigated the post-synthesis effects of HEPES, a zwitterion reducing and capping agent in 

HEPES-mediated anisotropic AuNS syntheses (Xi & Haes, 2019). They clarified how HEPES 

interacts with AuNS after synthesis and how acidification causes remodelling of AuNS 

morphology and the effect is reliant on both pH and acid content as well as the protonation state 

of HEPES (Xi & Haes, 2019). 
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2.8 Conclusions and Perspectives 

According to the literature review, gold nanostars are of interest among the various morphologies 

because they exhibit (i) excellent tunable LSPR; (ii) strong electric field and surface-enhanced 

Raman spectroscopy (SERS) enhancement factors among nanoparticle shapes; and (iii) 

sensitive optical responses for local refractive index sensing. There have been few fundamental 

investigations on plasmonic AuNS and it is unclear how capping agents affect colourimetric 

readouts, stability, specificity and functionalisation. Furthermore, the bulk of plasmonic AuNS-

based biosensors described in the literature use oxidoreductase enzymes, specifically H2O2-

producing oxidase enzymes.  

This literature review revealed that nanoparticles act differently than bulk materials of the same 

composition (Roduner, 2006). This phenomenon could be explained by differences in their 

physico-chemical characteristics (bulk density, size, surface area and shape) as well as quantum 

effects (Ghosh, 2015; Kumar, 2016). Furthermore, because gold is chemically inert, it cannot 

react with NAD(P)H utilising bulk redox chemistry. In nano redox chemistry, on the other hand, 

NAD(P)H can thermodynamically react with AuNPs, causing concentration-dependent 

morphological changes in AuNPs. In addition, as Huang et al. (2005) indicated, the presence of 

AuNPs surface-bound etchants (O2, halide ions, etc.) might influence NAD(P)H reaction kinetics 

and redox chemistry (Huang et al., 2005).  Furthermore, it remains elusive how plasmonic AuNS-

based biosensors perform in H2O2-free environments, electron-rich (reductive) and electron-

deficient (oxidative) environments. However, limited efforts have been devoted to conceptualising 

the fundamental surface, redox and electrochemistry governing plasmonic AuNS with their 

environment and their efficacy in different environments (H2O2-free environments, reductive and 

oxidative environments). Some knowledge gaps remain in the literature, with the prominent ones 

being: 

1) The difficulty to synthesise standard AuNS with controlled shape, size, and defect 

distribution in a reproducible manner. 

2) The availability of standard redox chemistry for AuNS synthesis, functionalisation, and 

performance in a variety of environments. 

3) The need to fully characterise electronic, electrostatic, optical, and geometric contributions 

on plasmonic AuNS behaviour. 

4) The complexity of real experimental conditions compared to model experiments. 
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To bridge these knowledge gaps, a comprehensive multidisciplinary approach to tailoring and 

enhancing fundamental understanding of nanoparticle reaction kinetics, redox processes, 

thermodynamic properties and surface chemistry is required. To summarise, the selection of 

synthesis techniques and appropriate capping ligand(s) should be a major consideration in the 

design of bioassays and AuNS biosensors. 
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CHAPTER 3 STUDY DESIGN 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A MAN’S MIND, STRETCHED BY NEW IDEAS, MAY NEVER RETURN TO ITS ORIGINAL 

DIMENSIONS. 

 – Oliver Wendell Holmes Jr 
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3.1 Introduction 

Nanotechnology is a relatively new and rapidly developing science where materials in the 

nanoscale range are employed to serve as delivery therapeutic agents, imaging agents and 

medical diagnostic tools. The development of nanotechnology-based assays would ease the 

diagnosis of diseases in remote areas and empower the healthcare delivery systems at large. 

Nanotechnology serves as a potentially green, cost-effective and simplified instrument fabrication 

route for bioanalytes analysis. Therefore, the synthesis, colourimetric and optimisation of 

readable results of the bioassays in relation to the biorecognition event is the nucleus of this 

research. 

3.2 Experimental design 

3.2.1 Aim 

This research aimed to assess the suitability of NAD(P)/NAD(P)H as redox agents for gold 

nanostar shape alteration in colourimetric clinical enzymology. Furthermore, the study 

investigated and attempted to comprehend the redox chemistry underlying the principles of gold 

nanoparticle colourimetric reactions in order to tailor the reactions for clinical enzymology. 

3.2.2 Objectives 

3.2.2.1 Objective 1: Gold nanostar synthesis, characterisation, optimisation and stability 

evaluation. 

This objective was achieved by applying a HEPES-mediated synthesis protocol of gold nanostars 

as described by Mulder, Phiri, Jordaan, et al. (2019), characterising them (size, shape and 

charge) by standard methods, functionalising them with capping agents and enzyme(s) commonly 

used in gold nanoparticle work (Chirico et al., 2015; Javed et al., 2020b; Liu et al., 2014; Miao et 

al., 2011; Restrepo & Villa, 2021; Stankus et al., 2011). ISO standard methods (UV-Vis, TEM and 

naked-eye inspections) were employed for gold nanostar characterisation throughout this work. 

Characterisation of these nanostars was critical to ensure reproducibility and consistency with 

those synthesised by Mulder, Phiri, Jordaan, et al. (2019), as this research builds on earlier 

research and the outcomes must be comparable (Mulder, Phiri, Jordaan, et al., 2019). 

Furthermore, the nanostars were studied for physico-chemical parameters such as structure size, 

oxidation state, morphology, electrochemistry, composition and optical characteristics (Clogston, 

2021; Raval et al., 2019). 
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Although substantial work has previously been done on these gold nanostars, the effects of 

different capping agents on these nanostars have not yet been investigated. In this objective, we 

investigated two essential gold nanostar surface chemistry properties.  Phase 1 looked into how 

different capping agents affected gold nanostar stability and hydrogen peroxide colourimetric 

detection ability. Phase 2 looked at how different successful capping agents from Phase 1 

affected enzyme functionalisation and the colourimetric biosensing ability of the final 

nanobiosensors. 

Phase 1: Capping agents selection criteria and hydrogen peroxide colourimetric sensing 

ability 

A wide range of capping agents typically employed in nanoparticle synthesis activities are 

evaluated for their capacity to successfully passivate the freshly synthesised gold nanostars from 

Objective 1 (Gulati et al., 2018; Javed et al., 2022; Javed et al., 2020b; Pedroso-Santana & 

Fleitas-Salazar, 2023). Additionally, studies were done to determine if capping agents affected 

gold nanostar stability, functionalisation and colourimetric sensing biosensing capabilities. 

Influence of capping agents on gold nanostar matrix and storage stability 

Different capping agents were used to passivate the optimised gold nanostars during synthesis. 

The capped gold nanostars’ stability was assessed for storage conditions (room temperature and 

4 °C) and in different matrix conditions (synthetic urine, supplemented medium, high ionic strength 

and synthetic serum) typically found in biosensor applications. Optimal concentrations of capping 

agents were selected based on the relative change in the longitudinal resonance maximum 

absorbance value (ODmax) of gold nanostars using UV-Vis spectrophotometer, limited 

morphological degradation using transmission electron microscopy (TEM) and by visual 

colourimetric changes of the colloidal solution. Furthermore, capping agents that produced a 

decline in the ODmax of the gold nanostar of more than 30% were declared unstable using UV-Vis 

spectroscopy (Blessy et al., 2014b). A vertical (hyperchromic and hypochromic) shift in the 

ODmax intensity of gold nanostars on UV-vis spectroscopy implies a change in gold nanostar 

size, while a horizontal (hypsochromic and bathochromic) shift in the absorption intensity on UV- 

vis spectroscopy indicates a change in gold nanostar morphology (Siegel & Baker, 2021). 

Successful capping agents that met these criteria for passivating gold nanostars were used 

throughout this study. 
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Influence of capping agents on gold nanostar hydrogen peroxide sensing 

Objective 1 involves exposing successfully capped gold nanostars to detect varying 

concentrations of synthetic hydrogen peroxide. The sensing performance of capped nanostars 

was improved by optimising experimental conditions (matrix, pH, buffer detection solution and 

AuNS concentration). TEM images, spectrum shifts, colourimetric signal generation rate and 

colourimetric vividness were compared for the degree of morphological gold nanostar alterations 

to determine capping agent efficacy and their effects on gold nanostar biosensing capabilities. 

Phase 2: Pilot study – Capping agents' influence on gold nanostar biosensor stability, 

functionalisation and colourimetric biosensing capability 

Successfully capped gold nanostars from Objective 1 were functionalised with enzymes, 

coenzymes and other proteins to enhance their stability, functionality and specificity (Ding et al., 

2015a; Guo et al., 2015). The thiol-based compatibilizer 3′30-dithiobis sulfosuccinimidyl 

propionate (DTSSP) was used for all protein functionalisation throughout this study. Thiol groups 

strongly bind to gold via covalent interactions due to the high affinity of gold and sulphur and the 

ease of conjugating other materials inspired us to adopt DTSSP (Mahato et al., 2019; Zong et al., 

2017). Furthermore, different immobilisation techniques may be utilised to bind proteins of choice 

to the gold nanostars (Decker et al., 2020; Walper et al., 2015). For this study, direct protein and 

co-immobilisation of proteins were used where applicable. 

As proof of concept for Objective 1, successfully capped gold nanostars were functionalised with 

glucose oxidase (GOx) as a reference enzyme and glucose as a reference analyte, employing 

Rodríguez-Lorenzo et al. (2012) colourimetric strategy (Rodríguez-Lorenzo et al., 2012). The 

colourimetric response of the biosensors was evaluated to determine whether enzyme orientation 

and functionalisation affected gold nanostar biosensing capabilities using DTSSP-free GOx and 

DTSSP functionalised GOx-differently capped gold nanostars from Phase 1 (Chirico et al., 2015; 

Howes et al., 2014; Phiri et al., 2019a). The biosensors would indirectly monitor glucose 

concentrations based on plasmonic and morphological changes in gold nanostar in the presence 

of neo-formed H2O2. Concentration-dependent colourimetric signals were obtained by tailoring 

and optimising experimental conditions (buffer selection, AuNS characteristics, concentrations of 

H2O2, AgNO3, NaOH and pH). 
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3.2.2.2 Objective 2: Comparison of gold nanostar colourimetric biosensors in hydrogen 

peroxide-free, electron-deficient and electron-sufficient environments 

As a preliminary step, we simply exposed gold nanostars from Objective 1 to H2O2 and 

NAD(P)/NAD(P)(H) to demonstrate the principle before continuing to develop enzyme assays. 

The proof of principle is most significant for determining how the concentrations of H2O2 and redox 

agents (and presumably the rate at which they are formed) affect the colourimetric, 

spectrophotometric and morphological changes in AuNS (Zhang et al., 2018). 

Overall, the goal of Objective 2 was to use enzyme assays to evaluate how gold nanostar 

biosensors performed in hydrogen peroxide-free, electron-deficient (oxidative) and electron-

sufficient (reductive) environments. Using the auxiliary pathway of galactose metabolism as 

shown below (Fig.3-1), three biosensors were developed with one producing H2O2 (Control) and 

the other two producing NAD(P)/NAD(P)H (Experimental). The effects of neo-formed H2O2 on 

colourimetric, spectrophotometric and morphological changes in gold nanoparticle biosensors 

have long been researched (Chang et al., 2019; Minati et al., 2014b; Phiri et al., 2019a). This 

research was motivated by the fact that very little is known about how NAD(P)/NAD(P)H affects 

gold nanoparticle biosensors. To investigate these phenomena, gold nanostar biosensors were 

used in the colourimetric detection of galactose as a model analyte in the presence of galactose 

oxidase (GalOx), galactose dehydrogenase (GalDH) and aldose reductase (AR). Furthermore, 

the fundamental redox chemistry and the influence of NAD(P)/NAD(P)H on colourimetric, 

spectrophotometric and morphological changes in gold nanostar biosensors were established. 

Suitability of NAD(P)/NAD(P)H as redox agents in enzymatic plasmonic gold nanostar 

assays for galactose quantification 

The goal of Objective 2 was to investigate the use of NAD(P)/NAD(P)H as redox agents in 

colourimetric, spectrophotometric and morphological modifications in AuNS utilising colourimetric 

parameters defined in Objective 1. To carry out this experiment, three biosensors were created 

that used the same substrate and reaction conditions but different conjugated enzymes, as shown 

below (Fig 3-1).  The selection of enzymes was motivated especially by the requirement for 

speedy, simple and inexpensive galactosemia screening in resource-constrained regions as well 

as to improve galactosemia diagnosis. Furthermore, because NAD(P)/NAD(P)H are universal 

cofactors/coenzymes, their successful use as redox agents in colourimetric, spectrophotometric 

and morphological alterations in AuNS might broaden the biosensing fraternity to other clinical 

disorders. 
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Gold nanostar colourimetric biosensors fundamental analysis 

As described in Objective 2, three biosensors were constructed that used the same substrate 

(galactose) and reaction parameters but different conjugated enzymes. The oxidase biosensor 

served as the control because substantial study on H2O2 and gold nanoparticles was conducted 

in the literature and in Objective 1. Using colourimetric criteria stated in Objective 1, ISO standard 

procedures (UV-Vis, TEM and naked-eye inspections) were used to assess the applicability of 

NAD(P)/NAD(P)H as redox agents in colourimetric, spectrophotometric and morphological 

alterations in AuNS. 

 

Figure 3-1: Schematic representation of the auxiliary galactose pathway biosensors. 

Gold nanostar colourimetric biosensors specificity analysis 

The specificities of the enzymes are known (Holden et al., 2003; Leung-Toung et al., 2002; 

Nagahara, 2011; Pollak et al., 2007) and sugars are known to react with gold nanoparticles, 

resulting in plausible colourimetric, spectrometric and morphological alterations (Atta et al., 2019; 

Lang et al., 2014; Rodrigues et al., 2021; Rodríguez-Lorenzo et al., 2012). As a result, the focus 

of the effort was on demonstrating the preservation of expected enzyme specificities even after 

passivating and conjugating the gold nanostar scaffold. 
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To carry out this investigation, three different conjugated biosensors were developed as defined 

in Objective 2 and a variety of substrates (glucose, maltose, fructose) were used to assess 

biosensor specificity while maintaining the reaction parameters as defined in Objective 1. Using 

colourimetric criteria as stated in Objective 1, ISO standard procedures (UV-Vis, TEM and naked-

eye inspections) were used to assess the feasibility of NAD(P)/NAD(P)H as redox agents in 

colourimetric, spectrophotometric and morphological alterations in AuNS. 

Gold nanostar colourimetric biosensors matrix specificity analysis 

To carry out this investigation, three distinct conjugated biosensors were developed as defined in 

Objective 2 and a variety of matrices (blank urine, foetal bovine serum, synthetic blood) were 

used to evaluate biosensor target analyte (s) selectivity efficacy and degree of interference in 

complex matrices using the colourimetric parameters as established in Objective 1.  In order to 

accomplish this, ISO standard procedures (UV-Vis, TEM and naked-eye inspections) were 

utilised to assess the application and performance of NAD(P)/NAD(P)H as redox agents in 

colourimetric, spectrophotometric and morphological changes in AuNS using colourimetric criteria 

defined in Objective 1.  

Comparative gold nanostar biosensors functionality assessment 

A comparison study was conducted to evaluate the performance of the reductase and 

dehydrogenase biosensors in comparison to the oxidase biosensor (Control) as well as how the 

dehydrogenase biosensor compared to the reductase biosensor and vice versa.  To achieve this, 

ISO standard techniques (UV-Vis, TEM and naked-eye inspections) were used to evaluate the 

applicability and performance of NAD(P)/NAD(P)H as redox agents in colourimetric, 

spectrophotometric and morphological changes in AuNS using colourimetric parameters as 

defined in Objectives 1 and 2. Figure 3-2 demonstrates probable colourimetric and morphological 

changes in AuNS during the biorecognition process. 
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Figure 3-2: Schematic diagram of the suggested colourimetric reaction mechanism. 

 

3.2.2.3 Objective 3: Theoretical gold nanostar biosensors colourimetric redox chemistry 

investigation 

Gold nanostar redox potentials and reaction feasibility study 

An in-depth understanding of how the redox potentials and thermodynamic properties of 

NAD(P)/NAD(P)H affect the feasibility of colourimetric reactions in enzyme-immobilised 

nanoparticles was determined. This was achieved by following the redox reactions from first 

principles using redox potentials and thermodynamic properties (Gibbs energy) to ascertain 

feasibility. Theoretical knowledge of how NAD(P)/NAD(P)H redox couples and H2O2 can influence 

the plasmonic colourimetric sensing and morphological changes of AuNS via redox potentials and 

chemistry are provided. 

Gold nanostar mathematical modelling 

Mathematical modelling was done to fully conceptualise the redox reactions in situ and other 

probable side reactions that might be attributed to colourimetric signals and gold nanostar 

morphological changes. A theoretical mathematical model was developed to describe gold 

nanoparticle growth or etching as well as the likely primary drivers for either of the two unique 

events during biorecognition processes using plasmonic gold nanostars redox chemistry. 
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Adiabatic gold nanostar oxidation 

A theoretical mathematical model was constructed to better comprehend adiabatic oxidation, the 

stability of gold nanostars and the effect of capping agents on gold nanostars. Furthermore, 

Scheme 3-1 depicts the overall summary of experimental and theoretical design of the thesis. 

 

Scheme 3-1: Experimental and theoretical design summary schematic diagram.  

 

3.3 Scope, limitations, and substantiation 

The study sought to explore the underlying working principles of gold nanostars and how 

NAD(P)/NAD(P)H might influence gold nanostars in colourimetric reactions from a redox 

reactions’ standpoint. Other related techniques, such as liquid chromatography-mass 

spectrometry (LC-MS), fluorescence, high-performance liquid chromatography (HPLC), 

bioluminescence and cyclic voltammetry, could be used to investigate the influence of 

NAD(P)/NAD(P)H in gold nanostars (Chen et al., 2021; Duffield et al., 2021; Jiang, Zhao, et al., 

2013; Jiang et al., 2020). However, these techniques have limitations, including a demand for 
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expertise, expensive reagents and consumables and it is often time-consuming. As a result of the 

necessity for a simple, fast and effective method of validating and diagnosing metabolic disorders 

(classic galactosemia), we used gold nanostars as a scaffold and signal-amplifying transducer. 

However, a recent renaissance in fundamental gold nanostar research has substantially 

enhanced our understanding of their production, functionalisation, characteristics and hence their 

applicability biological and clinical applications (Seaberg et al., 2021).  Furthermore, a path 

forward is proposed based on their outstanding intrinsic properties, ease of synthesis and 

straightforward result interpretation, with the goal of enabling the effective integration of these 

gold nanostars in the rapid screening and diagnosis of clinical metabolic disorders. 

There are various synthetic approaches for gold nanostars; we chose one and utilised it as a 

model throughout the investigation. This was due to the fact that we had discovered in the 

literature review that gold nanostars from different gold nanostar synthesis protocols do not 

always yield the same outcomes in the same chemical/biological environment (Daenzer & 

Fridovich-Keil, 2017; Seaberg et al., 2023). Therefore, the HEPES and AgNO3 mediated seedless 

technique was used for synthesis because it involves fewer stages and employs more 

environmentally friendly reagents (Mulder, 2019; Xie et al., 2007b). Furthermore, because it is not 

necessarily generalisable to other similar components, a specific enzyme(s) and functionalisation 

technique was used and during AuNS synthesis, HEPES was employed as a mild reducing and 

capping agent, whereas AgNO3 was used as a precise shape-directing agent (Atta et al., 2019).  

Our selection of this pathway as a model was motivated by our understanding of the Leloir and 

auxiliary pathways, given that three distinct enzymes metabolise the same substrate (galactose), 

yielding NAD(P)/NAD(P)H, H2O2 and other sugar-based by-products (Holden et al., 2003; 

Srivastava & Beutler, 1969). Because the enzymes work on the same analyte and produce 

different products and redox conditions, comparing the functionality of the biosensors was simple.  
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Figure 3-3: Leloir pathway and the endogenous auxiliary pathways for galactose 
metabolism. 

The auxiliary pathways of galactose metabolism were investigated in this study employing 

NAD(P)/NAD(P)H-dependent enzymes (GalDH and AR) (Figure 3-3) and a reference enzyme 

GalOx. The enzyme concentrations required to create adequate H2O2 for spectrophotometric and 

colourimetric studies in functionalised AuNS were determined largely using GOx and GalOx. After 

biocatalytic interactions with target analytes, the by-product H2O2 of GOx and GalOx is known to 

preferentially etch or grow AuNPs depending on the conditions (Chang et al., 2019; Long et al., 

2020; Zhang et al., 2018). This basic knowledge ensured that, when we functionalised an H2O2-

producing oxidoreductase enzyme to our AuNS, we could get a colourimetric result.  As a result, 

we functionalised GalOx to our AuNS to aid in troubleshooting if a colourimetric result was not 

obtained. The technical feasibility of transferring and extending the sensing system to non-H2O2-

producing oxidoreductases such as NAD(P)/NAD(P)H-dependent (GalDH and AR) was 

investigated. 
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NAD(P)/NAD(P)H are universal and ubiquitous redox coenzymes/cofactors involved in 

metabolism, cellular redox status and fatty acid and nucleic acid production (Xiao et al., 2018). 

As a result, plasmonic colourimetric sensing of NAD(P)/NAD(P)H redox couples may lead to the 

straightforward diagnosis of a variety of clinical disorders, including galactosemia, diabetes, 

cardiovascular disease, neurodegenerative illness and cancer. When the devised techniques 

showed that AuNS might be used as a biosensor for both non-hydrogen peroxide enzyme-

mediated assays and hydrogen peroxide enzyme-mediated assays, AuNS's versatility in 

colourimetric sensing was substantially enhanced. 
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CHAPTER 4 SYNTHESIS OF GOLD NANOSTARS, 

CHARACTERISATION AND COLOURIMETRIC ASSESSMENT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

AN INVESTMENT IN KNOWLEDGE PAYS THE BEST INTEREST. 

– Benjamin Franklin 
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4.1 Preface 

This chapter fulfilled Objective 1 from Chapter 3, which was to synthesise, characterise and 

evaluate the stability and colourimetric signal production of variably capped gold nanostars. Gold 

nanostars were synthesised and demonstrated to be homogenous with diverse protuberant arm 

diameters. ISO-recommended procedures were used to assess the authenticity of the gold 

nanostar morphology. The gold nanostars were discovered to have varying stabilities in bioassay 

settings based on the capping agent employed to passivate them post-synthesis stage. This 

chapter was submitted to, accepted by and published in the Journal of Nanomaterials by MDPI 

(https://doi.org/10.3390/nano12142470). Minor changes were made from the published version, 

based on examiners’ comments and supplementary information is included in Appendix A. 

4.2 Abstract 

Capping agents (organic ligands, polymers and surfactants) are pivotal for stabilising 

nanoparticles; however, they may influence the surface chemistry as well as the physico-chemical 

and biological characteristics, of gold nanostar (AuNS)-based biosensors. In this study, we proved 

that various capping agents affected capped and bioconjugated AuNS stability, functionality, 

biocatalysis and colourimetric readouts. Capped and bioconjugated AuNSs were applied as 

localised surface plasmon resonance (LSPR)-based H2O2 sensors using glucose oxidase (Gox) 

as a model enzyme. Furthermore, our analyses revealed that the choice of capping agent 

influenced the properties of the AuNSs, their stability and their downstream applications. Our 

analyses provide new insights into factors governing the choice of capping agents for gold 

nanostars and their influences on downstream applications with conjugated enzymes in confined 

environments. 

Keywords: capping agents; biosensor; colourimetric; gold nanostar; physico-chemical 

4.3 Introduction 

Gold nanoparticles (AuNPs) are attractive for use in nanomedicine due to their facile synthetic 

methods, sensitivity, specificity, possibilities for tailoring their charge, hydrophilicity and 

functionality through surface chemistries (Hu et al., 2015; Javed et al., 2020a; Zhu et al., 2021). 

AuNPs come in a variety of morphologies that are tuneable for biomedical purposes. A single 

nanomorphology may be used in therapy, diagnostics, or even theranostics (Pedrosa et al., 2015). 

An example of this includes the use of nanorods as drug delivery carriers and as cell-imaging and 

photothermal therapies for cancer (Zong et al., 2021). Due to their inert nature and 

biocompatibility, gold nanoshells are used mainly in drug delivery, gene delivery, photothermal 

https://doi.org/10.3390/nano12142470
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therapy, cancer cell targeting and treatment and medical biosensing (Singhana et al., 2014). Gold 

nanostars are best-suited for biosensing applications due to their strong localised surface 

plasmon resonance (LSPR), which maximises near the sharp tips of the particles upon excitation 

from a selected electromagnetic frequency (Pazos-Perez et al., 2018). 

Gold nanostars (AuNSs) are an auspicious morphology with arms protruding from a more or less 

spherical core. These arms enhance plasmonic reactions based on the lightning rod effect, which 

has the highest enhancement factors in localised surface plasmon resonance (LSPR) biosensing 

(Atta et al., 2019; Fukuoka & Tanabe, 2019). Surface plasmon resonance can be tailored by 

controlling a nanostar’s arm density, length and physicochemical surface structure without altering 

the overall dimensions (Mulder, 2019; Pazos-Perez et al., 2018). This ultimately redefines the 

limits of AuNS detection by presenting a signal-generating mechanism that induces a more 

significant signal when the analyte is less concentrated (Mulder, 2019; Rodríguez-Lorenzo et al., 

2012). In biological applications, aqueous synthesis is commonly used, although in some 

instances, AuNSs may be synthesised in organic media (Minati et al., 2014a; Pallavicini, Cabrini 

& Borzenkov, 2015). This helps to achieve better control over the physical and chemical properties 

and homogeneity of the colloidal solution (Pallavicini, Cabrini & Borzenkov, 2015). Changes in 

essential parameters, such as the synthesis method, capping agents, pH, temperature, 

concentration and environment, greatly influence the quality and quantity of the synthesised 

AuNSs as well as their characterisation and applications (Patra & Baek, 2014). 

Capping agents are usually utilised as stabilisers when creating AuNSs, with these agents being 

involved in modulating surface chemistry, morphology and size distribution as well as preventing 

coalescence and aiding in the formation of complex structures with metallic ions in precursor salts 

(Campisi et al., 2016c; Li, Chang, et al., 2013; Niu & Li, 2014). Capping agents influence 

nanoparticle shapes, while the capping agent length, size, ω-functionalities and chemical nature 

influence the shelf-life and colloidal stability of AuNSs in dispersions (Kanelidis & Kraus, 2017). 

Capping agents play a key role in altering the surface charge and also act as bioconjugation 

scaffolds (Barman et al., 2022; Neouze & Schubert, 2008; Tonga et al., 2014). Capping agents - 

enzyme conjugates - are essential considerations in biosensor preparations. In many cases, 

biocompatible capping agents are commonly used (Ahmed & Narain, 2014a; Hu et al., 2015; 

Mansur et al., 2011; Wang et al., 2019; Zhu et al., 2021). Capping agents may improve enzyme 

stability, shield enzymes from undesired interactions and prolong shelf-life (Ahmed & Narain, 

2014a; Faghihnejad et al., 2014; Liébana & Drago, 2016). Such shielding effects rely on the 

physicochemical properties of the capping agents, such as the hydrophilicity, chain length and 

architecture (Ahmed & Narain, 2014b; Faghihnejad et al., 2014; Hermanson, 1996; Ibrahim et al., 

2019; Liébana & Drago, 2016). Capping agents can be categorised broadly as natural or synthetic 
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surfactants, small ligands, polymers, dendrimers, cyclodextrins, or polysaccharides (Ibrahim et 

al., 2019; Javed et al., 2020b; Kemal et al., 2008). Polymeric capping agents are usually very 

effective due to the entropic effect associated with multiple bindings and the steric stabilisation 

provided by the macromolecule (Gulati et al., 2018; Ibrahim et al., 2019; Kemal et al., 2008). 

Commonly used polymers are polyvinylpyrrolidone, polyvinyl acetate, polyethylene glycol (either 

modified or derivatives), poly(acrylic acid) (either modified or not with additional binding agents 

such as amines), copolymers based on poly(maleic acid) and polyethyleneimine (Dumur et al., 

2011; Gulati et al., 2018; Ibrahim et al., 2019; Javed et al., 2020b). 

In principle, a strongly adsorbing capping agent provides better colloidal stabilisation to AuNSs, 

but in some instances, it is necessary to use a weaker capping agent in the synthesis depending 

on the downstream applications (Hola et al., 2015; Javed et al., 2020b; Poblete & Comer, 2019). 

The adsorption of capping agents on AuNS surfaces can be through chemisorption, electrostatic 

interaction, or hydrophobic interaction (Montes & Belén, 2016). However, there may be a pressing 

need for using eco-friendly (green) capping agents to secure the biological system and the 

environment, as some are non-biodegradable and toxic (Sidhu et al., 2022; Virkutyte & Varma, 

2011). 

The following study is conducted based on the ambiguity of why researchers choose specific 

capping agents over others. A one-pot, silver-assisted nanostar synthesis method using 4-(2-

Hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES) is the synthesis method of choice. 

Silver nitrate is used as a shape-directing agent to assist the HEPES in obtaining monodispersed, 

multibranched AuNSs. The effects of various capping agents on AuNS stability are investigated 

in environmental conditions used in biosensing work. Additionally, the capping agents’ influences 

on the bioconjugate and enzyme activity using glucose oxidase (GOx) as a model enzyme are 

evaluated. Furthermore, how the capping agents influence the colourimetric potential of the AuNS 

bioconjugates is assessed based on hydrogen peroxide detection. The biocatalytic growth of 

AuNS is the mechanism of detection through surface-coating with silver (Ag) after its reduction 

with hydrogen peroxide, as proposed by the following equations (Atta et al., 2019; Pinheiro et al., 

2020): 

β − d − Glucose + O2 + H2O  
GOx
→   d − Gluconic acid + H2O2               [1] 

3H2O2 + Ag
+    

AuNS
→       3H2O + Ag +

3

2
 O2                [2] 
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4.4 Materials and Methods 

4.4.1 Materials 

4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), gold (III) chloride hydrate 

(HAuCl4·xH2O), glucose oxidase (GOx), hydrogen peroxide (H2O2), silver nitrate (AgNO3), 

polyethylene glycol (PEG 8000), polyethylene oxide (PEO 100,000), sodium chloride (NaCl), 

polyvinylpyrrolidone (PVP 10,000), cetyltrimethylammonium bromide (CTAB), 11-

mercaptoundecanoic acid (MUA), polyethylenimine (PEI), trisodium citrate, gelatin chitosan, 

glucose, 3′30–dithiobis sulfosuccinimidyl propionate (DTSSP) and sodium hydroxide (NaOH) 

were purchased from Sigma-Aldrich (Johannesburg, South Africa). Ham’s F-12K (Kaighn’s) cell 

culture medium supplemented with 10% foetal bovine serum was purchased from Thermo Fisher 

Scientific (Johannesburg, South Africa). Blank urine was purchased from Industrial Analytical 

(Pty) Ltd. Lastly, ultrapure water (ddH2O) was pre-prepared with a Milli-Q ultrapure system (18.2 

MΩ cm−1). 

4.4.2 Gold nanostar synthesis 

The nanostars were synthesised according to Xie et al. and Mulder et al.  (Mulder, 2019; Xie et 

al., 2007b). Briefly, 3 mL H2O was added to 2 mL 100 mM HEPES buffer (pH 7.4), followed by the 

addition of 20 µL 50 mM HAuCl4·H2O and, lastly, 4 µL 1 mM AgNO3. The solution turned blue after 

gentle end-to-end inversion mixing and incubation at room temperature for 30 min. 

4.4.3 Gold nanostar capping agents (AuNS–capping agent) 

Capping of the nanostars was achieved by adding ranges of PEO, PVP, PEG, CTAB, MUA, PEI, 

trisodium citrate, gelatin and chitosan concentrations, followed by salt stress testing as outlined 

below in 4.4.6. Optimal concentrations were selected based on lack of, or limited degradation, 

after visual and spectrophotometric assessment. The nanostars were incubated for one hour for 

each of the selected concentrations, after which they were centrifuged at 4180× g for 35 min. 

Following this, the soft pellets were washed and resuspended in 500 µL ddH2O. The clean-up 

process was repeated twice. 

4.4.4 Enzyme bioconjugation (AuNS–capping agent–GOx) 

The PVP-, PEO- and PEG-capped AuNSs were bioconjugated with glucose oxidase (GOx) for 

further investigation. This was to determine if the capping agent affected the enzyme 

bioconjugation process and biosensor colourimetric reactions. A method suggested by Filbrun et 

al. (2017) with minor modifications was followed to attach GOx to the AuNSs using DTSSP 
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(Filbrun et al., 2017). Briefly, capped AuNSs were synthesised as described above but were 

resuspended in 500 µL 100 mM HEPES (pH 6.9) as opposed to ddH2O in the final step. Four 

batches of 500 µL each were then pooled, making a total volume of 2 mL. An amount of 100 µL 

5 mM DTSSP was then added to the solution, followed by 150 µL 2 mg/mL GOx. The solution 

was then left in the fridge for 2 h, allowing for AuNS–GOx attachment. Excess DTSSP and GOx 

were removed through 2 cycles of centrifugation at 4180× g for 35 min and resuspension in 500 

µL ddH2O. 

The stability of the GOx-bioconjugated AuNSs (AuNS-GOx, AuNS-PVP-GOx, AuNS-PEO-GOx 

and AuNS-PEG-GOx) was then confirmed using a stress testing protocol, as described below. 

4.4.5 Characterisation 

Characterisation of the nanostars was performed with spectroscopy and high-resolution 

transmission electron microscopy (HR-TEM) analyses (JEOL, Freising, Germany). Spectral 

scanning (400–900 nm) was conducted with an HT Synergy (BioTEK) microplate reader (Agilent 

Technologies, Santa Clara, CA, USA). High-resolution transmission electron microscopy (HR-

TEM) analysis was performed with a Tecnai F20 transmission electron microscope at an 

acceleration voltage of 200 kV (JEOL, Freising, Germany). The capped AuNS samples were 

spotted onto copper grids (Agar Scientific), followed by air-drying before imaging, whereas the 

AuNS bioconjugates needed staining for enzyme visualisation. This was performed by spotting 

the samples onto copper grids, staining them with 1% silver nitrate solution and allowing them to 

air-dry before imaging (Atta et al., 2019). The particle core diameters and arm counts were 

estimated by averaging a total count of one hundred AuNSs in different grid regions using ImageJ 

software (ImageJ bundled with 64-bit Java 1.8.0_172, University of Wisconsin at Madison, 

Madison, Wisconsin, USA). 

In addition, successful PVP-, PEO- and PEG-capping and enzyme bioconjugation of the 

nanostars were demonstrated with nuclear magnetic resonance (NMR) and agarose gel 

electrophoresis. NMR was performed at 500 MHz with a Bruker Avance III HD NMR spectrometer 

equipped with a triple resonance inverse (TXI) 1H (15N, 13C) probe head (Bruker, Billerica, MA, 

USA). Agarose gel electrophoresis of capped and AuNS bioconjugates was carried out using a 

Baygene BG-power Vacutec electrophoresis gel apparatus (Vacutec, Johannesburg, South 

Africa). The electrophoresis was conducted using 0.5% agarose and 0.5 × Tris borate EDTA buffer 

(TBE buffer) at pH 8. The samples were prepared using 32 µL samples of nanostars mixed with 

4 µL 80% glycerol and were run at 40 V for 45 min. Gels of AuNS bioconjugates were stained with 

25 mL 0.25% (w/v) Coomassie blue for 4 h, followed by rinsing with a destaining solution 
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(90% w/v isopropanol and 10% w/v glacial acetic acid), after which the protein bands were visible. 

Gels were kept in ddH2O until the gel images were captured and transferred to a computer. 

4.4.6 Stability assessment for capped and AuNS bioconjugates 

The stability during storage and various possible analytical assay matrices of capped and AuNS 

bioconjugates were assessed. The storage conditions were at both room temperature and 4 °C 

over 96 h. The analytical assay conditions assessed included various environments (salt, urine, 

serum and supplemented cell culture medium) at room temperature for 3 h. A change in the LSPR 

band ODmax of greater than 30% was considered unstable using UV-vis (BioTEK , Agilent 

Technologies , Santa Clara, CA 95051, USA ) (Blessy et al., 2014a). 

4.4.7 Effect of the capping agent on the plasmonic properties of AuNSs in bioassays 

The effect of the capping agents on the plasmonic properties of AuNSs when used as chemical 

sensors in bioassays was assessed first by the incubation of capped AuNSs with hydrogen 

peroxide, followed by unconjugated and conjugated GOx-generated hydrogen peroxide assays. 

For the hydrogen peroxide assay, reagents were added and pipette-mixed in the following order: 

20 µL 10 mM Tris buffer (pH = 8), 15 µL capped AuNSs, 0–20 µL 50 mM hydrogen peroxide in 

increments of 2 µL, 2 µL 10 mM silver nitrate and 20 µL 500 mM NaOH. As an initial step, a 

volume of deionised water was added that ensured a final volume of 200 µL. The reagents were 

incubated for 5 min at room temperature before spectrophotometric measurement (Mulder, Phiri, 

et al., 2019b). 

The unconjugated GOx assay was performed as above, but the hydrogen peroxide was replaced 

with 5 µL 2 mg/mL GOx and 0–20 µL 1.65 mM glucose in increments of 5 µL, followed by 15 min 

of incubation at 37 °C. Then, a detection solution consisting of 2 µL 10 mM silver nitrate and 20 

µL 500 mM NaOH was added and incubated for another 1 min, after which spectral readings were 

obtained (Mulder, Phiri, et al., 2019b). The conjugated GOx assay was performed as above, with 

the exception that the GOx addition was omitted and 0–20 µL 2 mM glucose was added in 

increments of 5 µL. 

4.5 Results 

Even though spherical nanoparticles have been capped with CTAB, MUA, PEI, trisodium citrate, 

gelatin and chitosan, attempts to reproduce this led to degradation of the AuNSs (Kumar et al., 

2019; Seoudi, 2011). These agents were subsequently excluded from further investigation. The 
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optimal concentrations of PVP, PEO and PEG solutions for capping 5 mL AuNS suspensions were 

600 µL 25 mM PVP, 250 µL 0.25 mM PEO and 500 µL 35 mM PEG, respectively (data not shown). 

The UV-vis spectral scans, NMR spectra and electrophoretic migration of capped (left column) 

and bioconjugated (right column) AuNSs are presented in Figure 4-1. The absorbance spectra (A 

and D) showed a small shoulder peak at around 545 nm and a more intense, red-shifted, 

prominent peak at approximately 635 nm. AuNS and AuNS-PEO achieved the best spectral 

resolutions of the two LSPRs, followed by AuNS-PVP and AuNS-PEG. A mild loss in spectral 

resolution was observed for all the GOx-bioconjugated nanostars except uncapped AuNS-GOx, 

which was almost identical to AuNS. Furthermore, the AuNS-PVP-GOx bioconjugate exhibited 

the best spectral resolution relative to other AuNS-Capping agent-GOx combinations. The change 

in the 1H-NMR spectra when compared to the AuNS spectrum hinted toward the presence of the 

capping agents (B) and GOx (E) in the samples and agrees with previously reported results 

(Mulder, Phiri, et al., 2019b; Mulder, 2019). The change in the electrophoretic pattern of the 

capped AuNSs compared to AuNS (C) as well as between the capped AuNSs and GOx-

bioconjugated AuNS (F), indicated a change in the charge or size of the nanostars after capping 

and bioconjugation. The absence of the GOx band (F) in the bioconjugated AuNS lanes 

suggested that GOx was successfully conjugated to nanostars. All the nanostars migrated toward 

the anode, with migration distance being indirectly proportional to capping agent polydispersity. 

The presence of a five-membered ring moiety and a long-chain structure in PVP probably limited 

its migration in comparison to the linear chemical structures of PEO and PEG. As expected, the 

attachment of GOx to nanostars decreased migration when compared to unattached GOx. 
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Figure 4-1: (A–C): Effects of capping agents on AuNSs using (A) UV-vis spectrometry, (B) 
nuclear magnetic resonance (NMR), and (C) gel electrophoresis. (D–F): AuNS capping 
agents functionalized with glucose oxidase using (D) UV-vis spectrometry, (E) NMR, and 
(F) gel electrophoresis. 
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TEM images of capped (top row) and bioconjugated (bottom row) AuNSs are presented in Figure 

4-2. AuNS (Figure 4-2A), AuNS-PVP (Figure 4-2B) and AuNS-PEG (Figure 4-2D) particles were 

moderately monodispersed, with an estimated average size ranging from 40 to 42 nm. Most 

AuNS-PEO particles (Figure 4-2C) were cleaved during the capping process, with resultant tripod 

or tetrapod appearances and an average diameter of 25 nm. AuNS-PVP had a lower tendency 

toward aggregation and most nanostars had a spiked morphology with 12 arms, of which 

approximately nine protruded around the nanostar and three protruded outwards. When 

comparing the AuNS bioconjugates, AuNS-PVP-GOx (Figure 4-2E) exhibited better 

monodispersity, with a larger percentage of nanostars having a spikey morphology relative to 

AuNS-PEO-GOx (Figure 4-2F) and AuNS-PEG-GOx (Figure 4.2G). Unexpectedly, a protein layer 

could not be visualised after 1% silver nitrate staining of AuNS-PVP-Gox despite ample evidence 

of successful functionalisation, as presented in Figure 4-1. The layer was, however, visible when 

AuNS-PEO-GOx and AuNS-PEG-GOx were stained and it was visualised as small dark spots of 

approximately 3.0 nm around the nanostar bioconjugates, which is in line with previously reported 

observations (Li et al., 2007; Moses Phiri et al., 2019). The size distribution plots for the AuNS-

PVP-Gox, AuNS-PEO-GOx and AuNS-PEG-GOx are in contained in the Supplemental Materials 

(Figure 4-S1). The AuNS-GOx sample contained mostly aggregated spheres. These 

nanoparticles were not stable, as was evident from changes in the absorbance spectrum and 

colour of the solution within 30 min after conjugation (Figure 4-S2). 
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Figure 4-2: Representative HR-TEM images of the gold nanostar morphologies: (A) AuNS; 
(B) AuNS-PVP; (C) AuNS-PEO; (D) AuNS-PEG; (E) AuNS-PVP-GOx; (F) AuNS-PEO-GOx; 
and (G) AuNS-PEG-GOx. 

The stability of the nanostars in various matrices (left column) and the short-term stability at both 

room temperature and 4 °C (second and third column) are presented in Figure 4-3. AuNS-PEO 

and AuNS-PVP maintained stability in all the tested matrices (Figure 4-3A–D), with a slight blue-

shift in the spectrum relative to controls in some instances. AuNS-PEG was stable in the salt only, 

while AuNS was unstable in all the matrices, as shown by a relative change in the longitudinal 

resonance ODmax of greater than 30% after 3 h of incubation. AuNS-PVP and, to a mildly lesser 

extent, AuNS-PEO were stable for 96 h at both room temperature and 4 °C (Figure 4-3F, J–G, 

K). Uncapped AuNSs exhibited stability loss at room temperature, as seen by the blue-shift in the 

longitudinal LSPR peak as well as in the visible colour change within 48 h of synthesis (Figure 4-

3E). It did maintain stability at 4 °C over the 96 h period (Figure 4-3I), which was in contrast to 

AuNS-PEG, which was only stable up to 72 h at both room temperature and 4 °C (Figure 4-3H, 

L). 
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Figure 4-3: Comparison of UV-vis spectra of capped AuNS stability after 3 h of incubation 
in (A) salt; (B) urine; (C) serum; and (D) supplemented cell culture media. Storage stability 
UV-vis spectra at room temperature and 4 °C, respectively, for (E, I) AuNS; (F, J) AuNS-
PVP; (G, K) AuNS-PEO; and (H, L) AuNS-PEG. 

In comparison, the AuNS bioconjugates had minimal loss of stability, demonstrating that enzyme 

conjugation could induce extra stability in the AuNSs (Figure 4-4A–D). Contrarily, conjugation had 

less of an effect on short-term stability, with AuNS-PVP-GOx being the most stable, followed by 

AuNS-PEO-GOx and AuNS-PEG-GOx. Therefore, the results suggested that the choice of 
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capping agents affects the shelf-life, stability and structural integrity of nanoparticles in 

suspension. Overall, 4 °C was the optimal storage condition for the AuNS–capping agent and 

AuNS–capping agent–GOx combinations. 

 

Figure 4-4: UV-vis spectra of stability comparisons for AuNSs bioconjugated with glucose 
oxidase after 3 h of incubation in (A) salt; (B) urine; (C) serum; and (D) supplemented cell 
culture media. Storage stability UV-vis spectra at room temperature and 4 °C, respectively, 
for (E, H) AuNS-PVP-GOx; (F, I) AuNS-PEO-GOx; and (G, J) AuNS-PEG-GOx. 
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A conjugated GOx assay was used to assess the efficacy of the various bioconjugates to act as 

chemical sensors of biocatalytically produced hydrogen peroxide. The results of the assay are 

presented in Figure 4-5. The results of the hydrogen peroxide and unconjugated GOx assays are 

presented in the Supplemental Materials, Appendix A (Figures 4-S3 and 4-S4). As expected from 

the stability studies, AuNS-GOx was an inefficient sensor of hydrogen peroxide, as evident from 

the lack of correlation between the glucose concentration and the spectral shift (Figure 4-5B). The 

longitudinal LSPRs of AuNS-PVP-GOx (Figure 4-5C) and AuNS-PEG-GOx (Figure 4-5G) blue-

shifted, with the degree of the shift correlating to the added glucose concentration. Only one peak 

was observed in the AuNS-PEO-GOx assay that was also blue-shifted with increasing glucose 

concentrations (Figure 4-5E). AuNS-PEO-GOx and AuNS-PEG-GOx had an immediate colour 

change when the detection solution was added, including a reaction at 0 mM glucose. AuNS-

PVP-GOx maintained its initial colour at 0 mM glucose and needed 5 min of incubation for visual 

and spectrophotometric changes to develop at increasing glucose concentrations. AuNS-PVP-

GOx outperformed both AuNS-PEO-GOx and AuNS-PEG-GOx as a chemical sensor of 

biocatalytically produced hydrogen peroxide, as evident from its R2, which approached one. The 

colour of AuNS-PVP-GOx was also the most vivid and changed from blue to purple, whereas the 

other two capping agents produced mostly varying shades of purple. 
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Figure 4-5: Glucose-sensing-efficacy-normalized UV-vis spectra and correlation curves: 
(A, B) AuNS-GOx; (C, D) AuNS-PVP-GOx; (E,F) AuNS-PEO-GOx; and (G,H) AuNS-PEG-GOx. 

Table 4-1 is a summary of the results found in this study and possible downstream applications 

of the bioconjugates. 
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Table 4-1: Summary of results: structure–function relationship. 

Capping 
Agent 

Structure  Side group  Stability of capped 
AuNS and 

bioconjugates 

Colourimetric  

Biosensing 

Suggested Down 
Stream 

Applications 

PVP 

 

Mw: 

10 000 

 
(𝐂𝟔𝐇𝟗𝐍𝐎)𝐧 

1. Bulk 

 
2. Low segmental mobility 

 

 
3. Low hydrogen bond-

forming capacity 

 

Short Term: Excellent 

 

Long Term: Excellent 

1. 5 min response 

time 
 

2. Distinguishable 

colours by the 
naked eye 

 

 
3. Steady reaction 

 

1. Colourimetric 

biosensing 
 
 

PEO 

 

Mw: 

100 000 
(−𝐂𝐇𝟐𝐂𝐇𝟐𝐎−)𝐧 

1. Linear  
 

2. High segmental mobility 
 
 

3. High hydrogen bond-
forming capacity 

 

Short Term: Moderate 

 

Long Term: Poor 

1. Immediate 
response time 

 
2. Indistinguishable 

colours by the 

naked eye 
 

3. Unstable reaction 

1. Confirmatory 
narcotics-

drugs testing  
 

2. Confirmatory 

rapid test kit  
 

 

 

PEG  

 

Mw: 

8 000 

𝐇(𝐎𝐂𝐇𝟐𝐂𝐇𝟐)𝐧𝐎𝐇 

1. Linear  

 

2. High segmental mobility 
 
 

3. High hydrogen bond-

forming capacity 

 

Short Term: Moderate 

 

Long Term: Poor 

1. Immediate 

response time 
 

2. Indistinguishable 

colours by the 
naked eye 

 

3. Unstable reaction 

1. Confirmatory 

narcotics-
drugs testing  
 

2. Confirmatory 
rapid test kit 
 

 

4.6 Discussion 

In summary, a plethora of the literature has focused on the synthesis of capped AuNSs. However, 

limited efforts have been devoted to conceptualising the role played by capping agents in 

controlling the interface of AuNSs with their environment and a clear structure–function 

relationship remains elusive. In this study, AuNSs synthesised through the chemical reduction of 

gold salt by HEPES showed traces of HEPES (a zwitterion) on the 1H-NMR spectra (Figure 4-

1B,E). The AuNSs had two localised surface plasmon resonance (LSPR) modes with peaks at 

approximately 545 nm and 635 nm, corresponding to the plasmonic resonance of the core 

(transverse resonance) and branches (longitudinal resonance), respectively, as has been 

previously reviewed in the literature (Barbosa et al., 2010a; Hao et al., 2007b; Xu et al., 2018). 

HEPES, which was present in all the 1H-NMR spectra, has previously been reported as both a 

shape-directing and a strong capping agent in nanostar synthesis and is likely incorporated within 

the nanostar lattice or bound to the surface (Liu et al., 2014; Xie et al., 2007b). The interactions 

between HEPES functional groups (sulfonate, amine and hydroxyl) and AuNSs can be ion- or 

dipole-induced dipoles. These molecular interactions are heavily influenced by pH fluctuations, 

electron density and capping agent binding chemistries, as revealed by Xi et al. (Xi & Haes, 2019). 

Quintanilla et al. suggested that the larger the capping agent’s molecular weight, the more 
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catalytically active and stable the polycrystalline nanoparticles, which is in line with our findings 

(Quintanilla et al., 2010a). In addition to this, our results indicated that molecular weight and 

chemical moieties influenced nanoparticle stability and homogeneity. PVP, PEO and PEG are 

vinyl polymers with different side groups. The larger side groups on PVP could reduce segmental 

mobility and hydrogen bond density near the interface and lead to lower adhesion energy, less 

fragility and degradation, hence increasing biosensor stability, a phenomenon previously reported 

by Lucius et al. (Lucius et al., 2016). Strong hydrogen bonds at the interface influenced major 

chemical changes, such as chain oxidation and chain scission, leading to a reduction in the 

molecular weight and degree of polymerisation of a polymer, as in the case of PEO- and PEG-

capped AuNS. 

The use of PVP as a capping agent in the GOx bioassay resulted in vivid colour changes in 

response to varied hydrogen peroxide concentrations for both bioconjugated and capped particles 

despite its slower response time. The PEO and PEG bioconjugates produced fast results, 

regardless of their instability relative to the PVP bioconjugate and their colours resulted in a 

change in colour intensity as opposed to a colour range. Our results demonstrated that tailoring 

(capping) polymer functionality could improve bioconjugate activity and minimise biosensor 

instability. These observations suggested that the choice of capping agent has major implications 

in laboratory-based and point-of-care testing diagnostic applications. 

Capping agents introduce a protective layer on the AuNS surface, hence introducing two major 

interfaces, namely the AuNS–capping agent interface and the AuNS–capping agent–protein 

interface. There is no clear demarcation of these interfaces and they seem intermixed in a 

transition zone, the AuNS–ligand interface. Similar surface chemistry analyses have been 

revealed by Grubbs et al. and Campisi et al. (Campisi et al., 2016c; Grubbs, 2007). Electronic 

changes at the AuNS–ligand interphase unavoidably affect the catalytic behaviour of capped 

nanoparticles and bioconjugates, introducing either a poisoning or promoting effect. A similar 

effect was revealed by Tsunoyama et al. for PVP-capped Au nanoparticles (Tsunoyama et al., 

2009). The inherent complexity of AuNS–capping agent–protein interactions also contribute to the 

challenge of deducing general conclusions on the best choice of a capping agent. Overall, the 

choices of a synthesis method and a suitable capping agent should be key considerations in 

bioassay design, seeing that they affect the stability, surface chemistry, catalytic response and 

selectivity of AuNS sensors. 
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4.7 Conclusions 

The AuNSs resulting from this facile and repeatable HEPES-mediated, one-pot synthesis 

protocol, were approximately 38 ± 4 nm in diameter, multibranched, monodispersed and 

homogeneous to a great extent. The contribution of our work is two-fold. Firstly, we demonstrated 

that capping agents affected AuNS stability, functionalisation and colourimetric biosensing 

capabilities. For polymeric capping agents, we revealed that fewer hydrogen-bond-forming 

groups in a polymer side group could reduce the hydrogen bond density near the interface, hence 

increasing biosensor stability. Secondly, we showed that the confinement effects induced by free 

surfaces and substrates in supported polymer-capped and conjugated biosensors could improve 

the bioconjugate activity and biosensor stability. Conclusively, PVP capping proved to be optimal 

for HEPES-mediated AuNS synthesis and the fabricated glucose biosensor proved to be a rapid 

colourimetric assay that may be a great candidate for potential clinical diagnosis, research and 

development applications useful in resource-constrained regions. 
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CHAPTER 5 GOLD NANOSTAR BIOSENSOR OPTIMISATION 

FEASIBILITY OF NAD(P)/NAD(P)H AS REDOX AGENTS IN ENZYMATIC 

PLASMONIC GOLD NANOSTAR ASSAYS FOR GALACTOSE 

QUANTIFICATION  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SCIENCE IS MAGIC THAT WORKS. 

 – Kurt Vonnegut  
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5.1 Preface 

This chapter fulfilled Chapter 3's Objective 2, which was to investigate the appropriateness of 

NAD(P)/NAD(P)H as colourimetric redox agents in gold nanostar biosensors. This chapter also 

covers the fundamentals of how gold nanostars react in hydrogen peroxide-free, oxidative and 

reductive environments. This chapter was submitted, accepted and published in the Journal of 

Royal Society of Chemistry Open Science (https://doi.org/10.1098/rsos.230825). Minor changes 

were made from the published version, based on examiners’ comments. 

5.2 Abstract 

Plasmonic colourimetric sensors have emerged as powerful analytical tools in biochemistry due 

to their localised surface plasmon resonance (LSPR) extinction in the visible range. Here, we 

describe the feasibility of NAD(P)/NAD(P)H as redox agents in enzymatic plasmonic gold 

nanostar (AuNS) assays for galactose quantification using three model enzymes, galactose 

dehydrogenase (GalDH), aldose reductase (AR), and galactose oxidase (GalOx) immobilised 

separately on PVP-capped AuNS scaffolds. These highly specific, sensitive and selective 

bioassays induce the transformation of AuNS into quasi-spherical nanoparticles during the 

biorecognition of galactose in water and synthetic blood matrices. As a result, utilising our 

inexpensive and simple AuNS plasmon bioassays, the presence of galactose may be detected 

spectrophotometrically and by the naked eye. 

Keywords: Gold nanostars, Biosensor, Immobilised, Biorecognition, Bioassay, Redox agents 

5.3 Introduction 

Nicotinamide adenine dinucleotide (NAD+), phosphorylated Nicotinamide adenine dinucleotide 

(NADP+) and their respective reduced forms, NAD(P)H are charge carriers in numerous cellular 

reactions (Broderick, 2001; Rucker & Chowanadisai, 2016). NAD(P)/NAD(P)H redox couples are 

ubiquitous cofactors utilised by many oxidoreductase enzymes and their nicotinamide region is 

responsible for reversible redox processes (Gopalan et al., 2009). Oxidoreductases are a family 

of enzymes that catalyse redox reactions and the shuttle of electrons from a donor (reductant) to 

an acceptor (oxidant) molecule in the presence of cofactors (Baron et al., 1994). The nicotinamide 

moiety of NAD(P)H absorbs light at 340 ± 30 nm and emits blue fluorescence at 460 ± 50 nm. In 

contrast, the corresponding oxidised forms NAD(P)+ are not fluorescent and absorb at 260 nm 

(De Ruyck et al., 2007; Patterson et al., 2000). NAD(P)/NAD(P)H redox couples, which are by-

products of oxidoreductase enzymes, are essential biomarkers in analytical biochemistry for the 

direct or indirect measurement of diverse substrates (Cantó & Auwerx, 2011). Thus, assessing 

https://doi.org/10.1098/rsos.230825
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the participation of the NAD(P)/NAD(P)H redox couples in metabolism may aid in diagnosing 

pathological disorders in vitro and in vivo. 

In 1957, NADH's first fluorescence spectrophotometric detection was published (Duysens & 

Amesz, 1957). Beutler devised an endogenous fluorescence-based approach in 1964, 

recognising that NAD(P)H might be used as an endpoint signal in galactose screening protocols 

(Beutler & Baluda, 1966; Beutler et al., 1964; Beutler et al., 1965; Beutler et al., 1967). This 

technical advancement paved the way for using NAD(P)H to reduce/oxidise dyes to monitor 

enzyme(s) activity, resulting in colourimetric, spectrophotometric and fluorescence assays 

(Chamchoy et al., 2019; Jiang et al., 2020; Veskoukis et al., 2018). 

Subsequently, simple micro-fluorimetric assays were developed with the potential to 

simultaneously quantify galactose and galactose-l-phosphate using a cascade of enzymes 

(Diepenbrock et al., 1992; Fujimura et al., 1981; Orfanos et al., 1986). Other techniques including 

high-performance liquid chromatography (HPLC), bacterial micro-assay, spectrophotometry and 

tandem mass spectrometry (MS/MS) have also been utilised for galactose concentration 

quantification with more sensitivity and precision than enzyme-based methods (Frings & Pardue, 

1964; Jeong et al., 2008; Ning & Segal, 2000). However, these methods and techniques require 

expertise and are costly; hence, they are unfit for rapid screening in resource-constrained areas. 

The Leloir pathway is the premier route for galactose metabolism (Holden et al., 2003; Maxwell 

et al., 1962; Sears, 2020). However, in case of failure, auxiliary pathways can be activated 

involving distinct enzymes (Srivastava & Beutler, 1969). In auxiliary galactose metabolism 

pathways, galactose dehydrogenase (GalDH; EC 1.1.1.48) catalyses the dehydrogenation 

reaction of galactose in the presence of NAD+, producing D-galactose-1,5-lactone and NADH 

(Hjelm & Tengström, 1968). Aldose reductase (AR; EC 1.1.1.21) is a cytosolic NAPH-dependent 

enzyme that catalyses the reduction of galactose to galactitol and NADP+ (Borhani et al., 1992). 

Galactose oxidase (GalOx; EC 1.1.3.9) is a metalloenzyme that catalyses the oxidation of 

galactose to galacto-hexodialdose and hydrogen peroxide with strict C-6 primary hydroxyl group 

regioselectivity (Eisink et al., 2017; Hjelm & Tengström, 1968). Their biochemical properties such 

as efficiency, specificity and good biodegradability make them fit for rapid enzymatic 

determination of blood galactose (Sandhya Rani, 2020).  

During the last decade, significant development of oxidoreductase-based diagnostic test kits and 

innovative biosensor designs has been witnessed for various analytical and clinical applications 

(Baluta et al., 2017; May, 1999). Recently, gold nanoparticles such as gold nanostars (AuNS) 

have been used as signal transducers and scaffolds in enzymatic-based colourimetric assays 

(Chirico et al., 2015). These methods are usually based on tunable localised surface plasmon 
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resonance (LSPR) and colloidal stability in the absence or presence of an analyte resulting in 

different colours (Kumar, 2018). Extensive research has been published on electrochemical 

NAD(P)/NAD(P)H biosensors functionalised with varying materials of nanocomposite and 

oxidoreductase enzymes (Aydoğdu Tığ, 2017; Govindhan et al., 2015; Jin et al., 2023; Li, Lu, et 

al., 2013; Liao et al., 2008; Nesakumar et al., 2013). To the best of our knowledge, limited 

research outputs have been reported for the colourimetric detection of NAD(P)/NAD(P)H using 

plasmonic gold nanoparticles immobilised with hydrogenase or reductase enzymes. 

Here, we describe the feasibility of NAD(P)/NAD(P)H as redox agents in enzymatic plasmonic 

gold nanostar assays for galactose quantification. Three model enzymes, GalDH, AR and GalOx, 

were immobilised separately on PVP-capped AuNS scaffolds. Upon the biorecognition of 

galactose, the AuNS acts as a signal transducer concomitantly producing rapid and quantitative 

colourimetric signals detectable spectrophotometrically and by the naked eye. This study 

contributes to the feasibility of using NAD(P)/NAD(P)H as redox agents in the development of 

simpler, faster and less expensive colourimetric assays suitable for resource-constrained areas. 

5.4 Materials and Methods 

5.4.1 Reagent and Materials 

The following reagents were used to synthesise, functionalise and conjugate gold nanostars: Gold 

(III) chloride hydrate (HAuCl4.xH2O,99.9 %), silver nitrate (AgNO3, 99.9%), HEPES 

(C8H18N2O4S,99.5%), sodium chloride (NaCl,99.0%), polyvinylpyrrolidone (PVP 10 000 (C6H9NO) 

n,99.0%), galactose (C6H12O6, 99.0 %), glucose (C6H12O6, 99.0 %), 3’30–dithiobis 

sulfosuccinimidyl propionate (DTSSP,C14H14N2O14S4Na2), sodium hydroxide (NaOH,98.0%), 

hydrogen peroxide (H2O2,30% w/w), Tris buffer (NH2C(CH2OH)3,99.7%), galactose 

dehydrogenase (GalDH, ~80 U/mg protein,95.0%), aldose reductase (AR,1 mg/mL,95.0%), 

galactose oxidase (GalOx,3000U/g,98.0%), reduced nicotinamide adenine dinucleotide 

phosphate (NADPH, C21H26N7Na4O17P3·xH2O,97.0%), reduced nicotinamide adenine 

dinucleotide (NADH, C21H27N7Na2O14P2·xH2O,97%) and nicotinamide adenine dinucleotide 

hydrate (NAD, C21H27N7O14P2·xH2O,97.0%) were purchased from Sigma-Aldrich (Johannesburg, 

South Africa) and were utilised without any purification. Supplemented foetal bovine serum 

(Ham’s F-12K) was purchased from Thermo Fisher Scientific (Johannesburg, South Africa). Blank 

urine was purchased from Industrial Analytical (Johannesburg, South Africa). Lastly, ultrapure 

water (ddH2O, 18.2 MΩ cm-1) was used for preparing all solutions from the high-purity chemicals 

and reagents. 

 

https://www.sigmaaldrich.com/ZA/en/product/roche/10662046001
https://www.sigmaaldrich.com/ZA/en/product/roche/10662046001
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5.4.2 Characterisation 

5.4.2.1 Instrumentation 

All spectra for the research were obtained using an HT Synergy microplate spectrophotometer 

scanned at 400–900 nm using Gen5.1 software (BioTEK, Agilent Technologies, Santa Clara, CA, 

USA). The morphology of the functionalised nanostars was determined with high-resolution 

transmission electron microscopy (HR-TEM-Tecnai F20, JEOL, Freising, Germany) at an 

acceleration voltage of 200 kV. HR-TEM images were captured using air-dried spotted copper 

grids (Agar Scientific). ImageJ software (University of Wisconsin at Madison, Madison, WI, USA) 

was used to measure average particle core diameter and arm counts on a sample size of 100 

particles.  The chemical compositions of the samples were determined qualitatively using 

scanning electron microscopy and energy-dispersive x-ray spectroscopy (SEM-EDS, Bruker, 

Billerica, MA, USA). The elemental concentrations in the samples were quantified using 

inductively coupled plasma mass spectrometry (ICP-MS, Spectro AMETEK, Inc, Germany). SEM-

EDS and ICP-MS were used to quantify and confirm the chemical makeup of the samples 

precisely. Inductively coupled plasma mass spectrometry (ICP-MS) was utilised to quantify 

elements at trace levels in the samples. The NMR was performed at 500 MHz on a Bruker Avance 

III HD NMR spectrometer (Bruker, Billerica, MA, USA) to illustrate the presence of the capping 

agent and enzyme(s) after AuNS functionalisation. The characterisation of the functionalised 

AuNS was determined using a Vacutec electrophoresis gel apparatus (Vacutec, Johannesburg, 

South Africa). The electrophoresis was done using 0.5 % agarose and 0.5 x Tris borate EDTA 

buffer (TBE buffer) at pH 8. The samples were prepared using 20 μL AuNS mixed with 4 μL, 80 

% glycerol and ran at 40 V for 45 min. 0.25 %(w/v) coomassie blue staining for 4h with subsequent 

destaining with (90% w/v isopropanol + 10 % w/v glacial acetic acid) was used to ascertain 

successful bioconjugation as seen by the protein bands on the gels.  The gels were kept in ddH2O 

(Millipore, 18.2 ΩM cm-1) for quality imaging using the Bio-Rad imaging system (Bio-Rad 

Laboratories, CA, USA). NMR and gel electrophoresis demonstrated that the capping and 

enzyme(s) were present after functionalisation and attached to the samples. 

5.4.3 Preparation of gold nanostars 

PVP-capped AuNS were synthesised utilising the one-pot HEPES and silver-mediated protocol 

as proposed in our previous work with minor tailoring (Munyayi et al., 2022). Succinctly, 2 mL 100 

mM HEPES buffer (pH 7.4) was added to 3 mL deionised water (Millipore, 18.2 ΩM cm -1), followed 

by 20 µL 50 mM gold (III) chloride hydrate (HAuCl4·xH2O) and 4 µL 1 mM silver nitrate (AgNO3). 

The screw cap tubes were rotator mixed for 5 min and incubated at room temperature for 25 min 
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until the solution turned blue. The nanostars were then capped with 600 µL 2.5 mM PVP and the 

tubes were rotator mixed for 5 min and incubated for 1 h at room temperature. The capped AuNS 

samples suspension was cleaned up twice by centrifugation for 35 min at 2170 ×g and was 

resuspended in 500 μL distilled water.  

5.4.4 Suitability of NAD, NADPH, and H2O2 for redox-mediated change in AuNS 

morphology 

The initial phase of the assays assessed the capacity of NAD+, NADPH and H2O2 to induce redox-

mediated colourimetric and UV-Vis spectral changes to PVP-capped AuNS. This phase was 

evaluated using a redox potential-based model. The reagents were pipette mixed in water to 

ensure a final volume of 200 μL in the following strict order for optimum results: 20 μL 10 mM Tris 

buffer (pH 8.4) followed by the addition of 15 μL AuNS-PVP. In each assay, 5 μL increments until 

20 μL of 50 mM H2O2 and 8 mM NAD+/NAD(P)H were pipette mixed respectively. Finally, the 

assays were incubated for 5 min at room temperature before adding the detection solution (2 μL 

10 mM AgNO3 + 20 μL 150 mM NaOH) and UV-Vis spectral measurements were taken 

immediately. 

5.4.5 Preparation of gold nanostar bioconjugates 

The capped AuNS samples suspension was cleaned up twice by centrifugation for 35 min at 2170 

×g and was resuspended in 500 μL 100 mM HEPES (pH 6.9) after removal of the supernatant. 

100 μL 5 mM freshly made up DTSSP crosslinker was added to 3 sets of 2 mL resuspended 

capped AuNS and the tubes were rotator mixed for 5 min and incubated for 30 min at room 

temperature. Following the incubation step, 100 µL 8 mM NAD/NADPH was complexed with 150 

µL 2 mg/mL GalDH/AR respectively and 150 µL 0.5 mg/mL GalOx was added to the DTSSP 

functionalised AuNS (in each tube respectfully) and left to incubate at 4 ºC for 2 h for enzyme and 

cofactor conjugation and immobilisation (Walper et al., 2015). The bioconjugates were cleaned 

up twice by centrifugation for 35 min at 2170 ×g and were resuspended in 500 μL ddH2O 

(Millipore, 18.2 ΩM cm-1) and stored at 4 ºC. 

5.4.6 AuNS bioconjugates stability assay 

The stability of AuNS bioconjugates was assessed in synthetic blank urine, supplemented cell 

culture medium and serum flocculation assays at room temperature for 3 h. Spectral readouts for 

a 1:1 solution of matrices and AuNS bioconjugates were captured and analysed every 5 min for 

3 h. Because the AuNS bioconjugates are utilised as biosensors, their stability in matrices for 

longer periods of time is less important because typical assay formats' incubation time is less than 
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3 h. Overall, two assessments are made here: (1) storage stability in the water matrix at 4˚C and 

room temperature for 96 h and (2) short-term stability during the analytical procedure in different 

matrices for 3 h. A blue UV-Vis spectral shift and a shortening of the spectral curve, as shown by 

the loss and shift of the AuNS bioconjugate's longitudinal peak, were regarded as indicative of 

instability (Zhang et al., 2018). 

5.4.7 AuNS bioconjugates colorimetric assay 

In this phase, the ability of biocatalytically produced NAD(P)/NAD(P)H and H2O2 to induce redox-

mediated colourimetric and UV-Vis spectrum modifications in AuNS bioconjugates was 

evaluated. To achieve the best results, the reagents were pipette mixed in water to a final volume 

of 200 μL in the specific order listed below:15 μL 10 mM Tris buffer (pH 8.4) was added, followed 

by 20 μL AuNS bioconjugate. In each assay, 0 – 30 μL 2 mM galactose was added in 5 μL 

increments, followed by a 15 min incubation at 37 ºC. Finally, the detection solution (2 μL 10 mM 

AgNO3 + 20 μL 150 mM NaOH) was added to the assays, followed by a 1–5 min incubation at 37 

ºC before spectral readings measurement. Different incubation durations following the addition of 

the detection solution demonstrate how quickly the assay generates plausible colourimetric 

readings. 

The final phase of the assays assessed the efficacy of the bioconjugated AuNS in colourimetric 

signal generation in a synthetic blood matrix. The synthetic blood matrix constituted a 1:1000 

(water: synthetic blood) ratio spiked with 2 mM galactose and 8 mM NAD+/NAD(P)H for AuNS-

PVP-GalDH and AuNS-PVP-AR bioconjugates. For the AuNS-PVP-GalOx bioconjugate exclude 

the coenzymes. 

5.4.8 AuNS bioconjugates specificity assay 

The efficacy of the AuNS bioconjugates was investigated through analyte specificity assays, 

galactose was replaced by its epimer glucose. 2 mM glucose solution was utilised for the analyte 

specificity tests. The assays were optimised and pipette mixed chronologically as the galactose 

assays. Finally, as the other assays described above, UV-Vis spectral measurements were 

acquired. 
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5.5 Results 

In the present study, HEPES-mediated PVP-capped AuNS were synthesised. The synthesised 

nanoparticles were characterised and used in NAD(P)+/NAD(P)H and H2O2 coupled redox-

mediated colourimetric assays. 

 

Figure 5-1: EDS spectra, SEM-EDS elemental mapping profiles, and HR-TEM images for 
AuNS. (A, C, E) Uncapped AuNS; (B, D, F) PVP capped AuNS. 
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Figure 5-1 shows the elemental composition, mapping and HR-TEM images of AuNS. The AuNS 

were mainly composed of gold, sulphur and carbon and were moderately monodispersed with a 

10-armed morphology and a diameter of approximately 40 – 42 nm. 

UV-Vis and 1H-NMR-spectral profiles, along with electrophoresis and HR-TEM images of GalDH, 

AR and GalOx AuNS bioconjugates, are presented in Figure 5-2. Two distinct absorbance peaks, 

corresponding to the longitudinal (~690 nm) and transverse plasmon resonance modes (~540 

nm) are observed on the UV-Vis spectra (Fig.5-2A, E and I) (Hao et al., 2007b). 

 

Figure 5-2: UV-Vis spectra profiles, 1H-NMR spectra profiles, electrophoretic profiles, and 
HR-TEM images for AuNS bioconjugates. (A-D) AuNS-PVP-GalDH; (E-H) AuNS-PVP-AR; (I-
L) AuNS-PVP-GalOx. 
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The 1H-NMR spectra confirm the presence of the respective enzymes after bioconjugation Fig.5-

2(B, F, J). Complimentarily, the electrophoretic migration patterns suggest successful capping 

and enzyme bioconjugation to the AuNS and not its mere presence in the sample (Fig.5-2(C, G, 

K). HR-TEM images in Figure 5-2 (D, H, L) show that AuNS maintain their shape after conjugation 

while exhibiting slightly different dispersions. 

 

Figure 5-3: UV–Vis spectra of AuNS bioconjugates stability after 3 h incubation in (A) Blank 
urine; (B) Serum; (C) Supplemented cell culture medium. Short-term storage stability UV-
Vis spectra at room temperature and 4 ºC in water matrix (D; G) AuNS-PVP-GalDH; (E; H) 
AuNS-PVP-AR; (F; I) AuNS-PVP-GalOx. 

An assessment of the matrix and short-term storage stability of the AuNS bioconjugates was 

required prior to its use in colourimetric assays, the results of which are presented in Figure 5.3. 

The AuNS bioconjugates were stable in all matrix environments with a marginal spectral blue shift 

while maintaining the characteristic AuNS profiles (Fig.5-3A-C). Likewise, the AuNS 

bioconjugates were stable under short-term storage stability conditions for 96 h and overall, 

storage at 4 °C was optimal. (Fig.5-3 D-I). These results show that AuNS bioconjugates exhibit 

adequate stability in a variety of matrices as well as good short-term storage stability in water 
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which was considered to be sufficient for use in the redox-mediated colourimetric assays that 

follow.  

Figure 5-4 depicts the preliminary colourimetric assays illustrating a direct correlation between 

NAD(P)/NAD(P)H and H2O2 concentrations and AuNS absorbance. The UV-Vis spectral readings 

and colourimetric signals show that NAD(P)/NAD(P)H and H2O2 cause concentration-dependent 

changes in the AuNS absorbance pattern, which most likely correlates to the nanostar transition 

from an anisotropic to quasi-spherical shape. 

 

Figure 5-4: Preliminary colourimetric UV-Vis profiles for AuNS-PVP in the presence of (A) 
NAD+; (B) NADPH and (C) H2O2. 

Thermodynamics predicts that NAD(P)+ and H2O2 will spontaneously react with Au. Using 

standard reduction potentials and half-cell reactions, we have theoretically described how NAD+ 

and H2O2 induce colourimetric and morphological transformations in AuNS. The standard redox 

potentials for the NAD(P)+ /NAD(P)H and    AuCl4 −/Au pairs are −0.32 V, −0.324 V and +1.002 

V, respectively (Bagotsky, 2005b; Sánchez-Iglesias et al., 2021; Xiao et al., 2004b).  

Au ⟶ Au3+ + 3e−    E° = −1.002 V                                                [1] 

NAD+ + H+ + 2e−⟶  NADH      E° = −0.32 V                          [2]  

NADPH⟶NADP+ + 2e− +H+        E° = +0.324V                   [3] 

H2O2 + 2H
+ + 2e−⟶2H2O               E

° =   +1.78 V                  [4] 
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2Au + 3NAD+ + 3H+ ⇌ 2Au3+ + 3NADH    E° = +0.682 V; ∆G° = −394.8 kJ      [5] 

2Au + 3H2O2 + 6H
+ ⇌ 2Au3+ + 6H2O        E

° =   +2.782 V; ∆G° = −1611kJ        [6] 

The redox reactions are thermodynamically feasible and spontaneous, suggesting that NAD+ and 

H2O2 can induce morphological changes in AuNS.  In contrast, the Au-NADPH redox reaction is 

not thermodynamically feasible; however, Huang et.al. proposed that in the presence of oxygen, 

Au nanoparticles can react with NAD(P)H, causing morphological changes visible 

spectrophotometrically (Huang et al., 2005). In contrast, Hietzschold et.al and Xiao et.al. 

proposed that NAD(P)H can facilitate the growth of silver and gold nanoparticles respectively in 

the presence of AgNO3 and AuCl4−  in the presence of reducing agents (Hietzschold et al., 2019; 

Xiao et al., 2004b). 

Figures 5-5 and 5-6 depict the colourimetric assay results of AuNS bioconjugates in water and 

synthetic blood matrix. In both cases, increasing galactose concentrations cause a blue shift of 

varying magnitudes, followed by the transition of AuNS into quasi-spherical nanoparticles as 

shown in the UV-Vis spectra profiles and TEM images in the water matrix. 

 

Figure 5-5: AuNS bioconjugates colourimetric spectra in water and synthetic blood with 
increasing galactose (A-B) AuNS-PVP-AR; (C-D) AuNS-PVP-GalOx. 
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Figure 5-6: AuNS bioconjugates TEM images before and after colourimetric reactions in 
the water matrix. 

The AuNS-PVP-AR assay required a 5 min incubation, whereas the AuNS-PVP-GalOx assay 

required a 1 min incubation to generate plausible colourimetric signals after adding the detection 

solution. In contrast, after adding the detection solution in all matrices, the AuNS-PVP-GalDH 

assay showed an instantaneous change to a wine-red colour. The visually observed colour 

changes, UV-Vis spectral profiles and HR-TEM images suggest that the AuNS-PVP-GalDH assay 

has a narrow quantification range in all matrices, in comparison to broader ranges observed for 

the AuNS-PVP-AR and AuNS-PVP-GalOx assays. 

Interestingly, quantitative ICP-MS data (Table 5-1) before and after the reaction reveal that the 

quantities of Ag and Au remained nearly constant while the quantity of Na increased. This 

suggests that contrary to previous studies, NaOH participates in our colourimetric assays and that 

the quasi-spherical gold nanoparticles are not silver-plated, although the presence of Na in the 
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lattice was not confirmed (Mulder, Phiri, et al., 2019b; Rodríguez-Lorenzo et al., 2012). Overall, 

the AuNS-PVP-GalDH assay has the potential to be used qualitatively, whilst the AuNS-PVP-AR 

and AuNS-PVP-GalOx assays could be used semi-quantitatively. 

Table 5-1: AuNS bioconjugates quantitative ICP-MS data before and after colourimetric 
reactions in the water matrix. 

Elements 

AuNS-PVP-GalDH 

Before Reaction [ppm] 

AuNS-PVP-GalDH 

After Reaction [ppm] 

Fold change 

23 Na   4.6 37.5 8.24 

107 Ag  16.9 17.3 1.02 

197 Au   39.1 39.8 1.02 

Elements 

AuNS-PVP-AR 

Before Reaction [ppm] 

AuNS-PVP-AR 

After Reaction [ppm] 

Fold change 

23 Na   4.2 37.5 8.96 

107 Ag  16.4 17.3 1.05 

197 Au   40.2 39.8 0.99 

Elements 

AuNS-PVP-GalOx 

Before Reaction [ppm] 

AuNS-PVP-GalOx 

After Reaction [ppm] 

Fold change 

23 Na   4.4 37.5 8.61 

107 Ag  16.3 17.3 1.06 

197 Au   39.7 39.8 1.00 

 

GalDH and GalOx are galactose specific, whereas AR has a broad specificity for various aldoses 

and a high Km for glucose and galactose (Blachnitzky et al., 1974; Gabbay & Tze, 1972; Testa & 

Meyer, 1996; Whittaker & Whittaker, 2000). Nevertheless, gold nanoparticles can act as a catalyst 

and can oxidise glucose (Comotti et al., 2004; Lang et al., 2014; Zheng et al., 2011). It was 

therefore necessary to test the specificity of the assays and in particular the possible interference 

of glucose. The AuNS-PVP-AR assay UV-Vis spectra are blue-shifted in a concentration-

dependent manner with increased glucose concentration, changing the nanostar morphology to 

quasi-spherical particles in water and synthetic blood matrices (Figure 5-7 B; E). In contrast, when 

exposed to glucose, the AuNS-PVP-GalDH and AuNS-PVP-GalOx assays showed no reaction 

or colour changes, indicating the usual blue shift in the spectrum induced by the detection solution 
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and that the assays were galactose specific as expected (Figure 5.7 A; C) (Blachnitzky et al., 

1974; Whittaker & Whittaker, 2000). 

 

Figure 5-7: AuNS bioassays analyte specificity test. Glucose was used in 
place of galactose. (A; D) AuNS-PVP-GalDH; (B; E) AuNS-PVP-AR; (C; F). AuNS-PVP-
GalOx. 

These results show that the proposed catalytic activity of the gold nanoparticles does not change 

the specificity of the AuNS-PVP-AR bioassay.  

5.6 Discussion 

Anisotropic AuNS were synthesised using a HEPES-mediated seedless one-pot synthesis 

procedure. HEPES acted as a reducing, shape-directing and stabilising agent in this technique, 

resulting in heteromorphic nanostars of various diameters (Fig 5-1. A) (Sajitha et al., 2015; Xie et 

al., 2007c). Numerous studies have revealed that HEPES has a strong affinity for gold, which 

could be attributable to the sulfonate groups in its chemical structure (Jimmy Huang et al., 2020; 

Xi & Haes, 2019; Xie et al., 2007c). This could explain its existence in the AuNS lattice post-

synthesis, as evidenced by elemental analyses (Fig 5-1. A-B) and NMR analyses (Fig 5-2. B, F, 

J), both of which are consistent with prior studies. The anisotropic AuNS synthesised were 

characterised by the combination of two distinct UV-Vis absorbance peaks, which corresponded 

to the transverse plasmon resonance mode (plasmonic solid core) and the longitudinal plasmon 

resonance (plasmonic protuberant spikes) (Hao et al., 2007b). 
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GalDH and AR are dimeric apoenzymes with a (β/α)8 barrel that allows NAD(P)+/NAD(P)H to bind 

and form apoenzyme-coenzyme complexes (Ikeda et al., 1975; Penning, 2015; Vargas et al., 

2022). NAD(P)+/NAD(P)H operate as conformation primers, stabilising the apoenzyme-

coenzyme complex's oligomeric catalytically active structure (Chen & Zhang, 2012; Penning, 

2015). The significance of NAD(P)+/NAD(P)H coenzymes in the structure and activity of 

apoenzymes encouraged us to co-immobilise the apoenzyme-coenzyme complexes to the AuNS 

during the AuNS bioassay synthesis. Furthermore, as shown in Figures 5-1 and 5-2, PVP capping 

caused slight modifications to the AuNS, the nanostar lattice structure was predominantly 

composed of gold and HEPES and enzymes were successfully immobilised to the nanostars.    

The bioassays' analyte plasmonic colourimetric sensing efficacy was investigated. The AuNS-

PVP-GalDH assay produced an instantaneous colourimetric signal. In contrast, the AuNS-PVP-

AR and AuNS-PVP-GalOx assays produced nearly comparable spectrum changes in water and 

synthetic whole blood matrices (Fig. 5-5). NADH, the reaction product of the AuNS-PVP-GalDH 

assay, is a robust competitive inhibitor of GalDH and also inhibits AuNS dissolution; this could 

explain the development of an instantaneous colourimetric signals, which is consistent with Liang 

et.al.'s findings (Cuatrecasas & Segal, 1966; Liang et al., 2015).  The assays, however, were 

based on the blue-shifted absorption band of nanostar (690 nm) to quasi-spherical nanoparticles 

(540 nm) upon NAD(P)+/NADPH and H2O2 biocatalytic reactions (Fig.5-5).  When employing 

synthetic blood, the bioassays had a potential drawback because the bulk of blood components 

have substantial absorption in the same range as the AuNPs (Fig.5-5 D-F) (Bansal et al., 2020; 

Li, Lin, et al., 2014; Shao et al., 2016). Nonetheless, AuNS are highly sensitive, with an extinction 

coefficient greater than that of blood components, hence matrix dilution and a blank subtraction 

procedure were applied to facilitate result interpretation and analysis (De Puig et al., 2015; Zhao 

et al., 2017). 

The transformation in size, shape and dielectric environment of the AuNS bioassays resulted in 

plausible plasmon band shifts and colourimetric signals (Fig.5-5). Colourimetric signal generation 

in our bioassays could be pH-driven, enzyme-mediated, or analyte-mediated, resulting in 

spectrum shifts and colourimetric changes (Zhang et al., 2018). Overall, the lack of change in Ag 

or Au concentrations on ICP-MS data (Table 5-1) indicates no silver or residual gold cations 

reduction in the solution.  As a result, we propose that either the remodelling phenomena or a 

typical ion exchange caused nanoparticle surface oxidation, followed by NAD(P)/NAD(P)H-

mediated redox of Au3+ to Au0, with morphological and colourimetric changes to the AuNPs. 

Several enzymatic and non-enzymatic techniques for detecting NAD(P)+/NAD(P)H have recently 

been developed and published in peer-reviewed journals. These are primarily colourimetric and 
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electrochemical detections, with some successfully integrated into miniaturised devices. Based 

on the dissolution of gold nanoparticles, Liang et.al. (2015) developed a high-sensitivity paper-

based device for the rapid visualisation of NADH (Liang et al., 2015). Jafari et.al. (2021) recently 

suggested a colourimetric paper-based biosensor based on the phenylalanine dehydrogenase 

(PDH) enzyme for the highly sensitive and selective measurement of phenylalanine (Phe), 

employing cationic dyes as colourimetric mediators (Jafari et al., 2021). Messina et.al. (2023) 

devised a highly sensitive colourimetric method for the enzymatic detection of Phe in the presence 

of neo-formed NADH using tris (bipyridine) Ruthenium (II/III) mediator (Messina et al., 2023). 

Furthermore, Maugeri et.al. (2023) established a novel photothermal-contrast approach for Phe 

detection in human blood utilising PDH, resulting in the creation of in-situ gold nanostructures in 

the presence of neo-formed NADH and AuCl4 − (Maugeri et al., 2023).  

Our findings support Liang et.al.'s (2015) findings that neo-formed NADH inhibits AuNS 

dissolution. In our bioassays, the AuNS operate as colourimetric and sensing signal amplifiers 

(Cao et al., 2011), avoiding the need for dyes, in contrast to the biosensor designs proposed by 

Messina et.al (2023) and Jafari et.al (2021). Furthermore, our understanding of redox chemistry 

(Eqtn.5) confirms Maugeri et.al.'s (2023) findings that neo-formed NADH can react with Au3+ to 

generate gold nanoparticles. 

5.7 Conclusion 

In conclusion, we report the potential of rapid and sensitive redox-driven galactose bioassays 

utilising NAD(P)/NAD(P)H and H2O2 for tailoring gold nanostar morphology and plasmonic 

properties. A plausible finding from the AuNS bioassays shows that in the absence of oxidase 

enzymes, dehydrogenase or reductase enzymes can be utilised instead and NAD(P)/NAD(P)H 

can be used as redox agents in enzymatic plasmonic gold nanostar assays for analyte(s) 

quantification. We demonstrated that the AuNS-PVP-AR and AuNS-PVP-GalOx assays were 

semi-quantitative, whereas the AuNS-PVP-GalDH assay was a qualitative galactose assay. 

Overall, the enzyme-guided etching of the gold nanostar detected low concentrations of analytes, 

as shown in Figures 5 and 7 and was supported by UV-Vis spectrum profiles, TEM images, 

colourimetric data and ICP-MS data. With suitable assay tailoring, NAD(P)/NAD(P)H-dependent 

enzymes can be used to change gold nanostar morphology and plasmonic properties in complex 

matrices for the analyte(s) detection. Thus, gold nanostars bioassays hold great promise for 

application in biomedical diagnostics for resource-constrained areas. 
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CHAPTER 6 H2O2 MEDIATED PLASMONIC GOLD NANOSTARS – 

GALACTOSE DEHYDROGENASE QUANTITATIVE GALACTOSE 

COLOURIMETRIC ASSAY 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

EVERYTHING IS THEORETICALLY IMPOSSIBLE, UNTIL IT IS DONE. 

– Robert. A. Heinlein 
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6.1 Preface 

This chapter fulfilled Objective 2 of Chapter 3, which was to investigate the appropriateness of 

NAD(P)/NAD(P)H as colorimetric redox agents and the influence of H2O2 in gold nanostar 

biosensors. This chapter was submitted to MDPI-Biosensors Journal, which approved it and 

published it (https://doi.org/10.3390/bios13110965). Minor changes were made from the 

published version, based on examiners’ comments. 

6.2 Abstract 

We describe a competitive colourimetric assay that enables rapid and sensitive detection of 

galactose and reduced nicotinamide adenine dinucleotide (NADH) via colourimetric readouts and 

demonstrate its usefulness for monitoring NAD+-driven enzymatic reactions. We present a 

sensitive plasmonic sensing approach for assessing galactose concentration and the presence 

of NADH using galactose dehydrogenase-immobilized gold nanostars (AuNS-PVP-GalDH). The 

AuNS-PVP-GalDH assay remains turquoise blue in the absence of galactose and NADH; 

however, as galactose and NADH concentrations grow, the reaction well colour changes to a 

characteristic red colour in the presence of an alkaline environment and a metal ion catalyst 

(detection solution). As a result, when galactose is sensed in the presence of H2O2, the colored 

response of the AuNS-PVP-GalDH assay transforms from turquoise blue to light pink, and then 

to wine red in a concentration-dependent manner discernible to the human eye. This competitive 

AuNS-PVP-GalDH assay could be a viable analytical tool for rapid and convenient galactose 

quantification in resource-limited areas. 

Keywords: Gold nanostars; Enzymatic; Immobilised; Plasmonic; Colourimetric; Detection 

solution 

6.3 Introduction 

Gold nanoparticles (AuNPs), particularly gold nanostars (AuNS), have gained considerable 

attention in diagnostics due to their unique, size-dependent characteristics, biocompatibility and 

simplicity of chemical manipulation (Chirico et al., 2015; Li, Ma, et al., 2013; Liu et al., 2014; Liu, 

Yuan, Fales, et al., 2015; Wen et al., 2023). AuNS display polarisation-dependent scattering and 

absorption with dual spectral peaks (transverse and longitudinal) highly sensitive to protruding tip 

eccentricity changes (Atta et al., 2016; Hao et al., 2007b; Hrelescu et al., 2009; Nehl et al., 2006a; 

Tsoulos et al., 2019). Plasmonic AuNS have extraordinarily high extinction coefficients since their 

surface plasmon resonance is strongly impacted by their size, shape and morphology (Eustis & 

El-Sayed, 2006; Xianyu et al., 2021a). (Eustis & El-Sayed, 2006; Xianyu et al., 2021a). AuNS are 

https://doi.org/10.3390/bios13110965
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extremely sensitive to environmental perturbations, resulting in evident morphological, 

spectrometric and colourimetric changes (Liu et al., 2014; Shao et al., 2012).  These excellent 

properties may pave the way for the development of nanosensors with simple plasmonic 

absorbance-based readouts (Zhou et al., 2015). 

Nicotinamide adenine dinucleotide (NAD+) is a redox coenzyme essential for energy metabolism 

(Covarrubias et al., 2021). As a redox carrier, NAD+ accepts a hydride ion and shuttles electrons 

from metabolic activities to generate its reduced form, NADH (Xie et al., 2020). NADH can donate 

one or two electrons depending on the substrate's Gibbs free energy (Anderson, 1980). Several 

NAD+/NADH redox couple sensing approaches have been developed, with the majority requiring 

sophisticated processes and specialist personnel to interpret the results (Brekasis & Paget, 2003; 

Chen et al., 2021; Lee et al., 2022; Micheli et al., 1993; Mongeon et al., 2016). Traditional 

colourimetric methods for detecting NAD+/NADH are based on the colour reaction of organic dyes, 

which are quickly oxidised by O2 (Chamchoy et al., 2019; Hirakawa & Mori, 2021). As a result, 

establishing a reliable NAD+/NADH detection technique free of chromogenic substrates is crucial. 

Plasmonic-based biosensing has been widely employed for on-site or in-field solutions to 

complement traditional diagnostic procedures due to its versatility, low cost, simple result 

interpretation and robust reaction times (Divya et al., 2022; Wang et al., 2023). As a result, 

NAD+/NADH redox pair plasmonic colourimetric sensing has emerged as a feasible alternative to 

existing methods (Liang et al., 2015; Weng et al., 2019).  

Many plasmonic sensors have been constructed by monitoring the resonant electromagnetic field 

and being sensitive to changes in the refractive index of the medium around nanoparticles after 

target molecule (NAD+/NADH) binding (Roh et al., 2011). Liang et al.(2015) recently disclosed a 

paper-based system for quick and sensitive room-temperature measurement of NADH using a 

colourimetric readout (Liang et al., 2015). In their work, NADH was found to limit AuNPs 

dissolution by reducing Au3+ to Au+, resulting in a red colour that became deeper with increasing 

NADH concentrations. Using a similar approach, Baymiller et al.(2017) explored NADH's ability 

to produce nanoparticles and discovered that this coenzyme alone is adequate to convert Au3+ 

ions to gold nanoparticles in vitro (Baymiller et al., 2017). At room temperature, this method 

creates uniformly dispersed spherical plasmonic nanoparticles of varying sizes almost instantly, 

with NADH concentration regulating both the rate of synthesis and the tonality of the produced 

gold nanoparticles (AuNPs). Using p-aminophenol (pAP)-catalysed and NADH-mediated 

production of silver nanoparticles (AgNPs), Liu et al. (2021) developed a light-controlled 

colourimetric assay for the quantification and detection of nitroreductase (NTR) (Liu et al., 2021). 

The hydrolysis product of p-nitrophenol by NTR in the presence of NADH can be employed as a 

catalyst to catalyse the reduction of Ag+ by NADH under light, providing NTR concentration-
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dependent colourimetric signals. Furthermore, NAD/NADH are widely employed to quantify 

substrate-to-product conversion directly or indirectly  (Li, Lu, et al., 2013; Maenaka et al., 2012). 

In contrast to NADH sensing, hydrogen peroxide (H2O2) plasmonic sensing has been intensively 

researched in recent years because H2O2 sensing is robust, giving colourimetric and 

morphological alterations to nanoparticles (Rodríguez-Lorenzo et al., 2012; Teodoro et al., 2019; 

Wu et al., 2016). When nanoparticles are exposed to H2O2, they undergo catalytic dissolution, 

resulting in a decrease in the nanoparticle absorption band with increasing H2O2 concentration 

(Lai et al., 2023). Overall, plasmonic biosensors generate colourimetric signals primarily as a 

result of the aggregation/dispersion degree caused by the addition of Au3+ solution or through the 

etching/growth of pre-made nanoparticles in the presence of an alkaline environment and a metal 

ions catalyst (detection solution) (Rodríguez-Lorenzo et al., 2012; Zhang et al., 2018). 

In this study, rather than measuring NAD+/NADH, we investigated their suitability as redox agents 

for gold nanostar shape alteration in colourimetric quantification of varied galactose 

concentrations. We developed a nanoplasmonic sensor for quantitatively detecting NADH and 

galactose in diverse matrices using galactose dehydrogenase (GalDH)-NAD+ co-immobilised 

AuNS. This paper presents an integration of H2O2-induced surface etching of AuNS and NADH-

driven biocatalytic growth of AuNPs in the presence of a detection solution to yield morphological 

and colourimetric changes. This colourimetric detection system takes advantage of NADH 

inhibiting AuNS dissolution while H2O2 induces AuNS dissolution, cyclic oxidation of NADH and 

biocatalytic growth of AuNPs (De la Rica & Stevens, 2012; Liang et al., 2015). We also used 

redox chemistry to investigate how the detection solution affects colourimetric signal generation 

from both experimental and theoretical perspectives. As a result, this assay has significant 

potential for in-field analytes and inhibitors screening with the naked eye, with a mechanism that 

is most likely transferable to other NAD+-dependent enzymes.  

6.3.1 Materials and Methods 

6.3.1.1 Materials 

All materials were bought from Sigma-Aldrich unless stated otherwise. The chemicals used were; 

sodium hydroxide, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, C8H18N2O4S), 

gold (III) chloride hydrate (HAuCl4•xH2O), silver nitrate (AgNO3), sodium hydroxide (NaOH),3’30–

dithiobis sulfosuccinimidyl propionate (DTSSP, C14H14N2O14S4Na2), galactose (C6H12O6), 

hydrogen peroxide (H2O2), galactose dehydrogenase (GalDH), nicotinamide adenine dinucleotide 

hydrate (NAD, C21H27N7O14P2·xH2O), Tris buffer (NH2C(CH2OH)3, and polyvinylpyrrolidone (PVP) 

10 000. Synthetic dry whole blood was purchased from Thistle QA, Johannesburg, South Africa.  
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The materials used were; sterile 5 mL screw cap tubes (Ascendis Medical), carbon mesh copper 

grids (Agar Scientific, Rotherham, UK), and clear, flat-bottomed 96-well plates (Corning). 

6.3.1.2 Instrumentation and Characterisation 

Scanning electron microscopy and energy-dispersive x-ray spectroscopy (SEM-EDS, Bruker, 

Billerica, MA, USA) were used to assess the chemical compositions of the samples qualitatively. 

Inductively coupled plasma mass spectrometry (ICP-MS, Spectro AMETEK, Inc., Kleve, 

Germany) was used to determine the elemental contents in the samples. SEM-EDS and ICP-MS 

were utilized to precisely quantify and confirm the chemical composition of the samples.  

The gold nanostar and bioconjugate spectrum scanning (400–900 nm) was carried out utilizing 

96-well plates and the HT Synergy (BioTEK) microplate reader (Agilent Technologies, Santa 

Clara, CA, USA). 

High-resolution transmission electron microscopy (HR-TEM) was carried out using a Tecnai F20 

transmission electron microscope (JEOL, Freising, Bavaria, Germany). The capped gold nanostar 

samples were imaged after being spotted onto copper grids (Agar Scientific) and air-dried. In 

contrast, the gold nanostar bioconjugates required 1% silver nitrate solution staining prior to 

copper grid spotting, air drying, and imaging for protein visualization (Atta et al., 2019). 

ImageJ software (bundled with 64-bit Java 1.8.0_172, University of Wisconsin at Madison, 

Madison, WI, USA) was used to estimate particle core diameters and arm dimensions by 

averaging a total count of one hundred capped gold nanostars and one hundred gold nanostar 

bioconjugates in different HR-TEM images. 

All nuclear magnetic resonance (NMR) experiments at 500 MHz were performed with a Bruker 

Avance III HD (NMR) spectrometer equipped with a triple-resonance inverse (TXI) 1H (15N, 13C) 

probe head (Bruker, Billerica, MA, USA). This was used to confirm the gold nanostars’ successful 

capping and protein immobilization. 

The capped gold nanostars and gold nanostar bioconjugates were electrophoresed in agarose 

gel using a Baygene BG-power Vacutec electrophoresis gel apparatus (Vacutec, Johannesburg, 

South Africa). To confirm the molecules based on their size and electrical charge, electrophoresis 

was performed at pH 8 with 0.5% agarose and 0.5 × Tris borate EDTA buffer (TBE buffer). The 

samples were made by combining 32 µL of nanostars with 4 µL of 80% glycerol and running them 

at 40 V for 45 min. The gold nanostar bioconjugate gels were stained for 4 h with 25 mL of 0.25% 

(w/v) Coomassie blue and then rinsed with a destaining solution (90% w/v isopropanol and 10% 
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w/v glacial acetic acid), revealing the protein bands. Gels were stored in ddH2O until photos were 

recorded and uploaded to a computer. 

6.3.1.3 Preparation of Gold Nanostars 

The gold nanostars (AuNSs) were synthesized using the modified HEPES buffer method 

described and characterized by our laboratory (Mulder, 2019; Munyayi et al., 2022). Succinctly, 2 

mL of 100 mM HEPES buffer (pH 7.4) was added to 3 mL of deionized water (Millipore, Temecula, 

CA, USA, 18.2 ΩM.cm−1), followed by 20 µL of 50 mM gold (III) chloride hydrate (HAuCl4·xH2O) 

and 4 µL of 1 mM silver nitrate (AgNO3). The 5 mL screw cap was mixed via end-to-end tube 

inversion and incubated for 25 min at room temperature until the solution turned turquoise blue. 

The nanostars were then capped with 600 µL of 2.5 mM PVP. After inverting the tube several 

times, it was left to stand at room temperature for 1 h. The capped AuNS sample suspension was 

cleaned twice via centrifugation for 35 min at 2170× g and resuspended in 500 μL of ddH2O 

6.3.1.4 Preparation of gold nanostar–galactose dehydrogenase bioconjugates 

The capped AuNS sample suspension was cleaned twice via centrifugation for 35 min at 2170× 

g and resuspended in 500 μL of 100 mM HEPES (pH 6.9). Four batches of 500 μL each were 

then combined, making for a total volume of 2 mL, and 100 μL of 5 mM DTSSP was then added 

to the solution, followed by 100 μL of 8 mM NAD+ and 150 μL of GalDH 2 mg/mL. The solution 

was incubated at 4 °C for 2 h to allow enzyme and coenzyme conjugation and immobilization. 

This co-immobilization was carried out to improve enzyme stability, activity, and selectivity or 

specificity (Kondrat et al., 2022; Rodrigues et al., 2021; Vargas et al., 2022). Finally, the co-

immobilized AuNS (AuNS-PVP-GalDH) was cleaned twice via centrifugation at 2170× g for 35 

min and then resuspended in 500 μL of ddH2O (Millipore, 18.2 ΩM. cm−1) and stored at 4 °C. 

6.3.1.5 Preparation of gold nanostar-galactose dehydrogenase biosensor 

The gold nanostars (AuNS) were synthesized using the modified HEPES buffer method described 

and characterized by our laboratory (Mulder, 2019; Munyayi et al., 2022).  Succinctly, 2 mL 100 

mM HEPES buffer (pH 7.4) was added to 3 mL deionized water (Millipore, 18.2 ΩM.cm -1), followed 

by 20 µL 50 mM gold (III) chloride trihydrate (HAuCl4·xH2O) and 4 µL 1 mM silver nitrate (AgNO3). 

The 5 mL screw cap was mixed by end-to-end tube inversion and incubated for 25 min at room 

temperature until the solution turned turquoise blue. The nanostars were then capped with 600 

µL 2.5 mM PVP. After inverting the tube several times, it was left to stand at room temperature 

for 1 h. The capped AuNS sample suspension was cleaned twice by centrifugation for 35 min at 

2170 × g and resuspended in 500 μL of 100 mM HEPES (pH 6.9). Four batches of 500 μL each 
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were then combined, making a total volume of 2 mL, and 100 μL 5 mM DTSSP was then added 

to the solution, followed by 100 μL of 8 mM NAD+ and 150 μL of GalDH 2 mg/mL. The solution 

was incubated at 4 ºC for 2 h to allow enzyme and coenzyme conjugation and immobilization. 

This co-immobilization was carried out to improve enzyme stability, activity, and selectivity or 

specificity (Kondrat et al., 2022; Rodrigues et al., 2021; Vargas et al., 2022). Finally, the co-

immobilized AuNS (AuNS-PVP-GalDH) was cleaned twice by centrifugation at 2170 ×g for 35 

min, then resuspended in 500 μL ddH2O (Millipore, 18.2 ΩM. cm-1), and stored at 4 ºC. 

6.3.1.6 Gold nanostar–galactose dehydrogenase biosensor colourimetric assay 

The AuNS-PVP-GalDH plasmonic colourimetric tests were performed using galactose as an 

analyte and different H2O2 concentrations (0 mM, 0.05 mM, 0.10 mM, 0.15 mM, and 0.20 mM). 

Five distinct experiments were performed (as summarized in Table 1), with everything kept 

constant and varied H2O2 concentrations. The reagents were pipette-mixed in water to a final 

volume of 200 μL in the following order: Following the addition of 15 μL of 10 mM Tris buffer (pH 

8.4) and 20 μL of AuNS-PVP-GalDH to each of the five experiments, different volumes (0 μL, 5 

μL, 10 μL, 15 μL, and 20 μL per experiment) of 2 mM galactose were added and pipette-mixed 

into the assays. The experiments were incubated for 10 min at 37 °C before adding (0 μL, 5 μL, 

10 μL, 15 μL, and 20 μL) each H2O2 concentration employed. The assays were then incubated 

for 5 min at 37 °C before adding the detection solution (2 μL 10 mM AgNO3 + 15 μL 150 mM 

NaOH). Finally, the assays in each experiment were incubated for 2 min at 37 °C before obtaining 

UV-Vis spectral readings and colourimetric signals. 

Table 6-1: Experimental Procedure for the galactose plasmonic colourimetric detection 
using AuNS-PVP-GalDH biosensor. 

Sample Control 1 2 3 4 5 

Water 165 µL 148 138 µL 128 µL 118 µL 108 µL 

10 mM Tris (pH 8.4) 15 µL 15 µL 15 µL 15 µL 15 µL 15 µL 

AuNS-PVP-GalDH 20 µL 20 µL 20 µL 20 µL 20 µL 20 µL 

2 mM galactose 0 µL 0 µL 5 µL 10 µL 15 µL 20 µL 

10 min incubation  

H2O2 0 µL 0 µL 5 µL 10 µL 15 µL 20 µL 

5 min incubation  

10 mM AgNO3  0 µL 2 µL 2 µL 2 µL 2 µL 2 µL 

150 mM NaOH 0 µL 15 µL 15 µL 15 µL 15 µL 15 µL 

2 min incubation  

Colourimetric signal generation 

 

A total of 5 mg of synthetic whole blood (powder) was dissolved in 1.5 mL of ddH2O, and end-to-

end inversion was performed to ensure appropriate powder dissolution. In 5 mL screw cap tubes, 
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several galactose solutions (2 mM, 4 mM, 6 mM, and 8 mM) were produced and nitrogen-dried 

for 24 h to reduce contamination and over-dilution of the matrix. To guarantee adequate spiking, 

the dried galactose solution screw cap tubes were diluted with 500 µL of synthetic blood and 

inverted end-to-end. After spiking the synthetic blood matrix with galactose, the samples were 

serially diluted 1000 times for easy spectrophotometric reading acquisition (Phiri et al., 2019c). 

The specificity and efficacy of the AuNS-PVP-GalDH assay were determined using spiked 

synthetic whole blood with various amounts of galactose. The detection of galactose was tested 

spectrophotometrically and visually by detecting colour changes in the solutions after substituting 

galactose with synthetic-blood-spiked galactose, as stated above. All experiments were carried 

out in triplicate. 

Influence of the Detection Solution on the AuNS-PVP-GalDH Biosensor 

The alkaline environment and metal ion catalysts’ effects on the AuNS-PVP-GalDH biosensor in 

the aqueous matrix were examined. Furthermore, by employing different gold nanoparticle sizes, 

gold nanoparticle nucleation or growth and colourimetric signal generation induced by pH 

fluctuations over time and metal ion catalysts were investigated (Yazdani et al., 2021). 

6.4 Results  

Figure 6-1 depicts the UV-vis spectral scans, 1H-NMR spectra, HR-TEM images, and 

electrophoretic migration of the AuNS-PVP-GalDH bioconjugate. As shown in Figure 6-1A, the 

distinctive surface plasmon resonance (SPR) band of AuNS red-shifted after protein addition, 

resulting in a drop in optical density (OD)max absorbance, whereas PVP capping resulted in a 

modest rise in ODmax relative to the uncapped AuNS absorption band. This is due to the interaction 

and orientation of the coatings on the AuNS, polydispersity, and the size of the side groups in the 

proteins and PVP, which cause different shifts in the AuNS absorption band. The HR-TEM images 

in Figure 6-1B demonstrate that the AuNS-PVP-GalDH complex was fairly monodispersed, with 

an estimated average size ranging from 28 to 30 nm and an average of eight protuberant spikes 

on well-developed AuNSs. Subsequently, the electrophoretic migration patterns indicate effective 

capping and protein bioconjugation to the AuNS rather than just being present in the sample 

(Figure 6-1C). The elemental composition and mapping images of the AuNS-PVP-GalDH 

bioconjugate are shown in Figure 6-1E, F. Furthermore, quantitative ICP-MS (results not given) 

and EDS data showed the presence of gold and other trace metals in the AuNS-PVP-GalDH 

bioconjugate. 
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Figure 6-1: AuNS-PVP-GalDH bioconjugate’s (A) UV-Vis spectra profiles; (B) HR-TEM 
profiles; (C) 1H-NMR spectra profiles; (D) electrophoretic profiles; (E) EDS spectra; and (F) 
SEM-EDS elemental mapping profiles. 
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These findings reveal that the AuNS-PVP-GalDH bioconjugates were monodispersed and 

heterogeneous and that the majority of nanostars had a spiky morphology primarily made up of 

gold (78%), sulfur (10%), and other trace elements, a result consistent with prior research (Mulder, 

2019). 

Figure 6-2 depicts the spectrometric and colourimetric results of the AuNS-PVP-GalDH assay in 

various galactose and H2O2 concentrations. When utilizing the H2O2-free assay, the biocatalytic 

reaction occurred instantaneously, generating a distinct red color, as shown in Figure 6-2A. 

Nonetheless, the biocatalytic reaction occurred slowly in the 0.05–0.10 mM H2O2 concentration 

range, producing multicolourimetric readings and improved UV-Vis spectral profiles within 2 min 

of incubation. As shown in Figure 6-2D, E, H2O2 rapidly induced AuNS UV-Vis spectral profiles’ 

transformation into spherical AuNP profiles, and the biocatalytic reaction proceeded 

instantaneously in the 0.15–0.20 mM H2O2 concentration range.  

 

Figure 6-2: UV-Vis spectra and colourimetric profiles of the feasibility of H2O2 in inducing 
concentration-dependent colourimetric signals for galactose detection in the AuNS-PVP-
GalDH assay in the water matrix. The following are the variations in H2O2 concentrations: 
(A) 0.00 mM; (B) 0.05 mM;(C) 0.10 mM; (D) 0.15 mM; (E) 0.20 mM. 
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The results show that concentration-dependent etching of the AuNS-PVP-GalDH assay was most 

visible when the H2O2 concentration was 0.05 mM, indicating that 0.05 mM was the optimal H2O2 

concentration. Furthermore, the results demonstrate that H2O2 concentration affects the rate of 

colourimetric signal generation and the degree of longitudinal plasmon band (LPB) etching and 

transverse plasmon mode (TPB) growth. 

The results showed that concentration-dependent etching of the AuNS-PVP-GalDH assay was 

most visible when the H2O2 concentration was 0.05 mM, indicating that 0.05 mM was the optimal 

H2O2 concentration. Furthermore, the results demonstrated that H2O2 concentration affects the 

rate of colorimetric signal generation and the degree of longitudinal plasmon band (LPB) etching 

and transverse plasmon mode (TPB) growth. 

In both water and the synthetic whole-blood matrix, different synthetic batches produced nearly 

identical colourimetric signals in terms of tonality and slightly variable spectrophotometric 

readouts (Figure 6-3).  

 

Figure 6-3: Galactose sensing with AuNS-PVP-GalDH nanosensors of various synthesis 
batches UV-Vis spectra;(A-C) Water matrix; (D-F) Synthetic blood matrix. 
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As a result, the colourimetric and spectrometric responses of the AuNS-PVP-GalDH 

bioconjugates for galactose determination were comparable. As a proof of concept, the optimized 

NADH-H2O2-driven assay measured various galactose concentrations in different matrices, 

yielding multicolourimetric and concentration-dependent spectrum signals. Figure 6-4 depicts the 

average colourimetric and spectrophotometric signals, as well as mathematical correlations, of 

several AuNS-PVP-GalDH biosensor syntheses in water and synthetic blood matrices. 

 

Figure 6-4: UV-Vis spectra, colorimetric profiles, and mathematical correlation profiles of 
mean galactose sensing with AuNS-PVP-GalDH nanosensor.  (A-B) Water matrix; 
Synthetic blood matrix (C-D). 
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The AuNS-PVP-GalDH spectrum before the colourimetric biocatalytic reaction exhibited two well-

resolved bands centered at about 550 and 700 nm, respectively. In contrast, the LLSPR spectra 

(700 nm) showed a significant drop in absorbance and a strong blue shift as the galactose 

concentration increased, and the intensity of the TLSPR spectra (550 nm) increased. At a 0.2 mM 

galactose concentration, single TLSPR spectra at 550 nm were detected, demonstrating the full 

transition of AuNSs to quasi-spherical nanostructures. Furthermore, the subsequent changes in 

the AuNSs may be visualized as a progressive change in the solution colour from turquoise blue 

to purplish blue to red pink to wine red in the water matrix and from turquoise blue to red pink to 

wine red in the synthetic blood matrix with good mathematical correlations (Figure 6-4). 

The HR-TEM images of the morphological alterations that occurred during the biorecognition 

reaction are shown in Figure 6-5. The nanostructures remained star-shaped in the absence of 

galactose. When galactose concentrations were increased, the AuNSs progressively became 

more quasi-spherical, with evident core diameter enlargement from approximately 30 to 34 nm.  

 

Figure 6-5: Galactose sensing with AuNS-PVP-GalDH biosensor HR-TEM images after the 
biorecognition reaction in the water matrix. 

Overall, the colorimetric biorecognition reaction's representative TEM images revealed a 

transition from a high yield of branching particles to the existence of high quasi-spherical 

morphologies. 

The UV-Vis spectrum changes and colorimetric signals, as well as the accompanying pH 

fluctuations, are depicted in Figure 6-6. Even in the presence of varying galactose/NADH and 
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H2O2 concentrations, the bioassays maintained their turquoise blue color with essentially identical 

spectrum changes as the reaction progressed (Fig.6-6. B-C). The bioassays only produced 

convincing colorimetric and spectral signals when the detection solution was added (Fig.6-6. D), 

which is consistent with earlier research (Mulder, Phiri, et al., 2019a; Rodríguez-Lorenzo et al., 

2012).

 

Figure 6-6: UV-Vis spectra and colourimetric profiles for pH variations during galactose 
detection in the water matrix using the AuNS-PVP-GalDH biosensor at different points: (A) 
Pre-reaction phase; (B) NADH production phase; (C) H2O2 introduction phase; (D) 
Colourimetric signal generation phase. 

The pH increased from 8.4 to 8.5 during the 10 min incubation at 37 °C as the co-enzyme- enzyme 

complex metabolized the analyte producing NADH and galactonate, and when H2O2 was added 

to the reaction mixture, the pH dropped to 8.42 after the 5 min incubation at 37 °C, and finally, the 

pH dropped to 8.41 after the addition of the detection solution and the 2 min incubation at 37 °C. 

Overall, even in the presence of the redox agents NADH and H2O2, there was no colourimetric 
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signal generation in the absence of an alkaline environment and metal ion catalyst in the AuNS-

PVP-GalDH biosensor. 

6.5 Discussion 

The HEPES-mediated seedless one-pot synthesis protocol was utilized to synthesize anisotropic 

AuNSs. In this approach, HEPES worked as a mild reducing, stabilizing, and shape-directing 

agent, resulting in heteromorphic nanostars of varying diameters (Figure 6-1B) (Xie et al., 2007c). 

Numerous studies have demonstrated that HEPES has a high affinity for gold, which could be 

attributed to the sulfonate groups that constitute its chemical structure (Xi & Haes, 2019; Xie et 

al., 2007c). This could account for its existence in the AuNS lattice post-synthesis, as 

demonstrated by the elemental results (Figure 6-1E, F) and 1H-NMR analyses (Figure 6-1C), 

which are consistent with previous research (Chen et al., 2010; Mulder, 2019; Xi & Haes, 2019). 

The anisotropic AuNSs were characterized by a hybrid of two distinct UV-Vis absorbance peaks, 

corresponding to the plasmonic solid core (TLSPR spectra) and the plasmonic protuberant spikes 

(LLSPR spectra) (Hao et al., 2007b; Khlebtsov, 2010; Nehl et al., 2006a). The AuNS core acts as 

a nanoscale antenna, greatly enhancing the excitation cross-section and the electromagnetic field 

of the AuNS spike plasmons (Hao et al., 2007b; Nehl et al., 2006a; Rahman et al., 2015). As a 

result of its hybrid shape, anisotropic AuNSs have a variety of energy states, with AuNS spikes 

having a higher energy level than the AuNS core (Hao et al., 2007b; Pazos-Perez et al., 2018; 

Rahman et al., 2015). The spikes have a higher energy state due to their increased surface area 

and localization of the electron flux from the core, which creates a strong electric field (lightning 

rod effect) (Hao et al., 2007b; Nehl et al., 2006a; Rahman et al., 2015). 

The designed bioassay has high sensitivity in many matrices and uses a small sample size to get 

colourimetric findings. Furthermore, bioassays still require significant optimization before they can 

be used in clinical samples. During the AuNS bioassay synthesis, the relevance of NAD+ on the 

structure and activity of GalDH prompted us to co-immobilize GalDH (apoenzyme) and NAD+ 

(coenzyme) to the AuNSs. GalDH is a dimer dominated by a (β/α)8 barrel that permits NAD+ to 

bind and create an apoenzyme–coenzyme complex (Blachnitzky et al., 1974; Ikeda et al., 1975; 

Vargas et al., 2022). NAD+ acts as a conformation primer, stabilizing the oligomeric, catalytically 

active structure of the apoenzyme–coenzyme complex (De Flora et al., 1974; Yagi et al., 1963). 

The apoenzyme–coenzyme complex, working on the C1 position of the sugar substrate, catalyzes 

the dehydrogenation of b-D-galactose pyranose to galactonate and NADH (Robinson, 2015; 

Ueberschär et al., 1974). 
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The colourimetric technique was divided into two phases: the generation of redox agents from the 

apoenzyme–coenzyme complex and the activation of morphological change in the AuNS 

structure by adding the detection solution (Liang et al., 2015). The generation of redox agents on 

its own is insufficient to induce morphological changes, as shown in Figure 3 and previous studies 

(Mulder, 2019; Munyayi et al., 2022; Phiri et al., 2019c). In the presence of neo-formed NADH, 

the bioassay produced instantaneous single-colour change (monocolourimetric) results (Figure 

6-2A). Furthermore, in the H2O2-free assay (Fig 6-2A), the rate of colourimetric signal generation 

was instantaneous; this phenomenon might be attributed to pH, temperature, or AuNP catalysis 

for the oxidative recycling of NADH to NAD+ (Huang et al., 2005; Maenaka et al., 2012; Xing et 

al., 1996). In some instances, the addition of H2O2 to the bioassay resulted in better-localized 

surface plasmonic resonance (LSPR) band shifts and modest colourimetric signal generation 

rates (Figure 6-2B, C) (Lai et al., 2023; Li, Ma, et al., 2013; Plapp, 2010). As a result, the 

colourimetric signal generation rates increased as peroxide concentration increased (Figure 6-

1D, E). 

The assay generates an excess of NADH (reducing agent), and NADH is a probable primary 

reducing agent for Ag+ ions during the formation of the colourimetric signal (Dong et al., 2021). 

Scheme 6-1 depicts our proposed signal generation technique, with NADH triggering Ag+ ions’ 

reduction on AuNSs and low H2O2 concentration causing AuNS remodeling into quasi-spherical 

AuNPs with enlarged core diameters, as supported by the TEM images (Figure 6-3) (Rodríguez-

Lorenzo et al., 2012).  
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Scheme 6-1: Proposed signal-generation mechanism based on enzyme-H2O2 mediated 
crystal growth. 

In the presence of the detection solution, however, H2O2 has the ability to oxidize both the AuNS 

and the neo-formed NADH, resulting in plausible morphological and colourimetric changes to 

AuNSs (Brumaghim et al., 2003; Rodríguez-Lorenzo et al., 2012). In simple terms, GalDH 

generates NADH, which reduces Ag+ ions to grow a Ag coating around the AuNS; furthermore, 

(i) at low concentrations of NADH and H2O2, the nucleation rate is slow, favouring the growth of 

a surface conformal Ag coating that induces a concentration-dependent blueshift in the AuNS’s 

LSPR and (ii) at high concentrations of NADH and H2O2, the fast crystal growth conditions favour 

Ag nanocrystal nucleation and less Ag is deposited on the AuNS, resulting in monocolourimetric 

signals (Figure 6-2). The plasmonic AuNS biosensor’s signal amplitude is determined by the rate 

of crystallization, which favors Ag0 coating growth on existing nanocrystals (Rodríguez-Lorenzo 

et al., 2012). To validate this theory, the presence of an increase in the AuNP diameter in solutions 

containing a AuNS-PVP-GalDH biosensor after the biocatalytic reactions was observed using 

TEM images and Image-J software bundled with 64-bit Java 1.8.0_172) (Figure6- 4). These 

findings support the suggested mechanism whereby low H2O2 concentrations cause a slow rate 

of crystallization, which favors the growth of a Ag coating on Au seeds, and NADH is the primary 

Ag+-reducing agent. 
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When we compared standard chemistry to experimental work outcomes, we identified anomalies 

that did not totally support the proposed hypothesis. As a result, we offer theories and 

explanations for where these discrepancies emerge. 

Discrepancy No. 1: gold nanoparticles and NAD(P)H reaction 

According to standard redox chemistry, it is thermodynamically impossible for NAD(P)H to react 

with Au; hence, NAD(P)H has no ability to reduce Au or vice versa. In the presence of gold 

nanoparticles, however, the AuNS acts as a catalyst in the conversion of NAD(P)H to NAD(P)+. 

Theory in response to Discrepancy No. 1 

Using standard redox chemistry, Au0 must be etched or oxidized in the presence of NAD(P)+ and 

H2O2 because the reactions are thermodynamically feasible (Equations (1) and (2)). 

2Au + 3H2O2 + 6H
+⟶ 2Au3+ +  6H2O (1) 

2Au + 3NAD(P)+ + 3H+⟶ 2Au3+ + 3NAD(P)H (2) 

2Au + 3NAD(P)H ⟶ 2Au + 3NAD(P)+ + 3H+ (3) 

Nonetheless, we employed spectrophotometry to follow the interaction of different NAD(P)H 

concentrations (Figure 6-7A ~1 mM; Figure 6-7C ~0.05 mM) with AuNSs during a 24 h period 

(Figure 6-7). Interestingly, the intensity of the 340 nm NAD(P)H absorption band dropped, while 

the intensity of the 260 nm NADP (+) absorption band increased (Figure 6-7A, C), verifying 

Equation (3). The AuNS spectral band, on the other hand, remained constant (Figure 6-7B,D), 

hinting that Au0 functions as a catalyst for NAD(P)H-to-NAD(P)+ oxidation (Equation (3)), a result 

similar to that found by Huang et al. (2005) (Huang et al., 2005). As a result, this evidence reveals 

that NAD(P)H is transformed to NAD(P)+ on the surface of the AuNS, implying that the AuNS 

surface-catalyzes NAD(P)H. 
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Figure 6-7: UV-Vis spectral profiles for the interaction between NAD(P)H and AuNS over 
time in a water matrix. 

 

Discrepancy No. 2: Absence of plausible morphological or colourimetric change in AuNS 

There is no plausible morphological or colourimetric change with the AuNS in the presence of 

reducing or oxidizing agents. This is only revealed after the detection solution (a metal ion and a 

base) is added; in this study, we utilized AgNO3 and NaOH (Fig.6-6). As a result, the chemistry 

involved in the generation of colourimetric signals is yet unclear.  
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Theory in response to Discrepancy No.2 

A change in pH, as with many biocatalytic processes, has the potential to terminate the 

bioreaction. Furthermore, in alkali conditions, NaOH can activate H2O2, driving the equilibrium of 

the acid dissociation (Eqtn.4) and producing hydroperoxide anions (Oraby & Eksteen, 2015). 

H2O2 +OH
− ⇌ H2O + HOO

−          Eqtn. 4 

In alkaline settings (pH 8-12) and at low temperatures (37 ºC), hydrogen peroxide may quickly 

form hydroxide radicals (Eqtn.5), which may explain the rapid biorecognition response in some 

cases and the requirement for alkaline conditions for AuNS signal production and remodeling. 

                       H2O2⟶ 2OH•          Eqtn. 5 

As demonstrated in several of our findings, H2O2 is required for successful AuNPs dissolution, 

and the AuNPs dissolution rate is sensitive to H2O2 concentration, which is consistent with prior 

studies (Eksteen & Oraby, 2015; Nowicka et al., 2010).  

NAD(P)H has the potential to cause AuNPs dissolution, as evidenced by some of our findings, 

and the AuNPs dissolution rate is sensitive to NAD(P)H concentration, which is consistent with 

earlier studies (Liang et al., 2015). In almost all aerobic systems, the addition of one electron to 

dioxygen (O2) nonenzymatically produces the superoxide anion (O2)−, which can radicalize 

(Kirsch & De Groot, 2001). NAD(P)H can react with oxygen-centered radicals to create NAD(P)* 

radicals that are stable in alkaline pH (Eqtn.6), and they may be the ones triggering AuNS 

remodelling and mild dissolution (Farber, 1994; Kirsch & De Groot, 2001; Umrikhina et al., 1990). 

O2 + e
− ⇢ NAD(P)H + O2

−• ⇌ NAD(P)•       Eqtn. 6 

Scheme 6-2 displays our thought process prior to spectrophotometrically tracking the reaction 

and measuring the impact of detection solution on AuNS shape and colorimetrics. Using standard 

redox chemistry, there must be obvious spectral and colourimetric changes even in the absence 

of the detection solution in Scheme 6-2; nevertheless, no changes are observed unless the 

detection solution is present. 
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Scheme 6-2: Proposed colorimetric signal generation and redox chemistry scheme. 

The equations in Scheme 6-2.B above are confirmed by our ICPS-MS data, which shows no 

overall change in Au or Ag but an increase in Na, which may imply the likelihood of Ag coating 

growth, as suggested by several researchers, but we did not confirm it (Moses Phiri et al., 2019; 

Rodríguez-Lorenzo et al., 2012). Furthermore, Ag is a lustrous metal, and it is possible to produce 

Ag/Ag2O nanoparticles of various shapes and sizes, plating or alloying with the Au in forming this 

colourimetric signal (Huang & Xu, 2010). This is likely to have an impact on the plasmonic band 

and colourimetric signals that we receive in alkaline settings  (Guo et al., 2016; Li et al., 2011; 

Vilela et al., 2012). This could have an impact on the plasmonic band and colourimetric signals 

that we acquire in alkaline settings. AuNPs, on the other hand, can form hydroxides on their 

surfaces, which can then react with the detection solution with a reduced likelihood of equations 

3(b-c) (Mironov, 2005). In conclusion, we did not fully grasp how nanoparticles preserve their 

morphological integrity in the presence of oxidising and reducing agents. 

Overall, these findings demonstrate that the signal registered by the AuNS biosensor (transducer) 

together with the physico-chemical properties of the nanosensor, pH, temperature, detection 

solution concentration, H2O2 concentration, presence of capping agents, and presence of 

contaminants may all impact the generation of the AuNS biosensor colourimetric signals. As a 

result, the findings suggest that, with appropriate assay tailoring, the AuNS-PVP-GalDH 
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biosensor can be employed as both a qualitative (Fig.6-2. A) and quantitative (Fig.6-2.B) 

biosensor. 

However, the AuNS-PVP-GalDH biosensor relied on the blue-shifted absorption band of nanostar 

(690 nm) to quasi-spherical nanoparticles (540 nm) during NADH and H2O2 biocatalytic reactions 

(Fig.6-2). The bioassay had a potential downside when using a synthetic blood matrix because 

most synthetic blood components have significant absorption in the same range as the AuNPs 

(Bansal et al., 2020; Li, Lin, et al., 2014; Shao et al., 2016). In addition to AuNS having a higher 

extinction coefficient when compared to components, matrix dilution and blank subtraction 

approaches were also used to improve result interpretation and analysis (De Puig et al., 2015; 

Zhao et al., 2017). 

Weng et al. (2019), on the other hand, described a NADH-mediated suppression of H2O2-induced 

gold nanorods etching. The bromine intermediates (Br3
- and Br2) from cetyltrimethylammonium 

bromide (CTAB) and 5-bromosalicylic acid (5-BrSA) used to etch gold nanorods were reduced 

and consumed in the presence of NADH, inhibiting the etching rate and resulting in a slight blue 

shift of the LPB. Maugeri et al. (2023) recently developed a unique photothermal-contrast method 

for detecting phenylalanine (Phe) in human blood using phenylalanine dehydrogenase (PDH), 

resulting in the formation of in-situ AuNPs in the presence of neo-formed NADH and AuCl4– . Jafari 

et al. (2021) proposed a colourimetric paper-based biosensor based on the PDH enzyme for 

highly sensitive and selective quantification of Phe, using neo-formed NADH, cationic dyes and 

AuNPs as colourimetric mediators. 

Our findings indicate that the NADH-H2O2-driven competitive assay biocatalytically drives AuNP 

growth, resulting in concentration-dependent morphological, spectrophotometric and 

colourimetric changes. H2O2-mediated surface etching can adjust the surface plasmon resonance 

of AuNS by swiftly and sensitively etching the high-energy facets of the AuNS protrusions (Hao 

et al., 2007b; Pazos-Perez et al., 2018; Rahman et al., 2015; Tsoulos et al., 2017). The NADH-

catalysed oxidation of Au3+ ions allows for in-situ AuNP development is consistent with the 

findings of  Maugeri et al. (2023). The etched AuNS serve as seeds for Au0 deposition, eventually 

leading to the biocatalytic development of larger diameter quasi-spherical AuNPs (Zayats et al., 

2005). Furthermore, AuNS served as signal amplifiers and immobilisation scaffold in our 

biosensor design (Bezuneh et al., 2022; Cao et al., 2011; Ellis et al., 2020), eliminating the 

necessity for cationic dyes, as suggested by  Jafari et al. (2021). 
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6.6 Conclusions 

In this study, AuNSs were employed to develop a multicolourimetric NADH biosensor based on 

simple and sensitive surface etching and the growth of AuNPs. In the presence of NADH, H2O2, 

and the detection solution, the AuNS-PVP-GalDH biosensor was etched into quasi-spherical 

nanostructures with increased core diameters. The etching and growth processes resulted in 

NADH-concentration-dependent colourimetric signals that were visible to the naked eye. Finally, 

the AuNS-PVP-GalDH assay offers proof of concept for developing a novel galactose plasmonic 

colourimetric detection method with remarkable sensitivity in simple and complex matrices. In 

addition, the NADH-H2O2-driven gold nanostar etching system provides a promising practical 

analytical target detection technique in resource-limited settings. 

6.7 Author Contributions 

T.A.M. designed the study, carried out the laboratory work, participated in data analysis, and 

drafted the manuscript. B.C.V., E.H.C., and D.W.M. conceived the study, participated in the 

design of the study, data analysis, and ensuring the integrity of the manuscript. F.J.S. participated 

in the redox chemistry interpretation, colorimetric theory development, and overall article review. 

All authors gave their approval for publication. 

6.8 Acknowledgments 

We would like to acknowledge Dr. Innocent Shuro from the Laboratory for Electron Microscopy, 

North-West University, Potchefstroom, South Africa, for assistance with obtaining the 

nanoparticle images. We would also like to thank the North West University’s Centre of Human 

Metabolomics (CHM) and the South African Technology Innovation Agency (TIA) for the funding 

given in order to carry out this work. 

   



 

113 

CHAPTER 7 THEORETICAL ADIABATIC OXIDATION 

MATHEMATICAL MODELLING OF GOLD NANOSTARS. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PURE MATHEMATICS IS, IN ITS WAY, THE POETRY OF LOGICAL IDEAS. 

 – Albert Einstein 
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7.1 Preface 

This chapter accomplished Objective 3 of Chapter 3, which required investigating the 

colourimetric redox chemistry of gold nanostar biosensors theoretically and mathematically. Gold 

nanostars were produced, uncapped and displayed adiabatic self-oxidation, producing 

colourimetric changes visible to the naked eye and spectrophotometrically. In addition, this 

phenomenon prompted the development of a theoretical thermodynamic and mathematical 

model. This chapter will be submitted to a journal of theoretical computational chemistry. 

7.2 Abstract 

A theoretical thermodynamic model for uncapped gold nanostar adiabatic atmospheric oxidation 

was derived from the first principles. The core-shell model was considered because by-products 

produced from gold nanostar oxidation nano would encapsulate the spherical gold nanoparticles' 

surface core. Our results exhibit spontaneous oxidation of particles resulting in visible 

colourimetric changes and longitudinal peak disappearance on gold nanostars using UV-Vis 

spectroscopy and TEM imaging. Thermodynamically, this surface phenomenon is spontaneous 

and feasible as denoted by the reaction  4Au(s) + O2(g)⟶2Au2O(s) at 4 ℃ and ambient 

temperature. 

Keywords: Gold nanostars, Adiabatic, Spontaneous, Oxidation, Encapsulate 

7.3 Introduction 

Plasmonic gold nanoparticles, particularly gold nanostars (AuNS), are unique nanomaterials that 

exhibit exceptional high extinction coefficients and proficient surface plasmon resonances (SPR) 

(Eustis & El-Sayed, 2006). AuNS have hybridised localised surface plasmon resonance (LSPR) 

modes emanating from the solid core and numerous branches leading to unique optical signals 

(Liu et al., 2014; Tsoulos et al., 2017). AuNS optical properties can be tailored through size, 

surface chemistry, aggregation state and shape modulation (Deveci, 2021; Liu et al., 2014; 

Tsoulos et al., 2017). Convenient, reliable and simple LSPR-based AuNS readings can be used 

in the fabrication of nanosensors by using systematic plasmonic signal adjustment strategies such 

as aggregation/dispersion, surface etching and isotropic/anisotropic morphological grow (Tang & 

Li, 2017; Xianyu et al., 2021b; Zhou et al., 2015). 

Gold nanostars have the propensity to undergo atmospheric oxidation in alkaline solutions with 

hypoventilation (Ignaczak et al., 2019; Leitner et al., 2019; Leitner et al., 2020). Our previous 

stability studies have also shown that AuNS can undergo atmospheric oxidation with subsequent 
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UV-Vis spectral shifts showing the disappearance of the AuNS arms on the UV-Vis spectra 

(Munyayi et al., 2022). Using the UV-Vis, EDS, ICP-MS and TEM techniques, it has been 

hypothesised that the oxidation of AuNS occurs through the disappearance of AuNS arms and 

concomitant core growth in the presence of surface bound O2.  

Herein, we present the generic thermodynamic core and shell stochastic oxidation model based 

on the thermodynamics of Au2O(s) growth on a plasmonic AuNP core (Fig.7-1) (Cabrera & Mott, 

1949; Ramírez et al., 2022). The adiabatic atmospheric oxidation of AuNS has been hypothesised 

to occur resulting in the formation of Au2O film which is more metallic than Au2O3 (Shi et al., 2007). 

The adiabatic oxidation of AuNS follows the reaction  4Au(s) +O2(g)⟶ 2Au2O(s) and the detailed 

conditions for AuNS oxidation are cited in our previous publication (Munyayi et al., 2022). 
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7.3.1 Determination of gold nanostar volume and surface area  

As shown in Scheme 7.1, the volumes of AuNSs were computed by modelling the cores as 

spheres and their spikes as truncated cones with hemispherical tips; subtraction was done to the 

spherical cap at the intersection of each spike with the core. 

 

 

Scheme 7-1: Theoretical gold nanostar modeling. 

 As a result, the volume of each individual AuNS is an integration of three shapes, the volumes 

of which are as follows: 

VSphere =
4

3
πa3                               [a];  Vhem.sphere =∑{

2

3
𝜋𝑟𝑖

3 } 

n

t=1

                                [b]  

Given that the number of spikes on gold nanostars varies, a total of the hemispherical tipped 

truncated cones volume is given by equation (c): 

VT.cones =∑{
hi
3
π(Ri

2 + Ri
2ri + ri

2)} [c]

n

t=1
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Equation (d) gives the spherical cap volume where each spike intersects the core. 

VInt.core−spike =∑{
π

6
(a − √a2 − Ri

2)[3Ri
2 + (a + √a2 − Ri

2)

2

]} [d]

n

t=1

 

Overall, the volume of a single AuNS as described by Scheme 7-1 and equations (a-d) yields the 

primary equation (1). 

V =
4

3
πa3 +∑{

hi
3
π(Ri

2 + Ri
2ri + ri

2) +
2

3
πri
3 −

π

6
(a − √a2 − Ri

2) [3Ri
2 + (a +√a2 − Ri

2)

2

]} [1]

n

t=1

 

where a is the radius of the spherical core, Ri  is the base radius of a spike, r is the radius of a 

spike's hemispherical tip, n is the probable number of spikes and h is the distance between R and 

r.  Finally, the surface area of a single AuNS is determined using equation (2), while maintaining 

the dimensional units as specified above constant. 

A = 4πa2∑{2πa(a − √a2 − Ri
2)} +∑{π(ri + Ri)√(Ri − ri)2 + hi

2  + 2πri
2}

n

i=1

n

i=1

  [2] 

7.3.2 Theoretical adiabatic oxidation of gold nanostars 

In thermodynamics, an adiabatic process occurs when there is no heat or mass transfer between 

the system and its surroundings, thus spontaneous (Bagotsky, 2005c; Boles & Yunus A. Cengel, 

2014; Leitner et al., 2020). In the presence of etchants, chemical compounds undergo oxidation, 

which converts them from an unstable electron configuration to a stable electron configuration 

(Bagotsky, 2005b; Chernavskii et al., 2007). The protuberant spikes of AuNS are known to be at 

a higher energy state than the core because the AuNS spikes absorb energy from the excited 

plasmons and the core working as an electron antenna (Hao et al., 2007b). Thus, because spikes 

have larger surface energy, the AuNS (oxidation) reshaping begins there (Nehl et al., 2006a; 

Rahman et al., 2015). As a result, AuNS's anisotropic morphology is susceptible to adiabatic 

oxidation and the core-shell stochastic adiabatic oxidation reactions are thought to proceed as 

depicted in Figure.7-1. 
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Figure 7-1: Interfacial configuration for the core and shell system Au/Au2O where α = Au(s); 
β = Au2O(s). 

Utilizing dissolved molecular oxygen (O2)  and HEPES as the primary adiabatic oxidation drivers, 

𝑂2 will adiabatically oxidize the AuNS spikes, creating Au3+ ions that may be reduced by HEPES 

to Au0/Au2O and deposited on the AuNPs cores. Due to the different interfaces of AuNP and the 

unoxidized Au core, the adiabatic oxidation reaction is given by equation (3). 

(4 + y) AuNP + O2 → 2Au2O − shell + yAu − core                                               [3] 

The y parameter denotes the amount of unoxidized Au when 2 moles of 𝐴𝑢2𝑂 are formed as the 

nanoparticle shell: 

𝑦 =
4𝑛(𝐴𝑢−𝑐𝑜𝑟𝑒)

𝑛(𝐴𝑢𝑁𝑃)−𝑛(𝐴𝑢−𝑐𝑜𝑟𝑒)
=

4

(
𝑟0
𝑟⁄ )
3
− 1

                                      [4] 

Where 𝑟0  is the initial AuNP radius and 𝑟 is the AuNP radius at any given time after the adiabatic 

oxidation process. 

Assuming that the bulk properties of AuNP and the Au core are the same, and the equilibrium 

condition for the oxidation reaction (3) can be expressed as follows: 
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ΔrG
0,AuNP = ΔrG

0,bulk + ΔrG
surf = RT ln pO2

bulk + ΔrG
surf = RT ln pO2

AuNP      [5] 

ΔrG
surf = RT ln

pO2
AuNP

pO2
bulk

                                                                                                      [6] 

where ∆rG is the change in Gibbs energy due to the reaction, R is the ideal gas constant 

(8.3145 J/K⋅mol), pO2 is the oxygen partial pressure, and T is the absolute reaction temperature. 

Because the method only works for absolute temperatures, you must first convert the reaction 

temperature in Celsius (℃ ) to Kelvin (K) or alter equation 6 as follows: 

ΔrG
surf = R [T℃ + 273.15]K ln

pO2
AuNP

pO2
bulk

                                                                                                      [6] 

Furthermore, the final surface morphology profile aspect ratio (γ), for core-shell model 2γ 

represents the spheres, and influences the surface contribution  𝛥𝑟𝐺
𝑠𝑢𝑟𝑓  conditions as shown in 

equation (7). 

Assumption: At (𝑟0 = 𝑟𝐴𝑢𝑁𝑃 ; 𝑟 = 𝑟𝐴𝑢−𝑐𝑜𝑟𝑒 ; 𝛿 = 𝐴𝑢2𝑂 𝑠ℎ𝑒𝑙𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) 

 ΔrG
surf = y

2γ
(
Au
Au2O

)
Vm(Au)

r
+
2γ(Au2O)

r + δ
(yVm(Au) + 2Vm(Au2O)) − (4 + y)

2γ(Au)Vm(Au)

r0
  [7] 

Equating equation 6 to equation 7 yields a complimentary equilibrium equation as follows: 

y

2γ
(
Au
Au2O

)
Vm(Au)

r
+
2γ(Au2O)

r + δ
(yVm(Au) + 2Vm(Au2O)) − (4 + y)

2γ(Au)Vm(Au)

r0
− RT ln

pO2
AuNP

pO2
bulk

= 0 [8] 

Using mass balance principles, the dependence of shell thickness (δ) to oxygen pressure at any 

given initial AuNP radius (𝑟0 ) , 𝑉𝑚  is the molar volume, n is the number of moles involved in the 

reaction and gives rise to the function 𝐹(𝑇, 𝑝𝑂2
𝐴𝑢𝑁𝑃 , 𝑟0, 𝛿) = 0. 

2nAu2O = 2
(4π 3⁄ )[(r + δ)

3 − r3]

Vm(Au2O)
= nAu

o − nAu =
(4π 3⁄ )[r0

3 − r3]

Vm(Au)
                   [9] 

The expression of 𝐴𝑢2𝑂 shell thickness is as follows: 

δ = [
Vm(Au2O)

2Vm(Au)
r0
3 + (1 −

Vm(Au2O)

2Vm(Au)
)r3]

1
3⁄

− r                                                 [10] 
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Taking into account the isobaric conditions (constant partial pressure 𝑝𝑂2 ) at bulk equilibrium 

temperature under adiabatic conditions, equation 5 transforms into: 

ΔrG
surf = R ln pO2 (T

AuNP − Tbulk)                                                                                           [11] 

Therefore, substituting equation 8 to equation 11 produces a new equilibrium for the dependence 

of the shell thickness (δ) on temperature at a given value of r0. 

y

2γ
(
Au
Au2O

)
Vm(Au)

r
+
2γ(Au2O)

r+δ
(yVm(Au) + 2Vm(Au2O)) − (4 + y)

2γ(Au)Vm(Au)

r0
− R lnpO2  (T

AuNP − Tbulk) = 0  [12]  

Furthermore, pH and the presence of a reducing agent (HEPES) induce adiabatic AuNS 

oxidation, indicating that the reducing agent will constantly etch the neo-formed AuNS if they are 

not passivated (Blessy et al., 2014b; Xi & Haes, 2019). 

The AuNS elemental mapping is shown in Figure.7-2, and oxygen is found in samples using EDS 

and STEM elemental mapping. The stoichiometry of oxygen and HEPES has a considerable 

influence on the intrinsic properties of AuNS, such as reactivity and inherent stability, shape, and 

the surface structure of the nanoparticle, as shown in Figure.7-2B. 

 

Figure 7-2: EDS spectra and STEM elemental images showing the elemental composition 
of gold nanostars. 

Overall, the key components of HEPES-mediated AuNS are gold and HEPES. Furthermore, the 

results reveal that dissolved molecular oxygen (O2) is present throughout the spectrum range, 
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increasing the likelihood of AuNS oxidation to Au2O, a conclusion consistent with Shi et al. (Shi 

et al., 2007). Nonetheless, silver ions (Ag+) operate as a shape-directing and underpotential 

deposition (UPD) agent in the synthesis of anisotropic plasmonic gold nanostars (Andreiuk et al., 

2022; Kereselidze et al., 2012a; Personick et al., 2011), despite the fact that Ag0 is absent from 

EDS elemental findings. The absence of Ag0 in the spectrum could be attributed to the low 

concentration used during anisotropic gold nanostar formation (Munyayi et al., 2022), or it could 

be that Ag0 causes anisotropic growth in gold nanostars and is not incorporated in the anisotropic 

gold nanostar lattice (Kereselidze et al., 2012a; Yuan et al., 2007), so it is discarded in 

supernatant during the washing step of the newly formed anisotropic gold nanostar colloidal 

solution (Atta et al., 2019; Ye et al., 2022). 

Figure. 7-3 depicts the transformations that occur in AuNS under different temperature conditions 

and the resulting colourimetric and spectral changes during adiabatic oxidation. 

 

Figure 7-3: UV-vis spectra for gold nanostar oxidation transitions at different temperature 
conditions (A) 4˚C ;(B) Room temperature. 

Changes in the physicochemical parameters of AuNS (chemical composition, shape, and size) 

and changes due to AuNS's limited colloidal stability might produce variations in the extinction 

spectra. 

The substantive result of Equation 8 is shown in Figure.7-4 day 4, showing both the unoxidised 

AuNS and the oxidised AuNP cores. 
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Figure 7-4: TEM images showing the oxidation of gold nanostar transformations. 

Overall, AuNS will evolve into quasi-spherical AuNPs, which supports our discussions of the 

mathematical model and confirms the need to use stable capping agents during AuNS synthesis. 

7.4 Discussion 

Nanoparticle mathematical modeling has piqued an interest in understanding morphological 

changes under a variety of situations (McLean & Zhan, 2022). In this study, a nanoparticle 

mathematical model was used to investigate the performance of gold nanostars during adiabatic 

oxidation (Iglesias et al., 2021). Theoretical gold nanostar mathematical modeling may play a 

crucial role in understanding pharmacokinetics, molecular dynamics, and interactions important 

in exploring drug delivery systems for future cancer treatment (Zong et al., 2021).Thus, we 

developed a theoretical mathematical model to better understand the morphological evolution of 

gold nanostars by combining experimental and mathematical data. 

The Cabrera-Mott model is pivotal in describing growth kinetics and morphological change 

induced by nanoparticle oxidation (Ermoline & Dreizin, 2011). Recently, Iglesias et.al. proposed 

a thermodynamic theoretical approach to magnetic hyperthermia employing magnetic 

nanoparticles in non-adiabatic and radiating processes (Iglesias et al., 2021). Their research is 

similar to ours in that it examines the hybrid regions of nanoscience, thermodynamics, and 

computational chemistry. Our theoretical thermodynamic model has some limitations as 

experimental results in literature make the metallic oxide Au2O more thermodynamically stable in 

bulk systems at low oxygen pressures than Au2O3 (Shi et al., 2007). 

Overall, our theoretical hypothesis predicts that surface passivation of AuNS by stable capping 

agents, ligands and moieties may reduce the propensity for adiabatic oxidation. Furthermore, the 
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model suggests that the stoichiometry of oxygen and HEPES in the sample lattice may affect the 

kinetics of adiabatic oxidation. 

7.5 Conclusion 

This work demonstrated a core-shell adiabatic oxidation thermodynamic model analysis of gold 

nanostars. Interfacial surface energies between Au and Au/Au2O greatly influence the 

thermodynamic kinetics of oxidation. Our findings indicate that oxygen and HEPES can trigger 

adiabatic oxidation of AuNS, resulting in a blue shift in the UV-Vis spectra and the concomitant 

production of colourimetric signals visible to the naked eye. Morphologically, the AuNS arms were 

etched as shown in the UV-Vis spectral profiles and TEM images. Finally, passivating AuNS with 

ligands can increase stability and reduce etchant adiabatic oxidation post-synthesis. 

 

 

  



 

124 

CHAPTER 8 CONCLUSIONS AND FUTURE PROSPECTS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The important thing is not to stop questioning. 

– Albert Einstein 
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8.1 Concluding summary 

This section emphasises and summarises the primary conclusions because each chapter has its 

own conclusion. 

The suitability of NAD(P)/NAD(P)H as redox agents for gold nanostar shape transformation in 

colourimetric clinical enzymology is described in this thesis. The aim of this research was to 

devise highly sensitive colourimetric platforms, evaluate the possibilities of employing 

NAD(P)/NAD(P)H to detect different analytes and validate colourimetric reactions using redox 

chemistry where possible. 

Nicotinamide coenzymes generally work via enzymatic reaction systems to ferry electrons 

between protein redox centres and the reaction media. NAD(P)/NAD(P)H are typically utilised as 

redox agents in analytical assays of various systems. They are frequently employed to induce 

colourimetric, fluorescence and spectrophotometric changes in various scaffolding mediums, 

including nanoparticles, polymer composites and hydrogels. 

The development and commercialisation of diverse analytical assays driven by NAD(P)/NAD(P)H 

redox coenzymes has been prompted by advancements in nanotechnology, notably the utilisation 

of gold nanoparticles of various shapes. Because of strong relativistic effects, nano gold has lower 

coordination numbers and more atoms at the surface and surface atoms are always more 

reactive, whereas gold atoms in bulk have higher coordination numbers and are chemically inert 

due to strong suppression by neighbouring gold atoms (Haruta, 2003; Sun et al., 2015). Gold 

nanoparticles, particularly gold nanostars, have more surface-free energy than bulk gold due to 

their nanoscale size, giving them larger surface-to-volume ratios and chemical potentials (Chirea, 

2013; Chirico et al., 2015; Zhou et al., 2010; Zhou et al., 2011). In terms of chemical reactivity, 

selectivity and sensitivity to redox agents, anisotropic gold nanostars outperform isotropic gold 

nanoparticles (Ortiz-Castillo et al., 2020; Siegel & Baker, 2021). Furthermore, gold nanoparticles' 

stability is dependent on their shape, with anisotropy (the existence of sharp spikes in gold 

nanostars) promoting instability (Carone et al., 2023). 

Surface functionalisation can tailor the stability, shelf-life and functioning of gold nanostars in 

analytical and diagnostics applications, allowing for the adsorption of capping agents as well as 

the immobilisation of proteins and other small molecules. Based on the ultimate use of our 

anisotropic gold nanostars in biosensing applications, as stated in Chapter 4, a range of common 

capping agents were discovered to ineffectively induce stability to our HEPES-mediated 

anisotropic gold nanostars. Uncapped anisotropic gold nanostars appear to self-degrade or 

oxidise, which may be triggered by the HEPES contained in the gold nanostar lattice post-
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synthesis, resulting in noticeable colourimetric and morphological changes. The PVP-

capped anisotropic gold nanostars retained their colourimetric and morphological stability across 

a variety of biosensor matrices and storage settings, outperforming the bulk of the studied capping 

agents in terms of shelf life. Nonetheless, some studies used different gold nanostar synthesis 

techniques and capping agents such as CTAB, PEG and cysteine, to mention a few. Furthermore, 

it appears that developing a universal capping agent for anisotropic gold nanostars is impossible 

because capping agent selection is dependent on the ultimate application and synthetic process 

of choice. Overall, the anisotropic gold nanostar production method influences the capping agents 

that can be utilised as well as the shelf life and final application of the anisotropic gold nanostars. 

Gold nanoparticles have been found to be sensitive to oxidising and reducing substances such 

as halides, hydrogen peroxide and NAD(P)/NAD(P)H, leading to the development of plasmonic-

based biosensors based on AuNP etching or growth (Zhang et al., 2018). Halides are by far the 

most thoroughly researched class of monovalent oxidising anion agents. Halides are generally 

considered to be the most thoroughly researched class of monovalent oxidising anion agents of 

gold nanoparticles (Langille et al., 2012). The halides' specific adsorption to gold nanoparticles 

declines in the order I−>Br− >Cl−>F−, illustrating the decrease in solvation energy and dissolution 

strength of these halides to gold nanoparticles, with I− being firmly adsorbed and promoting rapid 

dissolution of gold nanoparticles (Langille et al., 2012; Magnussen, 2002). This could explain why 

CTAB-induced quick disintegration (oxidation) of our anisotropic gold nanostars (turquoise blue) 

and transformation into quasi-spherical gold nanoparticles (wine-red) failed to fulfil our capping 

agent's selection criterion in Chapter 4. Furthermore, in a salt solution (NaCl) strain test, the 

stability of uncapped and capped gold nanostars was reduced considerably.  Xianyu et al. (2021a) 

also devised an iodide-mediated surface etching colourimetric sensing platform by tailoring the 

surface plasmon resonance of seed-mediated gold nanostars. Thus, morphological and naked-

eye colourimetric signals were obtained through quick and sensitive iodide-mediated etching 

of the gold nanostar protuberant spikes (Xianyu et al., 2021a).  

Using GOx-guided crystalline growth, Rodríguez-Lorenzo et al. (2012) developed a colourimetric 

plasmonic seed-mediated gold nanostar biosensor with inverse sensitivity. Neo-formed hydrogen 

peroxide from GOx reduces silver ions to generate a silver coating surrounding plasmonic gold 

nanostars. Depending on the GOx concentrations, conformal silver coating growth or nucleation 

causes varying blue shifts in the LSPR of the gold nanostar, concomitantly providing colourimetric 

signals (Rodríguez-Lorenzo et al., 2012). Our findings are congruent with those of Rodríguez-

Lorenzo et al. (2012) when using our HEPES-mediated seedless PVP-capped anisotropic gold 

nanostar biosensors. In Chapters 4 and 5, we used hydrogen peroxide-producing 
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oxidoreductases (GOx and GalOx) to produce concentration-dependent colourimetric and 

morphological changes in plasmonic anisotropic gold nanostar biosensors. 

Huang et al. (2005) used fluorimetry and spectrophotometry to study the catalytic effect of gold 

nanoparticles on the surface oxidation of NADH to NAD(+). The fluorescence of NADH was 

quenched exponentially in the presence of gold nanoparticles, while the absorption intensity of 

NADH at 340 nm dropped and that of NAD(+) at 260 nm increased as gold nanoparticle 

concentration grew. As a result, our findings in Chapter 5 are convergent and compatible with 

Huang et al. (2005)'s proposed theory that the conversion of NAD(P)H to NAD(P)(+) occurs on 

the surface of the gold nanoparticles, implying that NAD(P)H is surface catalysed by the gold 

nanoparticles. We colourimetrically and spectrophotometrically investigated the effect of synthetic 

and neo-formed NAD(P)/NAD(P)H on our plasmonic gold nanostars and biosensors in our 

research. Furthermore, in the presence of neo-formed NAD(P)H, the plasmonic gold nanostars 

were rapidly transformed into quasi-spherical nanoparticles with a monocolourimetric wine-red 

colour, whereas in the presence of neo-formed NAD(P)+, the plasmonic gold nanostars were 

moderately etched in a concentration-dependent manner, yielding multicolourimetric signals. 

Overall, NAD(P)/NAD(P)H was discovered to produce credible colourimetric and morphological 

alterations in plasmonic gold nanostars biosensors. 

Most plasmonic-based colourimetric assays require an alkaline environment (ammonia, sodium 

hydroxide and hydroxylamine hydrochloride) and a transition metal ion mostly silver ions to 

generate the colourimetric signals (Guo et al., 2016; Zeng et al., 2020; Zhang et al., 2018). Other 

plasmonic colourimetric methods generate gold nanoparticles in enzymatic linked cycles by 

adding gold (III) solution. De la Rica and Stevens (2013) established a biocatalytic catalase 

enzymatic system coupled with the development of gold nanoparticles to produce aggregated 

(blue colloidal solution) or dispersed (red colloidal solution) solutions in the presence or absence 

of the analyte. Gold ions are reduced in hydrogen peroxide, resulting in well-defined morphology 

dispersed spherical nanoparticles. When the concentration of hydrogen peroxide falls due to the 

biocatalytic action of catalase, poorly defined morphology nanoparticle aggregates form and the 

colloidal solution turns blue. Overall, the hydrogen peroxide concentration influences the degree 

of aggregation of gold nanoparticles as well as the tonality of the resulting naked-eye colourimetric 

signals (De la Rica & Stevens, 2013). 

Wu et al. (2016) changed the surface chemistry of gold nanoparticles to make them hydrogen 

peroxide responsive by introducing 1-hexanethiol (hydrophobic) and lipoic-phenylboronate 

(hydrophobic) into the hydrophilic polyethylene glycol capping agent. This means that when 

exposed to hydrogen peroxide, the gold nanoparticles’ surface chemistry changes from 
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hydrophilic to hydrophobic as the polyethylene glycol detaches from the gold nanoparticles. The 

gradual dissociation of polyethylene glycol chains from gold nanoparticles diminishes water 

stability, eventually resulting in gold nanoparticle aggregation and a red-to-blue colourimetric shift 

in the colloidal solution. Overall, the rate of colourimetric change was concentration-dependent 

and different hydrogen peroxide concentrations could be identified with the naked eye (Wu et al., 

2016). 

As a result, if this is the case with capped gold nanoparticles, colourimetric signals can be 

generated after surface chemistry alteration (detachment of the capping agent) in the presence 

of oxidising and reducing agents, causing either nanoparticle growth or aggregation (Wu et al., 

2016). So, how does one explain the alkaline environment's influence as well as the requirement 

for a transition metal ion, as indicated by multiple researchers for credible colourimetric signal 

generation (Guo et al., 2015; Howes et al., 2014; Mulder, Phiri, et al., 2019a; Phiri et al., 2019c; 

Rodríguez-Lorenzo et al., 2012)?  

Furthermore, our findings in Chapter 6 are consistent with Wu et al. (2016) in that capped 

plasmonic gold nanostars retain colourimetric and morphological integrity even in the presence 

of oxidising and reducing agents. Our findings in Chapter 6 are similarly consistent with 

Rodríguez-Lorenzo et al. (2012), Mulder, Phiri, et al. (2019a) and Phiri et al. (2019c) in that the 

generation of plausible colourimetric signals from capped gold nanostars requires silver ions and 

an alkaline environment. 

However, little is known about what causes colourimetric signals in capped gold nanostars and 

why strong oxidising and reducing chemicals cannot induce rapid aggregation or growth in capped 

gold nanostars. To understand the basics of plasmonic gold nanoparticles from both a theoretical 

and experimental standpoint, multidisciplinary study is required. To better comprehend the 

colourimetric signal and reaction processes of plasmonic nanoparticles in real time, artificial 

intelligence and computational chemistry modelling technologies must be researched. 

In conclusion, we demonstrated that NAD(P)/NAD(P)H are suitable as redox agents in 

colourimetric clinical enzymology for gold nanostar shape transformation. As a result, 

NAD(P)/NAD(P)H sensing expands the versatility of gold nanostar biosensor colourimetric 

assays. Our findings revealed that gold nanostar biosensors are robust in both simple (water) and 

difficult (serum, urine, blood) matrices, with good spectrophotometric and simple naked-eye 

colourimetric results interpretation. Conclusively, it was demonstrated that functionalised gold 

nanostar biosensors have a simple production technique, a short incubation period and rapid-

simple result interpretation, making them ideal for clinical diagnosis, research and development 

applications in resource-limited areas. 
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8.2 Future prospects 

This thesis illustrates the feasibility of NAD(P)/NAD(P)H as redox agents for altering the shape of 

gold nanostars in colourimetric clinical enzymology. The versatility demonstrated by gold 

nanostars in this study demonstrated the necessity for more research into the fundamental 

principles of gold nanostars. This research has merely scratched the surface of the vast potential 

that gold nanostars have to offer in clinical diagnostic techniques. 

In future research, we hope to fully comprehend the redox chemistry involved in gold nanostar 

synthesis and colourimetric reaction signal generation. Our colourimetric detection platform is 

easily transferable into a multiplexed, paper-based device, allowing for rapid, low-cost and 

immediate screening of numerous analytes and clinical conditions. Another possibility for the 

future is to use these gold nanostar biosensors at a point-of-care application in conjunction with 

a smartphone-based colourimetric measurement readout. Furthermore, the theoretical model 

presented in Chapter 7 has the potential to be employed in nanostar computational modelling 

software development in the future to reduce the complexity of derivations and to promote simple 

real-time nanostar reaction modelling. 
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CHAPTER 9 APPENDECIES 

9.1 APPENDIX A: SYNTHESIS OF GOLD NANOSTARS, CHARACTERISATION AND 

COLOURIMETRIC ASSESSMENT 

9.1.1 Particle size distribution of the AuNS bioconjugates 

  

Figure 4-S1. TEM image comparison of bioconjugates and size distribution: (A–B) AuNS-

PVP-GOx; (C–D) AuNS-PEO-GOx; and (E–F) AuNS-PEG-GOx. 

Of the 100 nanostars analyzed for each sample, a greater percent were 12-armed nanostars, 

whereas the remainder were more spherical with a few short protruding arms. 

9.1.2 Confirming AuNS auto degeneration in the presence of GOx 

AuNS-GOx showed morphological change within 30 min of synthesis, as confirmed by 5 min 

intermittent spectrophotometric readings and suspension colour change visible to the naked eye 

(see Figure 4S-2A). The TEM image shows the structural and morphological changes in the 

AuNS-GOx bioconjugate. 
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Figure 4-S2. Morphological changes of AuNS-GOx bioconjugate: (A) UV-Vis spectra and 

(B) TEM image. 

9.1.3 Confirming AuNS sensitivity to H2O2 and colourimetric signal generation 

A pilot colourimetric assay study for the sensitivity of capped AuNSs to various H2O2 

concentrations was assessed in Tris buffer, as presented in Figure 4-S3.  
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Figure 4-S3. Hydrogen- peroxide- sensing efficacy UV-Vis spectra: (A) AuNS; (B) AuNS-

PVP; (C) AuNS-PEO; and (D) AuNS-PEG. 

The colour changes observed ranged from deep purple to light purple for AuNS, deep orange to 

light orange for AuNS-PVP (Fig 4-S3. B), lime green to orange for AuNS-PEO (Fig 4-S3.C), and 

pale -yellow shades to light green for AuNS-PEG (Fig 4-S3. D). It was noted that capping agents 

resulted in different colourimetric readouts, and in all the spectra, the longitudinal peak of AuNS 

was absent, leaving behind the transverse peak. A hypsochromic effect (blue shift) was noted 

from the UV-Vis spectra relative to the control. The capped AuNS produced excellent colour hues 

visible to the naked eye. There were no visible colour changes observed when various reaction 

mixture components were omitted. 
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Furthermore, it was also found that the spiked GOx procedure produced very similar colours, as 

confirmed by the inserts (as seen in Figure 4-S4) and the UV-Vis spectra, which showed poor 

separation.  

 

Figure 4-S4. UV-Vis spectra and colourimetric readouts for Gox-spiked AuNSs: (A) AuNS; 

(B) AuNS-PVP; (C) AuNS-PEO; and (D) AuNS-PEG. 

The enzyme orientation on the nanoparticle surface was not controlled. This passive (or 

physisorption) process should be carefully managed for reproducible conjugates, hence the 

introduction of DTSSP. 

 


