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ABSTRACT  

Gold nanoparticles, in particular nanostars, are being utilised more regularly in the field of 

biosensing.  Despite their useful attributes, there is still a need to optimise aspects of the 

synthesis and stability of the nanostars.  The seedless, synthetic method comprised of 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) is a facile, rapid method, however, 

produces heteromorphic nanostars.  A modification of Xie et. al’s  method resulted in a silver-

assisted, seedless gold nanostar synthesis method.  The nanostars resulting from this method 

are monodispersed, multi-branched and approximately 37nm + 2nm in diameter.  It proved to be 

a repeatable method that produced monodispersed and robust nanostars.  Once functionalised 

with polyvinylpyrrolidone 10 000, the new nanostars were observed to be stable in various 

conditions such as salt, ionic strength and cell culture medium environments.  

Upon assessing the colorimetric ability of the new nanostars, it was observed that the gold 

nanostar colorimetric assay could be tailored for a specific application using either 

hydroxylamine or sodium hydroxide as colorimetric catalysts.  The colours obtained for both 

catalysts were vivid and easily detectible by naked eye determination.  It was also observed that 

the hydroxylamine hydrochloride catalyst was more suited in detecting the absence or presence 

of an analyte, whereas, the sodium hydroxide was suitable for concentration dependent 

detection assays.  

Choosing the sodium hydroxide base, the colorimetric ability of these nanostars showed to be 

more sensitive and more visually colourful than the HEPES gold nanostars synthesised without 

silver nitrate.  They were then applied to a colorimetric assay based on the method by Liu and 

colleagues. Upon the addition of fructosyl oxidase and glycated valine, the biosensor reacted to 

the generated hydrogen peroxide resulting in a sufficient colour gradient based on substrate 

concentration.  When the same colorimetric assay parameters were applied to an ELISA type 

assay, the colour variation between different concentrations of glucose oxidase enzyme was 

also vivid and detectible spectrophotometrically.  These new nanostars show the potential of 

replacing expensive equipment, reagents and lengthy experiments to determine glycated 

haemoglobin and microalbuminuria concentrations used in diabetes diagnosis and 

hypertension. 

KEYWORDS:  Biosensor, Bioassay, Colorimetric, Glycated haemoglobin, Gold nanoparticles, 

Gold nanostars, Hydrogen peroxide detection, Microalbuminuria, Plasmonic.   
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1.1 Background  

Gold (Au) nanoparticles are ultrafine particles which are being used diversely in the medical 

field in areas such as drug delivery, immunosensing and biolabels (Daraee et al., 2016; Gerber 

et al., 2013).  This has proven valuable in disease diagnosis, treatment and prevention (Lin et 

al., 2013).   What makes gold nanoparticles so popular is their facile synthesis as well as their 

unique properties (especially the colorimetric and physical properties) which allow for easy 

manipulation and design (Liu et al., 2016).  Functional gold nanoparticles have been 

successfully used in protein, enzyme, oligonucleotide, metal ions and small molecule detection.  

They can act as both the molecular acceptor (platform for biological component attachment) and 

the signal transducer which enhances the sensor sensitivity (Saha et al., 2012).  They have also 

been used in lateral flow immunoassays to detect an array of targets such as viruses, antigens, 

plant extracts etc (Posthuma-Trumpie et al., 2009).  They are also ideal for the design of a high-

throughput 96-well microplate format assay panel, as an adapted ELISA method.  This has 

been done for the detection of mercury, cadmium and lead in water samples, breast cancer, 

respiratory syncytial virus and Escherichia coli (Amendola et al., 2017; Shen et al., 2014; Zhan 

et al., 2014; Zhou et al., 2011).  Each time the increased sensitivity of the adapted ELISA was 

noted compared with the traditional method. 

Despite the impressive level of detections and signal amplifications of the nanoparticles, some 

of the research done is only proof of concepts and have not been rolled out into the clinics.  The 

reason for this is that they have complicated fabrication processes, long incubation times for 

real-time analyte detection and interference from actual sample microenvironments (Lim & 

Ahmed, 2016).   

 

Gold nanostars are debatably one of the most promising morphologies as the protruding arms 

add to the plasmonic contributions and the lightning rod effect. This enhances the 

electromagnetic field and thus, have the highest enhancement factors in indirect and direct 

localised surface plasmon resonance (LSPR) biosensing  (Atta et al., 2016).  The surface 

plasmon resonance can be altered by controlling arm density and length of the nanostar 

architecture without altering the overall dimensions (Webb et al., 2014).  In 2012 Stevens and 

colleagues showed that LSPR shifts in response to a biorecognition event.  This was 

demonstrated by glucose oxidase generated hydrogen peroxide reducing  silver ions around the 

gold nanostar nanosensors (Rodríguez-Lorenzo et al., 2018).  This shift is due to a change in 

the surface electron oscillations which may be influenced by shape, size, dielectric environment, 

surface coating and nanoparticle-chemical entity interaction.  These variations can be detected 

by changes in scattering or absorption spectra or colour variation of the nanoparticle solution 
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(Tang & Li, 2017).   

Despite the versatility of gold nanostars, there are still factors requiring attention regarding 

synthesis.  Synthesis methods which produce monodisperse stars, with sufficient yield of the 

morphology of interest, well defined properties, and potential scale-up are currently still lacking.  

Due to such limitations, there’s been a substantial decrease in nanostar interest and research 

(Minati et al., 2014; Senthil Kumar et al., 2008; Tsoulos & Fabris, 2018).  Experimental and 

theoretical studies are still needed to understand the fundamental behaviour of these 

nanoparticles (Tsoulos & Fabris, 2018).  Not only are morphological aspects a challenge, but 

reagent toxicity is also a concern.  Environmentally and biologically hazardous reagents such as 

dimethyl formamide and sodium borohydride are used in most documented methods.  Interest 

has thus been ignited to find alternative “green” synthesis methods such as utilising Good’s 

buffers (Chen et al., 2010; Khan et al., 2014).  

Seeded and seedless methods are two categories for gold nanostars synthesis.  The seeded 

nanostar synthesis utilises gold nanoparticle seeds that are grown and guided to produce 

branches.  These methods require multiple steps which may contribute to batch variations. The 

post-synthesis purification is complicated by surfactant use (Minati et al., 2014).  The seedless 

method, on the other hand, utilises fewer steps and reagents.  The methods are mostly simple 

and have less post-synthesis purification complications. They, however, mostly yield highly 

polydispersed samples due to insufficient precision of the reaction parameters, such as reagent 

concentrations, pH, and temperature (Minati et al., 2014; Saverot et al., 2016).   

2-[4-(2-hydroxyethyl)piperazinyl]ethanesulfonic acid (HEPES), one of the Good’s buffers used in 

seedless methods, has been found to produce more branched nanoparticles, less post-

synthesis purification complications, higher  particle stability, and good potential for scalability 

(Cai et al., 2015; Chandra et al., 2016; Xie et al., 2007).  HEPES is a zwitter-ionic organic 

buffering agent that has minimal salt and temperature effects and has high solubility in water.  It 

is used in cell culture because of its low permeability to cell membranes (Saverot et al., 2016).  

HEPES has predominantly been used among the Good’s buffer in nanostar synthesis as a 

precise shape-directing agent (Maiorano et al., 2011).  The piperazine moiety in HEPES 

generates nitrogen-centred free radicals that reduce the gold ions (AuCl4
-), rendering HEPES a 

good weak reducing and capping agent (Araujo-Chaves et al., 2015; Liu et al., 2014; Xie et al., 

2007).  Since the reported use of HEPES for colloidal gold nanostars synthesis by Xie et al., it 

has been used in many other seedless methods with varied modifications (Xie et al., 2007).  

Saverot and co-workers recently reported a two-step approach using HEPES and the addition 

of HAuCl4 for gold nanostar growth and branch length (Saverot et al., 2016).  The fine tuning of 

the optical properties of gold nanostars by controlling the morphology uniformity has, however, 
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not been reported in seedless methods (Maiorano et al., 2011).  

One of the major problems plaguing rural communities are delayed disease diagnosis.  This is a 

consequence of limited access and marginalisation of available healthcare service distribution 

compared to urban communities (Boniface et al., 2012; Versteeg & Gaede, 2011).  Since rural 

communities have limited laboratory infrastructure, point-of-care (POC) diagnostics can help 

with immediate diagnosis and treatment in the same visit which will impact patient health quality 

(Mashamba-Thompson et al., 2017).  The “ASSURED” acronym is the criteria set out by the 

World Health Organisation (WHO) for point of care testing which states that tests should be; 

“affordable, sensitive, specific, user-friendly, rapid/robust, equipment-free or minimal and 

deliverable to those with the greatest need.” (Cordeiro et al., 2016).  

Examples of non-communicable diseases, suitable for POC diagnostics for South African rural 

communities, would be Diabetes Mellitus (DM) and Cardiovascular Diseases (CVD) such as 

hypertension (Nojilana et al., 2016).  Despite the growing percentage of the population 

developing non-communicable diseases, the South African government are focused on 

communicable diseases.  This places non-communicable diseases and their funding as non-

priority issues (Schutte, 2019). 

Glycated haemoglobin (HbA1C) is used to determine the average blood glucose which stays in 

the body for up to three months with no fasting required and microalbuminuria is defined as 

small quantities (30-300mg/d) of albumin in the urine, (Cavero-Redondo et al., 2016; de Zeeuw 

et al., 2006).  Both (HbA1C) and microalbuminuria are established markers for DM and CVD 

diagnosis (Adepoyibi et al., 2013; Cavero-Redondo et al., 2016; de Zeeuw et al., 2006).  

 

The prevalence of hypertension in South Africa was reported amongst the highest at over 77% 

by the World Health Organization Study on Global Ageing and Adult Health (WHO-SAGE) 

(Gómez-Olivé et al., 2017).  A concern for South Africa is that a large portion of the population 

with hypertension is under-diagnosed and uncontrolled, due to its asymptomatic nature. This is 

problematic as undiagnosed and uncontrolled hypertension may cause target organ damage 

and other life-threatening conditions.  Early diagnosis provides for prompt intervention (Jongen 

et al., 2019; Keates et al., 2017; Monakali et al., 2018).   

 

A growing global concern is that of Diabetes Mellitus sufferers to which South Africa is no 

exception (Manyema et al., 2015; World Health, 2016).    POC applications for diabetes are 

advantageous, as a patient who is suspected of having diabetes is required to have a minimum 

of two confirmation diagnostic tests done.  Patients on TB treatment must be tested for diabetes 
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regardless if they are asymptomatic (Adepoyibi et al., 2013).  This is inconvenient for the patient 

given that some may travel long distances to the nearest clinic.  

 

The latest trend in smart phone based POC technologies has become the ideal POC solution 

for healthcare especially for remote locations (Vashist & Luong, 2019).  These are available for 

diabetes management, however, is still needed for diagnosis (El-Gayar et al., 2013; Hou et al., 

2016). 

 

Advances in nanotechnology have resulted in a wide range of nanosensing platforms for POC 

testing which have unique properties that are revolutionising the medical sector particularly 

those comprised of gold nanoparticles (Syedmoradi et al., 2017).  The colorimetric abilities of 

gold nanoparticles could be applied to smartphone POC diagnostic applications. 

1.2 Problem statement and justification 

Gold nanostars are being utilised more regularly in the field of biosensing.  Motivated by clinical 

and POC diagnostic applications, plasmon-based colorimetric sensing has the potential to 

practically comply with the ASSURED criteria.  Despite their synthesis methods being facile, 

they also use toxic chemicals and produce heteromorphic nanostars, therefore, there is a need 

to develop a synthetic method which utilises safer reagents and produces more homogenous 

nanostars.  These nanostars then need to be able to produce a sufficient colour change and 

readable result in response to biorecognition events.  The gold nanostars could, therefore, be 

potentially used as a biosensor and replacement of the chromogen in enzymatic and ELISA 

assays to determine target analyte concentrations.  

1.3 Aim and objectives summary 

The aim of this research was to develop a simple gold nanostar synthesis method that would 

utilise the least toxic reagents and produce nanostars that are more multibranched, 

homogenous and stable which must be able to produce a sufficient colour change and readable 

result in response to a biorecognition event.  The nanostars could then be used in an enzymatic 

and ELISA assay such as those found in diabetes mellitus and hypertension diagnostic assays.  

Eventually they could then be used as a potential biosensor for a POC application such as 

smartphone based colorimetric analysis, visual observation or miniaturised spectrophotometry 

(Coleman et al., 2019; Mallya et al., 2013).  

The following objectives followed to accomplish this aim included:  
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1. To develop a simple gold nanostar synthesis method that would produce stable 

nanostars of morphology and homogeneity. 

2. Determine the parameters and test the functionality of the nanostars by using a 

colorimetric approach in a hydrogen peroxide assay. 

3. Functionalising the gold nanostars from objective 1 with fructosyl valine oxidase and 

applying the parameters established in objective 2 to ascertain the biosensor potential of 

the nanostars in an enzymatic assay.  This would be a model for other hydrogen 

peroxide producing enzymes. 

4. Further extension of the model for ELISA reactions.  By extending the colorimetric 

parameters established in objective 2 to an ELISA type assay to determine if the 

nanostars synthesised in objective 1 could be used to replace the chromogen typically 

used in the microalbiminuria assay as a simpler, cheaper alternative. 

1.4 Structure of thesis 

This thesis is a compilation of eight chapters, which is specifically written in order to comply with 

the requirements of the North-West University.  It is written in the article format for the 

completion of the degree Doctor of Philosophy in Biochemistry.  Each result chapter is a 

platform and stepping stone for the subsequent chapter, therefore, they comprise of an 

introduction, a materials and methods, results and discussion, and conclusion specific to each 

chapter.  

 

Chapter 1 is an introduction to current applications of gold nanoparticles and challenges of gold 

nanostar synthesis.  It also describes the need for point of care diagnostic assays.  This leads to 

the justification of applying nanotechnology and clinical diagnostics in the current investigation.   

 

Chapter 2 is an overview of nanotechnology, biosensor design with a focus on plasmonic 

colorimetric nano-biosensors.  

 

Chapter 3 describes the study design and scope of this project. 

 

Chapter 4 describes a novel seedless synthesis method for gold nanostars.  It also shows the 

characterisation and stability of the new gold nanostars.  

 

Chapter 5 pertains to the colorimetric potential and biosensor parameters of the gold nanostars 

utilising hydrogen peroxide.  The influence on the colorimetric outcome of three different basic 

colorimetric catalysts namely ammonia, hydroxylamine hydrochloride and sodium hydroxide 
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were also explored.  Since the addition of ammonia gave no colour change, hydroxylamine 

hydrochloride and sodium hydroxide were the focal points.    

 

Chapter 6 describes a plasmonic colorimetric assay to determine fructosyl valine 

concentrations in serum as an adapted glycated haemoglobin enzyme mediated detection 

assay.  

 

Chapter 7 describes the adjustment of the nanostars biosensor for a sandwich ELISA assay 

application in detecting microalbuminuria in urine. 

 

Chapter 8 gives a summative conclusion of the study as well as discusses the potential future 

prospects of the study.  

1.5 Outcomes of this study 

The following publications originated from this study: 

1. MULDER, D.W., PHIRI, M.M., VORSTER. B.C. and JORDAAN, A. Modified HEPES 

One-Pot Synthetic Strategy for Gold Nanostars. Royal Society Open Science. In PRESS 

2019 (submitted 30 Jan 2019). 

2.  MULDER, D.W., PHIRI, M.M., VORSTER. B.C. Tailor-made gold nanostar colorimetric 

detection determined by morphology change and used as an indirect approach by using 

hydrogen peroxide to determine glucose concentration. Sensing and Bio-sensing 

research. In PROCESS 2019 (submitted 8 April 2019). 

3. MULDER, D.W., PHIRI, M.M., VORSTER. B.C. Adapted glycated haemoglobin enzyme 

mediated detection assay, based on gold nanostars morphology manipulation. 

Biosensors. In PROCESS 2019 (submitted 26 May 2019) 

The following conference contributions resulted from this study: 

1. MULDER, D.W., PHIRI, M.M., VORSTER. B.C.  Modified One-Pot synthetic strategy for 

gold nanostars to be used in plasmonic biosensing. Oral presentation. ICBN 20th 

International conference on Nanotechnology and Biosensors. 13-14 August 2018, 

Venice, Italy.  

2. MULDER, D.W., PHIRI, M.M., VORSTER. B.C.  Gold nanostars as an indirect 

colorimetric approach to detecting glycated haemoglobin. Poster presentation. 24-26 

June 2019, Sydney, Australia. 
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OVERVIEW OF GOLD NANOPARTICLE 

FUNDAMENTALS AND THEIR USE AS 

BIOSENSORS IN THE BIOMEDICAL FIELD 

 

 

 

 

 

IF YOU CAN’T FLY THEN RUN, IF YOU CAN’T RUNT THEN WALK, IF YOU CAN’T WALK 

THEN CRAWL, BUT WHATEVER YOU DO, YOU HAVE TO KEEP MOVING FORWARD.  

- MARTIN LUTHER KING JNR 
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2.1 Nanotechnology 

2.1.1 Introduction 

Nanotechnology is the application of nanoparticles, which are ultrafine particles with at least one 

dimension which falls within the 1nm-100nm range (Ju-Nam & Lead, 2008; Maynard et al., 

2006; Satalkar et al., 2016).  There are a variety of nanoparticles which fall into the categories 

of organic, inorganic nanoparticles comprised of metals and quantum dots, among others, and 

organic-inorganic hybrids (Baptista et al., 2015; Ju-Nam & Lead, 2008).  These nanoparticles 

are used in a vast array of fields such as medicine, manufacturing, environmental, energy and 

electronics (Khan et al., 2017).  Common nanoparticles used in the biomedical sensor fields are 

those comprised of metals (gold and silver), metal oxides (zinc oxide and iron oxide) and 

quantum dots (Burdusel et al., 2018; Cotin et al., 2018; Dolci et al., 2018; Jiang et al., 2018; 

Pandit et al., 2016). Despite the versatility of quantum dots their toxicity still remains a concern 

(Liu et al., 2017).  Of the noble element nanoparticles, gold nanoparticles are favoured as 

biosensors as they are more stable,  biocompatible and have useful characteristics such as; 

excellent surface functionalisation chemistry, localised surface plasmon resonance, their light 

absorption ability in the near infrared region (NIR) and facile synthesis methods (Versiani et al., 

2016).  Another favourable characteristic is that nanoparticles do not photobleach or blink, 

which is common to fluorophores, making them robust labels for immunoassays, cellular 

imaging, biosensors and surface enhanced spectroscopies (Petryayeva & Krull, 2011).    

  

2.1.2 Gold nanoparticle shapes, optical properties and synthesis 

Gold is a noble metal and at ground state it has an atomic weight of 197 and atomic number of 

79 (Merchant, 1998; Thakor et al., 2011). Gold has a number of oxidation states, Au-1, Au0, 

Au1+, Au2+, Au3+, Au4+ and Au5+.  Three of these states, its ground state (Au0) and two common 

oxidation states Au1+ and Au3+, are stable in aqueous solution (Jain et al., 2012; Thakor et al., 

2011).  Of the three states, Au0 is considered stable.  Many Au3+ complexes are strong oxidising 

agents and can be easily reduced to Au1+ by thiolated biological molecules (Pricker, 1996; 

Thakor et al., 2011).  On the other hand, the Au1+ oxidation state is used as a therapeutic agent 

as it is less reactive than the Au3+ state and is soluble in water and easily stabilised into a 

complex with added ligands (Thakor et al., 2011). 

 

Gold nanoparticle (AuNP) synthesis can be simply manipulated into creating a variety of 

different geometries and sizes.  A few of these geometries are shown in Figure 2-1 
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Figure 2-1: Indication of different gold nanoparticle morphologies. a) spheres; b) rods; c) hollow 

Silicon/gold nanoshells; d) gold nanobowls with gold seeds ; e) silver nanocubes and gold nanocages ; f) 

stars; g) bipyramids; h) octahedrals .  With permission from (Khan et al., 2017; Khlebtsov & Dykman, 

2010)  

  

The different morphologies have led to the AuNPs being used in a variety of applications such 

as triangles which are effective against E. coli and K. Pneumonia or nanorods in drug delivery 

and photothermal therapy (Khan et al., 2017).  Each shape has its own advantages and 

disadvantages and is chosen according to the desired AuNPs characteristics which can be 

manipulated rendering it fit for purpose.  

 

Nanoparticle suspensions possess unique colours and spectrophotometric characteristics 

depending on the shape and size of the colloids.  An example of this phenomenon is illustrated 

in Figure 2-2.  Starting with spherical nanoparticles (which are red in colour) as the structure 

becomes more rod shaped and as the rod shape structure increases in size; the colour of the 

solution changes from red, to blue, to green to a peachy colour.  The shift of the spectrum also 

changes along the wavelength axis from 520nm – 850nm (Alkilany & Murphy, 2010). 
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Figure 2-2: Illustration of the gold nanoparticle shape, solution colour and corresponding ultra-

violet visible spectrum (Alkilany & Murphy, 2010).  For these specific particles the spherical particles 

have a red solution with a corresponding maximum absorbance at approximately 520nm. Short sausage 

shaped rods have a bluish solution with a maximum absorbance at approximately 650nm.  As the rod 

shape lengthens the solution changes to a green solution with a maximum absorbance at approximately 

690nm.  The long rod shape has a brown green colour solution with a maximum absorbance at 

approximately 700nm.  The longest rod has a peach colour solution with the maximum absorbance at 

approximately 825nm. 

 

These optical properties are a result of changes in surface electrons of the gold nanoparticle.   

Optical characteristics of gold nanoparticles are directly related to its surface electron 

movements.  As the surface area of that material becomes smaller these properties change in 

comparison to their bulk counterpart. An example of this phenomenon is seen with gold where 

at the 520nm wavelength bulk gold will reflect the light whereas a 5nm gold nanoparticle will 
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strongly absorb the light (Klien & Godnic-Cvar, 2012).  Nanoparticles are thus governed by 

quantum mechanics, whereas, their bulk state is governed by classical physical chemistry (El 

Naschie, 2006).  When the electrons of gold nanoparticles are irradiated with light of specific 

frequencies, they oscillate along the surface of the gold nanoparticle. These oscillations are 

collectively termed localised surface plasmon resonance (LSPR).  The electromagnetic field of 

incident light interacts with the conduction band electrons and induces electron oscillation in an 

orderly dipole manner which is in resonance with the frequency of the light (Versiani et al., 

2016).  This is illustrated in Figure 2-3A.  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 (Petryayeva 

& Krull, 2011).  This is seen in Figure 2-3B.  The LSPR in spherical particles oscillate around the 

circumference of the particle which produces an absorption band at 520nm in the visible region 

that will red-shift as the size of the nanoparticle increases.  The gold nanorod, on the other 

hand, has two different surfaces for the electrons to oscillate on.  Depending on the incident 

light polarization, oscillation can occur on the long (longitudinal axis) and short axis (transverse 

axis) of the nanorod.  In this scenario the short axis produces a band at the same wavelength 

as the spherical particles, whereas, the long axis induces an absorption band at 750nm 

(Amendola et al., 2017; Versiani et al., 2016).  The surface area to volume ratio makes them 

susceptible to the dielectric nature of their environment resulting in colorimetric and spectral 

band changes when that environment is altered (Versiani et al., 2016).  This is seen in Figure 2-

2 with the spectral shifts and the illustration in Figure 2-3.     

 

 

Figure 2-3: Localised surface plasmon resonance oscillations A) Conduction band electron 

oscillation induced by the incident light electromagnetic field. B) Comparison between the nanoshpere 
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and nanorod dipolar oscillation.  With the nanospheres having one dominant surface plasmon resonance 

band and the nanorods having one smaller band and one dominant band.    Reproduced from Future 

Oncol. (2007) 3(5), 569-574 with permission of Future Medicine Ltd. 

 

There are two main synthesis methods used to synthesise spherical AuNPs.  The first method is 

the Turkevich-Frens method which involves the reduction of gold salt (HAuCl4) with trisodium 

citrate. The ratio between the trisodium citrate and gold salt, the temperature and stirring rate as 

well as the order of adding the reagents determines the distribution and size of the spherical 

particle (Kimling et al., 2006; Toma et al., 2010).  Another method used is the Brust-Schiffrin 

method which utilises a two-phased process in the presence of organic thiols and sodium 

borohydride to reduce the gold salt.  The particle size is controlled by the ratio between the 

organic thiol and gold salt as well as the reaction temperature (Perala & Kumar, 2013; Toma et 

al., 2010). 

 

Nonspherical AuNPs can be generated by using two different techniques, namely the seeded 

and seedless techniques.  The seeded technique utilises small AuNPs referred to as seeds 

which are then added to a growth solution.  This solution contains more of the metal ions, a 

reducing agent such as ascorbic acid, silver nitrate and a surfactant to aid in the anisotropic 

growth of the particle (Toma et al., 2010).  These methods require multiple steps which may add 

considerably to batch variations and cost.  Surfactants have also been shown to complicate 

post-synthesis purification (Minati et al., 2014).  The seedless technique consists in growing 

anisotropic nanoparticles in one step without using pre-existing nuclei.   

2.1.3 Physiochemical analysis for gold nanoparticle characterisation  

The metallic compositions of gold nanoparticles, as well as the surface functionalisation needed 

for biomedical applications are characterised by various physicochemical techniques.  Typically, 

the following techniques are frequently used (Oksel et al., 2015).  

 

As mentioned in section 2.1.2, each gold nanoparticle shape has its own unique absorbance 

spectrum.  Ultraviolet-visible spectrophotometry (UV-Vis) is a technique in which the ultraviolet 

light electric field (380nm-800nm) interacts with the surface electrons of a molecule 

(Ohannesian & Streeter, 2002).  As a result of this it can detect what change is happening to the 

gold nanoparticle LSPR.  A decrease in the maximum absorbance value (OD) for example is 

indicative of a decrease in the gold nanoparticle size.   A blue shift (i.e. towards a shorter 

wavelength) is indicative of a change in shape and/or an increase in interparticle distance 

(Zhang et al., 2018).  The UV-Vis absorption spectrum is, therefore, a useful tool to screen if 
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there is morphology change of the nanoparticle and the type of morphological change that is 

taking place for example during synthesis e.g. growth, shrinkage or shape change. 

 

Complete reliance on the UV-vis spectrum can be mis-leading, as mentioned above that a 

blue shift could be due to the change of shape or interparticle distance.  In order to accurately 

determine which phenomenon is causing the blue shift, transmission electron microscopy (TEM) 

can be used to physically see the gold nanoparticle (Figure 2-1).  TEM uses an electron beam 

instead of a light beam such as that used by the light microscope.  The resolution for the TEM 

images is of a higher quality and magnitude due to the electron beam being much smaller than 

the light beam.  This allows the visualisation of internal structures such as individual atoms 

(Williams & Carter, 2009).  TEM, therefore, offers the ability to accurately describe the 

morphology of the gold nanoparticle as well as the lattice structure which is unique to each 

metal based on visual analysis (Wang, 2000; Xie et al., 2007). 

 

Dynamic light scattering (DLS) is a sensitive method used to measure the hydrodynamic size 

and size distribution of the nanoparticles. The method measures the scattered light due to the 

Brownian motion of the particles and then equating it to a hydrodynamic diameter.  Along with 

the change in the UV-Vis spectrum, DLS also allows for estimation of the nanoparticle size 

when capped with a ligand or to determine if a ligand has been replaced by another which 

would not be detected by TEM (Brar & Verma, 2011; Pecora, 2000).   

 

Nuclear magnetic resonance (NMR) spectroscopy is a technique which is primarily used to 

elucidate the structure of chemical samples based on measurement of the magnetic behaviour 

of spinning atomic nuclei (Everett, 2016; Pykett, 1982).  Along with DLS and UV-Vis this 

technique will help to distinguish the presence or absence of a ligand when functionalising the 

gold nanoparticles. 

 

Agarose gel electrophoresis is a powerful technique and also complements the NMR spectral, 

UV-Vis, DLS and TEM measurements.  This technique is sensitive to shape, charge and size of 

the nanoparticle and is determined by the migration pattern of the nanoparticle either towards 

the anode or cathode (Hanauer et al., 2007; Hasenoehrl et al., 2012). 

 

As each of these techniques have their limitations, using a combination of them will give a better 

indication of physical properties after the synthesis of the gold nanoparticles, the charge it 

possesses and the presence or absence of the desired ligand after functionalisation.   
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2.2 Biosensing 

2.2.1 Introduction  

Biosensors are ideally low-cost portable tools used for rapid detection of analytes such as 

proteins and pathogen presence.  The global biosensor market is currently worth over 16.9 

billion US dollars and is a thriving collaboration of interdisciplinary research that is acclaimed for 

revolutionising industrial, consumer and healthcare testing (Goode et al., 2015; Newswire, 

2017) 

 

A biosensor is defined as “a device that uses specific biochemical reactions mediated by 

isolated enzymes, immune systems, tissues, organelles or whole cells to detect chemical 

compounds usually by electrical, thermal or optical signals” (Badilescu & Packirisamy, 2016; 

Lim & Ahmed, 2016; McNaught & Wilkinson, 2014).   

 

Biosensors are divided into three components.  The first component is the biorecognition 

element.  This biorecognitionelement is the sensitive biological component such as the enzyme, 

antibody, cell receptor etc which recognises the analyte of interest. The second component is 

the transducer (detection element) which then converts the molecular recognition signal 

between the biological component and analyte of interest into an electrical signal.  The final 

component is then the electronic system.  This is comprised of a signal amplifier, processor and 

display (Dar et al., 2018; Malhotra et al., 2017).  A schematic representation of this process is 

seen if Figure 2-4 below.  

 

 

Figure 2-4: Biosensor schematics.  A biosensor is comprised of three components.  The first 

component is the sensitive biological component.  The second component is the transducer which 
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converts the molecular recognition signal into an electrical signal.  The third component is the electronic 

system (detector) which then displays the result for interpretation.  

 

 

The sensor is usually immobilised onto the surface of the transducer and as the signal of the 

sensor is generated i.e. the interaction of a substrate with its corresponding enzyme produces a 

product.  This product is then converted into a signal by the transducer which is then detectible 

by the detector (Malhotra et al., 2017).  For example, glucose oxidase is immobilised on to the 

surface of a silver nanoparticle.  Glucose will then react with glucose oxidase producing 

hydrogen peroxide and gluconic acid.  Hydrogen peroxide then reacts with the silver 

nanoparticle which results in a colour change of the solution which is then detected either via 

naked eye or spectrophotometrically (Xia et al., 2013). 

 

Biosensors are divided into categories according to the way the signal is transduced (e.g. 

electrochemical, optical etc) and the type of biosensor (Goode et al., 2015).  This is shown in 

Table 2-1 (Bangs Laboratories, 2013; Damborský et al., 2016; Malhotra et al., 2017; Peltomaa 

et al., 2018; Yi & Abidian, 2016) 
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Table 2-1: Types of biosensor classifications 

 Category Method 

Transducer type 

Electrochemical 

biosensor 

Amperometric  

(Measure electrical current) 

Potentiometric 

(Measure electrical voltage) 

Conductometric  

(Measure electrical conductance) 

Calorimetric  

(Measure change of enthalpy) 

Optical  

(Measure 

absorbed,scattered or 

emitted light) 

Surface plasmon resonance 

Raman and Fourier transform infrared 

Bioluminescent optical fibre  

Evanescent wave fluorescence 

Ellipsometric 

Reflectometric interference spectroscopy 

Interferometric 

Immunoturbidimetry 

Nephelometry 

Piezoelectric  

(Detect stress) 

Quartz crystal microbalance (QCM) 

Surface acoustic wave (SAW) 

Biosensor type 

Antibody ELISA 

Phage  

DNA  

Enzyme  

Biomimetic  

 

Biosensors have been used in a variety of applications such as medical, industrial, 

environmental, agricultural and food industry.  These sensors have proved advantageous over 

other instrument-based methods.  This is based on their low cost, ease of use, higher sensitivity 

and selectivity (Malhotra et al., 2017).   

2.2.2 Applications of nanobiosensors in the medical field 

Nanobiosensors are sensors made up of nanomaterials (Malik et al., 2013).  In recent years 

there has been a rapid growth in the nanobiosensor sphere.  As mentioned earlier, gold 

nanoparticles have been the favoured nanoparticle in biosensing.  There are 4 distinct physical 
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and chemical attributes which make them excellent scaffolds as recognition and transduction 

elements in biosensors.  These are 1) easy synthesis methods with the option of increasing the 

nanoparticle stability, 2) they have unique optical and electrical properties, 3) have high surface-

to-volume ratio and with appropriate ligands are highly biocompatible and 4) these mentioned 

properties can be tuned by changing the chemical environment, size and shape.  When a 

binding event occurs between the recognition molecule and the target analyte the event can 

alter the physiochemical properties of the gold nanoparticle transducer which include its 

conductivity, redox behaviour, plasmon resonance absorption etc resulting in a detectible 

response signal.  They can act as both the molecular acceptor (platform for biological 

component attachment) and the transducer which enhances the sensor sensitivity (German et 

al., 2017; Saha et al., 2012). 

Nanobiosensors can be classified into the optical, electrochemical and piezoelectric biosensor 

categories (Li et al., 2010).  They have been successfully used in protein, enzyme, 

oligonucleotide, metal ions and small molecule detection.  (He et al., 2000; Li et al., 2010; Saha 

et al., 2012).  They have also been used in lateral flow immunoassays to detect an array of 

targets such as viruses, antigens, plant extracts etc (Posthuma-Trumpie et al., 2009).  They are 

also ideal for the design of a high-throughput 96-well microplate format assay panel, as an 

adapted enzyme-linked immunosorbent (ELISA) method with increased sensitivity.  This has 

been done for the detection of mercury, cadmium and lead in water samples, breast cancer, 

respiratory syncytial virus and Escherichia coli (Amendola et al., 2017; Shen et al., 2014; Zhan 

et al., 2014; Zhou et al., 2011).   

2.2.2.1 Traditional enzyme-linked immunosorbent (ELISA) versus Nano-ELISA 

ELISAs are one of the most popular immunoassay platforms routinely used in clinical diagnosis, 

defence, biotechnology etc. (Satija et al., 2016).  They are antibody-based assays which are 

used to determine the concentration of an analyte in a sample by a colour change obtained by 

using an enzyme-linked conjugate and its substrate.  The results are determined either via 

colorimetric, spectrometric and luminescence detection (Crowther, 2000).  

2.2.2.1.1 Enzyme fundamentals 

Biochemical reactions are nearly all mediated by biological catalysts called enzymes.  Enzymes 

differ from chemical catalysts in 4 ways. 1) They have higher reaction rates, 2) They require 

milder reaction conditions such as nearly neutral pH’s, temperatures under 100°C etc, 3) greater 

reaction specificity as they are substrate (reactants) specific, therefore, side products are rare, 
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4) capacity for regulation as external factors such as allosteric control, covalent modifications 

and enzyme concentration may regulate the catalytic activities (Voet & Voet, 2004). 

2.2.2.1.1.1 Enzyme substrate specificity 

The forces which bind substrates to enzymes involve van der Waals, hydrogen bonding, 

hydrophobic interactions and electrostatic interactions.  A substrate-binding site is described as 

a cleft on the enzyme surface which specifically binds to a complementary substrate.  The 

amino acid residues that form the binding site are specifically arranged to interact with the 

complementary substrate with the attraction forces mentioned previously.  This ensures that a 

substrate which does not match the binding site will not form enzyme-substrate complexes 

producing unwanted products.  Indeed, enzymes vary considerably in their degree of specificity, 

thus, a few enzymes will be specific for one substrate, whereas, others may catalyse the 

reactions of a small range of related substrates.  There are six major enzyme categories. 1) 

Isomerases, 2) Hydrolases, 3) Transferases, 4) Oxidoreductases, 5) Ligases and 6) Lyases 

(Horton, 2006; Mckee et al., 2002; Voet & Voet, 2004). 

2.2.2.1.1.2 Enzyme kinetics 

The quantitative study of enzyme catalysis is called enzyme kinetics, thus, it measures the 

amount of product formed in a given time period (Horton, 2006; Mckee et al., 2002).  Factors 

affecting the reaction rate include substrate and enzyme concentrations, temperature, pH and 

the presence of coenzymes, activators, prosthetic groups and inhibitors (Rifai et al., 2018) 

There are three different classes of enzyme kinetics.  1) First order kinetics with respect to 

substrate concentration is when the enzyme concentration is fixed and the substrate 

concentration is varied. 2) Zero order kinetics is when the substrate concentration is in excess, 

therefore, all the enzyme is bound to the substrate and a much higher rate of reaction is 

obtained.  As a result of all the enzyme being bound and now in the form of an enzyme-

substrate complex, no further increment in the reaction rate is possible as the maximum velocity 

of the reaction has been reached.  Zero order kinetics can, therefore, be used to determine 

enzyme concentration.  3) End point reactions, is when the reaction has run to completion, thus, 

the amount of product is proportional to substrate concentration (Horton, 2006; Mckee et al., 

2002; Rifai et al., 2018; Voet & Voet, 2004).  

2.2.2.1.1.3 Biomedical applications of enzymes 

Immobilised enzymes have been applied in a variety of applications such as heterogeneous 

biocatalysts, controlled released protein drugs, analytical devices, solid phase protein chemistry 



 

  

Page 25 

 

  

and selective adsorbents.  They have been used as disease markers, therapeutic agents and in 

immunoassays as alternatives to radioisotopes for the determination of various hormones and 

proteins (Raja et al., 2011). 

2.2.2.1.2 The technical aspect of ELISA assays 

As mentioned previously, ELISAs are antibody-based assays.  Antibodies are glycoproteins 

which are produced by B-lymphocytes in response to antigens (foreign 

molecules/bacteria/viruses detected in the body).  Upon recognition of the antigen the antibody 

then triggers the immune response resulting in the elimination of the antigen (Delves et al., 

2006).  Antibodies are made up of four polypeptide chains, two light and two heavy which are 

joined together forming a Y shape.  The structure of the antibody is subdivided in to three units.  

Two of those units are identical (for increased antigen binding opportunity) and consist of the 

fragment antigen binding (Fab) arms.  The end of the Fab arms is composed of 110-130 amino 

acids which are unique to each antibody resulting in their distinctive binding specificity.  The 

third unit contains the fragment crystalline (Fc) unit which bind to effector molecules activating 

antigen elimination (Delves et al., 2006; Khanna & Rana, 2017).    

There are four different ELISA formats, namely; direct, indirect, sandwich and 

competitive/inhibition ELISA.  This is illustrated in Figure 2-5 below. 

 

Figure 2-5: Different strategies for substrate concentration analysis using ELISA.  Adapted from 

(Chamorro-Garcia & Merkoçi, 2016).  The first assay is the direct assay where the antibody binds directly 

to the antigen.  The indirect assay uses a primary antibody to detect the antigen and then a secondary 

labelled antibody which binds to the primary antibody.  The sandwich assay has a capture antibody on 

the surface of the plate which binds to the target antigen.  The primary antibody then detects the antigen 
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followed by the detection of the primary antibody with the labelled secondary antibody.  For the 

competitive assay the target analyte competes for binding against a surrogate analyte.    

Direct ELISA, depicted in Figure 2-5, is when the antigen is attached on the surface of a 96-well 

microtitre plate, an enzyme (such as horse radish peroxidase) conjugated antibody binds to the 

antigen.  The substrate (ortho-phenyldiamine dihydrochloride) for the enzyme is then added and 

a colour reaction occurs.  The intensity of the colour is measured by a spectrophotometer at 

450nm which is indicative of the antigen concentration.  The intensity of the colour reagent is 

proportional to the concentration of antigen.  The advantages of the direct ELISA is that it is the 

fastest format as less steps and reagents are required which also ensures fewer technical error.  

The disadvantage of this assay is that it has a higher background noise level in the results as 

other proteins including the target protein attach to the surface of the plate.  The lack of a 

secondary antibody also results in less sensitivity.  The direct ELISA is best suited for 

determining the immune response to an antigen (Aydin, 2015; Chamorro-Garcia & Merkoçi, 

2016; Crowther, 2000).   

 

In an indirect ELISA assay, the primary antibody binds to the antigen in the well of the microtitre 

plate, then a second enzyme conjugated anti-primary antibody binds to the primary antibody.  

Much like the direct ELISA the enzyme hydrolyses the substrate which results in a colour 

product.  The advantages of the indirect ELISA format is that it has a higher sensitivity level 

than the direct ELISA assay as more than one secondary antibody can bind to the primary 

antibody.  It is also more cost effective as only one functionalised polyclonal antibody needs to 

be produced that can bind to any monoclonal antibody which allows for generalisation.  The 

disadvantages of the indirect ELISA are that the secondary antibody can bind to the antigen 

resulting in increased signal amplification and it has an additional incubation step which is not 

part of the direct ELISA assay.  The indirect ELISA can be used in determining the total 

concentration of an antibody or antigen (Aydin, 2015; Chamorro-Garcia & Merkoçi, 2016; 

Crowther, 2000).     

 

The Sandwich ELISA uses antibody pairs which bind to different epitopes of the same antigen.  

Firstly the capture antibody is bound to the surface of the microtitre well.  Then the sample is 

added and the desired antigen binds to the capture antibody.  The following step determines 

whether the sandwich ELISA is a direct or indirect sandwich ELISA method.  For the direct 

method the detection antibody (primary) is labelled with an enzyme. In the indirect method the 

detection antibody (primary) contains no enzyme, whereas, a second detection antibody (anti-

primary antibody) will be labelled.  The advantages for the sandwich ELISA is that it is more 

sensitive than the other ELISA formats and the capture of the antigen with two antibodies 
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increases the specificity of the assay considerably.  The flexibility of the assay is also increased 

as either the direct or indirect option can be used.  The disadvantages of the assay are that 

cross-reactivity of the various antibodies can occur and therefore antibody pairs need to be 

purchased as they have already been validated for cross-reactivity.  An example of this would 

be heterophilic antibodies, where a patient receives cancer treatment which utilises monoclonal 

mouse antibodies and the body then produces human anti-mouse antibodies.  This produces 

false positives in the sandwich ELISA as the capture and label antibodies are crosslinked in the 

absence of the target analyte (Bonetti et al., 2008).   This ELISA format is best suited for 

complex samples as the samples do not need to be purified prior to testing and it retains its 

sensitivity and specificity (Aydin, 2015; Chamorro-Garcia & Merkoçi, 2016; Crowther, 2000).  

The final adaptation of the assay is the competitive/inhibition ELISA.  In the competitive ELISA 

assay, a surrogate target molecule, which has been synthesised to compete with the analyte of 

interest, is externally labelled.  The analyte from the sample competes with the surrogate target 

molecule to capture the antibody.  The target analyte from the sample displaces the surrogate 

target molecule from the capturing antibodies.  This results in the surrogate target molecule 

being washed away.  The amount of analyte in the sample is, therefore, inversely proportional 

to the signal of the assay (Aydin, 2015; Chamorro-Garcia & Merkoçi, 2016; Crowther, 2000). 

2.2.2.1.3 Nano-ELISA  

Nano-ELISA is the combination of nanotechnology and ELISA.  The convergence of these two 

research entities has overcome some ELISA challenges by improving ease of operation, cost of 

analysis and sensitivity (Ambrosi et al., 2010; Chianella et al., 2013; Guarrotxena et al., 2010; 

Radoi et al., 2008).  Owing to their low extinction coefficients, organic dyes used in colorimetric 

reactions with their target analytes have low sensitivity levels.  The extinction coefficient of gold 

nanoparticles are 1000 times higher than organic dyes resulting in the detection limit being as 

low as the nanomolar range (Zhang et al., 2018).  Due to the optoelectronic properties of 

nanoparticles a broad range of nanoparticle based immunoassays have been developed (Satija 

et al., 2016).   

 

Plasmonic ELISA (pELISA) is gaining popularity as their unique LSPR properties of the 

nanoparticle is the core aspect of the assay strategy (de la Rica & Stevens, 2012; Guo et al., 

2017; Peng et al., 2014).  As previously explained conventional ELISA technique requires an 

enzymatic catalysis of chromogenic molecules or organic dyes to determine the analyte 

concentration.  The intensity of the colour is then measured using various instrumentations.  

With the assistance of an enzyme, pELISA is the etching or growth of the nanoparticle which 
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results in a colour change of the nanoparticle solution as a function of the analyte concentration.  

This can be observed with naked eye detection (Satija et al., 2016; Zhang et al., 2018). 

2.3 Nanobiosensor development 

When building a nanobiosensor there are various factors which need to be considered such as 

choice of shape and size, stabiliser, functionalisation method and detection method.  Another 

aspect to consider is the nature of the sample matrix the assay will be performed in such as 

blood, urine etc as each matrix has its own downstream pitfalls.   These development factors 

are discussed separately in the following subheadings.   

2.3.1 Choice of shape and size 

As mentioned earlier the ease of synthesis of different morphologies has led to the AuNPs 

being used for a variety of applications.  Gold nanostars are debatably one of the most 

promising morphologies for biosensor use.  The protruding arms add to the plasmonic 

contributions and the lightning rod effect.  This enhances the electromagnetic field and thus, 

have enhancement factors in indirect and direct LSPR biosensing compared to spheres  (Atta et 

al., 2016).  The surface plasmon resonance can be altered by controlling the arm  density and 

length of the nanostar architecture while maintaining the overall dimensions (Webb et al., 2014).   

 

Despite the versatility of gold nanostars, there are still factors requiring attention regarding 

synthesis.  Synthesis methods with control that ensures the production of reproducible 

monodisperse stars, with sufficient yield of the morphology of interest, well defined properties, 

and potential scale-up are currently still lacking.  Due to such limitations, there’s been a lack of 

interest in nanostar research (Minati et al., 2014; Senthil Kumar et al., 2008; Tsoulos & Fabris, 

2018).  Experimental and theoretical studies are still needed to understand the fundamental 

behaviour of these nanoparticles (Tsoulos & Fabris, 2018).  Not only are morphological aspects 

a challenge, but reagent toxicity is also a concern.  Environmentally and biologically hazardous 

reagents such as dimethyl formamide and sodium borohydride are used in most documented 

methods.  Interest has thus been ignited to find alternative “green” synthesis methods such as 

utilising Good’s buffers (Chen et al., 2010; Khan et al., 2014).  

As stated earlier, the seeded and seedless methods are two different synthesis categories for 

anisotropic gold nanoparticle growth.  The seeded nanostar synthesis utilises gold nanoparticle 

seeds that are grown and guided to produce branches.  These methods require multiple steps 

which may add considerably to batch variations. The post-synthesis purification is complicated 

by use of surfactants (Minati et al., 2014).  The seedless method, on the other hand, utilises 
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fewer steps and reagents.  The methods are mostly simple and have less post-synthesis 

purification complications.  The biggest drawback is that they mostly yield highly polydispersed 

samples due to insufficient precision of the reaction parameters, such as reagent 

concentrations, pH, and temperature (Minati et al., 2014; Saverot et al., 2016).   

HEPES, one of the Good’s buffers used in seedless methods, has been found to produce more 

branched nanoparticles, less post-synthesis purification complications, higher  particle stability, 

and good potential for scalability (Cai et al., 2015; Chandra et al., 2016; Xie et al., 2007).  

HEPES is a zwitter-ionic organic buffering agent that has minimal salt and temperature effects 

and has high solubility in water.  It is used in cell culture because of its low permeability to cell 

membranes (Saverot et al., 2016).  HEPES has predominantly been used among the Good’s 

buffers in nanostar synthesis as a precise shape-directing agent (Maiorano et al., 2011).  The 

piperazine moiety in HEPES generates nitrogen-centred free radicals that reduce the gold ions 

(AuCl4
-), rendering HEPES as both a good weak reducing and capping agent (C. A. Chaves et 

al., 2015; Liu et al., 2014; Xie et al., 2007).  Since the reported use of HEPES for colloidal gold 

nanostars synthesis by Xie et al., it has been used in many other seedless methods with varied 

modifications (Xie et al., 2007).  Saverot and co-workers recently reported a two-step approach 

using HEPES and the addition of HAuCl4 for gold nanostar growth and branch length (Saverot 

et al., 2016).  Fine tuning of the optical properties of gold nanostars by controlling the 

morphology uniformity, however, has not been reported in seedless methods (Maiorano et al., 

2011). 

 

There are a variety of seedless HEPES synthesis methods for the generation of nanostars 

found in literature.  The method by Xie synthesised gold nanostars with using only HEPES 

buffer and gold salt (HAuCl4) (Xie et al., 2007).  The nanostars formed were polydispersed as 

the arms numbered from one to eight.  Webb et. al. synthesised particles using a similar method 

to Xie et.al but differed the concentrations (30-360mM) and pH (6.61-8.60) of HEPES as well as 

the HAuCl4 (10-90mM) concentration.  The final product produced a limited number and 

polydispersed multibranched nanostars (Webb et al., 2014).  In a follow up article Xie et. al. 

synthesised nanostars by changing the HEPES concentration which lead to more homomorphic 

branched nanostars which had a large core and extremely short arms (Xie et al., 2008).  Liu et. 

al synthesised nanostars with four long branched arms by manipulating the HEPES 

concentration and solution temperature (Liu et al., 2013).  Although the branches were long, the 

branch density was low.  Longer arms and branch density result in a more sensitive response to 

morphological change which is a desirable aspect for a biosensor (Liu et al., 2013; Webb et al., 

2014).  The particles synthesised by Cheg et al were synthesised by adding surfactants 

cetyltrimethylammonium bromide (CTAB) Polyvinylpyrrolidone (PVP) and Polyethylene glycol 
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(PEG) to the HEPES during synthesis.  The morphology of the particles ranged from spherical, 

triangular to a three armed star (Chen et al., 2010).  Minati et. al synthesised nanostars using a 

seedless approach with  hydroxylamine and HAuCl4, although this was also a very simple 

method the stars that were formed had a large core with extremely short arms (Minati et al., 

2014).  Araújo-Chaves et. al. synthesised a complex particle conglomerate by adding 

phosphate buffered saline to the HEPES which also had a large core and extremely short arms 

(Araujo-Chaves et al., 2015).  Although several factors have been changed with the HEPES 

synthesis method, all the nanostars produced were polydispersed with varied arm lengths which 

is not desirable for a biosensor. 

 

It was stated earlier that despite the array of synthesis methods available, the greatest 

challenge pertaining to gold nanostars synthesised with the seedless method lies in dimensional 

control (Minati et al., 2014).  The addition of silver nitrate is used regularly as a shape directing 

agent in seeded methods.  This is achieved by determining the silver to gold ion ratio for the 

desired morphology (Wall et al., 2017; Yuan et al., 2012).  It has also been used in seedless 

methods to a far lesser extent.  The reagent combination used for these seedless methods 

include; CTAB, silver nitrate, gold chloride hydrate, green tea and gold chloride hydrate, silver 

nitrate and ascorbic acid (Chen et al., 2014; Cheng et al., 2012; He et al., 2015).  The use of 

silver nitrate has, however, not been reported with HEPES mediated gold nanostar synthesis.  

2.3.2 Stabilising compounds 

Once the nanoparticle surface has been developed (i.e. shape is formed), it has a high chemical 

activity and therefore, it is easy for undesirable and irreversible processes such as aggregation 

to occur (Pomogailo & Kestelman, 2005).  The particle reactivity is diminished by the surface 

area reduction and interfacial free energy as a result of the aggregation.  It is, therefore, 

paramount that the nanoparticle is stabilised during storage, transportation and for use in 

biological applications (Jiang et al., 2013; Virkutyte & Varma, 2011).  

 

To stabilise the gold nanoparticle biosensor it can be functionalised by surfactants such as 

polymers or enzymes (Delong et al., 2010; Fratoddi, 2017).  The coating of the particles with 

synthetic polymers such as poly(lactic-co-glycolic acid) (PLGA), poly(vinyl alcohol) (PVA), PEG,  

PVP, poly(lactic acids) (PLA), poly(ε-caprolactone) (PCL), poly(alkyl cyanoacrylates) (PACA) 

and poly(methyl methacrylate) (PMMA) also aids in the modulation of nanoparticle 

physiochemical characteristics such as surface charge, biological behaviour, hydrophobicity etc.  

Functionalisation with sulfonic groups also helps improve biological matrix compatibility (Jiang et 

al., 2013).    
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The functionalisation of the gold nanoparticle with enzymes has a dual purpose.  Not only is the 

nanoparticle stabilised, but the enzyme, and its activity may be maintained too, even in the 

complex biological matrix (Ding et al., 2015; Guo et al., 2015).  The functionalisation aspect of 

gold nanoparticles can be used to control the enzyme density, orientation and configuration.   In 

some cases it has also been shown to improve enzyme stability to heat and robustness, pH 

changes and substrate concentrations (Ding et al., 2015; Kouassi et al., 2005).  Curved 

nanoparticle surfaces compared to planar surfaces have been shown to provide enlarged 

surface area as well as extra flexibility for adsorbed proteins.  Despite the positive outcomes of 

protein-nanoparticle interactions, it has also been shown that these interactions may either 

stabilise or denature the secondary structure of the protein (Gagner et al., 2011; Saptarshi et 

al., 2013).  To overcome some of these challenges, various attachment methods have been 

employed to preserve protein function and nanoparticle stability.  

2.3.3 Attachment methods 

The surfactant stabilising the nanoparticle can easily be replaced by the coating of choice via 

ligand exchange.  In aqueous solutions, strongly charged ligand molecules containing groups 

such as sulphonic or carboxylic acid stabilise the nanoparticles longer and at elevated salt 

concentrations. Ligand molecules which provide steric stabilisation are more resistant to high 

salt concentrations than electrostatically stabilised nanoparticles.  The new ligand should have 

an affinity as strong as possible to the inorganic core, this allows for a quick and effective 

replacement of the original surfactant.  Thiol groups are considered to have the highest affinity 

to gold nanoparticle surfaces (Sperling & Parak, 2010).   

 

Physical and chemical adsorption are the two types of interactions which are used for attaching 

enzymes and antibodies to gold nanoparticles.  In the physical interaction category there are 

three different types of forces which aid in the proteins physically being adsorbed directly on to 

the surface of the nanoparticles.  These forces are i) hydrogen bonds, ii) hydrophobic iii) ionic 

bonds and electrostatic interactions (Filbrun et al., 2017; Jazayeri et al., 2016).  As mentioned 

previously, if the protein has a strong affinity group it will bond with the nanoparticle via 

chemisorption rendering the protein and nanoparticle stable (Filbrun et al., 2017; Sperling & 

Parak, 2010).  Despite the simplicity of attaching enzymes onto gold nanoparticle surfaces via 

physical interactions there are several disadvantages.  The protein binds in any orientation, 

therefore access to the active site of the enzyme or antibody by the substrate may be limited, 

thus reducing the sensitivity of the assay (Ahmad & Sardar, 2015; Filbrun et al., 2017; Jazayeri 

et al., 2016; Sperling & Parak, 2010).  High concentrations of protein are also required and 
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protein mobility is reduced (Ahmad & Sardar, 2015; Jazayeri et al., 2016).  Proteins not 

covalently attached can be desorbed by other molecules in the biological sample, fluctuations in 

temperature and ionic and substrate concentrations (Ahmad & Sardar, 2015; Jazayeri et al., 

2016; Kumar et al., 2008).   

 

Chemical mediated interactions between the nanoparticle surface and protein help in 

overcoming some of the challenges faced with physical adsorption methods.  These interactions 

can be mediated by i) linkers. ii) adapter molecules such as biotin and Streptavidin and iii) 

chemisorption via thiol groups.  These linker/spacer molecules also aid in protein mobility and 

reduce protein inactivity by preventing conformational changes and controlling binding 

orientations (Ahmad & Sardar, 2015; Filbrun et al., 2017).  Bifunctional linkers are divided into 

homofunctional or heterofunctional linkers.  The most commonly used homofunctional linker to 

link proteins to gold nanoparticle surfaces is glutaraldehyde.  It has an aldehyde group on each 

end of the molecule and primarily reacts with amine groups via multiple reaction mechanisms 

(Ahmad & Sardar, 2015).  One of the most widely used heterobifunctional linkers is the zero-

length linker 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC).  This linker is 

primarily used for conjugating carboxyl and amine functional groups.  It is typically used in 

conjunction with N-hydroxysulfosuccinimide (NHS) as this improves binding efficiency (Park et 

al., 2014; Scientific, 2012).  A variety of molecules are used so that the desired thiol groups will 

bind to the surface of the gold nanoparticles.  As mentioned earlier, thiol functional groups help 

improve biological matrix compatibility.  Examples of these molecules amongst countless others 

are 3,3'-dithiobis(sulfosuccinimidyl propionate) (DTSSP), mercaptoundecanoic acid (MUA) and 

cysteine (Ansar et al., 2018; Filbrun et al., 2017; Zhao et al., 2013).  Interestingly the disulphide 

bond in the centre of the DTSSP molecule is cleaved by the gold nanoparticle forming the thiol 

link between the linker molecule and the surface of the gold nanoparticle (Castiello & Tabrizian, 

2019). 

Sapford et al. described six general desirable bioconjugation characteristics to consider when 

attaching biomolecules to nanoparticle surfaces.  These were described as i) Control of the 

biomolecule to nanoparticle ratio for which each method has its own requirements for the 

number of available binding sites of interest.  It is important to note that over conjugation can 

potentially inhibit binding interactions.  A curved nanoparticle surface may alleviate this problem.  

ii) As mentioned earlier, control of the protein orientation. iii) Control of the separation distance 

between the protein and nanoparticle surface.  iv) Affinity attachment control.  Depending on the 

application of the bioconjugate, if the biomolecule needs to be released then a weaker 

attachment method would be incorporated, as opposed to a covalent attachment method in 

order to retain the biomolecule attachment.  v) Maintaining both the nanoparticle and 

https://www.thermofisher.com/order/catalog/product/21578
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biomolecule activity and ensuring it is functioning optimally.  vi) Be reproducible with a variety of 

biomolecules (Sapsford et al., 2013). 

2.3.4 Colorimetric detection methods (Aggregation vs non-aggregation) 

When building a biosensor the type of detection method also needs to be considered.  In the 

gold nanoparticle sector there are a variety of analytical methods such as colorimetric,  

electrochemical and surface-enhanced Raman spectroscopy.  Colorimetric detection is the 

preferred method for point-of-care testing because their detection methods are simple, low in 

cost and do not require complicated or expensive equipment (Saha et al., 2012).  The difference 

between traditional organic dye probe reactions and gold nanoparticle-based colorimetric 

assays is the low extinction coefficients of organic dyes rendering them less sensitive than the 

high gold nanoparticle extinction coefficients owed to their LSPRs.  This has resulted in the gold 

nanoparticle-based colorimetric assays having a detection limit in the nanomolar range and 

lower in some instances (Zhang et al., 2018).  

 

There are two different colorimetric detection method categories described in literature for gold 

nanoparticles.  These categories are aggregated and non-aggregated. 

2.3.4.1 Aggregation detection 

The principal behind these plasmonic sensors, is that the analyte of choice results in the 

nanoparticle aggregating, which reduces the interparticle distance.  This leads to a strong 

plasmon coupling between particles which results in a red plasmon band shift and distinct 

colour change of the colloidal solution (Ghosh & Pal, 2007).  This principle is illustrated in Figure 

2-6. 
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Figure 2-6: Schematic of aggregation based plasmonic colorimetric sensing principles. (Zhang et 

al., 2018).  The colour of the nanoparticle solution in the absence of the target analyte is a specific colour, 

this is detected by naked eye.  Upon the detection of the analyte, the nanoparticles aggregate together.  

The solution changes to a different colour and there is a red shift in the spectroscopy spectrum.   

 

These biosensor probes have been modified for metal ion, small organic molecules, 

oligonucleotide etc. detection (Saha et al., 2012; Zhang et al., 2018).  The major limitation with 

this method is that colloidal nanoparticles can auto-aggregate when changes in pH, 

temperature, salt, concentration of charged molecules, etc. which may result in false 

positive results (Ghosh & Pal, 2007).  The preparation of these particles are intricate and time 

consuming (Zhang et al., 2018). 

2.3.4.2 Non-aggregation detection  

Non-aggregation colorimetric plasmonic sensing is based on the controlling of etching and 

growth of metal nanoparticles. The change in the plasmon band results in a plamon shift or 

change in absorbance.  This shift is due to a change in the surface electron oscillations which 

may be influenced by shape, size, dielectric environment, surface coating and nanoparticle-

chemical entity interaction, and can be detected by changes in scattering or absorption spectra 

or colour variation of the nanoparticle solution (Lee & El-Sayed, 2005; Tang & Li, 2017; Zhang 

et al., 2018). 
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This colorimetric detection system can be divided into two categories labelled as etching and 

growth of the metal nanoparticles.  Zhang et al. have written a comprehensive review on the 

different subcategories of the etching and growth of metal nanoparticles.  These have been 

summarised in Figure 2-7. 



 

  

Page 36 

 

  

 

Figure 2-7: Schematic of non-aggregation based plasmonic colorimetric sensing principles.  There 
are two different groups of non-aggregation based plasmonic colorimetric sensinsing, the etching of 
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nanoparticles and the growth of the nanoparticles.  Each group also contains a subsection of reaction 
types. 
 
As laid out by Zhang et.al these non-aggregation colorimetric plasmonic sensors have three 

main advantages. i) Usually label free, thus long and complicated fabrication processes are 

avoided. ii) They do not yield false positive results due to auto-aggregation and iii) Due to the 

stability of these colormetric reactions and stability of immobilised nanoparticles, they can be 

applied in point-of-care assays in the form of test strips. 

2.4 Point-of-care 

2.4.1 Introduction 

Point-of-care (POC) is medical testing done at the location of the patient and during the visit.  

This includes in vitro testing with instruments which are handheld or portable as well as those 

which offer non-invasive scanning and self-monitoring (Gerald et al., 2014). 

2.4.2 Scope of point of care in rural communities  

As mentioned in the introduction, one of the major problems plaguing rural communities are 

delayed disease diagnosis.  This is a consequence of limited access and reduction of 

healthcare service distribution compared to urban communities (Boniface et al., 2012; Versteeg 

& Gaede, 2011).  POC diagnostics can help with immediate diagnosis and treatment in the 

same visit which will impact patient health quality as rural communities have limited laboratory 

infrastructure,  (Mashamba-Thompson et al., 2017).   

2.4.3 The use of smartphones in POC applications 

The mobile market has exploded over the last few decades where multi-functional cellular 

phone dependence is ubiquitous in both developing and developed countries.  Interestingly is 

how cellular phones are being used in POC applications.  Mobile add-on devices are being 

used in the medical sector under the umbrella of mobile health. The rise of healthcare costs and 

personal health tracking trends have made POC biosensors an attractive and cost-effective 

substitution to diagnostic equipment typically found in hospitals or laboratories (Sun et al., 

2016). 

 

Rateni et al. tabulated a summary of recent lab-on-smartphone biosensor platforms.  These 

consisted of a wide array of detection targets ranging from bacteria, honey pattern recognition, 

allergens, fluoride concentrations in waters etc.  The methodology was also broad, covering 

aspects such as, ELISA, colorimetric assays, engineered bacteria fluorescence, immunoassays, 

paper microfluidics, lateral flow-through strips etc. (Rateni et al., 2017).   
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The development and improvement of smartphone cameras are due to the demand for better 

focusing performance and dynamic range in photography.  Inside each optical camera is a 

Complementary Metal Oxide Semiconductor (CMOS) image sensor (CIS) which has the ability 

to convert optical images into electronic signals.  Optical image sensing has been the most 

common analytical method due to the high-resolution imaging capability of CIS (Contreras-

Naranjo et al., 2016).  The advancement of the graphics processing unit and the central 

processing unit enables the captured images to be analysed and corrected in real-time.  With 

the addition of external accessories the smartphone can detect morphological features such as, 

brightness, colour, shape and size which has also been used to detect nanoparticles, DNA, 

viruses etc (Huang et al., 2018). 

 

The LSPR shifts of nanoparticles was determined by taking a photograph of the sample and 

applying the corresponding APPs to generate and distinguish between the absorbance shifts as 

well as colour variations (Geng et al., 2017) 

 

These are a few examples of endless possibilities of what cell phone POC applications have to 

offer and the extent to which they are currently being used. Advances in nanotechnology have 

resulted in a wide range of nanosensing platforms for POC testing which have unique properties 

that are revolutionising the medical sector particularly those comprised of gold nanoparticles 

(Syedmoradi et al., 2017).  When considering these two growing fields, cell phone and 

nanosensing, and they are combined there are potential future applications.  The quantification 

of the colour changes in gold nanoparticle solutions (as described in section 2.3.4) could 

possibly be done via smartphone apps or an external mobile add-on (Geng et al., 2017; Huang 

et al., 2018; Rateni et al., 2017; Sun et al., 2016)   

2.5 Conclusion 

As can be concluded from this literature review, gold nanostars are being utilised more regularly 

in the field of biosensing.  Despite their synthesis methods being facile, they also use toxic 

chemicals and produce heteromorphic nanostars.  Fundamental studies of gold nanostars are 

also limited.  There are a variety of plasmonic colorimetric methods available to produce naked 

eye readouts as well as being detected spectrophotometrically.  These methods are more 

sensitive than the current traditional organic dye probe reactions.  Plasmon-based colorimetric 

sensing has the potential to practically comply with the ASSURED criteria for clinical and POC 

diagnostic applications.   
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3.1 Introduction 

As previously discussed gold nanostars are being utilised more regularly in the field of 

biosensing.  Motivated by clinical and point of care (POC) diagnostic applications, plasmon-

based colorimetric sensing has the potential to practically comply with the ASSURED criteria.  

Despite their synthesis methods being facile, they also use toxic chemicals and produce 

heteromorphic nanostars.  There is, therefore, a need to develop a synthetic method which 

utilises safer reagents which produce more homogenous nanostars.  The synthesis, colorimetric 

and readable result ability in response to a biorecognition event is, thus, the dominant topic in 

this thesis.   

3.2 Experimental approach 

3.2.1 Aim  

The aim of this research is to optimise a gold nanostar synthesis method that produces 

nanostars with better dispersity and utilises a simple greener synthesis method that could be 

applied to known biosensors.  These nanostars are required to produce a sufficient colour 

change and readable result in response to a biorecognition event.  This could then be used as a 

potential replacement for the chromogen in an enzymatic and ELISA assay setting the basis for 

future point of care applications. 

3.2.2 Objectives 

3.2.2.1 Objective 1: Synthesis, characterisation and stability assessment of new 

nanostars  

Modify and validate a HEPES mediated nanostars synthesis (Xie et al., 2007) with more uniform 

nanostars that are multibranched with long arms. 

3.2.2.2 Objective 2: Biosensor colorimetric parameter establishment and optimisation 

Establishment of optimal assay parameters for both unfunctionalised and functionalised AuNS 

with previously published methods. 

3.2.2.2.1 Part 1 - Colorimetric parameters and potential of both nanostar types 

Colour change can be obtained when the experimental conditions including the choice of buffer, 

characteristics of the nanostars, the concentrations of hydrogen peroxide, silver nitrate and pH 

are optimised. 
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3.2.2.2.2 Part 2 – Colorimetric ability of glucose oxidase biosensor  

Enzymes have been used to grow nanoparticles for optical detection applications.  Glucose 

oxidase (GOx) has been used extensively as a model enzyme in various fields, including 

nanotechnology biosensor applications.  When it is coupled with its glucose substrate hydrogen 

peroxide is produced as a by-product.  This enzyme will therefore be used to functionalise the 

gold nanostars.   The functionalised nanostars are required to show a sufficient colorimetric and 

spectrophotometric change when tested with an enzyme-substrate generated hydrogen 

peroxide using the optimal base as determined in part 1 (Bankar et al., 2009; Liu et al., 2019; 

Willner et al., 2006). 

3.2.2.3 Objective 3: Transferability of colorimetric assay parameters 

The aim of objective 3 is to investigate if the colorimetric and spectrophotometric ability 

determined in objective 2 will be transferable to a different oxidase enzyme which has hydrogen 

peroxide as a by-product when reacting with its corresponding substrate.   

3.2.2.4 Objective 4: Colorimetric assay of the nanostars in an ELISA type reaction 

The colorimetric parameters established in objective 2 will be extended to an ELISA type assay 

to determine if the nanostars synthesised in objective 1 could be used to replace the chromogen 

typically used in the microalbuminuria assay as a simpler, cheaper alternative. 

3.3 Scope, limitations and substantiation. 

The intention of this study was with a rural third world clinic in mind, where the resources such 

as electricity and sophisticated machinery are limited and where the expertise is not always 

available.  The future prospect of these biosensors would be for the results to be determined by 

simple detection methods such as naked eye detection or portable mobile sensing e.g. via cell 

phone detection (Aldewachi et al., 2018; Xiao et al., 2016; Xu et al., 2016).  The spectrometer 

and colorimetric techniques were, therefore, the focal points throughout the study.  On a 

personal note, in our laboratory mass spectrometry such as liquid chromatography (LC-MS) and 

gas chromatography mass spectrometry (GC-MS) for metabolic disorders is the speciality.  

Apart from these methods being accurate and efficient, they are also expensive and have their 

limitations.  As a result of this, expanding the scope of the laboratory by exploring the field of 

nanotechnology and the possibilities it offers could supplement the mass spectrometry assay 

limitations.  Glucose, glycated haemoglobin and microalbuminuria were, therefore, chosen as 

they are well documented in literature and, besides serving as model methods, have potential 

large scale application prospects. 
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Based on the aim and objectives described above for this study, the workflow in Figure 3-1 was 

constructed.  

As mentioned in Chapter 2, of the noble element nanoparticles, gold is more stable, 

biocompatible and has useful physiochemical characteristics.  Traditional colorimetric assays 

which are based on organic dye probes and their analytes are not as sensitive as gold 

nanoparticles as their extinction coefficients are lower than that of gold nanoparticles.  This 

lowers the detection limit of the gold nanoparticle to the nanomolar range (Zhang et al., 2018). 

Quantum dots would have been an option for the development of a colorimetric detection 

system however their synthesis involves the use of toxic chemicals compared to the green 

synthetic nanostar method.  This toxicity is not only limited to the laboratory personnel utilising 

the chemicals but also there is the added risk when they are used in rural areas where the 

disposal of toxic substances is poorly managed.  Quantum dots were therefore not considered 

therefore, not considered in the scope of this project (Mihai & Taherzadeh, 2017; Oh et al., 

2016; Xu et al., 2016).  In light of these points, gold nanostars were chosen as they are more 

sensitive than the other gold nanoparticles as a result of their long protruding arms which made 

them more suited for indirect and direct localised surface plasmon resonance biosensing (Atta 

et al., 2016). 

Of the two synthesis categories, the seeded methods were not considered in the scope of this 

project because of the multi-steps involved in the synthesis of the nanostars.  The use of toxic 

reagents were also a concern (Khan et al., 2014; Minati et al., 2014).  The seedless method for 

synthesis was chosen as it utilised fewer toxic reagents and fewer steps than the seeded 

method (Maiorano et al., 2011; Minati et al., 2014; Xie et al., 2007).  In practice, however, the 

method, mostly yielded highly polydispersed samples because the reaction parameters had not 

been optimised (Minati et al., 2014; Saverot et al., 2016).  HEPES has predominantly been used 

among the Good’s buffers in nanostar synthesis as a precise shape-directing agent (Maiorano 

et al., 2011).  Since the reported use of HEPES for colloidal gold nanostars synthesis by Xie et 

al., it has been used in many other seedless methods with varied modifications (Xie et al., 

2007).  This also narrowed down the endless possibilities which could be used to control 

morphological synthesis.  Fine tuning of the optical properties of gold nanostars by controlling 

the morphology uniformity has, however, not been reported in seedless methods (Maiorano et 

al., 2011).  The high polydispersity and lack of synthesis control led to the desire of synthesising 

my own nanostars with more morphological control which would help for the downstream 

applications in biosensor development. 

Although aggregation plasmonic colorimetric sensors are popular, auto-aggregation by many 

influencing factors apart from the analyte of choice, such as pH, salt, charged particles etc may 
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result in false results.  The biosensors also have complicated fabrication processes. The 

spectrophotometric band shifts are limited and therefore the colours induced by the band shift 

make the colorimetric results difficult to detect by naked eye (Fang et al., 2017; Gao et al., 2014; 

Zhang et al., 2018).  These reasons were the determining factors for excluding this approach 

from this study.  Other nanobiosensors such as those based on electrochemistry, were also 

excluded as I wanted to use a sensor that required as little reagents and machinery as possible.  

The non-aggregation plasmonic colorimetric detection has five different categories namely alloy-

promoted etching, intermediate-mediated etching, inhibitor-mediated etching, direct target 

etching and enzyme-mediated etching.  These are based on controlling the etching and growth 

of the nanoparticle biosensor’s size, shape or dielectric environment which gives a larger 

spectrophotometric band shift and allow naked eye detection.  As a result of their simplicity, 

versatility and stability they have been utilised in a variety of POC applications (Zhang et al., 

2018).  These favourable features have led to the exploration of the potential of this platform for 

nanodiagnostics.         

 

Glucose oxidase was used to determine the enzyme concentration needed to produce sufficient 

hydrogen peroxide for a spectrophotometric and colorimetric read out once functionalised.  This 

particular enzyme was chosen as it is cheap and as mentioned earlier, it is a model enzyme for 

various fields and has been used to grow nanoparticles for optical detection applications.  This 

gave us the assurance that once we attached the enzyme to our nanostar that we should obtain 

a colorimetric result which would help in troubleshooting if a colorimetric result was not 

obtained.  The developed protocol was then extended to another enzyme which produced 

hydrogen peroxide to determine if the nanostars could be a universal biosensor for other 

hydrogen peroxide enzyme-mediated based assays.   

 

As mentioned earlier that functionalisation of gold nanoparticles with enzymes stabilised both 

the gold nanoparticle and maintained the enzyme performance (Ding et al., 2015; Guo et al., 

2015).  Despite the variety of linker molecules available, we only explored a thiol-based linker 

for the functionalisation method of the enzymes.  These linkers have been shown to enhance 

the stability of the nanoparticle biosensor in a complex biological matrix such as serum and 

blood etc (Jiang et al., 2013).   

 

In 2008 Liu and colleagues designed an enzymatic assay to determine glycated haemoglobin 

concentration which utilised a Bacillus sp protease in a proteolytic digestion to release glycated 

valine from haemoglobin beta chains.  The glycated valine then serves as a substrate for 

fructosyl amino acid oxidase (FAO) which produces hydrogen peroxide as a product (Liu et al., 

2008).  Horseradish peroxidase and a chromogen is used for the final detection aspect of their 



 

  

Page 53 

 

  

assay.  In light of this, it was also decided to functionalise the nanostar with a different enzyme 

in order to determine if this detection method could be used with different hydrogen peroxide 

producing enzymes. 

 

Plasmonic ELISAs have also shown to be far more sensitive than their traditional counterparts 

and therefore we also wanted to explore this area of gold nanoparticle biosensors (Ambrosi et 

al., 2010; Chianella et al., 2013; Guarrotxena et al., 2010; Radoi et al., 2008).  In the enzyme-

mediated reaction the detection is based on fluctuations of the substrate concentrations.  In the 

ELISA method the detection of substrate is based on the fluctuations of the enzyme.  This 

allowed for determining the versatility of the synthesised nanostars in two different assay 

approaches.  The decision not to functionalise the nanostars to the antibody and enzyme was 

made as the low concentration levels of the nanostars would then need the signal to be 

amplified which would use more reagents.  The nanostar was, thus, chosen as an alternative to 

the chromogen typically used in ELISA.    

 

Objective 1 and 2 were steppingstones for the subsequent objectives.  Objectives 1 and 2 were 

carried out by comparing the newly synthesised nanostars to the alternative nanostar synthetic 

method as described by Xie et. al (Xie et al., 2007).  Objectives 3 and 4 were only conducted by 

using the newly synthesised nanostars.   

The functionalising method established in objective 2 for glucose oxidase was replaced with 

fructosyl amino acid oxidase enzyme.  This objective was to functionalise the gold nanostars 

from objective 1 with fructosyl amino acid oxidase.  The parameters established in objective 2 

were applied in order to ascertain the biosensor potential of the nanostars in an enzymatic 

assay such as frucosyl valine for glycated haemoglobin concentration determination.  The 

colorimetric and spectrophotometric ability of the fructosyl amino acid oxidase biosensor was 

also investigated in a complex matrix such as serum.  This was because the protein corona in a 

complex biological matrix alters the size, physiochemical properties and aggregation state of the 

nanostar (Walkey & Chan, 2012). 
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Figure 3-1: Project layout flow diagram 
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4.1 Preface 

This chapter was in accordance with meeting Objective 1 mentioned in Chapter 3 which was to 

synthesise, characterise and assess the stability of the new nanostars.  A nanostar was 

synthesised that was more uniform and multibranched with long arms.  The validity of the 

nanostar morphology was characterised by methods suggested by ISO standards.  The 

nanostar was also found to be stable in environments found in bioassay work.  This chapter was 

submitted, accepted and is currently in press with the Journal of Royal Society Open Science.  

4.2 Abstract 

Gold nanostars are being utilised more regularly in the biosensing field. Despite their useful 

attributes, there is still a need to optimize aspects of the synthesis and stability.  The seedless, 

synthetic method comprised of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) is a 

facile, rapid method, however, produces heteromorphic nanostars.  The modification of a 

HEPES method resulted in a silver-assisted, seedless gold nanostar synthesis method.  The 

nanostars resulting from this method were monodispersed, multi-branched and approximately 

37nm + 2nm in diameter.  It proved to be a repeatable method that produced homogenous and 

robust nanostars.  Once functionalised with polyvinylpyrrolidone 10 000, the new nanostars 

were observed to be stable in various environments such as pH, ionic strength and cell culture 

medium.  In conclusion, the addition of the silver nitrate improved the morphology of the 

reported HEPES nanostars for the purpose of nanobiosensor development. 

4.3 Introduction 

Gold nanoparticles have been a favoured option in biosensing as a result of their facile synthetic 

methods, catalysis, biocompatibility, large surface area, and optical and thermal properties 

(German et al., 2017).  Gold nanostars are debatably one of the most promising morphologies 

as the protruding arms add to the plasmonic contributions and the lightning rod effect. This 

enhances the electromagnetic field and thus, have the highest enhancement factors in indirect 

and direct localized surface plasmon resonance (LSPR) biosensing  (Atta et al., 2016).  The 

surface plasmon resonance can be altered by controlling the arm  density and length of the 

nanostar architecture without altering the overall dimensions (Webb et al., 2014).  In 2012 

Stevens and colleagues showed that LSPR shifts in response to a biorecognition event.  By 

utilising the hydrogen peroxide generated by glucose oxidase,  the silver ions were reduced 

around the gold nanostar nanosensors producing this shift (Rodríguez-Lorenzo et al., 2018).  

Despite the versatility of gold nanostars, there are still factors requiring attention regarding 

synthesis.  Synthesis methods with control that ensures reproducible monodisperse stars, with 
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sufficient yield of the morphology of interest, well defined properties, and potential scale-up are 

currently still lacking.  Due to such limitations, there’s been a substantial decrease in nanostar 

interest and research (Minati et al., 2014; Senthil Kumar et al., 2008; Tsoulos & Fabris, 2018).  

Experimental and theoretical studies are still needed to understand the fundamental behaviour 

of these nanoparticles (Tsoulos & Fabris, 2018).  Not only are morphological aspects a 

challenge, but reagent toxicity is also a concern.  Environmentally and biologically hazardous 

reagents such as dimethyl formamide and sodium borohydride are used in most documented 

methods.  Interest has thus been ignited to find alternative “green” synthesis methods which use 

safer reagents such as Good’s buffers (Chen et al., 2010; Khan et al., 2014).  

The seeded nanostar synthesis utilises gold nanoparticle seeds that are grown and guided to 

produce branches.  These methods require multiple steps which may add considerably to batch 

variations. The post-synthesis purification is complicated by use of surfactants (Minati et al., 

2014).  The seedless method, on the other hand, utilises fewer steps and reagents.  The 

methods are mostly simple and have less post-synthesis purification complications. However, 

they mostly yield highly polydispersed samples because the conditions for the preparation such 

as reagent concentrations, pH, and temperature had not been optimised (Minati et al., 2014; 

Saverot et al., 2016).   

2-[4-(2-hydroxyethyl)piperazinyl]ethanesulfonic acid (HEPES), one of the Good’s buffers used in 

seedless methods, has been found to produce more branched nanoparticles, less post-

synthesis purification complications, higher  particle stability, and good potential for scalability 

(Cai et al., 2015; Chandra et al., 2016; Xie et al., 2007).  HEPES is a zwitter-ionic organic 

buffering agent that has minimal salt and temperature effects and has high solubility in water.  It 

is used in cell culture because of its low permeability to cell membranes (Saverot et al., 2016).  

HEPES has predominantly been used among the Good’s buffer in nanostar synthesis as a 

precise shape-directing agent (Maiorano et al., 2011). The piperazine moiety in HEPES 

generates nitrogen-centred free radicals that reduce the gold ions (AuCl4
-), rendering HEPES as 

both a good weak reducing and capping agent (Araujo-Chaves et al., 2015; Liu et al., 2014; Xie 

et al., 2007).  Since the reported use of HEPES for colloidal gold nanostars synthesis by Xie et 

al., it has been used in many other seedless methods with varied modifications (Xie et al., 

2007).  Saverot and co-workers recently reported a two-step approach using HEPES and the 

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

fine tuning of the optical properties of gold nanostars by controlling the morphology uniformity 

has not been reported in seedless methods (Maiorano et al., 2011).  

In this study, we propose a simple, one-pot, silver-assisted green synthesis method of seedless 

gold nanostar utilising HEPES.  Although the silver nitrate has been used as a shape directing 
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agent in seeded methods, to our knowledge, it has not been reported in a HEPES-mediated 

synthesis of gold nanostar (Wall et al., 2017; Yuan et al., 2012).  As opposed to a two-step 

method, this method was a one-step synthesis where silver nitrate was used as an additional 

shape-directing agent to assist HEPES in obtaining more monodispersed multi-branched gold 

nanostars. The method also utilised the least toxic reagents.  The produced gold nanostars 

were investigated for stability in environmental conditions mostly applied in bioassays for 

potential applications for biosensing work. 

4.4 Materials and methods 

4.4.1 Materials 

The chemicals used in this study were 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), gold (III) chloride hydrate (HAuCl4.4H2O), polyvinylpyrrolidone (PVP) 10 000, Tris 

borate EDTA buffer (TBE), sodium hydroxide, hydrochloric acid and silver nitrate which were 

purchased from Sigma-Aldrich.  The cell culture medium used was Ham's F-12K (Kaighn's) 

Medium and supplemented with 10% fetal bovine serum, which were purchased from 

ThermoFisher Scientific. 

4.4.2 Nanostar synthesis 

4.4.2.1 Seedless (-Ag):  

The seedless nanostars were synthesised according to Xie et.al (Xie et al., 2007).  Briefly, 3mL 

ultrapure water (Millipore, 18.2ΩM (ddH2O)) was added to 2mL 100mM HEPES buffer (pH 7.4)), 

followed by the addition of 20µL of a 50mM gold (III) chloride hydrate aqueous solution.  After 

gentle end-to-end inversion mixing the solution was left to stand at room temperature for 

approximately 30 minutes at which time the solution turned a greenish blue colour. 600µL 

25mM PVP 10 000 was then added to the solution and left to stand overnight at room 

temperature after gentle mixing.  The solution was then centrifuged at 2170 x g for 50 minutes 

after which the soft pellet was washed and resuspended in 500µL ddH2O.  The stabilization of 

other coating polymers was not assessed as this was done in another study found in literature 

using HEPES buffer.  What was found was that polyethylene glycol (PEG) was not a good 

stabilizing agent compared to polyvinylpyrrolidone (PVP) and CTAB (Chen et al., 2010).  PVP 

was, thus, chosen as it was the less toxic reagent when compared to CTAB (Alkilany & Murphy, 

2010; Koczkur et al., 2015). 

4.4.2.2 Silver-assisted seedless (+Ag):  

The silver assisted nanostars were synthesised according to the seedless method as described 



 

  

Page 61 

 

  

above, however, with the addition of 1mM aqueous silver nitrate solution.  Directly after the gold 

(III) chloride hydrate was added 2µL, 4µL, 6µL, 8µL and 10µL silver nitrate solution was added 

respectively followed by gentle inversion. Based on the nanostar morphology, the 4µL +Ag 

sample was chosen for the preceding experiments to which PVP was added as described 

above. 

4.4.3 Characterisation 

The Characterisations of the nanostars were done in accordance with the methodologies as 

suggested by ISO TR13014:2012 (Wall et al., 2017). 

4.4.3.1 Size, morphology and elemental composition 

The diameter, morphology and elemental composition of the uncoated nanostars were 

determined with high resolution transmission electron microscopy (HR-TEM) and energy-

dispersive X-ray spectroscopy (EDS) on a Tecnai F20 high resolution transmission electron 

microscope.  Sample preparation was done by spotting the nanostars on to a copper grid and 

allowing them to dry.  Particle distribution analysis was done from the TEM images using 

ImageJ software.   

Dynamic light scattering (DLS) was used to estimate the hydrodynamic diameter of the PVP 

capped nanostars as this would be the size the nanostars would be in solution (Brar & Verma, 

2011; Pecora, 2000).  DLS was performed on a Zetasizer Nano (Malvern) in backscatter mode 

using Zietasizer version 6.20 software and stoppered polystyrene cuvettes limiting dust 

contamination. 

4.4.3.2 Surface functionalisation and charge 

Successful PVP capping of the nanostars was demonstrated with nuclear magnetic resonance 

(NMR) spectral matching of the spectra of washed nanostars to that of a PVP standard.  The 

NMR was performed at 500 MHz on a Bruker Avance III HD NMR spectrometer equipped with a 

triple-resonance inverse (TXI) 1H (15N, 13C) probe head. Adequacy of capping, as indicated by 

a negative surface charge and limited aggregation was assessed with agarose gel 

electrophoresis.  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 8µL nanostars mixed with 

4µL 50% glycerol and ran at 40V for approximately 30 minutes (de Puig et al., 2015). 

4.4.3.3 Spectral properties 

Finally, the absorbance spectrum of the nanostars was determined using a HT Synergy 
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(BioTEK) microplate spectrophotometer operated between 400 and 800nm and Gen5.1, as the 

corresponding software. 

4.4.4 Matrix effect on nanostar stability  

The matrix effect was investigated by exposing the nanostars to various solutions.  Solutions of 

150mM NaCl, pH 4-8 as well as supplemented (with foetal bovine serum) and unsupplemented 

(no foetal bovine serum) cell culture medium were added to the nanostar solutions in a 1 to 1 

ratio in a 96-well microplate and mixed by pipetting.  These parameters were chosen as most 

bioassay work would require the nanostars to be stable in these conditions.  Each sample was 

prepared in triplicate and absorbance spectra were obtained after 24 hours incubation.  

4.5 Results and discussion 

When the silver nitrate was added to the synthesis the colour of the solutions varied from a 

green blue (0µL), grey (2µL), blue (4µL), dark blue (6µL), blue purple (8µL) and purple (10µL) 

(Figure 1(a)). 
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Figure 4-1: The effect of the addition of different silver nitrate concentrations during the nanostar 

synthesis. (A) Observed visual changes, and (B) the UV-vis spectra of the solutions shown in (A) 

 

The spectra seen in Figure 4-1A showed a blue shift as the silver nitrate concentration 

increased (except for the 2µL which red shifted slightly).  The average wavelength at which the 

maximum optical density occurred over 12 separately synthesised samples of the 4µL +Ag was 

found to be 654nm + 5nm (Figure 4-1B) with an average hydrodynamic diameter of 51.36nm + 

0.70nm which was indicative of gold nanostars (Adnan et al., 2016).  The morphological change 

of the particles presented in the HR-TEM images (Figure 4-2), gave a plausible explanation of 

the observed spectral shifts in Figure 4-1. 
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Figure 4-2: Representative HR-TEM images of the nanoparticle morphology. A)  0mM (0µL) -Ag. B) 

400nM (2µL 1mM silver nitrate) +Ag. C) 800nM (4µL 1mM silver nitrate) +Ag. D) 1199nM (6µL 1mM silver 

nitrate) +Ag. E) 1597nM (8µL 1mM silver nitrate) +Ag. and F) 1996nM (10µL 1mM silver nitrate) +Ag gold 

nanostars.  

 

Nanostars synthesised with 2µL of the silver nitrate solution displayed morphology similar to 

that of -Ag nanostars while those synthesised with 6µL, 8µL and 10µL respectively were 
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progressively more spherical in nature (Figure 4-2A, B, D-F).  The +Ag nanostars synthesised 

using 4µL silver were then utilised for the remaining experiments as they were more star 

shaped in morphology (Figure 4-2C).  The dispersity of these nanostar shaped particles and 

their size were further assessed.  These results are seen in Figure 4-3.  

 

Figure 4-3: Particle size distribution and monodispersity analysis. A) UV-Vis spectra indicating the 

full width at half maximum value for both –Ag and +Ag nanostars. B) TEM image of +Ag nanostars. C) 

Particle diameter distribution using TEM images.  

 

The particle distribution analysis was done using TEM images of 175 particles.  The average 

+Ag particle diameter was found to be approximately 37+2nm.  The full width at half maximum 

(FWHM) for –Ag nanostars was 96nm, which agreed with Xie et. al, and the +Ag nanostars was 

72nm.  This showed that the +Ag nanostars were more monodispersed than the –Ag nanostars 

as the FWHM for +Ag nanostars was narrower than that obtained for the –Ag nanostars.  

Further analysis of the nanostar morphology is seen in Figure 4-4 below.  
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Figure 4-4:  HR-TEM images of selected nanostar morphology.  Lower resolution of –Ag (A) and +Ag 

(C) (Both with scale bar 50nm) nanostars. Corresponding nanostars with higher resolution B and D (Both 

with scale bar 10nm).  D insert = crystal lattice spacing for +Ag (scale bar 5 nm) 

Analysis of the morphological differences between the -Ag and the +Ag nanostars are 

presented in Figure 4.  The -Ag nanostars were heterogeneous in morphology and tended to 

agglomerate (Figure 4-4A). The predominant morphology was the four armed nanostar (Figure 

4-4B) which agreed with previous observations (Xie et al., 2007).  The addition of 4µL of the 

silver nitrate solution changed the heterogeneity of the nanostars into a more homogeneous 

multi-branched morphology by assisting in the anisotropic growth of the nanostar branches 

(Figure 4-4C).  The nanostars contained approximately 14 arms with 10 arms protruding around 

the nanostar and approximately 4 arms protruding outwards (Figure 4-4D).  Of the 100 

nanostars observed, 65% were the 14-armed nanostars whereas the remainder were more 
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spherical with a few short protruding arms.  The –Ag nanostars were more heteromorphic as 

they had a range of 1-8 arms (Figure 4-4A) which agreed with those found in Xie et. al.  The 

presence of the shoulder peak seen in the +Ag spectrum at 525nm in Figure 4-3, could have 

been attributed to the presence of the large spherical particles or to the transverse localized 

surface plasmon resonance depending on the core size of the anisotropic nanostars.  The main 

peak corresponded to the major axis and the shoulder peak to the minor axis tip of the star 

(Vincenzo et al., 2017; Xu et al., 2018).  

The size of the +Ag nanostars were smaller than the -Ag ones of 46 nm + 3nm.  The growth of 

the crystal lattice was in the <111> direction (Wang, 2000) and had a lattice spacing of 0.233nm 

(Figure 4-4D insert)  which was in the bulk gold range (Xie et al., 2007).  EDS analysis revealed 

an elemental composition consisting of gold (79.4%) and copper (20.6%) which was from the 

copper grids used during analysis.  Although elemental silver was not detected by the EDS 

analysis, the silver did aid the HEPES in disrupting the lattice of the gold nanostars more, 

resulting in more homogenous branches as opposed to the –Ag synthesised nanostars. 

These new nanostars were different to those in morphology and synthesis when compared to 

other seedless HEPES synthesised nanostars found in literature.  Webb et. al. synthesised 

particles using a similar method to Xie et.al but differed the concentrations and pH of HEPES as 

well as the HAuCl4 concentration.  The final product produced a limited number and 

heterogenous multibranched nanostars (Webb et al., 2014).  In a follow up article Xie et. al. 

synthesised nanostars by changing the HEPES concentration which led to more homomorphic 

branched nanostars which had a large core and extremely short arms (Xie et al., 2008).  Liu et. 

al synthesised nanostars with four long branched arms by manipulating the HEPES 

concentration and solution temperature (Liu et al., 2013).  Longer arms and branch density 

resulted in a more sensitive response to morphological change which was a desirable aspect for 

a biosensor (Liu et al., 2013; Webb et al., 2014).  The particles synthesised by Cheg et. al were 

synthesised by adding surfactants CTAB, PVP and PEG to the HEPES during synthesis.  The 

morphology of the particles ranged from spherical, triangular to a three armed star (Chen et al., 

2010).  Minati et. al synthesised nanostars using a seedless approach with  hydroxylamine and 

HAuCl4, although this was also a very simple method the nanostars that were formed had a 

large core with extremely short arms (Minati et al., 2014).  Araújo-Chaves et. al. synthesised a 

complex particle conglomerate by adding phosphate buffered saline to the HEPES which also 

had a large core and extremely short arms (C. A. Chaves et al., 2015).  In comparison, these 

new synthesised nanostars with the simple addition of AgNO3 resulted in a gold nanostar that 

had more homogenous arms and which were sufficient in length for the use of enzyme and 

antibody attachment.            
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Once capped with PVP, both the -Ag and +Ag migrated to the cathode when compared to 

uncapped +Ag controls during agarose gel electrophoresis. In addition, NMR spectral matching 

indicated the presence of PVP in the washed samples. Taken together these results indicated 

sufficient PVP capping of the nanostars which aided in centrifugation and storage stability.  As 

mentioned earlier, HEPES also acts as a capping agent as demonstrated by the NMR 

measurements which show that HEPES was still present after multiple washes (Figure 4-5).  

This was, however, of little concern for the future use of these particles as they will be 

functionalised with other compounds of interest.  

 

Figure 4-5:  Detection of PVP presence. A) NMR spectra obtained for both +Ag and –Ag samples 

compared to the neat PVP sample. B) Gel electrophoresis showing particle charge. 

 

The UV-Vis spectral comparisons of –Ag and +Ag nanostars after 24-hour exposure to various 

environments are presented in Figure 4-6. Both nanostars were not stable in the 

unsupplemented medium, however, once the medium was supplemented then the nanostars 

remained reasonably stable with a slight red shift in the spectrum when compared to the control 

nanostar solution.  The instability phenomenon could be a result of amino acids binding to the 

gold nanoparticles.  The addition of the FBS could have resulted in the albumin forming a 

protective protein corona around the nanoparticle preventing the amino acids from binding to 

the nanoparticle surface (Brunner et al., 2010; Cai & Yao, 2014).  In all remaining instances, the 

+Ag nanostars were less susceptible to environmental effects as judged by changes in the 

absorbance and wavelength shifts when compared to the control nanostar solution.  In addition, 

the +Ag nanostars were not significantly affected by changes in the pH 4-8 range.  The 

percentage change in absorbance of both +Ag and –Ag nanostars in the various environments 

over the 24-hour period are presented in the legend of Figure 4-6.  
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Figure 4-6: UV-Vis Spectra of -Ag and +Ag nanostars after a 24-hour exposure to various matrices.  

A) -Ag spectra. B) +Ag Spectra.  There was a change of the nanostars absorbance over a 24hr time point 

in various environments.  A 25% and 17% decrease in OD max was seen for the –Ag and +Ag in 150mM 

NaCl respectively.  A 53% and 6% decrease in OD max for the –Ag and +Ag at pH 4 was noted.  A 24% 

and 7% decrease in OD max for the –Ag and +Ag was noted for pH 5.  An 18% and 2% decrease in OD 

max for the –Ag and +Ag for pH 6.  A 17% and 3% decrease in OD max for the –Ag and +Ag for pH 7. A 

29% and 4% decrease in OD max for the –Ag and +Ag for pH 8.  A 33% and 11% decrease in OD max 

for the –Ag and +Ag in serum supplemented medium was observed. 



 

  

Page 70 

 

  

4.6 Conclusion 

We demonstrate better control for more uniform production of gold nanostars morphology.  The 

method showed how a small change in the synthesis method can have a drastic effect on the 

final morphology of the produced nanostars.  This underscores the much-needed research in 

synthesis of gold nanostars and elucidating the mechanism and factors influencing synthesis 

parameters.  We demonstrated how the addition of silver nitrate significantly enhanced the 

morphology and monodispersity of a HEPES-mediated seedless nanostar synthesis method.  

The nanostars resulting from this one-pot synthesis method were approximately 37 + 2nm in 

diameter, multi-branched and homogenous to a large degree.  They were also stable in 

supplemented cell culture medium, sodium chloride and a wide pH range.  This green synthesis 

method is facile and repeatable.  It is a safe method for long term use, thus making it attractive 

for gold nanostar synthesis for use as scaffolds in biosensors fabrication.  Further studies to 

evaluate this particular feasibility of these nanostars in biosensors are undergoing in our 

laboratory. 
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CHAPTER 5 

Tailor-made gold nanostar colorimetric 

detection determined by morphology change 

and used as an indirect approach to using 

hydrogen peroxide to determine glucose 

concentration 

 

 

 

 

 

I HAVE NOT FAILED. I’VE JUST FOUND 10 000 WAYS THAT WON’T WORK. 

- THOMAS A.EDISON 
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5.1 Preface 

This chapter was in accordance with meeting Objective 2 mentioned in Chapter 3 which was to 

establish and optimise biosensor colorimetric parameters.  Here, one weak base and one strong 

base was compared as a catalyst in the colorimetric reaction.  Furthermore the influence the 

functionalised enzyme had on the colorimetric effect of the gold nanostars was assessed.  

When discussing the colour change and morphology change this was not done in accordance 

with (Zhang et al., 2018) as this article was only read after this work had already been 

completed.  This chapter was submitted, and is currently under review with Sensing and Bio-

Sensing Research. 

5.2 Abstract 

Gold nanostars are being utilised more regularly in the field of nanodiagnostics.  The modified 

seedless synthetic method comprised of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES) synthesised with the addition of silver nitrate was applied for a biosensor 

application.  The colorimetric ability of these newly synthesised nanostars showed to be more 

sensitive and more visually colourful than the HEPES gold nanostars synthesised without silver 

nitrate.  It was observed that the gold nanostar colorimetric assay could be tailored for a specific 

application using either hydroxylamine or sodium hydroxide as colorimetric catalysts.  Upon the 

attachment of glucose oxidase to the gold nanostars, glucose was measured by its oxidation 

and the generated hydrogen peroxide resulted in a sufficient colour gradient that clearly 

distinguished different concentrations. Added to the colour changes was the spectrophotometric 

localized surface plasmon resonance peak shifts in response to different glucose 

concentrations.  In conclusion, the reported nanostars showed great potential as a good 

biosensing candidate. 

5.3 Introduction 

Gold (Au) nanoparticles are ultrafine particles which are being used in diverse medical 

applications such as immunosensing, biolabels and drug delivery (Daraee et al., 2016; Gerber 

et al., 2013).  This has proven valuable in disease diagnosis, treatment and prevention (Khan et 

al., 2014).  What makes gold nanoparticles an attractive platform for biosensing is their facile 

synthesis; unique properties (especially the colorimetric and physical properties) which allow for 

easy manipulation and design; and easy surface functionalisation with biorecognition molecules 

(Liu et al., 2016).  Functionalised gold nanoparticles have been successfully used for protein, 

enzyme, oligonucleotide, metal ions and small molecule detection and can act as both the 

molecular acceptor as well as the signal transducer enhancing the sensitivity of a sensor 
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(Posthuma-Trumpie et al., 2009; Saha et al., 2012).  Anisotropic gold nanoparticles such as 

gold nanostars are a promising alternative for biosensor application as the protruding arms add 

to the plasmonic contributions and the lightning rod effect.  The surface plasmon resonance of 

the gold nanostars can be altered by controlling the gold nanostar arm density and length while 

maintaining the dimensional aspects (Gerber et al., 2013).   

Various synthesis methods for gold nanostars have been proposed. Of note are the seeded and 

seedless methods. The seedless method has been observed to be simpler in that it requires 

fewer steps and reagents.  2-[4-(2-hydroxyethyl)piperazinyl]ethanesulfonic acid (HEPES) has 

been used for the synthesis of gold nanostars as a green synthesis. The piperazine in the buffer 

generates nitrogen-centered free radicals which is responsible for reducing the gold ions (AuCl4
-

).  The buffer acts as the growth-directing, reducing and capping agent for the nanostars 

(Bankar et al., 2009; Hu et al., 2008; Saha et al., 2012).  Silver nitrate was added in a recent 

modified synthesis method for gold nanostars to overcome the dimensional control challenge 

pertaining to gold nanostars synthesised with the seedless method (Sacks et al., 2002).  The 

added silver nitrate is reported to have had a shape-directing influence in the seedless method 

resulting in more monodispersed and multi-branched morphologies of gold nanostars (Miyasaka 

et al., 1998; Sherwani et al., 2016). 

Gold nanostars have been used as detectors for hydrogen peroxide sensing via the biocatalytic 

growth of the nanoparticles (Rodríguez-Lorenzo et al., 2018; Willner et al., 2006).  In an earlier 

publication it was shown that due to a biorecognition event which generated a hydrogen 

peroxide by-product, silver ions were reduced around the gold nanostar nanosensors which 

resulted in a localized surface plasmon resonance (LSPR) shift (Khan et al., 2014).  This shift is 

due to a change in the surface electron oscillations which may be influenced by shape, size, 

dielectric environment, surface coating and nanoparticle-chemical entity interaction, and can be 

detected by changes in scattering or absorption spectra or colour variation of the nanoparticle 

solution (Tang & Li, 2017).  Changes in essential parameters such as pH, and others, can exert 

a huge impact on the size, morphology, crystallinity and degree of aggregation of the nanostars 

thereby altering or modifying the response of the signal generation (Rodríguez-Lorenzo et al., 

2018).  To this end various bases have been reported to catalyze the tunability of the 

morphology of the gold nanostars by the coating of silver or gold chloride ions (Liu et al., 2019; 

Liu et al., 2016; Peng et al., 2014; Rodríguez-Lorenzo et al., 2018; Tang & Li, 2017)      

Enzymes, such as glucose oxidase (GOx); which has been used extensively as a model 

enzyme in various fields, including nanotechnology biosensor applications, have been used to 

grow nanoparticles for optical detection applications (Bankar et al., 2009; Liu et al., 2019; 

Willner et al., 2006).  GOx is a typical dimeric flavin enzyme with a molecular weight of 
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approximately 150kDa.  It also contains 1 flavin adenine dinucleotide (FAD) cofactor per 

monomer.  The main biological function of glucose oxidase is to catalyze the oxidation of β-d-

glucose producing β-d-glucono-1,5-lactone and hydrogen peroxide (Hu et al., 2008; 

Viswanathan et al., 2012).  The analytical range for glucose concentration used in current 

laboratory diagnostic tests in plasma ranges from 3 mmol/L-16.5mmol/L (Sacks et al., 2002; 

Sherwani et al., 2016).  The presence of hydrogen peroxide is used as an indirect approach to 

determining the glucose concentration (Miyasaka et al., 1998).  Wilner’s group showed that by 

using the oxidation of glucose by glucose oxidase, the hydrogen peroxide by product was able 

to act as a reducing agent for the deposition of gold onto gold nanoparticle surfaces (Willner et 

al., 2006).      

Here we investigated the biosensing potential of our previously reported silver assisted 

seedless nanoparticle synthesis method compared to the HEPES only method.  The effect of 

using both a weak and a strong base catalyst in the colorimetric reaction was also assessed.  

Additionally we assessed if this system could still produce a colour change once functionalised 

with GOx as a model enzyme. 

5.4 Materials and methods 

5.4.1 Materials 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), gold (III) chloride trihydrate, silver 

nitrate, polyvinylpyrrolidone (PVP) 10 000,  sodium hydroxide, hydroxylamine hydrochloride,  

3,3'-dithiobis(sulfosuccinimidyl propionate) (DTSSP), glucose oxidase from Aspergillus niger 

(GOx) were purchased from Sigma-Aldrich. Glucose was from Dis-Chem pharmacy, South 

Africa. The nanostars were prepared in 5mL screw cap tubes (Ascendis Medical) and all assays 

were carried out in 96-well plates (Corning). 

5.4.2 Preparation of gold nanostars   

Gold nanostars by a HEPES only method (Au-) were synthesised according to Xie et.al 

(Xie et al., 2007).  Briefly, 3mL deionized water (Millipore, 18.2ΩM) was added to 2mL 100mM 

HEPES buffer (pH 7.4)), followed by the addition of 20µL of a 50mM gold (III) chloride trihydrate 

aqueous solution. After gentle mixing the solution was left to stand at room temperature until the 

solution turned a greenish blue colour. 

Silver assisted gold nanostars (Au+) were synthesised as previously described by our group 

(Mulder et al., In process 2019 (submitted 30 Jan 2019)).  Briefly, deionized water (Millipore, 

18.2ΩM) was added to 100mM HEPES buffer (pH 7.4), followed by the sequential addition of 

https://www.thermofisher.com/order/catalog/product/21578
https://www.thermofisher.com/order/catalog/product/21578
https://www.sigmaaldrich.com/catalog/substance/glucoseoxidasefromaspergillusniger12345900137011?lang=en&region=US
https://www.sigmaaldrich.com/catalog/substance/glucoseoxidasefromaspergillusniger12345900137011?lang=en&region=US
https://www.sigmaaldrich.com/catalog/substance/glucoseoxidasefromaspergillusniger12345900137011?lang=en&region=US
https://www.sigmaaldrich.com/catalog/substance/glucoseoxidasefromaspergillusniger12345900137011?lang=en&region=US
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20uL of a 50mM gold (III) chloride trihydrate and 4uL of a 1mM silver nitrate solution.  The 

solution was mixed by end-to-end tube inversion and left to stand at room temperature for 

approximately 30 minutes until the solution turned a blue colour.  In both instances the 

nanostars were PVP coated.  To each solution of nanostars 25mM PVP was added after which 

the tubes were inverted a few times and left to stand at room temperature overnight.  The 

samples were then centrifuged and resuspended in 500µL deionized water. 

5.4.3 Glucose oxidase functionalised nanostars (Au-GOx)  

2mL of previously prepared Au+ gold nanostars coated with 2.5mM PVP resuspended in 

100mM HEPES pH 6.9 was incubated with 100µL 0.5mM DTSSP for 3 hours at room 

temperature. Following this 150µL 2mg/mL GOx was added to the tubes. The solution was then 

left in the fridge overnight for attachment of the GOx to the nanostars. Excess DTSSP and GOx 

was removed by two cycles of centrifugation at 2110 x g for 50 minutes and resuspended with 

deionized water.  This concentration of GOx was chosen as there was no aggregation of the 

nanostars during the clean-up process. 

5.4.4 Colorimetric assays   

Reagents were added and pipette mixed in the following order: 1mM MES buffer pH 6, 15µL 

nanostars, 0-3mM range hydrogen peroxide, 0.1mM silver nitrate and 0.25mM hydroxylamine 

hydrochloride.  As an initial step a volume of deionized water was added that ensured a final 

volume of 200µL and reagent concentrations as stated above. A multi-channel pipette was used 

for adding the hydroxylamine hydrochloride.  The samples were left to stand at room 

temperature for 60 minutes and then read on the microplate reader (400-900nm).  The same 

procedure was followed for the sodium hydroxide, with the modification of decreasing the 

hydrogen peroxide molarity range to 0-0.03 mM and replacing the hydroxylamine hydrochloride 

with 5mM sodium hydroxide.  In addition the reagents were incubated for 5 minutes only prior to 

spectrophotometric measurement.  Multiple titration assays were set-up where nanostar 

volume, buffer, hydrogen peroxide, silver nitrate and base concentrations were varied (results 

not shown).  These were the hydrogen peroxide concentration ranges obtained where there 

were colorimetric and spectrophotometric differences across the range.  The procedure for the 

Au-GOx nanostars was according to the sodium hydroxide procedure but incubation of the 

nanostars at 37°C for 1 hour with range 0-0.015mM glucose prior to a second 1 minute 

incubation with silver and 4mM NaOH gave optimal surface plasmon resonance properties. 
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5.4.5 Instrumentation   

Characterisation of nanostars was done with high resolution transmission electron microscopy 

(HR-TEM) and energy-dispersive spectroscopy (EDS), dynamic light scattering (DLS), nuclear 

magnetic resonance spectroscopy (NMR), agarose gel electrophoresis and ultra-violet visible 

spectroscopy (UV-Vis).  

5.4.5.1 Morphology and elemental composition 

The morphology and elemental composition of the nanostars were determined with HR-TEM 

and EDS on a JEOL JEM 2100F transmission electron microscope with Oxford instruments 

INCA 4.11 software as the corresponding EDS analysis software.  Sample preparation was 

done by spotting the nanostars on to a copper grid and allowing them to air dry.  DLS was used 

to estimate the hydrodynamic diameter of of the PVP capped and Au-GOx nanostars. The 

analysis was performed on a Zetasizer Nano (Malvern) with the backscatter setting using 

Zietasizer version 6.20 software.  The polystyrene cuvettes were stoppered to limit dust 

contamination.   

5.4.5.2 Spectral properties 

The absorbance spectrum of the nanostars was determined using a HT Synergy (BioTEK) 

microplate spectrophotometer operated between 400 and 800nm at a 1nm increment linked 

with the Gen5.1 analysis software. 

5.4.5.3 Surface functionalisation and charge 

Successful enzyme attachment of GOx to Au+ nanostars was illustrated by comparison of NMR 

spectra, DLS, UV-Vis and agarose gel electrophoresis migration of Au+ nanostars with and 

without GOx functionalisation. The NMR was performed at 500 MHz on a Bruker Avance III HD 

NMR spectrometer equipped with a triple-resonance inverse (TXI) 1H (15N, 13C) probe head. 

The electrophoresis was done using 0.75% agarose and 1 x Tris-EDTA buffer (TAE buffer) at 

pH 8.  The samples were prepared using 8µL nanostars mixed with 4µL 80% glucose and run at 

40V for approximately 45 minutes (de Puig et al., 2015). 



 

  

Page 80 

 

  

5.5 Results 

Figure 5-1: Au- and Au+ absorbance spectra and spectral shift linearity with the increase of 

hydrogen peroxide in the presence of the hydroxylamine hydrochloride base. A, C) Au- nanostars 

spectra and OD max of Au- nanostars at varying hydrogen peroxide concentrations respectively. B, D) 

Au+ nanostars spectra. and OD max of Au+ nanostars at varying hydrogen peroxide concentrations 

respectively.  

The colorimetric assay results of the Au- and Au+ nanostars  as the hydrogen peroxide 

concentration increases in the presence of the hydroxylamine hydrochloride as the base are 

presented in Figure 5-1.  In both instances a red shift of similar magnitude results as the 

hydrogen peroxide concentrations increases. A subsequent positive correlation between the 

observed OD max and hydrogen peroxide concentration is also observed.  The linear model fit 

and linear range of the Au+ nanostars were superior to that of the Au- nanostars over the tested 

hydrogen peroxide range as judged visually and by the coefficient of determination. 
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Figure 5-2: Photograph of the Au+ and Au- nanostars colorimetric assay.  Before incubation and 

after incubation in the presence of hydroxylamine hydrochloride and sodium hydroxide respectively with 

increasing hydrogen peroxide concentrations.  

The colour change observed before and after incubation is presented in Figure 5-2 for both the 

hydroxylamine hydrochloride and sodium hydroxide bases.  For the hydroxylamine 

hydrochloride base, a dramatic change to red was observed for the Au+ in the absence of 

hydrogen peroxide which gradually became purple and then blue at 3mM.  In contrast to this the 

Au- nanostars turned turquoise after incubation and decreased in colour intensity as the 

hydrogen peroxide concentrations increased.  

The HR-TEM observed changes in morphology of the post-incubated Au+ nanostars at various 

hydrogen peroxide concentrations is presented in Figure 5-3.  Observing the morphology of the 

hydroxylamine hydrochloride assay, at low concentrations the morphology changed to 

predominantly spherical particles while a tendency towards maintaining the star morphology 

was observed at higher hydrogen peroxide concentrations.  In all instances small spherical 

structures are observed in addition to the nanoparticles.  On average samples contained 87% 

elemental gold (Au) and 13% silver (Ag) as measured by EDS.  The small spherical structures 
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were 100% Ag in composition.  The size of these silver nanoparticles were approximately 12nm 

in the absence of hydrogen peroxide and change to 6nm at 0.5mM and 4nm for the rest of the 

hydrogen peroxide concentrations tested.  

 

Figure 5-3: TEM images of the post-incubation Au+ nanostars for both hydroxylamine hydrochloride 

and sodium hydroxide bases. The gold nanostars remain more star-shaped as the hydrogen peroxide 

increase in the presence of the hydroxylamine hydrochloride base.  In contrast, the gold nanostars 

become more spherical in shape as the hydrogen peroxide increases in the presence of the sodium 

hydroxide base. 
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Figure 5-4 shows the UV-vis spectra obtained from the colorimetric assay of the Au- and Au+ 

gold nanostars as the hydrogen peroxide concentration increases when sodium hydroxide is 

used as the base.  The linear model fit of the Au+ nanostars is again superior to that of the Au- 

nanostars but in this instance a blue shift results from increasing hydrogen peroxide 

concentrations with a subsequent negative correlation between the OD max and increasing 

hydrogen peroxide concentration. 

 

Figure 5-4: Au- and Au+ absorbance spectra and spectral shift linearity with the increase of 

hydrogen peroxide concentration in the presence of the sodium hydroxide base. A, C) Au- 

nanostars spectra and the relationship between OD max of Au- nanostars at varying hydrogen peroxide 

concentrations respectively. B, D) Au+ nanostars spectra and the relationship between the OD max of 

Au+ nanostars at varying hydrogen peroxide concentrations respectively. 

In similar fashion the visually observed colour change, as presented in Figure 5-2 is comparable 

to the results obtained for hydroxylamine hydrochloride with Au+ nanostars showing a superior 

range of colour change when compared to Au- albeit with the change in the opposite direction.  

As is to be expected by now, the HR-TEM images of the Au+ nanostars in sodium hydroxide, 
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were to a large extent the opposite image of the same nanostars incubated with hydroxylamine 

hydrochloride, presented in Figure 5-3.  Nanostars at 0mM and 0.005mM hydrogen peroxide 

concentrations remained predominantly star shaped with a tendency to become spherical as the 

concentration increased to 0.03mM.  On average samples contained 77% Au and 23% Ag.  

Smaller 100% silver nanoparticles were again observed and measured approximately 2nm and 

4nm at 0mM and 0.005-0.01mM respectively and 8nm in the remainder of the samples. 

Following these initial observations the Au+ nanostars were selected for functionalisation with 

glucose oxidase.  Evidence of successful functionalisation is presented in Figure 5-5.  When 

compared to Au+ nanostars, the NMR spectra of the Au-GOx nanostars shows loss of peaks 

associated with PVP capping and a prominent additional peak at approximately 3.7ppm due to 

attachment of GOx.  Reference spectra for the various components have been published 

previously (Mulder et al., In PRESS 2019 (submitted 30 Jan 2019); Phiri et al., 2019).  When 

compared to Au+ nanostars, the Au-GOx nanostars migrated cathodally to a lesser extent 

indicating an increase in size and/or a decrease in nett negative charge.  Some broadening of 

the bands are also observed with greater prominence of the application site.  This is likely due 

to an increased tendency towards aggregation due to loss of PVP coating.  The hydrodynamic 

diameter increased from approximately 49nm to 62nm when the Au+ nanostars were compared 

to the Au-GOx nanostars on DLS with similar polydispersity indices (0.39 and 0.32 respectively) 

while the OD max of the UV-vis spectra showed a red shift from 688nm to711nm with 

broadening of the peak.  The presence of the enzyme would result in a larger hydrodynamic 

diameter (19, 20) and was found to increase from 49.27nm to 62.00nm. 
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Figure 5-5: Au-GOx functionalisation verification A) NMR spectra and B) agarose gel electrophoresis 

A pilot study for the colorimetric assay for the Au-GOx nanostars using sodium hydroxide as the 

base is presented in Figure 5-6.  It has been shown that gold nanoparticles can oxidize glucose 

generating hydrogen peroxide and gluconic acid (Lang et al., 2014), however, no changes in 

colour was observed when various components of the reaction mixture was omitted (Figure 5-

6).  In agreement with the previous finding when sodium hydroxide was used as a base, an 

increase in the blue shift of the OD max was observed with increasing hydrogen peroxide 

concentrations with good linearity and model fit over the tested range (Figure 5-7).  The 

corresponding visual colour change is presented in Figure 5-8 which largely shows a blue to 

green change in colour with concomitant increase in colour intensity with increasing glucose 

concentrations.  
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Figure 5-6: Pilot study for Au-GOx colorimetric assay. Tubes containing all the reaction components 

with the following components omitted A) Au-GOx, B) glucose, C) silver nitrate, D) sodium hydroxide and 

E) all components present 

 

Figure 5-7: Au-GOx colorimetric spectral assessment A) Au-GOx absorbance spectra and B) spectral 

shift linearity at various glucose concentrations with sodium hydroxide as the base.     

 

Figure 5-8: Photograph of the Au-GOx colorimetric assay with sodium hydroxide base. 

5.6 Discussion 

We have shown previously that the Au+ had a structural advantage over the Au- nanostars, 

however, there was need to examine if these structural advantages translated into additional 
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benefit for potential analytical applications.  Generally, the Au+ nanostars outperformed the Au- 

ones in terms of the analytical range of the absorbance shift and its associated visual 

observability.  The two different bases i.e. hydroxylamine hydrochloride and sodium hydroxide, 

also had varying results in the colorimetric sensing based on hydrogen peroxide reduction of 

silver onto the gold nanostars.  Ammonia was also tried as a catalyst as used by Rodríguez-

Lorenzo et al. (Rodríguez-Lorenzo et al., 2018), however, no colour change was observed with 

the nanostars.   

The data obtained by using hydroxylamine hydrochloride as the base showed a red shift for 

both the Au+ and Au- spectra.  The shift of the Au+ nanostars showed a better linearity 

compared to the Au- nanostars which was noted by the regression of the scatter plots allowing 

for hydrogen peroxide concentration determination.  There was also an inverse relationship 

between maximum absorbance shift and concentration.  The confluence of the Au+ spectra was 

more pronounced than that observed by the Au- nanostars suggesting the shortening of the Au+ 

nanostar branches in the absence of hydrogen peroxide and a maintenance of the arm integrity 

in the presence of increased hydrogen peroxide concentration.  This is seen by the lessening of 

the shoulder peak while maintaining the main peak (Mulder et al., In process 2019 (submitted 

30 Jan 2019)).  The colour change was attributed to the change in morphology of the Au+ 

nanostars as seen with corresponding TEM images.  In the absence of hydrogen peroxide, the 

nanostars changed shape to spherical with a corresponding colour change to red while the 

presence of hydrogen peroxide prevented this. Although the mechanism for this observation is 

yet to be elucidated, the empirical findings suggest that this assay may be particularly suited to 

the detection of absence of the target analyte.  

In contrast, when sodium hydroxide was used as a base, a direct relationship was observed 

between maximum absorbance shift and concentration.  In this reaction a distinct blue shift was 

obtained for the Au+ nanostars whereas the Au- nanostars had a marginal blue shift.  The Au+ 

spectra became more confluent with  increased hydrogen peroxide resulting in the highest 

concentration having an optical density maximum at 526nm which is characteristic of spherical 

gold nanoparticles (Haiss et al., 2007).  The TEM image obtained for this colorimetric range 

showed that the particles did become more spherical with the increase of hydrogen peroxide.  

This is a result of the hydrogen peroxide etching the gold nanostar into a spherical shape 

(Nitinaivinij et al., 2014).  The distance of the various OD max for the Au+ nanostars and the 

intensity of the colour change make this assay combination suitable for concentration 

determination assays. Although the incubation time for the sodium hydroxide assay was only 

5minutes and substantially shorter than the 60minutes required for the hydroxylamine 
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hydrochloride assay, it should be noted that this parameter was not optimised and further 

improvement of the reaction times of both assays may well be possible. 

The optimal base for concentration determination was applied to a glucose assay. The intention 

of the glucose assay was to determine if the gold nanostar would continue to generate a colour 

change if the hydrogen peroxide was generated by an enzyme-substrate reaction.   Glucose 

oxidase was attached to the surface of the gold nanostar as it has been reported in literature 

that the stability of gold nanoparticles is increased with the functionalisation of enzymes as well 

as improving enzyme performance (Ding et al., 2015; Virkutyte & Varma, 2011).  This was also 

done considering the downstream application where the nanostars would be used in a more 

complex matrix such as plasma.  Although the colour change of the glucose was different from 

both the hydroxylamine hydrochloride and sodium hydroxide, as the colour change was different 

shades of green, there was a sufficient shift in the spectra to determine the hydrogen peroxide 

concentration.  In comparison to the glucose concentration range currently detected in 

laboratories, the hydroxylamine hydrochloride assay was detecting a linear relationship between 

0mM – 3mM hydrogen peroxide, the sodium hydroxide was 0mM – 0.03mM and the glucose 

oxidase assay was 0mM - 0.015mM.  This observation renders the gold nanostar a sufficient 

platform for enzyme-substrate colorimetric assays.   

5.7 Conclusion 

The gold nanostars synthesised with the addition of silver nitrate showed to be more sensitive 

and reactive than the alternative HEPES synthesised nanostars.  Depending on the desired 

application, the colorimetric assay can be tailor made.  The hydroxylamine hydrochloride 

sample went from red to blue which would make it suitable in detecting the absence of an 

analyte, whereas, the sodium hydroxide was the reverse which makes it suitable for 

concentration dependent detection assays.  Upon the introduction of the enzyme similar results 

were obtained which maintained the nanoparticle stability and a 0mM – 0.015mM sample range 

was needed for the system to function optimally.  This biosensor combination holds promise as 

a new biosensor platform for enzyme-substrate colorimetric assays.  
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6.1 Preface 

This chapter was in accordance with meeting Objective 3 mentioned in Chapter 3 which was to 

determine the transferability of the colorimetric assay parameters.  It was found that the assay 

could be transferred from using glucose oxidase to fructosyl amino acid oxidase and could also 

be used in a complex matrix such as serum.  This chapter was submitted, and is currently under 

review with Biosensors.   

6.2 Abstract 

Diabetes Mellitus is a growing global concern. The current methods used to detect glycated 

haemoglobin are reliable, however, utilise expensive equipment, reagents and consumables. 

These are inaccessible to some rural communities. The nanotechnology methods which have 

been developed for glycated haemoglobin detection are predominantly electrochemically based, 

have complicated lengthy fabrication processes and utilise toxic chemicals. Here a fructosyl 

amino acid oxidase gold nanostar biosensor has been developed as a potential future point of 

care biosensor candidate for glycated haemoglobin detection. The workup done on this 

biosensor showed that it was able to give a spectrophotometric readout and colorimetric result 

with naked eye detection in blank serum spiked with fructosyl valine. 

6.3 Introduction 

The growing prevalence of Diabetes Mellitus is a global concern and South Africa is no 

exception (World Health, 2016). Glycated haemoglobin (HbA1C) is one of the three confirmatory 

diagnostic tests for diabetes along with fasting plasma glucose and oral glucose tolerance test 

(Adepoyibi et al., 2013; Weigl & Drake, 2013). HbA1C is haemoglobin HbA that has glucose 

covalently attached to the N-terminal valine of the beta chain via a nonenzymatic attachment 

process (David. B, 2018). HbA1C concentration is dependent on the erythrocyte life span and the 

glucose concentration of glucose found in the blood, therefore, any condition which influences 

the 120 day erythrocyte life span will also affect HbA1C (David. B, 2018). HbA1C is not only used 

in diabetes diagnosis but is also a recognised risk factor for cardiovascular disease (Cavero-

Redondo et al., 2016; Rifai et al., 2018). In addition to its diagnostic application HbA1C is used 

also to monitor glycemic control, evaluate the need for therapy change and predict the 

development of microvascular complications.  

 

There are more than 150 described methods available for HbA1C determination. Most of these 

can be classified as high-performance liquid chromatography (HPLC), immunoassays, affinity 

chromatography, capillary electrophoresis and enzymatic assays (David. B, 2018). Selection of 
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the most appropriate method given the clinical requirement in a specific setting is a trade-off 

between specificity given the haemoglobin variants and genetic variation, speed of analysis and 

skills required, and lastly infrastructure requirement and cost of testing (Adepoyibi et al., 2013; 

Camargo & Gross, 2004; Gupta et al., 2017; Hamwi et al., 1995; Jaisson et al., 2014; Liu et al., 

2008; Owen, 2015; Weigl & Drake, 2013). Currently there are also nanotechnology based 

assays for HbA1C determination, however, most of these methods utilise electrochemistry which 

have lengthy complicated fabrication processes, use toxic chemicals and may have glucose 

interference (Chang et al., 2015; Chawla & Pundir, 2011; Chien & Chou 2011; Liu, 2016; Olyaee 

et al., 2016).  

 

The enzymatic assay utilises a Bacillus sp. protease in a proteolytic digestion to release 

glycated valine from haemoglobin beta chains. The glycated valine then serves as a substrate 

for fructosyl amino acid oxidase (FAO) which produces hydrogen peroxide as a product (Liu et 

al., 2008). By using the recombinant fructosyl valine oxidase isolated from Escherichia coli 

species it was shown that there was no interference from glucose, bilirubin, uric acid, 

triglycerides etc. as it had an increased specificity for glycated valine (Ferri et al., 2009; Liu et 

al., 2008). Detection is then achieved by the addition of horseradish peroxidase and a 

chromogen.  

 

The reaction scheme for this reaction is illustrated in Figure 6-1.  
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Figure 6-1: Illustration of the enzyme assay used to measure HbA1C (Jain et al., 2016; Liu et al., 

2008). 

Despite the simple design of the method, it is expensive which limits widespread implementation 

and POC testing (Figure 6-1).  

 

Advances in nanotechnology have resulted in a wide range of nanosensing platforms for POC 

testing which have unique properties that are revolutionising the medical sector, particularly 

those comprised of gold nanoparticles (Syedmoradi et al., 2017). Their easy synthesis method 

and their unique physical properties is what makes gold nanoparticles useful. This allows for 

manipulation and design(Liu et al., 2016). Functional gold nanoparticles have been successfully 

used in protein, enzyme, oligonucleotide, metal ions and small molecule detection and can act 

as both the molecular acceptor as well as the signal transducer enhancing the sensitivity of a 

sensor (Posthuma-Trumpie et al., 2009; Saha et al., 2012). As an added benefit functionalising 
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gold nanoparticles with enzymes has been shown to stabilise both the gold nanoparticle and 

maintain the enzyme performance especially in a complex biological matrix (Ding et al., 2015; 

Guo et al., 2015). Gold nanostars are particularly useful as biosensor detectors due to the fact 

that the protruding arms add to the lightning rod effect and plasmonic contributions (Atta et al., 

2016). A change in the absorption spectrum is associated with the gold nanostars surface 

electrons oscillations. The oscillations are influenced by the gold nanostars size, shape, arm 

density, surface coating and dielectric environment and can be detected by changes in 

scattering or absorption spectra or colour variation of the nanoparticle solution (Lee & El-Sayed, 

2005; Tang & Li, 2017; Webb et al., 2014; Zhang et al., 2018). In literature it was shown that the 

localised surface plasmon resonance (LSPR) of gold nanostars shifts in response to silver ions 

which are reduced on to the nanostars surface in the presence of hydrogen peroxide 

(Rodríguez-Lorenzo et al., 2012).  

 

The difference between traditional organic dye probe reactions and gold nanoparticle-based 

colorimetric assays is the low extinction coefficients of organic dyes rendering them less 

sensitive than the high gold nanoparticle extinction coefficients owed to their LSPRs. This has 

resulted in the gold nanoparticle-based colorimetric assays having a detection limit in the 

nanomolar range and in some instances lower (Zhang et al., 2018). Despite the impressive level 

of detections and signal amplifications of the nanoparticles they also have their challenges. 

These challenges include interferences in biological environments, long incubation times as well 

as complicated fabrication processes (Lim & Ahmed, 2016).  

 

The aim of this research was to develop and adapt the enzymatic HbA1C assay by utilising a 

gold nanostar biosensor as opposed to a traditional chromogen. Such a modification will enable 

smaller sample volumes and quantification based on colour changes which are considered 

favourable for future POC applications. The results obtained showed functionalised gold 

nanostars with fructosyl amino acid oxidase to be a good biosensor candidate as it produced a 

good colorimetric differentiation between different concentrations of fructosyl valine which was 

detectable by the naked eye and spectrophotometrically. 

6.4 Materials and methods 

6.4.1 Materials 

All syntheses were done in 5mL screw cap tubes (Ascendis Medical, Johannesburg, South 

Africa). The stoppered polystyrene cuvettes used for dynamic light scattering was purchased 

from Sigma-Aldrich. The colorimetric assays were carried out in a clear, flat bottomed 96-well 
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plate (Corning, Corning, NY, USA). The chemicals used were purchased from Sigma-Aldrich 

unless stated otherwise. The chemicals used were; 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), gold (III) chloride trihydrate, silver nitrate (AgNO3), 

polyvinylpyrrolidone (PVP) 10,000, tris-acetate EDTA buffer (TAE), tris-EDTA buffer (TRIS), 

sodium hydroxide, sodium chloride, 3,3’-dithiobis(sulfosuccinimidyl propionate) (DTSSP) 

recombinant fructosyl amino acid oxidase isolated from Escherichia coli species (FAO), fructosyl 

valine (Industrial Analytical, Johannesburg, South Africa), glucose (Dischem, Cape Town, South 

Africa) and Medidrug Basis-line S human blank serum (Industrial Analytical, Johannesburg, 

South Africa). 

6.4.2 Instrumentation 

All spectra for the research were obtained using a HT Synergy microplate spectrophotometer 

scanned at 400–800nm wavelengths and Gen5.1 as the corresponding software (BioTEK). 

Dynamic light scattering (DLS) was used to estimate the hydrodynamic diameter of the 

nanostars functionalised with fructosyl amino acid oxidase (Brar & Verma, 2011; Pecora, 2000). 

DLS was performed on a Zetasizer Nano (Malvern, Royston, UK) in backscatter mode using 

Zietasizer version 6.20 software and stoppered polystyrene cuvettes limiting dust contamination. 

The morphology of the functionalised nanostars were determined with high resolution 

transmission electron microscopy (HR-TEM) and energy-dispersive X-ray spectroscopy (EDS) 

on a Tecnai F20 high resolution transmission electron microscope. The samples were prepared 

by spotting the nanostars on to copper grids and air drying them. The characterisation of the 

functionalised nanostars were determined in 75% agarose gel electrophoresis in 1 × TAE, 50V 

for 45min. The samples were prepared by adding 8µL nanostars to 4µL 50% glucose solution 

(de Puig et al., 2015).   

6.4.3 Nanostar (AuNs) synthesis 

The gold nanostars were synthesised using the HEPES buffer method described and 

characterised by our laboratory (Mulder et al., In PRESS 2019 (submitted 30 Jan 2019)). Briefly, 

2mL 100mM HEPES buffer (pH 7.4) was added to 3mL deionised water (Millipore, 18.2ΩM), 

followed by 20µL 50mM gold (III) chloride trihydrate (HAuCl4.4H2O) and 4µL 1mM silver nitrate. 

The screw cap tube was mixed by end-to-end tube inversion and left to stand at room 

temperature for approximately 30min until the solution turned a blue colour. The nanostars were 

then capped with 600µL 25mM PVP, the tube was inverted a few times and left to stand at room 

temperature overnight. The samples were then centrifuged and resuspended in 500µL of 

deionised water after removal of the supernatant. 
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6.4.4 Fructosyl amino acid oxidase (FAO) functionalised nanoparticles (FAO-AuNs) 

The nanostars were synthesised as described above (AuNs synthesis method) with the 

following modifications that were previously described for functionalisation with glucose oxidase 

(Mulder et al., In process 2019 (submitted 8 April 2019)): Once the nanostars were synthesised 

by the AuNs method. Capping was performed with a PVP solution diluted to 2.5mM and the 

incubation time was shortened to 90min. The suspension was centrifuged at 1990 × g for 40 

min and the FAO-AuNs were resuspended in 500µL 100mM HEPES (pH 6.9) after careful 

removal of the supernatant. Four replicates of the resuspended nanostars were then pooled to 

make up 2mL. 100µL 0.5mM freshly made up DTSSP was added to the 2mL stars, mixed by 

end-to-end inversion and left to incubate at room temperature for 3h. Following the incubation 

step, 150µL 2mg/mL FAO was added to the DTSSP functionalised nanostars and left to 

incubate in the fridge overnight. The following day the samples were centrifuged at 1990 × g for 

40min and the pellet was resuspended in 1 mL deionised water. The centrifugation process was 

repeated twice removing the excess HEPES and FAO in order to maintain star integrity (Xi & 

Haes, 2019). Successful functionalisation was confirmed by observing the expected red shift in 

the UV-Vis spectrum, a decrease cathodal migration with peak broadening during agarose gel 

electrophoresis and an increase in hydrodynamic diameter as measured by DLS. These criteria 

for successful functionalisation was previously established in our laboratory along with definitive 

confirmation by NMR characterisation (Mulder et al., In process 2019 (submitted 8 April 2019)). 

6.4.5 Feasibility assay 

Assays were carried out in a 96-well plate format. Reagents were added and pipette mixed in 

the following order: Ultrapure water to a final volume of 200µL, 20µL 10mM TRIS buffer (pH 

6.1), 15µL AuNs, 0–0.03mM range fructosyl valine (which is a 1:500 dilution of the expected 

concentration in blood samples (approximately 3–15mM glycated haemoglobin (Gupta et al., 

2017; Sherwani et al., 2016)) and 2µL 2mg/mL fructosyl amino acid oxidase. The plate was then 

incubated on the microplate spectrophotometer for 60min at 37°C after which the detection 

solution was added using a multichannel pipette. The detection solution consisted of 2µL 10mM 

silver nitrate followed by 7µL 500mM sodium hydroxide. The plate was then left in the 

spectrophotometer for 5min after which the spectra were obtained and the colorimetric result 

was observed. We have previously shown that AuNs gave a sufficient change as the 

concentration of hydrogen peroxide was varied with sodium hydroxide as the base used in the 

detection solution (Mulder et al., In process 2019 (submitted 8 April 2019)). 
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6.4.6 Stability assay 

The stability of the FAO-AuNs were assessed with the standard sodium chloride flocculation 

assay (300mM NaCl) and in blank serum. Serum was used to assess the ability of the biosensor 

in a complex matrix and was considered to be a reasonable proxy for haemolysates. 50µL FAO-

AuNs was added to 50µL of NaCl and serum respectively and were read on the microplate 

spectrophotometer every 15min for 2h and again at 18h. Since the FAO-AuNs is being utilised 

as a biosensor it is not necessary for the particles to be stable in the serum environment over a 

long period of time.  The UV-Vis spectrum in which the red shift was observed as well as 

broadening of the spectral curve were considered indicative of instability or the development of 

a protein corona (Rodríguez-Lorenzo et al., 2012; Sapsford et al., 2013).      

6.4.7 Specificity assay 

Non-specific reactions by assay components were tested by omitting individual components in 

turn and comparing the results to a control containing all components. Fructosyl valine was 

replaced with 1mM L-valine. The reagents were added and pipette mixed in the following order: 

Ultrapure water to a final volume of 200µL including the detection solution, 20µL 10mM TRIS 

buffer (pH 6.1), 15µL FAO-AuNs, 10µL 1mM fructosyl valine. Incubation, detection and spectral 

acquisitions was as described for the fructosyl valine feasibility assay with the exception that the 

sodium hydroxide volume was increased to 20µL. Samples were then transferred to 1.5mL 

microtubes for better colorimetric visualisation.    

6.4.8 FAO-AuNs colorimetric assay 

The colorimetric ability of the FAO-AuNs nanostars were assessed in both water and serum 

each test was run in triplicate. The use of a complex, protein containing matrix is important as it 

is known that a protein corona forms around nanostars which can prevent colour development 

(Aldewachi et al., 2018). Both assays were optimised chemometrically. The serum samples 

were prepared by spiking blank serum with 12mM fructosyl valine followed by dilution in water to 

range 0.3–1.5 mM. In water a 0.6 to 3mM range was optimal. The assay procedure was as 

described for the FAO specificity assay accept for adding 2µL fructosyl valine range of 

concentrations and 20µL and 25µL 500mM sodium hydroxide to the water and serum assay 

respectively. Results were observed after approximately 10min incubation with the detection 

solution. The final fructosyl valine concentration was a 1000× dilution of the expected 3mM to 

15mM HbA reference range. 
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6.5 Results and discussion 

The results for the feasibility assay are presented in Figure 6-2. An increase in the fructosyl 

valine concentration resulted in the colour of the solution changing from blue, to purple to red 

and a blue shift (to the left) in the spectral curve. The change in the wavelength at ODmax was 

linearly correlated with the fructosyl valine concentration over the tested range. This indicated 

that the FAO reaction produced sufficient hydrogen peroxide in correlation with the 

concentration of substrate added rendering this a feasible option for HbA1C measurement. 

 

Figure 6-2: Feasibility assay. (A) Photograph showing the colour change of the nanostar with 

increased fructosyl valine concentration. (B) The corresponding UV-vis spectra and (C) scatter plot 

of the wavelength at ODmax and fructosyl valine concentration with linear regression fit. 

Evidence for successful FAO-AuNs functionalisation is presented in Figure 6-3. The 12nm red 

shift with peak broadening, the decreased cathodal agarose gel electrophoresis migration 

pattern and 14.78nm increase in the hydrodynamic diameter of the nanostars after 

functionalisation were consistent with our previous findings on glucose oxidase functionalisation 

as well as with that shown by Xi et. al. This is, therefore, indicative of successful 

functionalisation (Mulder et al., In process 2019 (submitted 8 April 2019); Xi et al., 2018). 
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Figure 6-3. Confirmation of FAO-AuNs functionalisation. (A) UV-Vis spectra, (B) agarose gel 

electrophoresis and (C) DLS results of functionalised and unfunctionalised nanostars. 

The stability assay data is shown in Figure 6-4. The FAO-AuNs were stable in the serum 

environment as the initial response of the nanostars resulted in a sudden shift of the spectrum 

and then maintained the same characteristic as the control over time (Figure 6-4B). In the salt 

environment the maximum optical density (OD max) declined by 30% within the first 30 min with 

a marginal red shift after which it remained stable for at least up to two hours (Figure 6-4A). The 

biosensor did not need to be stable in a complex matrix such as serum for long periods as the 

result should be obtained in the shortest possible time frame. There was a horizontal 

relationship between the maximum optical density and time for the serum environments 

indicating nanostar stability (Figure 6-4C). The maximum optical density and time for the salt 

environment showed a decline in relationship for the first 2h and then plateaued out until the 18 

h time point (Figure 6-4D).  
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Figure 6-4: Stability of the FAO-AuNs in serum (A,C) and salt (B,D). 

Data supporting the specificity of the FAO-AuNs assay is presented in Figure 5. Although 

marginal shifts did occur with the omission of various reaction components, the magnitude was 

less than the shift with all components present even without prior optimisation of the reaction 

conditions. In addition silver reduction without the presence of nanostars did not result in a 

significant shift. 

Figure 6-5: Specificity assay. (A) Table showing omitted reaction components accept for * which 
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indicates the replacement of fructosyl valine with L-valine. (B) Photograph of the colours obtained for the 
reaction as laid out in the table. (C) Corresponding normalised UV-Vis spectra. 

The compound figure in Figure 6-6, shows the contrast of colour obtained between the water 

and serum environment as well as the spectral and linearity data. 

 

Figure 6-6: Matrix effects evaluation assays in water and serum for different fructosyl 

concentrations. (A) Photograph showing the colour of the FAO-AuNs in water. (B) UV-Vis spectra 

for FAO-AuNs in water immediately after detection solution is added. (C,D) Linear relationships for 

FAO-AuNs (in water) between fructosyl valine concentration and shift in wavelength and maximum 

optical density respectively. (E) Photograph showing the colour of the FAO-AuNs in serum after 

incubation. (F) UV-Vis spectra for FAO-AuNs in serum immediately after addition of detection 

solution. (G,H) Linear relationships for FAO-AuNs (in serum) between fructosyl valine concentration 

and wavelength and maximum optical density respectively. 

In Figure 6-6A, it can be seen that the FAO-AuNs solution changed to a colour range of red, 

orange, yellow and green. The spectral shift in Figure 6-6B was a blue shift with the highest 

concentration of fructosyl valine blue shifting the most which concurred with Figure 6-2B. This 
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pattern in spectral shift and constant OD max was described by Zang et.al as a change in 

morphology by etching and growth while maintaining the nanoparticle size as no change in OD 

max was noted (Zhang et al., 2018). This was confirmed by the images in Figure 6-7B–D. The 

colour change difference between Figure 6-6A and Figure 6-6E could be attributed to a protein 

corona which forms around the nanostars changing the nanostar physiochemical properties 

(Aldewachi et al., 2018). The FAO-AuNs in serum (Figure 6-6F), also showed a blue shift with 

the highest concentration of fructosyl valine shifting the most albeit with some change in OD 

max. 

 

The possible mechanism contributing to the colour change was investigated by viewing the 

particle morphology via TEM. It is proposed that the colour was attributed via enzyme-mediated 

etching and growth of the gold nanostars (Zhang et al., 2018). A proposed scheme is illustrated 

in Figure 8 (Xia et al., 2013).  

The TEM images of the nanoparticles in both the water and serum are shown in Figure 6-7 

below. 
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Figure 6-7: TEM images showing the morphological change of the FAO-AuNs in 

water and serum for varied fructosyl valine concentrations. (A) Is the morphology 

of FAO-AuNs after functionalisation. In the water environment (B) 0mM, (C) 0.018mM 
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and (D) 0.03mM. In the serum environment (E) 0mM, (F) 0.009mM and (G) 0.015mM 

respectively. The inserts for each image shows a closer view of the particle 

morphology. 

 

Figure 6-8. Proposed reaction scheme for the colorimetric reaction obtained by the FAO-

AuNs in serum. 

 

When the nanostar was functionalized, the shape of the nanostar was maintained as seen in 

the TEM image in Figure 6-7A .  The TEM images seen in Figure 6-7E–G support the proposed 

reaction scheme seen in Figure 6-8. The morphology change of the FAO-AuNs in serum as 

seen in Figure 6-7E–G resulted in the shortening of the FAO-AuNs arms compared with the 

functionalisation control (Figure 6-7A). The arms were gradually removed until finally resulting in 

more spherical nanoparticles. The etching and growth of the FAO-AuNs in water followed a 

different pattern where the shape started off more spherical and as the substrate concentration 

increased the shape became more polyhedral in nature with a final poly-morphological sample 

coated by silver nanoparticles (Mulder et al., In process 2019 (submitted 8 April 2019)).  

 

As seen in Figures 6-6 and 6-7, the biosensor was able to detect low levels of fructosyl valine 

which was via the etching and growth of the gold nanostar. The combination of the TEM images 

and the colorimetric data gave an indication to the mechanism attributing to the colour change. 

This gives a better understanding of how these particular nanostars react in a complex matrix 

such a serum which will assist with optimisation when applying these biosensors to blood. 
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6.6 Conclusion 

It was previously shown that using silver as a shape directing agent in a HEPES seedless 

synthesis method that more homogenous gold nanostars with multiple branches were produced 

(Mulder et al., In PRESS 2019 (submitted 30 Jan 2019)). These nanostars were functionalised 

with glucose oxidase as a model enzyme which showed to be a promising biosensor scaffold for 

the detection of hydrogen peroxide generated by an enzyme-substrate reaction (Mulder et al., In 

process 2019 (submitted 8 April 2019)). This model was then generalised to another hydrogen 

producing enzyme such as fructosyl valine for HbA1C determination. When compared to 

traditional chromogens, functionalised FAO-AuNs offered the advantage of colorimetric naked 

eye and spectrophotometric detection by using smaller sample volumes which are desirable for 

POC applications. For potential future application, the quantification of the colour changes 

obtained could possibly be done via smartphone apps or an external mobile add-on (Geng et 

al., 2017; Huang et al., 2018; Rateni et al., 2017; Sun et al., 2016). The biosensor was also 

stable in a complex matrix such as serum. Future work in our laboratory will, therefore, be in 

optimising the blood sample preparation by cleaving the glycated valine from haemoglobin with 

limited reagents as to limit interference for the colorimetric assay platform which was 

established in this study. The future work will also include validation using patient samples and 

comparing it to the traditional enzyme method for which ethics will be required.  
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7.1 Preface 

This chapter was in accordance with meeting Objective 4 mentioned in Chapter 3 which was to 

determine if the nanostars synthesised in Objective 1 and the parameters established in 

Objective 2 could be extended to an ELISA type assay to replace the chromogen typically used 

in the microalbuminuria assay as a simpler, cheaper alternative. This chapter was submitted to 

the South African Journal of Science (SAJS).   

7.2 Abstract 

Urinary protein albumin is recognised as the earliest sign of kidney and heart damage.  The 

current methods used to detect microalbuminuria are precise and sensitive.  The laboratory 

methods, however, have high costs due to sophisticated instruments and maintenance and the 

results are affected by urinary tract infections, vigorous exercise, sleep apnoea and postural 

changes etc and the dipstick method is not able to quantify the urine albumin.  The 

nanotechnology methods which have been developed for microalbuminuria detection are 

predominantly electrochemically based, have complicated lengthy fabrication processes.  Here 

a polyvinylpyrrolidone functionalised gold nanostar biosensor has been investigated as a 

potential future point of care biosensor candidate for urinary albumin ELISA detection.  The 

results obtained for this biosensor showed that it was able to give a spectrophotometric readout 

and colorimetric result with naked eye detection in blank urine spiked with human albumin. 

7.3 Introduction 

The urinary protein albumin is recognised as the earliest sign of vascular damage in both the 

heart and kidney.  An increase of this protein is known as Microalbuminuria (30-300mg/d urinary 

albumin) and is, therefore, a powerful predictor for both renal and cardiovascular risk in patients 

with hypertension and type 2 diabetes (Basi et al., 2008; Koroshi, 2007; Viazzi & Pontremoli, 

2014).   

Hypertension and Diabetes Mellitus are common diseases which coexist in high frequencies (Ali 

et al., 2014).  The prevalence of hypertension in South Africa was reported amongst the highest 

at over 77% by the World Health Organization Study on Global Ageing and Adult Health (WHO-

SAGE) (Gómez-Olivé et al., 2017).  A concern for South Africa is that a large portion of the 

population with hypertension is under-diagnosed and uncontrolled, due to its asymptomatic 

nature. This is problematic as undiagnosed and uncontrolled hypertension may develop target 

organ damage and other life-threatening conditions.  Early diagnosis provides for prompt 

intervention (Jongen et al., 2019; Keates et al., 2017; Monakali et al., 2018).  The development 

of a point of care assay for non-communicable diseases such as microalbuminuria in rural areas 
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will also ensure that patients receive prompt treatment (Mashamba-Thompson et al., 2017; 

Nojilana et al., 2016).  

There are several methods currently used to detect microalbuminuria.  One method is a dipstick 

test strip, which is easy to perform and the; results are immediate, sensitive and specific.  The 

disadvantage is the lack of quantitative measurement and the need for confirmation of the 

specific amount of albumin with laboratory tests (Toto, 2004).  A variety of laboratory methods 

such as high-performance liquid chromatography, immnoturbidimetric and radioimmunoassays 

are available.  The advantages are that urine albumin is stable at room temperature and is, 

therefore, easy to transport to the nearest laboratory as it does not require freezing especially in 

a rural setup.  The laboratory methods are also precise in determining the recommended urine 

albumin: creatinine ratio.  The disadvantages are that they are not point of care (POC) assays, 

have high costs due to sophisticated instruments and maintenance and the results are affected 

by urinary tract infections, vigorous exercise, sleep apnoea and postural changes etc (Babic et 

al., 2006; Kulasooriya et al., 2018; Toto, 2004).  

Advances in nanotechnology, especially the use of gold nanoparticles, have resulted in a wide 

range of nanosensing platforms for POC testing which are revolutionising the medical sector 

(Syedmoradi et al., 2017).  This is attributed to their ease of synthesis, unique physical 

properties which allow for easy design and manipulation (Liu et al., 2016).  Due to the 

protruding arms adding to the plasmonic contributions and lightning rod effect, gold nanostars 

are useful as biosensor detectors (Atta et al., 2016).  A change in the surface electrons 

oscillations of the gold nanostars are easily detected.  These oscillations are influenced by the 

shape, size, arm density, dielectric environment and surface coating of the nanostars which can 

then be detected by changes in colour variation of the nanoparticle solution and scattering or 

absorption spectra (Lee & El-Sayed, 2005; Tang & Li, 2017; Webb et al., 2014; Zhang et al., 

2018).  Despite the versatility of gold nanostars experimental and theoretical studies are still 

needed to understand the fundamental behaviour of these nanoparticles (Tsoulos & Fabris, 

2018). Other challenges also linked to nanoparticles include long and complicated fabrication 

processes, lengthy incubation times as well as biological environment interferences. long 

incubation times as well as complicated fabrication processes (Lim & Ahmed, 2016).  

In literature it was shown that there are two categories of gold nanoparticle colorimetric 

detection, namely aggregation and non-aggregation methods.  Non-aggregation methods are 

preferred over aggregation methods as gold nanoparticles are able to self-aggregate resulting in 

false positives.  In non-aggregation methods the localised surface plasmon resonance (LSPR) 

of gold nanoparticles shifts in response to the change (etching/growth) of the gold nanoparticle 

morphology.  This is based on reducing agents such as hydrogen peroxide or the reduction of 
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metal ions on to the nanostars surface in the presence of hydrogen peroxide (Rodríguez-

Lorenzo et al., 2012; Zhang et al., 2018).  The difference between traditional organic dye probe 

reactions and gold nanoparticle-based colorimetric assays is the low extinction coefficients of 

organic dyes rendering them less sensitive than the high gold nanoparticle extinction 

coefficients owed to their LSPRs.  This has resulted in the gold nanoparticle-based colorimetric 

assays having a detection limit in the nanomolar range and lower in some instances (Zhang et 

al., 2018).   

Plasmonic ELISA (pELISA) is gaining popularity as the LSPR properties of the nanoparticle is 

the core aspect of the assay strategy (de la Rica & Stevens, 2012; Guo et al., 2017; Peng et al., 

2014).  Conventional ELISA technique requires an enzymatic catalysis of chromogenic 

molecules or organic dyes to determine the analyte concentration.  The intensity of the colour is 

then measured using various instrumentations.  With the assistance of an enzyme, pELISA is 

based on non-aggregation colorimetric methods which results in a colour change of the 

nanoparticle solution as a function of the analyte concentration.  This can be observed with 

naked eye detection (Satija et al., 2016; Zhang et al., 2018). 

The aim of this study was to investigate if the gold nanostars synthesised in our laboratory could 

produce a sufficient colorimetric and spectrophotometric change in a plasmonic ELISA type 

assay in the presence of antibodies and, therefore, be used as a possible replacement for the 

chromogen typically used in a microalbuminuria ELISA.  The future aim of this colorimetric 

assay would be to validate the assay and implement it in a smartphone based POC application 

(Rateni et al., 2017).  

7.4 Material and methods  

7.4.1 Materials 

The materials used in this study were purchased from Sigma-Aldrich unless stated 

otherwise.  The chemicals used were; 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

(HEPES), gold (III) chloride trihydrate, silver nitrate (AgNO3), polyvinylpyrrolidone (PVP) 10 

000,  sodium hydroxide, N'-ethylcarbodiimide hydrochloride (EDC-HCl), N-

Hydroxysulfosuccinimide (NHS), Tween-20, phosphate buffered saline (PBS), bovine serum 

albumin (BSA), human albumin, glucose oxidase (GOx), glucose (Dischem, South Africa), 

Amicon ultra 2mL centrifugal filters regenerated cellulose 10 000 NMWL (Merck), albumin 

antibody pair ID: H00000213-AP11 (Novus Biologicals) assessed for nonspecific binding.  The 

pair consisted of a mouse monoclonal IgG1 kappa antibody which was used as the capture 

antibody and a rabbit polyclonal antibody which was used for detection 

https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/56485?lang=en&region=US
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7.4.2 Instrumentation 

All spectra for the research were obtained using a HT Synergy microplate spectrophotometer 

scanned at 500-650nm wavelengths and Gen5.1 as the corresponding software (BioTEK).     

7.4.3 Nanostar synthesis 

The gold nanostars were synthesised using the modified HEPES buffer method described and 

characterised by our laboratory (Mulder et al., In PRESS 2019 (submitted 30 Jan 

2019)).  Briefly, 2mL 100mM HEPES buffer (pH 7.4) was added to 3mL deionised water 

(Millipore, 18.2ΩM).  This was followed by adding 20µL 50mM gold (III) chloride trihydrate 

(HAuCl4.4H2O 

) followed by 4µL 1mM silver nitrate.  The 5mL screw cap tube (Ascendis Medical) was mixed 

by end-to-end tube inversion and incubated for approximately 30 minutes at room temperature 

until obtaining a blue solution colour.  The nanostars were then functionalised with 600µL 25mM 

PVP.  After inverting the tube a few times, it was left to stand at room temperature overnight.  

The samples were then centrifuged and the pellet resuspended in 500µL deionised water. 

7.4.4 Feasibility assay for varied glucose oxidase (GOx) concentrations 

The colorimetric and spectral response of the nanostars described above, when exposed to 

silver nitrate and hydrogen peroxide in a strong base like sodium hydroxide, has been described 

previously (Mulder et al., In process 2019 (submitted 8 April 2019); Mulder et al., In process 

(submitted May 2019)).  Here this reaction system was extended further to include the 

generation of hydrogen peroxide from a range of GOx concentrations while maintaining a fixed 

substrate concentration.  The assay was set up in 1.5µL microtubes.  Reagents were added and 

pipette mixed in the following order: Ultrapure water to a final volume of 200µL, 20µL 10mM 

MES buffer (pH 6.1), 0-8µL 2mg/mL GOx in intervals of 2µL and 2µL 0.5mM glucose.  Four 

controls, in which glucose, nanostars, silver nitrate and sodium hydroxide were in turn omitted, 

were also included in addition to the control containing no GOx.  The samples were then 

incubated on a heat block at 37℃ for 1 hour.    After the incubation step was completed, the 

detection solution was added sequentially.  The detection solution consisted of 15µL AuNs, 2µL 

10mM silver nitrate followed by 2µL 200mM sodium hydroxide.  The colorimetric response was 

then recorded after 5 minutes incubation. GOx colorimetric assessment in the ng/mL range. 
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7.4.5 The colorimetric assessment of GOx in the ng/mL concentration range as required 

for the antibody pair. 

After the feasibility assay, the colorimetric ability of the nanostar was assessed in the ng/mL 

range for the glucose oxidase concentration as required for the antibody pair.  This was setup 

using the same parameters as the feasibility assay modified with the reduction of glucose 

oxidase (1-100ng/mL GOx).   

7.4.6 ELISA assay setup 

7.4.6.1 Functionalisation of the detection antibody with GOx 

The detection antibody consisted of polyclonal antibody conjugated with GOx.  400µL rabbit 

polyclonal anti-human albumin antibody was added to an Amicon Ultra 2mL centrifugal filter and 

spun at high speed for 40 minutes to remove the storage buffer.  The buffer was thrown away, 

the filter was turned around and spun quickly to transfer the antibody into the collection tube.  

0.8mg EDC-HCl was added to 500µL conjugation buffer (100mM MES, 500mM NaCl, pH 6.0) 

and 2.2mg sulfo-NHS was added to 500µL conjugation buffer.  The filtered antibody, EDC-HCl 

and sulfo-NHS were then all added together, allowing for the EDC-HCl to bind to the carboxylic 

acid group of the antibody at room temperature for 15 minutes.  After the incubation step 1mL 

2mg/mL GOx was added to the antibody mixture allowing the antibody to bind to the GOx amine 

group.  This mixture was left to incubate for 3 hours at room temperature.  After incubation the 

solution was transferred into a centrifugal filter and spun for 40 minutes at full speed.  The buffer 

was discarded and the detection antibody was transferred into a microfuge tube and added to 

diluent buffer (1xPBS, 0.05% Tween-20, 0.1%BSA) to a final volume of 1000µL.  The antibody 

was then placed in the fridge until needed. 

7.4.6.2 ELISA plate preparation 

The capture mouse monoclonal anti-human albumin antibody was diluted to a final 

concentration of 2.5µg/mL in 1xPBS and briefly vortexed.  100µL of this solution was added to 

the desired wells in a clear flat bottomed, 96-well plate.  The lid was placed back onto the plate 

and the edges sealed with parafilm.  The plate was then placed in the fridge to allow for capture 

antibody attachment overnight. 

7.4.6.3 ELISA procedure 

A sample set was prepared by dissolving human albumin into blank with final concentrations of 

100, 30, 10, 3 and 1mg/L. The ELISA procedure carried out was the method recommend by the 

insert that accompanied the antibody pair with some modifications.  The following day, the 



 

  

Page 
118 

 

  

ELISA plate was removed from the fridge and the remaining monoclonal antibody was removed 

by flicking the plate over the sink and dabbing it on paper towel.  The wells were then washed 

3x with 200µL wash buffer (1xPBS with 0.2% Tween-20).  200µL blocking buffer (1xPBS, 

1%BSA) was then added to the desired wells.  The lid was placed back on the plate and the 

plate was left to incubate at room temperature for 2 hours.  The blocking buffer was then 

removed via flicking and the wells were washed again. 100µL of each sample in the sample set 

was then added to the desired 96-well plate well after a prior 1000x dilution as suggested in the 

package insert.  The lid was placed back onto the plate and left to incubate at room temperature 

for 2 hours.  The excess analyte was removed by flicking and the wells were washed.  100µL 

2.5µg/mL detection antibody was added to each sample well and left to incubate at room 

temperature for 2 hours.  The detection antibody was removed and the wells were washed once 

with wash buffer followed by two subsequent washes with 10mM MES buffer (pH 6).  

7.4.6.4 ELISA detection parameters 

The same procedures were followed as described for the feasibility assay with minor 

changes.  The final volume of the reaction was 200µL.  154µL deionised water was added to 

each well followed by the addition of 20µL MES buffer (pH 6.0).  Then 2µL 0.3mM glucose was 

added to each well.  The plate was placed in the plate reader and incubated at 37℃ for 1 hour.  

After incubation was complete 20µL nanostars was added to each well, followed by 2µL silver 

nitrate and 2µL sodium hydroxide using a multichannel pipette..  The plate was then read on the 

spectrophotometer. 

7.5 Results and discussion 

A colorimetric shift that was dependent on the GOx concentration was observed in the feasibility 

assay (Figure 7-1, samples 1 to 5). The colorimetric result was only obtained with all the assay 

components present (Figure 7-1, samples 6-9). 
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Figure 7-1: Feasibility assay for varied glucose oxidase concentrations. A) Table indicating which 

components were omitted in the assay as well as the volume in µL of 2mg/mL glucose oxidase (*GOx) 

added. B) Corresponding solution colours for the colorimetric assay.  

 
As previously mentioned, once establishing that the colour change could be attributed to varied 

concentrations of GOx the concentration was then lowered to the ng/mL range.  The results 

obtained from this assay (Figure 7-2) showed that the AuNs were able to distinguish between 

various concentrations in the ng/mL.  This was the range that was determined by the antibody 

pair purchased for the microalbuminuria ELISA assay.  The colour observed ranged from blue 

(highest concentration) to red (no GOx).  The spectral data also resulted in a blue shift with the 

lowest concentration GOx blue shifting the most. Zhang et. al described this change in shift  as 

enzyme mediated etching (Zhang et al., 2018).  In a previous study we showed with high-

resolution transmission electron microscopy that by using the glucose/GOx reaction the 

hydrogen peroxide etched the gold nanostars resulting in a more spherical gold nanoparticle 

capped with silver ions (Mulder et al., In process 2019 (submitted 8 April 2019); Mulder et al., In 

process (submitted May 2019)).  The relationship between the shift in wavelength and 



 

  

Page 
120 

 

  

concentration also showed good linearity (Figure 7-2C).  A proposed reasoning, which must still 

be elucidated, for the inverted colours between Figures 7-2 and Figure 7-3 is as such.  In our 

previous study where we functionalised the gold nanostars with fructosyl amino acid oxidase, 

when the colorimetric assay was assessed in serum, it was noted that the colour reaction had 

the same pattern as Figure 7-3.  This colour change was attributed to the protein corona 

forming around the nanostars in the serum.  In Figure 7-2, therefore, the free GOx forms a 

protein corona around the nanostar.  In Figure 7-4, the enzyme has been functionalised onto 

the antibody and therefore the protein corona is not 

formed.   

 

Figure 7-2: GOx colorimetric assessment in the ng/mL range. A) Photograph showing the colour 

change of the solution as GOx decreases. B) Corresponding absorbance spectra.  C) Linear relationship 

between wavelength and GOx concentration 

 
The results obtained for the ELISA assay are presented in Figure 7-3 along with a proposed 

reaction scheme in Figure 7-4.  The colours in Figure 7-3A were vivid, with different 

concentrations of analyte being detectable by naked eye.  The presence of the highest 

concentration of analyte resulted in the solution turning red in colour which then gradually 

turned purple then blue as the analyte concentration decreased.  The spectral data (Figure 3B) 

also had a blue shift with the highest concentration of human albumin analyte shifting the 

furthest.  The relationship between the spectral shift and concentration is as expected and is 

suggestive of a near complete conversion of substrate into product at higher enzyme 

concentrations. Besides mathematical transformation to linearity the method can also be 
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optimized experimentally in various ways such as shortening the incubation time and changing 

the working range.  .   

 
Figure 7-3: ELISA results for spiked urine with human albumin.  A) Colorimetric results of the ELISA. 

B) Corresponding spectral shifts. C) Relationship between shift in wavelength and log concentration. D) 

Relationship between the shift in wavelength and the concentration. 
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Figure 7-4: Layout of the human albumin ELISA reaction scheme 

 

There have been a variety of plasmonic based assays reported for the detection of 

microalbuminuria up to date.  In 2007 Wiwanitkit et al developed a gold nanoparticle method 

based on the aggregation of gold nanospheres.  As mentioned earlier, non-aggregation based 

plasmonic colorimetric methods are preferred over aggregation based methods as gold 

nanoparticles can auto-aggregate resulting in false positives (Zhang et al., 2018).  In 2010 Lai et 

al designed a silver nanoprobe biosensor.  Gold nanoparticles are more stable than silver 

nanoparticles and are therefore preferred as silver nanoparticles are prone to oxidation 

(Versiani et al., 2016).  Lai et al did, however, address this by the addition of 11-

mercaptoundecanoic acid.  The results obtained were sensitive and specific, however, only 

evaluated spectral shifts (Lai et al., 2010).  In 2019 Esentürk et al. designed an HSA-imprinted 

poly(ethylene glycol dimethacrylate-N-methacryloyl-(L)-leucine methyl ester) [PEDMALM] 

nanoparticle.  This method shows great promise as the microchip is reusable, and albumin can 

be detected without the need for the creatinine reference.   The disadvantage of this method is 

the complicated fabrication process as well as the need for trained personnel to interpret the 

results (Esentürk et al., 2019). In this assay both colorimetric and spectral shifts are available 

which gives versatile options when developing a POC application.  The naked eye detection 

aspect of this assay also allows the assay to be interpreted by someone who is untrained in 

laboratory analysis. 

7.6 Conclusion 

In work previously done, we showed that the AuNs synthesised via this modified HEPES 

method was able to colorimetrically and spectrophotometrically distinguish between various 

concentrations of substrate for both glucose and fructosyl valine (Mulder et al., In process 2019 

(submitted 8 April 2019); Mulder et al., In process (submitted May 2019)).  In this article we 

showed that AuNs were able to distinguish between varied low concentrations of GOx with a 

constant substrate concentration.  The vivid colours obtained without the assistance of an 

amplifier such as biotin, is also favourable as the cost of the assay is reduced, different 

concentrations are detectable by naked eye and spectrophotometrically.  This is also beneficial 

for a resource constrained environment.  This assay also has the potential to be model for other 

ELISA assays as the only component that would need to be altered in the capture monoclonal 

antibody and antigen.  The future work is to validate the assay working in the optimal range of 

the assay for eventual implementation in a smartphone based POC application. 
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SUCCESS IS THE ABILITY TO GO FROM ONE FAILURE TO ANOTHER WITH NO LOSS OF 

ENTHUSIASM. 

- WINSTON CHURCHILL 
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8.1 Concluding summary 

Since each chapter had its own conclusion, this section highlights and summarises the main 

conclusions. 

The first objective of this study was to synthesise gold nanostars that were more uniform and 

multibranched with long arms using a seedless method.  As stated in Chapter 2, the synthesis 

methods of gold nanostars using the seeded method was a multistep approach which resulted 

in larger batch to batch variations, utilised toxic chemicals and had downstream complications 

as a result of the post synthesis clean-up procedure.  The seedless method was the simpler 

approach as the post clea-up procedure resulted in less downstream application complications.  

This method also had its own challenges such as poor dimensional control of the final 

morphology of the nanostar.  These reasons led to the decision of exploring an alternative 

seedless synthesis nanostar method. 

The modified seedless nanostar synthesis method resulted in nanostars having a more 

symmetric morphology and better control for more uniform production of nanostar morphology.  

It was also found to be more stable than the nanostars synthesised without the silver nitrate for 

the various environments explored. 

Upon assessing the colorimetric ability of the new nanostars, it was observed that the gold 

nanostar colorimetric assay could be tailored for a specific application using either 

hydroxylamine or sodium hydroxide as colorimetric catalysts.  The colours obtained for both 

catalysts were vivid and easily detectible by naked eye determination.  It was also observed that 

the hydroxylamine hydrochloride catalyst was more suited in detecting the absence or presence 

of an analyte, whereas, the sodium hydroxide was suitable for concentration dependent 

detection assays.  The spectrophotometric results also displayed sufficient shifts with good 

linearity in distinguishing the different hydrogen peroxide concentrations.  The versatility of 

functionalising the nanostars was also demonstrated as both the glucose oxidase and fructosyl 

oxidase enzymes functionalised and gave colorimetric signals based on substrate concentration 

(hydrogen peroxide output).  The robustness of the nanostar biosensor was displayed in its 

exposure to a complex matrix (serum) and the positive results displayed via the colorimetric 

assays.  When the same colorimetric assay parameters were applied to an ELISA type assay, 

the colour variation between different concentrations of glucose oxidase enzyme was also vivid 

and detectible spectrophotometrically.  These new nanostars show the potential of replacing 

expensive equipment, reagents and lengthy experiments to determine glycated haemoglobin 

and microalbuminuria concentrations used in diabetes diagnosis and hypertension. 
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As mentioned in the literature review, the reason for nanoparticles not being used in industry is 

because they have complicated fabrication processes, long incubation times for real-time 

analyte detection and because there is interference from actual sample  microenvironments 

(Lim & Ahmed, 2016).  It was shown that the nanostar functionalised with FAO and the PVP 

functionalised nanostars are promising biosensors for glycated haemoglobin and 

microalbuminuria in POC applications.  The fabrication process was simple, it had short 

incubation times and was able to produce a detectable signal in a complex matrix such as 

serum as well as being versatile in its application.   

The aim of this research was to modify a simple HEPES seedless gold nanostar synthesis 

method that would utilise the least toxic reagents and produce nanostars that were more 

multibranched, homogenous, stable and were able to produce a sufficient colour change and 

readable result in response to a biorecognition event.  The nanostars could then be used in an 

enzymatic and ELISA assay such as those found in diabetes mellitus and hypertension 

diagnostic assays.  Eventually they could then be used as a potential biosensor for a POC 

application such as smartphone based colorimetric analysis, visual observation or miniaturised 

spectrophotometry (Coleman et al., 2019; Mallya et al., 2013) 

8.2 Future prospects 

It is too early to close the door on gold nanostar fundamental studies as in this short study they 

have shown to be versatile.  They also have the potential to be used in point of care assays as 

well as overcoming some challenges faced by other methods such as mass spectrometry.  This 

study has only touched the tip of the iceberg in understanding and exploring the endless 

possibilities that gold nanoparticles have to offer in clinical diagnostic approaches. 

The enzymatic approach to determining glycated haemoglobin concentration by measuring 

glycated valine concentrations showed great promise with the gold nanostars as the biosensor 

for future endeavours.  The presence of the protein in the serum did not deter the nanostar 

colorimetric ability and therefore the assay shows promise for blood work optimisation and 

validation.  

The use of the nanostar as the chromogen in the ELISA approach to determining human 

albumin also showed great promise as a model for the detection of other antigens, therefore 

further work is needed to investigate using other antibodies in the same plasmonic ELISA 

method.  

Other future prospects also include using these biosensors in a POC application in connection 

with a smartphone based colorimetric detection interpretation. 
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I LIFT MY EYES TO THE HILLS.  FROM WHERE DOES MY HELP COME?  MY HELP 

COMES FOROM THE LORD, WHO MADE HEAVEN AND EARTH. 

- PSALM 121:1-2 


