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This thesis aims to synthesise gold-coated magnetic nanoparticles (Au@MNPs). These nanoparticles provide unique 
properties such as magnetism, localized surface plasmon resonance (LSPR), conductivity, and ease of modification. 
These properties make Au@MNPs ideal for optical and electrochemical bio-sensing. The main challenges synthetic 
chemists faced when synthesising these nanoparticles are partial coating, aggregation, low yield, and reduction of 
saturation magnetisation after coating MNPs with gold. Our strategy to address these issues was to develop two 
unique types of Au@MNPs and develop a novel method for gold coating of the MNPs. 
Firstly, the properties of the state-of-the-art commercially available Au@MNPs were investigated. This was performed 
to increase our understanding of the challenges facing the scientific community regarding these nanoparticles. Then, a 
novel particle ‘’gold-coated conglomerates of superparamagnetic nanoparticles’’ was synthesized. To make practical 
biosensors, having MNPs that respond to magnets quickly and are stable against aggregation is crucial. Although using 
big MNPs as cores guarantees fast magnetic response, they are irreversibly magnetized and easily aggregate once 
placed next to a magnet. Superparamagnetic nanoparticles are stable against magnetic aggregation, but their 
saturation magnetization is small. To make an Au@MNPs with a fast magnetic response and good stability against 
aggregation, a number of superparamagnetic nanoparticles were encapsulated inside each silica shell and then coated 
with gold. The nanoparticles were characterized and their effectiveness for bio-sensing was demonstrated. Next, gold-
coated zero-valent iron core-iron oxide shell nanoparticles were synthesized. Iron has the highest magnetization 
saturation amongst magnetic elements.  The challenge was to avoid the rapid oxidation of iron when exposed to air or 
water. Thus, a synthetic method was developed to keep parts of the zero-valent iron-core intact while coating with 
gold. The final gold-coated zero-valent iron core-iron oxide shell showed superparamagnetic behaviour and high 
magnetization saturation. Finally, a new route for the large scale synthesis of Au@MNPs was developed. The method 
was designed based on fluidic systems. The gold nanoshell manufacturing systems were consisted of a two and three 
syringe set-up, delivering streams of reagents to a Y-shaped piece. This system was designed to be fast, cost-effective, 
and easy to handle. 
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Abstract  

This thesis aims to synthesise gold-coated magnetic nanoparticles (Au@MNPs). These 

nanoparticles provide unique properties such as magnetism, localized surface plasmon 

resonance (LSPR), conductivity, and ease of modification. These properties make 

Au@MNPs ideal for optical and electrochemical bio-sensing. The main challenges 

synthetic chemists faced when synthesising these nanoparticles are partial coating, 

aggregation, low yield, and reduction of saturation magnetisation after coating MNPs 

with gold. Our strategy to address these issues was to develop two unique types of 

Au@MNPs and develop a novel method for gold coating of the MNPs. 

Firstly, the properties of the state-of-the-art commercially available Au@MNPs were 

investigated. This was performed to increase our understanding of the challenges facing 

the scientific community regarding these nanoparticles. Then, a novel particle ‘’gold-

coated conglomerates of superparamagnetic nanoparticles’’ was synthesized. To make 

practical biosensors, having MNPs that respond to magnets quickly and are stable 

against aggregation is crucial. Although using big MNPs as cores guarantees fast 

magnetic response, they are irreversibly magnetized and easily aggregate once placed 

next to a magnet. Superparamagnetic nanoparticles are stable against magnetic 

aggregation, but their saturation magnetization is small. To make an Au@MNPs with a 

fast magnetic response and good stability against aggregation, a number of 

superparamagnetic nanoparticles were encapsulated inside each silica shell and then 

coated with gold. The nanoparticles were characterized and their effectiveness for bio-

sensing was demonstrated. Next, gold-coated zero-valent iron core-iron oxide shell 

nanoparticles were synthesized. Iron has the highest magnetization saturation amongst 

magnetic elements.  The challenge was to avoid the rapid oxidation of iron when 

exposed to air or water. Thus, a synthetic method was developed to keep parts of the 

zero-valent iron-core intact while coating with gold. The final gold-coated zero-valent 

iron core-iron oxide shell showed superparamagnetic behaviour and high magnetization 

saturation. Finally, a new route for the large scale synthesis of Au@MNPs was 

developed. The method was designed based on fluidic systems. The gold nanoshell 

manufacturing systems were consisted of a two and three syringe set-up, delivering 
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Figure 1.14. Top absorption spectra of the gold-coated iron oxide nanoparticles with 

different shapes A) core-shell nanospheres B) core-shell nano popcorn and C) core-

shell nanostars. Bottom TEM images of the D) nanosphere E) nano popcorn F) 

nanostars. The sizes labelled in the graphs are the base size of the particles that do not 

include the protrusions in popcorns and tips in the stars. 

Figure 1.15. A schematic of the accumulation of gold-coated magnetic nanoparticles 

onto the surface of a gold working electrode in a magnetic field. 

Figure 1.16. TEM images of multiple synthesis methods used for making the gold-

coated magnetic nanoparticles(a) based on a method reported by Goon et al138, (b) 

based on method reported by Jin et al140,(c) a combination of method a and b, and (d) 

based on a method reported by Freitas et al139. 

Figure 1.17. Schematic illustration of the Separation and Detection method by Using 

gold-coated magnetic nanoparticles and silver Nanoparticles through Ligation. 

Figure 1.18. Schematic of the sensing strategy using gold-coated magnetic 

nanoparticles to detect microRNA, a,b, gold-coated magnetic nanoparticles modified 

with probe DNA complementary to target miRNA (a) are mixed in the blood for 30 

minutes (b). c magnetic separation of the gold-coated magnetic nanoparticles from 

unhybridized sequences. d, gold-coated magnetic nanoparticles both hybridized and 

unhybridized deposited on the gold electrode. e, Electrical reconfiguration of gold-
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coated magnetic nanoparticles in their heterogeneous network (hybridized and 

unhybridized) occurs by applying 10 cycles of square-wave voltammetry in the potential 

range between 200 and − 500 mV. 

Figure 1.19. Schematic illustration of the two main routes for gold coating. 

Figure 1.20. Schematic illustration of the three growth modes of secondary metal on a 

seed substrate. 

Figure 1.21. Schematic illustration of the hydroxylamine seeding of colloidal gold 

nanoparticles. 

Figure 1.22. TEM images of the A) citrate capped magnetic nanoparticles B) one 

incremental addition of the gold atoms to the magnetic nanoparticles C) three 

incremental additions of the gold atoms to the magnetic nanoparticles and D) five 

incremental additions of the gold atoms to the magnetic nanoparticles. insets show the 

histogram of the size of the nanoparticles for each step. 

Figure 1.23. Schematic illustration gold coating process of the magnetite nanoparticles 

(i) gold-coating in organic phase (ii) water dispersible gold-coated magnetite 

nanoparticles (iii). (B) TEM image of the gold-coated magnetic nanoparticles (iii); (C) 

HRTEM image of part of a gold-coated magnetite nanoparticle from (B). (D) UV−vis 

absorption spectra of the gold-coated magnetite nanoparticles (i) in hexane, (ii) in 

hexane, and (iii) in Milli-Q water. 

Figure 1.24. Top: Scheme and Bottom: TEM images of the nanoparticles at different 

stages of the synthesis process. 

Figure 1.25. (a) TEM image of PEI-coated magnetite cores; (b) HRTEM image of a PEI-

coated magnetite particle; (c) TEM image of gold-seeded PEI-coated magnetite cores; 

(d) HRTEM image of a gold-seeded PEI-coated magnetite particle; (e) TEM image of 

gold-coated PEI-coated magnetite nanoparticles; (f) high-magnification TEM image of a 

gold-coated PEI-coated magnetite nanoparticle. 

Figure 1.26. Top: Schematic illustration of synthesis route to make the gold-coated 

magnetic nanoparticles. Bottom: TEM images of 1) JHU magnetic nanoparticles 2) 
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silica-coated JHU magnetic nanoparticles and 3) gold-coated JHU magnetic 

nanoparticles. 

Figure 1.27. Top: Schematic illustration of the multi-step synthesis of the gold-coated 

magnetic nanoparticles. Bottom: TEM images of zinc doped magnetic nanoparticles, 

silica-coated zinc doped magnetic nanoparticles, gold-seeded silica-coated zinc doped 

magnetic nanoparticles and gold-coated magnetic nanoparticles. Scale bars, 50 nm. 

Figure 1.28. TEM image of gold-coated magnetic nanoparticles with part of the sample 

fully coated and part of the sample not coated with gold. Scale bar 100 nm. 

Figure 1.29. A) Schematic of the droplet reactor used to make gold-coated magnetic 

nanoparticles continuously. B) Picture of the droplet system used for continuous 

manufacturing of the gold-coated magnetic nanoparticles. 

Figure 2.1. Schematic illustration of A) Scanning electron microscopy (SEM) and B) 

Transmission electron microscopy (TEM). 

Figure 2.2. A) The components of the set up used in this project for electrochemical 

measurements consisted of a) gold foil, b) cup-shaped glass cell, c) clamp and base 

layer covered with aluminium foil, and d) plastic gasket. B) photo representative of the 

arrangement of all the components together for electrochemical measurements. 

Figure 3.1. A, B) TEM images of gold-coated magnetic nanoparticles acquired from 

NanopartzTM, C) the corresponding histogram of the size of gold-coated magnetic 

nanoparticles acquired from NanopartzTM and D) Dynamic light scattering (DLS) of the 

gold-coated magnetic nanoparticles. 

Figure 3.2. EDX map of the elements A) gold B) iron and C) merged gold and iron of the 

gold-coated magnetic nanoparticles acquired from NanopartzTM. 

Figure 3.3. X-Ray Diffraction patterns of gold-coated magnetic nanoparticles acquired 

from NanopartzTM. 

Figure 3.4. A) SQUID magnetometry measurements of gold-coated magnetic 

nanoparticles acquired from NanopartzTM; Inset shows the low field region. B) B) UV-Vis 

spectra of gold-coated magnetic nanoparticles acquired from NanopartzTM. 



 8 

Figure 3.5. A) TEM image of the gold-coated magnetic nanoparticles acquired from 

Creative Diagnostics®(50 nm) B) TEM images of the gold-coated magnetic 

nanoparticles acquired from Creative Diagnostics® (250 nm) C) the corresponding 

histogram of the size of gold-coated magnetic nanoparticles acquired from Creative 

Diagnostics®(50 nm) D) the corresponding histogram of the size of gold-coated 

magnetic nanoparticles acquired from Creative Diagnostics® (250 nm) E) Dynamic light 

scattering (DLS) of the gold-coated magnetic nanoparticles acquired from Creative 

Diagnostics® 50 nm (blue) and 250 nm (red). 

Figure 3.6. EDX map of the elements A) gold B) iron and C) merged gold and iron of the 

gold-coated magnetic nanoparticles acquired from Creative Diagnostics®. 

Figure 3.7. X-Ray Diffraction patterns of gold-coated magnetic nanoparticles acquired 

from Creative Diagnostics® (navy blue) 50 nm and (purple) 250 nm. 

Figure 3.8. A) SQUID magnetometry measurements of gold-coated magnetic 

nanoparticles acquired from Creative Diagnostics® (cyan) gold-coated magnetic 

nanoparticles 250 nm and (navy) gold-coated magnetic nanoparticles 50 nm; Inset 

shows the low field region, B) UV-Vis spectra of gold-coated magnetic nanoparticles 

acquired from Creative Diagnostics®, (navy) gold-coated magnetic nanoparticles 50 nm, 

(pink) gold-coated magnetic nanoparticles 250 nm. 

Figure 3.9. A) TEM image of the 50 nm gold-coated magnetic nanoparticles acquired 

from Nanoimmunotech B) TEM image of the 250 nm gold-coated magnetic 

nanoparticles C) the corresponding histogram of the size of 50 nm gold-coated 

magnetic nanoparticles acquired from Nanoimmunotech D) the corresponding 

histogram of the size of 250 nm gold-coated magnetic nanoparticles acquired from 

Nanoimmunotech, and E) Dynamic light scattering (DLS) of the 50 nm (red) and 250 nm 

(blue) gold-coated magnetic nanoparticles acquired from Nanoimmunotech. 

Figure 3.10. EDX map of the elements A) gold B) iron and C) merged gold and iron of 

the gold-coated magnetic nanoparticles acquired from Nanoimmunotech. 

Figure 3.11. X-Ray Diffraction patterns of (purple) 50 nm and (blue) 250 nm gold-coated 

magnetic nanoparticles were acquired from Nanoimmunotech. 
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Figure 3.12. A) SQUID magnetometry measurements (blue) 50 nm gold-coated 

magnetic nanoparticles, (green) 250 nm gold-coated magnetic nanoparticles acquired 

from Nanoimmunotech, and B) UV-Vis spectroscopy measurements of (blue) 50 nm 

gold-coated magnetic nanoparticles, (purple) 250 nm gold-coated magnetic 

nanoparticles acquired from Nanoimmunotech. 
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1. General overview 

People diagnosed earlier with cancer are not only more likely to survive, but importantly 

also to have better experiences of care, and improved quality of life compared with 

those diagnosed late.1,2 So, there is a frequent effort to push the medical tests to detect 

lower levels of the biomarker to facilitate the diagnosis and treatment of diseases. 

Ultrasensitive biosensors are one of the promising ways to lower detection limits while 

using simple technologies.3 The main challenge facing ultrasensitive biosensors is 

related to diffusion. Detectors with sufficient sensitivity are normally nanoscale in size 

which means that although the detector can detect the ultralow level of biomarkers the 

diffusion of these molecules to this nanoscale detector may take an excessively long 

time.4 

Magnetic nanoparticles are one of the most effective tools to overcome the diffusion 

problem. As illustrated in Figure 1.1 magnetic nanoparticles can be distributed 

throughout a sample and collect and preconcentrate the analyte in the bulk and then 

can be transferred to the detector with a help of a magnet.4,5 This means instead of 

waiting for the analyte to find the sensing interface, the sensor (magnetic nanoparticles) 

finds the analyte.4 

 

Figure 2.1. Scheme illustrating preconcentration and separation techniques with magnetic 
nanoparticles. Reprinted with permission from4.Copywrite (2021) John Wiley and Sons.  

For applications where the magnetic nanoparticles are used to collect or separate the 

analyte for sensing or imaging, the bigger the magnetic nanoparticle, the more powerful 
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their magnetic moment, thus a stronger signal can be achieved.6 However, big magnetic 

nanoparticles are also heavily attracted to each other and as a result, magnetic 

nanoparticles with bigger sizes are prone to aggregation.7 To address this issue, we can 

reduce the size of nanoparticles to a limit, in which the nanoparticle is still responding to 

the external field in a timely manner, but when the field is removed, they are no longer 

magnetic. These nanoparticles are called superparamagnetic nanoparticles. Even 

though this phenomenon can help, there are still challenges facing magnetic 

nanoparticles such as superparamagnetic nanoparticles are not coming to a magnet 

fast enough, magnetic nanoparticles not being stable in biological media, magnetic 

nanoparticles not being optically active or conductive and also them being quite hard to 

be modified with biological molecules.8,9  

Coating the magnetic nanoparticles with noble metals, and especially gold, is a great 

way to address all these issues. This thesis aims to make gold-coated magnetic 

nanoparticles with good qualities for bio-sensing. In the following sections, a detailed 

discussion of the literature evolving around gold-coated magnetic nanoparticles and 

their importance in bio-sensing is presented. 

1.1. Principles of magnetism: 

The ancient Greeks especially those who lived near the province of Magnesia were the 

first humans started to notice the strange effect of some rare stones (loadstones) which 

could attract iron. Magnetism in practice is all about electrons, it is caused by the motion 

of electric charges. When a magnetic field (H) is applied to a material, magnetic 

induction (B) happens in which is the response of the material to the magnetic field. The 

relationship between H and B (equation 1.1) is an intrinsic property of the material.10 

                                                      𝐵 = 𝜇0(𝐻 + 𝑀)                                                         1.1 

Where μ0 is the permeability of free space, and M (magnetization of medium) defines as 

magnetic moment per unit volume. 

                                                          𝑀 =
𝑀

𝑉
                                                                   1.2 
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M depends on both the single magnetic moment of integral atoms, molecules, or ions 

and how these dipole moments interact with each other. Inside the medium magnetic 

induction (B) is the same as the magnetic flux density (φ), so within a material 𝐵 =
𝜑

𝐴
 by 

resemblance with 𝐻 =
𝜑

𝐴
 in free space.11 Generally, the magnetic flux density outside of 

a material is different from inside of the material and by this notion, magnetic materials 

could be classified into different groups based on their differences in internal and 

external magnetic flux density (Figure 1.2). If the magnetic flux density inside the 

material is less than outside the material, it is called diamagnetic. Materials with a 

magnetic flux density inside slightly larger than outside are called either paramagnetic 

or antiferromagnetic.12 The constituent’s atoms or ions in many of these materials have 

a magnetic dipole moment. The difference is that in paramagnetic materials the dipoles 

are randomly oriented while in antiferromagnetic materials they are oriented antiparallel 

toward each other. In both cases, the overall magnetization is zero. Finally, 

ferromagnetic and ferrimagnetic materials have much higher flux densities inside than 

outside.13 

 

Figure 1.1. Types of magnetic materials according to their dipoles ordering. 

In ferromagnetic materials the magnetic dipoles tend to line up in the same direction 

while ferrimagnetic materials have semi-similar behaviour like antiferromagnetic 
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materials (dipoles are oriented in antiparallel fashion), however, some dipole moments 

are larger than others, thus material having a net overall magnetic moment.13 

Variation of each of the terms above with the respect to the external magnetic field 

could also affect the magnetic properties of a material. Susceptibility of a magnetic 

material is the ratio between M to H (equation 3) and could be defined as how quick to 

react material is toward an applied external magnetic field: 

                                                                Χ =
𝑀

𝐻
                                                              1.3 

Another important term is permeability, which is the ratio of B to H and indicates how 

permeable the material is toward the magnetic field (equation 4). 

                                                                𝜇 =
𝐵

𝐻
                                                              1.4 

If a material concentrates high flux density inside it means that the permeability of the 

material is high too. The relationship between permeability and susceptibility of material 

could be defined in equation 5: 

                                                              
𝜇

𝜇0
= 1 + Χ                                                         1.5                     

Where the 𝜇0 is the permeability in free space.13 

1.1.1. Hysteresis loops 
The plots of M or B vs H are called magnetization curves. These curves are 

characteristics of materials. The magnetization curves (M-H curve) of diamagnetic, 

paramagnetic, and antiferromagnetic materials are linear, which means a large 

magnetic field should be applied to any of these materials to achieve small 

magnetization, and after removal of the external magnetic field the magnetization is 

zero (Figure 1.3 A).14   
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Figure 1.3. Schematic magnetization curves of A) paramagnetic, antiferromagnetic, and 

diamagnetic and B) ferromagnetic and ferrimagnetic materials.   

As can be seen from Figure 1.3 A, the slope of the graph for diamagnetic materials are 

negative, thus the susceptibility is small and negative, and the permeability is slightly 

less than one. For paramagnets and antiferromagnets materials, the slope is positive, 

and the susceptibility and permeability are small and positive, and slightly greater than 

one.14 

In the case of ferromagnetic and ferrimagnetic materials as it can be seen from Figure 

1.3 B application of a small external magnetic field result in a large magnetization, and 

magnetization saturates after a certain point. Both permeability and susceptibility as a 

function of the external magnetic field are positive. Finally, and most importantly, as it 

can be seen from Figure 1.3 B, decreasing the external magnetic field to zero after the 

saturation point, does not result in zero magnetization. This phenomenon which has a 

huge effect on the technological application of magnetic materials is called hysteresis. If 

a magnetic material is placed inside an external magnetic field, the magnetic material is 

at first unmagnetized.15 As the external magnetic field increases the magnetization 

increases to the point Ms (magnetization saturation) and from that point, it will be 

constant. When starting to reduce the magnetic field M starts to decrease too but as it 

can be seen from Figure 1.4 even after reducing the applied field to zero the 

magnetization does not reach zero (MR). The MR is called the remanence and define as 

the remaining magnetization of the material when the applied magnetic field is zero. The 

reversed magnetic field required to decrease the magnetization is called coercivity 

(HC).15  
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Figure 1.4. Schematic illustration of a typical hysteresis loop of soft and hard ferromagnetic 

materials.  

Depending on the coercivity of a magnetic material, ferromagnetic materials could be 

categorized into hard and soft materials. Hard ferromagnets are those that need a high 

magnetic field to saturate magnetization and the demagnetization is not fast too. While 

soft ferromagnets are easy to saturate and demagnetized fast. Characteristics shown by 

hysteresis loops determines the suitability of ferrimagnetic and ferromagnetic materials 

for any application.15 

1.1.2. Finite-size effect 

So far, we have established some of the laws governing the behaviour of bulk magnetic 

materials. However, as the size of a material decreases, its magnetic properties are 

affected resulting in the behaviour deviating from the well-established laws. Two 

important phenomena namely the most interesting points of differentiation of properties 

of magnetic materials in nanoscale size compared to the bulk materials; these are 

single domain limit and superparamagnetic limit.16 As it can be seen from Figure 1.5 the 

blue curve shows the size dependence of coercivity vs nanoparticles size. When the 

particle size approaches infinite (large) radius, the curve approaches an asymptotic limit 

which means that ferro-ferrimagnetic material is going to have a magnetic field even in 

the absence of an externally applied magnetic field. As the size of the particle starts to 

shrink down it is evident the coercivity is going up until it comes to a peak, because the 

particle is becoming a single domain.16 
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Figure 1.5. A schematic illustration of a coercivity-size graph of small magnetic materials. 

If the nanoparticle size continues to shrink, the coercivity becomes zero and the particle 

makes the transition to becoming superparamagnetic. In large ferro-ferrimagnetic 

materials, the spins of unpaired electrons undergo spontaneous magnetization, where 

their energy is lowered by aligning with spins in neighbouring atoms.16 To decrease the 

overall energy of the system, magnetic materials divide into magnetic domains in the 

absence of an external magnetic field. The boundaries (walls) between these domains 

can be moved by the application of a magnetic field, and it is the movement of these 

boundaries that causes the hysteresis curve of ferro-ferrimagnetic materials. Usually, if 

a particle is smaller than this characteristic domain size it will contain a single magnetic 

domain. More precisely: a particle remains as a single domain only if the required 

energy to create domain boundaries is greater than the reduction of energy that would 

be obtained by the resulting decrease in magnetic flux. 17 

When the size of a single domain magnetic particle falls below a critical threshold 

diameter, thermal energy allows the particles to freely reorient their spins so that no 

external energy needs to be applied to demagnetize the system in the absence of the 

externally applied magnetic field (zero coercivity). For superparamagnetic nanoparticles 

changing the direction of the spins can be achieved at relatively low fields, meaning that 

superparamagnetic nanoparticles can have very high initial susceptibilities while the 

external magnetic field required to fully align all spins, needs to be high, and as a result 

magnetization saturation is going to be high too.18  
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Figure 1.6. Hysteresis curves of A) ferro-ferrimagnetic materials and B) when the particles are in 

the superparamagnetic size range. Reprinted with permission from19.Copyright (2021) American 

Chemical Society. 

Figure 1.6 could help to better understand the differences between the magnetic 

behaviour of particles with different sizes (above and below the superparamagnetic 

region). As it can be seen from Figure 1.6 A, ferro-ferrimagnetic nanoparticles (≥30 nm) 

have rather large coercivity (HC) and remanence (MR) in their hysteresis curves which 

means even after removal of an external magnetic field they will remain magnetic and 

have a high tendency of attracting each other. This can lead to aggregation as 

nanoparticles have a high surface to volume ratio and they want to reduce their surface 

energy by becoming bigger.10,15,20 In contrast, superparamagnetic nanoparticles (Figure 

1.6 B) show neglectable coercivity and remanence which means after removal of the 

external magnetic field, the nanoparticles behave as if they are not magnetic and are 

not attract each other. Hence, nanoparticles are less prone to aggregation.21,22 

1.2. Magnetic nanoparticles and biomedicine 

The synthesis of magnetic nanoparticles is of scientific and technological interest due to 

the possibilities they can offer for a variety of medical applications. First, the position of 

magnetic nanoparticles could be controlled via the help of an external magnetic field.23 

Secondly, it is possible to control their size from a few nanometres to hundreds of 

nanometres, Which means that they are in the size range smaller or comparable to 

many biological entities such as cells, viruses, genes, or proteins. Thus, magnetic 

particles not only can get close to biological entities, but it is also possible to coat the 
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magnetic nanoparticles with biological units.24 Third, their interaction with the external 

magnetic field could be used to transform energy from the outside source to the 

nanoparticle or influence the external magnetic field.25 As the result of the physical 

properties of magnetic particles, applications such as biosensing, magnetic resonance 

imaging (MRI), magnetic particle imaging (MPI), hyperthermia, magnetic separation, 

drug delivery, etc has opened new opportunities in both diagnosis and treatments of 

diseases.26,27   

1.2.1. Magnetic nanoparticles and composition 

1.2.1.1. Iron oxides 

Iron oxide magnetic nanoparticles are the most important and highly explored 

nanoparticles, due to the variety of synthesis methods, low toxicity, and stability.28–33 

There are four stable types of iron oxide nanoparticles (Figure 1.7): magnetite (Fe3O4), 

maghemite (γ-Fe2O3), hematite (α-Fe2O3) and wüstite (FexO).34 Magnetite is a 

ferromagnetic semiconductor with a cubic inverse spinel structure and the highest 

magnetization saturation (Ms=84 - 92 emu g-1) amongst all the stable phases of iron 

oxide. Fe2O3 has four crystalline phases γ-Fe2O3, β-Fe2O3, ε-Fe2O3, and α-Fe2O3, of 

which only maghemite (γ-Fe2O3) and hematite (α-Fe2O3) are stable at room 

temperature.35 Maghemite is a ferrimagnetic insulator material exhibiting a cubic 

structure and has a magnetization saturation (Ms) of 74 - 80 emu g-1. While hematite is 

a weak ferromagnetic (Ms=0.1-0.4 emu g-1) material at room temperature and, the most 

thermodynamically stable iron oxide phase. Finally, wüstite (FexO, x= 0.84 - 0.95) is a 

nonmagnetic material (0 emu g-1 in bulk) with a NaCl-like crystal structure.34 

 

Figure 1.7. Crystal structure of iron oxides A) magnetite (Fe3O4) B) wüstite (FexO) C) hematite 

(α-Fe2O3) and D) maghemite (γ-Fe2O3). Reprinted with permission from36.Copyright (2021) 

John Wiley and Sons. 
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Maghemite and magnetite nanoparticles are the most widely used magnetic 

nanoparticles in the realm of biosensing and biomedicine mostly due to their high 

magnetic saturation and biocompatibility.34 Their high magnetic saturation is related to 

the crystal structure and the position of atoms in the octahedral and tetrahedral sites. As 

it can be seen from the crystal structure of magnetite, illustrated in Figure 1.7 A which 

shows a face-centred cubic lattice of oxygen ions packed with Fe3+ and Fe2+ cations in 

octahedral sites and Fe3+ in tetrahedral sites.37 The number of tetrahedral sites is 

double the octahedral sites. Thus, the parallel alignment of magnetic spins in octahedral 

sites relative to the antiparallel alignment of spins in tetrahedral sites is not balanced 

and consequently, a strong attraction toward the external magnetic field is produced. 

Magnetite is superparamagnetic when its size is below 25 nm and remains a single 

domain up to the size of 80 nm.23 Maghemite has a similar structure as magnetite, but 

the octahedral sites are packed with the Fe+3 cations and vacancies. Although the lower 

density of Fe cations reduces saturation magnetization of maghemite compared to 

magnetite, the  chemical stability and low toxicity of maghemite in biological media 

makes it an interesting choice for bio-sensing.38 

1.2.1.2. Iron nanoparticles 

Bulk iron has the highest magnetization saturation (218 emu/g-1) at 25⸰C amongst 

magnetic materials. So smaller zero-valent iron nanoparticles could achieve higher 

saturation magnetization compared to their counterpart iron oxide nanoparticles. 

Furthermore, iron is a very soft magnetic material and has a low magnetocrystalline 

anisotropy which makes it an interesting choice for biosensing and bio-imaging 

applications. To better understand the effectiveness of iron compared to other magnetic 

materials table 1.1 compares some of the most important magnetic properties of most 

common magnetic materials.39–43 

Table 1.1. Properties of magnetic materials.  

Element Ms at 0 K Ms at 293 K Tc 

Fe 222 218 1043 
Co 162 161 1388 
Ni 57 54 627 
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Although gadolinium has higher saturation magnetization at 0 K, its low Curie 

temperature (0 K) and acute side effects make it a poor candidate to use for a variety of 

bio-sensing applications.44–47 In contrast, iron’s Curie temperature is high enough to be 

of no concern for the majority of bio-sensing applications.48 While properties such as 

high saturation magnetization, high Curie temperature, low magnetocrystalline 

anisotropy and low cytotoxicity make iron nanoparticles a good choice for bio-sensing 

and bio-imaging, the high reactivity, especially toward water and oxygen, and 

complicated and time-consuming synthesis routes hinder the widespread use of iron 

nanoparticles in such applications.49–51 

Even though iron nanoparticles could oxidize rapidly and form other types of iron oxide 

nanoparticles. If iron nanoparticles were grown to a certain size or bigger, part of their 

zero valent-iron core could be saved and produce a core-shell nanoparticles 

compromise of zero-valent iron core and iron oxide shell.43,52 It has been reported that 

iron nanoparticles with a size 8 nm or below, oxidize almost instantly when exposed to 

the air.53 For bigger size iron nanoparticles, upon exposure to air, a 3-4 nm oxide shell 

will form on the surface of iron nanoparticles resulting in a core-shell nanoparticle. The 

synthesis of iron nanoparticles (above 8 nm) and different shapes have been reported in 

the literature using different precursors such as iron pentacarbonyl, iron oleate complex 

and iron amido complexes.54–56 As most of these precursors are toxic and hard to 

handle Cheong et al, reported the synthesis and application of zero-valent iron core-iron 

oxide shell from an easy to handle and stable iron precursor [Fe(C5H5)(C6H7)] in the 

presence of oleylamine for biomedical application.57,58 The highly crystalline zero-valent 

iron core-iron oxide shell were further coated with dimercaptosuccinic acid (DMSA) to 

make them water dispersible and shown that the particles are an effective choice as a 

T2 contrast agent for MRI. Recently Gloag et al, reported that zero-valent iron core-iron 

oxide shell (≤15 nm) could be used as an effective magnetic particle imaging (MPI) 

agent.59 The high magnetization saturation provided by the small zero-valent iron core-

iron oxide shell nanoparticles enabled them to get a similar MPI signal in case of 

magnitude and resolution as twice as big of size state-of-the-art iron oxide 

nanoparticles. 
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1.2.2. Synthesis of magnetic nanoparticles 
Several methods have been reported for the synthesis of magnetic nanoparticles. 

These methods can be grouped into two main categories: top-down and bottom-up 

approaches (Figure 1.8).60  

 

Figure 1.8. Bottom-up and the top-down approaches in the synthesis of magnetic nanoparticles. 

Top-down synthesis methods involve the breaking down of the bulk material into nano-

sized structures or particles. Amendola et al used a laser ablation synthesis in solution 

method to prepare FeOx-MNPs compromise of 75% magnetite and 22% hematite. They 

further functionalized their particles with a variety of ligands such as carboxylated 

phosphonates, fluorescent alkylamines, fluorescent isothiocyanates and bovine serum 

albumin.61 In another study Mignot et al used a top-down method to prepare ultra-small 

(≤5 nm) gadolinium-based silica nanoparticles. They have shown that the synthesized 

particles have low toxicity and also they are a good candidate for use as bio-sensing 

and MRI agents.62  

Bottom-up refers to the development of material from the bottom: atom-by-atom, 

molecule-by-molecule, or cluster-by-cluster in a gas phase or solution.63 Predominantly, 

the bottom-up approaches are favoured due to the possibility to gain smaller particles 

with better size distribution and better control over the shape of the particles.64,65 The 

most common ‘bottom-up’ methods include coprecipitation reactions,66 polyol 

methods,67,68 microemulsion,69 sol-gel syntheses,70 thermal decompositions,71 

hydrothermal and high-temperature reactions,72 sonochemical syntheses,73 and flow 

injection synthesis.74  
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1.2.2.1. Coprecipitation  

One of the oldest methods to make magnetic nanoparticles is the coprecipitation 

method.75–77 The principle process behind this method for synthesis of magnetite 

nanoparticles (Fe3O4) is usually by mixing ferric and ferrous ions in a 1:2 M ratio at a 

basic solution (pH range 8–14) according to the following reaction:78 

Fe+2 + 2Fe+3 + 8OH- → Fe3O4 + 4H2O 

By using different salts as precursors, changing reaction temperature and pH, the size 

and shape of magnetite nanoparticles can be adjusted. The main advantage of this 

method is the large-scale synthesis of the magnetic nanoparticles. In an example, 

Mascolo et al made magnetite nanoparticles in a wide pH range (10.0–13.0) at room 

temperature by co-precipitation.66 Mascolo et al concluded that the size reduction of the 

magnetic nanoparticles are dependent on the pH and the rate to which the basic 

solution is added to the mixed solution of Fe2+ and Fe3+ ions.66 In another example 

Petcharoen and Sirivat synthesized magnetite nanoparticles via co-precipitation using 

ammonium hydroxide as the precipitating agent.79 Reaction temperature and 

surfactants were crucial to controlling the size of the magnetic nanoparticles.79 One 

drawback of the chemical co-precipitation approach is the wide size distribution of 

nanoparticles made by this method, which made chemists to came up with new 

methods.  

1.2.2.2. Hydrothermal and solvothermal synthesis 

Other approaches to produce high-quality magnetic nanoparticles are the hydrothermal 

(solvent is aqueous) and solvothermal (solvent is not aqueous) methods. These 

methods rely on phase transformation and separation mechanisms at interfaces of 

liquid, solid, and solution during synthesis (Figure 1.9). Monodisperse noble metal, 

quantum dots, and magnetic nanoparticles can be obtained by reduction of metal ions 

through wet-chemical technologies of crystallizing substances in a sealed container 

(autoclave).  
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Figure 1.9. Scheme of liquid-solid-solution phase transfer for the synthesis of magnetic 

nanoparticles. Reprinted with permission from80.Copyright (2021) Springer Nature. 

The high temperature and extreme pressure are the keys to the synthesis of the variety 

of nanoparticles with this method.80 Ge et al synthesized magnetite nanoparticles with a 

size range from 15 nm to 31 nm by oxidation of FeCl2 · 4H2O in basic aqueous solution 

at 134◦C and extreme pressure.81 Nanoparticles were highly crystalline with a size range 

from 15 nm to 31 nm. Although this method can make highly crystalline nanoparticles 

on large scale, the high cost of autoclaves could be of concern. 

1.2.2.3. Thermal decomposition  

Thermal decomposition of organometallic compounds in high-boiling organic solvents 

containing surfactants leads to monodisperse magnetic nanoparticles.82 Existence of 

hydrophobic surfactant and high temperature allows perfect control over nucleation and 

growth of the nanoparticles which results in monodisperse magnetic nanoparticles.83,84  
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Figure 1.10. TEM image of Octapod-shaped magnetic nanoparticles inset shows geometric 

cartoon. Scale bar, 100 nm. (b) HRTEM image of Octapod-magnetic nanoparticle. Scale bar, 

20 nm. (c) HRTEM image of Octapod-magnetic nanoparticles, proving that the nanoparticles are 

magnetite. Scale bar, 2 nm. (d) Tilted TEM images of three Octapod-magnetic nanoparticles. 

insets show corresponding geometric cartoon. Scale bar, 20 nm. Reprinted with permission 

from85.Copyright (2021) Springer Nature. 

Kemp et al made magnetite nanoparticles via a two-step thermal decomposition 

method.86 By using Iron oleate as a precursor they first made wüstite in presence of 

oleic acid and 1-octadecene at 324◦C. The wüstite nanoparticles were then oxidized in 

presence of 1% oxygen in argon gas for 3 hours to synthesize magnetite 

nanoparticles.86 The nanoparticles’ size (15 nm-30 nm) were controlled by varying the 

oleic acid ratio to the precursor. The magnetite nanoparticles showed nearly perfect 

magnetizations saturation of 80 emu g-1.86 In another study, Zhao et al used the thermal 

decomposition method and synthesized highly crystalized octapod magnetite 

nanoparticles.85 Iron oleate was decomposed at 320◦C in presence of the sodium 

chloride and oleic acid to form the octapod nanoparticles.85 As can be seen from Figure 

1.10 the nanoparticles consist of 4-armed star liked magnetite nanoparticles. The 

unique shape of the magnetic nanoparticles made here allowed for ultrahigh transverse 

relaxivity of (679.3 ± 30mM-1 s-1) and proved to be a perfect T2 contrast agent for MRI.85  

Thermal decomposition was used as the main route for the synthesis of magnetic 

nanoparticles in this thesis. The good control over shape, size and monodispersity this 
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method possesses along with the relatively facile synthesis protocols available were the 

main reasons we choose this method. 

Although other methods are available for the synthesis of the magnetic nanoparticles 

such as microemulsion and sonochemical synthesis, they are not as prevalent and easy 

to use as the main three methods discussed here.87 

1.2.3. Protection and surface functionalization of magnetic nanoparticles for 

nanomedicine 

As it was discussed in the previous section, thermal decomposition of the 

organometallic compounds in boiling organic solvents produces highly monodisperse 

magnetic nanoparticles with good shape and magnetic properties. However, these 

magnetic nanoparticles are not stable in physiological conditions, and their surface must 

be coated with other elements and molecules to prevent aggregation.23 Furthermore, by 

coating the magnetic nanoparticles we can add active chemical groups and also other 

properties to the magnetic nanoparticles.24 A variety of coatings such as polymers or 

sugar molecules, silica and noble metals have been used for coating the magnetic 

nanoparticles for different applications.88 In the following the most important ones are 

discussed. 

1.2.3.1. Silica coating  

Silica is one of the best surface coatings for magnetic nanoparticles.89–91 Several 

reasons are behind the popular use of silica as a surface coating for magnetic 

nanoparticles. These include providing high stability especially in aqueous media, 

chemical inertness, the ability to easily control the thickness of the coating layer and 

porosity and finally, a well-established coating process.92,93 Stӧber and microemulsion 

are the two general methods for generating a silica layer on the surface of magnetic 

nanoparticles.94–96 

Lu et al have used a water-dispersible ferrofluid (EMG 340) containing maghemite and 

magnetite nanoparticles with a size range of 5-15 nm. Hydrolysis of the sol-gel 

precursor tetraethyl orthosilicate (TEOS) on the surface of the magnetic nanoparticles 

and further condensation produced the silica shell.97 Silica shell thickness could be 

changed between 2-100 nm by simply varying the concentration of TEOS.97 In another 
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study Zhang et al used a reverse microemulsion method to form an ultra-thin (2 nm) 

silica shell around magnetite nanoparticles.98 The interaction between Igepal CO 520 

hydrophobic tail with the oleic acid capped magnetite nanoparticles was the key to 

achieve silica-coated magnetic nanoparticles in the microemulsion system. By adjusting 

the concentration of the reagents they have managed to change the size of the overall 

nanoparticles.98  Due to easy modification of the silica with amine terminal groups, these 

nanoparticles could readily be used for DNA separation, hybridization and 

biosensing.99,100 Moreover silica is a great intermediate layer for further coating of the 

magnetic nanoparticles with other metallic substances specially for the formation of gold 

shell around magnetic nanoparticles. A detailed discussion of the importance of silica as 

an intermediate layer for gold coating will be provided in the later sections.   

1.2.3.2. Noble metal coating  

Silver and gold are the two most important noble metal coatings for magnetic 

nanoparticles. They convey several key features to the magnetic nanoparticles such as 

plasmonic property, conductivity, ease of modification with biomolecules, stability and 

inertness.101–103 The potent antiviral and antimicrobial activity of silver, and its SERS 

applicability, combined with the magnetism of iron oxide nanoparticles have been used 

for the detection of molecules and also fight against antibacterial resistance.104,105 Song 

et al synthesized a hybrid nanostructure of Fe3O4@SiO2@Ag nanoparticles through 

mild reduction of the AgNO3 by formaldehyde on the gold-seeded silica-coated 

magnetite nanoparticles. The silver-coated magnetic nanoparticles were used to detect 

malachite green (MG) in water samples.106 In another study Mahmoudi and Serpooshan 

synthesized newly designed nanoparticles compromising a magnetic core that was 

separated from its silver shell by a ligand gap. The silver-coated magnetic nanoparticles 

were shown to enhance the antimicrobial activity of silver while being able to penetrate 

within the bacterial biofilm due to the magnetic properties of magnetite cores.107  

Despite the advantages of silver as a coating for magnetic nanoparticles. Lethal and 

sublethal hazards silver poses on biological entities such as human cells made the 

scientific community focus on gold as a safer and better alternative.108–110  



 30 

Gold-coated magnetic nanoparticles capable of providing both plasmonic and magnetic 

properties have created new avenues in nanomedicine research and developments.  

The inherent magnetic capability of iron oxide’, combine with gold’s inert nature, 

conductivity, plasmonic properties and high affinity toward both amine (-NH2) and thiol (-

SH) terminal groups, leads to a multifunction nanostructure ideal for both medical 

diagnosis and therapy. Furthermore, the ability to tune and change the properties of 

gold-coated magnetic nanoparticles by changing size, shape, surface charge, surface 

modification and tailoring them specifically for the intended application broadens the 

possible application of magnetic nanoparticles.111 In the following sections, we will 

discuss some of the potential advantages’ gold-coated magnetic nanoparticles will 

provide for bio-sensing. 

1.3. Significance of gold for bio-sensing  

1.3.1. Plasmonic properties 

Localize surface plasmon resonance (LSPR) is a physical phenomenon that occurs at 

the nanometer-scale when a noble metal such as gold is being illuminated by a light 

source with a wavelength much bigger than the size of the nanoparticle. As it can be 

seen from Figure 1.11 the illumination will lead to a collective oscillation of conduction 

band electrons which results in sharp spectral absorption and scattering peaks.112–114 

This property of gold displays itself by the colour change of gold nanoparticles. The 

LSPR peak wavelength is directly dependent on size, shape, dielectric properties of the 

surrounding environment and the distance of nanoparticles from each other.115 Bio-

sensors based on the plasmonic nanoparticles take advantage of the change in the 

peak position and colour difference to detect a variety of bio-molecules and bio-

chemicals on the surface of the nanoparticles.116–120  
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Figure 1.11. Schematic demonstration of localized surface plasmon resonance phenomena. 

Reproduced from121 with permission from the Royal Society of Chemistry. 

Introducing a complete gold shell on the surface of magnetic nanoparticles provides the 

particle with optical and electrochemical properties on top of magnetic properties. The 

optical properties of the core-shell magneto-plasmonic nanoparticles are dependent on 

the size and shape of the magnetic core, shell thickness and configuration and also the 

dielectric role of the core and shell.122,123 Levin et al reported that by increasing or 

decreasing the thickness (Figure 1.12) of the gold layer on the surface magnetic 

nanoparticles position of the plasmonic peak could be shifted.124 The study concluded 

that by increasing the gold shell thickness, plasmonic redshift occurs, which is due to 

the large dielectric permittivity of the core. Furthermore, investigating the effect of 

magnetic core shapes, it was concluded that the nanoparticles with cubic and concave 

cubic cores are slightly red shifted compared to the spherical particles. It was argued 

that the differences in optical properties of particles are originated from the lower 

symmetry in the case of cubic and concave cubic cores compare to the more symmetric 

spherical core.124 
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Figure 1.12. Nanoparticles solution extinction measurements of (A) faceted (B) and gold-coated 

magnetic nanoparticles (i) when cores are not coated (r1 31.5 ±  9.7 and 28.5 ±  7.3 nm), (ii) 

gold decorated nanoparticles (r1 32.6 ± 9.0 and 28.6 ± 8.5 nm) in aqueous solution, and (iii–vi) 

gold-coated nanoparticles with gold shell increasing of particles sized is 100, r2 is 59.9 ± 12.4, 

65.0 ± 19.9, 73.1 ± 11.7, and 76.6 ± 9.8 nm for the faceted cores and 40.0 ± 6.7, 49.1 ± 10.7, 

53.8 ± 4.6, and 66.4 ± 5.0 nm for the tetra cubic cores in aqueous solution. (C) picture of 

nanoparticles in solution A. Reprinted with permission from124.Copyright (2021) American 

Chemical Society. 

In another study conducted by Chaffin et al, based on Mie theory, the plasmonic 

properties of the gold-coated magnetite nanoparticles, gold-coated silica nanoparticles, 

gold-coated cobalt nanoparticles was calculated and further compared them with hollow 

gold nanoparticles and also similar size gold nanoparticles (Figure 1.13).125 The overall 

size of the nanoparticles were assumed to be 50 nm with a 5 nm gold shell. Based on 

their model, gold-coated magnetite nanoparticles have redshifted the most, compared 

with the other nanoparticles explored, with an intensity comparable to the similar size 

gold nanoparticle. Interestingly, the gold-coated cobalt nanoparticles showed a very 

small peak which could be attributed to the dielectric properties of the core material. In 

contrast, the intensity of the LSPR peak for gold-coated silica nanoparticles and the 

hollow-core gold shell was much larger than the solid gold nanoparticles and gold-

coated magnetic nanoparticles.125 The definition of the reflective index of materials 
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which simply says how fast light can go through a material could help explain this 

phenomenon.126 The fact that iron oxide nanoparticles (magnetite) are a non-

transparent material and their refractive index is complex. While silica is a transparent 

material that does not absorb light and as a result has only a real refractive index. The 

plasmonic peak position is determined by the real component of the refractive index and 

its intensity is directly related to the imaginary part of the refractive index.125,127,128 This 

is why the position and intensity of the plasmonic peaks of the similar size shell size 

were so different.  

 

Figure 1.13. Calculated extinction spectrum of the gold-coated magnetite nanoparticles in 

comparison with other core-shell nanoparticles with the same diameter (Dtotal=50 nm, gold 

shell thickness 5 nm). Reprinted with permission from125.Copyright (2021) American Chemical 

Society. 

As it has been previously reported, optical properties of the anisotropic nanoparticles 

are greatly enhanced especially on the tips compared to simple nanoparticles due to 

their high curvature structure.129 To better understand the effect of the shape of the 

nanoparticles on optical properties of the gold-coated magnetic nanoparticles Kwizera 

et al, synthesized three different shapes of gold-coated magnetic nanoparticles.130 

Sphere, popcorn and star-shaped core-shell gold-coated iron oxide magnetic 

nanoparticles with different shell thicknesses were synthesized. Figure 1.14. A show 

that a redshift from 538 nm to 575 nm occurs when the thickness of the gold shell and 

as the result the size of the nanoparticles increases from 77 nm to 140 nm. The redshift 
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of the particles regardless of the continuous gold shell thickening was attributed to the 

fact that the gold shell for all of the particles was bigger than 14 nm.130 

 

Figure 1.14. Top absorption spectra of the gold-coated iron oxide nanoparticles with different 

shapes A) core-shell nanospheres B) core-shell nano popcorn and C) core-shell nanostars. 

Bottom TEM images of the D) nanosphere E) nano popcorn F) nanostars. The sizes labelled in 

the graphs are the base size of the particles that do not include the protrusions in popcorns and 

tips in the stars. Reprinted with permission from130.Copyright (2021) American Chemical 

Society. 

UV-Vis spectra for the gold-coated magnetic nanoparticles with a popcorn shape is 

depicted in Figure 1.14 B. The LSPR peak positioned at 600, 633, and 665 nm could be 

observed from particles with the size of 65 nm, 89 nm, and 145 nm. Similar to the 

spherical gold-coated magnetic nanoparticles with an increase in size the position of the 

peaks moves to a higher wavelength. Due to the anisotropic shape of the gold shell, the 

shift is toward a longer wavelength and the peak is broader. Different from both gold 

shells with nanospheres and nano popcorn shapes, gold-coated magnetic nanoparticles 

with nano star shapes show three well-defined peaks (Figure 1.14 C). A weak peak at 

around 550 nm and two strong peaks at 700 nm and 850 nm. While the weak peak at 

the visible region seems to be insensitive to size increase the other two strong peaks 

redshifted. The fact that the nanoparticles with star shape have the elongated tip 
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morphology compared to the other two types of particles explains the bigger redshift of 

the nanostars shaped gold-coated magnetic nanoparticles.130  

As was discussed above the LSPR properties of the gold-coated magnetic 

nanoparticles could be tuned by changing the size, shape and even changing the core 

material. Due to these properties, the optical addressability of the gold-coated magnetic 

nanoparticles could be exploited for a variety of biosensing applications using 

techniques such as surface-enhanced Raman scattering (SERS) and dark-field 

microscopy.  

1.3.2. Conductivity 

Unlike magnetic nanoparticles, such as magnetite or maghemite, gold is a conductive 

element. Introducing a gold shell on the surface of a magnetic nanoparticle provides 

practical means for electrochemical bio-sensing. Gold-coated magnetic nanoparticles 

have been used as electrochemical biosensors in two main ways. First, to aid the 

construction of the sensing interface by immobilizing the gold-coated magnetic 

nanoparticles on the electrode with the help of the external magnetic field.131–133 

Second, as ‘’dispersible electrodes’’ where the gold-coated magnetic nanoparticles are 

dispersed in the solution containing the analyte that needed to be detected (Figure 

1.15). The gold-coated magnetic nanoparticles then can bind to the desired analyte and 

accumulated on the sensing interface via a magnet to produce a signal even at an ultra-

low concentration of the analyte.134–136  

 

Figure 1.15. A schematic of the accumulation of gold-coated magnetic nanoparticles onto the 

surface of a gold working electrode in a magnetic field. Reprinted with permission from135. 

Copyright (2021) Elsevier B.V. 
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For gold-coated magnetic nanoparticles to be used as dispersible electrodes three main 

features (1) fast magnetic response to an external magnetic field, (2) well-defined 

electrochemistry and (3) uniform size and shape.136,137 In a study conducted by Moraes 

Silva et al, four different types of gold-coated magnetic nanoparticles Goon et al,138 

Freitas et al,139 Jin et al,140 and cubic-Au@MNPs (Figure 1.16) were synthesized and 

their efficiency as disposable electrodes was investigated.141 It was concluded that the 

cubic-Au@MNPs can fulfil all the requirements necessary for dispersible electrode 

applications. They were attracted to the external magnetic field in less than twenty 

seconds, had a well-defined shape and most importantly a stable electrochemical 

behaviour in acidic media. It is worth mentioning that although the gold-coated magnetic 

nanoparticles produced by the Goon et al method and cubic-Au@MNPs have slightly 

higher heterogeneous electron transfer rate constants (k0) which could be crucial for the 

electrochemical bio-sensing applicability of these particles compared to the other two 

types.141 

 

Figure 1.16. TEM images of multiple synthesis methods used for making the gold-coated 

magnetic nanoparticles(a) based on a method reported by Goon et al138, (b) based on method 

reported by Jin et al140,(c) a combination of method a and b, and (d) based on a method 

reported by Freitas et al139. Reprinted with permission from141.Copyright (2021) John Wiley and 

Sons. 
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Electrochemical biosensors based on gold-coated magnetic nanoparticles and 

especially ‘’dispersible electrodes’’ despite their potential in bio-sensing are still in their 

infancy phase and many aspects of the method still need to be explored. The 

effectiveness of the dispersible electrodes’ is heavily reliant on the quality of the gold-

coated magnetic nanoparticles. Thus, exploring new synthesis strategies to produce 

gold-coated magnetic nanoparticles that are more robust and more reliable is of the 

highest importance for further expansion of this technique and its final transition from 

lab to clinics and real-life applications.   

1.3.3. Surface chemistry and protection 
The development of biosensors at the nanoscale level is highly dependent on the 

immobilization of various bio-recognition elements, such as nucleic acids, enzymes and 

antibodies on the surface of the nanoparticles, enabling the selective targeting of 

biomarkers.142,143 The surface of the magnetic nanoparticles is not normally compatible 

with regular surface chemistries used for modification of the biological entities. The 

growth of a gold layer on the magnetic nanoparticles not only protects the magnetic 

nanoparticles against corrosion and degradation in biological media due to the inertness 

of gold but enables the scientist to conjugate the nanoparticles with a variety of 

functional groups.111   

The surface of gold can be modified with different groups such as proteins, DNA, 

saturated fatty acids and low molecular weight ligands.144 There are two general 

approaches for the modification of the gold’s surface with functional groups, non-

covalent and covalent methods.145 These two broad categories could be divided into 

multiple methods such as amine modifications, carboxyl modifications, electrostatic 

interactions, thiol modifications, biotin-streptavidin system, and metal-mediated non-

covalent conjugation, available for the modification of biomolecules (proteins, peptides, 

carbohydrates, polymers, DNA).145,146 

One of the easiest ways to functionalize the surface of the gold shell with for example 

antibodies is a modification by non-specific absorption of gold-coated magnetic 

nanoparticles with an antibody. By controlling elements such as pH and taking 

advantage of the intermolecular forces  (e.g. van der Waals and ionic force) gold-coated 
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magnetic nanoparticles could be modified with antibodies or other biological 

molecules.145,147 The other prominent method of conjugation of gold surfaces is covalent 

conjugation. This method is more directional and controlled compared to the non-

covalent methods.148 For example gold-coated magnetic nanoparticles modified with 

carboxyl groups through thiol chemistry on their surface could be conjugated with 

antibodies via 1-ethyl-3-(3-di-methylaminopropyl)carbodiimide/N-hydroxysuccinimide 

(EDC/NHS)  (EDC-NHS) conjugation chemistry.149 In the EDC/NHS reaction, EDC is 

used to activate the carboxyl group on the surface of gold to create an active 

intermediate susceptible to nucleophilic attack. The resulting intermediate can bind to 

primary amines on the antibody but is unstable. The NHS is added to create a more 

stable amine-reactive intermediate, which will bind to the primary amines on the 

antibody and result in full conjugation.145,147,148 

1.4. Applications of gold-coated magnetic 
nanoparticles in bio-sensing 

As was discussed in sections 1.3.1 and 1.3.2, gold-coated magnetic nanoparticles could 

be used as agents for optical and electrochemical biosensors. In the following, the 

effectiveness of these nanostructures for bio-sensing will be demonstrated through 

several examples from the literature.  

1.4.1. Optical sensors 

The plasmon resonance property of the gold-coated magnetic nanoparticles could be 

exploited for developing optical bio-sensors.119 The bio-sensors based on the LSPR 

property have gained attention due to two main reasons: high selectivity and extreme 

sensitivity.116 For example, Markhali et al introduced a sensing system based on the 

colour change of gold nanoparticles for detection of interleukin 6 (IL-6). The core idea 

for this system was that the colour of the gold nanoparticles changes once in close 

contact with a smaller gold nanoparticle (core-satellite formation) under dark-field 

microscopy.120 In another study Sriram et al developed a system that could evaluate 

λmax of thousands of plasmonic nanoparticles in few seconds.118 Addition of magnetic 
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property to a plasmonic property of gold could enhance the viability of these types of 

bio-sensors. 

 

Figure 1.17. Schematic illustration of the Separation and Detection method by Using gold-

coated magnetic nanoparticles and silver Nanoparticles through Ligation. Reprinted with 

permission from 150.Copyright (2021) American Chemical Society. 

Gold-coated magnetic nanoparticles have been used to detect a variety of biomolecules 

via the SERS platform. In a study conducted by Wang et al, synthesized gold-coated 

magnetic nanoparticles were modified with Staphylococcus aureus (S. aureus) 

antibody. Gold nanorods were also tagged via Raman active molecule 5,5-dithiobis (2-

nitrobenzoic acid) (DTNB). By formation of a sandwich assay of SERS tags, target 

molecule and gold-coated magnetic nanoparticles they have managed to detect the S. 

aureus bacteria with a detection limit of 10 cells / mL.151 The magnetism of the gold-

coated magnetic nanoparticles helped to concentrate the nanoparticles several times 

throughout this study while the rough gold surface was used to produce the SERS 

signal in this study.151 In another study Yu et al used gold-coated magnetic 

nanoparticles modified with 6-mercaptopyridine-3-carboxylic acid (MPCA) and silver 

nanoparticles tagged with 4-mercaptobenzonic acid (4-MBA). The nanoparticles were 

conjugated with a DNA probe in order to capture and detect single-stranded DNA 

containing the BRAF V600E mutation.150 As it can be seen from Figure 1.17 gold-

coated magnetic nanoparticles and silver nanoparticles were linked by ligation and 

separated from the solution by a magnet. They managed to detect the target analyte 

with extremely high sensitivity and specificity.150 
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1.4.2. Electrochemical sensors 
As was discussed in section 1.3.2, the growth of a gold layer confers further 

electrochemical properties to the magnetic nanoparticles. The conductivity of gold and 

magnetism of magnetic nanoparticles could be used to design electrochemical 

biosensors.  

Gold-coated magnetic nanoparticles have been used in a variety of ways as 

electrochemical biosensors. For instance, the nanoparticles could be used to construct 

the electrochemical sensing interface because of the magnetism. Xin et al used 

horseradish peroxidase (HRP) modified gold-coated magnetic nanoparticles to make a 

sensor to detect hydrogen peroxide.132 To make the electrode (sensing interface) gold-

coated magnetic nanoparticles were attracted to the graphene sheets (GS)–Nafion film 

modified screen-printed carbon electrode (SPCE) by a magnetic field. Using CV and 

impedance (EIS) they have managed to detect hydrogen peroxide with a detection limit 

of 12 Mm.132 In another study Rawal et al fabricated an electrochemical sensor for the 

detection of sulfite based on gold-coated magnetic nanoparticles. By electrodeposition 

of the gold-coated magnetic nanoparticles onto a gold electrode by EDC-NHS process 

sensing interface was fabricated.152  

 

Figure 1.18. Schematic of the sensing strategy using gold-coated magnetic nanoparticles to 

detect microRNA, a,b, gold-coated magnetic nanoparticles modified with probe DNA 

complementary to target miRNA (a) are mixed in the blood for 30 minutes (b). c magnetic 

separation of the gold-coated magnetic nanoparticles from unhybridized sequences. d, gold-

coated magnetic nanoparticles both hybridized and unhybridized deposited on the gold 

electrode. e, Electrical reconfiguration of gold-coated magnetic nanoparticles in their 
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heterogeneous network (hybridized and unhybridized) occurs by applying 10 cycles of square-

wave voltammetry in the potential range between 200 and − 500 mV. Reprinted with permission 

from153. Copyright (2021) Springer nature.   

One major challenge in ultrasensitive bio-sensing is the diffusion of the target analyte to 

the sensing interface. This means although the sensor can detect the analytes in very 

low concentrations, the time span for the analyte to reach the sensing interface is too 

long. To address that gap the dispersible electrode was introduced for ultra-sensitive 

detection of analytes in a timely manner.136 Gold-coated magnetic nanoparticles in this 

method are actively participating in the selection of the target analyte and also directing 

them to the sensing platform.137  In a study conducted by Tavallaie et al, using gold-

coated magnetic nanoparticles conjugated by probe DNA, microRNA was detected 

directly in whole blood.153 Figure 1.18 depicts the sensing platform in the study, as it can 

be seen the gold-coated magnetic nanoparticles modified with the methylene-blue-

labelled probe DNA were mixed in the whole blood. The nanoparticles modified with 

probe DNA complementary to target miRNA in the blood could actively capture the 

target and then could be attracted to the sensing interface via magnetic force.153 This 

work was shown for the first time it is possible to detect microRNA concentrations of 

from 10 aM to 1 nM in whole blood.153 In another study Chen et al reported the 

detection of circulating DNA in whole blood with an ultralow detection limit of 3.3 aM. 

The sensing system was based on hybridization on a network of gold-coated magnetic 

modified with probe DNA.154   

1.5. Gold coating processes 

The growth of a gold nanoshell on the magnetic nanoparticles could be achieved via 

two general methods (Figure 1.19). First, the formation of the gold shell directly on the 

surface of the magnetic nanoparticles. The second introduction of an intermediate layer 

on the surface of the magnetic nanoparticles and then the growth of gold nanoshell 

(indirect) on the surface of the intermediate layer. The intermediate layer in the indirect 

gold coating process act as a glue, making the surface more favourable for the gold to 

be deposited on.111  
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Figure 1.19. Schematic illustration of the two main routes for gold coating. Redrawn with 

modification from111. 

In the following sections, both methods are discussed in detail and several examples 

from the literature. 

1.5.1. Direct gold coating  

To grow a secondary metal on top of seed nanoparticles several factors such as 

crystallinity of the seed nanoparticles, surfactants in use, lattice mismatch etc should be 

considered.155 Most importantly the lattice mismatch between the seed and secondary 

metal could play a huge role in the successful growth of the secondary metal on top of 

the substrate nanoparticles.156 There are three (Figure 1.20) well-established growth 

modes for the deposition of a second metal in this case gold on a substrate (magnetite, 

maghemite etc): the island growth mode (Volmer-Weber, VW), island-on-performed 

layer mode (Stranski−Krastanov, SK) and finally the layer-by-layer growth (Frank−van 

der Merwe, FM). 
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Figure 1.20. Schematic illustration of the three growth modes of secondary metal on a seed 

substrate. Reprinted with permission from157.Copyright (2021) American Chemical Society. 

Direct coating of the surface of the magnetic nanoparticles with a gold shell could only 

be achieved if the layer-by-layer growth mode is followed.158 Generally when the lattice 

mismatch between two metals are relatively small (≤5 %) the epitaxial growth (complete 

and uniform coverage of the second metal on a substrate) can happen.157,158 If the 

lattice mismatch is bigger than 5% other types of growth could be observed. 

Table 1.2. Standard atomic spacing for typical magnetic nanoparticles (Magnetite and 

Maghemite) and Gold.159 

(hkl) index Magnetite Maghemite Gold 

111 4.85 4.82 2.35 
220 2.97 2.95 1.44 
311 2.53 2.52 1.23 
400 2.10 2.09 1.02 
422 1.71 1.70 0.83 

 

As it can be seen from table 1.1 the atomic spacing between gold and typical magnetic 

nanoparticles are small enough so that direct coating of the magnetic nanoparticles with 

gold is possible.160 To date several methods have been reported for the direct coating of 

a gold layer on the surface of the magnetic nanoparticles in both organic and aqueous 

solutions.161–169 

As was discussed in section 1.2.2.1, co-precipitation of FeCl2 and FeCl3 in a strongly 

alkaline solution results in the synthesis of magnetite nanoparticles. Pham et al used 

this method to produce the iron oxide magnetic nanoparticles then by adding the 
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magnetic nanoparticles to the boiling solution of the HAuCl4 in presence of the sodium 

citrate as a reducing agent they have managed to form gold-coated magnetic 

nanoparticles.170 It is worth noting that sodium citrate not only acts as a reducing agent 

in high temperatures (normally above 70⸰C) but it also stabilizes the gold-coated 

magnetic nanoparticles.171 In another example of direct coating of the gold layer on the 

surface of the magnetic nanoparticles Lo et al used the same protocol and produce the 

citrate capped gold-coated nanoparticles and then by a further ligand exchange process 

in a boiling solution containing L-homocysteine, they have managed to synthesize 

homocys-Au-Fe3O4 nanoparticles. The 12 nm gold-coated magnetite nanoparticles had 

a very thing gold shell (0.5 nm) and were well-dispersed in water and very stable in 

physiological pH with no sign of aggregation.172 Furthermore, having homocysteine as a 

capping agent for the nanoparticles was shown to be beneficial for further surface 

modification with amine or carboxylate terminal groups.172 Ahmad et al, synthesized 

similar gold-coated magnetic nanoparticles (22 nm average size with 2 nm gold shell) 

and used them as a T2 contrast agent in MRI with 3 times higher relaxivity ratio of R2/R1 

than conventional commercial contrast agent.173  

In another example, gold-coated magnetic nanoparticles were synthesized at room 

temperature. Tamer et al added the magnetite nanoparticles produced via the co-

precipitation method into the aqueous solution of HAuCl4 under sonication. Sodium 

borohydride was used to reduce the gold onto the surface of the magnetite 

nanoparticles. The resultant gold-coated magnetic nanoparticles were monodispersed 

with an average size of 12.5±3 nm. It was argued that the sonication of nanoparticles 

during synthesis resulted in monodisperse gold-coated magnetic nanoparticles.174 

Another way to make the gold-coated magnetic nanoparticles is to use hydroxylamine 

as a reducing agent and iteratively deposit gold atoms on the surface of the iron oxide 

magnetic nanoparticles to obtain a uniform gold nanoshell.175–178 It was reported that 

hydroxylamine encourages gold (III) surface catalysed reduction.179 As can be seen 

from Figure 1.21 hydroxylamine ensures that the gold atoms are only deposited on the 

surface of the already synthesized seeds rather than forming new gold seeds.  



 45 

 

Figure 1.21. Schematic illustration of the hydroxylamine seeding of colloidal gold nanoparticles. 

Reprinted with permission from179.Copyright (2021) American Chemical Society.   

Gold atoms in the presence of NH2OH prefer to go and deposit on the surface of the 

iron oxide nanoparticles and do not produce gold nanoparticles. Lyon et al used the 

iterative reduction of the gold atoms via hydroxylamine to produce gold-coated magnetic 

nanoparticles.180 Maghemite and magnetite nanoparticles were first dispersed in sodium 

citrate solution to make the surface of the magnetic nanoparticles citrate terminated 

then the gold shell was grown by reduction of chloroauric acid by hydroxylamine at 

25⸰C. Five separate iterations of gold atoms by hydroxylamine resulted in a complete 

gold shell on the surface of the magnetic nanoparticles. 

 

Figure 1.22. TEM images of the A) citrate capped magnetic nanoparticles B) one incremental 

addition of the gold atoms to the magnetic nanoparticles C) three incremental additions of the 

gold atoms to the magnetic nanoparticles and D) five incremental additions of the gold atoms to 

the magnetic nanoparticles. Insets show the histogram of the size of the nanoparticles for each 

step. Reprinted with permission from180.Copyright (2021) American Chemical Society. 
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As is depicted in Figure 1.22, the size of the nanoparticles (60 nm on average) did not 

change significantly despite the continuous addition of the gold to the surface of the 

magnetic nanoparticle. This is because at the beginning gold nucleated on the surface 

of the magnetic nanoparticles and further reduction of the gold by hydroxylamine 

resulted in the gaps between the nuclei being filled by the gold shell.180 

As it was discussed in section 1.2.2.3 synthesis of magnetic nanoparticles in the organic 

phase via thermal decomposition of the iron precursor at high temperature compared to 

co-precipitation results in monodisperse nanoparticles with better control over the size 

and shape.181 As a result there are several reports on the addition of the gold shell 

directly to the magnetic nanoparticles which were made in organic solution.182–184 For 

instance Xu et al made 10 nm magnetite nanoparticles by thermally decomposing the 

iron oleate in a boiling mixture of oleylamine and oleic acid at 300⸰C.185 To add the gold 

shell onto the magnetite nanoparticles HAuCl4.3H2O was dissolved in chloroform and 

oleylamine. Magnetite nanoparticles were added to a solution containing chloroform and 

oleylamine. By slow and dropwise addition of the solution containing the HAuCl4 to the 

magnetic nanoparticles’ solution gold was gently reduced and formed a nanoshell on 

the surface of the magnetite nanoparticles.  

 

Figure 1.23. Schematic illustration gold coating process of the magnetite nanoparticles (i) gold-

coating in organic phase (ii) water dispersible gold-coated magnetite nanoparticles (iii). (B) TEM 

image of the gold-coated magnetic nanoparticles (iii); (C) HRTEM image of part of a gold-coated 

magnetite nanoparticle from (B). (D) UV−vis absorption spectra of the gold-coated magnetite 

nanoparticles (i) in hexane, (ii) in hexane, and (iii) in Milli-Q water. Reprinted with permission 

from185.Copyright (2021) American Chemical Society.   
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To make the gold-coated magnetite nanoparticles water-dispersible as can be seen 

from Figure 1.23, the nanoparticles were dried and then dispersed in a solution 

containing cetyltrimethylammonium bromide (CTAB) and sodium citrate. TEM, HRTEM 

and UV-Vis spectra proved the addition of the gold layer onto the surface of the 

magnetite solution (Figure 1.23. B and C). Further, by reduction of the gold by ascorbic 

acid in presence of CTAB onto the already gold-coated magnetite nanoparticles, they 

managed to control the thickness of the gold shell.185 

Other methods such as microemulsion and nanoemulsion have been also used to 

synthesis the gold-coated magnetic nanoparticles as well but they are not as 

prevalent.186 As an example Mikhaylova et al, by employing a microemulsion system of  

CTAB/octane/butanol/water managed to synthesized gold-coated magnetic 

nanoparticles.187 The nanoparticles magnetic properties were measured at 5, 100 and 

300 K, the nanoparticle showed superparamagnetic behaviour with magnetization 

saturation of 21 emu g-1 at 5 K and 18 emu g-1 at 300 K.187 

1.5.2. Indirect gold coating 

In the indirect method, magnetic nanoparticles are first coated with an intermediate 

layer (glue layer) and then a gold nanoshell will be formed on the surface of that 

intermediate layer.111 One of the main advantages of the indirect gold coating is that the 

gold coating process could be divided into two-step 1) gold seeding and 2) gold shell 

growth. The seeding of the surface of the nanoparticles with small gold nanoparticles 

facilitates the growth of the gold shell as these gold nanoparticles serve as nucleation 

sites for the gold shell growth.188–190 For any material to be considered as an effective 

intermediate layer for gold coating, it has to possess several key qualities and 

properties. A perfect intermediate material should completely cover the surface of the 

magnetic nanoparticles and make them both physically and chemically stable.191 It also 

needs to have numerous metal-binding terminal groups on its surface to encourage 

attachments of gold atoms and finally it should be biocompatible too.111,191 A variety of 

materials have been used as an intermediate layer (glue layer) for the synthesis of gold-

coated magnetic nanoparticles.192–198 
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Figure 1.24. Top: Scheme and Bottom: TEM images of the nanoparticles at different stages of 

the synthesis process. Reprinted with permission from191.Copyright (2021) American Chemical 

Society.   

Hu et al, used poly(cyclotriphosphazene-co-4,4′-sulfonyldiphenol) (PZS) as an 

intermediate layer between magnetite nanoparticles and the gold layer Figure (1.24).191 

PZS is a highly cross-linked polymer that is water dispersible and biocompatible. It also 

has numerous phenolic hydroxyl groups and atoms such as N, P and S which can 

interact with gold ions and atoms.191,199,200 Magnetite nanoparticles were prepared by a 

polyol process using iron (III) acetylacetonate (Fe(acac)3) in triethylene glycol at 

278⸰C.201 To form the PZS layer on the already water-dispersible magnetite 

nanoparticles a one-step polymerization process was used. Iron oxide magnetic 

nanoparticles were added to hexachlorocyclotriphosphazene. An aliquot of 

tetrahydrofuran, triethylamine and anhydrous alcohol were mixed and added to the 

magnetite nanoparticles solution in a flask. The reaction mixture was maintained under 

ultrasonic irradiation at room temperature for 6 hours to produce the PZS coated 

magnetite nanoparticles. It is important to note PZS coated an agglomeration of the 

magnetite nanoparticles and not a single core.191 The surface of the polymer-coated 

magnetite nanoparticles was then seeded with around 3 nm gold seeds via rapid 

reduction of the HAuCl4 by NaBH4. Complete gold shell was grown on the surface of the 

seeded nanoparticles by reduction of the HAuCl4 at high temperature in presence of the 

sodium citrate. The final Fe3O4@PZS@Au nanoparticles were around 253 nm with a 

rough surface and a saturation magnetization of 24.2 emu g-1. The nanoparticles 

showed to be good MRI contrast agents while also could be used for photo-thermal 

therapy due to strong near-infrared absorption of the gold shell.191 
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Figure 1.25. (a) TEM image of PEI-coated magnetite cores; (b) HRTEM image of a PEI-coated 

magnetite particle; (c) TEM image of gold-seeded PEI-coated magnetite cores; (d) HRTEM 

image of a gold-seeded PEI-coated magnetite particle; (e) TEM image of gold-coated PEI-

coated magnetite nanoparticles; (f) high-magnification TEM image of a gold-coated PEI-coated 

magnetite nanoparticle. Reprinted with permission from138. Copyright (2021) American Chemical 

Society.   

In another study, Goon et al used polyethyleneimine (PEI) as an intermediate layer 

between magnetic nanoparticles and gold shell (Figure 1.25).138 PEI is a positively 

charged polymer thus, it can attract negatively charged gold seeds via electrostatic 

attraction.202,203 PEI-coated magnetite nanoparticles were made using the 

coprecipitation method of FeSO4 in a basic environment controlled by NaOH and in 

presence of KNO3 and PEI at 90⸰C in an oxygen-free environment. Next, the 50 nm PEI-

coated magnetic nanoparticles were seeded by reduction of HAuCl4 by NaBH4 in 

presence of sodium citrate. Another layer of PEI was synthesized on top of the already 

seeded magnetic nanoparticles by heating the nanoparticles at 60⸰C for one hour. 

Finally by repeated reduction (5 times) of HAuCl4 by hydroxylamine onto the PEI surface 

to produce a complete gold shell.138 The final gold-coated magnetic nanoparticles were 

free of capping agent which makes them favourable for a variety of applications due to 

their easy surface modification.138  
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In another study, Chin et al used dopamine as an intermediate layer to produce a gold 

shell on the surface of the magnetite nanoparticles.204 Existence of amine terminal 

groups made the surface positively charged and as the result, they managed to attach 

the citrate capped gold seeds nanoparticles to the dopamine-coated magnetic 

nanoparticles.204 The gold shell was formed by the reduction of HAuCl4 by glucose in a 

slightly basic medium (pH≈9) to produce monodisperse gold-coated magnetic 

nanoparticles. The nanoparticles showed superparamagnetic behaviour with 

magnetization saturation of 35 emu g-1. 

One of the most important intermediate layers used to make gold-coated magnetic 

nanoparticles is silica.196,205–208 Silica not only provides a favourable surface for the 

growth of the gold layer it helps prevent plasmonic damping of the magnetic core too.92 

Woodard et al synthesized a gold-coated magnetic nanoparticle capable of providing 

multi-dual functionality.209 

 

Figure 1.26. Top: Schematic illustration of synthesis route to make the gold-coated magnetic 

nanoparticles. Bottom: TEM images of 1) JHU magnetic nanoparticles 2) silica-coated JHU 

magnetic nanoparticles and 3) gold-coated JHU magnetic nanoparticles. Reprinted 

from209.Open access article Springer Nature. 

Figure 1.26. shows the multi-step synthesis strategy to prepare the nanoparticles. 

Citrate capped dense polycrystalline magnetic core (JHU) compromise of agglomerated 
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iron oxide nanoparticles was made through a high-gravity controlled precipitation 

method.210 The magnetic cores (55 nm average size) were then coated with silica via a 

Stӧber method with some modifications. The silica-coated magnetic nanoparticles were 

positively charged by the addition of the amine terminal group on the surface of the 

silica-coated nanoparticles via modification of the surface with 3-aminopropyltrimethoxy-

silane (APTMS). The electrostatic interaction between positively charged silica surface 

and negatively charged gold nanoparticles (1-2 nm) produced the gold-seeded silica-

coated magnetic nanoparticles. Finally, to add the gold shell, chloroauric acid was 

reduced by hydroxylamine.209 The gold-coated magnetic nanoparticles made with this 

method were around 145 nm and shown good magnetic properties which allowed them 

to be used for dual MRI/CT imaging, hyperthermia, and biofunctionalization.209 

 

Figure 1.27. Top: Schematic illustration of the multi-step synthesis of the gold-coated magnetic 

nanoparticles. Bottom: TEM images of zinc doped magnetic nanoparticles, silica-coated zinc 

doped magnetic nanoparticles, gold-seeded silica-coated zinc doped magnetic nanoparticles 

and gold-coated magnetic nanoparticles. Scale bars, 50 nm. Reprinted with permission 

from211.Copyright (2021) Springer Nature. 

In another study, Kim et al reported the synthesis of gold-coated magnetic nanoparticles 

using zinc doped ferrite magnetic nanoparticles (Figure 1.27).211 Zn-doped magnetic 

ferrite (ZnxFe3-xO4) was synthesized using thermal decomposition of Fe(acac)3 and Zinc 

(II) chloride in oleic acid and oleylamine. Controlling the stoichiometric ratio between the 

iron and zinc precursor 13 nm and 30 nm Zn0.4Fe2.6O4 magnetic cores were 

synthesized. This critical ratio of zinc to iron was chosen as at this ratio Zn mainly 

occupies the tetrahedral sites, hence blocking antiparallel magnetic spins.212,213 As the 

magnetic cores were made in organic solvents a water-in-oil microemulsion method was 
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employed to make the silica shell. Silica was further amine-modified and decorated with 

ultra-small gold seeds (2nm, prepared by fast reduction of gold chloride by 

tetrakis(hydroxymethyl)phosphonium chloride (THPC)). Final shell growth was done by 

mild reduction of HAuCl4 with hydroxylamine hydrochloride (NH2OH·HCl). They have 

concluded that the dense decoration of the gold seeds on the silica-coated magnetic 

nanoparticles and also sufficient incubation of the gold plating solution mixture 

(absorbance of gold chloride solution ≈0.05) before the final step are the key for uniform 

growth of the gold shell on the surface of the silica-coated magnetic nanoparticles.211  

1.5.3. Challenges of gold coating 
One of the main challenges facing scientists in making gold-coated magnetic 

nanoparticles is the growth of a complete and uniform gold shell around magnetic cores 

(Figure 1.28), especially with direct coating. Incomplete or partial coating leads to 

divergence from optimal properties. This could significantly affect the possible 

applications of the nanoparticles. For example, partial coating of the magnetic 

nanoparticles with gold (i.e., exposure of the magnetic nanoparticles or intermediate 

layer) could change the expected LPSR peak position. Therefore, the ineffectiveness of 

the nanoparticles for a variety of optical applications. Furthermore, partial gold-coating 

could hugely affect the modification of nanoparticles. As was previously mentioned one 

of the main goals of having a gold shell on the surface of the magnetic nanoparticles is 

the high affinity of both amine and thiol functional groups for gold. This affinity for gold 

could further be exploited for robust thiol chemistry to interact with a variety of 

biomolecules and eventually the production of biosensors. Partial coating of the 

magnetic nanoparticles could disrupt the modification procedure and even result in the 

aggregation of nanoparticles due to ineffective surface chemistry. Although the indirect 

coating could elevate some of these issues regarding partial coating, it could also spark 

new challenges. 
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Figure 1.28. TEM image of gold-coated magnetic nanoparticles with part of the sample fully 

coated and part of the sample not coated with gold. Scale bar 100 nm. 

As it was discussed in section 1.5.2 indirect gold coating requires multi-step synthesis 

procedures. Optimizing reaction conditions for each of these steps requires substantial 

experimental refinement. The seed-mediated method is one of the main routes of 

making gold-coated magnetic nanoparticles, constant charge convergence of the 

surface in each step could lead to agglomeration of the nanoparticles. For instance, to 

make the surface of the silica-coated magnetic nanoparticles positively charged APTES 

modification is used to cover the surface with an amine group.214 After the surface is 

positively charged then negatively charged gold nanoparticles have to be attached to 

the surface, which means there is a chance for nanoparticles to get aggregated at any 

point.208  

Another challenge is that encapsulating magnetic nanoparticles inside several non-

magnetic layers causes a decline in the overall magnetization saturation of 

nanoparticles.215,216 This diminution in magnetization saturation leads to less 

susceptibility toward the external magnetic field, which could seriously affect the 

application of the nanoparticles. For instance, in the case of magnetic separation or 

dispersible electrodes, the application relies on the fact the gold-coated magnetic 

nanoparticles respond to external magnetic fields promptly.137 One solution to this issue 

could be using magnetic nanoparticles with bigger sizes as they provide higher 
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magnetization saturation compare to smaller magnetic nanoparticles and especially 

superparamagnetic nanoparticles.217  However, once bigger magnetic nanoparticles 

(≥20 nm) get magnetized, even after removal of the external magnetic field they retain 

the magnetization. The retained magnetization means that the nanoparticles are 

attracted to each other and as a result, magnetic aggregation of nanoparticles could 

occur.218 

Last but not least, one of the bigger hurdles to the widespread application of gold-

coated magnetic nanoparticles is large scale synthesis methods. As it was discussed in 

the synthesis section, the production of gold-coated magnetic nanoparticles is a 

cumbersome and meticulous job. Most of the colloidal synthesis routes for making gold-

coated magnetic nanoparticles result at best in milligram scale nanoparticles, with poor 

reproducibility. In recent years microfluidic systems gain lots of attention concerning the 

mass production of nanoparticles.219–224 These processes offer many advantages over 

normal colloidal syntheses such as high reproducibility, the potential for online 

characterization and automation, mass production etc.225–227 Frenz et al used droplet-

based microfluidic microreactors to make ɣ-Fe2O3 by coprecipitation of Fe2 and Fe3 in a 

basic environment.228 In another example, Abou-Hassan et al made fluorescent ɣ-

Fe2O3@SiO2 nanoparticles by using multistep continuous flow reactors.229  

A more complicated gold-coated silica nanoparticle was synthesized by Duraiswamy 

and Khan in 2010.230 Using a droplet-microfluidic reactor they have managed to form 

gold nanoshell on the surface of the pre-seeded silica nanoparticles within 2 minutes.230 

Recently, Ahrberg et al designed an automated droplet microfluidic system for the 

synthesis of gold-coated magnetic nanoparticles.231 The unique design of the 

nanoparticles manufacturing system (Figure 1.29) was consist of capillary tubing 

connecting multiple tubes carrying the chemicals needed for each step of the 

reaction.231  
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Figure 1.29. A) Schematic of the droplet reactor used to make gold-coated magnetic 

nanoparticles continuously. B) Picture of the droplet system used for continuous manufacturing 

of the gold-coated magnetic nanoparticles. Reprinted from231.Open access article Springer 

Nature.   

As it can be seen from Figure 1.29 The magnetic nanoparticles were made through 

coprecipitation of the Fe2Cl3 and Fe3Cl4 in NH4OH inside the droplet. The continuous 

addition of the gold precursor first resulted in gold seeds on the surface of the magnetic 

nanoparticles and then grow into a complete shell.231 Although microfluidic methods are 

starting to ease many of the issues related to the colloidal synthesis of gold-coated 

magnetic nanoparticles, there are still challenges facing them that need to be dealt with. 

For example, one of the biggest challenges is channel clogging which also could affect 

the mixing and compensation of the chemicals inside the channels. The cost related to 

the substrate materials and also the cost of moulding the substrate in cleanrooms is 

another crucial issue facing synthetics chemists. Finally, pre and post-treatment of 

nanoparticles such as cleaning of nanoparticles are still labour intensive and hard to be 

automated. 232  
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All in all, the need for unique synthesis methods that are more robust and can produce 

better gold-coated magnetic nanoparticles is of the highest importance for synthetics 

chemists. Here we try to take a small step toward better synthetic routes for making 

gold-coated magnetic nanoparticles.   

1.6. Thesis objective 

This thesis aims to address some of the main issues regarding the synthesis of gold-

coated magnetic nanoparticles. As it was discussed in the previous section lack of 

reliable and reproducible synthesis methods to produce the gold-coated magnetic 

nanoparticles hinders many of the intended applications from their jump from laboratory 

to commercial use. To address these issues, we proposed two unique nanoparticles 

and a synthetic route to produce the gold-coated magnetic nanoparticles. The acquired 

nanoparticles were subject to a variety of characterization techniques to evaluate their 

properties. A summary of the chapters in this thesis is provided below: 

 

The first chapter provides a general overview of the literature regarding magnetic 

nanoparticles and their applications for bio-sensing. It further discusses the importance 

of gold-coated magnetic nanoparticles and shed some light on the general strategies of 

synthesis of gold-coated magnetic nanoparticles.  

 

The second chapter explains the chemicals, instruments and general strategies used to 

produce different nanoparticles here. More detailed explanations of synthetics methods 

required for obtaining each of the unique nanoparticles are provided in the result 

chapters. 

 

The third chapter provides a survey of the properties of the state-of-the-art commercially 

available gold-coated magnetic nanoparticles acquired from different companies in an 
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attempt to help the reader to understand the main challenges and issues facing when 

dealing with the synthesis of gold-coated magnetic nanoparticles.  

 

The fourth chapter presents a new type of gold-coated magnetic nanoparticles called 

gold-coated conglomerates of superparamagnetic nanoparticles. This chapter aims to 

provide the reader with a new methodology for making gold-coated magnetic 

nanoparticles that are stable against magnetic aggregation and yet respond to the 

external magnetic field fast. The developed nanoparticles were characterized, and their 

effectiveness as electrochemical and optical sensors were shown. 

 

The fifth chapter presents another new nanoparticle called gold-coated zero-valent iron 

core-iron oxide shell. The nanoparticle synthesized here aims to provide end-users with 

high magnetization saturation on top of good stability against magnetic aggregation and 

good colloidal stability. 

 

The sixth chapter presents a new synthesis route for making gold-coated nanoparticles 

with higher reproducibility and ability for mass production. To achieve this a simple and 

cost-effective methodology based on microfluidic systems was developed. The 

effectiveness of the synthetic method to produce gold-coated nanoparticles was shown 

and the final products were characterized via multiple techniques.  

 

The seventh chapter concludes the knowledge gained throughout the project and 

layouts suggestions for future work. 
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This chapter layouts a detailed list of the materials and chemicals used in this project. 

This chapter will also provide details on how nanoparticles were cleaned after synthesis 

and prepared for characterisation. In addition, descriptions of all the instrumentation and 

characterization techniques used to achieve the results are presented in this thesis. 

2.1. Materials  

The list of chemicals and materials used in this project, as well abbreviations/Formula, 

specification/purity, and supplier of each material, are detailed in table 2.1. 

Table 2.1. List of chemicals used in this thesis. 

Chemical Abbreviation/Formula Specification/Purity supplier 

iron(III) acetylacetonate Iron acac 99.9% Sigma-Aldrich 

oleylamine OLA 70% & 98% Sigma-Aldrich 

oleic acid C18H34O2 90% Sigma-Aldrich 

trioctylamine C24H51N 98% Sigma-Aldrich 
poly 

(oxyethylene)nonylphenyl 
ether) 

Igepal CO520 - Sigma-Aldrich 

ammonium hydroxide solution Ammonia water 28-30% Sigma-Aldrich 

tetraethyl orthosilicate 
 

TEOS 98% Sigma-Aldrich 

(3-
aminopropyl)trimethoxysilane 

APTES 99% Sigma-Aldrich 

[3-(2-
aminoethylamino)propyl]trime

thoxysilane 

AEAPTES ≥80% Sigma-Aldrich 

dimethyl sulfoxide  DMSO Analytical grade Chem-supply 

gold (III) chloride trihydrate HAuCl4. 3H2O ≥99.9 Sigma-Aldrich 

sodium hydroxide NaOH ≥97% Sigma-Aldrich 

tetrakis(hydroxymethyl)phosp
honium chloride solution 

THPC 80% in H2O Sigma-Aldrich 

hydroxylamine hydrochloride NH2OH.HCL 99% Sigma-Aldrich 

trizma base NH2C(CH2OH)3 ≥99.9% Sigma-Aldrich 

bis(p-
sulfonatophenyl)phenylphosp
hine dihydrate dipotassium 

salt  

BSPP 97% Sigma-Aldrich 

4-aminothiophenol 4-ATP 97% Sigma-Aldrich 

phosphate-buffered saline 
solution 

PBS pH ≈ 7.6 Sigma-Aldrich 
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sodium phosphate monobasic NaH2PO4 ≥98% Sigma-Aldrich 

sodium phosphate dibasic Na2HPO4 99% Sigma-Aldrich 

potassium carbonate K2CO3 ≥99% Sigma-Aldrich 

hydrochloric acid HCl 32% Chem-supply 

toluene C6H5CH3 Analytical grade Chem-supply 

cyclohexane C6H12 Analytical grade Chem-supply 
ethanol 96% EtOH Analytical grade Chem-supply 

ethanol absolute EtOH Analytical grade Chem-supply 

hydrogen peroxide  H2O2 27-30% in H2O Sigma-Aldrich 

sulfuric acid H2SO4 98% Sigma-Aldrich 

nitric acid HNO3 70% Sigma-Aldrich 

tri-sodium citrate Na3C6H5O7 ≥99% Sigma-Aldrich 

sodium borohydride NaBH4 ≥98% Sigma-Aldrich 

hydrofluoric acid  
 

HF 48% Sigma-Aldrich 

4-mercaptobenzoic acid 4-MBA 99% Sigma-Aldrich 

1-octadecene  
 

C18H36 90% Sigma-Aldrich 

iron(0) pentacarbonyl  
 

Fe(CO)5 ≥99.99% Sigma-Aldrich 

gold-coated magnetic 
nanoparticles 100 nm 

Fe3O4@Au BioPure Nanopartz 

gold-coated magnetic 
nanoparticles 50 & 250 nm 

Fe3O4@Au BioPure Creative 
diagnostics 

gold-coated magnetic 
nanoparticles 150 nm 

Fe3O4@Au BioPure Nanocomposi
x 

gold-coated magnetic 
nanoparticles 50 & 250 nm 

Fe3O4@Au BioPure Nanoimmunot
ech 

AmiconUltra-15 centrifugal 
units 

- - Sigma-Aldrich 

polylactic Acid PLA - Flashforge  

sodium hydride  
 

NaH 60% in mineral oil Sigma-Aldrich 

2,4-pentanedione PD 99% Fisher 
Scientific 

1-iodooctadecane 1-IOD 95% Sigma-Aldrich 

diethyl ether ether ≥99% Sigma-Aldrich 

 

2.1.1. Nucleic Acids 
The nucleic acids that were used in this project (table 2.2) were synthesized and 

purchased from Biosearch Technologies (Novato).  

Table 2.2. List of nucleic acid sequences used in this project. 
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Name Sequence  

Methylene blue label probe DNA 5′-SH-(CH2)3-p-TCAACATCAGTCTGATAAGCTA-
(CH2)3- MB-3′ 

Complementary RNA target 
(miRNA-21) 

5′-UAGCUUAUCAGACUGAUGUUGA-3′ 

 

2.2. Washing  

All the glassware was cleaned with acetone, ethanol, and Milli-Q water before reactions. 

All the glassware used for gold seeding and gold coating of nanoparticles was cleaned 

in piranha solution (H2SO4:H2O2 in a 3:1 ratio by volume), followed by being lightly 

rinsed with Milli-Q water, then dried in an oven and then lastly cleaned by aqua-regia 

(HCl: HNO3 in a 3:1 ratio by volume) that was followed by being rinsed with Milli-Q water 

and then dried in an oven. 

2.3. 3D printing  

The Y-shaped pieces used to scale up the synthesis of gold-coated magnetic 

nanoparticles was designed, and 3D printed by another member of the SMS group, 

Daniel Hagness. The program Autodesk Inventor Professional 2021 was used to design 

the pieces and a Flashforge Creator Pro 2016 3D printer was used to print the pieces. 

All the pieces were made out of Flashforge branded PLA. 

2.4. Synthesis of 3-octadecyl-2,4-pentanedione 
(OD-PD) 

To synthesize the zero-valent iron core iron oxide nanoparticles, 3-octadecyl-2,4-

pentanedione (OD-PD) was used as a stabilizing surfactant. OD-PD is not commercially 

available and has to be synthesized in the lab. Lucy Gloag, another SMS group 

member, has synthesized OD-PD in our lab according to a method reported by Bleier et 

al1. In short, 0.737 g of NaH was added to a 250 mL three-neck round bottom flask and 

was followed by the addition of 150 mL anhydrous DMF under argon. A total of 1.54 g of 

PD was then added dropwise to the solution until the NaH was completely dissolved. 



 79 

Next, 7 g of 1-IOD was quickly added while the argon flow was high, and then the 

reaction was heated to 90°C and kept at that temperature for 4 days. The reaction was 

cooled down to room temperature and neutralized with a 1 M HCl solution. The solution 

was then added to a separating funnel and the solution was extracted into diethyl ether 

and the diethyl ether layer was washed with 1 M HCl solution three times with the 1 M 

HCl solution layer being removed each time. Then the solution was heated to dissolve 

the rest of the solids. The solution was then put inside a freezer overnight. The solid 

product was filtered the following day right after removing it from the freezer and 

washed with diethyl ether twice and stored at 18⸰C. The product was then placed inside 

a vacuum oven without heating for 30 minutes. The OD-PD was then transferred into a 

25 mL vial and stored at room temperature inside a desiccator. 

2.5. Purification of nanoparticles post-synthesis  

To remove any by-products, surfactants, solvents, and excess precursors from the 

nanoparticle solution after the reaction, purification was done via centrifugation and 

magnetic separation by using a neodymium magnet. Centrifugation can purify the 

particles from by-products because the particles have a much greater mass than 

solvents, surfactants, and other reaction by-products. The magnetic separation of 

particles separates the magnetic nanoparticles from the non-magnetic materials and 

purifies the magnetic nanoparticles. Centrifugation of the particles was performed 

by transferring the nanoparticle solution to falcon tubes and changing the speed, the 

time and the solvent to the antisolvent mixture to help precipitate specific 

nanoparticles on the bottom of the falcon tubes. The superparamagnetic iron oxide 

nanoparticles, silica-coated conglomerates of superparamagnetic iron oxide 

nanoparticles, zero-valent iron core iron oxide shell nanoparticles and silica-coated 

zero-valent iron core iron oxide shell nanoparticles were cleaned using a centrifuge. 

Gold seeded and gold-coated magnetic nanoparticles were cleaned by magnetic 

separation by using a neodymium magnet. Description of the required cleaning 

steps for each novel nanoparticle is detailed in the following chapters. 
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2.6. Modification of glass coverslips with 
APTES  

In order to investigate the properties of the particles synthesized in this thesis via dark-

field microscopy and scanning electron microscopy, the gold-coated magnetic 

nanoparticles were immobilized onto the surface of a glass coverslip (22 mm×22 mm) 

by following a salinization process.  

The salinization process is where a layer of APTES was introduced onto the surface of 

a clean coverslip and the method is as following: 

1. The coverslip was immersed in 1 M NaOH and left in a sonicator for 20 minutes. 

2. The coverslip was washed with a copious amount of Milli-Q water. 

3. The coverslip was immersed in absolute ethanol and left in a sonicator for 20 

minutes.  

4. The coverslip was dried by nitrogen flow.  

5. The coverslip was cleaned via plasma cleaner. 

6. A solution having a composition of 5% APTES, 5% Milli-Q water and 90% 

absolute ethanol was prepared.   

7. The coverslip was immersed in the solution prepared in step 6 and left for 90 

minutes.  

8. The coverslip was then washed with Milli-Q water and absolute ethanol and 

dried. 

9. To immobilize the gold-coated magnetic nanoparticles onto the surface of the 

coverslip, one or two drops of gold-coated magnetic suspension were introduced 

on the surface and left for 30 minutes.   

10. After immobilization, the glass coverslip was washed with Milli-Q water and dried.   

2.7. Characterization methods 

Transmission electron microscopy (TEM), Scanning electron microscopy (SEM), 

Dynamic light scattering (DLS), UV-Vis spectroscopy, X-Ray Diffraction (XRD), 

Dark-field microscopy, superconducting quantum interference device (SQUID) 
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magnetometer, Raman spectroscopy, cyclic voltammetry (CV) and square wave 

voltammetry (SQWV) are measurement techniques that were used to study the 

properties and biosensing capabilities of the synthesized nanoparticles.  

2.7.1. Electron microscopy  

The fundamental principles of electron microscopy and light microscopy are similar to 

each other. The main difference between the two methods is related to the use of 

electrons instead of light as an imaging source in the case of electron microscopy. 

Electron microscopes were developed to overcome the limitation of light microscopy. 

Since the wavelength of electrons is much smaller than visible light, an image with a 

much higher resolution of a smaller sample can be obtained via electron microscopy. 

The most common electron microscopes are scanning electron microscope (SEM) and 

transmission electron microscope (TEM). Figure 2.1 details of the components of both 

microscopes are illustrated.  

 

Figure 3.1. Schematic illustration of A) Scanning electron microscopy (SEM) and B) 

Transmission electron microscopy (TEM). The picture is taken from technology networks’ 

website: https://www.technologynetworks.com/analysis/articles/sem-vs-tem-331262. 
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To create an image, a TEM uses a high voltage electron beam. The electron gun at top 

of the TEM microscope emits electrons that pass through the vacuum tube inside the 

microscope where an electromagnetic lens focuses the electrons to a fine beam of 

electrons. The focused beam then goes to the sample where the electrons will either 

scatter off or transmit through and hit the fluorescent screen to develop an image. The 

picture of the sample is then formed in different shades based on the density of 

transmitted electrons. SEM uses similar principles to create an image. In short, SEM 

scans a focused beam of electrons over a particular surface and produces various 

signals as the result of the interaction of the electron beam with the surface and creates 

the SEM image. The images created by both microscopes can then be captured by an 

imaging device, typically it is a digital camera. ImageJ software was used for the 

analysis of the images in this project, TEM was used to confirm the size, shape and 

structure of nanoparticles at each step of the synthesis. SEM was used to confirm the 

data obtained from the dark field microscopy measurements.  

TEM images were taken using a Phillips CM200 TEM microscope and a FEI Tecnai G2 

20 TEM microscope. SEM images were taken using a FEI Nova NanoSEM 450 FE-

SEM. All the electron microscopy was done at the Mark Wainwright Analytical Centre at 

UNSW. 

2.7.1.1. Sample preparation for TEM 

To obtain low-resolution TEM images of nanoparticles, diluted nanoparticle suspensions 

were drop-casted onto 200 mesh formvar-coated Cu grids. The grids were left to dry in 

the air while being held by a self-closing tweezer. In the case of particles that were 

dispersed in milli-Q water, air drying was done overnight. 

2.7.1.2. Sample preparation for SEM  

Because glass coverslips are not conductive, we need to coat the surface of them with 

a layer of conductive elements such as platinum or palladium. To do so, the glass 

coverslips were first mounted on a conductive stab, then a 5 nm platinum coating was 

sputtered onto the surface of glass coverslips via a Leica EM ACE600 sputter coater. 
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2.7.2. Dynamic light scattering (DLS) and zeta potential 
Measuring the hydrodynamic size of the nanoparticles floating in the solution is possible 

by using DLS. A Malvern Zetasizer ZS™ instrument was used to determine the 

nanoparticles hydrodynamic size and zeta potentials. We know that particles are 

constantly moving in the solution in all directions and as a result, they are colliding with 

liquid molecules. The nanoparticles in solution are illuminated by a laser beam and the 

fluctuations of the scattered light are detected at a known scattering angle θ by a fast 

photon detector and it measures the hydrodynamic size of the particles. In this thesis, 

DLS was used to investigate not only the size of the particles but also the resistance 

towards the magnetic aggregation of the particles and the particles’ stability in Milli-Q 

water over time. The zeta potential was used to determine if the surface charge of the 

particles is positive or negative and also used for determining whether the particles are 

aggregated or not.  

DLS and zeta potential measurements were done using a Malvern Zetasizer at the Flow 

Cytometry Core Facility at UNSW. 

2.7.3. UV-Vis spectrophotometer 
Ultraviolet-visible spectroscopy (UV-Vis) is a technique based on measuring the 

intensity of light before and after it passes through a sample. For nanoparticles with 

plasmonic properties, due to LSPR, absorbance happens in the visible region of the 

electromagnetic spectrum. In a normal UV-Vis spectrum, this is shown by a specific 

peak at a certain Wavelength. By reducing or increasing the size of the plasmonic 

nanoparticles the position and intensity of the peak change. This technique is also 

applicable to investigate whether a plasmonic shell has formed on the magnetic 

nanoparticles considering that magnetic nanoparticles just scatter the light and hence 

no peak can be observed. As soon as a plasmonic shell is formed around the magnetic 

nanoparticles due to LSPR, a peak at a certain wavelength with a certain intensity can 

be observed. This information could be used to determine if a sample is fully coated or 

not. Finally, based on the Beer-Lambert law (equation 2.1) and by knowing the 

extinction coefficient of the nanoparticles, the concentration of the nanoparticles in the 

solution can be calculated. 



 84 

                                                           𝐴 = ƐbC                                                       2.1 

Where A is the absorbance, Ɛ is the molar absorptivity, b is the length of the light path 

and C is the molar concentration. 

All the UV-Vis measurements were done by using a Cary 60 UV-Vis Agilent 

Technologies spectrophotometer. 

2.7.4. Superconducting quantum interference device (SQUID) magnetometer 

SQUID is an apparatus used for measuring very weak signals, such as small changes 

in the electromagnetic energy field. Due to its innate high sensitivity and high dynamic 

range, the SQUID technique can detect an extremely small disruption in a magnetic 

field produced by structural anomalies located on the surface or inside the material 

volume. Magnetic measurements of nanoparticles were done using a Quantum Design 

MPMS XL.  

To prepare a sample for the SQUID measurement, a plastic straw was loaded with a 

colloidal solution of magnetic nanoparticles. The particles were left to dry at room 

temperature and then the straw was sealed, weighed, and sent for measurements.  

M-H loops or hysteresis loops measure the generated magnetization of particles as a 

function of the applied magnetic field. The produced hysteresis loop can give us the 

magnetization saturation of the particles and can also be a good indication of the 

magnetic behaviour of the sample, such as superparamagnetism, ferromagnetism, 

ferrimagnetism. 

The magnetic properties of particles in this thesis were investigated by using SQUID 

magnetometry with an external magnetic field ranging from 60000 Oe to -60000 Oe at 

300 K. 

2.7.5. Dark-field microscopy 
The dark-field microscopy was performed with an Olympus BX51 dark-field microscope. 

A 100 W halogen lamp was used as the excitation source and was focused through a 

darkfield condenser (NA > 0.8). The scattered light was collected by a 40x dark-field 

objective. The images were directly taken by a commercially available CMOS camera 

https://www.sciencedirect.com/topics/engineering/small-disturbance
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(Canon 100D, 22.3mm x 14.9mm sensor size, 4.3 µm x 4.3 µm pixel size). The images 

were saved and processed as Canon RAW (.CR2) 14-bit colour files. 

2.7.6. X-ray diffraction (XRD) 
Materials are composed of crystals and each of these crystals are composed of a 

regular arrangement of atoms and each atom is composed of a nucleus surrounded by 

a cloud of electrons. Since the wavelength of an X-ray is similar to the distance between 

atoms in a crystal, the diffraction of X-ray incident to a crystal plane can be used to 

measure the distance between the atoms. As the atomic spacing of each material is 

unique, this technique could be used to identify the crystal structure of each material 

and give insights into the composition of the nanoparticles based on the crystallographic 

database. Bragg’s law (equation 2.2) describes the relationship between atomic spacing 

(d) and the angle of diffraction (𝜃): 

                                                    𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃                                                             2.2 

Where λ is the wavelength of the X-ray, d is the spacing of the crystal layers, 𝜃 is the 

incident angle and n is an integer. The XRD data in this thesis was acquired by an 

Empyrean 2 (Malvern Panalytical) X-ray diffractometer using a Co Kα (1.79⸰A) radiation 

source at Solid State & Elemental Analysis Unit at UNSW. 

2.7.7. Electrochemical measurements 

Electrochemical measurements were performed for two reasons. The first reason is to 

see if the new nanoparticles made in this thesis can satisfy the requirements needed for 

an electrochemical biosensing agent. Square wave voltammetry (SQWV) was chosen 

for this matter because this technique is highly sensitive, it can discriminate against the 

charging background current, and it also has a high sampling speed. The second 

reason was to use cyclic voltammetry (CV) to confirm the existence of a complete gold 

shell around the magnetic nanoparticles.  

Cyclic voltammetry (CV) and square wave voltammetry (SQWV) were performed using 

a CHI potentiostat (CHI instruments, model no. 600-60D). To perform the 

electrochemical experiments a unique set-up (figure 2.2) was used.  
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Figure 2.2. A) The components of the set up used in this project for electrochemical 

measurements consisted of a) gold foil, b) cup-shaped glass cell, c) clamp and base layer 

covered with aluminum foil, and d) plastic gasket. B) photo representative of the arrangement of 

all the components together for electrochemical measurements.  

The set-up was comprised of a cup-shaped glass cell with a 3 mm diameter hole at the 

bottom, a gold foil as a working electrode and a plastic gasket (O ring with 2 mm inner 

diameter) which was placed on top of the gold foil and underneath the glass cup. A 

platinum working electrode and a saturated Ag/AgCl reference electrode were placed 

carefully inside the glass cup and connected to their respective terminals of the CHI 

potentiostat. All the electrochemical experiments were repeated three times to ensure 

reproducibility. 
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Chapter 3 

Commercially available gold-coated 
magnetic nanoparticles 
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3.1. Chapter overview: 

This chapter aims to dive into the world of state-of-the-art commercially available gold-

coated magnetic nanoparticles to give us a perspective of the challenges and properties 

to expect from these nanoparticles. In the two decades since the first reports on the gold 

coating of magnetic nanoparticles emerged, many methods and approaches for 

synthesizing these materials have been introduced.1,2 The dual properties (conductivity 

and LSPR) of these nanomaterials make them beneficial for many applications as 

discussed in the introductory chapter.3 As demand for these nanomaterials grow, 

companies around the world started to invest in synthesizing them. A wide range of 

products with different shapes, sizes, gold thicknesses and different functionalities are 

available commercially all around the world. This raises the question is there any reason 

to now synthesize these nanoparticles? 

In this chapter, this question is explored. A survey of comparison of the properties of 

gold-coated magnetic nanoparticles acquired from the most well-known nanotechnology 

companies around the world. This was done to enlarge our understanding of the 

possible challenges and advantages these nanoparticles could provide for the scientific 

community. The gold-coated magnetic nanoparticles were acquired from NanopartzTM, 

Creative Diagnostic®, and Nanoimmunotech. These three companies were chosen as 

there were not many companies providing gold-coated magnetic nanoparticles at the 

time and also, they were the most recommended ones.  

3.2. Experimental section: 

Samples were ordered on two separate occasions from each company from early 2018 

to the end of 2018. Each sample was characterized as it was received from the 

companies. All the samples were kept in the fridge at 4◦ C away from light by wrapping 

the sample with aluminium foil. TEM images of the nanoparticles were acquired by a 

Phillips CM200 TEM microscope at an accelerated voltage of 200 kV. EDX mapping of 

the gold-coated magnetic nanoparticles was acquired from an F200 TEM microscope. 

Images acquired from TEM was analysed using ImageJ. To prepare the TEM grid for 

imaging a drop of the diluted sample was drop-cast onto a carbon-coated copper grid. 

XRD was performed on an Empyrean 2 (Malvern Panalytical) X-ray diffractometer with 



 89 

Co Kα (1.79 Å) radiation sample was analysed from 30° to 100° (2θ). To prepare the 

samples for XRD, nanoparticles were deposited on an XRD holder dropwise to produce 

a uniform layer. To measure the hydrodynamic size of the gold-coated magnetic 

nanoparticles a Zetasizer Nano ZS was used. To measure the absorbance spectra of 

the gold-coated magnetic nanoparticles a Cary 60 single-beam UV-Vis 

spectrophotometer was used. The magnetic property was investigated by SQUID 

magnetometry with an external magnetic field ranging from 20000 Oe to -20000 Oe for 

samples acquired from Creative Diagnostics and from 10000 to -10000 for samples 

acquired from Nanoimmunotech and Nanopartz.  All the magnetic measurements were 

performed at 300 K. The SQUID data was not normalized based on ICP because the 

composition of nanoparticles was not fully recognized as the companies refused to 

reveal the exact composition of their nanoparticles. For the ICP measurements, the 

gold-coated magnetic nanoparticles were digested with a combination or either 

Hydrofluoric acid or Aqua regia (3:1 hydrochloric acid to nitric acid) mixture, and it is 

important to choose the acidic mixture based on the composition that needs to be 

digested. 
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3.3. Gold-coated magnetic nanoparticles acquired from NanopartzTM 

NanopartzTM is a company making a variety of nanoparticles from gold, polymers, silver, 

and gold-coated magnetic nanoparticles. According to the commercial brochure, gold-

coated-coated magnetic nanoparticles here is comprised of magnetite nanoparticles 

with a layer of gold (15 nm thickness) on their surfaces. The hydrodynamic size of the 

nanoparticles was 100 nm with an absorbance peak at 559 nm. The concentration of 

the nanoparticles was reported to be 1.24×1012 particles/mL. 

3.3.1. Nanoparticles’ morphology and composition 

 

Figure 3.1. A, B) TEM images of gold-coated magnetic nanoparticles acquired from 

NanopartzTM, C) the corresponding histogram of the size of gold-coated magnetic nanoparticles 

acquired from NanopartzTM and D) Dynamic light scattering (DLS) of the gold-coated magnetic 

nanoparticles. 

As it can be seen from the Figure 3.1 A and B the nanoparticles are a combination of 

two separate nanoparticles bigger sizes with black colour and smaller sizes grey 

nanoparticles. The corresponding histogram in Figure 3.1 C shows that the 
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nanoparticles are not monodisperse with an average size of 189 ± 82 nm. It is also, 

worth noting that the nanoparticles have a variety of shapes from spherical to cubic and 

even with no specific shape. DLS revealed that the hydrodynamic size of the 

nanoparticles is 168 nm with a polydispersity index (PDI) of 0.192. The low PDI of the 

nanoparticles recorded using DLS was in contrast to the findings of the TEM which 

showed that the nanoparticles were quite polydisperse. This could be explained by the 

fact that the hydrodynamic size and DLS, in general, are hugely affected by the bigger 

size nanoparticles, and the effect of the smaller size nanoparticles is often not observed 

in DLS measurements.4 To take a deeper look at the composition of the nanoparticles 

EDX mapping was performed.  

 

Figure 3. 2. EDX map of the elements A) gold B) iron and C) merged gold and iron of the gold-

coated magnetic nanoparticles acquired from NanopartzTM. 

As it can be seen from Figure 3.2 the nanoparticles seem to be a combination of gold 

nanoparticles and iron oxide nanoparticles. It is worth noting that a ring of iron is present 

around the gold, which shows that the iron could be seen if present through gold. The 

size of gold nanoparticles seems to be bigger than the size of the iron oxide 

nanoparticles. The green in Figure 3.2 which represents gold could be assigned to the 

black nanoparticles in Figure 3.1 A which shows that the big black nanoparticles are 

simply gold nanoparticles. The red dots in Figure 3.2 B are iron and could be seen in 

Figure 3.1 as grey which is iron oxide nanoparticles. 

To further characterize the nanoparticles composition and crystal structure XRD was 

performed. 
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Figure 3.3. X-ray diffraction patterns of gold-coated magnetic nanoparticles acquired from 

NanopartzTM. 

As shown in Figure 3.3, four major peaks (red triangles) could be assigned to the gold 

crystal structure and 5 smaller peaks (black spheres) shows the magnetite crystal 

structure. It is worth mentioning that the existence of other peaks in the pattern, and 

also slight deviation in the major peaks, could be due to the fact that the nanoparticles 

comprise other crystal structures such as maghemite.5–7 

 

Figure 3.4. A) SQUID magnetometry measurements of gold-coated magnetic nanoparticles 

acquired from NanopartzTM; Inset shows the low field region. B)  UV-Vis spectra of gold-coated 

magnetic nanoparticles acquired from NanopartzTM. 
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Magneto-plasmonic properties of gold-coated magnetic nanoparticles were 

characterized using SQUID and UV-Vis spectroscopy. SQUID magnetometry was 

performed to evaluate the magnetic property of the nanoparticles. As it can be seen 

from Figure 3.4 gold-coated magnetic nanoparticles acquired from NanopartzTM show 

superparamagnetism (neglectable coercivity and remanence) with magnetization 

saturation of 3 emu g-1. 

The optical property of the nanoparticles was measured by UV-Vis spectroscopy. As it 

can be seen from Figure 3.4. B there are two peaks available in the UV-Vis plot one 

small peak at around 400 nm and a bigger peak at around 550 nm. The existence of 

these two peaks could lead to believe there are at least two different size gold 

nanoparticles available in the sample. 

3.4. Gold-coated magnetic nanoparticles acquired from Creative Diagnostics® 

Creative Diagnostics® is providing a wide range of products from antibodies, viral 

antigens, nanoparticles, and innovative diagnostic components. The gold-coated 

magnetic nanoparticles with two sizes of 50 nm and 250 ± 70 nm were purchased from 

this company on two separate occasions. The gold-coated magnetic nanoparticles have 

citrate as the capping agent to stabilize them. The absorbance peak of the 50 nm gold-

coated magnetic nanoparticles was located at 530 nm. The absorbance peak of the 

gold-coated magnetic nanoparticles (250 nm) was located at 584 nm. The concentration 

of the gold-coated magnetic nanoparticles was 3.2×1010 particles/mL for 50 nm 

nanoparticles and 3.1×1010 particles/mL for 250 nm nanoparticles.  
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3.4.1. Nanoparticles’ morphology and composition 

 

Figure 3.5. A) TEM image of the gold-coated magnetic nanoparticles acquired from Creative 

Diagnostics®(50 nm) B) TEM images of the gold-coated magnetic nanoparticles acquired from 

Creative Diagnostics® (250 nm) C) the corresponding histogram of the size of gold-coated 

magnetic nanoparticles acquired from Creative Diagnostics®(50 nm) D) the corresponding 

histogram of the size of gold-coated magnetic nanoparticles acquired from Creative 

Diagnostics® (250 nm) E) Dynamic light scattering (DLS) of the gold-coated magnetic 

nanoparticles acquired from Creative Diagnostics® 50 nm (blue) and 250 nm (red). 

Figure 3.5 A and B shows the TEM images of the gold-coated magnetic nanoparticles 

acquired from Creative Diagnostics®. As it can be seen from Figure 3.5 A and B there 

are two types of nanoparticles, the ultra-small grey nanoparticles, and the bigger black 

nanoparticles. The corresponding histogram (Figure 3.5 C and D) of the size of the 

gold-coated magnetic nanoparticles showed that the nanoparticles have a size of 61.3 ± 

12.8 nm and 221 ± 82 nm. The 50 nm nanoparticles are quite monodispersed with a 

spherical shape while the bigger gold-coated magnetic nanoparticles are not 

monodispersed and have no uniform shape. The hydrodynamic sizes of the gold-coated 

magnetic nanoparticles were measured in Milli-Q water using DLS. The hydrodynamic 
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size of the nanoparticles was shown to be 98 nm with a PDI of 0.351 and 204 nm and a 

PDI of 0.136. 

 

Figure 3.6. EDX map of the elements A) gold B) iron and C) merged gold and iron of the gold-

coated magnetic nanoparticles acquired from Creative Diagnostics®. 

In order to characterize the nanoparticles composition EDX mapping was done. As it 

can be seen from Figure 3.6 it seems that the nanoparticles are compromised two 

separate gold and iron oxide nanoparticles. The big black nanoparticles in Figure 3.5 A 

and B to be pure gold nanoparticles and the grey areas to be iron oxide nanoparticles. 

 

Figure 3.7. X-ray diffraction patterns of gold-coated magnetic nanoparticles acquired from 

Creative Diagnostics® (navy blue) 50 nm and (purple) 250 nm. 
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The XRD patterns of the gold-coated magnetic nanoparticles with two sizes of 50 nm 

and 250 nm acquired from Creative Diagnostics® are shown in Figure 3.7. as it can be 

seen from the patterns of the gold-coated magnetic nanoparticles peaks located at 44, 

52, 76, 93 and 98 degree represents the gold crystal structure.8–10 Analysis of the major 

in XRD data showed that 50 nm gold-coated magnetic nanoparticles are mostly 

compromised of magnetite, while in the case of 250 nm gold-coated magnetic 

nanoparticles matched best with maghemite. 5,11,12 

 

Figure 3.8. A) SQUID magnetometry measurements of gold-coated magnetic nanoparticles 

acquired from Creative Diagnostics® (cyan) gold-coated magnetic nanoparticles 250 nm and 

(navy) gold-coated magnetic nanoparticles 50 nm; Inset shows the low field region, B) UV-Vis 

spectra of gold-coated magnetic nanoparticles acquired from Creative Diagnostics®, (navy) 

gold-coated magnetic nanoparticles 50 nm, (pink) gold-coated magnetic nanoparticles 250 nm. 

To evaluate the magnetic properties of the gold-coated magnetic nanoparticles SQUID 

magnetometry was employed.  As can be seen from Figure 3.8 A the magnetization 

saturation of 1.9 emu g-1 and 0.1 emu g-1 were recorded for 250 nm and 50 nm gold-

coated magnetic nanoparticles purchased from Creative Diagnostics® respectively. That 

is both nanoparticles showed superparamagnetic behaviour. The optical property of the 

nanoparticles was measured using UV-Vis spectroscopy (Figure 3.8 B). UV-Vis showed 

two major peaks for 50 nm gold-coated magnetic nanoparticles, first at 400 nm and 

another small peak at 470 nm. For 250 nm gold-coated magnetic nanoparticles two 

major peaks at 390 nm and 550 nm.  
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3.5. Gold-coated magnetic nanoparticles acquired from Nanoimmunotech 
Nanoimmunotech is a company offering a wide range of products such as 

nanoparticles, bioconjugation kits, bioconjugation services and, characterization 

services. The gold-coated magnetic nanoparticles were purchased from 

Nanoimmunotech on two separate occasions early 2018 and mid-2018. Two sizes of 

gold-coated magnetic nanoparticles 50 nm and 250 nm were received. Both gold-

coated nanoparticles were capped with citrate and were dispersed in Milli-Q water. 

According to the commercial datasheet, gold-coated magnetic nanoparticles were 51.8 

± 6.1 nm and 250 ± 70 nm. The concentration of 50 nm and 250 nm gold-coated 

magnetic nanoparticles were 3.2×1010 particles/millilitre and 3.1×1010 particles/millilitre. 

The optical peaks of the 50 and 250 nm gold-coated magnetic nanoparticles were 

located at 536 nm and 580 ± 5 nm. The company data sheet acknowledged that the 

product might contain some uncoated magnetic nanoparticles. 

3.5.1. Nanoparticles’ morphology and composition 

 

Figure 3.9. A) TEM image of the 50 nm gold-coated magnetic nanoparticles acquired from 

Nanoimmunotech B) TEM image of the 250 nm gold-coated magnetic nanoparticles C) the 

corresponding histogram of the size of 50 nm gold-coated magnetic nanoparticles acquired from 

Nanoimmunotech D) the corresponding histogram of the size of 250 nm gold-coated magnetic 
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nanoparticles acquired from Nanoimmunotech, and E) Dynamic light scattering (DLS) of the 50 

nm (red) and 250 nm (blue) gold-coated magnetic nanoparticles acquired from 

Nanoimmunotech. 

Figure 3.9 A and B shows the TEM images of the gold-coated magnetic nanoparticles 

purchased from the Nanoimmunutech. As it can be seen from Figure 3.9 A the 

nanoparticles are uniformly spherical black. There are other grey spots on the grid 

which could be the uncoated magnetic nanoparticles. The histogram of the size of the 

gold-coated magnetic nanoparticles revealed that the nanoparticles are quite 

monodisperse with an average size of 50.6 ± 2.1 nm. As it is depicted in Figure 3.9 B 

the 250 nm gold-coated magnetic nanoparticles are randomly shaped with an average 

size of 289 ± 60 nm. The hydrodynamic size of the gold-coated magnetic nanoparticles 

in Milli-Q water was measured using dynamic light scattering (DLS). The 50 nm gold-

coated magnetic nanoparticles showed a hydrodynamic size of 106 nm with a PDI of 

0.191. The difference between the TEM size and hydrodynamic size could be due to 

two main reasons. First, there might be some aggregates or bigger size nanoparticles in 

the gold-coated magnetic nanoparticles solution and second, the surface capping agent 

could be the reason for the big size difference.13–15 The DLS revealed that the 

hydrodynamic size of the 250 nm gold-coated magnetic nanoparticles was 216 nm with 

a PDI of 0.21.  

To further investigate the composition of the gold-coated magnetic nanoparticles EDX 

mapping was performed. 
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Figure 3.10. EDX map of the elements A) gold B) iron and C) merged gold and iron of the gold-

coated magnetic nanoparticles acquired from Nanoimmunotech. 

As it can be seen from Figure 3.10 both gold and iron are present in the nanoparticles. 

As it can be seen it seems that iron and gold are separated from each other, the sample 

contains a combination of gold nanoparticles and iron oxide nanoparticles. The ring of 

iron around gold could also be seen again. 

 

Figure 3.11. X-ray diffraction patterns of (purple) 50 nm and (blue) 250 nm gold-coated 

magnetic nanoparticles were acquired from Nanoimmunotech. 
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To further characterize the nanoparticles XRD patterns of each nanoparticle are 

depicted in Figure 3.11. As it is depicted in purple and blue XRD patterns, the main four 

gold’s peaks are located at two theta degrees of 44, 52, 76 and 93 corresponding to 

(111), (200), (220) and (311) faces of gold crystal structure.16–18 The peaks assigned to 

the iron oxide of 50 nm gold-coated magnetic nanoparticles (purple pattern) are mostly 

matched with maghemite, while for 250 nm gold-coated magnetic nanoparticles the 

peaks mostly match with magnetite.5,16,19  

 

Figure 3.12. A) SQUID magnetometry measurements (blue) 50 nm gold-coated magnetic 

nanoparticles, (green) 250 nm gold-coated magnetic nanoparticles acquired from 

Nanoimmunotech, and B) UV-Vis spectroscopy measurements of (blue) 50 nm gold-coated 

magnetic nanoparticles, (purple) 250 nm gold-coated magnetic nanoparticles acquired from 

Nanoimmunotech. 

The magneto-plasmonic property of the gold-coated magnetic nanoparticles was 

measured using SQUID magnetometry and UV-Vis spectroscopy. Figure 3.11 A shows 

the hysteresis curves of gold-coated magnetic nanoparticles. The 50 nm gold-coated 

magnetic nanoparticle show a small magnetization saturation of 0.7 emu g-1, and 

superparamagnetic behaviour. The 250 nm gold-coated magnetic nanoparticles showed 

a magnetization saturation of 3.1 emu g-1 with superparamagnetic behaviour. It is worth 

noting that 250 nm gold-coated magnetic nanoparticles still show superparamagnetic 

behaviour. 
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The UV-Vis spectroscopy of the gold-coated magnetic nanoparticles is depicted in 

Figure 3.11 B. The 50 nm gold-coated magnetic nanoparticles show two main peaks at 

330 nm and 540 nm. The 250 nm gold-coated magnetic nanoparticle showed three 

peaks at 310 nm, 400 nm and a big peak at 580 nm.  

3.6. Conclusion  
Gold-coated magnetic nanoparticles with different sizes and shapes have been bought 

from three different companies. The nanoparticles have been characterized via TEM, 

EDX mapping, UV-Vis spectroscopy and SQUID magnetometry. Gold-coated magnetic 

nanoparticles showed to be a combination of gold nanoparticles and iron oxide 

nanoparticles in most cases. They are all showed to have a magnetic property and 

behave like superparamagnetic nanoparticles. The nanoparticles showed low optical 

consistency with several UV-Vis peaks available in each measurement. Although the 

commercially available gold-coated magnetic nanoparticles might be useful for some 

applications it is important to note that they are not useful for applications with extreme 

dependence on nanoparticles composition and uniformity. Complete gold coverage 

around magnetic cores, fast magnetic response and high colloidal and magnetic 

aggregation stability are some of the main important properties south in gold-coated 

magnetic nanoparticles for bio-sensing. It is highly recommended to try synthesising the 

gold-coated magnetic nanoparticles in a lab rather than just buying from companies. 

Chapter 4 of this thesis is focusing on synthesizing a perfect gold-coated magnetic 

nanoparticle specifically for bio-sensing applications. 

3.7. Disclaimer 

The gold-coated magnetic nanoparticles were purchased in 2018 on two separate 

occasions. Data presented in this chapter is based on the nanoparticles purchased at 

that date. All the statement made in this chapter was based on data acquired from those 

samples. The quality of the nanoparticles could improve at any time. 
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Chapter 4 

Synthesis of gold-coated magnetic 

conglomerate nanoparticles with a fast 

magnetic response for bio-sensing 
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4.1. Summery  
The publication ‘’ Synthesis of gold-coated magnetic conglomerate nanoparticles with a 

fast magnetic response for bio-sensing’’ has been used in lieu of a chapter. The aim 

was to see whether it is possible to synthesis gold-coated magnetic nanoparticles with 

unique properties suitable specifically for bio-sensing. To do this superparamagnetic 

magnetite nanoparticles were made using thermal decomposition. A group of 

superparamagnetic magnetite nanoparticles were encapsulated inside a silica shell 

using the microemulsion method. Finally, the silica-coated conglomerates of 

superparamagnetic nanoparticles were coated with a layer of gold using the seed-

mediated method. The gold-coated superparamagnetic nanoparticles were 

characterized and showed that the nanoparticles have a fast magnetic response, 

stability against magnetic aggregation and colloidal stability. Our data suggest that the 

existence of multiple superparamagnetic nanoparticles as magnetic cores inside the 

silica shell is the reason for its unique properties. The particles further showed to be 

powerful electrochemical and optical sensing agents. 
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Chapter 5 

Synthesis of strongly magnetic gold-
coated zero-valent iron core-iron oxide 
shell nanoparticles with 
superparamagnetic behaviour 
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5.1. Summery 
The publication ‘’Synthesis of strongly magnetic gold-coated zero-valent iron core-iron 

oxide shell nanoparticles with superparamagnetic behaviour’’ has been used in lieu of a 

chapter. The aim of this paper was to synthesis gold-coated magnetic nanoparticles 

with high magnetization saturation while keeping the superparamagnetic behaviour 

intact. To achieve this, a highly magnetic zero-valent iron core-iron oxide shell was first 

synthesized via thermal decomposition of iron pentacarbonyl. The capping agent on the 

surface of zero-valent iron nanoparticles was changed from OD-PD to oleic acid. The 

nanoparticles were then exposed to air and become zero-valent iron core-iron oxide 

shell and were coated with a silica layer via the microemulsion method. A gold layer 

was introduced on the surface of nanoparticles via a seed-mediated method. The result 

of SQUID magnetometry showed a magnetization saturation of 63 emu g-1 for the gold-

coated zero-valent iron core-iron oxide shell while the nanoparticles kept their 

superparamagnetic behaviour. The nanoparticles further demonstrated high stability 

against magnetic aggregation. 
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Chapter 6 

Facile, flow reactor synthesis of gold-

coated magnetic nanoparticles for 

biosensing applications 
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6.1. Summery 
The publication ‘’ Facile, flow reactor synthesis of gold-coated magnetic nanoparticles 

for biosensing applications’’ has been used in lieu of a chapter. The goal was to develop 

a fast and scalable method for the synthesis of gold-coated magnetic nanoparticles. To 

achieve this aim, two Y-shaped pieces were designed, and 3D printed. The pieces were 

used for pre-seeding the silica-coated magnetic nanoparticles with ultra-small gold 

seeds and to grow gold shell on the pre-seeded silica-coated magnetic nanoparticles. 

The strategy was to use a fluidic system to produce the gold-coated magnetic 

nanoparticles. It was shown that the concentration of pre-gold seeded silica-coated 

magnetic nanoparticles could affect the quality of the final gold-coated magnetic 

nanoparticles. Low and high concentrations of pre-gold seeded silica-coated magnetic 

nanoparticles resulted in heavy and partial aggregation of the gold-coated magnetic 

nanoparticles respectively. When the concentration of the pre-gold seeded silica-coated 

magnetic nanoparticles was balanced the particles were fully coated with gold and no 

sign of aggregation was observed. Further investigation showed that the gold-coated 

magnetic nanoparticles produced were able to be used as biosensing agents. 
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Chapter 7 

Conclusion and future work  
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7.1. Conclusion and summary  

The current thesis focuses on gold-coated magnetic nanoparticles for bio-sensing 

applications. As it was discussed in length in chapter one gold-coated magnetic 

nanoparticles can provide versatile properties for bio-sensing applications. Conductivity, 

localized surface plasmon resonance (LSPR), ease of modification with biological 

entities, and magnetism are among the most important properties provided by these 

types of nanoparticles. Challenges such as partial coating, low magnetization 

saturation, weak magnetic response toward an external magnetic field, and lack of 

robust and scalable synthesis procedures hinder the widespread use of gold-coated 

magnetic nanoparticles. This thesis aims to address some of these issues with novel 

nanoparticles and innovative synthesis methods.  

First, to understand the biggest challenges and merits of the gold-coated magnetic 

nanoparticles, a survey of properties of the state-of-the-art commercially available gold-

coated magnetic nanoparticles were conducted in chapter 3. Five different samples 

from three companies NanopartzTM, Creative Diagnostic®, and Nanoimmunotech were 

purchased on two separate occasions. The samples have undergone a series of 

characterization techniques via TEM, EDX mapping, UV-Vis spectroscopy, SQUID 

magnetometry, Dynamic light scattering (DLS), and X-ray diffraction (XRD) to evaluate 

their properties. This was mainly performed to give scientists a perspective of expected 

challenges and whether the commercially available nanoparticles could address 

requirements needed for intended applications. The data acquired from TEM and EDX 

mapping showed that the commercial gold-coated magnetic nanoparticles seem to be 

mostly a combination of the iron oxide nanoparticles and gold nanoparticles with 

different sizes and shapes. The XRD patterns mostly showed that particles compromise 

gold and iron oxide (maghemite and magnetite). In the case of magneto-plasmonic 

properties, UV-Vis results showed that the optical property of commercial gold-coated 

magnetic nanoparticles seemed to be mostly in line with pure gold nanoparticles of 

different sizes. The SQUID magnetometry data showed that although most of the gold-

coated magnetic nanoparticles showed magnetism yet some do not show either any 

sign or neglectable magnetism. Overall, this study showed that commercially available 
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gold-coated magnetic nanoparticles could not fulfil the requirements of applications 

such as bio-sensing. These nanoparticles showed no uniformity in case of shape and 

more importantly, they were a combination of gold nanoparticles and magnetic 

nanoparticles. 

To address the challenges discussed in chapter one and the fact that commercially 

available gold-coated nanoparticles investigated in chapter 3 showed no sign of solving 

these challenges, a new type of gold-coated magnetic nanoparticle was designed in 

chapter 4. As discussed in chapter one, partial gold-coating of magnetic nanoparticles, 

aggregation and slow magnetic response are some of the main concerns related to 

gold-coated magnetic nanoparticles and bio-sensing. To address these challenges a 

novel nanoparticle called ‘’gold-coated conglomerates of superparamagnetic 

nanoparticles’’ was designed. When magnetic nanoparticles are coated with non-

magnetic layers such as silica and gold their magnetization saturation decreases. This 

means that gold-coated magnetic nanoparticles respond to the external magnetic field 

weakly. One solution to this challenge could be using bigger size magnetic 

nanoparticles in which can produce stronger magnetic force. The problem with magnetic 

nanoparticles (≥20 nm) is that they also attract each other even in absence of an 

external magnetic field which makes them highly prone to aggregation. To address this 

issue superparamagnetic nanoparticles which are only magnetic in presence of an 

external magnetic field could be used, but superparamagnetic nanoparticles are not as 

magnetic. Gold-coated conglomerates of superparamagnetic nanoparticles were 

designed to solve the issue of aggregation while at the same time being rapidly 

responsive toward the external magnetic field. Magnetite nanoparticles with an average 

size of 16 nm were synthesized through thermal decomposition, and then via a reverse 

microemulsion method, a group of magnetite nanoparticles were encapsulated inside a 

silica shell. Finally, through a seed mediation growth method a complete gold shell was 

introduced around the silica-coated conglomerates of superparamagnetic nanoparticles. 

The obtained gold-coated conglomerates of superparamagnetic nanoparticles were 

rapidly attracted to the external magnetic field (within 35-40 seconds) while extremely 

stable against magnetic aggregation. Each of the superparamagnetic nanoparticles 

inside the silica shell act as a magnetic engine for the overall nanoparticle and as the 
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result a rapid response toward the external magnetic field. The rapid response toward 

the external magnetic field and high stability against magnetic aggregation is crucial for 

the modification of nanoparticles with different molecules and detecting biomolecules 

promptly.  

The utility of the nanoparticles as bio-sensing agents was demonstrated by using them 

as SERS agents (Optical sensing) and dispersible electrodes (electrochemical sensing). 

First, the optical consistency of the nanoparticles was established using dark-field 

microscopy. The colour analyses and single-particle spectra showed that the 

nanoparticles have good optical consistency which is very important for optical sensing. 

Furthermore, gold-coated conglomerates of superparamagnetic nanoparticles were 

modified with 4-aminothiolphenol molecules and the performance of modified 

nanoparticles as SERS agents was demonstrated by comparing the data with 

unmodified nanoparticles. Finally, the gold-coated conglomerates of superparamagnetic 

nanoparticles were used as dispersible electrodes. The nanoparticles were modified 

with methylene-blue-labelled probe DNA and then a square-wave voltammogram was 

measured for nanoparticles with and without the probe DNA. While no current was 

detected in the case of unmodified nanoparticles, an increase in current was observed 

in nanoparticles modified with the methylene-blue-labelled probe DNA due to the faster 

electron transfer between the redox molecules and the surface. Furthermore, 

hybridizing the modified nanoparticles with the miRNA miR-21 decreased the current 

due to two facts: first increase in the distance between the redox label and the surface 

and second increased rigidity of the DNA/miRNA double helix. Although, the gold-

coated conglomerates of superparamagnetic nanoparticles showed a fast magnetic 

response toward an external magnetic field, stability against magnetic aggregation, 

colloidal stability and bio-sensing applicability, their magnetization saturation was 22 

emu g-1 which could be a sign of concern and a point that need to be a focus on more. It 

should be noted that increasing magnetization saturation of nanoparticles not only could 

affect the magnetic response time of the nanoparticles but also nanoparticles with high 

magnetization saturation could be useful for other types of application such as bio-

imaging and hyperthermia. 
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To address the main challenge (magnetization saturation of gold-coated conglomerates 

of superparamagnetic nanoparticles) that arose from the work in chapter 4 a new type 

of nanoparticle was designed in chapter 5. As was discussed in chapter 1 and 4 

addition of non-magnetic layers to magnetic nanoparticles decrease their magnetization 

saturation and response time to the external magnetic field. To address this challenge 

by encapsulating multiple superparamagnetic nanoparticles inside a silica shell, a 

nanoparticle with a fast magnetic response was developed in chapter 4 but the 

magnetization saturation of the gold-coated conglomerates of nanoparticles was still 

low. To address this challenge a novel nanoparticle called ‘’gold-coated zero-valent iron 

core-iron oxide shell’’ was synthesized in chapter 5. Zero-valent iron has the highest 

magnetization saturation among other magnetic elements. The issue with a zero-valent 

iron nanoparticle is that it oxidizes almost immediately to other types of iron oxide 

nanoparticles once in contact with air or water. According to the literature which was 

discussed in chapter one if zero-valent iron nanoparticles grow to a size bigger than 8 

nm even after exposure to air and water a part of the nanoparticle remains intact and as 

the result, a core-shell nanoparticle of zero-valent iron core-iron oxide shell 

nanoparticles will form. To make the zero-valent iron core-iron oxide shell nanoparticles 

iron pentacarbonyl was thermally decomposed at 220◦C. The synthesized 14 nm 

nanoparticles then underwent a series of surface modification steps to ensure that the 

zero-valent iron core-iron oxide shell was protected against further oxidation and the 

iron core did not become iron oxide. First, the surface of nanoparticles was capped with 

oleylamine and second the amine rich ligand was exchanged with oleic acid which is 

more resistant toward oxidation. The oleic acid capped zero-valent iron core-iron oxide 

shell was then encapsulated inside a silica shell using a reverse microemulsion method. 

Seed mediated method was then used to attach 3-4 nm gold nanoparticles on the 

surface and then form a complete gold shell around the nanoparticles. After coating the 

nanoparticles with gold size of the nanoparticles reached 107 nm. The gold-coated 

zero-valent iron core-iron oxide shell was shown to have superparamagnetic behaviour 

with magnetization saturation of 63 emu g-1. The high magnetization saturation of the 

gold-coated zero-valent iron core-iron oxide shell is because the zero-valent iron core of 

the nanoparticles generates high magnetization saturation and as the result, the overall 
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nanoparticles showed high magnetization saturation. The particles further showed high 

stability against magnetic aggregation and very long colloidal stability time.  

So far two different gold-coated magnetic nanoparticles with unique properties were 

synthesized. To form the gold shell around the magnetic nanoparticles and synthesize 

the gold-coated magnetic nanoparticles. In both cases, a seed-mediated method was 

used. Although the seed-mediated method can produce gold-coated magnetic 

nanoparticles with a complete gold shell, there are still some important challenges 

regarding this method that needs to be deal with. The most important challenges are 

related to the long and complicated procedure and the inability to scale up the 

procedure.  

To address these challenges in chapter 6 a new methodology was developed based on 

a microfluidic system. As it was discussed in chapter 1 section 1.5.3, although the 

microfluidic method has made great progress in the synthesis of nanoparticles and gold-

coated magnetic nanoparticles, there are challenges such as channel clogging and the 

need for expensive facilities and subtracts facing scientists. In chapter 6 a new 

methodology was developed for the attachment of gold seeds and further formation of a 

complete gold shell around silica-coated magnetic nanoparticles. A two and three 

channel Y-shape pieces were made to be used for attachment of small gold seeds and 

growth of gold shell respectively. The simple and cheap design and manufacturing of 

the pieces was the key difference between the method proposed in chapter 6 and other 

reports in the literature. Furthermore, the effect of the concentration of pre-gold seeded 

silica-coated magnetic nanoparticles on the quality of the gold shell growth was 

investigated. Three different concentrations of 2 nM, 24 nM and 58 nM pre-gold seeded 

silica-coated magnetic nanoparticles were used. The TEM and DLS data showed that 

nanoparticles made with a 2 nM concentration of pre-gold seeded silica-coated 

magnetic nanoparticles are heavily aggregated. When the concentration of pre-gold 

seeded silica-coated magnetic nanoparticles increased to 24 nM a complete gold shell 

was formed around the silica-coated magnetic nanoparticles and the nanoparticles 

showed no sign of aggregation. Increasing the concentration of pre-gold seeded silica-

coated magnetic nanoparticles to 58 nM showed to produce gold-coated magnetic 
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nanoparticles with thinner gold shell and also produce small aggregation but overall, the 

quality of gold-coated nanoparticles produced was decent. Magneto-plasmonic 

properties of gold-coated magnetic nanoparticles produced with different concentrations 

of pre-gold seeded silica-coated magnetic nanoparticles were investigated using SQUID 

magnetometry, UV-Vis spectroscopy and dark-field microscopy. The SQUID 

measurement showed that the gold-coated magnetic nanoparticles showed 

superparamagnetic behaviour with 25 emu g-1. The UV-Vis and darkfield microscopy 

showed that nanoparticles made with 2 nM pre-gold seeded silica-coated magnetic 

nanoparticles showed heavy aggregation, while in the case of nanoparticles made with 

58 nM small aggregation was observed. The nanoparticles made with a 24 nM 

concentration of pre-gold seeded silica-coated magnetic nanoparticles showed the best 

result and no sign of aggregation. The darkfield microscopy showed well-separated 

gold-coated magnetic nanoparticles with uniform purple colour. The key to getting the 

best gold-coated magnetic nanoparticles with a complete gold shell and no sign of 

aggregation was the balance between the concentration of pre-gold seeded silica-

coated magnetic nanoparticles, gold precursor and reducing agent. Finally, to show that 

the gold-coated magnetic nanoparticles’ effectiveness for biosensing the nanoparticles 

were modified with 4-mercaptobenzoic acid (4-MBA). The gold-coated magnetic 

nanoparticles showed to be able to bind to biomolecules, be separated with a help of a 

magnet and also showed good SERS performance. Overall, this chapter showed a new 

system for the synthesis of gold-coated magnetic nanoparticles with the ability to scale 

up the procedure. 

7.2. Future work 

In this section, some possible future works for the synthesis of gold-coated magnetic 

nanoparticles and possible expansion of a microfluidic system will be suggested. 

7.2.1. Improving the synthesis of gold-coated iron nanoparticles  
In chapter 5 a new type of gold-coated magnetic nanoparticle was synthesized. The 

gold-coated iron core-iron oxide shell synthesized in this chapter showed high 

magnetization saturation with superparamagnetic behaviour. One way to increase the 
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magnetization saturation, even more, is to keep the iron core intact and keep the iron 

nanoparticles from becoming iron core-iron oxide shell. To do that the iron nanoparticles 

could be first coated with an intermediate layer such as Sn using glovebox and Fisher-

Porter bottle. The coated iron nanoparticles further could be coated with gold by the 

slow reduction in the Fisher-Porter bottle and finally, by simple ligand exchange, the 

gold-coated iron core nanoparticles could be transferred to the water phase. 

7.2.2. Improving the fluidic system to produce gold-coated magnetic 

nanoparticles 
Although the fluidic system introduced in chapter 6 solved the issue of scaling up and 

made the synthesis of gold-coated magnetic nanoparticles easier, the purification of the 

nanoparticles after seeding and before gold shell growth could be a pivotal point to work 

on in order to improve the system. To address the issue of purification of nanoparticles 

before gold shell growth it is possible to use a capillary tubing system that connects the 

two Y-shaped pieces together. The tubing should be designed in a way that an outlet for 

unwanted bio-products is available while the gold seeded magnetic nanoparticle could 

be separated from the bio-products via an external magnetic field. The gold-seeded 

magnetic nanoparticles could be separated from by-products in multiple steps via 

several magnets and then followed by introduction into the three channel Y-shape 

piece. In this way, the system can be more automated and most of the time consumed 

on purification cleaning of nanoparticles could be saved. 

 

 


