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Abstract 
 
Magnetically removable plasmonic nanoparticles are of great interest for biomedical 
and catalytical applications. A novel and straightforward method to prepare a core-
shell structure consisting of a superparamagnetic Fe3O4 core coated with a plasmonic 
gold shell is described. The synthesis combines ease of functionalization, limited 
supervision and high reproducibility while being environmentally friendly. A gold shell 
with a tunable thickness of 30 to 70 nm was grown on a Fe3O4 core 20 nm in diameter 
through reduction of gold salt in an ultrasonic bath. The thickness of the gold shell 
could be tuned by varying the amount of gold salt added. It was possible to prepare 
core-shell nanoparticles of sizes between 80 and 160 nm. The magnetic and plasmonic 
behavior of the core-shell nanoparticles is studied. To demonstrate potential use in 
biomedical applications, a functionalization with polyethylene glycol (PEG) is 
performed.  
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1. Introduction 
 
Iron oxide nanoparticles (IONP) have been used in several biomedical applications. 
These include drug delivery, magnetic resonance imaging (MRI) contrast agent and 
hyperthermia treatments, among other applications [1,2][3]. Combining this magnetic 
property with a plasmonically active metal shell could open up even more applications, 
such as laser-induced hyperthermia, biosensing and radiotherapy, among others [4]. 



Gold seems the most promising choice for the metal shell. To date, gold has been the 
preferred coating material amongst others because the optical qualities are well-known 
[5]. Gold nanoparticles absorb in the visible-near infrared region and they are also 
easily functionalized, especially when using amines and thiols [6][4,7]. The inert nature 
of gold protects the nanoparticles from oxidation, while also making them suitable for 
biological environments and inducing no or lowered toxicity, though this is a topic under 
debate[8]. Literature suggests that toxicity is also a function of the functionalization of 
the surface, for example, PEG-functionalization appears to lower toxicity[9]. In general, 
iron oxide-gold core-shell nanoparticles are of great interest and can be useful for both 
imaging (diagnostics) and therapeutic applications. This particular combination has 
been coined “theranostics”, indicating the multifunctional character of the composite 
nanoparticle[10].  
Many pathways have been found for the synthesis of iron oxide-gold core-shell 
nanoparticles[11–15]. At its core, these syntheses all have one thing in common: the 
reduction of a gold salt in solution to form a gold shell around the core. Many syntheses 
utilize very small gold nanoparticles, referred to as gold seeds, as a starting point for 
the growth of the gold shell[16,17]. The use of gold seeds infers some drawbacks; 
since these gold seeds need to bind to the iron oxide, usually using amine groups on 
the iron oxide, crosslinking between several core particles will occur. This induces 
clustering of the nanoparticles, which will at best decrease solubility and at worst 
renders the nanoparticles insoluble. The gold salt and reducing agent also have to be 
added in small iterations to achieve the best results, which lowers batch size and is 
more labor intensive.  
Direct deposition of gold onto iron oxide nanoparticles has been reported in organic 
solvents[18,19][11]. The first two methods mentioned used small magnetic cores (5nm) 
which are hard to separate magnetically because of the relatively low magnetic force. 
Methods that involve organic solvents are inherently less environmentally friendly.  
 
Still, the search is on for a synthesis that combines large yields, limited supervision, 
reproducibility and smooth gold shells, all while being environmentally friendly. The 
core-shells also require ease of functionalization, which is largely dependent on the 
ligands that are present on the gold surface after synthesis. Presented here is a novel 
synthesis method that produces well dispersed gold shells around iron oxide 
nanoparticles in an aqueous solution without iterative addition of reagents. A schematic 
view of the steps required for the synthesis is shown below in figure 1. The use of an 
ultrasonic bath removes the need for stirring, while also reducing nanoparticle 
aggregation in crucial parts of the gold shell formation. Yields up to 10 mg per batch 
can be achieved.  The only non-environmentally friendly reagent used in this synthesis 
is formaldehyde, though it can be omitted from the reaction. Omitting formaldehyde 
yields slightly worse solubility of the core-shell nanoparticles and is discussed in more 
detail in supporting material S1.  
The core-shell nanoparticles as prepared are water soluble. The thickness of the gold 
shell can be tailored by varying the amount of gold salt added. Using thiolated PEG as 
a ligand, the solubility in water and the biocompatibility can be further enhanced.  
 
 



 
Figure 1: schematic view of the preparation steps required and the direct gold shell deposition 
 
2.1 Materials and methods 
 
2.1 Synthesis 
 
2.1.1 Superparamagnetic iron oxide nanoparticles (IONPs) 
 
Iron oxide nanoparticles (IONPs) with a diameter of around 20 nm are synthesized 
following the protocol of Chen et al[20]. The IONPs are amine-functionalized following 
the protocol of Bloemen et al[21]. A TEM picture of the as synthesized IONPs is 
provided in supporting material S2. 
 
The synthesis of IONPs is done by two separate reactions. First an iron-oleate 
precursor is created. This precursor is then thermally decomposed into the IONP[22]. 
We can tune the size of the IONPs by varying the heating rate of the thermal 
decomposition. 
The iron-oleate precursor is prepared by adding sodium-oleate (27.375 g, Sigma 
Aldrich) and iron(III)chloride (8.1 g, Labo Scientific) to a solution of MilliQ water (45 
ml), ethanol (60 ml, absolute, Fisher Scientific) and heptane (105 ml, 99%, Fisher 
Scientific). The resulting mixture is refluxed for 4 hours at a temperature of 74 °C. Using 
a separatory funnel and washing 3 times with 100 ml MilliQ water, the precursor is 
obtained. Heptane is removed by systematically lowering the pressure in a rotary 
evaporator until a dark brown viscous liquid is obtained.  
The second step is the decomposition of the precursor. A solution is prepared of the 
iron-oleate precursor (5.40 g), 5.681 ml oleic acid (VWR) and 18 ml 1-octadecene 
(90%, Sigma Aldrich). Iron oxide nanoparticles are created by rapidly heating the 
solution, at a rate of 18.33°C per minute, to 320°C and refluxing the solution for 2.5 
hours.  
Afterwards the solution is cooled and washed three times with 200 mL ethanol. The 
IONP solution can be magnetically separated from the ethanol. Finally, the 
nanoparticles were dispersed in heptane (99%, Fisher Scientific) to obtain a 
concentration of 100 mg/mL. The solution can be stored at room temperature. 
However, it was found that the stability of the colloidal solution can be drastically 
improved by sealing the containers with Parafilm and storing them in the refrigerator.  
 
2.1.2 Amine functionalization of IONPs 
 
2.1.2.1 Functionalization with BOC-protected amines 



 
The amine functionalization of the IONPs is done in two steps. First a 
trimethoxysiloxane is synthesized using thiol-ene click chemistry and afterwards the 
IONPs are functionalized using this molecule.  
For the first reaction we have followed a synthetic route described by Tucker-Schwartz 
et al[23]. A schematic view of the reaction is shown in figure 2. First 314,4 mg of N-
BOC-Allylamine (98%, Acros Organics), 0.372 mL of (3-
mercaptopropyl)trimethoxysilane (95%, Sigma Aldrich) and 51.2 mg DMPAP (99%, 
Sigma Aldrich) were added to 2 mL of chloroform (99.8%, Acros Organics) in a glass 
vial. This solution is allowed to react while stirring in the UV-reactor equipped with three 
LEDs (365 nm, output power 200 mA) for 45 minutes.  

 
Figure 1: Thiol-ene click chemistry reaction to form the siloxane-protected amine ligand 

The second reaction is the functionalization of the IONPs with the silane synthesized 
with thiol-ene click chemistry, shown schematically in figure 2. The followed synthetic 
route is from Bloemen et al. First a solution of 50 mL toluene (>99.5%, VWR), 2.5 mL 
triethlyamine (99%, Acros Organics), 2.0 mL of the IONPs dissolved in heptane (100 
mg/mL), 0.05 mL MilliQ water and 1 mL of the silane solution was prepared. This 
solution is then placed in an ultrasonic bath at a temperature of 40 °C for 5 hours.  
Afterwards 50 mL heptane (99%, Fisher Scientific) is added to the obtained solution, 
which is then placed on a magnet array to isolate the nanoparticles. The nanoparticles 
are washed with acetone, which is repeated three times. The obtained solid is then 
dissolved in chloroform to obtain a concentration of 10 mg/ml. 
 
2.1.2.2 Deprotection of BOC-protected amines 
 
To increase the shelf-life of the functionalized nanoparticles, a protective tert-
butyloxycarbonyl(BOC)-group is attached to the amine. For subsequent steps in the 
Fe3O4@Au core-shell nanoparticle synthesis, it is necessary to remove this protective 
group.  
This deprotection is done by adding 20 ml of the previously synthesized BOC-protected 
amine functionalized IONPs in chloroform (10mg/ml) to a solution of 30 ml 
dichloromethane (analytical reagent grade, Fisher Scientific) and 50 ml trifluoroacetic 
acid (>99.9%, Roth) in an Erlenmeyer flask. Then this flask is subsequently sealed with 
a glass cap and a layer of Parafilm. It is then placed on a shaker at moderate speed at 
room temperature to react overnight. Afterwards, the flask is placed on a magnet array 
for magnetic separation. The remaining nanoparticles are washed three times with 
acetone. Finally, the amine functionalized nanoparticles can be re-dissolved in 10 ml 
MilliQ water.  
 
2.1.3 Fe3O4@Au core-shell nanoparticles 
 
2.1.3.1 Direct reduction of gold in ultrasonic bath 
 
The synthesis is inspired by a method that was used to deposit silver shells onto gold 
nanoparticles[24]. 1 ml 37% formaldehyde solution in H20 is added to 20 ml of milli-Q 



water in a closed small glass vial. This vial is left to age for 30 minutes at room 
temperature. After aging, it is added to 10 ml of amine-functionalized iron oxide 
nanoparticles solution in a 250 ml glass Erlenmeyer flask. 2,5 ml of a 1M ascorbic acid 
solution is also added. This mixture is shaken briefly and left to incubate for 5 minutes. 
After the incubation, 1-7 ml of a 5mM HAuCl4 solution is added in its entirety. The 
solution obtains a dark brown color. The glass flask is subsequently placed in an 
ultrasonic bath for 2 hours. As the reaction progresses, the color can be observed to 
change from dark brown to a very dark green and eventually a deep blue when the 
reaction is close to completion. To remove any remaining reagents and impurities, as 
well as non-magnetic nanoparticles, the glass flask is placed on a neodymium magnet 
array to attract the magnetic nanoparticles. After several hours, depending on the 
thickness of the gold shell, the nanoparticles will aggregate on the bottom and the 
solvent can be removed. The dry nanoparticles can then be re-dissolved in milli-Q 
water or 1,4-dioxane. Additional practical information can be found in supporting 
material S3.  
Yields between 4 and 10 mg can be achieved, depending on the amount of gold salt 
added. Typically, virtually all the gold chloride added is reduced to gold(0) and after 
magnetic separation, a clear solution containing no non-magnetic gold nanoparticles 
is obtained. As an example, when 5 ml 5 mM HAuCl4 was added to 2 mg deprotected 
amine functionalized iron oxide nanoparticles, a yield of 6.7 mg of core-shell 
nanoparticles was obtained. The theoretical ideal yield is 6.92 mg, resulting in 97% 
efficiency and a very small amount of product lost.    
 
2.1.3.2 Functionalization of Fe3O4@Au core-shell nanoparticles with thiolated PEG 
 
Functionalizing the Fe3O4@Au core-shell nanoparticles with thiolated PEG will 
increase the solubility in water, as well as potentially lowering the nanotoxicity. A 
solution of poly(ethylene glycol) methyl ether thiol (Mn 800, Sigma Aldrich) of 1 mg/ml 
in MilliQ water is prepared. A mass ratio of PEG-thiol to core-shell nanoparticles of 2 
is required to ensure an excess of PEG-thiol. In a typical synthesis, 2 ml of 1mg/ml 
PEG-thiol solution is added to 1 ml of 1mg/ml Fe3O4@Au core-shell nanoparticles in 
water. This mixture is placed on a vortex shaker to shake vigorously for 5 minutes. 
Afterwards, it is placed in an ultrasonic bath for 1 hour. The solution is then placed on 
a magnet array for up to 2 days for magnetic separation. The nanoparticles take a 
significant amount of time to be drawn to the magnet due to the high affinity for water 
of the PEG-ligands. In case of time restraints, it is possible to add a poor solvent like 
ethanol to speed up the precipitation process. The structure of the PEG-ligands 
protects the core-shell nanoparticles from aggregation through steric hindrance.  
 
2.2 Equipment and characterization 
 
UV-Visible light spectra were collected using a Perkin-Elmer UV-Vis-NIR 
spectrophotometer Lambda 900. The ultrasonication bath used in both 
functionalization and the core-shell synthesis was a Bransonic Model 5510 sonicator 
with a capacity of 10 L. The UV chamber used in the siloxane functionalization is 
equipped with 3 LEDs (365 nm) with an output power of 200 mW. For the TEM images, 
an 80 kV Zeiss EM-900 electron microscope was used in combination with 300 mesh 
Formvar coated copper grids from Ted Pella. Statistical distribution data were obtained 
by ImageJ. Magnetic properties were characterized by a superconducting quantum 



interference device (SQUID) magnetometer (by LOT-Quantum Design MPMS 3, San 
Diego, CA, USA) in dry state.  
 
3. Results and discussion 
 
3.1 Morphology of Fe3O4@Au nanoparticles 
 
Since an excess of formaldehyde and ascorbic acid is used in this synthesis, varying 
the amount of gold salt added will have a direct effect on the amount of gold deposited 
on the iron oxide nanoparticles. This allows tunability of the nanoparticle size and was 
studied by making different batches of Fe3O4@Au nanoparticles with 1, 3, 5 and 7 ml 
of 5mM HAuCl4 solution added respectively. The effect on the morphology was studied 
using TEM, and the change in optical properties by UV-Vis spectrometry.  
 
 

 

 
 
Figure 2: TEM images of core-shell nanoparticles synthesized using a) 1 ml b) 3 ml c) 5 ml and d) 7 ml HAuCl4 

 
Amount of gold salt solution 

added (ml) 
Average 
size (nm) 

Average shell 
thickness (nm) 

1 ml 80 ± 6 30 ± 3 
3 ml  97 ± 10 39 ± 5 
5 ml 100 ± 4 40 ± 2 
7 ml  160 ± 20 70 ± 10 

 

 
 

Table 1: Statistical analysis of core-shell diameters and shell thickness as a function of the amount of gold salt 
added 
Figure 3 shows TEM images of Fe3O4@Au core-shell nanoparticles that have been 
synthesized using different amounts of 5mM HAuCl4 gold salt solution. The images 
correspond to a) 1ml b) 3ml c) 5 ml and d) 7 ml of gold salt solution added. The mean 
diameters of the nanoparticles are 80, 97, 100 and 160 nm respectively. Since the 

A	

D	C	

B	



average iron oxide core diameter is known, the average shell thickness can be 
calculated. This data is shown in table 1. It is clear the size of the core-shell 
nanoparticles can be tuned by means of varying the amount of gold salt added. The 
apparent roughness of samples a) and b) may indicate incomplete coverage of the 
gold shell. The roughness in these samples might also be an indication of in-situ 
generation of gold seeds, rather than the direct deposition of a smooth gold shell. This 
also implies the gold is not deposited epitaxially. Further evidence of the in-situ 
generation of gold seeds and subsequent growth is shown in supporting information 
S6. Though there is a large relative difference in electron density between iron oxide 
and gold, it is not possible to distinguish an almost-closed from a completely closed 
gold shell, simply due to the sheer electron density of gold. This renders the core-shells 
completely black in TEM-images.  
 
 
3.2 Optical properties of Fe3O4@Au nanoparticles 
 
To study the plasmon resonance of the synthesized core-shell nanoparticles, UV-Vis 
spectra were recorded. In figure 4, UV-Vis spectra are shown for an array of core-shell 
nanoparticles. 
 

 
Figure 3: UV-Vis spectrum of core-shells synthesized using (black) 1 ml (red) 3 ml (blue) 5 ml and (fuchsia) 7 ml 
of HAuCl4 

 
The frequency of plasmonic resonance and therefore the wavelength of the plasmon 
peak is dependent on the thickness of the plasmonic shell. The plasmon peak can be 
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tailored by the amount of gold that is used in the synthesis. For core-shell structures 
with a thin plasmonic shell, meaning thinner than 15 nm, an increase in the gold shell 
thickness should be accompanied by a blueshift of the plasmon peak[2]. However, 
larger core-shell structures will show a redshift with increasing shell thickness due to 
electric retardation effects[25,26]. The electromagnetic field cannot penetrate beyond 
a certain depth inside the metal, the so-called skin depth, which is around 15 nm in the 
vis-NIR. As a result, the plasmon resonance of the core-shell nanoparticles behaves 
more like a large pure gold nanoparticle. A size increase will therefore accompany a 
redshift of the extinction maximum, as observed for gold nanoparticles[6,27,28]. 
This effect can be observed as the plasmon peak shifts from 560 to 680 nm with 
increasing amounts of gold used in the synthesis. For producing stable core-shells, 5 
ml was found to be the ideal amount of gold salt added. Lower amounts may lead to 
incomplete coverage of the iron oxide, which, since it is functionalized with amines, will 
have a strong affinity for the gold shells of other particles. This causes crosslinking and 
results in coagulation. Conversely, adding more than 5 ml of gold salt leads to the 
formation of very large core-shell structures. The sheer weight of these core-shells 
causes the effect of gravity to overcome the stabilization of possible ligands, causing 
the core-shells to precipitate to the bottom of the solution over the course of a few 
hours. They can however still be redispersed by ultrasonication. 
 
3.3 Functionalization of Fe3O4@Au core-shell nanoparticles with thiolated PEG 
 

 
Figure 4: FT-IR spectrum in dioxane of (black) PEG-thiol and (red) Fe3O4@Au core-shell nanoparticles 
functionalized with PEG-thiol 

Fe3O4@Au core-shell nanoparticles were functionalized with a thiolated PEG. Whether 
the PEG-thiol functionalization was successful can be determined by FT-IR. This is 
shown in Figure 5, where the black line corresponds to a concentrated solution of PEG-
thiol in 1,4 dioxane. The red line corresponds to Fe3O4@Au core-shell nanoparticles 
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functionalized with PEG-thiol in 1,4 dioxane. The C-H stretch of the PEG-thiol is 
strongly present in both samples at 2860 cm-1. The same is true for the O-H and C-O-
H stretch at 1094 cm-1. Other less prominent peaks of PEG-thiol also seem to be 
present in the sample of functionalized core-shells. The spectrum of the functionalized 
core-shells shows no prominent peaks at 580-600 and 470 to 480 cm-1, which would 
indicate the presence of iron oxide. The absence of these peaks is additional 
confirmation that the gold-shell is closed and no iron oxide is exposed. It can be 
concluded that the PEG-thiol functionalization has been successful and closed gold 
shells have been synthesized.  
 
3.4 Magnetic properties of synthesized nanoparticles and core-shells 
 
The magnetic moment of iron oxide nanoparticles as synthesized is shown in 
supporting material S4.   
 
The iron oxide nanoparticles coated with oleic acid, as synthesized, reach a saturation 
magnetization of 55 emu/g. This is comparable to the 67.4 emu/g that was measured 
by Chen for iron oxide nanoparticles 20.4 nm in size[20]. This, coupled with the lack of 
remnant magnetization, is another indication of a successful synthesis of 
superparamagnetic iron oxide nanoparticles.  
 
To further determine the existence of a magnetic core and to study the influence of 
increasing gold shell size on the magnetic behavior, SQUID measurements were taken 
of the same array of samples as shown earlier in the TEM images. These are shown 
in figure 6. 

 
Figure 6: SQUID magnetism measurement of Fe3O4@Au core-shell nanoparticles synthesized using (black) 1 ml 
(red) 3 ml (blue) 5 ml and (fuchsia) 7 ml HAuCl4 
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Relative to the IONPs as synthesized saturation magnetization of 55 emu/g, a 
decrease to 2.25 emu/g is noted for the thinnest of gold shells synthesized. Also, there 
is a clear downward trend in saturation magnetization as the thickness of the gold shell 
increases. This is as expected, since there are 2 acting effects; first the increased 
thickness of the gold shell, which is diamagnetic, will increase the magnetic shielding 
the superparamagnetic core experiences from the diamagnetic gold. A second effect 
is that the ratio of the mass of gold to iron oxide increases, which will logically decrease 
saturation magnetization per gram. 
 
To demonstrate the magnetic behavior in practice, a sample of core-shells dissolved 
in water were placed next to a neodymium magnet. This is shown in supporting 
material S5. It is shown that even when dispersed in a good solvent, the Fe3O4@Au 
core-shell nanoparticles can still be extracted magnetically, which makes them very 
practical to use in a multitude of applications and experimental steps.  
 
 
3.5 Approximation of the number of magnetic cores per core-shell nanoparticle 
 
By comparing the expected magnetic force to the measured magnetic force the 
Fe3O4@Au core-shell nanoparticles exhibit, an estimate can be made for the number 
of magnetic cores per core-shell nanoparticle. For the thinnest gold shell deposited, 
the saturation magnetization has decreased by a factor of 6.66 relative to prior to the 
gold shell deposition. If the nanoparticle is considered to have a single magnetic core 
of 20 nm, the weight of the 30 nm thick gold shell is already approximately 200 times 
that of the magnetic core. By weight alone, the saturation magnetization of a single 
magnetic core nanoparticle should therefore be considerably lower, 0.08 emu/g in this 
case compared to the measured value of 2.25 emu/g. This indicates the presence of 
multiple magnetic cores per core-shell nanoparticle.  
By comparing the magnetic force and the sizes of the core-shell nanoparticles, an 
average amount of cores per core-shell nanoparticle can be calculated. Since the 
radius of the core-shell nanoparticle and the magnetic core is known, a number of 
cores can be found where the fraction of gold to magnetite equals the decrease in 
magnetic force. The weight of gold that is removed when additional magnetic cores 
are added is accounted for. For the samples made using 1, 3, 5 and 7 ml of HAuCl4 
this yields an average of 8, 13, 11 and 18 cores per nanoparticle, respectively. A 
general trend towards a higher number of magnetic cores with increasing gold content 
can be observed. Higher amounts of gold deposited seems to increase the chances of 
clustering of magnetic cores. 
These numbers should be considered broad approximations since at the moment it is 
very difficult to look inside a core-shell nanoparticle coated with a relatively thick layer 
of gold to get an actual reading of the number of magnetic cores. Also, since this 
calculation looks at relative weight fractions only, the additional effect of magnetic 
shielding by diamagnetic materials has not been taken into account. 
 Supporting information S7 shows a TEM-EDX analysis of a single core-shell 
nanoparticle which shows that Fe-atoms are present inside the Au-shell, however, the 
resolution does not allow for distinguishing singular magnetic cores as the Fe appears 
to be relatively evenly distributed across the nanostructure. This is an additional 
confirmation of the presence of magnetic material inside the gold shell. 
 
4. Conclusion 



 
Iron oxide-gold core-shell nanoparticles were successfully synthesized using a novel 
method. The gold shell was formed by reduction of gold salt in an ultrasonic bath. 
Optical characteristics were studied using UV-Vis spectroscopy. The morphology was 
examined using TEM. The presence of the magnetic core was determined by SQUID-
magnetometry. Further evidence that the gold shell is completely closed is provided by 
FT-IR. The presence of iron inside the gold shell is confirmed by TEM-EDX. The 
thickness of the gold shell could be tuned by controlling the amount of gold salt added. 
With increased gold salt amounts, the shell thickness increased, as well as the 
estimated number of magnetic cores per core-shell nanoparticle. To emphasize the 
value for biomedical applications and the ease of functionalization, the functionalization 
of the core-shells with PEG-thiol was successfully executed and confirmed.  
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