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ABSTRACT 
Nanoparticles have gained increased attention recently for 
biomedical applications. Biocompatible magnetic 
nanoparticles (MNPs) have been found promising in several 
biomedical applications for tagging, imaging, drug delivery, 
sensing and separation in recent years. Most magnetic 
particles or beads currently used in biomedical applications 
are based on iron oxides with very low specific magnetic 
moments of ~30 emu/g. In this presentation, we report 
room-temperature synthesis of novel iron-iron oxide core-
shell nanoclusters using a newly developed nanocluster 
source.  Monodispersive iron nanoclusters with size of 
diameters from 1 to 100 nm are produced in a source 
chamber and then transmitted into the reaction chamber 
where a small partial pressure of O2 is present so that the 
nanoclusters are coated with uniform iron oxide shell. 
These shells act as passivation layers preventing further 
oxidation of the cores upon subsequent or continued 
exposure to air.  The size of core-shell nanoclusters varies 
with the He:Ar ratio, chamber pressure, and growth 
distance through the aggregation tube.  The clusters were 
characterized by XPS, XRD and HRTEM.  The bcc-Fe core 
with magnetite shells was observed by XRD and HRTEM. 
The core-shell nanoclusters are superparamagnetic at room 
temperature for sizes less than 15 nm, and then become 
ferromagnetic when the cluster size increases. The specific 
magnetic moment of core-shell MNPs is size dependent, 
and increases rapidly from about 80 emu/g at the cluster 
size of around 3 nm to over 200 emu/g up to the size of 100 
nm. The use of high magnetic moment nanoclusters for 
biomedical applications could dramatically enhance the 
contrast for MRI, reduce the concentration of magnetic 
particle needs for cell separation, or make drug delivery 
possible with much lower magnetic field gradients. These 
MNPs were incubated and successfully untaken by lung 
cancer cells for the toxicity. 
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1 INTRUDUCTION 
Nanoclusters are ultrafine particles of nanometer 
dimensions located in the transition region between 
molecules and microscopic structures. Viewed as 
molecules, they are so large that they provide access to 
realms of quantum behavior that are not otherwise 
accessible; viewed as bulk materials, they are so small that 
they exhibit characteristics that are not observed in larger 

(even 100 nm) structures. It is in this size regime that many 
recent advances have been made in biology, physics, and 
chemistry [1-5]. Since their introduction in the mid-1970s, 
magnetic particles (micro-beads and ferrofluids) have been 
widely studied for their applications in various fields in 
biology and medicine such as magnetic targeting (drugs, 
genes, radio-pharmaceuticals), magnetic resonance imaging 
(MRI), diagnostics, immunoassays, RNA and DNA 
purification, cell separation and purification as well as 
hyperthermia generation [1, 6-7]. Nanotechnology is 
beginning to allow scientists, engineers, and physicians to 
work at the cellular and molecular levels to produce major 
advances in the life sciences and healthcare. 

Iron oxide particles such as magnetite (Fe3O4) or 
maghemite (γ-Fe2O3) are by far the most commonly 
employed for biomedical applications. Highly magnetic 
materials such as cobalt and nickel are toxic, susceptible to 
oxidation and hence are of little interest. Moreover, the 
main advantage of using particles of sizes smaller than 100 
nm is their higher effective surface areas (easier attachment 
of ligands), lower sedimentation rates (high stability) and 
improved tissular diffusion [10-12]. Therefore, for in vivo 
biomedical applications, MNPs must be made of a non-
toxic and non-immunogenic material, with particle sizes 
small enough to remain in the circulation after injection and 
to pass through the capillary systems of organs and tissues 
avoiding vessel embolism. They must also have a high 
magnetization so that their movement in the blood can be 
controlled with a relative small magnetic field and so that 
they can be immobilized close to the targeted pathologic 
tissue [8-9]. 

For in vitro applications the size restrictions are not so 
severe as in in vivo applications. Therefore, composites 
consisting of superparamagnetic nanocrystals dispersed in 
submicron diamagnetic particles with long sedimentation 
times in the absence of a magnetic field can be used. The 
advantage of using diamagnetic matrixes is that the 
superparamagnetic composites can be easily provided with 
functionality. 

For biomedical applications the use of particles that 
present superparamagnetic behavior at room temperature 
(no remanence along with a rapidly changing magnetic 
state) is preferred. Furthermore, applications in biology and 
medical diagnosis and therapy require the MNPs to be 
stable in water at neutral pH and physiological salinity. 

In almost all applications the preparation method of the 
nanomaterials represents one of the most important 
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challenges that will determine the particle size and shape, 
the size distribution, the surface chemistry of the particles 
and consequently their magnetic properties. Recently many 
attempts have been made to develop processes and 
techniques that would yield ‘monodispersed colloids’ 
consisting of uniform nanoparticles both in size and shape 
[11, 19-20]. Monodispersed colloids have been exploited in 
fundamental research and as models in the quantitative 
assessment of properties that depend on the particle size 
and shape. In addition, it has become evident that the 
quality and reproducibility of commercial products can be 
more readily achieved by starting with well-defined MNPs 
of known properties.  

Oxide MNPs coated with compounds such as dextran 
or starch for biocompatibility are now widely used [1-10, 
18-21]. Ferrite nanoparticles are biocompatible and easily 
synthesized, but the specific magnetic moment of 
ferromagnetic iron oxide particles is very low. Most MNPs 
used currently are based on ferromagnetic iron oxides with 
low specific magnetic moment of about 20–30 emu/g. Iron 
has a greater specific magnetization than either of these iron 
oxides. The problem is that pure metallic iron nanoparticles 
are highly sensitive to oxidation and dissolution through 
electrochemical reactions. If iron nanoparticles were 
passivated with a thin ion oxide shell and retain the high 
magnetic moments of pure iron cores, they will 
dramatically enhance the contrast for MRI, reduce the 
concentration of magnetic particles needed for cell 
separation, or make drug delivery possible with much lower 
magnetic field gradients. 

To realize this goal, we apply a new approach of our 
newly developed nanocluster deposition system to 
synthesize monodispersive, high specific magnetic moment 
core-shell nanostructured clusters.  

 
2 EXPERIMENT 

The MNPs are deposited by newly developed nanocluster 
deposition system using a combination of magnetron-
sputtering and gas–aggregation techniques [13-17]. The 
cluster beam deposition apparatus is mainly composed of 
three parts: a cluster source, an e-beam evaporation 
chamber and a deposition chamber. The sputtered Fe atoms 
from a high-pressure magnetron-sputtering gun are 
decelerated by collisions with Ar gas (the flow rate: 100–
500 sccm) injected continuously into the cluster growth 
chamber, which is cooled by chilled water. The clusters 
formed in this chamber are ejected from a small nozzle by 
differential pumping and a part of the cluster beam is 
intercepted by a skimmer, and then deposited onto a sample 
holder in the deposition chamber. The mean size of clusters, 
from 1 nm to 100 nm, is easily varied by adjusting the 
aggregation distance, the sputter power, the pressure in the 
aggregation tube, and the ratio of He to Ar gas flow rate. 
The aggregation distance and the ratio of He to Ar gas flow 
rate are important parameters for getting a very high 
intensity (> 5 Å/s), monodispersed nanocluster beam. A 
major advantage of this type of system is that the clusters 

have much smaller size dispersion than grains obtained in 
any typical vapor deposition system. Studies with TEM and 
time-of-flight (TOF) mass spectrometer have shown that 
the observed lognormal size distribution has a standard 
deviation less than 8%. When oxygen gas is introduced into 
the deposition chamber during processing, uniform iron 
oxide shells covering the Fe clusters are formed. 

Fe nanoclusters of variable mean size of diameters from 
1 to 100 nm are generated by the nanocluster source, which 
combines an improved high-pressure magnetron-sputtering 
gun with a gas-aggregation tube cooled by chilled water. 
We can control the cluster size by changing the flow rate of 
Ar gas (RAr), the flow rate of He gas (RHe), and the cluster 
growth length (L). One of the conditions to form a thick 
film of iron-iron oxide core-shell nanoclusters is to apply a 
power of 200 watts to the sputtering gun, when flow rate in 
the aggregation tube is 126 sccm of He and 564 sccm of Ar 
for about an hour. We are able to prepare up to 20 mg per 
hour of monodispersive nanoclusters for each size. For the 
preparation of Fe oxide-coated Fe clusters, we introduced 
oxygen gas at a flow rate around 4 sccm into the deposition 
chamber through a nozzle set behind the skimmer. Inside 
the deposition chamber, a chemical reaction began that 
formed iron oxide shells which covered the Fe clusters 
before they were deposited on the substrate.  The clusters 
landed softly on the surface of substrates at room 
temperature and retain their original shape. This process 
ensures that all Fe clusters are uniformly oxidized before 
the cluster films are formed. We make a starch thin film on 
the surface of Si wafer, and then deposit the Fe clusters on 
the top of the starch film. The iron clusters can be easily 
dissolved and suspended in warm water for further bio-
molecule conjugations.     

Three kinds of substrates are used for the core-shell 
cluster analysis: microgrids for TEM observations, silicon 
wafers for AFM, and polyimide films for magnetic 
measurement. Magnetic measurement was performed using 
a superconducting quantum interference device 
magnetometer (SQUID of MPMS XL-7) between 2 and 
400 K with the maximum field of 70 kOe. 
 

3 RESULTS AND DISCUSSION 
Figure 1A shows a TEM image of the core-shell 
nanoclusters. The mean cluster diameter is 6.65 nm. The 
standard deviation is less than 7%. The distribution fits well 
to a lognormal function with a very narrow size 
distribution. Our results clearly demonstrate that 
monodispersive nanoclusters in the size range of around 1–
100 nm are reproducible by choosing the appropriate 
growth parameters RAr, Rhe, and L. 

Figure 1B shows high-resolution TEM (HRTEM) 
overviews of 4 single core-shell structured nanoclusters 
with size range from 3 nm to 85 nm deposited on a carbon 
film of microgrids. The nanoparticles appear almost 
spherical, and those that have a crystal axis oriented along 
the electron beam direction show two contrasts, a dark iron 
core region and a light-gray oxide shell. The electron 
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diffraction pattern obtained from a large sample area tells 
us the core has the bulk iron bcc lattice structure with the 
lattice fringe 0.286 nm. The HRTEM results also indicate 
that the oxide-coated Fe nanoclusters were covered 
uniformly with the shells composed of very small 
nanocrystallites. 
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Fig. 1: (A) A low resolution TEM image of the iron-iron oxide 
core-shell nanoclusters and the insert gives a plot for size 
distribution; (B) HRTEM micrographs of the oxide-coated Fe 
clusters with diameter from around 3 nm to 85 nm prepared on 
carbon microgrids 

The iron oxide shell has a thickness of about 2.5 nm 
independent of the nanoparticle size. We observed that the 
core-shell nanoclusters are very stable against further 
oxidation after a long time exposure to air. According to 
our HRTEM measurements the shell thickness remains no 
change after the nanoclusters exposure to air more than 6 
months. When we annealed the samples at 250 C degree for 
3 hours in the air, the shell thickness has increased to about 
5 nm with slightly decreasing of the core size but the core-
shell nanostructures remain intact.  For sizes smaller than 7 
nm, there are no core-shell structures (Fig. 1B-a) because 
the oxidation goes through the entire nanoparticle. 
   Figure 2 shows hysteresis loops of Fe oxide-coated 
nanoclusters at room temperature. The samples with cluster 
size less than 15 nm are superparamagnetic at room 
temperature without coercivity. Fig. 2-a is one example of a 
cluster size of 10 nm. The field-cooling and zero-field-

cooling measurements tell us the block temperature is about 
45 K. It is clear that this cluster exhibits superparamagnetic 
behavior. When the sizes of clusters are larger than 15 nm, 
they are ferromagnetic. The coercivity increases from 25 
Oe for 15 nm size clusters to about 1 kOe for 100 nm 
clusters. Fig. 2-b shows a typical hysteresis loop of 85 nm 
diameter clusters with Hc = 890 Oe. Even at 4 T, the 
hysteresis loop has not been saturated due to many very 
small iron oxide nano-crystallites in the uniform shells. 
Those nano-crystallites are superparamagnetic at room 
temperature. All the samples at low temperature (4 K) are 
magnetically ordered with hysteresis loops and Hc is from 
0.4 to 1.5 kOe as cluster sizes increase.  We obtain the 
saturated magnetization (Ms) by a high-field fit to the 
expression M = Ms (1-A/H2), where A is a constant and H 
is the applied field. The results of Ms divided by the weight 
of the cluster films provide the specific magnetic moments 
with a unit of emu/g.  

 

      
 

Fig. 2: Hysteresis loops of Fe oxide-coated Fe clusters with 
(a) D = 10 nm and (b) D = 85 nm at room temperature. 

 

 
Fig. 3: Size dependent specific magnetic moments of Fe oxide-
coated Fe nanoclusters. 

 
Figure 3 shows a curve of the specific magnetic moment 
versus the nanocluster size. It can be seen that it increases 
as cluster size increases from 3 nm to 100 nm.   When the 
size is less than 10 nm, the specific magnetic moment is 
around 80 emu/g, similar to the value of ferromagnetic iron 
oxides-magnetite. This information is consistent with the 
HRTEM image, which shows that the entire nanocluster is 
oxidized to form a superparamagnetic iron oxide 
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nanoparticle. If the cluster size is larger than 10 nm, the 
value of the specific magnetic moment increases 
dramatically until the cluster size reaches 100 nm where it 
almost saturates at 205 emu/g. This is close to the pure bulk 
Fe value (218 emu/g). This value is almost 10 times larger 
than the value (20-30 emu/g) for iron oxide nanoparticles 
currently used in biomedical applications. 
 

 

             

 

 
Fig. 4: (a) is the image of the nanoparticles uniformly 

dissolved in the solution of pH 7; (b) Dextrin coated MNPs 
incubated with lung cancer cells.  

 
   The MNPs were removed from the substrate surface and 
collected in the solution of pH 7.  Fig. 4(a) is an image of 
nanoparticles uniformly dissolved in the solution. Fig. 4(b) 
shows dextrin coated MNPs incubated with lung cancer 
cells. Results indicate that MNPs coated with dextrin are 
untaken by the cancer cells, indicating that MNPs are not 
toxic.  

4 SUMMARY 
In summary, monodispersive core-shell nanostructured 
clusters with high specific magnetic moments (about 200 
emu/g) are synthesized by a new approach of the 
nanocluster deposition system. The size of core-shell 
nanoclusters can be changed easily from 2 nm to 100 nm by 
controlling the growth parameters.  HRTEM images show 
the coatings are iron oxides which very uniformly cover the 
Fe cores. The nanoclusters of size less than 15 nm are 
superparamagnetic at room temperature and become 
ferromagnetic with increasing size. The specific magnetic 
moment of core-shell nanoclusters is size dependent, and 
increases rapidly from about 80 emu/g at the cluster size of 
around 3 nm to over 200 emu/g at the size of 100 nm.   The 
use of high magnetic moment nanoclusters for biomedical 
applications could dramatically enhance the contrast for 
MRI, reduce the concentration of magnetic particle needs 
for cell separation, or make drug delivery possible with 
much lower magnetic field gradients. 
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