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MNPs for biomedical applications
1. Biological labels 

2. Drug and gene delivery 

3. Bio detection of pathogens

4. Detection of proteins

5. DNA Probing

6. Tumor destruction via heating (hyperthermia)

7. Separation and purification of molecules and cells

8. MRI contrast enhancement



Bio-Magnetism 7

• These applications require that MNPs be superparamagnetic 
at room temperature, high magnetic moment and 
monodispersive.

• Most magnetic particles or beads used in biomedical 
applications are based on ferromagnetic iron oxides with low 
magnetic moment (20 to 50 emu/g), and polydispersive. 

• Our newly developed nanocluster source can synthesize 
monodispersive, high magnetic moment core-shell structured 
nanoparticles for biomedical applications.
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Problem:
• Small specific magnetic moment (ms) < 50 emu/g, 
• Large size distribution
• Aggregation in solutions
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For Co and Fe nanoparticles: 
Dc ~ 30 nm
Dsp ~ 8 - 12 nm
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Diamagnetic, Paramagnetic, and Ferromagnetic Materials
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T > Tb, Hc = 0 T < Tb

Superparamagnetic behavior
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MPMS XL7 SQUID System, Quantum Design Inc

• Magnetic field: 7 T
• Temperature: 1.5 – 400 K
• Sensitivity: 1 x 10-8 emu

Supported by NSF Idaho-EPSCoR



ZFC and FC measurements
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MFM AFM

As deposited
500 nm0
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MFM AFM

After magnetization, 10 kOe, in plane
0 1000 nm
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Fm (magnetic force) 
>> Fd (drag force)

Magnetic Drug Delivery

M= ms x Vm

Fm ~ f (M and ΔB)
= f (ms, Vm and ΔB)

Fd ~ f (η, Vm and 
Δv)

Vm and ΔB as small as possible,
ms as large as possible

ms VmM ×=

Fm Fd



17

The amount of heat generated per unit volume in NP is given by: 

Hyperthermia
A new way to treat cancer

2
0 "HfPSPM χπμ=dMHfPFM ∫= 0μ

Frequency and magnetic moment dependence



18

Fe is not stable in many environments.
What is new at the nanoscale?

Fe is not stable in many environments.
What is new at the nanoscale?

NanoparticlesNanoparticles
Properties vary with: 
•Size
•Shape
•Impurity 
•Time (stability)
•Environment
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a) Sol-Gel : gelation, precipitation, and hydrothermal 
treatment
i. Borohydride reduction (Zhang Nano Fe)
ii. Inverted micelles
iii. Polymer matrix architecture, block copolymers, Polymer 

blends
iv. Porous glasses
v. Ex-situ particle capping

b) Gas phase : nucleation and growth
i. combustion flame 
ii. plasma 
iii. laser ablation 
iv. chemical vapor condensation 
v. spray pyrolysis, Electrospray, plasma spray

c) Other Synthesis Strategies
i. Sonochemical (Toda)
ii. Cavitation
iii. Microemulsion
iv. High energy ball milling

Nanoparticle SynthesisNanoparticle Synthesis
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Two Fe nanoparticles used  in remediation testingTwo Fe nanoparticles used  in remediation testing

1: From W. Zhang,  Lehigh University
Borohydride reduction 

1.6 M  NaBH4 (aq) to 1.0 M FeCl3*6H2O solution.

2: From Toda  Kogyo Inc,  NIZ 100 Reactive Nanoscale Iron Particles. 
Sonochemical processing, Ferrous ion precipitated with NaOH?

Zhang

Toda 



21

Zhang-.  Bright- and dark field images.  Note the core-shell
Structure  as well internal structures
Each particle is composed of ordered atom clusters! 

XPS Analysis        B1s       C1s       O1s       Na1s      S2p Fe2p 
Atomic %            14.31     10.35     44.03     12.94     0.46     17.92 
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Zhang: the disappearing of the 
surface layer with time under 
electron beam for ~ 10 min in 
vacuum and 5 min in air. 
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XPS photoemission spectra of the Fe 2p region         
Zhang Fe nano-particles

Red: Fe0 @ 707 eV
Glove bag mounted 
specimen <30 ppm O2

Blue: 711.6 eV
Air exposed for 
<5 minutes.

Fe 2p3/2

Fe 2p1/2

Carbon 1s reference at 285.4 eV for the oxidized sample

Instability
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XPS photoemission spectra of the Fe 2p region          
Toda Fe nano-particles

Red: Fe0 @ 706.9 eV
Glove bag mounted 
specimen <30 ppm O2

Blue: 711.4 eV
Air exposed for 
<5 minutes.

Fe 2p3/2Fe 2p1/2

Blue: Fe0 707.3 eV
Air exposed for <5 
minutes.

Carbon 1s reference at 285.4 eV for the oxidized sample

Toda: Oxide shells disappeared 
in air about 5 min.
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Sputtering-Gas-Aggregation Source

• Deposition rate > 5 Å/s,
• Ionization rate > 60%, (35% positive charged ion, 

30% negative charged ion for Cu clusters), 
• Controlled size range 1 to 100 nm

pump
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•Cluster size: D = 1 to 100 nm
•Materials:Co, Fe, Ni, Ag, Al, Cu, Mg, Mo, ZnO

Si, Ti, CoPt, FePt, TiN, TiAlN, Al2O3 

Cluster Deposition System

O2



Cluster Deposition System
25
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Iron-iron 
oxide NPs

AFM
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TEM

Nanoclusters and Size Distribution
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History of SGA Cluster Source

1st generation, University of Freiburg, 1994, ~ 0.1 mg/h

2nd generation, University of Nebraska-Lincoln, 2000, ~ 1 mg/h

3rd generation, University of Idaho, 2002, ~20 mg/h

4th generation (testing), University of Idaho, 2007, ~2 g/h
.
.
.
Nth generation, 200?, up to kg/h



Core-Shell (Fe/Fe Oxide) Nanoparticles

5 nm 10 nm 25 nm 35 nm
sphere tetrahedron hexahedron

50 nm 70 nm 81 nm
octahedron
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Nanoparticle Stability and Aging

Oxide shell thickness increases for 
small nanoparticles. no pure Fe core 
for d < 6 nm. No change in air about 
6 months.

Idaho Particles 12 nm
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exposed in water measured by XRD.
15 time slower than that of Toda NPs 
(50 nm).
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[h70104b.dif] #121206 Fe-Oxide Thicker UOI following 324hrs exposure  Don Baer
[h61229i.dif] GIXRD: #121206 Fe-Oxide Thicker UOI following 204hrs exposure  Don Baer (Test 01
[h61224b.dif] GIXRD: #121206 Fe-Oxide Thicker UOI following 96hrs exposure (Test 02)
[h61221d.dif] GIXRD: #121206 Fe-Oxide Thicker UOI following 48hrs exposure (Test 02)

12 nm MNPs
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[h70209b.dif] GIXRD: #121206(3) Fe-Oxide and following 317 hrs exposure Thicker UOI  Don Baer
[h70131g.dif] GIXRD #121206(3) Fe-Oxide following 129hrs exposure Thicker UOI  Don Baer
[h70125e.dif] GIXRD: #121206(3) Fe-Oxide Thicker UOI  Don Baer (Test 02)

40 nm MNPs



5.34 nm

As deposited Annealing at 250 C, 3 hrs in air

HRTEM showing shell is a crystalline phase

2.08 nm

2 nm

Fe3O4 ?
or Fe2O3?
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soft landing Fe nanoclusters



36Nanoclusters disperse in solution uniformly w/o surface stabilizer

Magnetic separation
Dextran coatings

10 nm



37Specific Magnetic Moment of Core-Shell Nanoclusters

Fe3O4 (84 emu/g)

Fe2O3 (76 emu/g)

New Nanoparticle Structure boosts 
magnetic properties – Nanotech. 
Breaking News from National 
Cancer Institute, 12/19/2005

http://nano.cancer.gov/news_center/nanotech_news_2005-12-19b.asp
http://nano.cancer.gov/news_center/nanotech_news_2005-12-19b.asp
http://nano.cancer.gov/news_center/nanotech_news_2005-12-19b.asp
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Superparamagnetic 
when the size less than 
15 nm!



MNPs are uptaken by cancer cells

• Uniform dextrin coated and uncoated our iron-
iron oxide core-shell NPs are incubated with 
LX-1 small cell lung cancer (SCLC) cells in 
rats without protamine.

• Commercially produced nanoparticles namely 
Feridex was also incubated with cancer cells 
with protamine.

• Protamine was added to Feridex samples to 
prevent the coagulation of cells.   
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Feridex a well known aqueous colloid of superparamagnetic iron oxide 
associated with dextrin for intravenous administration was used to label the 
uncontrolled sample. Feridex was incubated with cancer cells and was used as a 
standard to compare with MNP’s produced in our lab incubated with cancer cells.   
Protamine sulfate was used to prevent the coagulation of cells. The results of all 
the samples were compared with the controlled samples. Control samples are the 
samples which used as a standard reference for samples treated with 
nanoparticles. This helps in verifying the consistency of the experiment. We 
tested the noncoated and coated MNP’s for toxicity and uptake.

Feridex MNPs with 
10 µg protamine



Results 

250µl pure core-shell NPs 
incubated by the 

LX-1 SCLC cancer cells

No Protamine

250µl dextrin coated 
Core-shell NPs 

incubated by the 
LX-1 SCLC cancer cells

No Protamine

250µl Feridex 
incubated by the 

LX-1 SCLC cancer cells

10 microgram protamine
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The relaxation time T2
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meterTBFF dm /30≥∇⇒≥

2

02
BVFm ∇=

μ
χ

vRFd ∇= ηπ6

χ is the MNP’s susceptibility; R is MNP’s radius (10 nm);
η – the medium viscosity; v is the streamline velocity

Magnetic attraction force Hydrodynamic drag force
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