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Table 1. Examples of organisms synthesizing magnetic nanoparticles (MNP)

Type of General name Latin name Localisation Type of
organism of MNP MNP
Micro- Magnetotactic Magnetospirillum sp. magnetosomes Fe, Oy
organisms bacteria
magnetosomes Fe,S,
Algae cells Fe Oy
Protozoa cells Fe O,
Insect Honeybee Apis mellifera abdomen Fe, Oy
Migratory ant Pachveondyla abdomen Fea0y
marginatea
Termites Nasutitermes thorax, abdomen Fe 0,
Exitiosis
Amitermes thorax, abdomen Fe 0O,
meridionalis
Fish Atlantic salmon  Salmo salar lateral line Fe Oy
Sockeye salmon  Oncorhiynchus nerka  skull Fe, Oy
Rainbow trout Oncorhynchus olfactory Fe 0O,
mykiss lamellae
Chum salmon Oncorhynchus keta head Fe O,
Amphibians Eastern red- Notophthalmus whole body Fe 0y
spotted newt viridescens
Birds Bobolink Dolichonyx upper beak Fe, Oy
OrVIIVOrus
Homing pigeon  Columba livia upper-beak skin  FeyOy
Mammals Common Delphinus delphis dura mater Fe O,
Pacific dolphin
Human Homo sapiens brain, heart Fe,O,
T

Magnetite
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MNPs for biomedical applications

® N o o~ w N e

. Biological labels

Drug and gene delivery
Bio detection of pathogens
Detection of proteins

DNA Probing

. Tumor destruction via heating (hyperthermia)

. Separation and purification of molecules and cells

MRI contrast enhancement
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Bio-Magnetism

These applications require that MINPs 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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Table 2. Examples of commercially available biocompatible magnetic nanoparticles

Product Composition Particle size Application Manufacturer or supplier

name (nm)

Combidex  Magnetic iron 17-20 Magnetic resonance Advanced Magnetics, USA
oxides — dextran contrast agent

Endorem”/ Magnetic iron 100-250 Magnetic resonance Advanced Magnetics, USA

Feridex” oxides — dextran contrast agent

MicroBeads Magnetic iron 50 Separation and labelling Miltenyi Biotec, Germany
oxides — dextran of cells and molecules

Nanomag  Magnetic iron 100 Magnetic Micromod
oxides — dextran labelling Partikeltechnologie,

Germany

Resovist Magnetic iron 57 Magnetic resonance Schering AG, Germany

oxides — dextran contrast agent

g . . b . . .
* Commercial product name in Europe: © commercial product name in the United States

Problem:

e Small specific magnetic moment (m ) <50 emu/g,
 Large size distribution

e Aggregation in solutions

-7 = Universityotidaho

4 L.
“I'1% Traditien. Chanae, Excellence.



Mr., Msat—__

M
Ms at _Ealuratim
magnaiization

M, = Hemanance IIr }
- magnetization
H.. = Coercive field
Magnetization H‘"-m,x 8
l—‘\\h““-m — Ferromagnatism

—— Diamagnetism
Applied field = Paramagnetism |
= Superparamagretism

H .

Hysteresis loop

H,
For Co and Fe nanoparticles:
D~ 30 nm
Dy, ~8-12 nm

Fig. 1.

c

Oy

27 M2

o ¥
= 1.44;”2

&

A
Superpara- coherent incoherent
magneic rotation rotation
sDP
-{— P :' -----------

SD

Ay

nelc grain size.

A schematic qualitative relation between the coercivity and the mag-

ho

LG8y



Diamagnetic, Paramagnetic, and Ferromagnetic Materials
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MPMS XL7 SQUID System, Quantum Design Inc

* Magnetic field: 7 T
* Temperature: 1.5 -400 K
e Sensitivity: 1 x 10 emu

Supported by NSF Idaho-EPSCoR
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Z.FC and FC measurements
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Magnetic Drug Delivery

Tis=sus
F_ (magnetic force
. Magnaﬁﬁ_ Blood W esssl m( g ) )
@ Nanoparticles >> F, (drag force)
Fm Fd Tissus
e S T
M=mx V
Magnst

F, ~f(Mand AB)

M =m,xV,_ =f(m, V and AB)

V. and 4B as small as possible,
m, as large as possible

Fs~f(n,V, and
A V)
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Hyperthermia
A new way to treat cancer

The amount of heat generated per unit volume in NP is given by:
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Fe iIs not stable in many environments.
What Is new at the nanoscale?

Nanoparticles
Properties vary with:

«Size

*Shape
Impurity

*Time (stability)
*Environment
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a)

b)

Nanoparticle Synthesis

Sol-Gel : gelation, precipitation, and hydrothermal

treatment

I.  Borohydride reduction (Zhang Nano Fe)
ii.  Inverted micelles

lii. Polymer matrix architecture, block copolymers, Polymer

blends
Iv. Porous glasses
v. Ex-situ particle capping
Gas phase : nucleation and growth
I.  combustion flame
ii. plasma
lil. laser ablation
Iv. chemical vapor condensation
V. spray pyrolysis, Electrospray, plasma spray
Other Synthesis Strategies

I.  Sonochemical (Toda)

II. Cavitation
.  Microemulsion
Iv. High energy ball milling \ /Y

- "
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Two Fe nanoparticles used in remediation testing

?UU Al : | 200 nm Toda

1: From W. Zhang, Lehigh University

Borohydride reduction
1.6 M NaBH, (aq) to 1.0 M FeCl;*6H,0O solution.

2: From Toda Kogyo Inc, NIZ 100 Reactive Nanoscale Iron Particles.
Sonochemical processing, Ferrous ion precipitated with NaOH?
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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 Bls Cils Ols Nals S2p Fe2p
Atomic % 14.31 10.35 44.03 1294 0.46 17.92
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Instability

XPS photoemission spectra of the Fe 2p region
Zhang Fe nano-patrticles

Red: Fe® @ 707 eV

09} Glove bag mounted
specimen <30 ppm O,
08}
Blue: 711.6 eV
07 Air exposed for
2 <5 minutes.
2 0.6
2
% 05
s
E 04
2

o
w

o
N

o
o

o

740 735 730 725 720 715 710 705 700
Binding Energy (eV)

Carbon 1s reference at 285.4 eV for the oxidized sample

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

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

| T | pump
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«  Deposition rate > 5 A/s,

* Ionization rate > 60%, (35% positive charged ion,
30% negative charged ion for Cu clusters),

e Controlled size range 1 to 100 nm
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Cluster Deposition System

sputtering gun

Ivlass-selector

_l

Cluster soutce

Evapnratinnoz Dreposition chamber

*Cluster size: D =1 to 100 nm
*Materials:Co, Fe, Ni, Ag, Al, Cu, Mg, Mo, ZnO
Si, Ti, CoPt, FePt, TiN, TiAIN, Al,O3
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Cluster Deposition System

Idaho
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Nanocluster

s and Size Distribution
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History of SGA Cluster Source

1t generation, University of Freiburg, 1994, ~ 0.1 mg/h
2nd  generation, University of Nebraska-Lincoln, 2000, ~ 1 mg/h
34 generation, University of Idaho, 2002, ~20 mg/h

Ath  generation (testing), University of Idaho, 2007, ~2 g/h

Nt generation, 200?, up to kg/h
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Core-Shell (Fe/Fe Oxide) Nanoparticles

10 nm 25 nm 35 nNm

m

5n

81 nm

70 nm

50 nm
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Size >~8nm
Full idized Forming core-shell structure with the oxide shell thickness ~3 nm
ully oxidize Faceted at {100} and {110} planes

Size<~8nm

spherical 1<100>/<110>=0.70] 078 0.93 1.33
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Fe core

Fe core
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cube dodecahedron dodecahedron
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Nanoparticle Stability and Aging

EM_ L ldaho Particles 12 nm
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Aging process of Core-shell Fe NPs

Oxide shell thickness increases for exposed in water measured by XRD.
small nanoparticles. no pure Fe core 15 time slower than that of Toda NPs
for d <6 nm. No change in air about (50 nm).
6 months.

-7 = Universityotidaho

4 L.
“I'1% Traditien. Chanae, Excellence.



Intensity(Counts)

[h61221d.dif] GIXRD: #121206 Fe-Oxide Thicker UQOI following 48hrs exposure (Test 02)
[h61224b.dif] GIXRD: #121206 Fe-Oxide Thicker UOI following 96hrs exposure (Test 02)
[h61229i.dif] GIXRD: #121206 Fe-Oxide Thicker UOI following 204hrs exposure Don Baer (Test 01

[h70104b.dif] #121206 Fe-Oxide Thicker UOI following 324hrs exposure Don Baer
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Intensity(Counts)

[h70125e.dif] GIXRD: #121206(3) Fe-Oxide Thicker UOI Don Baer (Test 02)
[h70131g.dif] GIXRD #121206(3) Fe-Oxide following 129hrs exposure Thicker UOI Don Baer
[h70209b.dif] GIXRD: #121206(3) Fe-Oxide and following 317 hrs exposure Thicker UOI Don Baer
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HRTEM showing shell is a crystalline phase

As deposited Annealing at 250 C, 3 hrs in air

or Fe,0,?
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Nanoclusters disperse in solution uniformly w/o surface stabilizer

0% 10% 14% 19% 23% 3% 41%‘

Magnetic separation
O\

\
i
L

-
i

4

\.
~ \H.. }
\
\ \ J

ofldaho

1% traditien, Change, Excellence,



Specific Magnetic Moment of Core-Shell Nanoclusters
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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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MNPs are uptaken by cancer cells

e Uniform dextrin coated and uncoated our iron-
Iron oxide core-shell NPs are incubated with
LLX-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.

-/ Universityoldaho
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Feridex MNPs with
L—10 png protamine

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.

7 Universityotldaho

“I1% Traditden, Change, Exvellence.



Results

250ul pure core-shell NPs 25%“0'r‘;2‘rt]2ﬂ Ig%zted ~ 250pl Feridex
incubated by the incubated by the

incubated by the LX-1 SCLC cancer cells
Dl Sele estneerr eells LX-1 SCLC cancer cells
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Magnetic Resonace Imaging
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lllustration of magnetic resonance for a
large ensemble of protons with net
magnetic moment m in the presence of a
external magnetic field B;.

In (a) the net moment precesses around B,
at the characteristic Larmor frequency, wy.

In (b) a second external field is applied,
perpendicular to By, oscillating at wy,.
Despite being much weaker than B, this
has the effect of resonantly exciting the
moment precession into the plane
perpendicular to B,

In (¢) and (d) the oscillating field is removed

at time zero, and the in-plane (¢) and
longitudinal (d) moment amplitudes relax

back to their initial values.
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Magnetic attraction force Hydrodynamic drag force

vV
Fn = 21, VB’ Fd — 67ZRT7VV

F.|>|F,|= VB =30T / meter

v is the MNP’s susceptibility; R is MNP’s radius (10 nm);
N — the medium viscosity; v is the streamline velocity
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THE END
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