Nanomagnetism in Biology and Medicine

Quentin Pankhurst

Deputy Director
London Centre for Nanotechnology



Outline

Basic concepts

Current applications

— Magnetic separation, MRI contrast agents,
targeted drug delivery, hyperthermia treatments

Near-future applications

— Biomagnetic imaging and diagnostics
— Magnetic actuation

Conclusions and prospects



Summary

Magnetic nanoparticles are routinely used for cell and protein
purification, and as contrast agents in MRI scanners

Trials are under way for more far-reaching applications,
including drug delivery and hyperthermia treatments for tumours

There are many more potentially life-saving and/or wealth-
creating applications, both in vitro and in vivo

Magnetic tweezers and biomagnetometers are at proof-of-
concept stage, and there are opportunities for technology
transfer



Basic concepts

Why magnetic nanoparticles are useful in bio applications:

* Their size is smaller than or comparable to
— acell (10-100 um)
— avirus (20-450 nm)
— a protein (5-50 nm)
— agene (2 nm wide and 10-100 nm long)

« They can be manipulated by a magnetic field gradient
— action at a distance

« They can resonantly respond to a time-varying field
— enerqgy transfer









Biocompatibility

— most of the current FDA approved (iron oxide or nickel) magnetic
nanoparticles are encapsulated in dextran or agarose ‘microbeads’

Advanced Magnetics, USA Combidex
Endorem
Feridex
Qiagen, USA Ni-NTA
Miltenyi Biotec, Germany MicroBeads
Micromod, Germany Nanomag

Schering, Germany Resovist



Biocompatibility

— future trends ...

Magnetosomes from bacteria —
Hergt, Jena
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Current applications

Magnetic separation

MRI contrast agents
Targeted drug delivery
Hyperthermia treatments
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MRI contrast agents:

« Contrast enhancement for tissue mapping
— rat bone marrow uptake of magnetoliposome-PEG
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MRI contrast agents:

* Hypointensity artifacts in gradient echo MRI

— rat study of magnetic nanoparticles in left lymph node




Targeted drug delivery:

« Magnetic targeting and localisation
— reduce systemic distribution of drugs, with their side-effects
— reduce the dosage required by localized targeting

FeRx Inc.




No magnet Magnet targeting left lung




Targeted drug delivery:
* Clinical trials
— FeRXx Inc. phase Il/lll trials started Jan02
— 1-2 um Fe-loaded activated carbon microbeads

— loaded with 20 wt.% doxorubicin for treatment of primary liver cancer
(hepatocellular carcinoma)

— 5 kG field to localise
— 2 of 3 trials halted as no significant effect

— third trial: 28 results to May04, median survival 63 weeks c.f. 43
weeks without targeting



Hyperthermia treatments:

» Localised rf heating of tumour-injected magnetic particles

— Mmamma

- field
generating coll

- water cooled
cooper tube

Schematic of breast carcinoma
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Hyperthermia treatments:

 Clinical trials

— European Organization for Research and Treatment of Cancer,
phase lll trial

— Silane coated magnetite (Fe;O,) nanoparticles

— direct injection into brain cancer (neurofibrosarcoma) tumours

— 200 G field at 100 kHz for 15 minutes to induce cell necrosis (45 °C)
— 12 patients treated to May04

— mean survival 23 weeks c.f. 12 weeks without hyperthermia
treatment






Biomagnetometry:

« Detecting and quantifying magnetic nanoparticles in vivo

Satellite Observations of
Magnetic Fields Due to
Ocean Tidal Flow

Robert H. Tyler,'* Stafan Maus,* Hermann Liihr?

Modern magnetic field sensors
are incredibly sensitive

1 19 15
Soular reakiial wl 430 iom althude (nT)



Biomagnetometry:

« The London-Houston biomagnetometer

— Combining (1) magnetic fingerprinting,
(2) magnetic field sensors and
(3) magnetic biomarkers

— A range of diagnostic instruments to detect magnetic material

— Examples:
tagged cancer cells or tumours
iron overload diseases
pharmacokinetics



Biomagnetometry:

» Potential for pharmacokinetics

Nanoparticles illuminate brain tumors for days under MRI

PORTLAND, Ore. - A research team from Oregon Health & Science University and
the Portland Veterans Affairs Medical Center is demonstrating some of the world's
first clinical applications for nanometer-size particles in the brain.

The OHSU scientists have shown that an iron oxide nanoparticle as small as a
virus can outline not only brain tumors under magnetic resonance imaging, but
also other lesions in the brain that may otherwise have gone unnoticed, according
to a study published in the journal Neuropathology and Applied Neurobiology.

The iron oxide nanoparticle, ferumoxtran-10, can be viewed as a confrast agent
under MR for more than 24 hours, sometimes as long as five days, said the study's
lead author, Edward Neuwelt, M.D., professor of neurology and neurological
surgery, OHSU School of Medicine, and the Portland VA Medical Center.
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Magnetic actuation:

« Underlying concepts

— Many biological processes occur s ool
in macromolecular complexes in
the cell or at the plasma T
membrane. reticulum

— By manipulating the position or nucieus
activity of these complexes, we
can control cell behaviour.

golgi

mitochondria

ribosome = e [ysosome



Magnetic actuation:

« Underlying concepts

— Magnetic nanopatrticles can be
coated with derivatised linker
molecules that bind to selected
bioactive molecules such as
drugs, peptides, or proteins.

— By manipulating these
magnetically tagged molecules
at the cell surface or within cells
it would be possible to locally
activate cell processes and cell : (eyiopisem-ireide 08 co)
signalling




Magnetic actuation:

» Potential for more effective pharmacology

— probing drug delivery, specificity, functionality, effectiveness and
kinetics at the cellular and sub-cellular level

@James A. Sullivan www.cellsalive.com ®&James A. Sullivan www.cellsalive.com

Human macrophage White blood cell



Conclusions and Prospects

Some biomedical applications are routine
— magnetic separation via cell and protein labelling
— MRI contrast enhancement

Others are undergoing clinical trials with promising results
— targeted drug delivery
— hyperthermia treatment of solid tumours

Others are at the proof-of-concept demonstrator phase
— magnetic tweezers
— London-Houston biomagnetometer

There are many commercial opportunities in this field
— In vitro, as well as in vivo, in animals as well as humans
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BIOGENICMAGNETINE PARNCLES INTALZHEIMERS
DISEASE BRAINAISSUE

QuentintPankhurst

LLondon Gentreifor:Nanotechnology.
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SUMMARY,

Alzheimer;s.disease|(AD)jis the most common form ofisenile.dementia;
affecting millions; of:people’across theworidievery year

Attericorrectingioriongevityso0 o1 AL SUTIerersarewomeniandidoyasare
menE=thelongimofithisigenderdifierencelsnoikaown

liny:magneticiparticles;are presentinall’humanrbrains; at very/lowlevels;
whichiwe can measure using/new: methods

IMoursiudy e oundithatdiwosnirdsiotnewomenisufieringiromALad
apnormallydargelevelsiotimagneticiparticlesinthensorains

This draws atiention/tothe roleofiiron|in /AD; and offers;a potential
diagnostic rolefor:MRI'brain scans
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INTRODUGTION

Qur-hypothesisiis:

‘that the presence ofimagnetic biominerals;inithe brain|can provide 'a diagnostic
indicator: of neurological diseases’

Our:approachiis:
lo/locate’and characterise the:magnetic material:

Estaplished=nistopatnologyAsectioningstainingrmicroscopy)

GurrentE=invitroySQ@QUIimagnetometry.
GutarezZE=invivoimagneticresonanceixmaqgrng(vini)

oramagneto=encephalographyAMVEt)

Our immediate goallis:

tojestablishiwhether. magnetic. materials are present intfabnormal
concentrations using /n vitro) SQUID magnetometry
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HISTOPATHOLOGY,

Perisistainiforiiron|inian AD'shows anrassociation of iron with'the
neurofibrillary tangles;and plaques that.characterise AD:

JAYD, su-perior - Control ‘
temporal gyrus)
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MAGNETIC EXTRACTION

* Recentiworkion'magnetic extractions from the' human hippocampus
shows up magnetite/maghemite nanocrystails,
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SQUIDIMAGNETOMETRY.

Superior:temporal gyrus;samples,; preserved by /freezingat:-80 °C; ca: 1
gram by /weight; supplied|by:MRG;London Brain Bank-:

=N TSTICONori-SIXésampiesyal/iemale;
seSecondiconpriatwentyssamplesstenimalesteniemale:
lissues very dilutei—ca; 200/ ng/g magnetic. material:
=Sleasureusinganmultrazsensitive
superconauctingiquantum
InterierenceldevicesS@uiD)
magnelometer;
=Sionths ordestingioarriveiat
airellaplelmeasurement protocol

/ Saraple
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SQUIDIMAGNETOMETRY,

s M:Hicurves dominated|by the diamagnetic response ofithe'tissue:
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SQUIDIMAGNETOMETRY,

» Model'theM:H|curves asiai'sum ofithree magnetic contributions:

=
c
h=]
=
5]
i)
]
c
=)
o]
=

Magnetisation (M)

0

0
Field (H)

Field (H)

[Diamagnelic SUperparamagnetic +  Eerrimagnetic
lissue Territin magnetite

linear; negative siope Gonstralneadiothal or, litted; Ignaoring
fiuman spleenierritin tfie smalllGGerGivity.




London Centre for Nanotechnology

SQUIDIMAGNETOMETRY,

s M(dy) shows aferrihydrite blocking transition atii2/Ks
+ |RMishowsithe presence of:magnetite'and/or:maghemite:

0.00000008 0.00005
0.00000008 L

0.00000006 0.00000006 |-

0.00000004 0.00000004 i

0.00000002 |
0.00000002 i

N R

L 0.00003
0} L

-0.00000002 |-

-0.00000002 | -0.00000004 Locboviii i 0.00002

0 2 4 6 8 10 12 14 16 18 20

o
~
>
e
)
S—
c
o
—
©
(2]
“—
)
c
o)
©
=

-0.00000004 | I
0.00001

Remnant Magnetisation (emu/g)

L !iiii' -
-0.00000006 | "iéﬁifi"*i*:;;

;2"';'z*;+§§;§§i§¥itg§i--;§5!§

000000008 Lo vt o v 0

100 150 200 250

L 1 | | L L |
300 5000

Temperature (K) Field (G)

Slide 10




London Centre for Nanotechnology

SQUIDIMAGNETOMETRY,

s Extracted/M=H curves —fitted|as ferritin plus;magnetite.
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SQUIDIMAGNETOMETRY.

s Even without case-by-case scrutiny;
ADfemales;clearly haveimore
magnetite/maghemite'thanthe others:

=aStatisticalianalysisx
Mann=WhitneyarankeSuniest;

=eNoxdifierences;betweemAland
controfimales;y pi=0)256ynorbetween
theymaleandiiemalelcontrolsapi=
0)/88!

=SSignifricantiditierencesbetweenAl
andicontrolifemalesyp)=10005rand
petweenitneimaleandiiemale’Al)
subjectsy p)=10)030)

Magnetite concentration (lLg/g wet tissue)

Control AD Control AD
female female male male
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WHATTHISSMEANS

Thereis;ameasurable’and/quantifiable differentiationibetween|the
pathogenesis;of:ADInimenand/women:

Thereisa potential role for disrupted/iron homeostasis in|AD:

Therelis support for the hypothesis that: aimalfunctioniinitheiron
pbiomineralisation cycle undertaken by theliron storage proteinferritin
may bea significantifactor/in' AD pathogenesis.

Slide 13
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SQUIDIMAGNETOMETRY.

» Acrossall'tissue samples —male; female; AD/and controls.— seea
correlation'between theitotal magnetite .concentrationand the
percentage of:magnetite'that isinanoscalejiie; <50/nmiin size;

—e— AD female
O ctrl male

O ctrl female
° AD male
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4

WHATTHISSMEANS

Apossibleianswer tora 50 year:oid conundrum: why:does theiiron

contentiincrease in diseased/fissue whereas the amount.of ferritin does
not?

=N Proposeheiacceleratediqrowin
ofinanoscaleynagnetiie O

3-fold

=Gonversionofithex8inmisized channel
rerrinyaritercores;ofinesiorage
rerritin

3-fold 4-fold
chanmel channel
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MRIISCANS

4

New:4.7:1; 90/ cm bore fastispiniecho system at:UCL.
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MRIISCANS
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MRIISCANS

» We have starteditests with'ping-pong balls:filled with|different
concentrations ofiwater-and ferritin:
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CONCLEUSIONS

Alzheimer's disease:

=SSweNndameasuranieystatisticallyisignificantdifierenceloetween
magneticinanoparticiesymADImenandwomen

SWeproposedniaceeleratedgrowlmotinanoscaleimagnetite and/or;
maghnemiteNnierrtinyandanincreasennironioading

Eurtherworks

eNTarinersworkcomrDiransgenicimice
=sscontinuingiviRiistudies
Smuchmoredolearmiromicross=dIsciplinary.communicating
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EINAL THOUGHTS

So'what havewe'learned?

=Nthatibrogenicimagnetismiusiworthpayingatientionito; andimay.
peanimporianticiugexoyronimelanol/sation malragnctionsinthenody.

What'is the'scope'for:medicallimprovements?

eNthereymayoediagnosticiorievenitnerapeuticimplications,; as
evidenced byrecentiworkonvitaminsiyorzADreatment

What elseis there to do?.

=Sswelnavewarelyscratched thessuriacesinerenaveioeenveryiaew,
studiesiofibrogenicimagnetisim

sSSwhatihappensioxhexerrtinintheliversspleenorbloodr.

=ndoyanaemiaisutierersgetiADY.
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