WO 01/ 39217 PCT/ GBOO 04517 -1- MAGNETIC FLU D This invention relates to a
magnetic fluid nedium (a ferrofluid) which conprises a suspension of
nanoscal - or ferri-magnetic particles dispersed 5 Ler

l'i quid. Vgohﬁ%dég%s for making the ferrofluid is also di sgicgls(’chP%gel?r of | ui ds
are stabl e suspensions of nanoscale f-erto- or ferri-magnetic particles in
carrier liquids. The particles are small enough that thernmal energy 10

mai nt ai ns aMAGHEITI CdFS@ADsi on. However, regardless of the procedure
hitherto used forsunthesiging LLEAL! ulds, Lhg diapensiion dsungl vi sperse
(i.e. there is arelatively Wi de range of particle sizes). e term

"f er r omagnet(pcteirgodflignl) usdd chn conerases 25 suspemsiase ofaterial s which are
ei ther "ferranRARelieC'er@o-" b8! IHTRANGEGR et 1 ThBapesaRl: iRy My be
utilized to prepare fluids containing férro- or ferri- npagnetic nanoscal e
parti 8l es. A8cor PAGIES &iGUWist adpPEOCEESt BOTpFrékdRS 23S nvention, there

i s providedrarpagnetidc ifd wiidomadiskmogwhi ch conprises a plurality of ferro-
or ferri-magnetic parﬁicles, eachsg whi ch F%r,ticle has a | ar gest

di mensi on no gr eAC&F AT IF0GHR SEAPd SpSHSPEREL RSy Pirg PAESTF e par ed by a
process whi €brirgcl wdeSexrdt-epgnetde wareicllee par idagirderand durded w t hin
an organic crompl.ecul ar _shel |l ... Preferably, the ferro- _or ferri-nmagnetic
particles i epgrplgércgggt a&ierrgﬁ?il&n eﬁ%’u& e§¥‘5‘rt Fﬁlgﬁ“?&nr%nerﬁ%ye pref erably
no greater mhantidSmm a3@tRbdkeeddlsperstiba .maioeever,| oegarediasa it

nonodi spers b i a e rt.l .0 . e fluid do not vary
intheir | a?&gs%ér%&ﬁgﬁg}ggﬁq@@r%r Fél%eﬁargggbtggﬁc%%&l@ﬁrng]erabI y by no nore
than 5% Nofgalrbyfluike nahepaispereson s beolydispgrsg (i.e. there

is a relatively wide range of particle sizes).

The term "ferromagnetic" is often used in the art

15 to embrace materials which are either "ferromagnetic"
or "ferrimagnetic". The present invention may be
utilized to prepare fluids containing ferro- or ferri-
magnetic nanoscale particles.

According to a first aspect of the present

20 invention, there is provided a magnetic fluid medium
which comprises a plurality of ferro- or ferri-magnetic
particles, each of which particles has a largest
dimension no greater than 100nm, said particles having
been prepared by a process which includes a step in

25 which the particles are formed within an organic
macromolecular shell.

Preferably, the ferro- or ferri-magnetic particles
have a largest dimension no greater than 50nm, more
preferably no greater than 15nm.

30 Preferably, the magnetic fluid medium is
monodisperse, by which we mean that the particles in
the fluid do not vary in their largest dimension by
more than about 10%, preferably by no more than 5%.

Normally, the nanoparticles will be generally

35 spherical in shape, in which case the largest dimension
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35 spherical in shape, in which case the |argest dinmension SUBSTI TUTE
SHEET (RULE 26) WD 01/39217 PCT/GBOQ 04517 -2 will refer to the dianeter

of the_pg&;&ﬁ%g“h!n some circunmstances, other particle PE?@?&%@&&@; may be

est abl i shed ich case the size of the particles is

terns of the largest dinmension. 5 As a-result of the process by which they
are forned, each of the ferro- or ferri-magnetic particles is initially
at | east parvidl|yebteronnodaeediamehen ah tbegaarticherondhesuhe. |In one

erbod et IFciROnghiCe ThUd, TEALUTLOL ROSOhAYEOLLANCOTBL! SOS L e

particles 10 sti acconmbda e or ani comacr onvl ecul es  wi t hi n
whi ch they agetablished|intwhicknbadenehe, sine obryhai panhicdesl ésul ar

shel | may be dppeti@ngdi sgdcéses o@etﬁwlakgeéeoaméngﬂéﬂd' ment, the
organi ¢ macronol ecul ar shell is renoved eave the 15 nanopartlcle itself

and i P yet a furtheraehddd henf, the nRroFgani by nikiehoreevi areshel | may be

carboni zed tformé@yi dgci ArbRa f@yﬁds S@frﬁélf!ﬁlinﬂa@n@@ﬂ@pﬁéirt%@esore The
term macronol| ecul e h asse nmo] ecul es, and

e a nol ecul e
may have a nbf etut&td 3§Ygﬂ? f%ﬁstp%ﬁti%bbxtﬁc?9ﬁweg?¥9dl8§Eh%ﬁaﬁn500kD
The macr Orml@ﬁgduelcshﬁ)aklszt’d)@l@@ﬁ)]a@l e Dh oﬂ@C@rﬂB@dﬁmeﬁg Othétmhgﬂé{:l@artl ally
acconnndath&L errl-nagnetic articl herefore

conprise a SUI%%.|%F€% |t?P£%$%b+%V%? tOht &7 ﬁbs?ﬁetﬁ% Bﬁ??igﬁgs such a
cavi t30 wi | | siot il dgcdrenddit ¢d emct bsedthad dhgant bemamconabeeclies.

Ao T oat L Ve ek e WiIROL ARCLOUE FRYn RO AR Badll LABLE: QPR Ngnth oD 'S

not fully surrounde nevert eless iS ca récerving and
supporting t¢%9¢ﬁ&ﬂmﬂ¢@¥?ﬁ@l¢%wbarf%hegb @&Enbﬁefunﬂélgp@hlﬁgdnéyebe t hat

defined by as psap!l usInlghé@@ema@irﬁ@H&e el LABL R O gani ¢

macr onol ecul es whi ch may be used
macromolecular shell is removed to leave the

15 nanoparticle itself and in yet a further embodiment,
the organic macromolecular shell may be carbonized to
provide a carbon layer surrounding a nanoparticle core.

The term macromolecule here means a molecule, or
assembly of molecules, and may have a molecular weight

20 of up 1500kD, typically less than 500kD.

The macromolecule should be capable of
accommodating or at least partially accommeodating the
ferro- or ferri-magnetic particle, and may therefore
comprise a suitable cavity capable of containing the

25 particle; such a cavity will normally be fully enclosed
within the macromolecule. Alternatively, the
macromolecule may include a suitable opening which is
not fully surrounded, but which nevertheless is capable
of receiving and supporting the magnetic particle; for

30 example, the opening may be that defined by an annulus
in the macromolecule.

Suitable organic macromolecules which may be used
in the invention are proteins having a suitable cavity
or opening for accommodating a nanoscale particle.

35 Presently preferred is the protein apoferritin (which
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in the invention are proteins having a suitable cavity or opening for
accommodati ng a nanoscal e particle. 35 Presently preferred is the protein
apoferri&; l$vvhi ch SUBSTI TUTE SHEET (RULE 26) WO 01/39217 PCT/ GBOO 04517
-3 is fe ré]?':ﬁz%"n which the cavity is enpty). However, oFRBGBINP4SEDI e
proteins include, for exanple, flagellag. L-P rings and virus capsids. The
ferro- or ferri-magnetic material chosen 5 should be one which is capable

of being nagr@tfé:ﬁi*iﬁlinoiﬂe\blﬁﬂchhthefmda\bﬁt mlt@fhptya) ]gretﬁévtq@bégy or a{l _
Mtype or spi.nel ferrite. The netal, t alloy or ferrite nmmy contain
one or nore tfh?lfleslfjotf?%%n@?o‘é?ﬁ n’r%gfug%'ar%%e’ﬁ?@%?h,f%%?? ﬁ?r
chrom um cdbeR tyimpppand tOrdyspapsidem erbi um europi um gadol idni um

hol mMmum iron, | _lutetium manganese, nol bgenu neodym um
ni ckel , ni obi um %g%l agl um %%a%%rnﬂmma r?eg%%%d%&%ﬁa r ?r%n%‘ﬁ?um samari um
stronti um tsrdildnbe homé uwipicht 29 capabbnacli ure 1yg treadpheticahtly yt tri urr:c
15 The netal al oy, OF rei efer o i.n of._nore o
the foll ow n%l?&%%%%'l t ,h?r%ﬁyaé% grlli%{te%’ Iaﬁ ng%l'eé/len%g%%%f %ﬁel}tdhgey%%gneti o
fluid medi uRBfSPatel i fRehiton, The prial clestal e bteynmodaerdioe _
ot herw se engaseathid it notdesPrgsrd %Mé’%%!’ﬁgz%%ﬁﬁ{‘gﬁ' y protein

coating, that i nhibits aggregati on and oxjdation, and So provides
a surface WHEHYarPr P ihct FHET s it ovr P aber sSFOPPE¥F, a variety of

carriz@r |i quiyspraisald AcdwBnim f 0o ee5d Bt N o1 H10Tum EX@dPhum! he surface

may be functionalised,to render it. 25 hydrophobic, thereby allow ng

di spersi on i A 'norp aé?um’cg‘ﬁftieet?l‘f"i"q iarg %'erm%lx)ékﬁ%? Ufs to

functional i zeodyhel s fraicekenil | niderureXx gl ladiaunetglatimehng |igand to

e e, T U AT AR 005t o LIRS B,
thulium, titanium, vanadium, ytterbium, and yttrium.

15 The metal, metal alloy or ferrite preferably contains
one or more of the following: cobalt, iron and nickel.

In one embodiment of the magnetic fluid medium of
the invention, the particles are accommodated or
otherwise encased within the organic macromolecule,

20 preferably protein coating, that inhibits aggregation
and oxidation, and which also provides a surface which
can be functionalised to allow dispersion in a variety
of carrier liquids or attachment to contaminants. For
example, the surface may be functionalised to render it

25 hydrophobic, thereby allowing dispersion in a non-polar
carrier liquid. Another example is to functionalize
the surface with, for example, a metal binding ligand
to enable the medium to be used in applications for
removing metal contaminants from materials such as

30 waste materials.

In this embodiment, the ferro- or ferri-magnetic
material chosen is preferably a metal, such as cobalt,
iron, or nickel; or a metal alloy; or an M-type
ferrite. More preferably, the ferro- or ferri-magnetic

35 material is a metal or a metal alloy.
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In this enbodi nment, the ferro- or ferri-magnetic material chosen is
preferably a metal, such as cobalt, iron, or nickel; or a netal algoy; or
an Mtyp ferrite. Moire preferably, the ferro- or ferri-magnetic 3

mat eri al %Y%O]é”ﬁ"gt al or a netal alloy. SUBSTI TUTE SHEET (R@%@@W‘S\l\b
01/39217 PCT/ GBOQ 04517 -4 The present_4invention nost preferably nekes use
of the iron storage protein, ferritin, whose internal cavity is used to

produce nanoscaleTHangEBQn@aihveh€§on E@éﬁ'%k@f@@§b@y”ﬁéﬁ&§'ﬁ%e“%kght of
400kD. Ferrlébn LS in iron petabolismthroughout |1ving species

and its stru ﬁrér?g ﬁFﬁﬁ??e BﬁgE?%ﬁd SbhyttRentRpee éBH§F§P§ of 24
subuni ts mhlcavseyfiasseaﬁlEOtpr@dﬂuedﬁan@sh@léOMéghéticr9&98&&1%% nmin

out er di amet a | apet er y normal |y stores 4500
10 |ron(lll)ﬁé¥r%% ?nﬁ fe fo e%? %ﬁrgﬁbﬁ % 4$€$$rhyﬁ?FFé XPioﬂxéver, this
ferritydri teutaihlbed tenbved r(latébo11$mntheamgﬂoﬂf: 1evinhdydpeteebs termed
apoferritin o] r be | rated. The subunits in
fePrltln pack tlpﬁt ég?%%gg%g i?h gﬁ%% g?%ggﬁaﬁﬁe ot h?ﬂe nglty at the
3-fold and 49@%$H5t%x@§ 2qheubpnesent Viphesel f edssembbevtecorevide use in

the invention hs116 @H@i?rféﬁéﬂﬁ‘lj}”f’i ehifl YR Gl DRSq A&, 1¥£ty of hhg order

of 8hmin dianeter. The ferro- ferri-magnetic particles to be
accommodat ecPRi § R EHRRe BRr pﬁ’%YJe'FYl Whi¢h h%@’ém%llhi’aﬁ?@@ms ups€® about 15nm

in dicamet erlrcafs 1he) piedms nlﬁaihétf@irﬁfbfopéf&%@@g@i@ a larger particle
be_found naturally in vertebrates,

t han one 8n ter rritinc
i nvert ebr at €% qﬁﬁ Eltﬁtnmﬁ%w?MQ@ts bacterrahvi¥icancansbal so be produced
synt heti cal I:;emdmeadlghar@mﬂimﬂeﬁ@r&lmﬂu%rrﬁ%b‘ﬁ/@tb@ttérrfxéans may be
cent1 ol % gl L0l ML L) o 50 PESSL ELS. Lo
The subunits in ferritin pack tightly; however there
15 are channels into the cavity at the 3-fold and 4-fold
axes. The presently preferred macromolecule for use in
the invention is the apoferritin protein which has a
cavity of the order of 8nm in diameter. The ferro- or
ferri-magnetic particles to be accommodated within this
20 protein will have a diameter up to about 15nm in
diameter, as the protein can stretch to accommodate a
larger particle than one 8nm in diameter.
Ferritin can be found naturally in vertebrates,
invertebrates, plants, fungi, yeasts, bacteria. It can
25 also be produced synthetically through recombinant
technigques. Such synthetic forms may be identical to
the natural forms, although it is also possible to
synthesise mutant forms which will still retain the
essential characteristic of being able to accommodate a
30 particle within their internal cavity. The use of all
such natural and synthetic forms of ferritin is
contemplated within the present invention.
Carrier liquids for ferrofluids are known per se.
The carrier liquid may be polar or non-polar. Typical

35 polar carrier liquids include water, lower alcohols
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essential characteristic of being able to accommodate a 30 particle wthin
their internal cavity. The use of all such natural and synthetic forns of

ferritin tenplated within the present invention. ids for
ferrofluyg§mﬁﬁgnknomn per se. The carrier liquid may be pofkﬁ%w&kﬁP

non-pol ar. Typical 35 polar carrier |i-guids include water, |ower alcohols
SUBSTI TUTE SHEET (RULE 25) WD 01/39217 PCT/ GBBOQO 04517 -5 such as et hanol ,
synt heti c esseeis. ayw¢9hamelpresnnhéyicpeetersed Wadyprcabs poaspotay carrier

i quids whic éﬁ ﬂgﬁrus? f&&loﬁgﬁ;%§1§9'¥£P£§?§“§Eﬁ&?d§eﬁh fas; m¥y! ene,

or tol uene, ocarbons ol s e ers,
perfluoropol@@t%@¢@ a§¢|@hg@mg@a$©bﬁgntshéﬁ@ba&%o Gpténestvyéﬂée The

nanopartlC'eérn@dlggn@re@@ﬁég deeo@£998§§ Ipolyengeo@ssugeﬁpﬁheﬂy@f the
organi ¢ macronol ecul e, pi cal in an aqueous nmedium iS conbined with a

10 sour ce ofeflpss fp?ﬁélﬁﬁﬁ?B%}Y%FEeﬁﬁtaFIBFhK@¥9F§r9ﬁF§h is to conprise

or consist theldeaepahs] cbe. st-égenatively, but presently less preferred,
the source of netal ions é g resent in sus egskon to which a_ source
Hde: &

of organic macronbPecHRROPRT 33Y The R¥XP3 YoPgBAPESRECHBnDl ecul es

and netal iwHScHBy @@spgmbﬁbﬁdofOtEésufgah@abgearaﬁbnéaulwhere t he

nanoparticle_is.to ﬁg rise the el enen re uct gn is effected,
LY SShonBitf

preferably UHRIET2 Br i at ABSphEr B 6Hmthés §Fon" ereby 20

nanosical e nE$@mr@ar®fciensfofnthﬁphpprbp31apgamgtalnarrmﬁbbésuw91CHV|ty
Where the naf&p@été8%§¥|c orfSSE%RSt gﬂeo§h %ﬁglb§eeffected wher eby t he

ferrite nanosca es are forne e organic nmacronol ecul e
cavity. The‘AbU@nm$©hV©kydabubnpgeégnﬁhy QgsbepréﬁéﬁF@d beh@e8AUHEEi ti ons

of metal ionse(ybigh BYs ReytBe 528BAt 9hfLGEEBLsEBneashwhYEhe) to build
up the source of organic macromolecule is added.
15 The mixture of organic macromolecules and metal
ions may be agitated to ensure homogenization.

Where the nanoparticle is to comprise the
elemental metal, a reduction is effected, preferably
under an inert atmosphere, on the suspension whereby

20 nanoscale metal particles form within the organic
macromolecule cavity. Where the nanoparticle is a
ferrite, an oxidation is effected whereby the ferrite
nanoscale particles are formed within the organic
macromolecule cavity. The reduction/oxidation step may

25 be repeated between additions of metal ions (which may
be the same or different in each cycle) to build up the
nanoparticles.

The resultant suspension may be treated to remove
particles not accommodated with a macromolecule, for

30 example by a dialysis technique. If desired, the
encased nanoparticles may be isolated, for example by
centrifugation prior to suspension in the desired
carrier liquid medium.

In some embodiments, the macromolecule casing may

35 be removed to leave the nanoparticle without a coating.
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nanoparticles. The resultant suspension may be treated to renove particles
not accommobdated with a nmacronol ecule, for 30 exanple by a dialysis
technlqugm”thg ired, the encased nanoparticles may be '?8* gmﬁipr
exanpl e by cen rlfugatlon prior to suspension in the desire carrier
liquid nmedium In sone enbodi nents, theémacronol ecul e casing may 35 be
renoved to | eave the nanoparticle mﬁthout a coating. SUBSTI TUTE SHEET
(RULE 26) WIFFo1/8%20pleCTwEBoe/ b 1goat enFoks exappbesimherkishwagoating is

a protein, thissoRycupeqdenabugrd wfogggmpigr E?ﬁ”@ﬂlﬁng?pkhﬁhéﬂge and the

denatured protein naterial renbved by, for exa ysi's or
centrlfugat|%%n35u¥ﬁdoPH@Feéﬁb@ﬂ?%@h@% r?ﬂ%v%%sbhg ey e¥awmiBoni zed to

provi de a caap@pygggtbggc@ﬁtghguggfibﬁles This may nost preferably be
acconpl i shed in susp aser pyrolysis, However, an alternative is

i on
T hro the SERPePRLe ahoafghes MY ERe Yonsind oy obe SRebPhired 10
exanpl e by hte@tpﬁgvidieaafuaﬂ}aﬁle c@&tﬁﬂigt@nl"@ﬁéls}p@ﬂﬂidﬂgest heTnastmgyes in
the desired carrier resent

f
vent s on. -t b EERFRTHREY ) S E FLEEEA T Pk et S B EBRERG et hod
may be utillpxxblysihts Hoeéeeredan151E®tmmkne®tlsTbe psotass bergins wth

the removal 9l {0 oLeLhbVALL!Ea008; 1L oML NG JBLLYChE {1 L, N adueous

sol ution, e I ncorporatron o nagne Tica ly ofr dered net al
partﬂdles byeX#@@lQXbﬁph@atE@gsbﬂl@nf%nm%@gdrpueoreU@ctﬁ@uSpénénnaqueous

metal salt u;%apelwég metﬁ@raééwe&aaafff% mé G{ymy be followed by
(0]

t he generatlon a narrow size distribution xanpl e t hrough
ultracentrifugatiBh @ PTREHFESH coBReBIBR Moot aFlee tPES S8R Bher si on of t he

invention, the organic macromolecule is apoferritin.
The following method may be utilized in this preferred
15 embodiment.

The process begins with the removal of the
ferrihydrite core from the native ferritin in agqueous
solution, the incorporation of ferro- or ferri-
magnetically ordered metal particles by, for example,

20 sodium borohydride reduction of an aqueous metal salt
solution into the ferritin cavities, which may be
followed by the generation of a narrow size
distribution, for example through ultracentrifugation
or magnetic separation, and the dispersion of the

25 particles in a carrier liquid.

A metal alloy core may be produced inside the
apoferritin protein by sodium borohydride reduction of
a selection of water soluble metal salts. Other
reduction methods include carbon, carbon monoxide,

30 hydrogen, hydrazine hydrate, or electrochemical.
Similar reactions may be used for the production of
rare earth/transition metal alloys. Alternatively, a
suitable solution may be oxidised to yield an M-type or
spinel ferrite core. Oxidation may be chemical or

35 electrochemical to yield the metal ferrite.
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25 particles in a carrier liquid. A netal alloy core nmay be produced inside
the apoferritin protein by sodium borohydride reduction of a selection of

wat er so&&i%&ﬁ§ tal salts. Other reduction nethods inC|u§§F&ﬁ%Qﬁﬁ$Tcarbon

nonoxi de rogen, hydrazine hydrate, or electrochem ar
reactions may be used for the productiom-of rare earth/transition netal
alloys. Alternatively, a suitable solution may be oxidised to yield an
Mtype or spinel IThembretedeanél, Oxhdaprobetmyfbertheni ¢al ueed3bo

el ectrochem cal yLe he netal ferrite,  .SUBST|TUTE SHEET (RULE 26) WO
01/ 30217 PCTTEEbOTGART 7o ) HEnEPEr GeraP et i ReoRTBLELR FRPFRL i n i 5 used (o
encl ose a fetavgest femensfiagnesi ¢ipatedcbg whesé nhaigest dimeaseon is

mted by the B.pmianerodiABRER asOLeLELAl LbBvEa) Lhouoh Az, Bhatgd above,
this is capable 5 of exi ng to"accomodate particles up to apbouf 15nmin
di ameter). ThE phexiBPe8Capecpmpadacd PEFEECE?S BENbi Agoukelfamr ihydrite

core to yielg; apoferyitidhe Eaétﬂexegea99n§r8auegalf&&gtag i nst a buffered
sodium acetate solution under_a nitrogen Tl ow  Reductive 10 chel ation

using, for ex@APYERIt PBgFFEBii¥dRéta AayeheC Wieddt BPPERBYLLRe
ferrihydritergoreay Thesdony b¢ aialievwedagyinepeat pdrdeabisksqagai nst a
sodi um chl ori de solutigg.to coggletel¥ renove_t he reduged ferrihydrite
core from sofTEFdnS $8'Bht8%t HBYapofel FF?ﬂePstPBducgﬁ,uﬁﬁbﬁ@tic

partixd es arehéheoiporasidg] nfbheekahnpdwi nghwaysycdhec acidt mayg by reduci ng
a netal saltugééL%$oP &gvgh hepggsggﬁe gftgpgfgérit&gisTQis %s perfornmed in
T h n%?af a4 ron 28

an inert atnosphére To protect e partircles i dati on which
woul d | essenfehkdwedugyierépepropediabysis Aaganbsnatai endofimnehabrsdets in

sol ution cans& $0i b8 t&edYGET-L019ePeRaLE AhLOYSauBEaPEESHE AR TREET I Al'S.
core from solution.

15 Once the apoferritin is produced, magnetic
particles are incorporated in the following ways. The
first is by reducing a metal salt solution in the
presence of apoferritin. This is performed in an inert
atmosphere to protect the metal particles from

20 oxidation which would lessen their magnetic properties.
A combination of metal salts in solution can also be
reduced to generate alloys, or precursor materials.
Another method is to oxidise a combination of an
iron(II) salt and another metal salt. This gives a

25 metal ferrite particle which does not suffer negatively
from oxidation. The metal salts which are beneficial
include salts of aluminium, barium, bismuth, cerium,
chromium, cobalt, copper, dysprosium, erbium, europium,
gadolinium, holmium, iron, lanthanum, lutetium,

30 manganese, molybdenum, neodymium, nickel, niobium,
palladium, platinum, praseodymium, promethium,
samarium, strontium, terbium, thulium, titanium,
vanadium, ytterbium, and yttrium.

While the production procedure detailed uses

35 native horse sgpleen ferritin, this invention should not
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Anot her nethod is to oxidise a conbination of an iron(ll) salt and anot her
netal salt. This gives a 25 netal ferrite particle which does not suffer
negati vel from oxidation. The metal salts which are beneficial include
salts of‘é?ﬂ RlUm barium bisnuth, cerium chromium cdSIVEBOOEAHTer
dysprosium erbium europium gadollniggl hol mum iron, |anthanum

| utetium 30 manganese, nol ybdenum neodym um nickel, niobium palladium

maﬂnwnrwm$@%Mu@1MQﬂwmﬁwm$@@%M%lS@éﬁ%ﬂ%c§%@&m thulium
i i um and ttrlun1 Wi |l e _the productlon procedur e

titani um gnadlunl %8%
detail ed use §§dn&P| §@t§ﬁleéﬁ FéFFPFPﬁesth§aPﬁ@entN@ﬂlshould not
SUBSTI TUTE SHEEREtRUDE c2&) 1A &i/&Q%hYpEGEhGB@OEQ&5&§h 1@ LS eRM tAS

limted to t Ferritin can be found in vertebrates,
|nvertebrateg%E8ﬁ9%P%% ‘fungi, yeasts, bacteria, or even produced through

reconbbnant techAifgfessths prbeucthenpoddutel derab-t be femrd— or ferri-
magneti c par ot p i C d dir ctI

magneti c fluﬁgghgg n??ﬁ???%%% %ﬁ %ﬁ%e%ﬂs %GSE ngi%&rfﬁgr i
used throughdl§?FﬁéUtﬁénaoﬂasﬁét9§rﬁﬂ@ﬂdsm@dlumelﬁepas§ﬂwaﬁ|on 10
Passi vati on wa@&b&acbtﬁ@r”@&rggeBe&EQBQEg By %@th%%d EO%OB tein in a
surfactant or by derivitising it with rgani ¢ chains. r, the

i nvention sh8%FdaR6E°BeCtsEBR §§rFPﬁﬂ?§dOﬁotbﬁé§epﬁ§§h@é§lfﬁlher carrier
liquids MhlCbaﬁBvaQ1b§edraé§tQég@ﬂbﬁ &QbV%@t§e§¥%gm@§ b%ScB%QE%@e xyl ene,
or tol uene, Pgdroca bons énthe& esters ygl ycol s, pol yphényl
ethers, perftitioPdp F§8th8r SHF 8ﬁ§3P5c8FbéﬁsdeﬁéV&EéFB&ﬁs1toW1t§tyrene
Met hods f or bhgapiepahatihen ofiotvereef | uhds ingeatdescehbadd nodSpRat ent No.

6068785, ¢ he,gant £at 10f; 20,W0LCD,LENEEERY SLNCOLpRLat od, bY reference. A

can be

liguids which may be used are organic solvents such as
15 heptane, xylene, or toluene, hydrocarbons, synthetic
esters, polyglycols, polyphenyl ethers,
perfluoropolyethers, silahydrocarbons, halocarbons, or
styrene. Methods for the preparation of ferrofluids
are described in US Patent No. 6068785, the content of
20 which is hereby incorporated by reference. A number of
books and references also discuss the science of
magnetic fluids, including their preparation. These
references include: Magnetic Fluid Applications
Handbook, editor in-chief: B. Berkovsky, Begell House
25 Inc., New York (1996); Ferrohydrodynamics, R. E.
Rosensweig, Cambridge University Press, New York
(1985) ; Ferromagnetic Materials-A Handbook on the
Properties of Magnetically Ordered Substances, editor
E. P. Wohlfarth, Chapter 8, North-Holland Publishing
30 Company, New York and "Proceedings of the 7th
International Conference on Magnetic Fluids", Journal
of Magnetism and Magnetic Materials, Vol. 149, Nos. 1-2
(1995) .
In this invention, one of the advantages of

35 ferritin being employed to fabricate a magnetic
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books and references al so discuss the science of magnetic fluids,
including their preparation. These references include: Magnetic Fluid

Applicati dbook, editor in-chief: B. Berkovsky, Be 25
I nc., yﬁggyi 1996); Ferrohydrodynamcs, R E. Rosensmg?g%n%gﬁﬁﬁgdge

University Press, New York (1985); Fer-rsemagnetic Material s-A Handbook on
the Properties of Magnetically Ordered Substances, editor E. P. Whlfarth,
Chapter 8, Noathitibkl ahdoRghl eshapguld0iGonpaaythélewiYorknabd UBedceedi ngs

f the 7th t i - : k¢ Flui dg” f

of e Tth. Lot gcaasongh.Cante sece an;bagieLi el u g iy of

i nvention, ofdzefdiRerabdvahpageshancegsther mpnpaibpenglewpbdy&diet o
fabricate a FRGnat i onaSWESHLIUFE: SHERT-LRULEF20N YOL0LH3821L BET/ GBOT 04517

-9 particle through encapsul ation, is that 1t can be use to sel ect
partictes of 2BPUAPHRofhFdHzBNATANSCRBRPERA §F2B14i5Yr PbuthBn enhances the
nmonodi spersi §yspérkhen.fluid, and allows for a nore uniformresponse to an
5 applied field ang an_enhanced s%abiliﬁg,gf he di spersion. Wen
generating ferrof VOFBsIPBFr G PBuSCTEBPIPLEEI HAS, VRAF1PYSdesirabl e to
address a raspgelotatiesaponstveénedssandblenper atdress Asrhageoblfui ds with 10
hi gher magnetization (or _thos ich_can_be used at__higher. te rat ures)
Ty be deoi rHBFEoRPREEEGh  ShE FOLESRAT P enphr af BFECDY Ledfs Mgt hei
magnetd ¢ propehéresagoet tggehnodr domt thabeywbhanhbeanndesiusaeldl et  Such a
change can | b 1 | ra t].6. ich is the
st andard Stgggg%?¥2€g?§§%%§§%§§? @%Eggﬁaég%ggﬁé??é gggggckggcg?e t hose

whi ch have peepR@RAt CaagREPEEatipel yneaeaisyg bheirhwagpeteént ati ons of the

moments W t hyr6speetebOtbN€essen dramatically can be undesirable.
Such a change can occur when particles become

15 superparamagnetic, which is the standard state of a
ferrofluid. Superparamagnetic particles are those
which have permanent magnetic dipole moments, but the
orientations of the moments with respect to the
crystallographic axes fluctuate with time.

20 Superparamagnetism depends on the volume, temperature,
and anisotropy or the material used. Via energy
considerations, one can derive an equation relating
these quantities. The volume at which a particle or
region becomes superparamagnetic (V,) is given by: V, =

25 25kT/K, where k is Boltsman's constant, T the
temperature in degrees Kelvin, and K the anisotropy
constant of the material. Using this formula, it is
possible to determine the temperature at which a
particle or region becomes superparamagnetic (the

30 "blocking temperature") for a given material at a fixed
volume. As an example, the fixed volume is 8 nm in
ferritin. If a cobalt metal particle with only
crystalline anisotropy (that value being 45 x 10°) is a
sphere with a diameter of 8 nm, the blocking

35 temperature is 353°K. By tuning the materials
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crystal l ographic axes fluctuate with tinme. 20 Superparanmagneti sm depends on
the volune, tenperature, and anisotropy or the material used. Via energy
consi derations, one can derive an equation relating these quantities. The
vol ume atVQRV9R1% particle or region becones super par amadGIIGRO0O4ALY | s
given by: VP = 25 25kT/K, where k is Bolfsman's constant, T the

tenperature in degrees Kelvin, and K the anisotropy constant of the

material . LB&HQOEPb§aE@H”HhEO EbrkS ¢ 1ROSE! R Gel @odGLeLF ne the tenperature
at which a particle or region _becones superparanagnetic (the 30 "bl ocking

tenperature"feFBPnélﬁﬁvéﬁsnﬁPQrF&WPQFaﬁuFﬁﬁeGanv@Puﬁé rassgd-exanpl e, the

fixed volune is 8TAm mAinfeppltitAtibh ér@ﬁgakbr”%hélmB%hE%QEefWhH@.Only
crystalline anlsotrggysgthat val ye being 45 _x 105 sphere wth a

di ameter of BEAM™ BckHG85°TeApEr SEALENTS §R tB?“Féﬁan t he

mat eri @l s swaﬁgnﬂ@TESSﬁEzit@auLEsaehrWEyo&baaaé7 BeTACREGNne453E7 - 10

;ncorporatedclnto%fe%é%t nksalﬂﬁ elﬂg ﬁg of resggnglveness and o .
enper at ur es"¢an-be addr eSS8d I TRE HarHTappl FEEPPHCEFead PEFSEHE S magnet i ¢

fluid medi usen$orheinnaehbildapanieseabbngn bpatchilassfiech Sndafping,
S or CREVELEMaE8hNGr BaBrDROMELLEC,GRLLI ST TON 1O 1N Prifting. @

transducer, a pressure sensor, In a speake as an optical switch and
for the for8e&lindof ordered structures. Seallng 10 The ferrofluid of the

i nvenid on may be wgedrierorseaki 89 anbeanindc BHCHa S Eh8§8du%89 in
conputer-disc- drive applications as descri é or exanp US Patent

Nos. 4673997S@RH1R%028 %ar%ﬂ%rc%ﬁ?hn@SOFh@aehuéﬁd mnléﬁmp§tﬁérébyc-
i ncor por at eddbyveedppenegeidhe 45 feseeibuidihs wsedekampeal @grotating

shaft through the. \se of¢20.89nula",B9BSL! ° ' € ,a0d 2PRYSLLE on 2 shaf

which is hereby incorporated by reference. The

15 ferrofluid is used to seal a rotating shaft through the
use of an annular magnetic pole and opposite on a shaft
which magnetically confine the ferrofluid between them.
The ferrofluid acts as a liquid gasket allowing free
rotation of the shaft.

20 Heat Transfer

The ferrofluid of the invention may be used as a

cooling medium as detailed in US Patent No. 5462685 the
content of which is hereby incorporated by reference.
One way to cool a device is to draw a ferrofluid

25 towards it using magnetic fields. As the ferrofluid
nears the device and warms above its curie point, it
loses a significant portion of its magnetisation and
becomes displaced by the cooler, more magnetic fluid. a
convective circuit is thus formed and the device

30 cooled.
Damping

The ferrofluid of the invention may be used as a

damping medium as detailed in US Patent No. 4123675 the
content of which is hereby incorporated by reference.

35 The viscosity of a ferrofluid may be affected by the
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whi ch magnetically confine the ferrofluid between them The ferrofluid
acts as a liquid gasket allowing free rotation of the shaft. 20 Heat

Transfer rof luid of the invention may be used as i medi um
as det aivégﬁ’?%ﬁbs Pat ent No. 5462685 the content of whi i%cﬁgﬁﬁdé‘frlggy

i ncorporated by reference. One way teigeol a device is to draw a
ferrofluid 25 towards it using magnetic fields. As the ferrofluid nears
t he devi ce pmeswarawss cdbhere axtemali engouiattic iftielldoseDree sxgmdliecait portion

of its magneti i : HEG0 i .t I re magnetic
fluid. A c%nvszl%ﬁe\%%g}{rjcsw t g&frﬁsﬁﬁgfﬁgﬁ s?%éj%ggvn?e(r:de “cool ed.
Danpi ng Thehambest [fuild asf wiid ianviantadd uksl: Boaus ddeasipp diaggdi imp nedi um as

detail ed in S Patsite Ml 75 d 8 e 160NLERE Al MU G, ik hateby

incorgorat ed by reference. The vi scosi ;fy of a ferrofluid may be

af f ecbed by feggofdUBSTITRURD \SHcer (@RIL & 16 E ne o 39 P vVEIRTiBd 04517 - 11

presence of +aR @HaNalr MANeld O ddRintd Or8 iy s tife susReRsd N shaft
or spring which is C(ﬁ‘l ned tofa chanber filled with a ferrof] ui Upon

d.
the appl i cafPgREtIC art S ShatFyRAL e of & FLad tvitd&siaGF biethe 5
ferrofluid idamgrl arigattarhd ke MBedeNef JoweRehadalt dhemhiaid. or spring

| essened. In this. wa .he ext.ernal . netic field may formpart of a
circuit tha#g%%—?%gp@ﬁ%ﬁ-&@gor novenents of the shaft or
sprimg. Securit FoQodiemgimpriyntdaigngk the Eerreddudid yfcodiing, the
ferrofluid qf, LRIS o MUSNHON, SR a%e.a”%%%n%%i% REned,c dunk, fqfg printing
and storing’information,” or may provide a uniqué nagnetic Si gnthure for
t he mar ki ngaofd Is&ek inet dfmrmagtiiesy, ¥ Gavamraydsigmentwiisrug tens. Al so, by
magnetic signature for the marking of bank notes or
other important documents or items. Also, by
15 dispersing the magnetic fluid in coloured carrier
liquids, it can be used as a printing ink which is
deposited through electromagnetic means.
Transducer
The ferrofluid of the invention may be used in a
20 ferrofluid transducer as described, for example, in US
Patent No. 4361879 the content of which is hereby
incorporated by reference. For example, an underwater
gsound generator composed of a ferrofluid in accordance
with the invention may be contained within a toroidal
25 container which has a rigid bottom and top and elastic
cylindrical side walls. A coil of wire links the
toroidal container and is adapted to be connected to a
dc bias source to produce a biasing magnetic field,
HBIAS, which drives the magnetization of the ferrofluid
30 well into saturation. Two oppositely wound coils of
wire respectively link the inner side wall and the
outer side wall and are adapted to be connected in
series to an ac signal source to produce a time-varying
magnetic field, HAC, which modulates HBIAS. The wires

35 are equally spaced in the volume occupied by the
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15 di spersing the magnetic fluid in coloured carrier liquids, it can be
used as a printing ink which is deposited through el ectromagnetic means.
Transducer The ferrofluid of the invention nay be used in a 20 ferrofluid
transduc®YO 84393bscri bed, for exanple, in US Patent No. 436T&BIO4A7 content
of which is hereby |ncorporated by refE%gnce. For exanpl e, an underwater
sound generator conposed of a ferrofluid in accordance wth the invention

may be cont afaedopitbin enbogehdabn25-gonaal Eﬁrtw@' 9th§§ alFlegE_dLoHOttom
and top and el asti.c ElXlln drical side walls. A coil of wre

toroi dal corPBPREREEN ?stéﬂﬁpY%HY%ngEOEBﬁn%EtEHetSeﬁroééubﬁasT§6urce to
produce a blﬁssngtmﬁgnEérﬁofleid motf%ﬁﬁﬁnmﬁhéhréﬁhagsdibécgﬁgﬁeﬁbza;'On of
the ferrofluid_ 30 tion. Two, oppositel coils of wre
respect|velyt¥|%ﬁm¥ﬁ%e?nE%F°§? e I?uﬁﬁﬁ ?%@ggbﬁtﬁFdél aaFP and are
adapt €d to bsupphyestedstinc seties to aheaSusrgﬂaalﬁQUWQEeto produce a
time- varylngppgggggi Séhgég HAC, which nodul ates HBIAS. The wires 35 are
equal |y spac occupi ed by the SUBSTI TUTE SHEET (RULE 26) WO
01/39217 PCT/GBCCTDaSﬂGrrOQQUi@r®bftuedlnvhatgoadmeytbequﬁﬁ in @he radial
di rection pf@ﬁ’f&'?’fuié‘e%{réggai‘é‘r%éﬂgoi% o8.Lhgeher EQL! Ll dy,

resulting ferrofluid fonint radi a |rect|on S transﬁggfed t hr ough
the outer el#8tY? BRERNGANP- 1 9¢3980Ppthe aeontent @bt vohchoishbesabyounding

wat er.o PresshéSrs6nsosd The ferépdhdd d Ofof heximyeat i Qnaipy-Penpssd in a
ferrofluid pressure sensor as df%érlbed for_exanple, .in US Patent No.

5429000 t he ROTTEH © of SMAPTh-FSIHEFR0T ﬁ%rm%ﬁlb%r%’éalw géPBEBRce. For
exanpl e, a dbf feleqt iahat pdil%iﬁgié@ pefsOLoh NEh udesapefedrpbguedigensi ng
el ement, or Slﬂg 1£h9és53€s9 posﬁ%éQQu%Q gi%?@%éggl gnetlc
ferrofluid slug is contained in a tube and moves within
15 the tapered magnetic field, which is perpendicular to
the longitudinal axis of the tube. The field has a
maximum flux density at its centre and tapers off in
both axial directions from its centre. In response to a
pressure differential of zero, the slug is centred in
20 the field. In response to a non-zero pressure
differential, the slug moves to the position in the
field where the net magnetic forces equal the pressure
differential. The position of the slug is sensed by
sensing elements which produce output signals that vary
25 according to the position of the slug. In one
embodiment the sensing elements are pickup coils that
are positioned to encompass the range of movement of
one end of the slug, or are a pair of pickup coils
positioned, respectively, to encompass the range of
30 movement of the two ends of the slug. The ferrofluid
slug thus acts as a movable core for the pickup
coil(s). As the ferrofluid slug moves, it changes the
relative inductances of the pickup coils. The one coil
or the pair of coils are connected in a bridge circuit,

35 which produces an output signal that varies according

SUBSTITUTE SHEET (RULE 26)



field in response to a pressure differential. The ferrofluid slug is
contained in a tube and noves within 15 the tapered rragnetic field, Wnich

is perpegdi to the longitudinal axis of the tube.
maxi mum %@%Zﬁsi ty at its centre and tapers off in bot EQ%B%&]& rectl ons

fromits centre. In response to a pressawe differential of zero, the slug
is centred in 20 the field. In response to a non-zero pressure

di f f erenti alto ttee sthangiovesindutttengesi tamd s hehe fpedsswher e t he net
magnetic forgg ?.e pressure differential. The position of the slug
is sensed by sensing elenents which produce output signals that vary 25
accordi ng td:lﬂwmltﬁon of the slug. In one enbodi nent the sensing

el ements are piCkppe COltSof NG SF e ROSiAVORErb dnPoOdP@ssat hg Lange of
novenent of _one end of the_slug, or are a pair_of pickup coils

posi ticoned, YRPRIFKRT 28 t P TP As sEQhSFIMRYIES of 1BV FovRReRE BP-the two

ends of the sdaims7Thend ersidnt of Sk hus P&t So@Si RcdByabhecgopg for the
pi ckup coil SQ% As the ferrofluid_sl noves, |t changes the relative

i nduct ances HRIH ckdPToi FREC e cofte T t9RP pHRrof coils are
connect ed im@duﬂ@hjeancim@ulkbe Bﬁlmmuﬁwuﬁ@ﬁr@cﬁl@M@%fSt]@@al t hat

vari es accordi negnt SUBSTI,EI' Eérh{ %L%razr?%%e 1/ 392 r%fanfl' GBOO’ 04517

-13 to the cHa ngi ng T nduc ances p?essutfe &fenti al .
Loudsypeaker vdiee fayrbfdnd dalgo tmeovxdﬁerdammlmmyfdne tsednovement of

| oudspeaker -CI’I hegk ]gé%m rthe content
of which is here I ncorproérga&/tE r'?%fdtiaj;sénc %pfeng%a%l 4}?cal y, the air
gap in a | cﬁm%rﬁm@f gy e fﬁmcwewy hrespeirgef | iedstwrthee invention.

The ferrof | b 1ansied s é@twf rEuR £ digndiy VOl Ceuepi118nsh@l g0 Repyi de

danpi ng for the novement of
"The Dependence of Loudspeaker Design Parameters on the

15 Properties of Magnetic Fluids," Journal of Audio
Engineering Society, Volume 28, January/February 1980,
pp. 17-25. Ferrofluids are particularly useful in
speakers that move their voice coils relatively large
distances, such as woofers and sub-woofers which

20 respond to low frequencies. See, for example, L.
Melillo and K. Raj, "Ferrofluids as a Means of
Controlling Woofer Design Parameters," Journal of Audio
Engineering Society, Volume 29, No. 3, 1981 March pp.
132-139.

25 Optical switch

The ferrofluid of the invention may be used as an
optical switch as described, for example, in US Patent
No. 4384761 the content of which is hereby incorporated
by reference. 1In more detail, a controllable magnetic

30 field is used to influence the position or shape or
density distribution of a ferrofluid so that the
ferrofluid causes or prevents the coupling of light
between optical paths either by physically causing
movement of a waveguide (e.g., optical fiber) or by

35 itself physically moving into or out of a coupling
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the coil, thereby reducing distortion in the speaker and snoothing its
frequency response. For further explanation, see W Bottenberg, L. Melillo
and K. Raj "The Dependence of Loudspeaker Design Paranmeters on the 15
Properti é’{ééﬁl"”l%’ygneti c Fluids," Journal of Audio Engi neePCRE-BISE#RTy,

Vol ume 28, January/ February 1980, pp._.44-25. Ferrofluids are particularly
useful in speakers that nove their voice coils relatively |arge

di stances, suehias veelers apdisHb-paehgrs which 20 respond to |ow
frequenci es. _See fortexa le, L. Melillo and K Raj, "Ferrofluids as a
Means of €Besi gn Paraneters,” Journal of Audio

Engi neering Soci eThe Yekun€ld2d d6. tBe 1R8dndBoshmAp. beldded38o 25 Opti cal

switch The f [ e_iLhveption may.be used.as_an optical switch as
descri bed, fg%ééégﬁpﬁ5?EF%BU§£53FngeShﬁ? ﬁ§§ﬁ§6§eﬁhef85n?égﬁng'mhich i's
her ebyd i ncor por HEeBatbytr ¥ber eh04832h andecdetaBb, aheonbnokhabbé& nagnetic
30 field is At Lyence 0s] 1] a nsity
distributiong%?ﬂag?e%ggkﬁu?g E%p§ﬁ§t§%%égﬁ?§%F§P|ﬁ?dgégagggcgr érevents t he
coupl i ng of thﬁtfl%@t@éeﬁh@pfﬁéﬁﬁfbaiﬂsieishbﬂebyeéhysiealéyteﬁnaﬂngl
novenent of g4l de-( 8. 8o, i i o] y i physi cal |y
noving into ﬁ?@%ﬁf of aecgug?i%gﬁégﬁgéﬂ$%€§%%%H %? ?%@Eﬁ%ggbg 01/ 39217
PCT/ GBOO 04537FUCHUr#EgPEntHet deBpnepenedl lphthges tpdehéd Sitwst efes The

ferrafd uid ofhébe FoveptlondmaycHRpYSLEidbRs DﬁePéégoﬁéQeESd structures as
descri bed, for exang%e in_ US Patent Nps, 5948321 and 6086780, the

, __o-1n
content of eZehCoPEwhY cAPPSIRGr BRI ehicr pbPLiE8d byAr¥fE+ER¥eA thin film
of the ferrofdgnetis-spbjeal edetbcan exthepdatonsvgneteéd thetduke generate

ordered one QﬁgEgééQPQé structures to diffract, reflect, and
polarize light in a controlled and predictable manner.
15 These devices include color displays, monochromatic
light switches, and tunable wavelength filters.

When the particles are encapsulated in a protein
with functional groups, antibodies or other charged
moieties can be attached in order to magnetically

20 extract contaminants from a waste stream.

In all application areas, this invention exploits
its beneficial properties of having tuneable magnetic
properties, monodispersity, and the ability to exist in
many carrier liquids.

25 The invention will now be illustrated by reference
to the accompanying, non-limiting examples.
EXAMPLE 1

This example illustrates the preparation of

apoferritin from horse spleen ferritin. Apoferritin

30 was prepared from cadmium-free native horse spleen
ferritin by dialysis (molecular weight cut-off of 10-14
kD) against sodium acetate solution (0.2 M) buffered at
PH 5.5 under a nitrogen flow with reductive chelation
using thioglycolic acid (0.3 M) to remove the

35 ferrihydrite core. This was followed by repeated
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structures or two dinmensional lattices in thin filnms of 10 these
ferrofluidic conpositions in response to externally applied magnetic

fields. variety of nmagnetic-optical devices can be co at use
t he or der&gaﬁékﬁhctur es to diffract, reflect, and polari zniéf’ﬁgﬁ‘?ﬂffn’ha

controll ed and predictable manner. 15 -Titese devi ces i nclude col or displays,
nmonochromatic |ight switches, and tunable wavelength filters. Wen the
particl es ardiancspsdatiotst rsedipiotdirrida edluctiomnéd - IF ddpsto ant i bodi es

or ot her Cha&&r%ieé@!f%&%&@ﬂ:t@eﬁ Adacheded i ?d;%%tfé’ apgnetisal 1y 20

extract contamnants froma waste stream In a ication areas, this

i nventi on exgfleitiEnits beneficial properties of having tuneabl e magnetic
properties, giadippersity, and the ability to exist in many carrier
liquids. 25 The invention will now be illustrated by reference to the
acconpanyi ng, nortt S SFFRP s ahpt BRE ISR PHE PEFRIT %I L i ¥Rt rates the
prepar ati on @t alapeftin tdgo &0 did se = egfod st e in wad\pod@sditdn 30 was

prepared from cadm ymfr i ve, hor spleen ferritin, by djalysis

(mol ecul ar &i%ﬁﬁeﬁhﬁ%fﬁﬁg}ﬁﬁ T k%)eloa’g’a‘%nssto it Un éé?ejtgé eJ* s%i ution
(0.2 M buf flerfefitbradd oH ¢ 3B thdey @i ve tarogeppifdaimatd hl regliel i ve chel ation
using thioglycaqlic acid (0.3 or ve. the 35 f ishydrite core. This
was foll owedy Qor% lrneqpesa(%leu 1C§Ué¥l’l%é}e@-§§f& (‘%UL%l 2‘%)(5 V@?ﬁ%%ﬁﬁ?

PCT/ GBOQ 04%K07C. - 18 deakysitedagaiondI3odifom ekcopilds s@ ttheomde®at® M) to
corrpletelyrggﬁe educ ih it : i, O MPLE 2 5
This exanpl e | Wus%@%%lgg?h?pﬁgg{)ﬂair)aﬁ%én %%&% glrﬁél?r%ﬂtl%!?@%my%}ﬁi %u%ﬁi)(f\er ritin.
The apoprot@haqupquﬂggp}(pumber of atoms added was approximately

500 atoms/apoprotein molecule. This was allowed to
stir at room temperature for one day in an inert

15 atmosphere. This was followed by reduction of the
iron(II) salt with sodium borohydride to iron(0) metal.
The final product yielded a solution of iron particles,
each surrounded by a ferritin shell.
EXAMPLE 3

20 This example illustrates the preparation of cobalt
metal within apoferritin. The apoprotein was added to a
deaerated AMPSO solution (0.05 M) buffered at pH 8.5 to
give an approximate 1 mg/ml working solution of the
protein which was heated to 45°C. A deaerated

25 cobalt (II) [for example, as the acetate salt] solution
(0.1M) was added incrementally such that the total
number of atoms added was approximately 500
atoms/apoprotein molecule. This was allowed to stir at
this temperature for one hour in an inert atmosphere.

30 This was followed by reduction of the cobalt(II) salt
with sodium borohydride to cobalt (0) metal. The final
product yielded a solution of cobalt particles, each
surrounded by a ferritin shell.
EXAMPLE 4

35 This example illustrates the preparation of a
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a deaerated AWMPSQ sodium chloride solution (0.1/0.4 M Dbuffered at pH 8.5
to give an approximate 1 ng/m working solution of the protein which was
heated to 10 60C. A deaerated iron(ll) [for exanple, as the acetate salt]
sol uti onWOIR§?1H ) was added increnentally such that theP¢HCEPOMGHber of
atons added was approximately 500 ataqng/ apoprotein nolecule. This was
allowed to stir at roomtenperature for one day in an inert 15 atnosphere.

This was foldeaued achS}eCEﬁ—‘élil(H}s ttthum | S ) @@M Withigodi um _
bor ohydri de t ron netﬂll. he fi_nal product i el ded a solution of iron
aélé’cé? y"

particl es, SFFerdiiTh Khelawe L$2™E 20 This exanpl e

illustrates gﬂm:qmﬁeqmrﬁ im{’amﬁleccm,alkiut nadialg v thim :_aemi@rcsfti n. The
apoprotein &fﬂ deaerat d AMPSO sol ution buffered at pH
oxl rra

8.5 to give ar?léﬂrb %rarﬁ %oafciﬁ‘?% fth]e Yot ein which
was héat ed tab&EE. ( dehﬁa:nateedarr&ﬂe:,otﬁ t(Hd )aciét:ﬁt@)@etmi]e ashé he acetate

salt] soluti gkal( %Mug@sy%dd B%OJOel ';Tgr} LpopyChrJ{@n?tctheltOt al  nunber

of atons ad approximately el f notecul e. This was
al l oned to #antigles hisaclerpurzaunded dry enddwurtim shelhert at nosphere.
30 Thi s was gyalMgawed by reduction of the cobalt(ll) salt wth sodium

borohydride to cobalt(0) netal. The final product yielded a solution of
cobalt particles Thisk tpXadiR Yo dridetF A te s arhe RyeRfeAt o E 4 35 This

exampbe il | weit=at es idie smcqpaer@tddnaqu PlatIvRaT | (& SHEEh{RULE 26) WO
01/39217 PCT/ GBOO 04517 _-16 rretadﬁ such as yttr| um cobalt (YCos)
lf%’i 1Tl

within apo SETEE e The &1 ang ocedure as
Exanpl e 2, lpiﬁoddasium a sl 'Examailieo 0f bud tud iHy Iai I:) 1 feicexaspl e, as the
acetate Sal%h 1num(II) [for example, as the acetate salt] to
cobalt (II) [for example, as the acetate salt] and a
15 higher pH (9.0). The final product yielded a solution
of cobalt platinum particles, each surrounded by a
ferritin shell.
EXAMPLE 6
This example illustrates the preparation of a
20 metal ferrite such as cobalt ferrite (CoO'Fe,0;) within
apoferritin. The apoprotein was added to a deaerated
AMPSO/sodium chloride solution (0.1/0.4 M) buffered at
PH 8.5 to give an approximate 1 mg/ml working solution
of the protein which was heated to 60 C. A deaerated
25 solution of cobalt(II) [for example, as the acetate
salt] and iron(II) [for example, as the ammonium
sulphate salt] in a ratio of 1:2 was added
incrementally and selectively oxidised using
trimethylamine. The final product yielded a solution
30 of cobalt ferrite particles, each surrounded by a
ferritin shell.
EXAMPLE 7
This example illustrates the incorporation of the
product from Examples 2-6 into a carrier liquid other

35 than the natural aqueous one. The product of Examples
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5 cobalt(ll) [for exanple, as the acetate salt]. The final product yielded
a solution of yttriumcobalt particles, each surrounded by a ferritin
shell. EXAMPLE 5 This exanple i|lustrates the preparation of a 10 netal
al | oy sud® ¥89%bbalt platinum (CoPt) within apoferritin. PEREBRIHBIT al | oy
foll owed the sane procedure as Exanple 3, _but using a 1:1 ratio of
platinunm(ll) [for exanple, as the acetate salt] to <cobalt(ll) [for

exanpl e, as jhe @&@tﬁiﬁecsaitio@%@)lél@i&h&élcmé%OéurEQ@téhea% Eroduct
yi el ded a sol ution f cobalt platinumparticles, each surrounde

ferritin shefIrESR |\§@E B TRPST Sx bt ed | 11 (At FRTREL T RPPREPREYS! | on of a 20
metal ferritehstcheasscohadd ferkétesdto®0 Fe203) within apoferritin. The
apoprotein was added to a deaerated AMPSQO sodi um chloride sol ution
(0.12/0.4 M buffered at pH 8.5 to give an approximate 1 ng/m working
solution of the protein which was heated to 60CC. A deaerated 25 sol ution
of cobalt(ll) [for exanple, as the acetate salt] and iron(Ill) [for

exanpl e, as the ammni um sul phate salt] in a ratio of 1:2 was added
incremental |y and sel ectively oxidised using trinethylam ne. The final
product yielded a solution 30 of cobalt ferrite particles, each surrounded
by a ferritin shell. EXAMPLE 7 This exanple illustrates the incorporation
of the product from Exanples 2-6 into a carrier liquid other 35 than the
nat ural aqueous one. The product of Exanples SUBSTI TUTE SHEET (RULE 26) WO
01/ 39217 PCT/ GBOQO 04517 -17 2-4 was mxed 1:100 with oleic acid as a
surfactant and stirred for 24 hours, dried in a rotovac appar atus,
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t hen resuspended in kerosene. SUBSTI TUTE SHEET (RULE 26) WO 01/ 39217

PCT/ (BBOO' 04517 -18- CLAIMS 1. A magnetic fluid nmedi um which conprises a
plurality of ferro- or ferri-nmagnetic particles, each of which particles
has a | ar'y843®hensi on no greater 5 than 100nm sai d par tB/e80P4%ng been
prepared by a process which includes ajgtep in which the particles are
formed wthin an organi c macronol ecul ar shell. 2. A magnetic fluid nmedium
according toctlaaMs 1, wherein the ferro- or ferri-magnetic particles have

a 10 largest dinmension no greater_.than 50nm 3. A nmagnetic fluid nedium
according to claim-1, %m%e%ltchglf@&e%m? HS T3¢t i cl es have
a |argest dipfensildtynoigrieatrer- tdrarf ekbnimmagned imagratt ic-fdaui deawdi um
according to ¢l aj : r. 3, erei.n the f.erro-. or ferri- netic
particles i r?%t %’éﬂl uip(?jl%ol%nlo S \%grsy I nlea[ eeiSP: I alrmgeensstlod} En st Gift nor e

t han about 1@&ans5.10Ammgsetiicc dantiid Iesdihaviagr dredimgnepantead myl,a 2 or 3,
wherein the {eQ Ok ;AR rtd gl es,y %q it Ul 0 not vary
intheir lar éfegtc(é i m‘eﬂnsll on lb.y %%e%t %ﬁtﬂag&ﬁv : GgheAtbfraalgénllthll%csdfl uid

medi um accor @irgg fogmedy Wishddedinn @raadiig Massasiol esagir ofshiedd ferro- or

ferri- magnetic particlendgheraeomedal el didnDidt ddHPIY 128 m 1,

macr onol ecul es within which it is forned. 7. A magneti ¢ fluid nmedium
accor di ng t o%ARy Sdie thsr f8T&OTs OF (&1 1 WRGTEH @ MR XS HAH& éhol ecul ar
shel | 1bas beeargessyed rendicay e careateat ethamaeparticle. 30 8. A nmagnetic
fluid nmedi um accordi ng.to_any . aqne _.of, Claidﬁ 1 to 5,.wherein_the aorganic

macromol ecul ar  sHel | RaS3FEET *€artdrid 88 Toh ARAHE IR % £ 61t 418 ér

wherein the ferro- or ferri-magnetic particles have a
largest dimension no greater than 15nm.

4. A magnetic fluid medium according to claim 1,

15 2 or 3, wherein the ferro- or ferri-magnetic particles
in the fluid do not vary in their largest dimension by
more than about 10%.

5. A magnetic fluid medium according to claim 1,
2 or 3, wherein the ferro- or ferri-magnetic particles

20 in the fluid do not vary in their largest dimension by
more than about 5%.

6. A magnetic fluid medium according to any
preceding claim, wherein each of the ferro- or ferri-
magnetic particles is accommodated within the organic

25 macromolecules within which it is formed.

7. A magnetic fluid medium according to any one
of claims 1 to 5, wherein the organic macromolecular
shell has been removed to leave an uncoated
nanoparticle.

30 8. A magnetic fluid medium according to any one
of claims 1 to 5, wherein the organic macromolecular
shell has been carbonized to provide a carbon layer
surrounding a nanoparticle core.

9. A magnetic fluid medium according to any

35 preceding claim, wherein the organic macromolecule is a
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surroundi ng a nanoparticle core. 9. A magnetic fluid mediumaccording to
any 35 preceding claim wherein the organic nmacronolecule is a SUBSTI TUTE
SHEET (% WO 01/39217 PCT/ GBOQ 04517 -19 nol ecul e, y of

nol ecul es, lé?/%lgg a nol ecular weight of up 1500kD. 10. AP@rrggﬁg@?gﬁl uid
medi um according to any preceding cl ai®- wherein the organic macronol ecul e
is a 5 protein having a suitable cavity or opening for accommodating a
nanoscal e partlisdwle 110 R egrrety ©Ff Ingleqwldisumlastioraliagneleetbam 10,
wherein the origap Gamagh g @ayl e is the protein apoferritin. 10 12. A
magnetic fluidmedi umaccording to an preceding claim wherein the ferro-
or ferri-magnetictO matferfadgngisia frﬂé%léi/,meéilrﬁft ACHATBDrtArR t ype or

spi nel ferrigmscddindheldise, asard &1 rofd Wl @ ddaddhdmgivma 15 which
conpri_ses aigrl urality of ferro-, or ferrl-,rra}gnetlc articles, each of which
parti Gl es h&FEGHr B Hi hefisi GHP o Grednert IR EGEhni©%ai d particl es
havi ng beemquepasdt g a piacess Whigdrditgldides a step in  which the

garE'ltEll'Cl( eRlSJLEr S 6; Orlr?.d V}i tnt]allg?ne ni cor IPJI. mzeodinlﬁnc raocncpolrecfiurlgartc? hceTlLallim SUBSTI TUTE

10, wherein the organic macromolecule is the protein
apoferritin.

10 12. A magnetic fluid medium according to any
preceding claim, wherein the ferro- or ferri-magnetic
material is a metal, a metal alloy or an M-type or
spinel ferrite.

13. The use as a ferrofluid of a fluid medium

15 which comprises a plurality of ferro- or ferri-magnetic
particles, each of which particles has a largest
dimension no greater than 100nm, said particles having
been prepared by a process which includes a step in
which the particles are formed within an organic

20 macromolecular shell.
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