25 August 2004 -1 MAGNETIC FLUI D This invention relates to a magnetic
fluid medium (a ferrofluid) which conprises a suspension of nanoscale
ferro- or ferri-magnetic particles dispersed Sin a carrier liquid. A
process for making the ferrofluid is also disclosed. Ferrofluids are
st abl e suspensi ons of nanoscale ferro- or ferri-nmgnet 26 Asyust 2004s i n
carrier liquids. The particles are small_.gnough that thermal energy 10
mai nt ai ns a stabl e di spersion. However-, regardl ess of the procedure
hitherto used f MAGARIEHEHIZITHG ferrofluids, the dispersion is

pol ydi sperse (i.e. t & s a.telatively wide range of particle sizes).
The term "ferromagne!tq{;:ﬂ(’:“e"Ei ilé}%gﬁt‘énnu‘s ]an%:_; tﬂ?eaapﬁgnr‘a‘élt:ogé’mam@dm erials
whi ch are either!® farmafgidt i ghichreddmridermngnetbsinsThe o esent

i nvention may bezrddds aPr Jduj ontaining.ferro- or ferri-
‘magnetic nanoscal e par tllé‘él@eeg9 Acgg?%ﬁ‘gl t&{g%g‘egf’gs?aaébgﬁsO‘Fl?&"ﬁefsﬁrdesent
20 i nventicon, tH&r & F@TFEYi ded- i maghadasesisufdr meaking vl ch conprises a
plurality of ferfeerrodlufidr tk- ARghetig1at i cl es, each of which particles
has a |largest dinension no greater than 100nm said particles having

been prepared by a pr‘ce)%é%?b\gf}%ha?encﬁt@ci’é? suseepsiengsofatosdrieparticl es

are formed withifsrae-orgafiecri reayomml e gakaicshel {n Eé?xf-fé@bii’cgaitd@e ferro-

or ferri-nmagnet irgapaLticless largest . di rension_no_greater than

50nm nore pref erE_!aEI y no ér egitaée{resr'te.fh}“al?l1 e%‘?Hﬁ\h é 2o BT VI/FE magnetic

fluid. medium i 82iRpAsaFsPefsedlaydignastsing. medowehat, thegpaild<a @3 in

the fluid do notnmapyoi:adt;bgimidﬁlg_%stusqgrrﬁg}?i gﬂmpgn pre t han about 10%
, t OpariTeres will

preferably by ng_nore.than 5% rmal |y 1€ nanop: be
general |y’ ?erroblulgs, Yhe lspersion is polydisperse (i.e. there
: 1s a relatively wide range of particle sizes).
The term "ferromagnetic" is often used in the art
15 Lo 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 100mm, 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 tha 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



35 spherical in shape, in which case the |argest di mension 25 August 2004
-2 will refer to the diameter O the particle. sone . circunstances, other....
particle norphol ogies may be established in which case the size of the
Particles is referred to in terns of the |largest dinension. 5 As a result

of the process by which they are forned, each of the f@a5Amgusr2004
ferri-magnetic particles is initirally at least partially accommobdat ed
within an organic macronol ecule. In one enbddi ment, the nmagnetic fluid

medi um of the invention comrises. the_particles 10 still accomodated
within the organic macrorm_i"ecu?es""_v%qtaﬁ?h"fv\hﬁ“c RIS e F-or ABASOMEN t hi s
enbodi nent, the or GARFESRECIC8FDI Eeifi~apashicllle maysheldqinct manabé sed (see
bel'ow). In another esbasl nent, 14 hehiehganis dRCEeppl eeular shell, js ;removed

to | eave the 15 nangparil f_and._i t a further énbodi manti,S t he
PALLLG: @

[ | | .
organi ¢ macronol ecul ar~ shel | Orrgé‘?/ eerrf@a?goﬂf%gar?%“ fHRA"®&<R - car bon | ayer
surroundi ng a°nanoparti ¢t ac5RE1LITINE Lo rourEessnby echidah heee spans a

nol ecul e, or assenmbbymed, wakRCd €% aB-dRY-hayve. A fmlecylar. weight 20
of up 1500kD, typic I%il_ %$1£h§1-” 500kD. The Pcromﬁgﬁl g‘:g‘%%‘:,ﬁfqﬁé
capabl e of accomuUating or &t>1 ¢AEf- PRI ALY SRIVMASIALENGLTHE aker 1 o-

or ferri-magnetic pa¥fddreice magrenategutaer efrocee eunptireatd Shé trdhacgavity
capabl e of contai nifiich@edduPaid iteheinidith o8 CaVILdW LL normal Ly be
fully enclosed withi ot h% qacr nol.ecule. Alter na‘tyveﬁ Yy, Fha* =

macr onol ecul & may i hel UdE 5o SHPBEE e b fdevFreanis ragseneladules

surrounded, but whivitiievebitkltdey ksechpaiede i uigeeiewbogimdit SWRROrti ng

t he magnetic parti(Hﬁyaﬁﬁerm&@&dﬁ@i@?h@artéﬂilquEQrB% %%%cpgoﬁgfgsé%engggd by

an annuLus_BS In ttﬁ%f@%?EOHPéegﬁgtgér embodiment, the organic
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 surrcunding a nanoparticle core.

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

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

The macromolecule should ke capable of
aqcommodating or at least partially accommedating the
ferrc- 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
rnot 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 aanulus
in the macromolecule.

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

35 Presently preferred is the protein apoferritin (which



S?itable or gani c. macronol ecul es- whi ch may be usedj fn the i nvention atewf“
proteins having a suitable cavity or opening for accommmodating a e
nanoscal e particle. Presently preferred is the protein apoferritin (which
25 August 2004 -3 is ferritin in which the cavity is enpty) However,

ot her suitable proteins include, for exanple, flagellar25IAugust2094 and
virus capsids. The ferro- or ferri-nmagnetic nmaterial chosen 5 should be
one which is capable of being magnetically-3ordered. It may be a netal, a
nmetal alloy or an Mtyoe or spinel ferrite. The netal, netal alloy or
ferrite may cohfaFRrEA&ior imomiaich the tabtievi Ag: ealg#ii)ni UMy, HALL um

bi smuth, ceri unycglLoBLYK ba| per,.,10 dygprosium erbium "'

eur opi um gadop?nﬁunl ho?ﬁ?&%n%r%Fggggléﬁ?ﬁ&%unlIBEt@ﬁ%mﬁl%nﬂﬁﬁﬂﬁﬁkiar

mol ybdenum  nebdf nFéRgSnaakevimmisobrpaidpal | adi um pl ati num

praseodym um pronet fhdMeS3par | coptium .terbium, thulium titanium
vanadi um_ ytterbium ~and ?ttriu%?nkfzgahggﬁﬂgtF? RBFEF i GrQseTerrite
pJeferabﬁ? cont¥edidoRe @ﬂenvhécbfisheapablembﬁgbeiﬁbah%gﬂéﬂykéﬁ%i
nickel . I n one erdedinent rof nLhepmagnegtic flyid ium,of = the invention,
the particles are acponnndatgdpor otﬁ%F%%éegeﬂ%gggda PE RTt R drFamec
nacr onol ecul e, P PRt abRyTpESE ei Fheonttal, hbakli alilbit 5rag@regali on
and oxi dation, mafid MhERAl SRePHLVH S e, Which can be |
functionalised to aIIOM/dispe?s?on ?ﬁéaega#$%?§°1@$w&§9riéEuF?&&P@B or
attachnent to CFFHMNIPSTUESr cexdwpl echrdrisur fackaay bepper,

fhnctiomaliseddyggfﬁggﬁmjteggiamdrgggﬁm t al low ng dispersion in
a non-polar carrier Jiquid. Another e a%ﬁ%a#%ﬁ?gy?hﬁ%trgﬁgWFE@' t he
slurface with, Fﬂ?“bxéhﬂ? laRUfpt HEt e Hif ngratgameise  omebabenthe medi um to
be used in appheealyntingn f ofii cKEDP W 1h 1R 2 | pan frommaterials
such as 30 waste materials. , péfiﬁ@@ﬁﬂ' blac iR €

1 praseodymium, promethium, samarium, strontium, terbium,

thulium, titanium, vanadium, ytterbium, and yttrium.

g ' 15 The metal, metal alloy or ferrite preferably contains
one or more of the following: cobalt, iron and nickel.
' ;n one embodiment of the magnetic fluid medium of
the invention, the particles are accommodated or
otherwise encased within the organic macromolecule,

26 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 surﬁace may be functionalised to render it

25 hydrophobic, thereby allowing dispersion in a non-polar
carrier liquid. Another example is to functionaligze
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

3a 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 1s a metal or a metal alloy.



| h thi-s-—enbodi ment.- t-he ferro- or ferri-magnetic material chosen is
preferably a nmetal, such as cobalt, iron, or nickel; or a netal alloyj ot -
an Mtype ferrite. More preferably, the ferro- or ferri-magnetic 35 =
material is a netal or a nmetal alloy. 25 August 2004 _4_ The present

i nvention nost preferably makes use of the iron storagesAughsi2004
ferritin, whose internal <cavity is used to produce nanoscal e nmagnetic
particles. Ferritin has a nol ecul ar wei ght of 400kD. Ferritinis 5
utilised in iron netaboli smthroughout I iv'ﬁlng species and its structure
is highly conservedéﬁ}rmepg t hem consi sts of 24 subunits which

sel f-assenble to pr TS eRF bWe%‘hb@m oty Py iorap y nmake erudt aget er .
It has an 8 nmhd almi-erswaggy g\b@@&@orf@{-f%ﬁor@ﬁo 4500 %Q qLen(liin)
atons in the faorm, par etic rrlh drite. 'Hovvev T

ferrihydrite c&f B‘ %%"?(%Of%?? 9 %I%%‘?%Iabﬂ! fﬂ%mﬁ!m@lrpaeclsleerrred

"lapoferritin") Famd-mﬁrerhamtaerm@lécmﬂé{r bee i NEOTHPOT 4 L | Tﬂ"ﬁ pbupits in
the cavity” at

flerritingpack t g?_t Isy a haowever t her are channel s into
he 3-fofd and a5 alféslr%em?ﬁ&%ﬁﬁ@ G Rt ey bn®| eeed b2 or  use
n the invent ead L:L$st Im;la.piﬁﬂélis rhrgm;elébm%&laémé’n Cayd y . the

s

r oducel synt hgronélIlI)I)t lavceurgh ntrectﬂ'rd)lfrtm‘tﬁ d&(ﬂwmeﬁuﬁh synthetic
orms may be i th raI f.or g fhough it |s also possi bl e
PEPEL SR ee RIS S BTN

to synthesise nutan orms whi c &t al
Char acteristi crgmo‘efeiﬂnqaatﬂee:ztl(tzaccdanmﬂfatcsf &ervlhydrlte is termed

"apoferritin”) and other materials may be incorporated.
The subunits in ferritin pack tightly; however thers
15 are channels into the cavity at the 3-fold and 4-feld

order of 8nmi ri-magnetic artlc o be
acconmmodat ed WIEFE' Eyﬁr%ﬁé rth I‘fh*é?/eseal%ﬁa‘-?\%%@f%ptfﬂ (Pmde 15nm
iin dianeter, ashn&éqmmn casughInetth fim. fc canTddal gardecd-Ar 96F ¢ PRSI Cl e
tthan one 8nmlg dga t er|t|n cana‘g_&found naturally I n vertebrates,
iinvert ebrates, “pl an ungl Y ERIEY G NPTl LAt e g 4P be

9

f

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 streteh 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
techniques. 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



éO"particIe within their internal cavity. The use of all such natural and
synthetic forms of ferritinis contenplated within the present invention.” -
Carrier liquids for ferrofluids are known per se. The carrier liquid may. -
be pol ar or non-polar. Typical 35 polar carrier liquids include water,

| ower al cohols 25 August 2004 -5 such as ethanol, synth25iAmgest280d. wat er
I's presently preferred. Typical non-polar carrier |iquids which may be
used are organi c solvents such as heptane,gxylene, or toluene, other

hydr ocar bons, pol ygl ycols, pol yphenyl 5 ethers, perfluoropolyethers,

si | ahydr ocar bogach Bal eedahens, soncHatieNescEYe: Nanepasti 4 65, 0BY P,
prepared by a gro ess in W@%Ch i suspensi on of the organic ‘ *

macr omol ecul e, PXeEFHFER | y WRIEA Lo JRE0ES {RSdiRRT 38F chifr Feel Winiah anap
source of ionspefukké aper opaatie mRilalends MRicH | ais, LR, COHPrise or
consi st the nanopgéﬁicle. ter ative:‘#h but presently | ess preferred,

y
the source of “hef8FUEofs MaPeBe FROSAE DO SyuRBT BE e LS mRehvyRieBY Ur ce
of organ$c maceeheks;uberifiuaddedlyBurderis;t Wi HfydFgeisom@mcr onol ecul es
and net al iong ?ag b agitatedtto ensure honogeni zati on. Where the
nanoparticle i 83t8 55%8? 4e°Fh&-Y&F8Tental netal, a reduction is effected,

preferably under aftheneahoatmrosplesemagn beh@rasRensiwp INeFeHYs20in
nhanoscal e netaahggﬁticggg f8%n1wﬁt i@hthe aorgani c _ macronol ecul e cavity.
Were the nanoparticPeSrsPa ~f&fr e "an 89384 FRIEHETH R wher eby- the-
ferrite nanostmbicpdlyi chesnargqueousedediitin,n itshedaigadd wigeronol ecul e

o et A% ons TUETER Gy Lofe B8 ShED BBk oRR AT A TS R e R by | o
up the nanopaksitdesomPhéseesul cansists pbes namopmyrticlig eated to renove
j Alternatively, but presently less preferred, the source
; of metal ions may be present in suspension to which a
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
undexr 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 pricor 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.



par&icles not accommodated with a macronol ecule, for 30 exanple by a
dialysis technique. |If desired, the encased nanoparticles may be isol ated,
for exanple by centrifugation prior to suspension in the desired carrier
liquid nmedium In sone enbodi nents, the macronol ecul e casing may 35 be
renoved to | eave the nanoparticle without a coating. 252 Amgast 0004 -6 For
exanpl e, where the coating is a protein, this may be denatured through
for exanple a pH change and the denatured protein material renoved by,

for exanple, di alotSieScapleenthibbyoatd Ubatd nlyn 19t hepsobodi f@ﬂ{é’mab}‘e
casi ng may be carbonj zed tngl ggow de a_carbon coati nllg on the particles.
This may rnost pr& e EOHPR i Sifdd ST RdEpenBY oRN#RSe ozt the
:pyrolysis. Howevenataresl pecnalhveatsrial ireekbete biig Foardifhsss and then

cariboni ze the proj ilr‘}ss_Lge!olr, cgﬂEr%?%iﬁﬂ%.%!.e by heating in a furnace, prior

to r esuspendi ng the particles rntI esired carrier liquid. In a
preferred érbodi nent &R ©¥&epr esbadimgmisnttiven casheg ongarie amcramdeetul e

I s apoferritin. tBhedlildewsngapebhoshiBn Utk ' IS ; red
15 enbodi nent. Tﬁe %r ocel S ?ﬁgians with thgbr%élrr%\},/lgl 5%%%%%%‘? erﬁ%%hyfe
core fromthe nat“i‘\{; PEANEERRTY PR R L 18506t A BnSuUshRns iR rigorkasesn of

fe(rJ‘ro- or ferri- pyagigtsisal | foweder pchnrailalerpactivel €5 hy,idoraexamd e, 20
sod

i um bor ohydri i o] al salt. solution_into the
ferritin caviti eg%{v?ﬁ%(l;%tsnggdbré?gﬁo%észgg%%ﬁepﬁ%%ﬁ%tér)rb#lof Zarr ow
si ze distid but | GFampde SYarpRreingrugh Turmageenpriéngtt iasuspembigret i

separation, and the asReC3EEN:Af hdeIed Al Lagkesyi D@, Garrier liquid. A
nmetial all oy core may t%e produged I nsi edt,he apaferritin protein by sodium
borohydride reduction G @ preferred embodiment of the present

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.



a Jsel ection of water soluble netal salts. Qher reduction nethods include
carbon, carbon nonoxi de, 30 hydrogen, hydrazi ne hydrate, or

el ectrochemcal. Simlar reactions nay be used for the production of

rare earth/transition netal alloys. Alternatively, a suitable solution
may be oxidised to yield an Mtype or spinel ferrite c@bdugost2ifdi on nmay
be chem cal or 35 electrochemcal to yield the netal ferrite. -7 25 August
2004 In nore detail, time st cdarafiérrthe rpz'rcs:eu,?ne(ieﬁ:mt@ﬂclé)stﬁséd fgyro- or
ferri-magnetic p arge by the 8 nm

i nner di aret er g%d%‘lgrsfel %%ﬁrmlt h%g ﬁéggi s e lgbgvé #ﬁ: sw}?%gecapabl e5
of flexing to acCohASEkt éilﬁ}fr"‘tﬁl@ﬂeésubl‘ﬁ%ﬁ@o@}t th8nfh nm J.mnarr&harrbate}he

particles are predudedrfitisi (lchbegRVASGded %E;B{rgﬁdﬂg Qyield
apoferritin  The xeeidone bé di al &séa%alnst a ere so |um
acetate solution u % togERoPTa CHCYES 18P chel 2R9Wn Lssingn f or

exanpl e, thi ogl beJaiﬂ‘@t@Gi)d nmafiebparuseled areeprvdutbe fersd hydrite core.
This may be fol l.Qued LeRe ai.nst . a Odl chl oride
oy sometedut el s Sgek il gy UL

solution to conpl glt ely renove ced terri
sol ution. Once 't F&Caf8¥erPri BPAS BY pRbaliadd agadneti @ bpbfdrc] evdans

i ncorporated in thethekl evilngivaysaddhe dithkdhehSs DYyl €U NG ;3 Mot al salt
solutlonlrbthe .8 Thi S is nanlnert

f.apoferritin. erforne
at mospher e to pré ec?%?§§ ﬁe ag ’fl%’faér?lﬁr'oﬁp%ggw?ﬂaﬁ d"r?%rﬂéh heul d
| essen their nmagHsedctpr é‘papmaeshe feoithidrdteoncpé . metigls @kt Hei N

sol ution can al SQoQQowéﬁdB‘}egeanﬂﬁ@q{ﬁ §/s§| ! Qégingt é)hec%”uzno[cp %gcrile al's.
a

Anot her nethod is tlo oxidiSe a co I Ton
anot her netal safPru¥hPE ljpvggmal@gelﬁétr@mowgr Fheerpduced|ferwtibgtirioes not
suffer negativel gorér 6romxsdatit §on. The nmetal salts which are benefici al

3 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 alse 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,
3qQ manganese, molybdenum, neodymium, nickel, nicbhium,
palladium, platinum, praseodymium, promethium,
samarium, strontium, terbium, thulium, titanium,
vanadium, ytterbium, and yttrium.
While the production procedure detailed uses
35 native horse spleen ferritin, this invention should not



%
include salts of alum nium barium bisnuth, cerium chronmum cobalt,

copper, dysprosium erbium europium gadolinium holmum iron,

| ant hanum |utetium 30 nanganese, nolybdenum neodym um nickel, niobium
pal | adi um plati num praseodym um pronethium samarium strontium
terbium thulium titanium vanadium ytterbium and y25Augast 2004l e t he
production procedure detail ed uses 35 nati V&~ hor se spleen ferritin, this

i nvention shoul d Hotgs8, 255 AugUsL 42004 seen as linmted.to that source.
Ferritin can be found |n verteb%gt gg,t%?%%ersggreat eg,erﬁl‘ﬁﬁ?s‘,:a? i

yeasts, bacteria,feHn@vEN FIIREEEEeEhr DUGEF Tedceteisnant ant echfiggies. 5

After the productyeds®d, thrdeaiibg- ool ek rﬂrod'ﬁ%@@‘ch?o&?{x%%&ﬁb‘ﬁﬁ&
aqueous suspensi ogeé:&piag %sed directly as a nagnetic ui d-edr um
(ferrofluid). However, Other carrier | i qui ds can be used through

extraction ©f the partdfies tde pheducpassiofathenfet@oPassi ¥atipn or

extraction may beppardorsme Ay gaat | rotein_in.a surfactant or by
derivitising it Wlﬁ{ or gani c ghalé'ths&g(f-ioa]i veorplS PhEFFRVERT i O SHodttFShot be

seen as limted tHIFRISE Mt RoBaIner herf beird medikimquEdsrofleidimy be. used
are organi ¢ sol vemuwewsith cdherlbabeptanei qiiseR8n 8L LOLY ough
er

hydr ocar bons, synthetic . ester pol ygl ycol s, pol yphenyl ethers,
per fl uor opol yet he%%,éam Sy & og&?bBW\é‘?l S Car EBﬁéF BRESkY3%iare. Met hods

for the pridpar at iRsssifvatdranobirurdsract tordesyr beegerBokifedab e iodNing
6068785, the contgy ) yihch L ey incorpgrated by. reference. A
nurber of books and LT%faof erélnces al Erof%‘%scusggtﬁg g%i%é“ﬁ]é%l% nng‘BFgrY@'ttI%b
fluids, includi n@RIRRLE GheFREat | Bavevietos&her dnvennies $melidierotMignet i c
Fluid ApplicatioreerHaindlidel readis obhdde GlitebasB. Berkovskyy; Begel I House

25 '”C-’_“b“’Ybrﬁj&ﬂf¥§??whE%Er89¥déé“h§EH“£¥%’oﬁgagic solvents such as
15 heptane, xylene, or toluene, hydrocarbons, synthetic
esters, polyglycols, polyphenyl ethers,
perfluoropolyethers, silahydrocarbons, halocarkons, or
styrene. Methods for the preparation of ferrofluids
are described in US Patent No. 6068785, the content of
T20 which is hereby incorporated by reference. A number of
books and references alsoc 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); Ferrchydrodynamics, 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



Rosenswei g, Canbridge University Press, New York (1985); Ferromagnetic
Mat eri al s- A Handbook on the Properties of Magnetically O dered

Subst ances, editor E. P. Whlfarth, Chapter 8, North-Holland Publishing
30 Conpany, New York and "Proceedings of the 7th International Conference
on Magnetic Fluids", Journal of Magneti smand Magneti c25/Bugnscd(94 Vol .
149, Nos. 1-2 (1995). In this invention, one of the advantages of 35

ferritin being enpdbiieda ¢rraghcateapsuingrien c is9tBat AUgUSLn 2004, pagticl e

t hrough encapsul agd b1dck bRagk ikt to.select_particles of a
uni.f orm si ze. This, nary.ow tg,% zé d‘iegta‘ﬁ %ﬁtﬁ%ggggﬁhgﬁégs thrggjn%n%’f%‘ﬁi'ér sity
of ithe fluid, antt%f |<{i\ﬁ§rf‘~ HE3CRptRRai ot ier @spodsepens any SoAptd ed

field and an enhafioedi, stalki bLLywsfféhe «Fr8PaRSEQDn Ybep.generat]ng
ferrof!l uidssfor v%gd'lq_g:% ﬂg%i gg ionsé it i% desi r abl 0 address a range
of responsiveness ‘and t enperatires ANHFEFFOPFEPHLL W t Hf 10 gher

magneti zati on (ordiSRegEiMMi-ch can be used at higher tenperatures) may be
desirabl e, those whi clynenespgn :e_by causing their nagnetic
properties to | essen .dr amatéi ca??%%%n Eg"gt%g%g?rg% e‘.’arjégﬁ a change can
occur when parti cafp@glﬁ’é%&ﬁﬁs'rsl'éub%rd&érléﬁﬁéﬁetpc?flddm@ha scaryee stfandard
state of a ferrcfdspodsiBapespaindraghplerarpaeticl gs @é@rgg%qﬁe%s Wt%h have
pet manent ygpgnet i,.ﬁ iegolng?_ﬂgf@%tsi nbLtto thg orientations of the nonents
with respect to thé crystalrographic Ax &8°PF UEE LGSR €3 the tushd ax0

Super par amagnet | $¥S8eFeRETPeTA RS sjomayebet dapirabli £, chaand WOt r opy or
the material usedesybadens! S¥mp&ONSi-denat | ; an derive an equation
relating these uagti PL es. The vol lf%ebgt b\%ﬁ?%%ggg?)%ﬁi%géle&lc regi on
becones super par g’ﬁ&&ﬁ@ FES (W) 19555 ¢eAmByicybly 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 respact te the
| crystallographic axes fluctuate with time.

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

25 25kT/K, where k is Boltsman's constant, T the
temperature in degrees Kelvin, and X 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
crysta}line 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



25 25KT/ K, where k is Boltsman's constant, T the tenperature in degrees
Kel vin, and X the anisotropy constant of the naterial. Using this
formula, it is possible to determne the tenperature at which a particle
or region becones superparanmagnetic (the 30 "bl ocking tenperature”) for a
given material at a fixed volume. As an exanple, the f2XAdgusi29dd is 8 nm
in ferritin. if a cobalt nmetal particle witr only crystalline anisotropy

(that val ue being, 45 X 105‘__)%3 a ghere, with a dianeter of 8 nm the
bl ocki ng 35 t enpet3TUWRTY él’&.“B% FahtHy the'idst ddnglesof10 25 August

2004 i ncor por at edréspandieraridssn and wedperange Ofcanr @2paAgi-¥eRess and
tenperatures can be adgies38d, .pih. application _areas for the nagnetic
fluid mediumof the inventl onégpglggg ?I}lga?rar?égatfofr &ﬁ?f @?@%tél%nﬁ%bf?
separation, securMii¥@ihgheadngenpgortdne ssaldingr, hemntivksnéfeprinting,
a transduces, a PIRgSIHE ERATAEiohD FebMISPRAEL, A58 [ gal switch
and for the formation of ordeged.stru_ct u,rfatyo Segﬁgr'] aslg E?%%n?téﬁofl ui d
of the invention TR BF d$8dFEF 18eBF 1HG ™ béalFAgsdses. a3 phessuxsed i n
conput er - di sc- drsenscappliincat londspsakiescraded oprital e¥aPheandS o Pat ent

Nos. 4673997 and 492828, +L; n each _of _which is hereby
i ndor por at ed by rg%zr,encg.ttlgﬁeg&éfgézfeg I%rdlcitélrﬁéed to seal a rotating
sh%ft t hr ough t h&aJdd&%f an annul ar magneti c pol e and opposite on a shaft

whiich magnetical |y comfheneeciperigrd ot W A kLN réofluid
actis as a liquid asket al iowi n{q free r}%t gﬁ?’%ﬁgg I.lt ﬁ?sﬂ%ﬁ%ég&r%at
Transfer The ferforrdid 8f PERE By eMFbRshdyicse used a3 eommwotdrdistedi um

as detailed in USraeeapplidcabi6268ss tduscrabebenh, O ohi £ S hefeby

incorporated by fk@h@"RBs. 4673997 and 4692826, the content of each of
which is hereby incorporated by reference. The

15 ferrcfluid 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 Trangfer

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
logses 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



One way to cool a device is to draw a ferrofluid 25 towards it using
magnetic fields. As the ferrofluid nears the device and warnms above its
curie point, it loses a significant portion of its nagnetisation and
beconmes di spl aced by the cooler, nore magnetic fluid. A convective
circuit is thus forned and the device 30 cool ed. Danpi 2§Aughst X004r of | ui d
of the invention may be used as a danping nedium as detailed in US Patent
No. 4123675 the content of which is herebdid ncorporated by reference. 35
The viscosity of a ferrofluid nmay be affected by the 25 August 2004
presence of an eRYTTTE" r?é’tleé‘tﬁ'féiaél NRFS Sarfiieddi-s Onesexpepst ors shaf t
Ol’h Spri Ing whi ch mssmpﬁmsm tsthla’ft elﬂaﬁbﬁ?éldﬂﬁﬂa Wist Hoﬁfiﬁé&ot%;% dh Upon
the application gnetic cosity of the 5
ferrofluidis en? ar geg dﬁl wﬁ'@eao%n B?O%fgfeﬁg’o&f CREKBPRARFRE D spring
| essened. | n thi&f vy, EJEWP@J{ dagaktigafietd.c tfheehrdsn:amtprﬁfpﬁmé of a
cifcuit that athé/:.@&d’flLﬂﬁfH% \énfzﬁébbenén@rtﬂ@@é%% lhgxere:%egarhtofor

y co

spring. Securit /pri nt| n securl
ferrofluid of thr& E’i t9% 3%%6%%%?% & vhigRewWRE. i ﬁkﬂ@xtepmaill ng

and storing inf onsrgnatam ﬁ]relmiaynapr Oud epRr Uy f Ue ciegnet tﬁaé'&é‘@lt%% & for
the marking of r. t her ort.ant do or itens o)

15| di spersi ng th gne%&a% Ioﬁjl%dggnm%‘é 'B?ﬁ"tesd édlr'?’leeﬁp‘ qﬁFd%prJrItg can be
used as a printigf inhim t hrough el ectronagneti c neans.

Transducerg The ferrfdg F_qu tla L8N | " JTBL O ferrofluid
trEnsducer as descri bed, rggggg?f;ﬁ% nOLrhS Pzi?gntiu"aﬁlg &§3§H§%9 t he
r t

content of whi cH ¢ é'bf’alyn Y dYIRWEELEndBX For eximping an
under wat er  sourmhdyeterdrg iadopasetionf @r fenr @hbwiidei 8 @gLQELance

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

by

deposited through electromagnetic means.

Irangduger
E * 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
sound 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
s are equally spaced in the volume occupied by the



with the invention nay be contained within a toroidal 25 container which
has'a rigid bottomand top and elastic cylindrical side walls. A coil of
wire links the toroidal container and is adapted to be connected to a dc
bi as source to produce a biasing magnetic field, HBIAS, which drives the
magneti zation of the ferrofluid 30 well into saturatlonZSImgunpmﬂsltely
wound coils of wire respectively link the inner side wall and the outer
side wall and are adapted to be connected Lfz-series to an ac signal
source to produce a tine-varying magnetic field, HAC,  which nodul ates

HBI AS. The wires f35TafduiduaThy srmbiechti nft HRC VDL U Q%‘d&}yle@ll})écftﬁgn25
August 2004 -12 f rcRfilggl dthgh@ 0 C Ln the i di rectl on
provi des the ti rre%\r/arugl ni grcelrg%lﬁ%f?l%grro Ti & 1:Il—fﬁee é%ljﬁlﬁlg
ferrofl uid notionSST9Hré Fa ?5¥°E4%t‘ﬁ°§ﬁopslﬂt¢lamsmdnaéd dihreattgBnt Iig

outer elastic sideraalshitae8 shpplgh asRUsLtEr "PLAON 4 %H&ewﬁtir rg%nm ng
water. Pregs !'A gﬁggﬁk Igguggrrofl uid of t e invention may bé uUsed in a
ferrof luid pressure SO e & o1 b ® eXHFR G ing, wasepat ent  No.

5429000 t he cont ew hereby 10 i ncor porated by reference. For

exanple, a differentiakp pf§§§éjg 0 n es, a ferrofluid sen5| ng
elenent, or slug c ﬁlol?:a{a?o%h%nﬂé‘p pet eddalfet'F€S £Refd in

t ha
response to a preggﬁf'@%a ge&éﬁﬁﬁ%e Wﬁéorf@riﬁaqmdbed ugoirseganpakned in
a t\ube and noves wint HEnPdBetheaid amlzedoti’ragﬁ@té@ngénq._l e %;LEH %ig hersby
I el

perpendi cuhgr to XI s of the tube. The
maxi mum f | ux densi%ggé#gggtléé%gj’ 8nf23per%o%fefx%‘qﬁ’leboﬁhdaﬁfarentlal

di riections from | PEEEBWTE eSengen eszpdnéest@ fermprfasdd eedkihgr enthah: of

zero, the slug |sogeg1u§d tLHht;ZCbHala tighd response to.a non-zero
pressure differe tlgé he sl ug rrg\?esﬁt olt{'ih&1 l%s%t |t%f*?erﬁdt‘ﬂ§9n??é?d wher e

the net nagnetic l’éq’EFoﬁpoc“ﬁ@ ﬁPegsm’%ssure differential. The
i 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 ferrofluigd
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 ocne coil
or the pair of coils are connected in a bridge circuit,

35 which produces an output signal that varies according



differential. The position of the slug is sensed by sensing elenents

whi ch produce output signals that vary 25 according to the position of the
slug. In one enbodinment the sensing elenents are pickup coils that are
positioned to enconpass the range of novenent of one end of the slug, or
are a pair of pickup coils positioned, respectively, t25dAngost284 the
range of 30 novenent of the two ends of the slug. The ferrofluid slug
thus acts as a novable core for the pickupiizeoil(s). As the ferrofluid
sl ug noves, it chan%es the relative inductances of the pickup coils. The
one coil or thetfarPeofhapging sndussmrsssedand ahbei dye Sré£atite 35 which
produces an out pdtifEegaatishat varies according 25 August 2004 -13 to the

changi ng |nducta|£ggﬁE EQ %hus the pressure differential. Loudspeaker The
ferrofluid of th may be used in a 5 | oudspeaker as descri bed,

for exanple, in US Pafbeatfdorof BAGl GE7 thhelﬁﬁaﬁ@ﬂénorﬁa%&rhée% her gby

i ncor por at gd by 166&3 @gg@r gl cally, the air in a
| oudspeaker F EM) Cfo;&‘fer(r}\bofj] 2 £ o¥aThes- |H\%éﬁi iTRftenthdo.

ferrofluid transﬁéﬁésﬁéaﬁhﬁrQQﬁQQﬂ§ g5t Vbncé £9i heneisy al seoyondtda gonpi ng

for the nnvenentr@feréﬁﬁﬂﬁxnﬂoré|§§€%§f1&ﬁ@¥9'”ﬁn '§£P '0” in the speaker
t her Hhat't dh, see W

and snDothlng it response r éh,
Bot t enber g, NgFL§$§¥ dyRmY' l%ﬁg mhba ﬁﬁéﬁ%@r ‘LUMdSﬁb&her Desi gn
Paranet ers on thénE§n¢4QHxntﬂh§sﬂ@&rwﬁgnealﬁriﬁiﬁékg"héggn f cAudi 0
775
5.

Engi neeri mg SocCi @b¥ee @ 14T 28, n bruary 19 0 :
Ferrofluids are gﬁé??ch%r ;éﬁfé%é B?%¥£§%eé% %& Wﬂ%@mﬁn9opée

coils relatively Th?ﬂﬁiﬁ@@éreéH@hnﬁsdwﬁkﬁnnxpnﬂuhfﬂH@-W@Q&Qég whi ch
20 ‘respond to Iomndrsmpuﬂhmngs1tseereﬁgén§%aﬁgg§bn§e éﬂ?'fh&%ha”d K. Raj,

Ferrofluids as g Meang o, see w. Bottenberg, L. Melillo and K. Raj,
: "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. Ferrcfluids 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 ical switch
The ferrofluid of the invention may be used as an

optical switch as described, for example, in US Patent
No. 4384781 the content of which is hereby incorporated
by reference. In 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 cf a waveguide (e.g., optical fiber) or by

as itself physically moving into or out of a coupling



Control I ing Whof er Design Paraneters,” Journal of Audio Engineering
Society, Volune 29, No. 3, 1981 March pp. 132-139. 25 Optical switch The
ferrofluid of the invention nay be used as an optical switch as

descri bed, for exanple, in US Patent No. 4384761 the content of which is
hereby incorporated by reference. In nore detail, a cokd Amghsti?084 magnetic
30 field is used to influence the position or shape or density
distribution of a ferrofluid so that the -térrofluid causes or prevents

t he coupling of I|ight get ween optjcal paths either by physically causing
nmoverment of a wai8BhPBe EEYG G4 PREBEr) or by 35 itself physically
novi ng into or oQkdefed Somptguwes5 August 2004 -14 region between optical

paths. Ordered Struc e feryofluid of the.invention nay be used to
prepare ordered struc ﬁ%ege%—%?f eugicdri Se ,hef SFVERBHBT €12Y 2§ 11998 B4t ent Nos.

5948321 and 6086?8@?3%’1%?06@#?{%@Qﬁu@a@hso?smetsdnrﬂ_secherﬁday dxun@lpor at ed
by referenge. A iphirg phtsnofndde Sfaamrehl uhd Eéaé’r@d}?c&‘?@ I} exleer nal

magnetic field to g&ne ate, qrdered one di mensional  structures or two
Fh YRIGH

di mensi onal |attf2 49 METEPY1HNFRERRT# b9 ¢ OFPY Wefiazarsi®podi ti ons

in response to ehierfhlhyoippld ddrragaaiicisi eh¥fectedard &y frernal
magneti c- opti cal i C tructed that .use he ordered
structures to di T?%%??érgﬁh’ecgﬁo ?%%erﬁgfea?ré%r?? ofit® i RN | ed and
predi ct abl e nmann@frudbuIRe A deid dégenadbndd tattoices sipl ayisin rfdneehp@mat i ¢

light swigghes, @m@lséUﬂébf@fm\aqlce%haoé&ti&ﬁé-iA’V&e&réélﬁseD.aJot‘C'es ar e
encapsul ated in a ‘grot%%ﬂé wi th functional (Offi%, ant1 bodies or other
t

charged i eti e¥*ta* IRIES MAIBrEeF fieldgnet iz aastery eftract

contam nants fromagnatase coptircedmdevices can be constructed that use
the ordered 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 S.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



In all application areas, this invention exploits its beneficial
properties of having tuneable magnetic properties, nonodispersity, and
the:ability to exist in many carrier liquids. 25 The invention will now
be illustrated by reference to the acconpanying, non-limting exanples.
EXAMPLE 1 This exanple illustrates the preparation of apdhmust2i0d from
horse spleen ferritin. Apoferritin 30 was prepared from cadm umfree

native horse spleen ferritin by dialysis (hg.ecul ar wei ght cut-off of
10-14 kD) against sodium acetate solution (0.2 M buffered at pH 5.5
under a nitrogen #lolysis rgaddisct isedivhetialdnnie wailng it qal Yok c.acid

(0.3 M to renoves f.er. r fql | oned by repeated
25 August 2004 - 156@%5%}}; I;eg%sghgog‘?%%e Ity(?rﬁr\é'@yé%llﬁﬁ SﬁrF0¥{®“M to

conpl etely renmovesthE ¥ uced ferrihydrite core from solution. EXAVPLE 2

5 This exanple i|gxmMpisg s the preparation of iron nmetal within
apoferriti n The apop deaer at ed AMPSQO sodi um

.
chl ori de sol ution (0. #&%I eﬁf)ampﬂjﬁff‘gf‘é%lt%ﬁte;ﬂ-it@%PF@PgF@élan approxi mate 1
mg/ M wor ki ng sol®&tadn wifthihe apedert bt inhi ckrmaapbgabedlhowéé? $8ads A

deaerated iron(l!I aGatal al.t] .sol on (1 /m
o i cié‘a‘érra@é@”’ﬁhﬁsoﬁé?ﬁile t of 210% 81”‘8?0 I%{G%(éﬁ Mﬂnfgs :

was added incre such that
appr oxi mat el y gg@‘fgeé‘yﬁﬁi/ 2bopH ot ef ntorsT st laa, aiimrsxmatal Lomgdnto stir at

room tenperature woork ioe sédyit i on aBf | e tp r&e@h%@@ﬁrﬁ g é% WS C};?l)l) owed
rrde 1o 1ro

L0, o A TS . e e nh
sunrounded by a féadtlt salyhéen. ( EXAMAIE &as added incrementally such

that the total number of atoms added was approximately
500 atoms/apoprotein molecule. This was allowed to
gtir 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(o) metal;
The final product yielded a solution 6f 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 éxample, 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 f£inal
product yielded a solution of cobalt particles, each
surrounded by a ferritin shell.
EXAMPLE 4

35 This example illustrates the pPreparation of a



20 This exanple illustrates the preparation of cobalt netal within
apoferrltln The apoprotein was added to a deaerated AMPSO sol ution (0.05
M buffered at pH 8.5 to give an approximate 1 ng/m working sol ution of
the protein which was heated to 45C. A deaerated 25 cobalt(Il) [for

exanpl e, as the acetate salt] solution (0.1M was adde@SiAugnerzifdal | y
such that the total nunber of atons added was approxi mately 500

at ons/ apoprotein nol ecule. This was aIIovveg to stir at this tenperature
for one hour in an inert atnosphere. 30 This was foll owed by reduction of

the cobal t (11) sa@kalwnaamo§oguemQ@rﬂwﬁhdeoﬁgleobﬁés6%9&5@9 g The final

product vyielded a sqlution of cobalt partlcles each” ’surrtoun by a
ferritin shell. BRRVPEEIE135 THPS ®s&ihpirdlry| f_liaresd &l sameparation of a
25 August 2004 _peoceduzk ablmja i 2BS b)d'tt ak Uiy cobals £XGEH LW thin
apoferritin. The I Iovved e sa procedure as . Exanple 2,

but using a 1:5 ng&guggk&9¥t U T fo?sgggﬁp?ﬁﬁtéﬁ?tﬁ%jtécéPate sal t]
to 5 cobal t5(11) bealéXéﬁtléfoaseximpbmeaatehsa$¢¢tatéTEaldﬂ nafTher oduct

yi el ded a sol uti @@na& %H:,aheen $obalda aO%&heksﬁ,o?g&@%ﬁw uipded by a

ferritin shell. his exanple il]ustrate e preparation of a
10 metal all oy s@éﬁt&§l€5ba??°$l%ﬁ¥§ﬂﬂﬂd@éopy)amf%ﬁ?htmhﬂﬂﬁﬁﬂ{|t|n The
netal alloy foll axaskrrLEessanme procedure as Exanple 3, but using a 1:1

[for Cexample.  as the SBeParsstalt) i trates e Bredfiatior ofna 11 nal
product yitél ded aesslualday éﬁc@cﬁﬁﬂqoh@l&tphanlmumti@ﬂRﬁé wmmhhnsurrounded

byfa ferritin Saﬁbker5¥6NELETﬁE metal alloy followed the same

i procedure as Example 2, but using a 1:1 ratio of
| platinum(II) [for example, as the acetate salt] to
cobalt (II)}) [for example, as the acetate sal:t] 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,O,) 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
320 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



N

Thi's exanple illustrates the preparation of a 20 netal ferrlte such as
‘cobalt ferrite (CoO Fe2@3) within apoferritin. The apoprotein was added
to a deaerated AMPSQ sodium chloride solution (0.1/0.4 M buffered at pH
8.5 to give an approximate 1 ng/m working solution of the protein which
was heated to 60'C. A deaerated 25 solution of cobalt (|25 Augast 204npl e, as
the acetate salt] and iron(ll) [for exanple, as the ammoni.um sul phate
salt] in aratio of 1:2 was added incrgmentally and selectively oxidised
using trimethylamne. The final product yielded a solution 30 of cobal t
ferrite particd-es,weaaied IlQmOdeﬂJ.@d cﬁl.elfceﬁfzb.&' BsSh é+ £ This
exanpl e |IIust§§§§§éét¥3 ngo goratl the product Fom rﬁ% 2-6
into a carrier TTquid othér “3BT¢hd 1ﬁa?uFﬁF°ﬁﬁ%e@E@ﬁ¥ﬁﬁusJhe product
of Exanpl es 25-hmmyusswpended7ig- }demma xed 1:100 with oleic acid as a
surfactant and stirred for 24 hours, dried in a rotovac apparatus, then
resuspended in kerosene. - 18 - 25 August 2004 1. The use as a ferrofluid
of a fluid medi umwhich conprises a plurality of Ferro. or ferri-

magneti c particles, each of which particles has a | argest dinension no
greater than 100nm said particles having been prepared by a process

whi ch includes a step in which the particles are fornmed within an organic
~macronol ecul ar shell, 2. The use as clained in claim1, wherein the ferri-
,or ferro- magnetic particles have a |argest dinmension no greater than
50nm 3. The use as clainmed in claiml or 2, wherein the fern- or ferro-
magnetic particles have a |argest dinension no greater than 15nm 4. The
use as clainmed in any preceding claim wherein the fern- or ferro-
magnetic particles in the fluid do not vary in their |argest dinension by
more than about 10% 5. The use as clainmed in any preceding claim wherein
the fern- or ferro- nmagnetic particles in the fluid do not vary in their

| ar gest di mension by nore than about 5% 6. The use as clained in any
"preceding claim wherein the organic macronolecule is a



‘nol ecul e, or assenbly of nol ecul es, having a nol ecul ar weight of up to
1500kD. 7. The use as clainmed in any of clains | to 6 wherein the
ferrofluid is used in a separation process. 8. The use as clained in any
of claims | to 6 wherein the ferrofluid is used as a seal for a rotating
shaft. 9. The use as clainmed in any d8 clains 1 to 6 whes Augusiz004
ferrof |l upd,4.s used as a cooling nedium 10. The use as clained in any of
clainms 1 wherein the ferrofluid is used as a danping nedium 11. The

use as. chal oAl LL A0 @yl Tnud LB WIS dibE, 1 SLHRH) W s, ysed as 2

magnet i C carriler al ned
clains | mtagneicm&ca&‘ane@wfquhoﬂamm has ajmestammansnrr msr@atﬁethanmtmﬂihe use

as cl ai nmggy ertl@i@é/hNnngFﬂ:éHan?edaréd)bﬁ:r BREERIWhichIReiBE Bt th dfch O fithids. 2.

pressure  Sensor " The .use as clained in any of clains
t he ferr@’PIfﬁ"@dl%thwfain'&maéféﬁ‘ﬁ@ﬁ@ﬁ'tsm% a | oudspeaker. 15 The use as

clainmed pn ame @e §4 ahifad inlcRi® MPeRIMNthE & 6F fefrbl Hagndt w&%smggei i

optical switch. 16. The use as_clained in any of clainms to 6
the fer r'gfasst Qjm?gs'%%grleﬂtaf%" SBparation of an ordered structure.
3. The use as claimed in ¢laim 1 or 2, wherein the ferri- or ferro- magnetic particles have

a largest dimension no greater than 15nm.

4. The use as claimed in any preceding claim, wherein the ferri- or ferro- magnetic
particles in the fluid do not vary in their largest dimension by more than about 10%.

5. The use as claimed in any preceding claim, wherein the ferri- or ferro- magnetic
particles in the fluid do not vary in their largest dimension by more than about 5%.

6. The use as claimed in any preceding claim, wherein the organic macromolecule is a
molecule, or assembly of molecules, having a molecular weight of up to 1500kD.

7. The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used in a separation
process.

8. The use as claimed in any of claims 1 to § wherein the ferrofiuid is used as a seal for a
rotating shaft. _

9. The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used as a codling

medium. _
10. The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used as a damping

medium.
11, The use as claimed in any of claims 1 to 8 wherein the ferrofiuid is used as a magnetic

carrier for inks in printing.
12. The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used as a

transducer.
13.  The use as claimed in any of claims 1 to 8 wherein the ferrofluid is used as a pressure

SEensor,
14, The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used as a

component in a loudspeaker.
15. The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used as an optical

switch,
15. The use as claimed in any of claims 1 to 6 wherein the ferrofluid is used in the

preparation of an ordered structura.



