METHOD OF | NDUCI NG NUCLEATI ON OF A MATERI AL Cross Reference To
Rel at ed Applications [0001] This application clainms priority to
Uni t ed St W@2003/08WBsi onal patent application serial numMf&yUBH)709R8B6S
filed on February 10, 2006. Field of the Invention [0002] The present
invention relates to a nucleation process, and nore particularly, to
a nmethod of inducing nucleation of a phase transition in a materi al
wherein the material is initially brought to a tenperature near or
bel ow a phase transition tenperature and subsequentl|ly de-pressurized
so as to induce nucleation of the material. Background of the

I nventi on [0003] Controlling the generally random process of

nucl eation in the ME®EY MOF SINDEC DG ANUYLHAT IOY a®F ofy MATER&RRe- dryi ng
process to both decrease processing tine necessary to conplete
freeze-drying and to increase the product uniformty from

vi al -t o- V|akmﬁsérueﬁarnndmxm@rhdh@¢6@oﬁmgl££§hkghiy desirable in the
art. In a typl phar ceutlc |, e

vial s contalﬁ %g %.coﬁ%%n aq gﬁ§£§§1 |g%¥35% p gﬁggf%%nq%eleégt?ﬁat
are cool ed, Stemszsal Iproati sl ayol r gldtethtr aeepUicatdwrt emearigiur B3bFHe
aqueous sol uj | | IS bel o t her rodynam ¢
freezing teﬁ%%?gng%ggfp%%égéo u %%%uggﬁ ?gng?%§§|n a sub-cool ed
netastable liquid state until nucl eation occurs. [00041The range of
nucl eation t at ur vials is distributed randomy
between a t el s bt 034PCT/ US2007/ 003282 near the
thernndynan1&0¢@%b2|ngEManaﬁaenteiaﬁén§éﬁ§ valakes §oi A eaftpption
(e.g., up tQQﬁﬁggés, dlﬁ&fé 59?91&8@a&@9r”ngaa%k%hEB¢%£'Eaduc1ng

t enperature s distribution nucl eati on tenperatures causes

vial -tovi al warlestbeni afi ee ohapst drangifcien etand BREEFARE Yherein
physi cal pro@ﬁ%thﬁée?{aih§slyﬂ@ghhi§§dbﬁbggﬁﬁttoFBrE@ﬁ&ﬁB%Qur%h%ear
dryi ng stage reeze-dryi ng process must be excessively |on
accommpdat e ®He rhayewof fce PPpSfal §F2BSiRAGTSt r FAMRSES Sducég
the natural §EB§Q&§EhElgUQEe§&"e%%uEﬁ%@nW Nas [ 08053 hAddiet |n\be_\ie|3&\ie)n
been used to I ncrease the nucleation tenperature of sub-cool ed

sol uti ons. ThEskEhad@rEfvédlecan take nmany forms. It is well known that
certain bacteria (e.g., Pseudononas syringae) synthesize proteins
that help nucleate ice formation in sub-cool ed aqueous sol utions.
Ei t her the bBREESraUBE ehebhe| dBVEPEAOBr ot ei ns can be added to

sol utions torpgesgase tBﬁtBBQhQﬁ@<Hhéegaﬁéﬁbmn? zﬁ&ﬂ%ﬁﬂptﬁeégamdf
additives al so denonstrate a nucl eating effect; commn_such
additive is BPPYERELBHI 4B, TAGI JXPRZJEFe PRI Rf §U fﬁ§€%ﬁzatl°n oF
cont am nant B@éeh@edEQEﬁgtp&oe@@mﬁeﬂyebashadéuﬁéaaél@gdﬂ@@@ung time
Lyophilization vials prepared.in eﬁylron nt s contgirkguanc
particul ate PEFEPSAWY| FOGERBPANNYY FGESES & dMdS ARy e At ™
degree of subraaabtng;rta‘nfa:srmitajrs frepavial + notoiaparin cohat élnlshed
envi ronment s. e, _nu ents,descri ve a

| abel ed "addPt bec b'ta’he éﬁlnge ?ﬁeaé%ﬁp§élt?§% 0 che %gdlum
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i ncrease the ave(age Aucl &8t on tenperature 0 e V|als (0007] I ce
crystal s canvtibdnselvescacleds mediovat i e thermodynamlc freezing

temperature of the solution and remains in a sub-cooled

ase the

metastable liquid state until nucleation occurs.
{0004l The range of nucleation temperatures across

the vials is distributed randomly between a temperature



agents for ice formation in sub-cool ed aqueous solutions. In the "ice
fog" method, a humd freeze-dryer is filled with a cold gas to
produce a WapgH/08¥&pensi on of snmall ice particles. The PCEASHRTDI382es
are transported into the vials and initiate nucl eati on when they
contact the fluid interface. [0008] The "ice fog" nethod does not
control the nucleation of nmultiple vials sinultaneously at a
controlled tinme and tenperature. In other words, the nucleation event
does not occur concurrently or instantaneously within all vials upon
i ntroduction of the cold vapor into the freeze-dryer. The ice
crystals will take sone tinme to work their way into each of the vials
to initiatedquad eshé onheanddyransipor fréerbsgartenbg@tyne ped some
different for vials in different |ocations wthint reeze- dr

For |arge scles fde@ifiiganrides & & yer® E%?%%tgﬁ%nﬁﬁxﬁg@%e
fog" nmethod wpul d Leawhbaysusiiem deskgazahgngestasperdiennal This
convection devices may be required to assist acrm)rse cunL;.sfeOS!:m'al- _
di st ri but i orftigftxifknbiqre Flouthfidughb hSWBE T reere-diver: When e
freeze-dryer,shelves: & £o:£ 0041 Adal byyeealedt e uiemsrd] filkriomtely
bet ween when the first vial freezes and.the |ast vial. e i
create a t erfge? abYE 1 FPHf ePERRET bEtTHedt t fid evig ggéh\%ll%éngﬁocméé'

i ncrease t hepyiahetiond al dran- @ifiegn eyage f péezehdr i Sdeprodicyng
WD 2007/ 095034PCT/ US2007/ 003282 [ 00Q9] Mi_al -trea ori g,
scrat chi ng, BYOTHtHhdNehg Ras e§%§%£§¥ﬁ5%§5§0 tlrcgvé?%tg ggéggr%ee&%?
sub-cool i ng r&eauered fiee nunteatl onizéds wnth stthacsuires miwhuead by
met hods, vial pre-treatnent .a . do i ree of

contr ol overtl[‘%en??%gfansdt?%}rlr%%gﬁtguﬁcgﬁ%%iﬁgﬁﬁ%%?gﬁgi vi al s

nucl eate andiboesre, haddinstesad oty ibegreasesd hEcavépagease the
nucl eation te fééﬂ%yrg gja ?Lkaﬁh@gscf[ QA MBrRE | Qe SO BRESe
used to nucl Bare“a phase ffansition in a met ast abl e materj al .

Vi bration suafdttiévest canndeke masleafoWne occhfs i@ YeieguemeyRst8Bbve
10 kiz and cap. pe; prodyced 4SiN0 ahagl ety ObsQuduiRl . Oby@ingae)
vibrations i nothis frequency range are ferned ul trasoni_c, al,though
frequenci es spnthesiamgerebekpg tbapohrip arelegprcafryIRFPAFACPHE
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cavitation, of the fofmation of smal | gas bubbl es, in a sub-cool eg
sol ution. |nthhart i@edisded PreFREF aF28ale affER%r &Q neOt HhHECYAs t°

bubbl es rapi dly,grow and gaakhanseoncasrpbagarery .hi ghvkesal iredganic
pressure and tenperature fluctuations. The abi I%%%of ul tg ni c
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di scl oses that ultrasonic vihration.can i .nucl i O i e
stabl e cavi t RECEATFEgi H8, BUT- 18 explana ?g‘ﬁ{ggﬁggheﬁp %n%ﬁg\ﬁg%ﬁls%t%h
of fered. GB Raivenis Apilli cgeherna23@098tAegtsy andclfyseset plt ghdower

| i kel i hood of, causin avjtation,. d ce leatd J low
sol uti on usi RgHHr atg’lfgnssu\)tkﬁ tar?%grlg%eﬁgl%gls é%o%\?ésel?"%ﬁarﬁadg gg
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met hod has aI[so béen use in the past to i'nduce nucleation in
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vial and allow ice crystal structure fornmed within the for a greatly
accelerated freeze- dry| ng process. [0014] Therefore, a need

for controVPiZHY P&+ r andom process of nucleation in varpcbr(}gbfz?"?@@ffg%g
processes including the freezing stage of a freeze-drying or

| yophilizat ion process to both decrease processing tinme necessary to
conplete freeze-drying and inprove the product uniformty from
vial-to-vial in the finished product. It would therefore be desirable
to provide a process that possesses sonme, or preferably all, of the
above characteristics. Sunmary of the Invention [0015] The present

i nvention nmay be characterized as a nmethod for_jinducing fucl gatl on of
a phase trapdatqmareut igafat@ieCts he TEERSI aBHT S H*tHe §Peps of
bri ngi ng th%@@@fﬁ o&é}dité%HE”é&@relméaénartb&bewaaumhaﬁﬁen the
transition tenperature of the material and decreaL‘Elrﬁ g d ressur]%

i nduce nucl editdlen Wickertohase (FEeEY FPTHET hetRat &7 At FSo181 The

| nventi on_may, Bl 30, be, CALACLSE | EAd aeRagel hed oattant rohigagtihe:
freezi ng process of sol ution conprising the steps of: cooling the
solution at <t mfeesdflladéi} cooling rate; rapidly decreasing the
pressure to pgghee Nucl&atdBps@fld heas of himesl ven chanMs MUFEREoUid ng
of the nucl eat ed solution to a prescribed fj nal tgrrp:%rz_alrg_ﬁre iQ.dLgeze
t he sol uti orR9gRp? esEQFi zat%%n |f§’rf“t‘?‘|t“tl Rt ed*whefiChe sol ution-att ai ns
a desired nugheatidmhs!enper atie e “Qceatfay desétiecd i pe lafiied freeze-
initiation of the coolin 0017]T I ayentio fur
characteri ze@fﬁ%ral?olﬁhﬁ?‘iag’ 5’5? p?océ’ss c%rrprlttm % ‘éggt eps{ro
cooling a maggsbahsisn aotemmpanar u:rcse neartbelbel ow’Iéilephm% PREREFLEBN
tenperature; rapidly decreasi, ngd r o h SFk8h
to i nduce nu%F%aFFé%SBT’rFﬁ 8r| gﬂep ?L%:ganr?{{ nﬁﬁl%{%%% ﬁl\gﬁ%f t he
nucl eat ed meyygehathép aoﬁt&etrthedflunél inkapbaaeure to facilitate
solidificati the terj.al . 18] y e eddriHrsmy he
characteri zegogggé 4 ofl%ceon%ggl I ﬁé%% ggtr?%en%g%ll on process of
a gas conpri ﬁuagebhéost eps ofmlesailieng ‘rifélsgass%‘ﬁﬂatﬁ%?ﬁié?&ur% nedr
O below a pha g E_imal ttll%ré taﬁ{@eﬁéﬂqﬂéfatufgl dl i-desieasi Rgrdse the
pressure to FRYGEB UCI eation W t hin” t he gas; and continuin ool i ng
of the nucl eatiellegasono @verdscriped f PRAl R—’:’r?ﬁ’é*’rat%‘?%c‘tlﬁr%’gﬁ ns@

the gas. Bri gf PeSELLALLAT Ot X 44 193 21600 hienbodrcandnobiter
aspects, f eattires tages of the present mvslntl on Wl

mor e appar enthir emlthaaper dRiRy EhfofeSGECarf¥§ des critpti®on THE ggfs
present ed i ”8%?% %%g&; QR tehy e & olid o Qgegfamygsnwheaehnof \BDe
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nucl eation pRQ§RSS, @A Helldileleh@nimg tdl&:lrsarige Aff flrruergatlicrat ions

tenperatures of the solution; [O Fig ra PiG hg
tenperature \Y\é{%tfiﬁ% pF5ReH ‘gr%%ﬁut |F6’ﬁ7 u §O|%%a£ai% eqU|| b%lat ed

cool i ng process Md-tarde: ﬁssmpzadeﬂmw| oiff mheacbm@arﬁ@e”vmmeﬁiftqﬁ%

present met hods and 0022] F 3 is;a.araph.depiclinggsthepne al
tenperature %‘&3 ot 8 soI ue“s"l underg CI1’,ng a g’ynarﬁl cern

cooling pr OCQﬁﬁzwdﬂlcdepﬁessdeszech}nubbeateqsmlﬁﬂ ateorafffice wit iheFfe

present nEthOQ§form distribution of the “ice fog” throughout the

freeze-dryer. When the freeze-dryer shelves are
continually cooled, the time difference between when
the first vial freezes and the last vial freezes will
create a temperature difference between the wvials,

which will increase the vial-to-vial non~uniformity in

freeze-dried products.



Det ai | ed Description of the Invention [0023]Nucleation is the onset
of a phase transition in a small region of a material. For exanple,

t he phase WQaWaPIPHn can be the formation of a crystal PEFYRFA7PEETI d.
The crystallization process (i.e., formation of solid crystals froma
solution) often associated with freezing of a solution starts with a
nucl eati on event followed by crystal growth. [0024]In the
crystallization process, nucleation is the step where sel ected

nol ecul es di spersed in the solution or other material start to gather
to create clusters in the nanoneter scale as to becone stabl e under
the current operating conditions. These stable clusters constitute
the nucl ei . [Dlo®@9dl ust stislnged -toepsackta by iSCOEdNds| SETRRCH ARG ©OF
becone stabl e nuclei. LLI i b S+ LS did abedrby tdre
operating co&f eélﬁélgs%%glaéi%énp%?regtsu%%acgﬁt gﬁd%nts, de ?ee f
super sat ur atsuticoetlcnaantegaradar§or rgas beat SRyl &S oMithe tE6 @ to
anot her. It isoduriagg trmﬁ]m ealhan M 20044 085034 BEEUSROEL / Q{Ei282
event that FHeatoRs in e solution arrange in a defined and

periodi ¢ nmanmgraxthatamef i desrede efyseartsPLucPURE. [O625[FEMRst 47
growth is ”J;eem}Ulea Nt G gl thaiviughel $halsSuseershtd and
achieving the critical cluster size. Depending upon the conditions

ei ther nucl extéemeor bugst angFedt h ABYYpr edFHIERSS ovEPSt & BTHETS

and as a resyldy &l Y5 al Sy ddeid f&fF antl syzass and shapes are
obt ai ned. Cosrﬁ'%roﬁ o%/ cryst%il' si ze and shape constitutes one.aof the

mai n chal | eng®&Leh | ndUise¥aionahafact’ i3 ngecBudFss F3r nucleate a
phar maceut i Sce 002683sThecAr a5 MEtAStabEE alm@selrtad . pr dtdssat pon
controlling e time and/or tenperature at which a nuac;cl eﬁgﬁgﬁg&s
transition oeefficiant ket dMddce |PUF+eRLIRY gppHiEattions, the
probabi l ity ihabea1mBtieii abnwi |darspoat precusied nusireat @ amd ilgdgh nof
changi ng phase is related to the.degree_of sub: i ]Hgﬁ

mat eri al ande¥REPEBRENce BFEPT eé’égfé'gt&fmgon]t%mtﬁg%t sg,}%égg{cﬁ ti v_egfmge
structures, gfeditdiddmneastihabnpepyi dd thegighe Breguehatesfgm the
nucl eation. [0027] The freezi solidifi [ L R LSeRar LiLgubael y
i nport ant i nE®R8ST F8e¥BZdFi ﬁg E‘Q%c%’s“% & gggiég?sﬁﬁgl{?e% ni ques
result in nughgabi oF teumpeial ur Bldickbendac ositamtdss: REeR | PHEEUEES
vials or containers. The nucleation erat I LEer suepsekendnt @
produce a noﬁgﬁhFFBFﬁf’prSa.u%k’gan %é\ﬁ%g)ggeégi \%} %gl_%ng dryi ns ti mra1
The present gabhedsledn thauother hind, theovidangipn§hePrdedreetofl
process control .in_batch lidifigati PRRESSSES (8pfdl row and
freeze-dryi nﬁ?vékﬁat;%?gdurcgegﬁm%r oofrﬁ%t %th more uni form Struct ure and
properties. bolilkessonecefsihg predy drigh ediftfiaiged o POgHSUTe an

20071095034PCT/ Bé%g.gyr@?’@ﬁ?cé&%%é‘!m efitd 0BpitiheyPreseni cirishode
require mni mar equi pnent and operational changes for iaggleemsnt at.i qn.

E00281I n pri Nébph&ioph&oprasese RECHEAS 108N Be SafFtPEG A0 Caffyy -+ +2

material progessiLpgest eArthabutauol ¥8S Ehaud aahesbphase (omansid i dy.
Exanpl es of such processes include the fre i d

_ ezing of_a liquid, .
crystal | i zat teangiiente £R¥ATaR1SRueoud ol BF*‘ST%, %?%?%%?%atrle T ov
pol yners and getals Lrameel bg, soysinbrtzaljonof dhworggeewized by
mat erial s from supersaturated sol.ut.ions, h
crystal | i zat Po¥sot eith@tar t 95 $é1tsn0\ﬁt§ib()1§uct iv(?r},um(?eposolrti_or? 0 =
i ce from vapsceihaed fdree ziitthdure exdde@peent r at.ison Hataeiti dwllication
crystallization, cryopreservation, or ndensat i $ il
l'i qui ds. Fror?‘n%’@&r%e%”uaﬁl s‘%a‘?ﬁg%?% ,Eg g B?ngs%%tg nr%%t \r({g%ganﬁly a'lcsa(;ﬂl
be applied tqghrse dudarsiticnewuc hrashee|dtiaj amdvididtiqp regime,
[ 0029] The presently discl osed nethod p I SnaR Pr Q¥epess .t o g
current phar utt c EFPHFEP! i"‘f:'lnza(%hé)otﬁl[l%r%%%glg)es?rl l?or1 exanpl e, within
a large i ndustadeait f nppadcdtyen tBePRo0hh Hlasvedisgdoges vFapE the

likelihood of causing cavitation, and hence nucleation,



WO 20071095034PCT/ US2007/ 003282 typi cal range of nucl eation
tenperatures of the solution within the vials (11,12,13, 14, 15, and
16). As seWR2PH@9Wh the vial contents have a t her nodyifdmHSOPER83 ng
tenperature of about OC yet the solution within each vial naturally
nucl eat es over the broad tenperature range of about -7C to -20C or
nore, as highlighted by area 18. Plot 19 represents the shelf
tenperature inside the freeze-drying chanber. [0031] Conversely, Fig.
2 and Fig. 3 depict tenperature versus tinme plots of a solution
undergoi ng a freezing process with depressurized nucleation in
accordance with the present nethods. In particular, Fig. 2 sho t he
t enper at ur e iversusolwhkop| using FLPTATHELSHIWHP aﬁﬁ%‘éﬁgngb?ﬁt o
under goi ng equil i eq coqlj-R@aRcRCe ( Seaukiarpl eh?) winidient
nucl eati on falﬁdugce% vitﬂ{g%e%reesg{?ﬁi zation 3)? t he, chafber cile
(21, 22, 23, 2625 svared @Eyundhbhei SPLESAPENIE hAHESAL THT nBdy PAft

freezing ter%ﬂ?.{]i%t ure 9fe aAWHeiQn yet the solution wthin each vial
nucl eates at 't

€ same t1me upon depressurization and w thin e
narr ow t enpeittlile r afge gieetrofuge3ipg 5‘33‘%%885363?1 Fwsgr Igge%xlgﬁ/dot
29 representg the sheld demetaldnfadres ot him faesamalred igianatber
and depicts an equilibrated freezin glré;)cess, gn.e ﬁ/\énfr

et . :
t enper at ur e EfeqtiroEirRazidy i 1RGP Gt Sy eadybypr(?eglrmfeorJ'Hg

depressuri Zakt%l%ivéﬂ%%ilﬁjrm | @rdatrict g. £ e xdoWs(+ hel t aiforlat uve @
versus time plot of three vials qof an aguequs sol utj I 9o &
dynam ¢ cool GRF Prgess O(rSeauéﬁﬁapI‘%arﬂe "%ne%r‘f’l?c neab?gﬁggggu%%a
depr essuri zat] o Sbad Hei aharded {813 3b ancoBS) . 1 ¥gaid, ox heolpgion.
contents have a thernodynamc freezing te f 4 O yel
WO 2007/ 09503BPHIF BB 0057 90555 t‘ﬁle“%g?%t%%%%%ge%p O#Ji% i
nucl eates ateypecsmne lyaphipbradipnessappiatfbhont a teabedat urkhe
range of about_-7C to -10C as,_se i ea.3 PLatnB89%h&PhesePhiSn] he
shel f terrper’—é?{l?‘élYﬁsFargpfﬁﬁlﬂ'e%;%- ?%ngocﬁgﬁber rall.ndag.ener al |y,

depi cts a dypasticubaking [Foecesyorivd iddrieon heaRRFe et R of°the
shel ves is actively | ower [ I iNd Y. t @1depr essdetZz3Ek@Bzing
00332 As illrﬂ’éhé?iﬁ inl?}Eléej %%u%gjsll%afglre priesent met hods provi de,

i nproved contashoof bae dircdetly ormgnldicets tey ERAMLRRFSt hECPFBEZTRY
of pharmaceutical solutigns.ip a gye-dryer to occur within a nore
nar r ow tenpe?’gflﬂl(r:esggh%ég( 3?’@.&,‘ 'a%%gtioc to -100) ang/or . h
concurrent|yfooheleby ReekdtAy.atheashidns ¥ itRictRIF t FFgPesteF™e
uni form ty fr%ﬂhg#@'b&o“%%@gummahhﬁc@@ts@%@&&&tﬁ&bédinb? i(See e.g.,
foreseeabl e That the I nduced nucleation tenperature ‘ran‘gﬁ may _even 4
extend slightl-§ abovent hdlopha&eb84 ai’tti on tRMFECE ure*and " ndy al so
extend to abgui r40C frc3ng0Ql g | AR bARGHIeBrh enelictisasssidDed

with the present nethods is that by controlling, the.lqwe clgation
t enper at ure &€/ of-CRAEAPreR| ﬁ%%eﬁtﬁﬁa egfblggﬁog%gaca%ﬂ%??ecjf t he

ice crystal gtildGlllid-fear Mefdawindlidn thetfind2zgn ati abboot cbht sasmess

The ice crystal structure is_a variabl.e th c t iR ddated
takes for th&SEENy suBPFn%f"&ez?ﬁﬁg?’lB)? c‘%gn "rq%{ﬁel%% E: gni ce cr yastteal

structure, itd sneassivhlanino greasuyeackelsmrat @ mhamyerhifh causes

freeze-dryi ng process 003521 n bro egohNE1BRESEB ldkpths of
di scl osed mm%rfﬁ%ﬁ&ﬁ%go%ﬁ%?éeag%%gg? gopﬂaée transition

Wi thin mat er izal £ewnpiiildd rdherst.epsSubse@ipnt oda e sehePFaVarraM 3
tenperature near ega{siﬁbelg aﬁggfge t%gggzbggsogﬁg{/ | 33200 7d 0 828h
e 0 rar, a

transition t thé nater nd (ii) rapidly_decreasi
the pressure fmediheepoint callowsobroieEhmier 16 . CEXER2GP (118G tHe

mportant Stebe Wil 8¢ dl3eHssedal RSl indekeaifiIER bE the
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solution. A major drawback for implementing this

svacuum induced surface freezing’ process in a typical



1003611l lustrative materials useful in the present nethod include
pure substances, gases, suspensions, gels, liquids, solutions,

m xt ures, WP 2W3M8Hents within a solution or mixture. BGTAUAHNE03282
materials for use in the present nethod may include, for exanple,
pharmaceuti cal materials, biopharmaceutical materials, foodstuffs,
chem cal materials, and may include products such as wound-care
products, cosnetics, veterinary products and in vivo/in vitro

di agnostics related products and the |like. Wien the material is a
liquid, it may be desirable to dissolve gases into the |iquid.
Liquids in a controlled gas environment will generally have gases
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nucl eation. ‘Uniform nucl eation tenperature .is inmportant, t t] a
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greatly affects the tineg required for drying. 10 As_apnpl i a
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configured so as to_allow control of t ratu eSSV Ry ahd
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bet ween abouf® 'tS%Zr?%%t %%si g g? rmré. %errper atures within the
freeze-dryer chanber are often dictated by the freeze-drying process
and are easily, G QA edvirdvheivge of a heat transfer fluid that
cools or warns—the-stietrves W thin the chanber to driye th% ized as
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method of controlling the freezing process of a



i nduci ng nucl eation of a phase transition within a material or
freezing a material can be utilized with various cooling profiles
i ncl udi ng, WP3PV7E¥WAbI e, an equilibrated cooling envi roryﬁ:g({{szwp/mgzﬁz
dynam ¢ cooling environnent (See Figs. 2 and 3). STEP 2 - RAPIDLY
DECREASI NG THE PRESSURE [0044] When the material has reached the
desired tenperature near or bel ow the phase transition tenperature,
the chanmber is quickly or rapidly depressurized. This
depressurization triggers the nucleation and phase transition of the
solution within the vials or containers. In the preferred enbodi nent,
chanber depressurization is acconplished by opening or partially,
openi ng a | ssgiextciont r opmpEl FENG helke sEpaPat &F it IROMNRF i sTRet1on
chamber fromeith ﬁ%e OMET QTR Ohpad] OWRle RRSSHe the
chanber or ergntgi %oﬁérléén%@r 2%%9%%%%034PC[’/ USZB47/%03282 The Eleeva ed
pressure i s mreskive | dwer dadygenaReci paRieR ¢35 dMfosFREPEIBTF of“The
chanber. The.gdepressisi 2atbomyeets knde dahdadnssotatioduceot he

e dep

nucl eati on. ressuri zation should be finished in severgl

seconds or |pEescpibedr AHNRl4OCLERBFAEIER K3 sETRBFE st eFROP9B-

seconds or lﬁéﬁreéggrﬂ9§EiBﬁei§rﬁ@iﬂi&@e@eﬁﬁéﬁstﬁé kesacibA04bthtins
typical freeze-drying applications, the pressure difference between

the initial ahdssdresr cugheatiQn (HRIBEFRAFITRaRbe P priesSTi e Saf rafs
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smal | er pressure drops may . i nduce nucl eation in,sone, situation st
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designed with pressure ratings.in excess of 2 i i 216\
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envi ronnent . thee neltavatald; paedsgpatandisgbsmplamy debr EBSuPNE RS R
can be achieved thrqugh_any kno . OfinRNEUNBL G- AUl i,
O nechani caFﬁa.geFﬁatahe tf)?’lef e%reggee%%g?)ﬁeﬁﬁts, m&perati ngﬁeprr essures for
the present fechiddsatieodad idéfdicatberowtt kdesmedeaiadi-cal pressure of
any applied 1adNd syljeGting TBLeLEbnt GnBXt hENMRHAQM RIASHHES
(i.e., about g@élm orr %ﬁrﬁ%g'g' ) st%]lglfl gﬁbe avoinded@c(luri ng nucl eati on of
the material as \AD BIGIAD 95D 3APCTESPHOT/ bBS282NCEDE6 WA PrRGESs of
Wi shing to be bound £ 30%:Rar il aEBBCRAN SBLoDI8gPRES s to a
mechani sm toaex%%%i N ?‘We cé)Lntar ol l'ed nﬁglgeati on observed in the {1
practice of tHeepmmsteme nef¥§6d i sOFhatPgASYs i A soPRATOn iGFAHE-ELon

material CoMg Qie.0f QU UtE 48 MBPTaElepE£SSHGT ERki pRredsdriorm bizhices
that nucleate the material. An initial elevated djssol ved ggésucgie
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i ncreases t heWsGRaT 9™t VoRPYAs T t9R° 500 oo P THE i §°8ec
pressure aftehLaghdNehtedluges tdeagpreseiribied tBinadnd emipe rsaysey uent
rel ease of gas fromthe sub-cool ed solution triggers nucleation of
the phase tr &4SHIE %@ﬁs‘mot her possible nmechanismis that the
tenperature decrease of the gas proximte the material during
depressurization causes a cold spot on the surface of the nmateri al
that initiates nucleation. Another possible nmechanismis that the
depr essuri zatpwaie £ ausssr igviaier aif ahefDisormmd$ quid in the nmateri al
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drawings, wherein:




aspects and features of the presently disclosed nethods of inducing
nucleation in a material and are not to be taken in a limting sense.
Rat her, t Q20020 ¥HM es are WO 20071095034PCT/ U520071088%/532007/003282
illustrative only and the scope of the invention should be determ ned
only with respect to the clains, appended hereto. EXAMPLES [O0051]All
exanpl es described herein were perfornmed in a pilot-scale VirTis

51- SRC freeze-dryer having four shelves with approximately 1.0 n?
total shelf space and an internal condenser. This unit was
retrofitted to hold positive pressures of up to about 15 psig. A 1.5"
di anmeter circular opening also was added to the rear wall of the
freeze-dryi rmgoebanber Miigth 1. 5¢ di smerEdy ARRITHRS SheeFPREFAFUTS
extending fromthe hole t h i Lakl an stecesstge
fromthe ba@?rgPstﬁ@ﬁk?égnﬁ?gg§é%.%ﬁ%ﬁﬁigﬁBPhﬁF?%grﬁg air-actuat%%
bal | val ves menesaticac hedotess hiand ubPrghera SheWing y thet tTHES Gfe
bal I valve allqued .0as fq fl.ow R0 Jhe Hd egagrdiori;ng chanber and

t her eby prOV|éE positive pressures up to 15 psig. The second bal

val ve al |l owel®0gad to fRimv ot ief 3 FIReedePHRFYING CRENFEPSTFtUTe

t hereby redyce chanbet Br eSsiye t g rat NS pheyig ieNdi LheesgdIngsi Gn
Al refrigeration of the freeze-dryer shelves and condgnser_ was, a
acconpl i sheceariid idiranfdt i HPILTN nalFHREMPE hedf> T anFT FIUH - *©
cool ed by |iguid i {5,0080 dsidhddie Riatai thNGaalstmdDeayaicam and
[0052] All solutions were prepared in cl.ass %00 c% a”éé%”@r-@E%
freeze-dryer [QRR2hosi tThed3 wifh & HETHRDr ISBREFIRE, BA%d KoM T ol s al |
accessi bl e fyomtde ghRan1®0MoEhi d e sbhetdbhe rundsppmions s a( piygpanic

heaters, etc.) were located in a non-glean roomenvir A
sol uti ons wetebtePar BYOFFER Hli"f_]('fr}br a‘g%pﬁﬁfg‘rlm Rk | in
2007/ 095034 PLT4 MSROOIE 0PB328 2 i sheserBoieathdds, filtered through
0.10 pm nenbrane). The final solutions were filtered through a 0.22
pm nenbrane prior to filling the vials or |yophilization containers.
Al gases weh&rsupedi Psyifpeydn ndershantnveneidnlt ered t hrough 0.22
pmfilters to renpve partlcul ates. The g cQnt ai ( i

and 60 nL bof??%g;) wer u‘é%?% hed ﬁ?eglg?e%ﬁggtfgg %a??%%ﬁlgfgts?‘{?gﬁqﬁ
Wheat on Sci epgeaPeadltt segPhar aficeunitarhiglacEept aspeprtar r FBEsPRBFE
used where approprjate. The 0 st t alken, t e dhen a
materi al s ang ﬁﬁgﬁ%agnnectancoﬁ%e\r{%ﬁeong?é%%g{rﬁnncgﬁt ir_%:a{ar?ngﬁﬁf acturin
st andar ds foligatdi chat esyswhlthzationsPRackest i(hgeageﬁ?@‘aFGGBS]’%\s
used herein, _phar TRCAULEGAl L YoR0geBAbkS kT Idmich | sdesestaaywatd
all solvents;y disSpersion nedia, antioxidants, salts, coatings,
surfactants, fpeeséngatifives gelytioneshprtsr Widpyd Bﬁ?ﬁ?%&?%%n?gﬁpg,

sorbi c acid, saptihagt gé; glryggg@t Srowhl.fungal agents), isotonic
agents, sol uffl on retarding agents (e. .g., .paraffin), absorb nts g
(e.g., kaoli O8R4y, beAPokhee EVEFRL PGS ISP abFrrears Fé‘.c[glea m

e

., Ssodlu

lauryl sul phaig), sgehs wihidlerselcted aplepulasaciddspgesedi nin the

Oy " aggcanth SOLLLDY! RN 000E ARV ege Ul
clusters in the nanometer scale as to become stable
under the current operating conditions. These stable
clusters constitute the nuclei. The clusters need to
reach a critical size in order to become stable nuclei.
such critical size is usually dictated by the operating
conditions such as temperature, contaminants, degree of

supersaturation, etc. and can vary from one sample of

the solution to another. It is during the nucleation



| actose, m | k sugar, polyethylene glycol), disintegration agent

(e.g., agar-agar, starch, lactose, cal cium phosphate, calcium

car bonat e,WQIZ&"H?’@&hci d, sorbitol, glycine), wetting ag&ntS2{'&y282
cetyl al cohol, glycerol nonostearate), lubricants, absorption
.accelerators (e.g., quaternary amoniumsalts), edible oils (e.qg.,

al nrond oil, coconut oil, oily esters or WO

2007/ 095034PCT/ US2007/ 003282 propyl ene gl ycol), sweetening agents,
flavoring agents, coloring agents, fillers, (e.g., starch, |actose,
sucrose, glucose, mannitol), tabletting lubricants (e.g., nmagnesium
stearate, starch, glucose, lactose, rice flower, chal k%, carriers for
i nhal ati on Eemt, bpdrochndortemspeifantdd, U EAThg2agehes, oF Such
i ke materi .and. c [ iy t oW L s knens  tdaryane 1of
ordi nary ski ﬁsfllnr?q% h%qgr ?Daetzl[l %%Acf] Egé&?éﬁg g)%lperi mental conditions
descri bed hererurtame al | | yophilization fornul ati ons studi ed,
stochastic an)d tion gahpicggu\,yho@rggg taeslierd gobwvahnest

t enper at ur es’ bet\ween about -8C and -20C and occasionally as V\ar;méals
-5C. The corntre nensloul dhgéneparEgele Bl d2aPiEELPRY a’f%‘? esCImr HET
than -8C for_{ perdags, ofpedeh i \Wdt hgﬁbn_nueh@at togdidhensnset clodr
nucl eati on and subsequent cryStal growtn (i.e., freezin as o pe
det er mi ned byekemetorups FEASHREMETRCOHE  HRY pBFRECTE-ficc P e

cont ai ner tepperat ULaqqWsCk Yréfereasedykhalespanse dif teheerexosheeni
| atent heat of fusion. The injti atign of freezi ng %258 ggulsq_zgae an
visual |y deta®%i FEAPERr Giigh SPERYAES gl &OE56T 1 He™ 1 FééZedr yer chan%er
door. Exanplgndpe CeBhkektiingst henbluclogat itore Tenmper atch®l 1¢00SS] Four
separate vials were filled with 2,5 nlL_of 5_wt2 I L08. The
predicted t hERRBAYRARL cCTPREESFRYT P nt SBF: A2 égwt@o %r%ﬁ%\?(tg‘g yé% ﬁti on
i S approxi mateb¥ei 0. 5Crhdherkeuntyingthatkr eephbeedton aa Breeyes dfFEr
shelf in close proximty to one _another, Th r of 15 fqur
vials were V@’gﬁﬁﬁi(’;lb@g%%/ @08?%6 328 e&r%%?%%%% % ng}%%ﬁ ace
nmount ed t her AReneptesd. Himde eezendipépnnascpressdii zed WAt dlgonifo
14 psig. [00%6] The freeze-.dryer shelf Goal egd; I 8 Mbhakrial

t enper at ur eséﬁkeﬁé%&?pgﬁﬁra}é%f)ﬁ%felt>1/qe- % 3C an%ﬁaéb}gu?b%%. 3C (+1-1C
measur ement RELUr sppnabnkbesigennoteapeespd PrELPr €82898PFePPRES then
depressurized trom.ahout, 14 i 0 o] a Id¥ PERSSHheerial

| ess than fi Vgiggggn%sotgﬁ?ng% g.etr?ucﬁ;atgihgnkgfgi'?ﬂg g‘gfl ution wthin
the vials. Abhdfohe whslencruokepresense BySPABEFARG SimAeFat ey -
after depressuri i.an. Resul t: Spa@r idRd | préohbe labedie ox
(0057] As seeﬁglrﬁ i&'ﬁl%%'l S?he&%qtﬁ%]?%l | ed nucl eat Pon tenperatures in
thi s exanpl esticfaece |fon maiclepg&roPenperatures) are quite close to the
predicted thgpyRaynam ed eegiddl ik Nt oof tdw s AldononThusteéhe is
present net hod al 'ows control of the nucleation to occur. in %qjotgeis%ns
that have a Pericovkaddgt ed™BPEERBtCcobTi ngPDr HEHRRTITATGh

t enper at ur es peale Or lsy ity ghtéyhfiohdes t haastheir fu eeziuwy qadiims.
o S e Al M Bl TeIREL 8L UL el L BLEESBECw2R o

containers. The nucleation temperature differences tend
to produce a non-uniform product and an excessively
long drying time. The present methods, on the other
hand, provide a higher degree of process control in
batch solidification processes (e.g., freeze-drying)
and produce a product with wmore uniform structure and

properties. Unlike some of the prior art techniques to



12.5nm of 5w%mnmannitol Argon -2.3 14 Nucleation 2 2.5 nL of 5 w%
marmtol Argon -1.3 14 Nucleation 3 2.5 nL of 5 wt % mannitol Argon
-2.1 14 NYOaWiPBP44 2.5 mL of 5.wt % rnannitol Argon - ECHU§A07/005282

Nucl eation Table 1. Controlling the Nucleation Tenperature. Exa

- Controlling the Nucleation Tenperature [00581l nnPhi s exanpl e ple 2
ninety-five vials were filled with 2.5 nL of 5 wt % mannito/ sol uti on.
The thernodynam c freezing point of the 5 wt% mannitol solution is
approxi mately -0.5C. The ninety-five

induce nucleation, the present methods require minimal
equipment and operational changes for implementation.

[0o028] In principle, the present metheds can be
applied to any material processing step that involves a
nucleated -phase transition. Examples of such processes
include the freezing of a liquid, crystallization of
jce from an aqgqueous solution, crystallization of
polymers and metals from melts, crystallization of

inorganic materials from supersaturated solutions,

crystallization of proteins, artificial snow
production, deposition of ice from  vapor, food
freezing, freeze concentration, fractional

crystallization, cryopreservation, or condensation of
vapors to liguids. From a conceptual standpoint, the
present methods may also be applied to phase
transitions such as melting and boiling.

[0029] The presently disclosed method represents an
improvement to current pharmaceutical lyophilization
processes. For example, within a large industrial
freeze-dryer there can be over 100,000 vials containing
a pharmaceutical product that needs to be frozen and
dried. Current practice in the industry is to cool the
csolution to a very high degree so that the solution in
all vials or containers in the freeze~-dryer are
guaranteed to freeze. The content of each vial or
container, however, freezes randomly over a range of
temperatures below the freezing point, because the
nucleation process is uncontrolled.

[0030] Turning now to the Figures, and in particular
Fig. 1, there is depicted a temperature VvVersus time
plot of six vials of an aqueous solution undergoing a

conventional stochastic nucleation process gshowing the
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vials were placed on a freeze-dryer shelf in close proxi rrity to one
anot her. The tenperatures of six vials positioned at differe

| ocati ons YA 2#H&FPteze-dryer shelf were continuously r?Sﬁ{‘{Sa?“éfama%% ng
surface nounted thernocouples. The freeze-dryer was pressurized in an
argon at nosphere to about 14 psig. The freeze-dryer shelf was then
cooled to obtain vial tenperatures of near -5C. The freeze-dryer was
t hen depressurized from about 14 psig to about atnospheric pressure
in less than five seconds to induce nucleation of the solution within
the vials. Al ninety-five vials were visually observed to nucleate
and begin freezing i medi ately after_depressurization. Thernp ou L
data for thetgbxcabni teneg vial s B8alLREREDt hESTPSTALUSESer E €
The results acey ggnﬂmﬁsén' Bnlakli® 1 100@911@ 1Saeqr5tfheziceln5) s
control |l ed nuc ron tenperatures in this exanp (i.e,, Initia

Vial Tenper asgess)thezeisonevbat Vléé‘llovx‘F‘t’lh‘ée%‘F%dPéf"éd % hEFﬁﬁﬁ?ﬂﬁﬁ?E‘lc
freezing point of ,the soluti Th t h es o] I

control of tﬁﬁeﬁﬁéflgattf%“r‘{p? og%%%%rq?fn sgog{tl oﬁ?t%ﬂqhg\% ag%gg%;)?e
degree of suhkichahi n@cﬂ'hwsaéxann@t@rallm dediesttiest egVSEaltdif | PEP2Bf

the present nethod to a multiple_vi pl tion. \Vpal L on
Initial Vial tﬂ“ﬁﬁﬁ&?‘fﬁéri P‘Pgss‘%’r ‘gprzés%guaf'l zal }{og ﬁ?e%is%&g}é’ s
[ psi] Qut conenidRiSghtad. wf &M%mnml@tt 18r geprhs@hts N;ﬂcée@heéﬁ

9 0
r2n§nﬁ| tmc_” of Stgmé)er;%rtl,@rléog.nsé& the %]f‘éezlgu%r?&;‘ll O@haﬁ\%&% m. of 5 wt%
[o031] Conversely, Fig. 2 and Fig. 3 depict

temperature versus time plots of a solution undergoing
a freezing process with depressurized nucleation in
accordance with the present methods. In particular,
Fig. 2 shows the tempera'ture versus time plot of six
vials of an aqueous solution undergoing an equilibrated
cooling process (See Example 2) with nucleation induced
via depressurization of the chamber (21,22,23,24,25,
and 26). The vial contents have a thermodynamic
freezing temperature of about 0°C yet the solution
within each +vial nucleates at the same time upon
depressurization and within a very narrow temperature
range (i.e., -4°C to —5°C) as seen in area 28. Plot 29
represents the shelf temperature inside the freeze-
drying chamber and depicts an equilibrated freezing
process, one where the temperature of the shelves is
held more or less steady prior to depressurization.

[0032] Similarly, Fig. 3 shows the temperature
versus time plot of three wvials of an aqueous solution
undergoing a dynamic cooling process (See Example 7)
with nucleation induced via depressurization of the
chamber (31,32, and 33). Again, the wvial contents have

a thermodynamic freezing temperature of about 0°C yet

11



ﬁl\rglon-4_. 614 Nucleation 4 2.5 nL of 5 wt% mannito! Argon-4.4.14

ucl eation 52.5 nL of 5 wt% mannitol Argon-4.614 Nucleation 62.5
m of 5 wWRAMHIYH  Argon-5.114 Nucl eation Exanpl e BCTPapiE003282
Controlling the Nucleation Tenperature. - Controlling the
Depressuri zati on Magni tude [0060]

the solution within each vial nucleates at the same

time upon depressurization at a temperature range of

about -7°C to -10°C as seen in area 38. Plot 39
represents the shelf temperature inside the freeze-
drying chamber and generally depicts a dynamic cooling
process, one where the temperature of the shelves is
actively lowered during or prior to depressurization.

[0033] As illustrated in the Figures, the present
methods provide improved control of the nucleation
process by enabling the freezing of pharmaceutical
solutions in a freeze-dryer to occur within a wmore
narrow temperature range (e.g., about 0°C to —-10°C)
and/or concurrently, thereby vyielding a lyophilized
product with greater uniformity from wvial-to-vial.
While not demonstrated, it is foreseeable that the
induced nucleation temperature range may even extend

slightly above the phase transition temperature and may

also extend to about 40°C of sub-cooling.

[0034] Another benefit associated with the present
methods is that by controlling the lowest nucleation
temperature and/or the precise time of nucleation one
can affect the ice crystal structure formed within the
frozen vials or containers. The ice crystal structure
is a variable that affects the time it takes for the
ice to sublimate. Thus, by controlling the ice crystal
structure, it is possible to greatly accelerate the
overall freeze-drying process.

[0035] In a broad sense, the presently disclosed
methods for inducing nucleation of a phase transition
within material comprise the steps of: (i) cooling the

material to a temperature near or below a phase
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In thislexarple,nultiple vials were filled with2.5 nL of 5 wt%
manni tol solution. Again,the predicted thernodynam cfreezin 0i nt of
thes5 wt % WOSPUEOFPFH95034PCT/ U S2007/ 003282 manni ol sSCaaNHE °
approximately -0.5C. For each test run, the vials were placed on a
freeze-dryer shelf in close proximty to one another. As with the
earlier described exanples, the tenperatures of vials were nonitored
usi ng surface nounted thernocouples. The argon atnosphere in the
freeze-dryer was pressurized to differing pressures and the
freeze-dryer shelf was cooled to obtain vial tenperatures of about
-5C. In each test run, the freeze-dryer was then rapidly
depr essuri zedrgnsetionn tewperABNrei veLse&dfds P Frdmaie 2dct &4
pressure t0 ALIDSPDESLE- DEERRYT nk oAbs SEE6N Eo InbiBEYCAUBLEH ERLH 0BE Of
the solution wthin the vialsT Results are summarized in Tablj‘ﬁ,emg.]8

r e

[0061] As seephin mRdtsirdad - t BecRomtfr oFRede ndEReASERT oBEGPFed

the pressuresdLop-uas ahoMbrd @sta®l BEeaker and the nucleation
t enperature ?l.e., Initial vial tenperature) was between about -4.7C

and -5. 8C. Initial Vial Pressure Vial # Sol ution Atnos
Tenperature EgLpDiop coorLING THE MATERIAL

[0036] Illustrative materials useful in the present
method include pure substances, gases, suspensions,
gels, liquids, solutions, mixtures, or components
within a solution or mixture. Suitable materials for
use in the present method wmay include, for example,
pharmaceutical materials, biopharmaceutical materials,
foodstuffs, chemical materials, and may include
products such as wound-care products, cosmetics,
veterinary products and in vivo/in wvitro diagnostics
related products and the like. When the material is a
liquid, it may be desirable to dissolve gases into the
liquid. Liquids in a controlled gas environment will
generally have gases dissolved in them.

[0037] Other illustrative materials useful in the
present method include biological or biopharmaceutical
material such as tissues, organs and multi-cellular
structures. For certain biological and pharmaceutical
applications, the matexrial may be a solution or mixture
that includes: a live or attenuated wviruses; nucleic
acids; wmonoclonal antibodies; polyclonal antibodies;
biomolecules; nonpeptide analogues; peptides, including
polypeptides, peptide mimetics and modified peptides;
proteins, including fusion and modified proteins; RNA, .
DNA and subclasses thereof; oligonucleotides; viral
particles; and similar such materials or components

thereof.
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[psi] Depressurization Qutconme 1 2.5 nL of 5 wt% mannitol Argon -4.7
7 Nucleation 2 2.5 nL of 5 wt% mannitol Argon -5.1 7 Nucleation 3 2.5
m. of 5 we¥ORUAMIYHM Argon -53 7 Nucleation 4 2.5 ni ofCH/lygiygi03282 '

mannitol Argon -5.6 7 No Nucleation 5

foo38] Pharmaceutical or biopharmaceutical solutions
contained in vials or containers for freeze-drying
would be a good example of a material that would
benefit from the present method. The solutions are
mostly water and are substantially incompressible.
Such pharmaceutical or biopharmaceutical solutions are
also highly pure and generally free of particulates
that may form sites for nucleation. Uniform nucleation
temperature is important to creating a consistent and
uniform ice crystal structure from vial to wvial orx
container to container. The ice crystal structure
developed also greatly affects the time required for
drying.

[0039] As applied to a freeze-drying process, the
material is preferably placed in a chamber, such as a
freeze-drying chamber. Preferably, the chamber is
configured so as to allow control of the temperature,
pressure, and gas atmosphere within the chamber. The
gas afmosphere may include, but is not limited to:
argon, nitrogen, helium, air, water vapor, oxygen,
carbon dioxide, carbon monoxide, nitrous oxide, nitric
oxide, neon,  Xxenon, krypton, methane, hydrogen,
propane, butane, and the like, including permissible
mixtures thereof. The preferred gas atmosphere
comprises an inert gas, such as argon, at a pressure
between about 7 to about 50 psig or more. Temperatures
within the freeze-dryer chamber are often dictated by
the freeze-drying process and are easily controlled via
the use of a heat transfer fluid that cools or warms
the shelves within the chamber to drive the temperature
of the vials or containers and the material within each

vial or container.
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2.5inL of 5 wt% mannitol Argon -5.6 7 Nucleation 6 2.5 ttiL of 5
vvt%marmtekwAr on -5.8 7 Nucleation 7 2.5 inL of 5 wt% na

Ar gon PLation 8 2.5 nth of 5 wt % mannitol RF&%ZOU%/”‘*?Z@ No
Nucl eation 9 2.5 nth of 5 wt% mannitol Argon -5.8 6

[0040] In accordance with the present methods, the
material is cooled to a temperature near or below its
phase transition temperature. In the case of an aqueous
based solution undergoing a freeze-drying process, .the
phase transition. temperature is the thermodynamic
freezing point of the solution. Where the s=solution
reaches temperatures below the thermodynamic freezing
point of the solution, it is said to be sub-cooled.
When applied to a freezing process of an agqueous-based
solution, the present method is effective when the
degree of sub-cooling ranges from near or below the

phase transition temperature up to about 40°C of sub-

cooling, and more preferably between about 3°C of sub-
cooling and 10°C of sub-cooling. In some of the
examples described below, the present method of

inducing nucleation: works desirably even where the

solution has only about 1°C of sub-cooling below its
thermodynamic freezing point.

[0041] Where the material is at a temperature below
its phase transition temperature, it is often referred
to as being in a metastable state. A metastable state
is an unstable and transient, but relatively Ilong-
lived, state of a chemical or biological system. A
metastable material temporarily exists in a phase or
state that is not its equilibrium phase or state. In
the absence of any changes in the material or its
environment, a metastable material will eventually
transition from its non-equilibrium state to its
equilibrium state. Tllustrative metastable materials
include super-saturated sclutions and sub-cooled

liguids.

15



No Nucleation 10 2.5 nth of 5 wt% mannitol -5.1 5 No Nucl eati

: ation
Argon 11 2.5 nL of 5 wt% mannitol Argon -5.4 5 No Nucl eation 12
2.5 nth ofWG2M8¥nni tol Argon -5.5 5 No Nucl eation 1BCPUS204t/p33%
wt % manni t ol Argon

[0042] A typical example of a metastable material

would be 1liquid water at atmospheric pressure and a
temperature of -—-10°C. With a normal freezing point of

0°C, ligquid water should not thermodynamically exist at
this temperature and pressure, but it can exist in the
absence of a nucleating event or structure to begin the
ice crystallization process. BExtremely pure water can
be cooled to very low temperatures (—30°C to —-40°C) at
atmospheric pressure and still remain in the liquid
state. Such sub-cooled water is in a non~equilibrated
thermodynamically metastable state. It only lacks a
nucleation event to cause it to begin the phase
transition whereby it will return to equilibrium.

[0043] As discussed above, the present methods of
inducing nucleation of a phase transition within a
material or freezing a material can be utilized with
various cooling profiles, including, for example, an
equilibrated cooling environment or a dynamic cooling

environment (See Figs. 2 and 3).

STEP 2 - RAPIDLY DECREASING THE PRESSURE

[0044] When the material has reached the desired
temperature near or below the phase transition
temperature, the chamber is quickly or rapidly
depressurized. This depressurization triggers the
nucleation and phase transition of the solution within
the vials or containers. In the preferred embodiment,
chamber depressurization is accomplished by opening or
partially opening a large control wvalve that separates
the high pressure chamber from either the ambient

environment or a lower pressure chamber or environment .
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-4.7 4 No Nucleation 14 2.5 nL of 5 wt% mannitol Argon -5.1 4 No

Nucl eation 15 2.5 rnL of 5 W% mannitol Argon -53 4 No Nucl eatijon
Table 3. BYPEW& 3 bepressurizati on Magni tude Exanpl e P4 TUS2007/003282
Controlling the Depressurization Rates [0062] For this exanple,
multiple vials were filled with about 2.5 nL of 5 wt % nmannit ol
solution having a predicted thernodynam c freezing point of

approxi mately -0.5C. For each test run of varying depressurization
time, the vials were placed on a freeze-dryer shelf in close
proximty to one another. As with the earlier described exanples, the

tenperatures of vials were nonitored using surface ugt ed s flow
t her nocoupl &he L¢J<@V@h@da§§9§sé§§cr31'sbéﬂ“é§‘a]rﬁbl LewerRE SYg8Re

at nosphere iJy the {1 eezg-gryatemas phassurézed ¢ige abotthaddepsi g el
the shelf was cooled to obtain vial tenperatures of a roxiémtel he
-5C. In eacrﬂemsetwmzwﬂsmﬂr%?@d??e?emﬁélffﬂé{nf@@ﬁrggosdrrf 76d a
different deplessutigati ofns atesrésmildaPsdby sRoat dusphetincsipe@ssur e
in an effort to 1 nduce nucl eation of the_solution vvith(i)rrlldéhoervj_éaéé;

(00631 To stIrNerab BeFeRds oPr LPFEsRFFZatFdnY ral eSoF

depressuri zafd A0 bi8Ber@piPShoi sébogababl vabye wad pbacedrefietdely
outlet of the depressurization control valve at the rear of the
freeze-dryerlO \iepoRfd PEstfPEting valve is conpletely open,
depressuri zato@asfr om ahowyd#c4I5i & riee zbaltty ihogsagpild cacdongl.i shbd
in approximately 2.5 seconds. By on artially_clasj.ng the
restricting RaPYEYTPt | %tges%?rb‘%lee tgg\t}g"relegbl yt%{%crgz%{sle%gtal%e chaaber”
depressuri zapie8sticae. disd ngthhe rigistali ct chgmbek| \Rttessuzsover 8FEEESt

runs were performed with the freeze-dryer I depr egsid zedpat
differing rateBTE8SHELEPEAPR ! of° g’éltﬁéir meneg‘tg%%gg?f é:g:t of B
depr essuri zaal ehotighe s lriee! eptémsurdhdrppsulnay ateddePmBFFZEGCART

Tabl'e 4. VE%'sL%m?oéggﬁggigﬁgpsngkﬂéﬂmﬁéfgigﬁnﬁrégle—dryers can
readily accommodate the range of pressure drops needed
to control nucleation. Many freeze-dryers are designed
with pressure ratings in excess of 25 psig to withstand

conventional sterilization procedures employing

saturated steam at 121°C. Such equipment ratings
provide an ample window to induce nucleation following
protocols that depressurize from starting pressures
above ambient pressure ox the pressure in the
surrounding environment. The elevated pressure and
subsequent depressurization can be achieved through any
known means (e.g., pneumatic, hydraulic, oxr
mechanical). In the preferred embodiments, operating
pressures for the present methods should remain below
the supercritical pressure of any applied gas, and
subjecting the material to extreme low pressures (i.e.,
about 10 mTorr or less) should be avoided during

nucleation of the material.
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Pressure Drop [psi] Time [sec] Depressurizati on Qutconme 1 2.5 nL of
5 wt % manni t ol %34 -4.6 14 300 No Nucleation 2 2.5 nL of 5 wmt%
4 1

rnanni t ol VAP g0 4 300 No Nucleation 3 2.5 nL of BCHUSZNHNKRR 0l
Argon -5.8 14 300 No Nucl eation 4

[0046] While not wishing to be bound to any
particular mechanism, one possible mechanism to explain
the controlled nucleation observed in the practice of
the present method is that gases in solution in the
material come out of solution upon depressurization and
form bubbles that nucleate the material. An initial
elevated pressure increases the concentration of
dissolved gas in the solution. The rapid decrease in
pressure after cooling reduces the gas solubility, and
the subsequent release of gas from the sub-cooled
solution triggers nucleation of the phase transition.
{00471 Another possible mechanism is that the
temperature decrease of the gas proximate the material
during depressurization causes a cold spot on the
surface of the material that initiates nucleation.
Another possible mechanism is that the depressurization
causes evaporation of some liquid in the material and
the resultant cooling from the endothermic evaporation
process may initiate the nucleation. Another possible
mechanism is that the depressurized cold gas proximate
the material freezes some vapor either in equilibrium
with the material prior to depressurization or
liberated from the material by evaporation during
depressurization; the resultant solid particles re-
enter the material and act as seeds or surfaces to
initiate nucleation. Oone or more of these mechanisms
may contribute to initiation of nucleation of freezing
or solidification to differing extents depending on the
nature of the material, its environment and the phase
transition being nucleated.

[o048] The process may be carried out entirely at a

pressure greater than ambient pressure or over a range
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2.5 raL of 5 wt% mannitol Argon -4.6 14 200 No Nucleation 5 2. 5
rrLof
5 w%mmannitol Argon -5.4 14 200 No Nucleation 6 2.5

manni t ol ,&VBC’JP]WO% 4 14 200 No Nucleation 7 2.5 rnL of é’%‘bﬁz?‘r‘é’ﬂ?ﬁ
Argon -4.6 14 100 No Nucl eation 8 ol

of pressures spanning ambient pressure. For example,
initial chamber pressure can be above ambient pressure
and the final chamber pressure, after depressurization,
can be above ambient pressure but less than the initial
chamber pressure; the initial chamber pressure can be
above ambient pressure and the final chamber pressure,
after depressurization, can be about ambient pressure
or slightly below ambient pressure.

[00439] The rate and magnitude of the pressure drop
are also believed to be an important aspect of the
present methods. Experiments have shown that nucleation
will be induced where the pressure drop (AP) is greater
than about 7 psi. Alternatively, the magnitude of the
pressure drop may be expressed as an absolute pressure
ratio, R = P;j/Pf, where P; is initial absolute pressure
and Ps is final absolute pressure. It is believed that
nucleation may be induced upon depressurization where
the absolute pressure ratio, R, is greater than about
1.2 in many practical applications of the present
methods. The rate of pressure drop also plays an
important role in the present methods. One method of
characterizing the rate of pressure drop is through use
of a parameter, A, where A = AP/AL. Again, it is
surmised that nucleation will be induced for values of
A greater than a prescribed value, such as about 0.2
psi/sec. Empirical data through experimentation should
aid one to ascertain the preferred pressure drop and
rate of pressure drop.

[0050] The following examples highlight various
aspects and features of the presently disclosed methods
of inducing nucleation in a material and are not to be

taken in a limiting sense. Rather, these examples are
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2.5 m of 5 vvt% mannitol Argon -5.2 14 100 No Nucleation 9 2.5 nL of
5 wt % manni t ol Ar_%on -5.2 14 100 No Nucleation 10 2.5 inL of 5 Wt %
manni t ol AYQ3WTOHIF 14 60 No Nucl eation 11 23 mL of 5 REGURNHPASH?
Argon -5.1 14 60 No Nucl eation 12

illustrative only and the scope of the invention should
be determined only with respect to the claims, appended

hereto.

EXAMPLES

[0051] All examples described herein were performed
in a pilot-scale VirTis 51-8SRC freeze-dryer having four
shelves with approximately 1.0 m? total shelf space and
an internal condenser. This unit was retrofitted to
hold positive pressures of up to about 15 psig. A 1.5"

diameter circular opening also was added to the rear

wall of the freeze-drying chamber  with 1.5” diameter
stainless steel tubing extending from the hole through

the rear wall insulation to emerge from the back of the

freeze-dryer. Two 1.5" full-port, air-actuated ball
valves were attached to this tubing via sanitary
fittings. One ball wvalve allowed gas to flow into the
freeze-drying chamber and thereby provide positive
pressures up to 15 psig. The second ball valve allowed
gas to flow out of the freeze-drying chamber and
thereby reduce chamber  pressure to atmospheric
conditions (0 psig). All refrigeration of the freeze-
dryer shelves and condenser was accomplished via
circulation of Dynalene MV heat transfer fluid cooled
by liquid nitrogen using the Praxair NCool™-HX system.

fo052] All solutions were prepared in a class 100
clean room. The freeze-dryer was positioned with the
door, shelves, and controls all accessible from the
clean room while the other components (pumps, heaters,
etc.) were located in a non-clean room environment.

All solutions were prepared with HPLC grade water
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2.5 nmL of 5wt%mannito| Argon -5.1 14 60 No Nucl eation 13 2 5 n1_ of
5 w % mani ac! on -5.1 14 50. No Nucleation 14 2.5 nlL_of

manni t ol A‘P’S&P\WO 2% 14 50 No Nucl eation 15 2.5 niL of SPW@JSﬁ'E]ﬁ/H??%}I
Argon -4.9 14 50 No Nucl eation 16 i

(Fisher Scientific, filtered through 0.10 um membrane) .

The final solutions were filtered through a 0.22 pm
membrane prior to filling the vials or lyophilization
containers. All gases were supplied via cylinders and
were filtered through 0.22 pm filters to remove
particulates. The glass containers (5 wmL vials and 60
mL bottles) were obtained pre-cleaned for particulates
from Wheaton Science Products. Pharmaceutically
acceptable carriers were used where appropriate. The
above steps were taken to ensure the materials and
methods met conventional pharmaceutical manufacturing
standards for particulates, which act as nucleating
agents.

[0053] As used herein, "pharmaceutically acceptable
carrier" includes any and all solvents, dispersion
media, antioxidants, salts, coatings, surfactants,
preservatives (e.g.., methyl or propyl p-
hydroxybenzoate, sorbic acid, antibacterial agents,
antifungal agents), isotonic agents, solution retarding
agents (e.g., paraffin), absorbents (e.g., kaolin clay,
bentonite clay), drug stabilizers (e.g., sodium lauryl
sulphate), gels, binders (e.g., syrup, acacia, gelatin,
sorbitol, tragacanth, polyvinyl pyrrolidone, carboxy-
methyl-cellulose, alginates), excipients (e.g.,
lactose, milk sugar, polyethylene glycol),
disintegration agent (e.g., agar-agar, starch, lactose,
calcium phosphate, calcium carbonate, alginic acid,
sorbitol, glycine), wetting agents (e.g.., cetyl
alcohol, glycexol monostearate), lubricants, absorption
accelerators (e.g., quaternary ammonium salts), edible

oils (e.g., almond oil, coconut oil, oily esters or
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23 inL of 5 wt% mannitol Argon -5.4 14 42 No Nucl '
_ : eation 17 2.5 nL of
5 wm.%mannitol Argon -5.5 14 42 No Nucleation 18 2.5 nL of 5 vt %

manni t ol AYQINWOEOH 14 42 No Nucl eation 19 2.5 nL PG
. . of 5PHE
Argon -5.1 14 32 Nucleation 20 VoHEHHPES!

propylene glycol), sweetening agents, flavoring agents,

coloring agents, fillers, {e.g., starch, lactose,
sucrose, glucose, mannitol), tabletting lubricants
(e.g., wmwagnesium stearate, starch, glucose, lactose,

rice flower, chalk), carriers for inhalation (e.g.,
hydrocarbon propellants), buffering agents, or such
1ike materials and combinations thereof, as would Dbe
known to one of ordinary skill in the art.

[0054] For the experimental conditions described
herein and all 1lyophilization formulations studied,
stochastic nucleation was typically observed to occur
at container temperatures between about -8°C and -20°C

and occasionally as warm as -5°C.  The containers could

generally be held at temperatures warmer than -8°C for
long periods of time without nucleating. The onset of
nucleation and subsequent crystal growth (i.e.,
freezing) was determined by temperature measurement as
the point at which the container temperature quickly
increased in response to the exothermic latent heat of
fusion. The initiation of freezing also could be
visually determined through a gsight-glass on the

freeze-dryer chamber door.

Example 1 - Controlling the Nucleation Temperature

(00551 Four separate vials were filled with 2.5 wmL
of 5 wt% mannitol solution. The predicted
thermodynamic freezing point of the 5 wt% wannitol
solution is approximately -0.5°C. The four vials were
placed on a freeze-dryer shelf in close proximity to

one another. The temperatures of the four vials were
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2.5 nm of 5 w%nmannitol Argon -5.7 14 32 Nucl eation 21 2. ? mL of $|
wt % manni t ol 5.6 14 32 Nucleation 22 2.5 nL of wt % nmanni
Arg%n -4. ™93 ‘i%’ﬂﬂbleatlon 23 2.5 m of 5 mﬂ@bnannltoPCXFﬁgwwmgng 14

13 Nucleatlon 24

monitored using surface mounted thermocouples. The
freeze-dryer was pressurized with argon to 14 psig.
[0056] The freeze-dryer shelf was cooled to obtain

vial temperatures of between approximately -1.3°C and

about -2.3°C (+/-1°C measurement accuracy of the
tHermocougles). The freeze-dryer was then depressurized
from about 14 psig to about atmospheric pressure in
less than five seconds to induce nucleation of the
solution within the wvials. All four wvials nucleated
and began freezing immediately after depressurization.
Results are summarized in Table 1 below.

[0057] As seen in Table 1, the controlled nucleation
temperatures in this example (i.e., Initial Vial
Temperatures) are quite <close to the predicted
thermodynamic freezing point of the solution. Thus the
present method allows control of the nucleation to
occur in solutions that have a very low degree of sub-
cooling or at nucleation temperatures near or only

slightly colder than their freezing points.

Initial Vial Pr D izati
Vial # Solution Atmos  Temperature D essure epressunzaton
°C] rop [psi] Outcome
1 2.5 mL of 5 wt% mannitol Argon 23 14 Nucleation
2 2.5 mL of 5 wt% mannitol Argon -1.3 14 Nucleation
3 2.5 mL of 5 wt% mannitol Argon -2.1 14 Nucleation
4 2.5 mL of 5.wt% mannitol Argon -1.7 14 Nucleation
Table 1. Controlling the Nucleation Temperature.
Example 2 - Controlling the Nucleation Temperature
[0058] In this example, ninety-five vials were
filled with 2.5 mL of 5 wt% mannitol solution. The

thermodynamic freezing point of the 5 wt% mannitol
solution is approximately -0.5°C. The ninety-five
vials wexe placed on a freeze-dryer shelf in close

proximity to one another. The temperatures of six
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2.5 n of 5 ww%mmannitol Argon -5.5, 14 13 Nucl eation Table 4. Effect

of Depressurization Time [0004] As seen in Table 4, nucl eation onl
occurred WHRRYWRHE3Yepressurization tine was | ess thanP4d/USEEEHES2

the pressure drop was about 14 psi or greater and the nucleation
tenperature (i.e., initial vial tenperature) was between about -4.6C
and about -5.8C. These results indicate that the depressurization
needs to be acconplished relatively quickly for the nmethod to be
effective. Exanple 5 - Controlling the Gas Atnosphere [0065] Agai n,
multiple vials were each filled with about 2.5 nL of 5 wt . % nmannitol
solution and placed on a freeze-dryer shelf in close proximty to one
anot her. As wiitai seqdsiigr cahesic Athetl Biemghtes]otheiovapinatbee fokezehe

test vials re nonj d isjeng §1lér-tnq1 %&gj[ A0GQuRL es, Fr
the differ e\rllvt%]:iygsrt érlltijérifséa ‘f’%e gas(,j atlnn(sé’%ﬁeq&g I'n %Aé&e%reeze- ryer WaS
vari ed al waysonmiteidaithiergogoppdiesi.v&her dsserze -oiryahowa sl prgsisgr ized
this exanpl e, he, fresze- dryeroalel! casonl o (o, bt al ki dlreeze-
terrperatureslo hlaapprogl ma e%{y ‘-”3 to -7%%In eachlg?e t ran, tﬁeeeze
freeze-dryer dxyen mévelfapiagl Fheéspressgd zed dhtahrabi@l r4npsirgtuges
at nospheric pressure ip,an %for tq induce nucleation of the .
sol ution witfn THE vi glcg'. & rftérselﬁztes dgrryeersu‘ﬁ?‘r%r ?%‘8 id%pféeﬁlsélr@.md
[ 0066] As seerfridner ebout camt rosigd trucabatt oratoeewheed.d noeéssgas in
at mospheres axeap! (hoh NeIMAas, ALMERhel fuplier 6, LA8 R BRSUE QiR
was about 14°psi an he "nucl eation tenperatur ep(l .e.;initral vral
t enper at ur e) was Uistome ori tdbioutthel, Vi bad abddt ninet@-fAvehyigh snotere
shovvninthevegL I had S RE! 1eyed Lh late' te diti i
. 155 c!&? dy R 1eyed og LAAL e e %é%zy&!
l'i kel y enabl e 'con r?lsl ed nucleation in a %aél‘um atnosphere. Via d
Sol uti on Anndsmisdidtglwizfitfemrpresser Pratione Thermocouple data
for the sgix monitored wvials confirmed the visual
observation. The results are summarized in Table 2.
[0059] As seen therein, controlled nucleation
temperatures in this example (i.e., Initial Vvial
Temperatures) are somewhat below  the predicted
thermodynamic freezing point of the solution. Thus the
present method allows control of the nucleation to
occur in solutions that have a moderate degree of sub-
cooling. This example also demonstrates scalability of

the present method to a multiple vial application.

Initial Vial Pressure Depressurization
Vial # Solution Atmos Temg’cg;ature Drop [psi] Outcome
i 2.5 mL of 5 wi% mannitol Argon -4.2 14 Nucleation
2 2.5 mL of 5 wt% mannitol Argon -4.4 14 Nucleation
3 2.5 mL of 5 wt% mannitol Argon -4.6 14 Nucleation
4 + 2.5 mL of § wit% mannitol Argon 4.4 14 Nucleation
5 2.5 mL of 5 wi% mannitol Argon -4.6 14 Nucleation
6 2.5 mL of 5 wt% mannitol Argon -5.1 14 Nucleation

Table 2. Controlling the Nucleation Temperature.

Example 3 - Controlling the Depressurization Magnitude
[00601] In this example, multiple vials were filled
with 2.5 mL of 5 wt% mannitol solution. Again, the

predicted thermodynamic freezing point of the 5 wt%
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Depressuri zation
-4.9 14 Nucleation 2 2.5 nL of 5 wt %muMbl

Argon [ (]

Drop [psi] Qutconme 1 2.5 m. of 5 wt %mtnitol

3 Ar gon % 2031842
Nucl eat i onV@2978934  of 5 wt 9mnuMbl Nitrogen -4.7 14 NECEESHERB3H%. 5
m. of 5 wt % munt ol

mannitol solution is approximately -0.5°C. For each
test run, the vials were placed on a freeze-dryer shelf
in close proximity to one another. As with the earlier
described examples, the temperatures of wvials were
monitored using surface mounted thermocouples. The
argon atmosphere in the freeze-dryer was pressurized to

differing pressures and the freeze-dryer shelf was

cooled to obtain vial temperatures of about -5°C. In
each test run, the freeze-dryer was then rapidly
depressurized (i.e., in less than five seconds) from

the selected pressure to atmospheric pressure in an
effort to induce nucleation of the solution within the
vials. Results are summarized in Table 3.
[0061] As seen in Table 3, the controlled nucleation
occurred where the pressure drop was about 7 psi or

greater and the nucleation temperature (i.e., initial

vial temperature) was between about -4.7°C and -5.8°C.

Initial Vial  Pressure

Vial# - Solution Atmos Temperature Drop Dep(r)e stsunzanon
r°C] Ipsi] utcome
1 2.5 mL of 5 wt% mannitol Argon -4.7 7 Nucleation
2 2.5 mL of 5 wit% mannitol Argon -5.1 7 Nucleation
3 2.5 mL of 5§ wt% mannitol Argon -5.3 7 Nucleation
4 2.5 mL of 5 wt% mannitol Argon -5.6 7 No Nucleation
5 2.5 mL of 5 wt% mannitol Argon -5.6 7 Nucleation
6 2.5 mL of 5 wt% mannitol Argon -5.8 7 Nucleation
7 2.5 mL of § wi% mannitol Argon -5.4 6 No Nucleation
8 2.5 mL of § wi% mannitol Argon -5.7 6 No Nucleation
9 2.5 mL of 5 wt% mannitol Argon -5.8 6 No Nucleation
10 2.5 mL of 5 wt% mannitol Argon -5.1 5 No Nucleation
11 2.5 mL of 5 wt% mannitol Argon -5.4 5 No Nucleation
12 2.5 mL of 5§ wt% mannitol Argon -3.5 5 No Nucleation
13 2.5 mL of 5 wt% mannitol Argon -4.7 4 No Nucleation
14 2.5 mL of 5 wt% mannitol Argon -5.1 4 No Nucleation
15 2.5 mL of 5 wt% mannitol Argon -5.3 4 No Nucleation

Table 3. Effect of Depressurization Magnitude
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Nitrogen -5.1 14 Nucleation 5 2.5 m. of 5 wtSi onmt hol Xenon -4.8 14
Nucleation 6 2.5 nL of 5 wt 9O mvivbl Xenon -5.0 14 Nucleation 7 2.5
m. of 5 WOZHEAN'%0I Air -7.4 14 Nucleation 8 2.5 niL SFTHSHPFH3282

mannitol Air -7.2 14 Nucl eation

Example 4 - Controliing the Depressurization Rates

[0062] For this example, multiple vials were filled
with about 2.5 mL of 5 wt% mannitol solution having a

predicted thermodynamic freezing point of approximately

-0.5°C. For each test run of varying depressurization
time, the vials were placed on a freeze-dryer shelf in
close proximity to one another. As with the earlierxr
described examples, the temperatures of wvials were
monitored using surface mounted thermocouples. Like the
abovefdescribed examples, the argon atmosphere in the
freeze-dryer was pressurized to about 14 psig and the

shelf was cooled to obtain wvial temperatures of

approximately -5°C. In each test run, the freeze-dryerxr
was then depressurized at different depressurization
rates from 14 psig to atmospheric pressure in an effort
to induce nucleation of the solution within the wvials.

[0063] To study the effect of depressurization rate
or depregsurization time, a restricting ball valve was
placed on the outlet of the depressurization control
valve at the rear of the freeze-dryer. When the
restricting valve is completely open, depressurization
from about 14 psig to about 0 psig is accomplished in
approximately 2.5 seconds. By only partially closing
the restricting wvalve, it is possible to variably
increase the chamber depressurization time. Using the
restricting ball wvalve, several test runs were
performed with the freeze-dryer chamber depressurized
at differing rates to ascertain or determine the effect
of depressurization rate on nucleation. The results

are summarized in Table 4.
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9 2.5 nm of 5 w%mnnitol Helium-5.8 14 No Nucleation 10 2.5 m ..
of 5 w% mannitol Helium-5.5 14 No Nucleation Table 5. Effect of Gas
At rmspherew%?f’ﬂ%ﬁoﬂ on Exanple 6 - Large Vol une Sol uti SHE’USE‘W%"?Wn
this exanple, six lyophilization bottles (60 nL capacity) were filled
with about 30 nL of 5 wt% nmannitol solution having a predicted

t her rodynam c freezing point of approximately -0.5C The six

| yophilization bottles were placed on a freeze-dryer shelf in close
proximty to one another. The tenperature of six bottles positioned
at different |locations in the freeze-dryer shelf was nonitored using
surface nounted thernocouples. The freeze-dryer was pressurized in an
argon at nosphere to about 14 psig. The freeze-dryer shelf was then
cool ed to ob{gjn bottle tenperatures of yagaviar SCoreskite  ARQRZ € pElrQRKizati
was then depressuri zed®¥8m 14 psf*§to abesrcat MePRSY i Csell € SHTuRoME
| ess than five seSondss wis maciitde Awoh eat i eb of t hel4sol utI0dn W Nihgleation
t he bottl es. Zl'hezgg%lggg W;aw@@gllmr%féig%ed ig-‘ggabl e 6%.3 (OO%I nﬁ%ﬁﬁﬁ:‘;ﬁ’;
separate expeyi . g’f‘?”ﬁl bu reeze;drying Lray (GGore -

L YOGUARD, 1801) éﬁwé%ﬁ?‘mﬁ fiabed wi id% about (000 o Of N lbieriton
manni t ol sol ugi on.s mihes vicayantiasl ORBEgak Nned pre-cl eanmd t o weet NWUSRUa60u
particul ate requizsedsnt $1% bHamitelr ayjeanas pl eeed on atdf r eez@0 dr HeNucleation
shel f, and thg t&fpdroat upematnittlhe Atsony vva;i;goni tor¥d by B9 gN“g]::ggg
t hermocoupl e I%Dugggiﬂééﬁaﬁm&er Qﬁégnsurf : of thh& tray6(?'eaﬁoﬁﬁ eation
center of one;Si @8, lr6 wik 884&s1d" Xelon Shel fs.mas t hepy cool gdl t &0 Mdictish
a tray tenper@at ues nfifof B@®6 manffitol TR&ohr eezes.dryer was t heso  No Nucleation
depr essuri zed3f r it p si*gmpmitalbodtzont nosphleri ¢ pr¥ssuresq n Neduycltahiegm
five seconds Yo 24 . F’é‘g’E:PlonAfﬁmt he ution ¥ thin3} he X RAgsation
The results ape 3Ll LOUMRIEYER | ﬁigﬁﬁlbl e 65, [ 0069] [J ke t No Nocloation
above-descri bgd eXaire @ inan&eNt AkdAGr S NuLs eat ed and began ioeRALAch
i mredi ately @&ft ers niefis @85 tabndtell | @Fgon Al S0-4.0 ke t heldabove4zes toiNbeehtion

exanpl es, thelPnuelbedtdfdmt’ enpitrlat wraes (| eS; Cont alner Téhper dvelsation
in this exanple JEmE YaryemaeHocorfsdl | ablE to be Xomewhdd neqdd EhY
. . of % mannitpl (o) -5.6 . 4 ucleation
t her modynami G,f r 6824 s WA BEbaALUr G.deh t e Pl uti onyy Mor e ] MpoRGALLLY
this exanpl e 43l | uStkradsre snek Radnithine aApdogsent et hod ald ows gont r Gluciéikion
t he nucl eati @3 t a.50d0af5 wit9a nladtitgier Avgohume sH$. ut | onsidand vas i ouNucleation

container formats. It shoul d BlerfokfEeg of Represwyrizationoliingl expect t he
efficacy of the depressurization nmethod to inprove as formulation
vol ume increaggssgpecauge LDE,NYE! 6alhan Vel i e #ﬁiﬁ}' Jcd@rre
occur when nore nol ecules are present to aggregate and formcritica
nucl ei . where the depressurization time was less than 42

seconds, the pressure drop was about 14 psi or greater
and the nucleation temperature (i.e., initial wvial
temperature) was between about -4.6°C and about -5.8°C.
These results indicate that the depressurization needs
to be accomplished relatively quickly for the method to

be effective.

Example 5 - Controlling the Gags Atmosphere

[0065] Again, multiple vials were each filled with
about 2.5 mL of 5 wt% mannitol solution and placed on a
freeze-dryer shelf in close proximity to one another.

As with earlier described examples, the temperature of
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Cont ai ner

Pressure Depressurization Container Solution Atnos

Tenperature Drop Qutcone LC) [Psi) Bottle #1 30 nL of 5 wm %
manni t ol AVQEW7TO%03 14 Nucl eation Bottle #2 30 nL of 5PHEGSZHNF/AEE

Argon -5.1 14 Nucl eati on

the test wvials were monitored using surface wmounted
thermocouples. For the different test runs, the gas
atmosphere in the freeze-dryer was varied always
maintaining a positive pressure of about 14 psig. In
this example, the freeze-dryer shelf was cooled to
obtain vial temperatures of approximately -5°C to -7°C.
In each test run, the freeze-dryer was then rapidly
depressurized from about 14 psig to atmospheric

pressure in an effort to induce nucleation of the

solution within the wvials. The resgults are summarized
in Table 5.
[0066] As seen therein, controlled nucleation

occurred in all gas atmospheres except for helium gas
atmosphere where the pressure drop was about 14 psi and
the nucleation temperature (i.e., initial vial
temperature) was between about -4.7°C and about -7.4°C.
Although not shown in the examples, it is believed that
alternate conditions will likely enable controlled

nucleation in a helium atwmosphere.

. Initial Vial o
Vial Solution Atmos Temperature Pressure. Depressurization

# °C] Drop [psi] Outcome

1 2.5 mL of 5 wi% mannitol Argon -4.9 14 Nucleation
2 2.5 mL of 5 wt% mannitol Argon -5.2 14 Nucleation
3 2.5 mL of 5 wt% mannitol  Nitrogen -4.7 14 Nucleation
4 2.5 mL of 5 wt% mannitol  Nitrogen -5.1 14 Nucleation

5 2.5 mL of 5 wt% mannitol Xenon -4.8 14 Nucleation
6 2.5 mL of 5 wt% mannitol Xenon -5.0 14 Nucleation

7 2.5 mL of 5 wt% mannitol Air -7.4 14 Nucleation

8 2.5 mL of 5§ wt% mannitol Air -7.2 14 Nucleation
9 2.5 mL of 5 wt% mannitol Helium -5.8 14 No Nucleation
10 2.5 mL of 5 wt% mamnitol Helium -5.5 14 No Nucleation

Table 5. Effect of Gas Atmosphere Composition

Example 6 - Large Volume Solutions

[0067] In this example, six lyophilization bottles
(60 wlL capacity) were filled with about 30 mL of 5 wt%
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Bottle #3 30 nL of 5 W% mannitol Argon -5.9 14 Nucl eation Bottle #4

30 nL of wt % manni tol Argon -5.2 14 Nucl eation Bottle #5 30

5 mﬁ@bnann|?6?7ﬁ?86h -5.9 %4 Nucl eation Bottle #6 30 nECS?Bgme%ﬁ&Z

mannitol Argon -6.1 14 Nucleation Tray 1000 rnL of 5 wt%

manni t ol Argon- 6. 914Nucl eati on Exanple 7 - Dynanmi ¢ Cooling vs.

Equi | i brated Cooling (0070] The present nethods of controlling

nucl eati on can be used in various nodes. Exanples 1-6, descri bed

above, each denonstrate the aspect of controlling the nucleation

tenperature of a Iyophilization solution that is essentially

eqU|I|brated at a nper ure below -its thernodynam c freezing point
%ﬁ‘(j‘ WIS

(i.e., very I hp RS 2 TREEEERR e

Lhat nucleatlm@ﬁmgeﬂ Sﬁo?ﬁﬁuro%t b Sper il s, bel gvséde The  six
t her rodynami ¢ free2|ng point in a dynan1c cooli'ng environnment (i.e.,

the sol uti on J¥PRitdeZ56i iRy r BpFBleRartpse | Rlegapera upe)ireeze-dryer

shelf in close proximity to one another. The
temperature of six bottles positioned at different
locations in the freeze-dryer shelf was monitored using
surface mounted thermocouples. The freeze-dryer was
pressurized in an argon atmosphere to about 14 psig.
The freeze-dryer shelf was then cooled to obtain bottle
temperatures of near -5°C. The freeze-dryer was then
depressurized from 14 psig to about atmospheric
pressure in less than five sgeconds to induce nucleation
of the solution within the bottles. The results are

summarized in Table 6.

[0068] In a separate experiment, a plastic bulk
freeze-drying tray (Gore LYOGUARD, 1800 mL capacity)
was filled with about 1000 mL of 5 wt% mannitol
solution. The tray was obtained pre-cleaned to meet
USP low particulate requirements. The tray was placed
on a freeze-dryer shelf, and the temperature of the
tray was monitored by a thermocouple mounted on the
exterior surface of the tray near the center of one
gide. The freeze-dryer shelf was then cooled to obtain
a tray temperature of near -7°C. The freeze-drye;‘ was
then depressurized from 14 psig to about atmospheric
pressure in less than five seconds to induce nucleation
of the solution within the tray. The results are also
summarized in Table 6. -

[00689] Like the above-degscribed examples, all

containers nucleated and began freezing immediately
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WD 20071095034PCT/ US2007/ 003282 [0071]In this exanple, vials 1
through 6 represent the sanples described above with reference to
Exanpl e 2.WQMOZE¥Ii on, three separate vials (Vials 7- B§THSILT/MEE
filled with 2.5 nL of 5 wt% mannitol solution. In a separate test
run, the three additional vials were placed on a freeze-dryer shelf
in close proximty to one another. The freeze-dryer shelf was cool ed
rapidly towards a final shelf tenperature of -45C. When one of the
vials reached a tenperature of about -5C, as neasured by the surface
nount ed t her nocoupl es, the freeze-dryer was depressurized rapidly
fromabout 14 psig to O psig in an effort to induce nucleation. All
three vial s aftkeatdprrssbsigatforeezhhgo | fikdi dtlet yahpverdescribed

e b e S, Y, AREA SR (.c., convainer

nucl eat i onasZeepeihsiteedynaficcodhi®g example were very much

envi ronment . S%ﬁ@%r a4 LysLesplt sgLes BZEdIL kbl e’ BakoWoaYhahic

Sol uti on Mode Nicleation Pressure pressuri zati on Tenpi C| "Drop

[psi] Qut conBrteZiBaniterbeam¥enmafinthel sEducirpr aMege. 4mporzantly,

Nucl eajtion 2this example illustrates that the present method allows
control of the nucleation to occur in larger volume
solutions and various container formats. It should be
noted that one would expect the efficacy of the
depressurization method to improve as formulation
volume increases, because the nucleation event is more
likely to occur when more molecules are present to
'aggregate and form critical nuclei.

Container Pressure -
Depressurization

Container Solution Atmos Tem;;erature Drop Outcome
[°C] [psi}
Bottle #1 30 mL of 5 wt% mannitol Argon -5.3 14 Nucleation
Bottle#2 30 mL of 5 wt% mannitol Argon -5.1 14 Nucleation
Bottle #3 30 mL of 5 wi% mannitol Argon -59 14 Nucleation
Bottle #4 30 mL of 5 wt% mannitol Argon 5.2 14 Nucleation
Bottle #5 30 mL of 5 wt% mannitol Argon -59 14 Nucleation
Bottle #6 30 mL of 5 wt% mannitol Argon -6.1 14 Nucleation
Tray 1000 mL of 5 wt% mannitol Argon -6.9 14 Nucleation

Table 6. Effect of Solution Volume and Container Type

Example 7 - Dynamic Cooling vs. Equilibrated Cooling

[oo7o0] The present methods of controlling nucleation
can be used in various modes. Examples 1-6, described
above, each demonstrate the aspect of controlling the
nucleation temperature of a 1lyophilization solution
that is essentially equilibrated at a temperature below
-its thermodynamic freezing point (i.e., very slowly
changing temperature). This example demonstrates that
nucleation can also occur at a temperature below the
thermodynamic freezing point in a dynamic cooling
environment (i.e., the solution is undergoing rapid

changes in temperature).
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2.5 m of 5 wt%nmanrdtol Equilibrated -4.4 14 Nucleation 3 2.5 niL of
5 wt% mannitol Equilibrated -4.6 14 Nucleation 4 2.5 nmL of 5 w %
nanni t ol B&‘ﬁiz‘t“ﬁ’”ﬂ%&?“ed -4.4 14 Nucleation 5 2.5 nth of %’Cﬂl@z"ﬁ‘ﬂﬂ‘ﬁ?‘?m
Equilibrated -4.6 14 Nucleation 6 2.5 nil. of 5 wt% nmannitol
Equilibrated -5 1 14

[0071] In this example, wvials 1 through 6 represent
the samples described above with reference to Example
2. In addition, three separate wvials (Vials 7-9) were
also filled with 2.5 mL of 5 wt% mannitol solution. In
a separate test run, the three additional vials were
placed on a freeze-dryer shelf in close proximity to
one another. The freeze-dryer shelf was cooled rapidly

towards a f£inal shelf temperature of -45°C. When one of

the vials reached a temperature of about -5°C, as
measured by the surface mounted thermocouples, the
freeze-dryer was depressurized rapidly from about 14
peig to 0 psig in an effort to induce nucleation. 2all
three vials nucleated and began freezing immediately
after depressurization. The vial temperatures decreased
significantly to between -6.8°C and -9.9°C prior to
mucleation as a result of the dynamic cooling
environment. Comparative results are summarized in
Table 7 below.

Vial . Nucleation Pressure Depressurization
# Solution Mode Temp[°C]  Drop [psi] Outcome
1 2.5 mL of 5§ wt% mannitol  Equilibrated -4.2 14 Nucleation
2 2.5 mL of 5 wt% mannitol Equilibrated -4.4 14 Nucleation
3 2.5 mL of 5 wt% mannitol Equilibrated -4.6 14 Nucleation
4 2.5 mL of 5 wt% mannitol Equilibrated -4.4 14 Nucleation
5 2.5 mL of 5 wt% mannitol Equilibrated -4.6 14 Nucleation
6 2.5 mL of 5 wt% mannitol Equilibrated -5.1 14 Nucleation
7 2.5 mL of 5 wt% mannitol Dynamic -6.8 14 Nucleation
8 2.5 mL of 5 wit% mannitol Dynamic -7.2 14 Nucleation
9 2.5 mL of § wt% mannitol Dynamic -9.9 14 Nucleation

Table 7. Test Results — Effect of Dynamic Cooling on Nucleation
[0072] The efficacy of the present methods for

controlling nucleation in lyophilization solutions
eguilibrated in a given temperature range oxr
lyophilization solutions being dynamically cooled,

provides the end-user with two potential modes of
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Nucl eation 7 23 mL of 5 wt% mannitol Dynamic -6.8 14 Nucleation 8 2.5
rnL of 5 wt% mannitol Dynamc -7.2 14 Nucleation 9 2.5 tril. of 5 W%
marmi tol CYAAMEOVY 9 14 Nucl eation Table 7. Test ResuPFT/US2087/408282 of

Dynam ¢ Cool i ng on Nucl eation [0072] The efficacy of the present

met hods for controlling nucleation in Iyophilization solutions
equilibrated in a given tenperature range or |yophilization solutions
bei ng dynam cally cool ed, provides the end-user wwth two potenti al
nodes of application with different benefits and trade-offs. By
allowing the |yophilization solutions to equilibrate, the range of
nucl eation tenperatures will be narrow or mnimzed to the
perf or mance hppiltisatfiophwithecidfgrpar beselffitsThadedquiadehrdfison Biep
My require %’i&%@i&%\;h”ecﬁé) %gﬁ%ﬁx\ﬁ'ESL%JE}V%&QA&QJ}&E“Ebo%ﬂui‘iribﬁé@@f!‘ ¢
freezing protocols ere t anber and vial tenperatures are
dropped to | ébe mamgealydutnudbE o neemperntHooRvel L lehpl BpEHgYt RE

equi |1 brati 0f5 6l -3ROUA e Lo RUG RN Q4RA Bl LAkl A-LOLTY EY
across all vials or containers as well as realization of the other
benefits assdtisgiléd wiThe pr@el SEhyatern roreP ngayheeAucreaeisna time

tenperature @f, LheiERIEHAl t RO AdRRRIHRIY orf fayflitlild FrakiAgy
the material or |yophilization solution tenperatures is undesirable,
one may si npPyotesdfemherr HBBr €53iITPRFatdth $iap SETRRTAPPFEHr P&Ce

tine duri ng tdr}% %%rd”ﬁ:'o flre it'}ge;r?ra m4q}°EOQ.H &&%ﬁe@f.o' ‘However,
Depressuri zati Oﬁ urirng a aynamc coo down wi produce a w der
spread i n nuehedtydma efrper acarasd ibvatihn natepi afheiidi ryiHal much
| yophi | i zat i QR GOREA NQLSa Wl oM | Lin@ed i pimeLoLEEE tor1 Ne fd18e7100
protocol and still allow one to mtigate the problens of extrene
sub- cool i ng. PrERINer® asEffelchk af MFigpdderead gitdhiathqFractiss
present met hod Qf-;GUUd Ol bR PFed WG NBontrolling the nucleation
temperatufe of the material.
[0073] Alternatively, if equilibrating the material
or lyophilization solution temperatures is undesirable,
cne may simply implement the depressurization step at
an appropriate time during the mnormal freezing or
dynamic cooling protocol. Depressurization during a
dynamic cool down will produce a wider spread in
nucleation temperatures for the material within the
lyophilization containers, but will add minimal time to
the freezing protoccol and still allow one to mitigate

the problems of extreme sub-cooling.-

Example 8 — Effect of Different Excipients

[0074] The present method of controlling or inducing
nucleation in a material can be used to control the
nucleation temperature of sub-cooled golutions
containing different lyophilization excipients. This
example demonstrates the use of the present methods

with the following excipients: mannitol; hydroxyethyl
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nucl eation in a materi al can be used to control the nucl eation
tenperature of sub-cool ed sol utions containing different

| yophi | | zP W85 i ents. This exanpl e denonstrates t RETHSEOEPSEHe

present nmethods with the foll owi ng excipients: nmannitol; hydroxyethyl
starch (HES); polyethylene glycol (PEG; polyvinyl pyrrolidone (PVP);
dextran; glycine; sorbitol; sucrose; and trehal ose. For each
excipient, two vials were filled with 2.5 nL of a solution containing
5 mt % of the excipient. The vials were placed on a freeze-dryer shelf
in close proximty to one another. The freeze-dryer was pressurized
in an argon atnosphere to about 14 psig. The freeze-dryer shelf was

cool ed to obtsHaFrall al HESPer abRle@idaiiedCan @Uyetdepr @& ri z P Lvapiratly

to induce nuglgaldiQrdRRs Yiskd)ar @rRT; 289 dihelalldnicol Alsit#rose ;
Solutiort/Excipient Atons Initial Vial Tenperature [.c] Pressure Drop

[psi] Depressitthatrshalesteorne FP2. 8aah| exFins SR maWRi t 611§ gsiere
-3.3 14 Nucl eahin@s 2,219 86 @l %o YO sanRilbel ABinihd 5 wty of

the excipient. The vials were placed on a freeze-drver.
shelf in close proximity to one another. The freeze-
dryer was pressurized in an argon atmosphere to about
14 psig. The freeze-dryer shelf was cooled to obtain
vial temperatures near -3°C and then depregsurized
rapidly to induce nucleation. Results are summarized

in Table 8.

Initial Vial  Pressure

V;al Solution/Excipient Atmos Temperature  Drop Dep(r)essunzatlon
; utcome
[°C] [psi]
1 2.5 mL of 5 wi% mannitol Argon -3.3 14 Nugcleation
2 2.5 mL of 5 wt% mannitol Argon -3.0 14 Nucleation
3 2.5 mL of 5 wt% HES Argon -3.1 14 Nucleation
4 2.5 mL of 5 wit% HES Argon 3.7 14 Nucleation
5 2.5 mL of 5 wt% PEG Argon -3.8 14 Nucleation
6 2.5 mL of 5 wt% PEG Argon -34 14 Nucleation
7 2.5 mL of 5 wit% PVP Argon -3.5 14 Nucleation
8 2.5 mL of S wt% PVP Argon -3.3 14 Nucleation
9 2.5 mL of 5 wt% dextran Argon -4.0 14 Nucleation
10 2.5 mL of 5 wt% dextran Argon -3.1 14 Nucleation
11 2.5 mL of 5 wt% glycine Argon -3.8 14 Nucleation
12 2.5 mL of 5 wt% glycine Argon -3.9 14 Nucleation
13 2.5 mL of 5 wt% sorbitol Argon -3.6 14 Nucleation
14 2.5 mL of 5 wt% sorbitol Argon -34 14 Nucleation
15 2.5 mL of 5 wt% sucrose Argon -3.3 14 Nucleation
16 2.5 mL of 5 wt% sucrose Argon -3.4 14 Nucleation
17 2.5 mL of 5 wt% trehalose Argon -3.7 14 Nucleation
18 2.5 mL of 5 wi% trehalose Argon -3.1 14 Nucleation

Table 8. Effect of Different Lyophilization Excipients

Example 9 - Controlling Nucleation of Protein Solutions

[0075] The methods disclosed hexein can be used to
control the nucleation temperature of sub-cooled
protein solutions without negative or adverse effects
on protein solubility or enzymatic activity. Two
proteins, bovine serum albumin (BSA) and lactate

dehydrogenase (LDH) were used in this example.
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14 Nucleation 3 2.5 mM. of 5 ww%HES Argon -3.1 14 Nucleation 4 2.5
rtaL of 5 wt% HES Argon -3.7 14 Nucleation 5 2.5 inL of 5 wt % PEG

Argon -3. 8VQ200/0&at i on 6 2.5 tnL of 5 wt % PEG Argon PGT/AS2047/003282
Nucl eation 7 2.5 rnL of 5 wt % PVP

[0076] BSA was dissolved in 5 wt% mannitol at a
concentration of 10 mg/mL. Three lyophilization vials
were filled with 2.5 mL of the BSA-mannitol solution
and placed on a freeze-dryer shelf in close proximity
to one another. The freeze-dryer was pressurized in an
argon atmosphere to about 14 psig. ‘The freeze-drver
shelf was cooled to obtain vial temperatures near -5°C.
The freeze-dryer was depressurized rapidly to induce
nucleation. All vials of BSA solution nucleated and
began freezing immediately after depressurization. No
precipitation of the protein was observed upon thawing.
[0077] The ILDH proteins were obtained £from two
different suppliers and for purposes of clarity are
designated as LDH-1 or LDH-2 to distinguish the two
distinct batches. LDH-1 was dissolved in 5 wt% mannitol
at a concentration of 1 mg/mL. 8ix lyophilization
vials were filled with 2.5 mL of the LDH-1/mannitol
solution and placed on a freeze-dryer shelf in close
proximity to one another. The freeze-dryer was
pressurized in an argon atmosphere to about 14 psig.
The freeze-dryer shelf was cooled starting from room
temperature to obtain vial temperatures near -4°C. The
freeze-dryer was then depressurized rapidly to induce
nucleation. All wvials nucleated and began freezing
immediately after depressurization. The vials were held
at this state for about 15 minutes. The freeze-dryer
shelf was then cooled at a rate of approximately
1°C/min to obtain vial temperatures near -45°C and held
for an additional 15 minutes to ensure completion of

the freezing process. After the freezing step, the

freeze-dryer shelf was then warmed at a rate of about
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Argon -3.5 14 Nucleation 8 2.5 m... of 5 wt% PVP Argon -3.3 14

Nucl eation 9 2.5 ni of 5 urt% dextran Argon -4.0 14 Nucl eation 2.5
nmL of 5 wtWRAMOPRH Argon -3.1 14 Nucleation 11 2.5 II|PC3‘fUS§’OV\’/P%282
glycine Argon -3.8 14 Nucl eation

1°C/min to raise the wvial temperatures to near 5°C. No
precipitation of the protein was observed upon thawing.
The wvial contents were assayed for enzymatic activity,
and the results were compared to a control sample of
unfrozen LDH-1/mannitol solution.

[o078] As part of Example 9, the depressurized
nucleated samples of the LDH-1/mannitol solution were
compared to stochastically nucleated samples. In the
stochastically nucleated samples of LDH-1, the freezing
procedure was repeated without pressurization and
depressurization and without the argon atmosphere.
Specifically, LDH-1 was dissolved in 5 wt$% mannitol at
a concentration of 1 mg/mL. Six lyophilization vials
were filled with 2.5 mL of the LDH-1/mannitol solution
and placed on a freeze-dryer shelf in close proximity
to one another. The freeze-dryer shelf was cooled
starting from room temperature at a rate of about
1°C/min to obtain wvial temperatures near -45°C and held
for 15 minutes to ensure completion of the freezing
process. After the freezing step, the freeze-dryer
shelf was warmed at a rate of about 1°C/min to raise
the vial temperatures to near 5°C. No precipitation of
the protein was observed upon thawing. The wvial
contents were assayed for enzymatic activity, and the
results were compared to the same control sample of
unfrozen LDH-1/mannitol solution. Also as part of
Example 9, the experiments described above for LDH-1
were repeated using LDH-2. The only difference was a
nucleation temperature near -3°C for LDH-2 rather than

-4°C for LDH-1.
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12 2.5 nL of 5 wt%glycine Argon -3.9 14 Nucleation 13 2.5 rriL of 5
wt % sorbitol Argon -3.6 14 Nucleation 14 2.5 nL of 5 wt % sorbitol
Argon -3. V3090t i on 15 2.5 nal of 5 wt % sucrose AP§HNS2087/603382
Nucl eation 16 2.5 nL of 5 wt % sucrose Argon -3.4

[0079] As seen in Table 9, the controlled nucleation
and freezing process achieved <wvia depressurization
clearly does not decrease enzymatic activity relative
to a comparable stochastic nucleation and freezing
protocol. In fact, the controlled nucleation process
achieved +via depressurization appears to Dbetter
preserve enzyme activity with a mean activity loss of
only 17.8% for LDH-1 and 26.5% for LDH-2 compared to
the mean activity loss of 35.9% for LDH-1 and 41.3% for
LDH-2 after stochastic nucleation.

Initial Vial  Pressure Enzyme

V;al Solution Atmos  Temperature Drop Activity Depg:j::;’:rz‘:non
°C] [psi] Loss[%]
1 2.5 mL of BSA solution Argon 4.9 14 - Nucleation
2 2.5 mL of BSA solution Argon -4.3 14 - Nucleation
3 2.5 mL of BSA solution Argon -5.3 14 - Nucleation
4 2.5 mL of LDH-1 solution  Argon -3.8 14 9.0 Nucleation
5 2.5 mL of LDH-1 solution  Argon -4.0 14 16.2 Nucleation
6 2.5 mL of LDH-1 solution  Argon -3.7 14 18.4 Nucleation
7 2.5 mL of LDH-1 solution  Argon -4.0 14 234 Nucleation
8 2.5 mL of LDH-1 solution  Argon -3.9 14 18.5 Nucleation
9 2.5 mL of LDH-1 solution  Argon -4.0 14 21.2 Nucleation
10 2.5 mL of LDH-1 solution Air -10.4 0 35.7 Nucleation
11 2.5 mL of LDH-1 solution Air -16.5 0 354 Nucleation
12 2.5 mL of LDH-1 solution Air -15.5 0 36.1 Nucleation
13 2.5 mL of LDH-1 solution Air -10.5 0 43.9 Nucleation
14 2.5 mL of LDH-1 solution Air -9.8 0 249 Nucleation
15 2.5 mL of LDH-1 solution Air -11.0 0 39.2 Nucleation
16 2.5 mL of LDH-2 solution  Argon =31 14 29.9 Nucleation
17 2.5 mL of LDH-2 solution = Argon -2.9 14 18.9 Nucleation
18 2.5 mL of LDH-2 solution  Argon -3.1 14 233 Nucleation
19 2.5 mL of LDH-2 solution  Argon 2.7 14 19.6 Nucleation
20 2.5 mL of LDH-2 solution  Argon -3.1 14 321 Nucleation
21 2.5 mL of LDH-2 solution  Argon -2.6 14 35.2 Nucleation
22 2.5 mL of LDH-2 solution Air -5.0 0 38.3 Nucleation
23 2.5 mL of LDH-2 solution Air -5.5 0 40.0 Nucleation
24 2.5 mL of LDH-2 solution Air 23 0 36.5 Nucleation
25 2.5 mL of LDH-2 solution Air -3.8 0 42.0 Nucleation
26 2.5 mL of LDH-2 solution Air -5.1 0 50.2 Nucleation
27 2.5 mL of LDH-2 solution Air -5.9 0 40.6 Nucleation
Table 9. Controlling the Nucleation Temperature of Sub-Cooled Protein Solutions

foos8ol] It should be noted that the stochastic

nucleation temperatures observed for LDH-2 were

substantially warmer than the stochastic nucleation
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14 Nucleation 17 2.5 nL of 5 wt% trehal ose Argon -3.7 14 Nucl eation
18 2.5 naL_of 5 wt% trehal ose Argon -3.1 14 Nucl eation Tabhle 8.

Ef fect of WPPIEIOENE Lyophi | ization Excipi ents Exanpl e SCTVEEHIPHPE% ng
Nucl eation of Protein Solutions [0075] The nethods disclosed herein
can be used to control, the nucleation tenperature of sub-cool ed
protein solutions wthout negative or adverse. effects on protein
solubility or enzymatic activity. Two proteins, bovine serum al bumn
(BSA) and | actate dehydrogenase (LDH) were used in this exanple. WO
20071095034PCT/ U52007/ 003282 [0076] BSA was dissolved in 5 w %
mannitol at a concentration of 10 ng/nL. Three |yophilization vials
were filled vitmPeratygesf LpRelBEA manAPLs| ddSEGEEaT Samiypls et

freeze-dryer sl f cbAt&h@senkr Adilidy 49 anenanddeing TH§ent in the
freeze-dryer was pressurized in an argon atnosphere to about 14 psig.

The freeze- dryR¥H<hel RGeSt eoBReH1F oV dbt oAt 97 af STRAFREEIF car adapch
-5C. The freezpodkyetonwashdepiceaswinead Nawl dhiyid® iRepes puckaat #oR.
Al'l vials of BSA solution nucleated and began freezing i medi ately,
after depressttizat i SPREEPr ek pi YT bn ofett het R ot B FERIBsRr vl
upon t hawi ng. rd Ao hefl Dkhpyaé elars ivwere abthioh Nedd f kAR t¥entrolled
different suppliers and for purposes_of_ cl aritg/ are, designated as
LDH 1 or LDH ‘f]oe%'iJs‘i"i‘-né%%s PERL 200 WPRTT RES bRt Bie’r £pH - hksand
di ssol ved i n B2 v ®p maerigealt iate1d, .cOnceily akeonlef dudgddsils Bhut the
I 'yophi l'i zati on v}g\lrsmgrlleése fii | 1 %d with 2. 5411 of the LOH 1/ mannit ol

sol uti on and PrACRE BN % f réezESHFY et Rh&Y PREXPSsSProsi ™y t 720 Rfe
anot her. The vaxerE:ly yeart wasbyredsurad zetiei ncharargeriativsphefe tive
about 14 psi T ze- t..shel f _was _coql e tartjng.fromroaom
t enper at ur e ?%O% %:gin&gi glflg?é%ﬁé?’gt Errgs?er?garjpc-sféts’rhﬁolfrgél? -g‘)roye‘?he
was then depressseriesd rapruby tnociledtdenntempaidagured lomiaireed via
nucl eat ed an %5%3 i i medi ately after depressurization. The
vials were hg? at t%{?%%g?%'for about 15 m nutes. The freeze-dryer
shelf was then cooled at a rate of approximately 1C/ mn to obtain
vial tenperatpy &1 - 45%800: Hg! &-f 3 L 15 mnutes to

ensure conpl et ] : reezi ng step,
the freeze-dri@38khel f Aad t WER VveAEdcdt aoiutéonf wamuprep@iedn by

raise the viahitfWessbit €3 ol 81N amaCorNhaRiBEA! LAd Pl Moo . 97

protein was observed upon thawi ng. The vial_ contents were assayed for
enzymati c actIXATy, ChnitRERE- r c¥HRlS WRFe tbrd oitl 2 Tonkrof seple

of unfrozen L lhaaancbel sOlWion. [QRL8AAS PR [iefl RANSR %eniby
depressuri zed nucl eat ed sangl es of the LDH 1/ mannitol sol dtion were

conpared to SAHENUSERCHNS AOtYELPRJESaMFTEE™MING t Hae sFaeRast carEsT

nucl eat ed sanpddsd ofo LDk lyibhe.fr epe ngept9Cadune Wascd gpeall in a
Wi t hout pressuri,zation $nd depr.essuri %‘%ii on _and w thout the argon

g
at mosphere. Spatt fP%af| §TSEBRTTWEE 8P§LSI J8d PSS RISPHERTY df° 4279
concent r at i orexeft Hemny/ ntThe Sitemppaphukezabifomiv atis Ve rvvedd | hai vbida
2.5 nL of the 1/ itol solution and placed on a freeze-dryer
shelf in cl os%%)ﬂr%xi m %yé'%% on2 Ang het?al.1e e T TR Rl dr?/% s‘ﬂ%‘?’*él?/\ﬁ%d
cool ed startivig¥s omwevem serperatiade by aotaiee ofviaicut thl/ Mumptove
obtain vial tg(gﬁ?t; S ar, .-45 d for,, 15 mnutes .to _ensure
conpl eti on of the ﬁ%egegi rég}ep&éggs&gﬂ%{%r%t he ?[’Feeez:tr%ﬁeg?égfy?ﬁe was
freeze-dryer BfRtfunkaedhartred aout r dde phigboin 1& neontvolbede gae
vial tenper atéﬁnﬁ‘&séﬂéf@%f5%rd{@a PGLE! PI tld OEr«Qézébgr?éQt EHL 1@ Syas
observed upon thawi ng. The vial contents were assaye or enzynmatic
activity, andadled eSubis nwrye temparadute ttle alaomt CeBPC Oltos asipt i 0f
unfrozen LDH 1/ nanpitol solution. Al so as part of .Examlfl e 9, the
experinents dé iﬁﬁﬂpﬁﬁﬁggrﬁﬁr PorRatwRse FRBEIKEBRHEL K LOR 2RdThe
only differenpe was BhouckLadiOmni-LIPEkAlUr 8nBRAN ga3febohr 2 from

37



LDH 2 after stochastic nucleation_Initial Vial Vial

Sol uti onAt nosTenperature #[C] Pressure Drop [psi) Enzyne Activit
Loss[/c.] Wepta8s?#4 zation Qutcome 1 2.5 nL of BSA soIﬁFF@ﬁmﬁﬂgﬁﬁn
-4.9 14 Nucleation 2 2.5 nL of BSA solution Argon -4.3 14

Nucl eati on 3

about 14 psig to about atmospheric pressure in less
than five seconds to induce nucleation of the solution
within the wvials. All wvials observed wvisually or
monitored via  thermocouples nucleated and began
freezing immediately after depressurization.

[0082] The shelf temperature was then lowered
rapidly to about -45°C to complete the freezing

process. Once all wvial temperatures were about -40°C
or.less, the freeze-drying chamber was evacuated and
the process of primary drying (i.e., sublimation) was
initiated. During this drying process, the freeze-
dryer shelf was warmed to about -14°C wvia a one hour
ramp and held at that temperature for 16 hours. The
condenser was maintained at about -60°C throughout the
drying process. Primary drying was stopped by turning
off the wvacuum pump and backfilling the chamber with
argon to atmospheric pressure. The vials were promptly
removed from the freeze-dryer and weighed to determine
how much water was lost during the primary drying
process.

[0083] In a separate experiment as part of Example
10, other wvials were filled with 2.5 mL of the same 5
wt% mannitol solutidn. The vials were weighed empty
and with the solution to determine the mass of water
added to the wvials. The wvials were loaded into the
freeze-dryer in the same manner described above, and
the temperatures of six vials were once again monitored
using surface-mounted thermocouples. The freeze-dryer

shelf was cooled rapidly from room temperature to about
-45°C to freeze the +vials. Nucleation occurxred

stochastically between about -15°C and about -18°C
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2.5 nmL of BSA solution Argon -5.3 14 - Nucl eation 4 2. 5 nL of LDH-1
sol ution Arg -3.8 14 9.0 Nucleation 5 2.5 nm . -1 sol uti
Argon - 20079334 c] eation 6 2.5 nal of L1311.1 soIEFF@ﬁ”ﬂW&BH”

-3.7 14 18.4 Nucl eation 7

during the cooling step. Once all vials temperatures

were about -40°C or less, the vials were dried in a
manner identical to the method described above. Upon
conclusion of primary drying, the samples were promptly
removed from the freeze-dryer and weighed to determine

how much water was 1lost during the primary drying

process.
. s 1 Pressure et
Vial . Initial Vial - Water Depressurization
# Solution Atmos Temp [°C] I;;}]) Loss [%] Outcome
1 2.5 mL of 5 wt% mannitol Argon -1.3 14 89.9 Nucleation
2 2.5 mL of 5 wt% mannitol Argon -1.9 14 852 Nucleation
3 2.5 mL of 5 wt% mannitol Argon -1.3 14 87.1 Nucleation
4 2.5 mL of § wt% mannitol Argon ©23 14 88.8 Nucleation
5 2.5 mL of 5 wi% mannitol Argon -2.1 14 85.0 Nucleation
6 2.5 mL of 5 wt% mannitol Argon -1.1 14 80.7 Nucleation
7 2.5 mL of 5 wt% mannitol Air -15.7 0 65.7 -
8 2.5 mL of 5 wt% mannitol Air -16.7 0 66.9 -
9 2.5 mL of 5 wt% mannitol Air -14.5 0 64.6 -
10 2.5 mL of 5 wt% mannitol Air -15.6 0 64.7 -
11 2.5 mL of 5 wt% mannitol Air -16.5 0 64.1 -
12 2.5 mL of 5 wt% mannitol Air -17.9 0 65.7 -

Table 10. Increasing the Nucleation Temperature Improves Primary Drying

[0084] Results of the freeze-drying process with
controlled nucleation and stochastic nucleation are
summarized in Table 10. It should be noted that these
two experiments only differ in the addition of the
controlled nucleation via depressurization step to one
experiment. As seen in Table 10, the controlled
nucleation process achieved via depressurization allows
nucleation at very low degrees of sub-cooling, between
about -1.1°C and -2.3°C in this example. The much
warmer nucleation temperatures for the controlled
nucleation case compared to the stochastic nucleation
case yields an ice structure and resultant lyophilized
cake with dramatically improved drying properties. For

the same amount of drying time, the wvials nucleated
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2.5 nL of LDH 1 solution Argon 4.0 14 23.4 Nucleation 8 2.5 nL of
LDH 1 solution Argon -3.9 14 18.5 Nucleation 9 2.5 niL of LDH1

sol ution AYQaW7OPOH 14 21.2 Nucl eation 10 2.5 nalL of LBAMSZSTARBIEEN
An -10.4 0 35.7 Nucleation 11

using the disclosed depressurization methods between

about -1.1°C and -2.3°C lost an average of 86.1% of

their water while the vials nucleated stochastically

between about -14.5°C and -17.9°C only lost an average
of 65.3%. Hence, the wvials nucleated stochastically
would reguire much more primary drying time to achieve
the same degree of water loss as the vials nucleated in
a controlled manner in accordance with the presently
disclosed methods. The improvement in drying time is
likely attributed to the formation of larger ice
crystals at warmer nucleation temperatures. These
larger ice crystals 1leave behind larger pores upon
sublimation, and the larger pores offer less resistance

to the flow of water vapor during further sublimation.

Industrial Applicability

[0085] The present method provides an improved
method for controlling the temperature and/or time at
which sub-cooled materials, namely liquids or
solutions, nucleate and then freeze. Although this
application focuses in part on freeze-drying, a similar
problem occurs for any material processing step that
involves a nucleated phase transition. Examples of
such processes include the crystallization of polymers
and metals from melts, crystallization of materials
from supersaturated solutions, crystallization of
proteins, artificial snow production, food freezing,
freeze concentration, fractional crystallization, cryo-
preservation, or condensation of vapors to liquids.

[o086] The most immediate benefit of controlling the

nucleation temperature of a liguid or solution is the
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2.5 nmL of LOHT. solution Air -16.5 0 35.4 Nucleation 12 2.5 n1_ of
LDH-1 solution Air -15.5 0 36.1 Nucleation 13 2.5 naL of LD11-

sol ution AV 200789834 43.9 Nucleation 14 2.5 rnL of LDI—I-PfT@é?W?/P(B?PZAlr
-9.8 0 24.9 Nucleation 15

ability to control the number and size of the solid
domains produced by the phase transition. In freezing
water, for example, the nucleation temperature directly
controls the size and number of ice crystals formed..
Generally speaking, the ice crystals are fewer in
number and larger 1in size when the nucleation
temperature is warmer.

[0087] The ability to control the number and size of
the solid domains produced by a phase transition may
provide  additional benefits. In a freeze-drying
process, for example, the number and size of the ice
crystals strongly influences the drying properties of
the lyophilized cake. Larger ice crystals produced by
warmer nucleation temperatures leave behind larger
pores upon sublimation, and the larger pores offer less
resistance to the flow of water wvapor during subsequent
sublimation. Hence, the present methods provide a
means of increasing primary drying (i.e., sublimation)
rates in freeze-drying processes by increasing the
nucleation temperature.

foog8] Another possible benefit may be realized in
applications where sensitive materials are preserved
via freezing processes (i.e., cryopreserved). For
example, a biological material including but not
limited to, mammalian tissue samples (e.g., cord blood,
tissue biopsy, egg and sperm cells, etc.), cell lines
{e.g., mammalian, yeast, prokaryotic, ﬁungal, etc.) and
biological molecules (e.g., proteing, DNA, RNA and
subclasses thereof) frozen in an aqueous solution may
experience various stresses during the freezing process
that may impair the function or activity of the

material. Ice formation may physically disrupt the
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2.5 tri of LDH1 solution Air -11.0 0 39.2 Nucleation 16 2.5 nL of
LDH 2 solution Argon -3.1 14 29.9 Nucleation 17 2.5 nL of LDH 2
sol uti on AYQaW70OH 14 18.9 Nucl eation 18 2.5 nlL of LDBRCP/USHOUISH?
Argon -3.1 14 23.3 Nucleation 19

material or create severe changes in the interfacial
bonding, osmotic forces, solute concentrations, etc.
experienced by the material. Since nucleation controls
the structure and kinetics of ice formation, it can
significantly influence these stresses. The presently
disclosed methods therefore provides a unique means of
mitigating stresses associated with cryopreservation
processes and enhancing the recovery of function or
activity from cryopreserved materials. The present
methods also zrepresent improvement over conventional
nucleation control methods (e.g., seeding or contact
. with ceold surfaces) used to initiate extracellular ice
formation in two-step cryopreservation algorithms
designed for living cells.
[00889] The present methods may be also applied to
complex solutions or mixtures containing several
constituents both in cryopreservation and
lyophilization applications. These formulations are
often solutions with an aqueous, organic, or mixed
agqueous-organic solvent containing a pharmaceutically
active ingredient (e.g., a synthetic chemical, protein,
peptide, or vaccine) and optionally, one or more
mitigating constituents, including bulking agents that
help prevent physical loss of the active ingredient
during drying (e.g., dextrxose, glucose, glycine,
lactose, maltose, mannitol, polyvinyl pyrrolidone,
sodium chloride, and sorbitol); buffering agents or
toxicity modifiers that help maintain the appropriate
environmental pH or toxicity for the active constituent
(e.g., acetic acid, benzoic acid, citric acid,
hydrochloric acid, lactic acid, maleic acid, phosphoric

acid, tartaric acid, and the sodium salts of the
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23 mL of LDH 2 solution Argon -2.7 14 19.6 Nucleation 20 2 5 nL of
LDH 2 solution Argon -3.1 14 32.1 Nucleation 21 2.5 InL
sol uti on AVGEM7090E 14 35.2 Nucleation 22 2.5 nl of LDIQ—%"@B‘?”JP‘?%’H

Alr

-5.0 0 38.3 Nucleation 23

aforementioned acids); stabilizing agents that help
preserve the structure and function of the active
constituent during processing or in its final liquid or
dried form (e.g., alanine, dimethylsulfoxide, glycerol,
glycine, human serum albumin, polyethylene glycol,
lysine, polysorbate, sorbitol, sucrose, and trehalose);
agents that modify the glass transition behavior of the
formulation (e.g., polyethylene glycol and sugars), and
anti-oxidants that protect the active constituent from
degradation (e.g., ascorbate, sodium bisulfite, sodium
formaldehyde, sodium metabisulfite, sodium sulfite,
sulfoxylate, and thiocglycerol).

[0090] Since nucleation is typically a zrandom
process, a plurality of the same material subjected to
identical processing conditions wmight nucleate at
different temperatures. As a result, the properties of
those materials that depend on nucleation behavior will
likely differ despite the identical processing
conditions. The disclosed methods provide a means for
controlling the nucleation temperatures of a plurality
of materials simultaneously and thereby offers a way to
increase the uniformity of those product properties
that depend on nucleation behavior. In a typical
freeze-drying process, for example, the same solution
in separate wvials may nucleate stochastically over a
wide range of temperatures, and as a result, the final
freeze-dried products may possess significant
variability in «c¢ritical properties like residual
moisture, activity and reconstitution time. By
controlling the nucleation temperature  via the

presently disclosed process, the vial-to-vial
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2.5 xnL of LDH2 solution Air -5.5 0 40.0 Nucleation 24 2.5 nml, of
LDH 2 solution Air -2.3 0 36.5 Nucleation 25 2.5 m, of LD11-2

sol uti on AYQ20030808% 42 0 Nucl eation 26 23 xnL of LDH 2PSHUSIREH3IA2r
-5.1 0 50.2 Nucleation 27

uniformity of product properties from a freeze-drying
can process can be dramatically improved.

[0091] The ability to control the nucleation
behavior of a material may also provide substantial
benefit in reducing the time necessary to develop an
industrial process that hinges upon & normally
uncontrolled nucleation event. For example, it often
takes many months to develop a successful freeze-drying
cycle that can be accomplished in a reasonable amount
of time, vields desired product properties within the
specified uniformity, and preserves sufficient activity
of the active pharmaceutical ingredient (API). By
providing a means of controlling nucleation and thereby
potentially improving primary drying time, product
uniformity, and API activity, the present wmethods
should dramatically reduce the time necessary to
develop successful freeze-drying protocols.

o092} In particular, the potential benefits of the
present nucleation process provide increased
flexibility in specifying the composition of the
formulation to be freeze-dried. Since controlled
nucleation can better preserve the API during the
freezing step, users should be able to minimize the
addition of mitigating constituents (e.g., stabilizing
agents) to the formulation or chose simpler
combinations of formulation constituents to achieve
combined stability and processing goals. Synergistic
benefits may arise in cases where controlled nucleation
minimizes the use of stabilizing agents or other
mitigating constituents that inherently lengthen
primary drying times (e.g., Dby decreasing glass

transition temperatures of aqueous solutions).
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2.5 nL of LDH 2 solution Air -5.9 0 40.6 Nucl eation Table 9.
Controlling the Nucleation Tenperature of Sub-Cool ed Protein

Sol uti ons Y884 ¥3%houl d be noted that the stochasticPhEESELI G2

t enper atures observed for LDH 2 were substantially warner than the
stochastic nucleation tenperatures for LDH 1. This difference my be
due to sonme contam nant acting as a nucleating agent in the LDH 2.
The stochastic nucleation tenperatures are nuch closer to the
controlled nucleation tenperatures for LDH 2 conpared to LDH 1, yet
the inmprovenents in retention of enzyne activity obtained via
controll ed nucleation for LDH1 and LDH 2 are simlar at 18.1% and
14.8% 'respdoppddly. Thes dissdosesugerisharia hate t pert iprobIERENHSLiln
retention of i Vi a art.| ; riout :
characteri st Isgg&%?e t Eéeggcoin%%[%%l gsdé%lluégl eﬁaft%dn&pl%eggu i fn gg}lfg akﬁgtr ljngst
to the prescripeedtiensersingd eati oTRT elbger cerduct bt HSAaBg Ve same
depressuri zat| np. 1Q. - (o i y in i 8
ot 9% mann £ S aT e or ahs TSP Soa o By b6 Aot 1001 e o
manni tol wit scaBedt ©90. 8%aprefs ¢ warewfagiurs \er &ide | &R hoL 5
m of the 5 wo%qmani tol osol Yi00ss TReidles RS2 VGl ohadieapt ¥nanrs
with the solution to determne the nmass of water added to the vials.
The twenty vigltenieds pleicst # nPECEgeR Jhars rekken@riBrlahérpsi ran
cl ose proxingey £Q-PNEaaBAthen ZhesHyRer ahHmBErOf (eSigk Vi &l FreRiA: -
noni tored using surface nounted thernocouples; all nonitored vials
vere surroundedeyy) AKervhARE £h9 PRPTeTe BRPF ofRbt JegPLiyRapse of 2

behavi or. The ez e ey & WaR iRl vEeddtd calowl el rpFirgd iy or
controll ed gas atnmpsphere of argon_gas., The freeze-dryer shelf was
cool ed from rFEEmitidHéa o ¥ to obtain vial tenperatures
of between apwovqinet elnn -dénendst 2o The fpebze- diyer was thessent
depressuri zed fro about 14 psi 0 abouyt .at nospheric pressur.e .in

|l ess than fi V& n&go?% i’?ﬂfgceg‘?l%cl 33%’%[’5“& ?E’e é%‘leuti PRI i A
the vials. Adrodudis. obseoveg i sgad Fos othamni diox edaveaiaher noGoupl es
nucl eat ed and .be freezing. di at el ter.. depressuri_zation. .

[ 0082] The shg1 é}”a%}eeq’vﬁrs{nﬁshe%ﬁ ol\}/l\?elfée sy ta(L){-' aat)(;%tﬁe&d%fc%o
conpl et e t he gdreaazinyg ydeess. gdncenalikonmahtt engerthbtr ehavgrmee sshotg

-40C or less,, the freeze-dryin hanber _was evac d an CESS
of primary dr’ﬁ nﬁa}f?sgl.’, r%ﬁéFF%aﬁioog \?\‘/%”e?ni I%a%%}cf%'mrl ng'ﬁ&ﬁ&?
dryi ng procesms t heill eeke- drpervelde| fExwes walreedvislabodiurihgC vile a
one hour ra nd. hel t t enpe u r .16 :

condenser warrgly%?ﬁhq:ﬁ%e oar{ h"g{)colu% -6 %gtﬁrgggghgt%t 1:t %g&zrcfyr%np‘)crsocae%%.
Primary dryi mptwesostapped ¢y tovahad vitht pavvhdépgmepesptartdie gas.
backfilling téﬂﬁﬁné;?l@”gﬁglighigti%ﬂorbfOtﬁerm&ﬂﬂféhE RhRSSNAR ZhHe Vil s
were pronptly renove romthe freeze-dryer and weighed to determ ne
how nuch wat &nviEeDRERt défi Y LHE PPy dEFi R r bR e 8SPIFYES AT a
separate eXp%_#dam?.nt 2y Py Qg BXaP! nlamptdied ¥iabsuner enfandeeteo
with 2.5 nL of the sane. 5 wt % mannitol sol ution. The vials re )
wei ghed enpt yERgRFS Frctert stut FBR Poegersr meﬁémfihéiﬁ?é:éfsﬁ%vﬁ?é?ln
added to the yiBdSrmifhend aismaisthdansted dftertdheallr eczersryathim a
t he same manner descri bed above, and the tenperatures of six vials
were once agaiffFamitof¥d usi ng surface- nounted t her nocoupl es. The
freeze-dryer sjwdg] was moolmeegaapi dnbddmentoans tanperladal estme oo
-45C to freeze the vials. Nucleation occurred.stochastically.betwe
about -15C arﬁf‘%b&&?l?fséo db?‘P;Sm{aﬁ% cOoti NG Step™ %{éaén aP%l\%l'%al aél?p
t enper at ur es mwEtlodAHOUE - 40 loreneivsy  tinecleat Somerien dmsterirbs  in
manner identical .to fhe nethqod . de i be v Upo [
primary dryi r{l&foqkhlgllsza%pll%% 3 rlel%arctrbirrcf)rfgyagge et efr%ncoﬁng%‘%eé@ fefles
freeze-dryer sanghineichedl t ofdeternimeiaeoly ndchingt én iagopit i gt ierg

processes, thereby reducing processing costs for

45



Sol uti onAtrnosDrop[Psi] Tenp [C]Loss [1%9 Qutcome 12.5 tril. of 5 wt%
manni t ol Argon-1. 314' 89. 9Nucl eation 22.5 tnL of 5 wt%

manni t ol AMYRALIOYIHB5. 2Nucl eation 32.5 nmL of 5 wt % PCT/US2007/003282
manni t ol Argon-1. 31487. 1Nucl eation 42.5 nL of 5 W%

manni t ol Argon1488. 8Nucl eation 52.5 nL of 5 W%

manni t ol Argon-2. 11485. ONucl eation 62.5 nL of $ W%

manni t ol Argon- 1. 11480. 7Nucl eation 72.5 nth of 5 wt%

manni tol Air-15.7065.7 82.5 nL of 5 wt% mannitol Air-16.7066.9 -14.5
92.5 mL of 5 wt% mannitol Air064.6 -15.6 102.5 nL of 5 W%

mannitol Air064.7 -165 1125 rnL of 5 wt% mannitol Air064.1 -17.9 122.5
m. of 5 w % rfRfaolR b5, phammeeunicakry easi et herRgehsat imsthod
Tenperat ure I JPYQNRSs PRl,ERM nd e/ HHiEQQﬁAf]l%ﬂitlsiz‘gél t8foducts than
freeze-drying process wth controlled nucl éation and stochastic

nucl eati on aR¥ismart ZeethedTabtlreneby| redusing brodored lolssest kose
two experi menb&Alng dbbieherd the additi opepf e centtol hgthie to
nucl eation via depressurization steg to one experinment. As seen in
Tabl e 10, th&S&nt CHIPEETuEréaPrBAtYr otessifithrkieasyi &£his wmethod

depressuri zatdcof Ald HWst e eabbebr Bt s VelY chewrdegugesmdbating the
sub-cool i ng, _between about -1.1C and -2.3C in this exanple. The much

var ner nucl ed BN ERRT aBFosyictor FRE2ESK r BFPEESHUTIMTUN Edxaild
conpared to tikacst eehasii Cingeboali Opreaseryi ShdS Hbittlhatd I Yalddes
and resul tant_|| oqghi i zed cake with dramatically inproved drying
properties. %5re same amount of drying tinme, the vials nucleated
using the di siozesyd deprssuthe af bedgdBidpdst behweea BBOWbpréciGrand
-2.3C | ost an. averﬁge of 86.1%.0of their walgler while the vials
nucl eat ed sto t P8I B & e ert™ on 14hER BREVEE2Sod JRFFPdsetan
aver age of 65rsMcidenceucléetival $nnucl eatedisl oahdgbircal | yetddidof
require much re nri rving. tine to_achieve the sanp_deqgree of
water |oss as %egmwdalr@éé/n%%r%%’[ gvda THhS cOR %gﬁfgalﬁﬁ%hegg?ﬂg s, and
accordance wvaritdmel present thedpsekbestd metthoglis . willle bapapparent ico
drying time i ldkely atifibted oo the. fongation ol! aLogrdee.
crystals at warnmer nucleation tenperatures. These | arger ice crystals
| eave behi nd Hhatgesupbr esodifoiratilgniavat coangaad thd |ageat pones are
of fer less resj stangg.t Qabhe f kaw,of t AROr S HuL]E [
sublimation. I ndustri g?’ Appl iwcaglwfli ttf\ga puzy: ofUERDY Egﬁaggatlc}n
and the spirit and scope of the claims.
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00851The present nethod provides an inproved nethod for controlling
the tenperature and/or time at which sub-cooled material s, nanely
liquids O solutions, nucleate and then freeze. Al though this
application focuses in part on freeze-drying, a simlar problem
occurs for any material processing step that involves a nucleated
phase tr arsiE COAIHES aDPF BSING THIC INVENTESES 65RE K3 Ube.Liows :
crystallization of polyners and netals fromnelts, crystallization of
materials from supersaturated solutions, crystallization of proteins,
artificiall.snow picetigat ioFn,idReRdnt’ e@elBaLibheBZe aC YHagR! 3Han@ftion
fractional, crystallization, cryopreservation, or condensation of
vapors to ¥ qui BRteI 86y THelhodt CRARRET at ENBeAELRPAoCOBBREPHNY | RS
the nucl ealdRy benperature of a liquid or solution is the ability to
control the nunmber and size of the solid domains produced by the
phase transiti &Fingingreeeimytewiadr tSf & tex@ephtvrehveaunctrabelnw a
tenper at wa@ reﬁtalrﬁéi‘i\:gghr Q:l , telilﬁtﬁ}:éeaﬂ dt%u@e:ﬁ t?isﬂa%elecréltﬁtael Sin

f or med. nerglly speaki ng, e 1ce crystals are Fewer 11 nurber and
| ar ger i n &g zatndeghdree wildlieat a ochbebper atreseurszedr ietwepA087]ddie
ability to cdggﬁrol .th]g nunber, and size of the_solid domains produced
by a phasé&¥ &4nsPEi oi°HEy e PrESEPEFord benefits. In a

freeze-drying papeass, defr&xinY € tHehephupbere andr si e ofatd@pheee
crystals strongly influences the drying properties of the |yophilized
cake. Lar gerthige &r Ghembpar pPé@ﬁb@%{t%ytgﬂr Feterieleddi ot t ERPRRAT UPES

| eave behingd al06miROLRSyURARLSH DL FBLLObn AW 18 alQer ROISSion
offer less resistance to %’he fl ow of water vapor during subsequent
subl i mat i gm thenmaterhel present nethods provi de a neans of increasing
primary drying (i.e., sublimation) rates in freeze-drying processes
by increasing the nucleation tenperature. [0088] Anot her possible
benefit mey. be Thealmetbddi wfappleicatli,orfsinthere compsitine mheeskapsoére
preserved via.freezin rocesses (i.e.,, cryopreserved)., For .exanple,
a bi ol ogi Y HETEPPal &i’%clciﬁﬂ U nothF i M)C&&aﬁsé n%?r'fr%ﬂ%?h tair%ggﬁe
sanpl es (Qidpressitzbt0od, thi setiebdiGpsy, fagalantkrgrRerrucel ldsuetag),
cell lines (e..g., mammal i an, yeast, prokaryotic, fungal, etc.) and

bi ol ogi calCHBIESH BEapE. grangiotd r?sfp ChRAMRRALZhd subcl asses
thereof) frozen in an aqueous solution nmay experience various
stresses during the freezing process that may inpair the function or
activity of.- t h&heamethafl. of celdbr ot ivBirredp physieberialiisy waleacked
mat eri al cre S e . ' f agi;al . Randi ng, tic
forces, sg]{ru%q{e g%%ce toﬁffti %gg,ggg?%ﬁge%ggrég%%e'd gﬁ'q\lﬁggh&t%rﬁi%ﬁ %E{B
Si nce nuclsatdemsioont r olgelishe stixiotnase amudl ki pethpesewts i ceithin  a
formation, it can signi %i gant |3’ i_nf Ituence t hese stresses. The

present | y YEFESEH nBPhdus°T ner d¥8r & provi des a uni que neans of

mtigating stresses associated with cryopreservation processes and
enhanci ng the recovery of function or, activity frqQqm cryopreserved

mat eri al s.4The Tg‘rees@ﬁ{h%t 1f9ds CaRsB rlepr & Eﬁ#Pnp‘%tﬁ_/el’?\éﬁgrb@ r s @
convent i ongd1 yii@neatingn GoRt I ghalt hedsn§eefon SE&fHdYE tArCORkACIhe
with cold surfaces) used to initiate extracellular ice formation in

t wo- st ep CY¥BRIFICSYBRPAL] BReQrHoF iIRKTE @dst§RedC®E19Rvi ng cel | s.

[ 0089] The present nethods nay be al so applied to conplex solutions or
m xtures containing several constituentsbothincryopreservationand

| yophi |'i zai i on Taepl netho@dnf Thiésémf ok nuvaekehs atlee ofesarsal utisons
Wth an aqueqHs.OLgaRi €ne Ok, ThXed AANCAURHOLARDLESOL VRI GANLAIAENY
a pharmaceu(flcaﬁ y active ingredient (e.g., a syn Rett ¢ chem cal .
protein, peprideioar teaperaehrandls opt sehatdyiomneempersireamiatt gétiichg
constituents,, i ncl udi ng. bul ki n ents t.hat hel p_prevent. physical

| oss of tHe d&&%@g%%nag&aﬁﬁ?e g‘(’fraﬂhgfrcﬁcﬁpﬁ%afs. §.r, cﬁ%%?]ois)le%/e §Hiic8e,

the solution.
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[0092) I n particular, the potential benefits of the present nucleation
process provide increased flexibility in specifying the conposition
of the fornulation to be freeze-dried. Since controlled nucleation
can better preserve the APl during the freezing step, users should be
able to mnimze the addition of mtigating constituents (e.qg.,
stabilizing agents) to the fornulation Or chose sinpler conbinations

of formul ation nstituents ta _achieve . conhi ned stability and
processi ngé'goanglfge yer%lrogil sotsfi ccqt?é‘ﬁ‘ef]i’t IHENF 1T itg"& inﬁ“t(,ei&éi Wier@oled
control | edcauch eatrienpesa tiifié ZegahfiendlSe£obmst abkl | G cAd A% 1 on
other mtigating constituents that inherently |engthen primary drying
ti mes (e.tSMARFAGEELeadiong aflaads t3°&nsibeilow t dieer gthases dofraaguedos
sol uti ons) / 4PCTY US2007/ 003282 [ 0093] The di scl osed

met hods aref \aé%ai%g%%ag?ggge% -C{eﬁfl%tses&rflg?gf'%?ge scal e production or’
manuf acturing operations since it can be conducted using the sane
equi pnent ,;ind _ocesstggr arrg%ers t hat ian easily be scal ed or adapted

to manufacture & G€PRAgeCdf Flotlicts: THRETRGtesd Sr GVHeEE¥ T or 16he
nucl eat i ordeafremtedr bl &nUSha\th JHRERSS tWhET So@ht ijpul ations can
be carried out in a single chanber (e.g., a freeze-dryer) and where
the process does not require use of a vacuum use of additives,

vi brati on,g el egtyeof bRY t ikejto 1@%1.%] n atj.on. 09411 n
contrast to the pri f)n%%gP?, teﬁe g?aeisﬁelntel'rret 0 {(:nes%%lgte tgcf%@'gﬁ)%tghi :11%
to the | yopfnsased prusducthat t apnlapscdyber gerasisaret hatiat, erdidPs, is
(e.g., lig4ids iinothe %k@ﬁ@r be held initially at a specified
pressure under a gas environnent and that the pressure is rapidly
reduced to a | ower pressure. Any applied gas will be renoved fromthe
vials duripg t | yophi | i.zat i.on cle. The vials or their contents
are not c%’t ac't'}z‘& oF’ett%}ﬁgheakwi Fﬁgﬁﬁytjni ng"RS&EH e gREeSSUFRl e 1S
mani pul at idetrastdeagdnhi phés PIRS R FIGpJaspERYI I RSN Ithan about
sufficient _aon its owm to achieve that goal. By relying only on

anbi ent preds®Sé BRANGBCPRAi nduce nucl eation, the present method

di scl osed herein uniformy and sinultaneously affects all vials
within a freeze-dryer. EOOQS] The present enbodinment is also |ess
expensi ve dhd &&6i &ethedi afl ekt Andwhereimni the matenriiadr cantadeshads
of influeng] | eat.i j i in hi | i zat | :
applicati %@#&Eprgggﬁgtﬁgt Eg%&éngt}?%s %%%l%pf iécdaxfﬁqlgfqggst 8; prll‘urfgry
dryi ng i n siymsieis;i zattitenuptedessesusédher etycYeictici axg dsr,0c essiceg onast s
for WO 2007t/. 93034PCT/ VS2 07/P032 Z?f%eez.e-dri ed, phar maceutical s..The
present neEthodOsro8acESI¥GER wor RORPPSHTT 1 yBPHIS &5 o QIREPSPER SR

prior art aieiletes;tpepebies et paopeedyct | osses and creating
barriers to entry for processors unable to neet tighter uniformty
speci fications. This nethod achieves these benefits w thout

cont ani natiing thenbyQidi IdsZedoRf AdiCing Graat efr U AGRSSpERRLES! shoyl d
l ead to an inproved product and shortened process tines. 10096] From
t he foregddtgriptl sHbubd Waradgtecicl ediehat arhecopreigrars nwethimna
t hus providgsamethad, ofnd C%ﬁd I [ ' material and/or a
met hod of freezirr'lg mat er%aﬁ1 af#%ﬁgﬂéogﬁ%i %g?ﬁs%ncgf changes, and
vari ati ons of rhelpngsthe metdwids witl la pereappabedt coolingpersgenin the
skilled in,the ar Lt be underst.ood th such _ .
nodi f i cat {2:51”,81 e%htaor%%g}llrtéﬁaav%r%’lt‘évg%ng e t%m%egl'%ngfﬂldggomet FRLERE
purvi ew ofprelsissirappl i cati on and the spirit and scope of the clains.
THE CLAI M5 DEFI NI NG, THE, | NVENTI ON AS FOLLOWE, . A net hod, of

i nduci ng nucl edPPORTEF ETIRESATEr ahlFt iRFFSSHEE miPerFhE WrSsSHT42zed

chanber, tdrenRihof 20MPeEtSidry dhe c&keRS Ghiformly HUdHNG tFh@ezing
material tqQ a tenperature near or below a Ehase transition

t enper at uME tEAG tBCaMAERERRRhbiTe eaPd urAl ARY af hushar ©TiaoRitaigers;

and
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7. The nethod of claim1l1l, wherein the pressure is decreased by an
anount greater than about 7 psi. 8. The nethod of claim1, wherein
the pressure is decreased such that an absol ute pressure ratio,
Pf/Pf, is about 1.2 or greater. 9. The nethod of claim1, wherein
the pressure is decreased at a pressure rate drop, LAP/At, greater
t han about 0.2 gesitipeingecmodingl(®f Thee neturdéackdcInaiterialwhies ekthe
t he nateriﬁﬂufgaq%ains a cquonent sel ect ed fr0n1thﬁ group consi sting
of live viTusds St t Bhuaf ¥ i Pise§ Mt T a8 dffeny | to =&
ant i bodi eprezainitlednslinant t&nshegurk eB0Eeethes; frmRephicdRaterial .
anal ogues; peptides; and proteins. 11. A nmethod of controlling the
freezing process of a material in a plurality of vials or containers
within a chianmehe t hgedI0dog0MIliagng 1 heostensi Ofn 11, GRRLLEM
the material at a prescribed cooling rate in the chanber pressurized
bet ween 7 GRHTeSFHr28apspn abif e iddhiiaiedprulesur &he matembill yin the
decr easi ngyfieapigss e 19 e pressubheedchamber L0 seconds g
ess to uniformy nucleate freezing wthin e materral in the
pl ural ity michdaglionoteppataiwer s; and conti nui ng cooling of
the nucleated material in the plurality of vials or containers in the
chanber to a prescribed final tenperature to further freeze the
mat erial . 13.2. THee medtdtad of o€l aighalmor Tl ab 1lglasher ein, wherein
depressurization is initiated when the material in the plurality of
vials or é%ﬁ?ﬁ?ﬁ@?%zﬁFf%Pnsl% desiréFefucPEat fondeehiRd atiime  afser
The met hodirift iGltaof d£oknel abBLidg ¥hSH el dhdap&ssitd zahif R aSre of
initiated at a desired time after initiation of the cooling step, and
when the tetperaterabf ithdhmtBtrelity t A pigdsl iey epnvabrersr is
cont al ner spd 3P ek AehDee PEASS {u;asikhiga  heaperature. - 14. A product
e nethod o t

resulting fromt any one o e precedi ng cl ai ns.

14. A product resulting from the method of any one of the

preceding claims.
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