LYOPHI LI ZATI ON SYSTEM AND METHOD Cross Reference To Rel ated

Applications [0001] This application clainms priority to United States

provi si onal patent appllcatlon serial nunber 60/771,868 filed on

February 15O 28GHE3Ei el d of the I nvention [ 0002] The pr dSdP7eR2Pon

relatesto a |yophilization process, and nore particularly, to a

met hod of inducing nucleation of freezing a material wherein the

material is initially cooled to a tenperature bel ow a phase

transition tenperature and subsequently de-pressurized so as to

i nduce nucleation of freezing in the material. Background of the

I nvention [0003]Controlling the generally random process of

nucl eation in the freezing stage of a i freeze-drying

process to both decreads QH%Liég tﬁgﬁgﬁgtégﬁghgﬁggﬂionplete

freeze-drying and to increase the product unlfornlty from

vial-to-vial in the f|n|shed PLO nggly desirable in the

art. In aty 3 F pt-ocess, nultiple

vial s contat@b@g]a COﬁﬁpQ @m@ﬂﬁﬁhﬁﬂduﬂcﬂa;ame praoedtmntsheUVe§eﬁhat

are cooled, generally atf a co trolle rate. t enparat u e

aqueous solﬁF?Eﬁser%%ﬁhS%?ﬁ? §p%% q% t%gméhernn na%??be}h

freezing tegpgriaiysesokita &ﬁ|ﬂébﬂnaaydlﬂenﬁpﬁ§ in a sub cool ed

netastable liquid state until nucl eation occurs.. [0004] The range of

nucl eati on tenperatures across the vials is distributed randomy

bet ween a temﬁ&&abﬂrEheWEmﬂeﬁtﬁOQSOSSPCT/U82007/003281 near the

t her nodyna ezin and; ,SQm. ue gkgpiEkcantby a

(e.g., up t&ggﬂégt 30% \&?. %%ﬁ?thgltherﬁﬁﬂﬁnan?c freezing

tenperature1y$bh$1dzatnphutpenceﬁsnudﬁehtPﬁﬁfteﬁﬁEFéFHF@§l¥au53§ @

vi al -tovi al v%iql %t ion ':_th%?tn%" Vol e St F et BiEe @BRgkZH dd mat edey:e[:tht&al

physi cal per Ires of t yophi i zed product, Eurther E

dryi ng stageMQ&euhe f¢@%zeﬂﬁ¢§ﬂﬁﬁlprdE%sslﬁ&§PaB Yex€§§gﬁvgly Pond* to

acconmodat e ., % %@E&%éﬁbéﬁéwcﬁysbﬁésél&Q&ﬁﬁmtﬁaﬂueéupexapnedueﬁﬁiby
RS

t he nat ur al t1 ¢ nucleati on phenoneno
subsequently de- pressué&zed so as to induce nucleation

‘--
. b= '

of freezing in the material.

Background of the Invention

[0003] Controlling the generally random process of
nucleation in the freezing stage of a lyophilization or
freeze-drying process to both decrease processing time
necessary to complete freeze-drying and to increase the
product uniformity from vial-to-vial in the finished
product would be highly desirable in the art. In a
typical pharmaceutical freeze-dryving process, multiple
vials containing a common agueocus solution are placed
on shelves that are cooled, generally at a controlled
rate, toe low temperatures. The aqueous soluticn in each
vial is cooled below the thermodynamic freezing
temperature of the solution and remains in a sub-cooled
metastable ligquid state until nucleation occurs.

[0004] The range of nucleation temperatures across

the vials is distributed randomly between a temperature



(0005] Addi tives have been used to increase the nucleation tenperature of
sub-cool ed solutions. These additives can take many fornms. It is well known
t hat certwonowaesesi a (e-g-, Pseudonbnas syringae) synt ReTiuseoogoei2ei ns t hat
hel p nucl eate ice formation in sub-cool ed agueous solutions. Either the
bacteria or their isolated proteins can be added to solutions to increase
the nucl eation tenperature. Several inorganic additives also denonstrate a
nucl eating effect; the nost common such additive is silver iodide, Agl. In
general, any additive or contam nant has the potential to serve as a

nucl eating agent. Lyophilization vials prepared in environnents containing
hi gh particulate levels will generally nucleate and freeze at a | ower
degree of sub-coaling.t i : Qr b a | dtGubatanh@ngioh@nnent s.
[ 0006] Al | Pﬁ@rnu@i‘%a%hr?% Fafii Bl UL G (BB &L GLL e, addi tives, "
because t hgyjghargetive «oMpDEi (e0g . of urhe-arestbomt i AOHR) chowkay thadl eate a
phase transition. These additjives are not typicall abl e fqr. FDA
regul at ed &he appEBfERCRYEESE-Dr i eong%%W 09 ﬁg\éﬁ%ﬁcﬁ%j‘%{fm?/ 0&2‘5]8%

phar maceut Bg%krﬁﬁ:ﬁf@!‘&iﬁ .ofl hgge1 addiibhny e torast cpneesdericdntt®t over
the time and tenperature when the vials gucl eate and freezq. .Rather, the
addi tives wiky ofFiRelen iRcASR TR AVeSiFd 2atPon Feiperature of
the vials. th%op%h%gc%rlysb%%égwlmel ‘e atiophinlicdeat ipmpdgant s for
ice formation in Sub-cool ed aqueous sol utions. _In_the "ice fogy rrelj'%%od, a
huni d freeFextheamaerse £ |42l VP¥FRIRIcoPEREEs OF pF8fucd &Aoo Kuspensi on
of small ic¢ | C The i&gcpakliivehes abagt resspotdanbaadet hehei al s
and initi alp%o%ﬁe{ﬁéea![mﬁ%ﬁ vﬁgn %ﬁgy cont a?t thegfl uid interface. e[qook(j)S] The
"ice fog" metdwel dbedafotCEBRERS %%?@%u%?’@aﬁtd’r?‘b‘?mﬁ%?t?ﬁloéu\ﬁ A s

si mul t aneoysl y r?ét@r&?”éEBEh‘é@ttﬂ%@!ﬂeé@{@ﬁr1ahéh@mehta>rnt her words, the
nucl eati on @vent does not occur concurrently or |nstant ,aneousl¥ v%hi n all

vi al s upon lamoesHuct i BAddEivies cHlegyapsie? ntPethe ¥9 e AETTFIR g ice

crystals will fake. - 419, MOT Kt hei- ey ddit 8otaeh opfs .t hernéaks to
initiate nurélfce%?%tgﬁélqgﬁghh ansport tines are likely to_he different for

vials in didd@teivesocan drakei ANy tHrws eezddrier Weidr R §8&Fe

i ndustri al freezeﬁdryeﬂ%ctégygenenggg_&pp of phsuabsenked” nei-hodgwenl d
require syscf%]ﬁ’fad%si gn changes as internal convection devices are reﬁui red
to assi st asymtReshzéopmotiesins bthabnhelpt Recliegd & e t FPBUZhdaE the

freeze-dryer. Wien.,the freeze-drysr es a8 1ont Lpdaldac ool £doxt he
PR AR e B ctoneo

tinme differ@iecBR rst vial freezes and the |ast vial
freezes wil{hefeatiesdl 4teapepatarein f feneree BddRsent@hESAH OTHNIECh Wi | |

increase the vial-to-yial non-uniforpi [ eze-gried, pr oduetanic
[ 0009] Vi al DPPErERESt da e(:%?%cr’]lg,glg%:ﬂ gtctlfl{]r& or _roug%eni ng has al so
been used tgahewekesheallegr edembnsttrateol engnuedeiatddd oeifigdteat THE As

ny degr eo. BRSEORTBISBy Bl ke Ld TonBiartr o Shbn- nosid: vidusl

vials nucl egtaeaad ,f raezeadbit ivesteadont gninensadess t heeapetrggsial

nucl eati on %gmggfggrgsogtﬁdm:gg %hg agent . Lyophilization vials
prepared in environments containing high particulate
levels will generally nucleate and freeze at a lower
degree of sub-cooling than vials prepared in low
particulate environments.
[0006] All the nucleating agents described above are
labeled vadditives,” because they change the
composition of the medium in which they nucleate a
phase transition. These additives are not typically

acceptable for FDA regulated and approved freeze-dried



[ 0010] Vi bration has al so been used to nucl eate a phase transition in a

met astabl e material. Vibration sufficient to i nduce nucl eation occurs at
frequenciwe 206980330 kHz and can be produced usi ng a vaPCetus2a@f/oexpsi pment .
Oten vibrations in this frequency range are termed "ultrasonic," although
frequencies in the range 10 kHz to 20 kHz are typically within the audible
range of humans. U trasonic vibration often produces cavitation, or the
formati on of small gas bubbles, in a sub-cooled solution. In the transient
or inertial cavitation regine, the gas bubbles rapidly grow and col |l apse,
causing very high localized pressure and tenperature fluctuations. The
ability of ultrasonic vibration to induce nucleation in a netastable
material is_oft .rj_hQut e di phdshancesi causedalyd rans nemt
cavitati orrp.shef'ﬁrélggte%tgﬁdgg‘vi?g?(?lgﬁargegi me, termed stable or nop-inectial, is
char act er | gedvhyebuduiritaso} haverx kil ttigrabrady SEIRe S WapE68ciH %t i ons
w t hout col | apse. U.S. _Pat Applicati 200200 TN i h w6t 0ges v hat

ul trasoni CV%?EF’atI?% %aa%gi %%ice nu(%:]%gét iq%ln even ?%ét he stabl e cavi thati on
regi e, buppeeaexplmmalhoneatet ephevienagen nuslsidter@y. LeBPPERIMTS
Application_2400901A al so discloses that the |ikelihood of causing
cavitati on?faﬁ “heh@& fiucl eat i on, in a solution using vibrations with
frequenci egoaloave 10 id&# cmysbelsncreasdérnnelesticiay aReldfdieaRin essure

around the sol ution_or dissolvi a vol atile flulg indhe; solhis
[0011] An eP8ERS r e&2Fng h%?hof](%%r%a% 2‘3 be%h uslgél in the pas?tl&to i nduce

nucl eat i on gyl WHibEo0! edid | guedstids e€bpdf reezhad, | & geweidl I5reR%dNl i shed

by delivering relatively, hi.gh el.ectri i.el (- N g dRAUOUS oOr
pul sed manR&Y Vet Gv@enfhg}?‘gvmvﬂfe%rba@edggﬁgct %Edeg:?ln%?,@elg in a sub-cool ed

liquid or sRldfid@eohy abasksl Bssoei atsack ldsan et Lofr @A HC HPBcess in
typi cal |yophilization appli.cations incluyde t L at i Pl £x¢ fynand
cost to i r‘rﬁ‘l%’h’FaﬁﬁBoﬁEFﬁ‘t difke ptgl??i &Fgrsl ya’?%riﬁélg%h}é%i zat | oé:é(tE i

appl i cat i ORg IS tieUEbhphetVtalkes fAuitbntataefaceAl so, el ectrofreezing

cannot be directly applied to solutjons containing Lanic L§S £Be0. .
NaCl). [001E9%®8knt | y,ghFher’ec%r egosq udi"bestq}%%t Cfé}xeasg‘i ﬁ%@‘t hcéégg%%gpt of
“vacuum i ndyeefe stibace Jir earingipl Seevaals U SnRatentolely6, 684, 524). In
such “vacuum i nduced surface freezing', vials c ta(iFELQQ an eo

e n a

sol uti on arecnerebiesn td e PRt atG® TEH FoF t ed r ee’zegngyer and

hel d initiaglly;at:abaut Lfbgegr aeesCel sbys. okt r eepactnyieng lohanber is
t hen evacuated to near vacuum pressure ( i C a.useso%urface

1 pr e e.g., 1rrbar)ivvh|
freezi ng ofinseangensensdol trieRsnt @Hepf’ﬁgléf WPPRwRE lﬁcstt]e?%.
Subsequent rel ease 50f; um@ahd glece pasee0tirshal f tEiPerad uceyberdw t he
solution freézing point allows growh of ice crystals fromthe g\r,\%-frozen

surface | ayeilihiedgh sdwee riehe nger Wor HehShF utP¥n 1A T BT dPAWEESK f or

i mpl enent i n\g. %Eg N vagggﬂgggu%ﬁé&{%ﬁ,f I8RY1 Bganppoeescimea bye cal

WD 2007/ 09503 /tlj)SZ 7/003281 . ) .
likely to be different for vials in different locations
within the freeze-dryer. For large scale industrial
freeze-dryers, implementation of the “ice fog” method
would require system design changes as internal
convection devices are reguired to assist a wmore
uniform 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.



| yophilization application is the high risk of violently boiling or

out -gassing the solution under stated conditions. [0013] I nproved control of
t he nucl esDi2007/(Ps@BGess can enable the freezing of all umCTABeN7/003281
pharmaceutical solution vials in a freeze-dryer to occur within a nore
narrow tenperature and tinme range, thereby yielding a |yophilized product
wth greater uniformty fromvialto-vial. Controlling the m ni num

nucl eati on tenperature can affect the ice crystal structure formed within
the vial and allow for a greatly accelerated freeze-drying process.

[ 0014] Therefore, a need exists for controlling the random process of

nucl eation in various freezing processes including the freezing stage of a

freeze-dryipgogy | YORRidd 23l OPrpaeRESS 1R, RU ORG[ ea6€apthessi ry: Line
necessary t[o conpl ete freeze-drying and inprove the product uni fo&irj%ty from
vi al - t 0- vi abuphettiend | hashad g9 obger. ysedold LPERET GHE PRAESFr &ie to

provide a process -t S BATEL QL eREShEARY Ritn Shet RarRbove
characteri g? csCO u%%r?géﬁg?%g If%ventlfone[0015] The present _invention may
be charact priived asta wethodsef VyabhipierwgeatmensrialseorPesi MPt he

steps of: (i) cqoling. th teri in el a PheESCElhRd caali ng
rate; (ii )SH%’(?Fg:asi Igyt hger’rr%((aessuféef i ncﬁgggggnboer_ rdryer to induce
nucl eat i ontefndeeaning iwhéehe tiee erindividup)l f wieAa evslissFe herBflicl eat ed

material tq or below_a final tenpera t o, the pmrierigla (1v)
drying theSm&s&Sal £8%r oaﬁgéeg‘ﬁdri%ﬁigr odté{:gﬁé\%ieng reduced noisture or

sol vent. WO DSHh08RCELHERGE7F03R3L YO@L8] The i nventi on may al so be
characterized a frgeze-dryer .syst ompLi.si ng. Ravingaa
Ztg?apsl mspﬁéégagﬁ bel hgg %Tsco nB%'ee?xvnngse W”Hﬁ&l a

control led oné or nore s es adapted to hold one or
nore cont aigieise Ot réindlit iefn aimabemeatasaabibensnatexcbnt rol iHeraehpRrature

of the shelves within the chanber SO.as_to cont hg t geralytee0f the
material ; &%omfehesr &S’upflégu?’% trhuecﬁ %tlri’r%)%r a%ncr(fq'\ardéaptgte:d to Tenove any

sol vent or Jmied une frem tdiel chanbére amdbduamhnestiodcont velriefy pPEssur e
of the chanber,K to rapidl epressurize the chanher_ t Rhase
change in 9 RTerFFal d lflgﬁ f‘f“Z%E?ﬁbogﬁ"d 1. %ﬁn a?ﬁggﬁiegl\%&grgaés%re
during dryifige Brdwefedesenitplasamiof, 1 helbraviglys £e@fErchws abovethad ot her

Appar ont 1 FOMYRoLPORFEW SOriiE GBS PR GedaM prign t et aPEenr e

in conjunction ¥ U themhakl oW Ui gasvhags vilbeseion often produces
cavitation, or the formation of small gas bubbles, in a
sub-cooled solution. In the transient or inertial
cavitation regime, the gas bubbles rapidly grow and
collapse, causing very high localized pressure and
temperature fluctuations. The ability of ultrasonic
vibration to induce nucleation in a metastable material
is often attributed to the disturbances caused by
transient cavitation. The other cavitation regime,
termed stable or non-inertial, is characterized by
bubbles that exhibit stable volume or shape
oscillations without collapse. U.S. Patent Application
20020031577 Al discloses that ultrasonic vibration can
induce nucleation even in the stable cavitation regime,
but no explanation of the phenomenon is offered. GB
Patent Application 2400901A also discloses that the

likelihood of causing cavitation, and hence nucleation,



[0018]Fig. 1 is a graph depicting the tenperature versus tine plot of a

sol ution undergoing a stochastic freezing process and further show ng the
range of wocheawsoa tenperatures of the solution; [0019pErgis2@7ios32al gr aph
depicting the tenperature versus time plot of a solution undergoing an
equilibrated freezing process with depressurized nucleation in accordance
with the present nethods; [0020]Fig. 3 is a graph depicting the tenperature
versus time plot of a solution undergoing a dynamc freezing process with
depressuri zed nucleation in accordance with the present nethods; and WO
2007/ 095033PCT/ US2007/ 003281 [0021]Fig. 4 is a schematic represént ation of

z[i)elsz(r)f)g![ : i)rz]az)ic oPhsylsLS? j[p accordance with the present invention. Detailed
ransi (i ont? nta SHRIT. SRo LTSt SERRSrar. o ot e phasee ¢
E;;gts:alt : ?%??(r)n;nergtgayf otrmt i omcntasedr ysyal rﬁ%’fﬁjdig i qE’ﬁl%l. FfgLent
of fon assderSPBHER HE T L2 EHE OO R Sorht on St or e i Eh 5 tael cai fon event
];181:: g\glteidolralfilgias&al t@eowtdlug D23] I n the crystallization process,

foo11] An electrofreezing method has also been used
in the past to induce nucleation in sub-cooled liquids.
Electrofreezing is generally accomplished by delivering
relatively high electric fields (~ 1 V/nm) din a
continuous or pulsed manner between narrowly spaced
electrodes immersed in a sub-coocled liguid or solution.
Drawbacks associated with an electrofreezing process in
typical lyophilization applications include the
relative complexity and cost to implement and maintain,
particularly for lyophilization applications using
multiple vials or containers. Also, electrofreezing
cannot be directly applied to solutions containing
ionic species (e.g., NaCl).
[oo12] Recently, there are studies that examine the
concept of ‘vacuum-induced surface freezing’ (See e.g.,
U.S Patent No. 6,584,524). In such ‘vacuum induced
surface freezing’, vials containing an agueous solution
are loaded on a temperature controlled shelf in a
freeze-dryer and held initially at about 10 degrees
Celsius. The freeze-drying chamber is then evacuated
to near vacuum pressure (e.g., 1 mbar) which causes
surface freezing of the agueous solutions to depths of
a few millimeters. Subsequent release of vacuum and
decrease of shelf temperature below the solution
freezing point allows growth of ice crystals from the
pre-frozen surface layer through the remainder of the

solution. A major drawback for implementing this

vwacuum induced surface freezing’ process in a typical



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 stwbl2eonmsess t he current operating conditions. Tiresassacabrascl| usters
constitute the nuclei. The clusters need to reach a critical size in order
to becone stable nuclei. Such critical size is usually dictated by the
operating conditions such as tenperature, contam nants, degree of
supersaturation, etc. and can vary fromone sanple of the solution to
another. It is during the nucleation event that the atons in the solution
arrange in a defined and periodic manner that defines the crystal
structure. [0024] Crystal growh is the subsequent growth of the nuclei that
succeed i n.achiewui. he. crigt] er sSi zenheDeprRdhng Hper t hes
conditi onslé"iopﬁg\ril%cﬁlre}g%i or?tdgfﬁccr%#g% gr%mﬁ h%may predom nate over the

ot her, andvdslamtdsul boidrys aloyr wout Wassvest 6 e SAME WPrapeddse

obt ai ned. C(\)_{%%S cOJn {%/f%ﬁé size and WO 2007/ 095033PCT/ US2007/ 003281
shape consf L e o € main challenges in industrial manufacturing,
such as forfoghanaceutipabsed [€ORBFoTheopr ddent NVRIRAL 1@ atRIEP ISR
process for contral]ing. the tinme. and/gr t a i at ed
phase tran§dd oerfl%ﬁi:%rghfanefé:%?]e??aﬂ% B ”Bg:é%ﬁ%ggp F‘:Mcygﬁb oﬁ%ﬁg
probabi | i t wdihaticn mat £1&abknwial If o adepes| yonockuat evididibeyimoxhangi ng
phase is related to the degree of .suh-cooling of et.al t he
absence or EIhcESHPSE n‘aﬂ?s%%i Fia]\r/lgg,' s%é]eﬁ%%%egl%&ﬁ i st%r bances
that provi dg,époisilEz6d publiara fwithughrealtean. ui008NThy fhmeyinigabr

solidification step is particularly inportant ina,t fre - i rocess
wher e exi stti‘?fg"%%%hn?‘dﬁg§°}lé§6’|9c ‘?I’Ke P o elr?%g:rla %%&ﬁ%(%?gﬁges
across a myihtadecet widl Sies egypbabnerstrddeunecfoatiesh Widriper atbee
differences tend to prqQduce_a non-unifarm product an exXcessi | ong
dryi ng ti meViFheaptle “retbd8, IhTd ogﬁgreE an fa%p?%l\”/?é(;%gaéwghér
degree of pspgessscontrol in batch solidificati.on processes (e.g.,
freeze-dryin and produce a product wi.th npre uniformstr

properties. [EAttke soFrEe&]efﬂ%'pr?‘oPegfjt PEHNT quRE tc(?n?tnr ﬁel n%c?g%ti on,
the present, grEBRIS pheREdL NbAI Mpuca@dImNt and eperiatuonafrekanggs for
i mpl enentation. [0027] In_principle, the present nethods_ can ?e aggl_i ed to
any materi abrpeesessi nPslegingat thavot¥eszinductsa?ed Phase FFERE T on.
Exanpl es ofd§ggﬁ pr geessgdHcl Yegc 188 f peedars oftal Ibathd, decrease
crystallization gf ice froman aqueous solution, crystallization of

pol ymer s angdroeeabdngr s | ReCe8EFEYalPi £2MRIE 7 ﬁ%‘?ﬁ‘aﬁé‘ﬁyﬁﬁﬁem s from

super sat ur aiﬁgrae!eumgngms‘wé& alihi 28QR yOfE PRI A1 taL Vbl Chal tarow
producti on, position of 1ce fromvapor, food freezing, freez

eeze
concentr at i 6apikhact ipreductyst alt | YQPiléln,tféfF%%@E§eh‘fat‘il%ﬁ}F6Ple to
condensat i onrgt\,i apoy sgtrqbééscg.u q§ra§Fngégeggg%ep§g@g! stawndpeeflerats

pr esent met Rods may al So be applied to phase transitions such as nelting
and boi | i ngalll0028] Tiee mexent FhagpsERFIEF Y6 hod represents an i nprovenent
to current pharnmaceutical |yophilization processes. For exanple, within a

| arge industrial freeze-dryer there can be over 100,000 vials containing a
phar maceut i Sa;knmrrwduxﬁ ttm%ltllmeenslpq be frozen and dried. Current practice
L0 Lhe | nduslien oy 10 300! phOSeRe] Y @hd bR ey Vol Bladeditesised had the
solution in B> al's of donta ners in the reeze-dryer are guaranteed to
freeze. Theacontehbdof ofachyebhlildzigmnt @& nawtariiel e coMREeTEG r driton v
over a range of tenperat.ure . t f L poj at 5 hacauserthe a

nucl eati on 5’?:(?(? ssg‘?é 3&?0&?%?}[2% %%Zﬁélfn&%r}g inowato t he F]i:gures, and
in particul grdddrided theobing depiect eld i tdepeeasing véEhSus RISESYWSt of
six vials of, an aqueous.solution _undergoing_ a_conventional sst@ochasi

nucl eation prbces §ﬁ‘8\‘/ﬁbr$ggrt ’éy?%i%coal %Fo‘%‘ﬁg% cr))f%érqiLu% e%t%zolr? t enper at ud’rgfes of
t he sol uti oy then dideervials (iR, Exxthebs, cand itg) . the surpledieedin,
the vial contents, have a thernodynam_c _freezing tenperatur oL - 0C yet
the sol uti oMa&sHtd+ ehCh Vi eqr?%‘%u?aﬁl?aﬂ‘uc AT over 1ti:E)eeEbr oa <

t enper at ur e gangei &1 ; aboid (16)t odrZEgor ther esatasriahlighpeddyyear @a 18.

Plot 19 represents the shelf Lenperafure,insi de.Lhe oLr sea%aliyi ng chanber.




[ 0030] Conversely,Fig. 2 and Fig. 3 depict tenperature versus time plots of
a solution undergoing a freezing process with depressurized nucleation in
accor dancwownatnosise present nethods. In particul ar, Fi gPCZ/Ushamwoi2Re
tenperature versus tine plot of six vials of an agueous sol uti on undergoi ng
an equilibrated cooling process (See Exanple 2) with nucleation induced via
depressurization of the chanber (21, 22,23, 24,25, and 26). The vial contents
have a thernodynam c freezing tenperature of about OC yet the solution

wi thin each vial nucleates at the sane tinme upon depressurization and
within a very narrow tenperature range (i.e., -4Cto -5C) as seen in area
28. Pl ot 29 represents the shelf tenperature inside the freeze-drying
chanber angdephots aa,LauilihraLed hreziag BEOLSSbacer vheacabhe

t enper at ur he s ves I'S e or less steady prior to

depr essuri gatker - dxh;@}ﬁl]@snérmrqum}ﬁrgsiﬁgsho% chamPerpe PRI vér sus
time plot of thr vals of ti underg a ghynaas

cool i ng pr &€ B q_ﬂ \c/]ﬁ’%%ynuc léllaflt [ §ﬁel n%gcegb\%ﬁa

depressuri aal gﬁlazd)ftbheloahiarﬂme 631, 88reambr@3)inemi AT tWeals aPiccht ent s
have a thernodynamic freezin terrperat o] bo he,gol on

wi thin eacﬁ‘a\‘heéllar?ucl Bat BT Yo SEHE o:elne%&%ony%mgggéggf% za?lgon&%éf a

t enper at ur gHARGSs Of wabiQlh - Thet OchbiBeas seen &\ atea @@nlnlrml 39‘1’“e
represents the shelf tenperature |ns e the fﬁgeze dl‘)él@% _ad
general |y GEFRILYIER 12hi tREoBRE g cedsSOBNe Wher e the terrper ature of
the shel veg.=5n5iot | ¥AHY dwieatl dor ivgneve pangr salwepr essumstene WO
2007/ 095033PCT/ U82007/ 003281 [0032 As illus rat ed | n ihg Ei §§3u£%e
present metirts BR8vICHEMHRT0VRES c At POT B f f’he Tk ron g%ocess

enabl ing theg fEEQZIdi\ﬁn@JeﬁDh@érf&&@mdlqal deplretisans zen 1ahér e:@amhtnyetOt 0
occur wWithin a nore narrow tenperature rang

and/ or concttekeR¥g, a1t RBREBY SYPAYM mg* &~ 'ﬁﬁFFFg?& % &%,}?9% %{r2 at er

uni form ty JAOM Yi @hiheavhahk. 14 |pﬁ:é§)éuﬁl@naﬁsﬁh§t deyiirig.i s foreseeable
that the induced nucleation tenperature range may even extend slightly
above the phase transition tenperature and nmay

Brief Description of the Drawings

f0017] The above and other aspects, features, and
advantages of the present invention will be more
apparent from the following, more detailed description
thereof, presented in conjunction with the following
drawings, wherein:

[oo18] Fig. 1 is a graph depicting the temperature
versus time plot of a solution undergoing a stochastic
freezing process and further showing the range of
nucleation temperatures of the solution;

[0019] Fié. 2 is a graph depicting the temperature
versus time plot of a solution undergoing an
equilibrated freezing process with depressurized
nucleation in accordance with the present methods;
[0020] Fig. 3 is a graph depicting the temperature
versus time plot of a solution undergoing a dynamic
freezing process with depressurized nucleation in

accordance with the present methods; and



al so extend to about 40C of sub-cooling. [0033] Anot her benefit associ ated
with the present nmethods is that by controlling the m ni mum nucl eation

t enper at LWwe 200198033t he preci se tinme of nucl eation one caoTafst@ctoiBe i ce
crystal structure forned within the frozen vials or containers. The ice
crystal structure is a variable that affects the tine 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.

[0034] Turning now to Fig. 4, the illustrated freeze-dryer unit (200) has
vari ous main conponents plus additional auxiliary systenms to carry out the
| yophilization cycle. In particular, the freeze-dryer unit (200) includes a
| yophi i zat i hanber. (202) at_ c i efgy¥ 204dnadspted to

hol d vials&hgg&gntaiﬁéﬁg'o% t%g §%I3¥?§%&%%%%e Iyoﬁﬁﬁf?éed (not shown). The
sol uti on toybphijdphidicedsystspecial |gctordangeedviibld (47 cBMSPSHnt ai ns
the active . ingredient, a solvent systemand several stabilization agents or
ot her pharﬁﬁE%EFﬁéﬁ}'acceptable carriers or additives.Lyophilization of
this fornulation takes place from specialized containers |ocated on hol | ow

shel ves. These contai ners, may _incl.u vi.al i{h stoppers, anpoul es,

syri nges, £ iged £ e e V\él&,} pans. [0035] The

i |1 ustrat eqofpegze- dryeeleat 1002068) tales mnswet udEsaapbesderg@msiZoBInt hat i s
adapted to renove the sublimated and desorbed_,sol ven rom.the 9L Pphase
by condensi®g SorSmdEkzFRGPE 8§t aaéna'itceerjtaof)'rrg?cr’l a?ﬁaéﬂggc?dattggv cuum i nsi de
the freeze+dryetic ibe cenrdepsertHL0Gpraamt irm i bferamalkchydtedat o 2 he

| yophi Ii zati on chanber (202) qr . t | i
communi cat AoEHa n TRE FFEBRA AR 0 LRBHBER=E 255 o hr GO 2 3 | e

a
i sol ation walves FThedhbaezerfsyen ubluf268) alfsemprasepabyedhcridbs a

vacuum punp (208) operatively coupled to the_.condenser - (206) an pted to
pull a vamﬁi-‘rﬁ%%llt‘ﬁeolfyc?ph??%{?&llf’ THENDRr ¥ %Z)aaﬁﬁcégﬁggﬁger%%g).

[0036] The cgyppeRbs Hof Ergetall grswdiem (210) provides the tenperature
control neans for the freeze-dryer Lﬁg{t éZOO) b\é> cool i r}g-wajt?gé‘?f?i bgd heat
transfer flURRHhi ch I8 Efec PR Rk CRePYBE S ES04) ™ Wt Hi n' T he

I'yophi | i zatyi,on %@é@erwﬂgﬁé) ik & hea canseasal e6208) spAssield ustr atbed, the

cryogenic refrigeration system (210) conprises a source of cryogen,  (218),
such as |i qedHuhierogn, Oghéiryd@%‘?\?’élﬂ%ats%t‘rlaﬁ{j’erg?%%f, Ehd© eﬁ%%t

transfer f'éﬂ'[g ggﬁuiin(%@@,nan&%tte&zngam heat afo ( B2&pmendspubpe
(227, 228) . B he cryogenic preferably an NCOOLTN Exchange Sﬁ)&em
i nport ant ag@@er the current operating conditions. These st e

clusters constitute the nuclei. The clusters need to
reach a critical size in oxrder 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
event that the atoms in the solution arrange in a
defined and periodic manner that defines the crystal
structure.

[0024] Crystal growth is the subsequent growth of
the nuclei that succeed in: achieving the critical
cluster size. Depending upon the conditions either
nucleation or crystal growth may predominate over the
other, and as a result, crystals with different sizes

and shapes are obtained. Control of crystal size and



heat exchanger (220)is Non-Freezing Cryogenic Heat Inc. An (220) WO

2007/ 095033PCT/ US2007/ 003281 is the vaporization of the liquid nitrogen

wi t hi n orwonbereesd3st o t he heat exchanger yet in a nannelPcCtrhmstooawesds direct
contact of the liquid nitrogen on cooling surfaces exposed to the heat
transfer fluid. Details of the structure and operation of such a heat
exchanger can be found in U S. Patent No. 5,937,656 (Cheng et al.) the

di scl osure of which is incorporated by reference herein. [0038] The

prescri bed heat transfer fluid circuit (222) is adapted to circulate a heat
transfer fluid and is operatively coupled to both the Iyophilization
chanber (202) as well as the condenser (206). More specifically, the heat

transfer fluid cirg es . insid e Jwol | pMeshglies (£94) 18hgBEN tike
IyophiIiza?#%ﬁechglﬂégfgﬁégéto%%%gcisel communi cat e t he co%ling or
heati ng t hindgbttiielshemesa¢toninge sNehs@sutioh RRAFBAGEHELFARLIZddi ti on

the prescriBedgeat tnansher Ll dualgaf Lausddy ough o herseadansas: ( 206)

to provide ool i ng NS necessary to sublimate the ice and further
desorb t hecsakyentlifd03HLunpine22 Anddatr hdgmameydReye grat divgpozied &l ong

the heat transfer fluid circuit (222) upstr ot ,the lyophiiizatigy
chanber (ZBEFiﬁﬁﬁ W éhnggfn%H§”6F§o§%ﬁig%%egP é%cﬁ%nger (220)._The
punp (227) rireesdizefl dpplmvattibasheathd rpmsbabifllitiyd tivabugh mate et

transfer circuit (222) at the require flowrates I )i dS
pr ef er abl y Wad le|SRAFT L REPer Eﬂgéﬁéiﬁ(?%ﬁcﬁ% %ns§§§P§§§%f£1 eatlfo t he
heat transfen fddd deandchde degapit | bZatsun adabieg ©F2fheas meyepEat equired

during the drying processes. [0040] As seen in_the. i .Fig. 4, the
condenser E25h) e ShE6IEoFEH B HE TS T EUr AR ARy i e e

2007/ 095033RGT{A4S2004/ 00328131 erpebahues hehatt renstédef | @i dsite ox
Refrigeration of the heat éransfer fluid fl owi ng through the condenser
(206) is ald¥iAewi Hed BYCaS@5/$dkni ¢ heat exchanger (220). The cryogenic
heat exchanggj2d220) iraeCapebéezhgCoalt ngshadditfriarsfiern f | witerconi&nuousl y

w t hout freezing. During the drying phases, the cryogenic_ he nger
(220) is s@WFiaghpred t STROFTEE t HE | g&k?st rktr o1 g%‘ %ange%lr(rgééggor t he
condenser (A06)e Ascfesehinbed abeveiiquss cryagamc heat exchabgetion20)

pre-evaporates liquid nitrogen into a cryogenic folg gas &pgfhgft g&ansfer
to the heattempesespre GiLiareReeh BFECSFafbrBtrbht8F<t R IV 4Urd Rt r ogen

assures the, Lyl 0Lt QGRN Y01 o Dok tBapRLbceireeali sE evencasheand
exchange surface mﬁere the heat transfer fluid is dlsgosed on the ﬁther

side. Such wor ampdeee & ones UEEATY AR er F8genPl hEETCERENENder

(220) Sinceiong drying time. The present methods, on the other
hand, provide a higher degree of process control in
batch solidification processes (e.g., freeze-dxrying)
and produce a product with more uniform structure and
properties. Unlike some of the prior art techniques to
induce nucleation, the present methods require minimal
equipment and operational changes for implementation.
[00271] In principle, the present methods 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
ice from an aqueous solution, crystallization of
polymers and metals from melts, crystallization of
inorganic wmaterials from supersaturated solutions,

crystallization of proteins, artificial snow



liquid nitrogen boils at about -195 degrees Centigrade at atnospheric
pressure. [0041] The illustrated enbodi nent of Fig. 4 also includes a neans
for cont rwbDI200myp9sdse gas at nosphere of the |yophilizati orcthsedenol2860), and
in particular the gas conmposition and pressure within the chanber (202).
Controlling the pressure of the chanber (202) allows for the pressurization
and rapid depressurization of the chanber to i nduce nucl eation of the
solution. The discl osed enbodi nent preferably uses one or nore flow control
val ves (252) controllably adapted to facilitate the introduction of a
pressuri zed gas atnosphere to the chanmber (202) froma source of gas (not
shown) and to depressurize the chanber by venting the pressurized gas

at nosphere a romthe,ch I, 02).#i n ont ed ref gpall y rapid
p e?’é%\@é{fz{:l QEPBIER! 2020l N Feontdualh ed vansba bl y rap

manner th Eiﬁ@i'ng nucleation of the solution in the various
cont ai ner s pee¥ials. [ 0042faktzRough notneepWR2CLERE f r eezeFHRFEACBRL (200)

al so includes varioqus control_  hardvwa . SRf twar e Sysiam dapt ed to
comand anﬂrXEBf"&hﬁéPé“t%' V&L srepgi'ﬁ S 0 &?he freeze-dryi ng equi pnent,

and carry gdpot-Be b e-1EIAg dnred royopai ldoretemirray clssarkieo iRk i o< ont r ol

har dwar e and software systens nmay als rovi de at iqq, d 00Qgi ng,
al arms, anBr&y&PEm sEEh caPasi | i??%‘g a\s%%vel % n % dition, %glhxi liary

systens tort-hecfitaeszss Bysh d8i el 2GBp eend ibwcllidegvari ous subsystens to
clean and sterilize the |yophilization chanber = ang, unl oad
the productl®0%83ne | ydphi %Fggﬁ Yo HanD ?O’f*iﬁz)‘“(e%% BUpeebRats

, and associ ated cryogenic
Syst em accegsih@nesich @s rairiger atplonrskedst ikagui dyophriddern ttiks,

pi pi ng, valves, sensors, etc. [0043]In a_.broad sen e ;R fsati A
di scl osed PEOFEFEEFDr | ndRH n&L‘rﬂ?ﬁ St | 3’&%&1% &aé%ﬁ#%nsﬁg{l on V\:Ill' thin a
materi al CcEPYdSe dhfe5t ensref caf becantengleheoott wiipdls taprtEagmged at ure

near or below a phase transition tenperature of. . th erial, .and,(&i)
rapi dly deer cBBRrREAERE AR UPECRYC ndued” nEETEH | gﬁmg#e a!fg ’azsegl transition

in the matepialyg EaehrfEnthesedumes tanttisé epadustirybd sditse ussel nenor e
detail below. STEP 1 - COOLI NG THE MATERI AL 00ﬁ4él It!htéstsroaltdtvleorgaiﬁri al s
useful in tselpri@enEomdt MREY nbl8be SFFrE Ss fiftt Bl Es FGases " suspensi ons,

gels, liquigds, sQlyikong,y M XLHESSne@E CARPONEES Wirkhize -airyodwt | @neor
m Xxture. Suitable materials for use in the present rj;_fet hodhma iiﬂclgge, f or
exanpl e, \W200TtE98038PCTEUB2E67/ 06388 content oL eac

container, however, freezes randomly over a range of
temperatures below the freezing point, because the
nucleation process is uncontrolled.

[{0029] Turning now to the Figures, and in particular
Fig. 1, there is depicted a temperature versus time
plot of six vials of an aqueous solution undergoing a
conventional stochastic nucleation process showing the
typical range of nucleation temperatures of the
solution within the wvials (11,12,13,14,15, and 16). As

seen therein, the wvial contents have a thermodynamic

freezing temperature of about 0°C yet the solution
within each wvial mnaturally nucleates over the broad
temperature range of about -7°C to —20°C or more, as
highlighted by area 18. Plot 19 represents the shelf

temperature inside the freeze-drying chamber.
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pharmaceutical materials, biopharmaceutical materials, foodstuffs, chem cal
materials, and may include products such as wound-care products, cosnetics,
vet eri narwopored9sd3s and in vivo/in vitro diagnostics relpatras2@rooist s and
the like. Wien the material is a liquid, it my be desirable to dissolve
gases into the liquid. Liquids in a controlled gas environnent wll

general ly have gases dissolved in them [0045] Qther illustrative materials
useful in the present nethod include biological or biopharnmceutical
material such as tissues, organs and nulti-cellular structures. For certain
bi ol ogi cal and pharmaceutical applications, the material may be a solution
or mxture that includes: a live or attenuated viruses; nucleic acids;
nonocl onal i.Rodi es; al I bodies; shgonokegul es3 nerpaRid de
anal ogues; [ggtgtoiqdes, %lor{g{)éu%%gpbol 3a/£||§£eéti dezg, <E)lepti de gn metics and nodified
peptides; peatpeimuiacredsng fusicornbets nodi A P bibierndndIgC B and
subcl asses thereof ;. oli |_eot | Y1 i Smadke st fhhariguch
materials Br 5%5%@% sgfqﬁgrées%f ) %%%46}%%?&8%0%%%%% nor bi%%ﬁ%r maceut i cal
sol uti ons eemicaidratte n wiitdl s tdre c enteiarsy s Meghddseez d1Hr Pag- MOUIRE be a
good exanpl e of terial,that would et : n d. The
sol utions &r& nost BPMER eFEnd T ers%%'g?zganﬂegﬁ‘{/soinkn%@%p%gé?bfoggsﬁgh

phar maceut kgall Orodi fphataeceast iscdlutsiontindsraeéngl sa Fay \ipratednd
generally free of particul ates that formsite r i ni f orm
nucl eat i on IHPHRRTLFESi npStt %ﬁ?a“t‘% %r%);t‘f'%{é}laﬁgggsﬁ%i?rﬁ a%é\%er#f orm

i ce crystalyisd r deipHesfumiaat fbnt cofi alheor chemtaimer(2tlo bR i 2rer25The ice

crystal structure WO 2007/ 095033PCUUS2007/ 003281 devel fegatly
affects théqdne2fbqui 8§ fof*dtyi ﬁ&.‘éf F1] a‘é‘%m Red ﬁqgee‘g“‘?’%%‘g%‘g-dryi ng

process, t f]?ré@%]fﬁ altérgpgfsﬁa&ébl %£p! apedti Noec Chgabercheuclonst don
freeze-drying cha referably, the chanber is confi%ured so as to allow

control of withimnperekureiapr esbgleatan] ¢fs dttospiRPe wFiAfn YRE™

chamber . The.gASaLIPSABSLS MBal RAllS, BUL sy, NALrkbl leeparatatgon,
ni t rogen, her um alr, water vapor, oxygen, carbon di oxide, carbon

nonoxi de, nidfigds (Axede, -A°Cr ito d°de, awmrexehonarkeyRon, Hbeharé,
hydr ogen, propane, butane, and e like, ipcludin rm ssibl LxLures
t her eof . Th’ée%ﬁf‘é?%’ﬁ‘?:@d%% a%]%ighe?%m%%ﬁﬁgflsrgs éﬁsigﬁeertégﬂgs,gg%ﬁgas
argon, at agpyes§urendebyeenanfioudeditosabmut &fujpbigratedor EreFanper at ur es
within the freeze-dryer ch?lnber ay e often dictated tﬁyt ge gﬂ$§édr.gi ng
process andPBPESEHsi ISToHLESH GG FFRETREIDF &hebt <t ransfer fruid that
cool s or wangsgt hershelkvasdd tdisadepeharbes Bepdrdamutheatoperature of
the vials or containers and the nmaterial w tQLn eacg]veiral For cogtt%i ner.

ia

[0048] I n ac&BPAdhce wiSEMULFF ¥ esefit Imet ModsSPHE SE=¢60l 6

¢601°ed to a
t enper at ur e, 0af; Ok ikl QI bt Sophasa-dd ansals 0BEt epeiqistes bpluldcrase of

an aqueous based sol ution undergoing a freeze-drying, process, the ase
transition HEAPEERETGe #s DRERMer r%’éarﬁl'ﬁ chngfiSng(ggfanteE}&?m?ﬂee E’QI uti on.
Were the sglyli ogyteashest enperRidd evibel awplbe silierimdyoamiar f téezi ng
point of the solution, it is said _to be sub-cool

f _ 3 Q ed.. When ag%&ited tQ. 8
reezing prebesdest G atftieodsdhasdd So¥utPon  rhe iesent Rod™A's
20071 095033RCT ULTIOST DOILEL Brace: 17 anar s o T roerat e up, Lo about 400
of sub- 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 1in 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.
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cooling, and nore preferably between about 3C of sub-cooling and 10C of
sub-cooling. In sone of the exanpl es descri bed bel ow, the present nethod of
i nduci ng woch@awsma wor ks desirably even where the sol urcorush@s/oasBy about
1C of sub-cooling below its thernodynam c freezing point. [0049] Where the
material is at a tenperature below its phase transition tenperature, it is
often referred to as being in a netastable state. A netastable state is an
unstabl e and transient, but relatively long-lived, state of a chem cal or
bi ol ogi cal system A netastable material tenporarily exists in a phase or
state that is not its equilibriumphase or state. In the absence of any
changes in the material or its environnent, a netastable material w |

eventual |y 6{’§9?| tionf rgpg%tng&@@-@qghl i phd U Shates | 0 HHes pewislentty | Um
state. 111 Els rative netastable materials include super-saturated sol utions
and sub- coakedokisquiptevi[dEs50mpugisdal cexbarple 8f athet aBHSBEE SR r | al

woul d be I%ggic%rs\ég;?%gaten%tb@srgeg% prig_séélégngndog t BHRShate@ ikfa1 10C.

Wth a nor poi nt of~ 0 iquid water should not

t her nodynagbtaliprexi 4h aé thiresetenpeyetur bcarRicpresstikeliButd | MPEh exi st
in the absence of a nucleating event or, structure tto lbe,&i n 5he_igtec)
crystal | i ZzBREEPYr be8PETENTTnd A Fur & Sued e OYe Sool ed to very I ow

t enper at ur g3, §(30C 4 = AA@nEt y At MOBEHEBYC Phiessume asd dtyidphidenzed in the
liquid state. "Such sub-cooled water is in a non-ggui libraved . 5
t her nodynapivesiugt etk abgEedtgte. Y IPHFAcKEEG™ wWH a3+~ -° :

20071 0950336GT/ LS00/ 03RRI &8} | ore VR A ssusable Lenbegivhee
SIt1on

phase tran ereby it will return to equilibrium 0051%% di scussed
above, the iprbueed mercHeEs e | KETEISHRYHET e ZEHT o2y pHESE tFansi ti on

W thin a Wagfl%{ée@élfra%g@gzma PHERIL M EA0i 68 Hehbereturd handrhays
cooling profiles, 1ncluding, for exanple, an equilibrated cooling

envi r onnentaiofo aexyaadi tocabbuiig 487¢i odnmalt-q®eki®gs. 2 and 3). STEP 2 -

RAPI DLY DECREASI NG THE PRESSURE 100221 Winlb A fige 81 Srial bR roacbeslet he

methods is that by controlling the minimum 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 wvariable 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.

[0034] Turning now to Fig. 4, the illustrated
freeze-dryer unit (200) has wvarious main components
plus additional auxiliary systems to carry out the
lyophilization cycle. In particular, the freeze-dryer
unit (200) includes a lyophilization chamber (202) that
contains the shelves (204) adapted to hold wvials or
containers of the solution to be 1lyophilized (not
shown). The solution to be 1lyophilized is specially
formulated and typically contains the active
ingredient, a solvent system and several stabilization

agents or other pharmaceutical acceptable carriers Or
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tenperature near or below the phase transition tenperature, the chanber is
qui ckly or rapidly depressurized. This depressurization triggers the

nucl eat i omoana/qEb@se transition of the solution wthin Phe/vs2@®03281
containers. In the preferred enbodi ment, chanber depressurization is
acconpl i shed by opening or partially opening a | arge control val ve that
separates the high pressure chanber fromeither the anbient environnent or
a lower The el evated pressure of gas atnosphere or environnent. |owered by
mass flow the chanber. The depressurization needs to be fairly fast to

i nduce the nucl eation. The depressurization should be finished in several
seconds or |less, preferably 40 seconds or less, nore preferably 20 seconds

10 seconds%g%}ge%& [ 0053 45, £ ypi sl ohr oz evdiid ngchiRSSIMiRl Lhseence

between th 3S0re an I nal chanber depressurization, should be
greater alpbavgh Smatl esppresddreddr epstadyens JORated s ohe1lMst

commercial freeze-drye can readi|. oqgggat an afs PRATIIre
drops need® eiHEEbntroﬁﬁﬁﬁ%ﬁeé%?%%#xﬁgﬁi fre ze?3%$§?§ a?gadesigyed with
pressure ratbpgerd) exepsales, 25 psinged, worhst Ehdtbenveaie ofdl bulk
sterilization procedures enploying saturated steamat 121C. Such equi prment
ratings prBVPQ %ﬂﬁﬂ%?vu %%%fto i nduce nucl eation follow ng protocols

t hat depr eggasisae fronhétamnhﬁgrptessufeeeabedey@nbhehitpKéQQgréﬂGFDthe

Bnd SubscqRBt S o8s HILATERT caR . ACRrovel | RESAG any K RouR reans.
(e.g., pnewmRti guphyidiaidd caml ”echarbedl )solvenhe frehertlesl SRR nents,
SUpercr i {1 GRS og3r ST Bp Tod YA T A stbj c2ting the: materval to
extrene | oW3ASsik esdbbuate almuim 1dnatder tive | Ess¢zehdulyeérnucl®a@i on of
the ma‘teriac‘:lo'ndenser (206) can be internally located in the
lyophilization chamber (202) or as a separate external
unit in communication with the lyophilization chamber
(202) through a so-called isolation valve. The freeze-
dryer unit (200) also preferably includes a vacuum pump
(208) operatively coupled to the condenser (206) and
adapted to pull a vacuum on the lyophilization chamber
(202) and condenser (206). )
[0036] The cryogenic refrigeration system (210)
provides the temperature control means for the freeze-
dryer unit (200) by cooling a prescribed heat transfer
fluid which is circulated to the shelves (204) within
the 1lyophilization chamber (202) and the condenser
(206). As illustrated, the cryogenic refrigeration
system (210) comprises a source of cryogen (218), such
as ligquid nitrogen, a cryogenic heat exchanger (220) ,
and a heat transfer fluid circuit (222), a vent (224),
a heater (226) and pumps (227,228).
[0037] The cryogenic heat  exchanger (220) is
preferably an NCOOL™ Non-Freezing Cryogenic Heat
Exchange System available from Praxair, Inc. An

important aspect of the cryogenic heat exchanger (220)
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[ 0054] Whi | e not wi shing particular nmechani sm one possible nechanismto
explain the controll ed nucl eation observed in the practice of the present
met hod i swohat7/q@amsaes in solution in the material conme omCTafS26(00/00d428DN upon
depressuri zation and form bubbles that nucleate the material. An initial

el evated pressure increases the concentration of dissolved gas in the
solution. The rapid decrease in pressure after cooling reduces the gas
solubility, and the subsequent rel ease of gas fromthe sub-cool ed sol ution
triggers nucleation of the phase transition. [0055] Anot her possible
mechanismis that the tenperature decrease of the gas proximate the
material WD 2007/ 095033PCT/ US2007/ 003281 duri ng depressurization causes a
cold spot on the surf f it gt grial 15bati d nhi kabgennugd @ih oxr Anot her
possi bl e néﬁhé:ﬁ'f%mv??%%ﬁazt%ttlhge}?depr essuri zg‘f%i on ca_useg evapor ation of sone
liquid in theemabdriab artet heatesekehanIesol YR firbnit FEEEHdot kAT ¢
evaporation prqcess may_ initi e.pucheahiQp nfpetheh Bassbbhiaggchani sm
is that th@vgégltsegiildﬁ o d= D %Egazs)gp}:g)%i ma'?ie the mat e?i.al freezes sone
vapor eit hgurifacesi ékpobsath wid htihaeheatterfaenpEesr &lotigepr eP&FAiZat i on or

| i berated fromthe material by_.evaporati rd g, dgPHESSUhZR sy t he
resul tant 8l it@epzﬁtt‘i"t?télér?e%ﬁ?e?pg%g%%l?tq{;rclgfjal Shd aci as seedsr%irésurfaces
to initiateapucheaticimd Oie 0U. sor @aferthede .neBhQBi7s F5ena{Clendr iPute to
initiation of nucleatiqn of freezing.or |y dificati Laodihfteri extents
dependi ng &4 -the %?urglﬁf:]“[oﬁ’@%t e(?? al ‘,"R?‘tcgl enivlgr o%ﬁgﬁt Bfa)nd t he gﬁ%se
transition R&NEdws ! gatein.[ 0056] The process may be carried out entirely
at a pressure greater_than anmbient pressure .or a 08 of;prgssures
spanni ng anitﬂoeiﬁ%] pr esgﬁ?e.p?%?c’é%éﬁgl gr,le?{r;li tt?%?lq%ﬁéﬁbeﬁﬁgr essu%re can be
above anbi ety Pr essus8apied e Hinalulchanber hpaes suams faft diluid and

depressurization, can_ be_above anbient_ pressure but | Ay, chpitial
chanber pr dssure@eEReivRELY| alcoé’rPg‘rt‘)?éjgr tﬁ?e?@ﬁ#{é cgh‘lll e%%%%q;& alhg}lt
pressure anshidsefi n@orhaskerwdr sy ethef tesndepsessutd @t i on,Mewd be

about anbient pressure or slightly bel ow ambient. pressure 0p(lThe rate
and nagnit lﬂﬁe%f%ﬁélﬁVesm%ﬁad% s Egﬁleveccfﬁ%ﬂbaetéa% ?lzrr%)%)gt ant

aspect of the. prgseibweshadsesEXpabinents dine sitosn tymphilictaaioon wil |

be induced where the pressure drop (A P) is greater than about. 7 psi.
Al 't ernati vetlyampps n@fR ) ule eSSy eggﬂﬁrrgmdr‘?ﬁ)t%gﬁse Cé’)?;)irlen eékas an

absol ute pressuE gl ahlQoudh = thid Pehcnbese Piodp itd tEak ahdoluiten pressure
and Pe is final aBsol ute ressure. It is believed that nuclgati on may be
i nduced upomeddpdesduy i 2ddibhoRhERE BHESHHPEte NFAs ST T T of "R S s

greater thap, agoyt; 1,2 LA-BRBYK RORCtE6AkeaRRN CatoONS tef pihevidesene
nmet hods. The rate of pressuré drop al so plays _an inportant role in_the

present methoddingne mesriod RECSHIREXL eFPzi YNt e DR pr &§Sur 878t op i s
through usefg%FggQahae?gxq;,?& whoepend.= AP/AL. Again, it is surmsed that
i nduced

nucl eation W e in or values of A greater than a prggcri bggjoval ue,
such as abo@p0892 psi /Buw ERRTI candatkeahedugh2efper PFEnt SEFETSSToul d

aid one to ascertaif e, prefenLed PESIW & idrapi @nd2p8) eupbrpeasswie drop.
[ 0058] The f(a)l?f)(r)l\%l ng exanpl es ﬁl gﬁ?l ht vari ous
the lyophilization chamber (202) and downstream of the
cryogenic heat exchanger (220) . The pump (227) is
sized to move the heat transfer f£luid through the heat
transfer circuit (222) at the require flow rates. The
heater (226) is preferably an electric heater adapted
to provide supplemental heat to the heat transfer fluid
and the lyophilization chamber (202) as may be required
during the drying processes.
[o040]) As seen in the embodiment of Fig. 4, the

condenser (206) is also cooled by a recirculation low
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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, twe=eoxesospl es are illustrative only and the scepe/uskowioes2s8nventi on
shoul d be determined only with respect to the clains, appended hereto.
EXAMPLES [0059] All exanpl es described herein were perfornmed in a
pilot-scale VirTis 51-SRC freeze-dryer having four shelves with
approximately 1.0 nR2 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 aneter circular opening also was added to the rear wall of the
freeze-drying chanber with 1.5" dianeter stainless steel tubing extending

fromthe hol e throuah r i psukat i On R rergsger { sONoE henback of
t he freezet‘%‘F‘]%’rﬁ‘—?‘g"I”\(i]\S %@%F ?ﬁ{?ﬂ\@%ér Pplia o

-port, alr-actuated ball val ves V\ﬁl‘&e
attached tweibi sranbifeq \Alavisanfiawingi thrpyeh &he IRPPIGRFSE 4FP8ded gas
to flowinto the freeze:dryi cha ;f’%'hq hgtgby dXQydhle=Pogbbbye

‘élgel"ée 2 gggfgfll vaCTt e

pressures tp Sty BETY: econ ve allowed gas to_flow out of
the freezergeyi pgyebantier amsatheerbiangduce @hberipresdnplleo oFf

at nospheric conditions (0 psig).- Al refr.igerat] frgezeodyer
shel ves anﬂoééﬁﬁﬁnsel?e?\és %&%ﬁ??gheﬁ\ﬂﬁgci ?%U‘Egtr?%%d%t?y Dynal ene W heat
transfer flyid,q0@l.ed diyringutHendiyogen pisises ¢ heh®r axaPEeRESoNHAC10C
system [0060] Al solutions were prepared i C 0¢leanyem The
freeze-dryex 9565 {30 d R BRtt E’g &%{&p, She ve%?ﬁgﬁggcgntrol s all
accessi bl e tfpadditad eareq@oAedhi fort hehet hepndemserent @ Qunps, Hfeat er s,

etc.) were located in a non-clean room environnent. it 1 oS, gher e
prepar ed wideF FRERCYr RO er® i§|‘fé(r°9§cr%lecnti@h c fél%éthearsrgéd th?(ou h 0.10

| sm menbr ang)e -t dibads Sal it DAS niereden t éne t Br ougnoastio? drenbr ane
prior to filling the vials or | hilization caontai Jasesg were
suppl i ed vigaﬁscy%%er’@a&nd t\?v“é\'rbsyé)%)lf t é:roedttlkher o%lg%%tg. %%‘I%n?%]}‘t ers to remove
parti cul at e§,, s 9bRAES cGaBcHAEIh (SE Nt hei dlisyahd 60 twiodent (ALY T9RY €

obt ai ned pre-cleaned for particul ateg from \Weat on_ Sgi. et s
Phar naceut itd | igeteprabreash r?‘é‘?%‘iﬁeg’gl&é‘é}? vﬁgj? egé%%(r&g&s{ ate. The above

steps were ﬁ@#ﬁeneicehﬁﬂ?'ér e e d@t ghiaks tard 1eshods amett egorfilarid ohsll
pharmaceutical manufacfturing standards for particul ates, whi Cé‘vc?f%?as
ceptable

nucl eat i ng diepesed| CO61TAS (R hePrR, " pRRTheBREFERTY ac

carrier" i nﬂgggfn%%@néh@' lcspbyent s, rhspeesicinipst a,(2a00i oxidasat s,
salts, coatTngs, surfactants, preservatives (e.g., rrerzﬁkgl (8r grogxhe
Phydr oxybenrovated séthicgesrikiolhnt pPhackatal - 4gentSILHTT f uryat 9ageht s) ,

i sotoni c agents i s LAY, agents (e.g., paraffin), absorbents
(e.qg., kaol T %Frgé,gbggﬁgo%nipﬁaég&%%g, drug stabilizers_(e.g., EOdLEQQJ auryl

Sul phate), gebsllbi ndahe (éldustyatas SERIMIYRF atdh, bi f'ol ¢
tragacant h, %ggkwiie%yl QYL L QLI %ge,coqﬁrm%mé hyheCelddil 5Rosphgraabds)
g

exci pients ., lactose, m sugar, polyethylene glycol), disintegration
agent (e.g. thegayoplydrsd izsttaren, chasbese (2680 cj lﬂ'ﬁ‘bhb’gpﬁQFE?LCEQFEi E&r\eg
carbonate, alginig acid ;S0r B0l HHsidelitnett ivie agraksete.(go2)cet yl

al cohol , dl ?3 r 61° fonost ear at g), | ubricants, absorption acce|l er fhors (e.qg.,
quat ernary ecmmolhise t the aFeseuse| ©f ethe FaABRET0i 203 05'11 VST

oily esters or p{O,Qy|pexl‘éesg%yggg)lioﬁv%gni%i&gee@préésayﬁiﬂgi@gemﬁ,
col oring agéﬁ’fcs, ?l | I"'ers, (e.g., starch, |actose, sucrose gl_ucos n
manni tol ), tael ethamigetuboi chmdece e nyclamgiisi ah dthear SPEUT LRy cH e
gl ucose, |actose rige drefablienssd9r ohghabat nepe( €1pw
hydr ocar bon%phs éﬂﬁea&nt %%8ﬁ#gﬁ%¥ag%nts, 'ygr such like materials and
conbi nat i ongdriersofvahsenolka2zbe comweliaohe afapFaPn&y G153 T he
art. [0062]Ror the exper] mentale codiddAns; fegcshledemosphere to the
chamber (202) from a source of gas (not shown) and to
depressurize the chamber by venting the pressurized gas
atmosphere away from the chamber (202) in a controlled

and preferably rapid manner thereby inducing the
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herein and all |yophilization fornulations studied, stochastic nucleation
was typically observed to occur at container tenperatures between about
-8C and -wO0CGoemds@acasi onal ly as warm as -5C. The cont aPogns2@c0biisi
generally be held at tenperatures warner than -8C for |ong periods of tine
wi t hout nucl eating. The onset of nucleation and subsequent crystal growth
(i.e., freezing) was determ ned by tenperature neasurenent as the point at
whi ch the container tenperature quickly increased in response to the
exothermc |l atent heat of fusion. The initiation of freezing also could be

visually determ ned through a sight-glass on the freeze-dryer chanber door.
Exanple 1 - Controlling the Nucleation Tenperature [0063]Four separate
vials were fiJled.with_2 f. .5 0 nai Lal-i$RIUtdsHe Ihee P edicct ed

t her nndynarl‘ﬁl%i??'éé?flnﬁfpg?lr?{%g uttﬁle&% J\{%g?rranni tol solution is

approxi matel ¥1s0. 5C. The four vials were placed on a freeze-dryer shelf in

close proximty to one_another. The tenperat S dhe_foyL,Vi ghscwere
noni tored LQPH ]surfébl‘gé'r ed ersrlfloozzw(;rh’pl et;i.{ heﬂ%?eeze- d?y]e:r was
pressuri zegoybyh angen tinddu@ssg. vaithd Theohtwede- driaredware| f 2i@s cool ed

to obtain vial tenperatures of bet n.approxi ly < abgut -2.3C
(+/ - 1C neasefenent SEHES %‘%a?ﬁsg?%éjr rr%([’:)%ﬂ% ‘g?%% r?ec;?%gie%gﬁryer was
then depreggus ibaed par@® O UWhd Af pebget-dratiog catunasper i capleSsErY in | ess

than five seconds to induce nucleation of the sqlution wiihin theyyals.

Al four vPaEs RBE edTST RHREBIGERYS r 8PP it a‘%el y%%ter

depr essuri zatiion.s ResitliSL anarausmes izell sorfabre Eyslow mwp also

20071 095035PCTT 52007/ 003281, [ 900518 1548l th 204 Fadms | "o Byetid:ed
security capabilities as well. In addition, auxiliary
systems to the freeze-dryer unit (200) may include
various subsystems to clean and sterilize the
lyophilization chamber (202), auto-load and unload the
product in the lyophilization chamber (202); and
associated cryogenic system accessories such as
refrigeration skids, liquid nitrogen tanks, piping,
valves, sensors, etc.
[0043] In a broad sense, the presently disclosed
methﬁds for inducing nucleation of a phase transition
within a material comprise the steps of: (i) cooling
the material to a temperature near or below a phase
transition temperature of the material; and (1i)
rapidly decreasing the pressure to induce nucleation of
a phase transition in the material. Each of these

important steps will be discussed in more detail below.

STEP 1 - COOLING THE MATERTIAL

[0044] fllustrative materials useful in the present
method include pure substances, gases, suspensions,
gels, liguids, solutions, mixtures, or components
within a solution or mixture. Suitable materials for

use in the present method may include, £for example,
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tenperatures in this exanple (i.e., Initial Vial

close to the predicted thernodynam c freezin oint of th
e sol ution.
t he presew0D 20@tdeswd3al | ows control Pen

Tenperatures) are quite

Thus

of the nucleation to ecTws2en/0828Uti ons

that have a very | ow degree of sub-cooling or at nucl eation tenperatures

near or only slightly colder than their freezing points.
Pressure Depressurization via i# Solution Atnos Tenperature Drop [psi]

Qut come

Initial

pharmaceutical materials, biopharmaceutical materials,
foodstuffs, chemical materials, and may include
products such as wound-care products, cosmetics,
veterinary products and in vivo/in vitro diagnostics
related products and the like. When the material is a
liguid, it may be desirable to dissolve gases into the
liguid. Liquids in a controlled gas environment will
generally have gases dissolved in them.

[0045] 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 material may be a solution or mixture
that includes: a live or attenuated viruses; nucleic
acids; monoclonal 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.

[0046] 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 gsubstantially 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 tTO creating a consistent and
uniform ice crystal structure from vial to wvial or

container to container. The ice c¢rystal structure
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developed also greatly affects the time required for
drying.

[0047] 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 atmosphere may include, but is not limited to:

largon, nitrogen, helium, air, water vapor, oxygen,

parbon dioxide, carbon monoxide, nitrous oxide, nitric
oxide, neon, xeno, krypton, methane, hydrogen,
propane, butane, and the 1like, 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.

[0048] 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 agqueous
based solution undergoing a freeze-drying process, the
phase transition temperature is the thermodynamic
freezing point of the solution. Where the 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 aqueous-based
solution, the present method is effective when the

degree of sub-cooling ranges from near or below the
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Tenper at we.2o&@mssBe 2 - Controlling the Nucl eati on Tenperatsaeg/003281

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 Dbelow, 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.

[0049] 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 long-
lived, state of a chemical or biological system. A
metastable material temporarily exists in a phase or
state that is not its eqguilibrium phase or state. 1In
the absence of any changes in the material or its
environment, a metastable material will eventually

transition from its non-equilibrium state to its

egquilibrium state. Illustrative metastable materials
include super-saturated solutions and sub-cooled
ligquids.

{00501 A typical example of a metastable material

would be liquid water at atmospheric pressure and a
temperature of —10°C. With a normal freezing point of
0°C, liguid 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. Extremely pure water can
be cooled to very low temperatures (—30°C to -40°C) at
atmospheric pressure and still remain in the 1liguid
state. Such sub-cooled water is in a non-equilibrated

thermodynamically metastable state. It only lacks a

1°



[0066] In this exanple, ninety-five vials were filled with 2.5 nL of 5 W%
manni t ol sol uti on. The thernodynam c freezing point of the 5 wt % mannit ol

sol uti on we 2appsessmat el y - 0. 5C. The ninety-five vial s weraspiaocespn a
freeze-dryer shelf in close proximty to one another. The tenperature of
six vials positioned at different |locations in the freeze-dryer shelf was
conti nuously nonitored using surface nounted thernocouples. The
freeze-dryer was pressurized in an argon atnosphere to about 14 psig. The
freeze-dryer shelf was then cooled to obtain vial tenperatures of near -5C.
The freeze-dryer was then depressurized fromabout 14 psig to about

at nospheric pressure in less than five seconds to induce nucleation of the
sol ution V\A‘%‘g%ga;:g]g Vi ahsntAl le Hi netystbi vervi alos WeiRini sthel yphhserved to
nucl eate dan egin freezing i medi ately after depressurization.

Ther nocoupt eadai ibor whiserehiw itV bb7re95g33PET/ABREYPH89P81 noni t or ed

vi al s confj t he visugl ryvat i Thecpesyitssame swwamsdgedd n Tabl e
2. [0067] 6@%@?1 the%‘& niﬁ%gﬁtlar%%ﬁ\é:déﬁggﬁéaﬁ on ;ﬂenpe,ra,tures in this exanple
(i.e., IniihalcVnal Fernpeedtigrespiare sphaftat tEEPSW HIRF predittitd @

t her nodynam ¢ freezin | nt_.of the b Of. Spih eseal R|tdwd

al | ows con‘f‘?BFr&aﬁt h%’gn%%ee%aﬁllqgo% tgo ng%:éd%i?% sc-oEPﬂtki)%n?ﬁat have a noderate
degree of subieoel i 6golThigs pxafiplesal sbndbwsdhsen at 88T s@HAPIEty BF t he
present nmethod_.to a nultiple.vial | Lan. .. A AN A gon
Argon Ar goﬁqﬂrl&&g’rlar’ﬁetc+ aFBQIié“FgTeer‘r%ggg ﬁlra%h?qmE 45%%89?1 6 -4. 4rﬁ‘£E 4.6
-5.1 Pressdh€ironment (See Figs. 2 and 3).

STEP 2 - RAPIDLY DECREASING THE PRESSURE

[0052] When the material has reached the desired
temperature near or Dbelow 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.
The elevated pressure is quickly lowered by mass flow
of gas atmosphere out of the chamber. The
depressurization needs to be fairly fast to induce the
nucleation. The depressurization should be finished in
several seconds or less, preferably 40 seconds or less,
more preferably 20 seconds or less, and most preferably
10 seconds or less.

[0053] In typical freeze-drying applications, the
pressure difference between  the initial chamber
pressure and the final chamber pressure, after
depressurization, should be greater than about 7 psi,

although smaller pressure drops may induce nucleation
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Drop [psi] 14 14 14 14 14 14 Depressurization Qutcome Nucleation Nucleation
Nucl eation Nucleation Nucleation Nucleation Exanple 3 - Controlling the
Depr essurwoavérnesiagni t ude  (0068] In this exanple, mulPCplus2azabesner e
filled with 2.5 nmL of 5 wt% mannitol solution. Again, the predicted

t her nodynam ¢ freezing point of the 5 wt% mannitol solution is

approxi mately -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
descri bed exanples, the tenperatures of vials were nonitored using surface
nmount ed thernocoupl es. The argon atnosphere in the freeze-dryer was
pressurized to differing pressures and the freeze-dryer shelf was cooled to
obtain vial tenperatures, of aboujospCcdihndi@that e¥tradifn - ditgetseezer dryer
was then rapi dY"(iTe5 I T ess than five seconds) depressurized fromthe
sel Iecttepl pf@faamﬁg ta@:lcaimms@dmei ther cange ¢h aresmuda d¥eppnageded

nucl eation of the sqlution within t j ¢ r u Hgﬁg@i n
Tabl e 3. [BB6SPRE*Sde™ %%&ﬂQHB, pﬁgytg%%¥%¥$e %ﬁ%ﬁei??oggggburred wher e
the pressuyp@dr gp-amanabardt Ingsi ior egoesserofarkp theidutPeatithiptand

temperature(l. o plmtial Vigl LEPeLalune) vBsoRekiees abouhsrbyingind

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 or the pressure in the immediate
surrounding environment. The elevated pressure and
subsequent depressurization can be achieved through any
known means (e.g., pneumatic, hydraulic, or
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.

{0o054] 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.
[0055] Another possible mechanism is that the

temperature decrease of the gas proximate the material
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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 ig that the depressurized cold gas proximate
the material freezes some vapor either in equilibrium
with the material prior to depressurization or
liberated from the waterial by evaporation during
depressurization; the resultant solid particles re-
enter the material and act as seeds or surfaces to
initiate nucleation. One 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.

[0056] The process may be carried out entirely at a
pressure greater than ambient pressure or over a range
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.

[0057] 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
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pressure drop may be expressed as an absolute pressure
ratio," R = P;/Pg, where P; is initial absolute pressure
and Pf is final absolute pressure. It is believed that
nucleation may be induced upon depressurization where
the absolute pressure ratio, R, is greatex 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/AE. Again, it 1is
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.

[0058] 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
illustrative only and the scope of the invention should
be determined only with respect to the claims, appended

hereto.

EXAMPLES

foo59] All examples described herein were performed
in a pilot-scale VirTis 51-SRC 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
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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 valve allowed gas to flow into the
freeze-drying chamber and thereby provide positivé
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 ligquid nitrogen using the Praxair NCool™-HX system.
[0060] 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 envixonment.
All solutions were prepared with HPLC grade water

(Fisher Scientific, filtered through 0.10 pm membrane) .

The final solutions were filtered through a 0.22 pm
membrane prior to filling the wvials or lyophilization
containers. All gases were supplied via cylinders and
were filtered through 0.22 pm filters to Tremove
particulates. The glass containers (5 mL vials and 60
mlL 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
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standards for particulates, which act as nucleating

agents.

[o061] Ae 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.qg., cetyl
alcohol, glycerol monostearate), lubricants, absorption
accelerators (e.g., guaternary ammonium salts), edible
oils (e.g., almond oil, coconut oil, oily esters oOr
propylene glycol), sweetening agents, flavoring agents,
coloring agents, fillers, (e.g., starch, lactose,
sucrose, glucose, mannitol), tabletting lubricants
(e.g., magnesium stearate, starch, glucose, lactose,
rice flower, chalk), carriers for inhalation (e.g.,
hydrocarbon propellants), buffering agents, or such
like materials and combinations thereof, as would be
known to one of ordinary skill in the art.

[0062] For the experimental conditions described
herein and all 1lyophilization formulations studied,

stochastic nucleation was typically observed to occuxr
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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 subsedquent crystal growth (i.e.,
freezing) was determined by temperature measurement as
the point at which the container temperature gquickly
increased in response to the exothermic latent heat of
fusion. The initiation of freezing also could be
visually determined through a sight-glass on the

freeze-dryexr chamber door.

" Example 1 - Controlling the Nucleation Temperature
[0063] Four separate vials were filled with 2.5 mhL
of 5 wt% mannitol solution. The predicted

thermodynamic freezing point of the 5 wt% mannitol
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 wvials were
monitored qsing surface mounted thermocouples. The
freeze-dryer was pressurized with argon to 14 psig.

[0064] 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
thermocouples) . 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 vials nucleated
and began freezing immediately after depressurization.

Results are summarized in Table 1 below.
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[0065] As seen in Table 1, the controlled nucleation
temperatures in this example (i.e., Initial Vial
Temperétures) 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 OT only

slightly colder than their freezing points.

Initial Vial Pressure Depressurization
Vial # Solution Atmos  Temperature ssure pressurizatio
[°C] Drop [psi] Outcome
1 2.5 mL of 5 wt% mannitol Argon 2.3 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
foo66] 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 were placed on a freeze-dryer shelf in close
proximity to one another. The temperature of six wvials
positioned at different locations in the freeze-dryer
shelf was continuously 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 vial temperatures of
near -5°C. The freeze-dryer was then depressurized from
about 14 psig to about atmospheric pressure in 1less
than five seconds to induce nucleation of the solution
within the wvials. All ninety-five vials were visually
observed to nucleate and begin freezing immediately

after depressurization. Thermocouple data for the six
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No Nucleation 14 2.5 mM of 5 wt% maul :Lilo] Argon -Si 4 No Nucl eation 15
2.5 m. of 5 wt% nannitol Argon-5.34 No Nucl eation Exanple 4 - Controlling

t he Depr eseouni7zmsison Rates [0070] For this exanple, mul PCpluszerabzsner e
filled with about 2.5 nmL of 5 wt% nannitol solution having a predicted

t her nodynani ¢ freezing point of approximately -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
exanpl es, the tenperatures of vials were nonitored using surface nounted

t her nocoupl es. Li ke the above-descri bed exanpl es, the argon atnosphere in
the freeze-dryer was pressurized to about 14 psig and the shelf was cool ed

to obtain yigl LSmErelul 6 BhrARRAK ERECVL 5B dosreltient ame the
reeze-dryer

results are summarized in Table 2.

{00671 As seen therein, controlled nucleation
temperatures in this example (i.e., Initial Vial
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-
cdoling. This example also demonstrates scalability of

the present method to a multiple vial application.

Initial Vial

Vial # ' Solution Atmos Temperature g ressure Depressurization
[°C] rop [psi] Outcome

1 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 5 wt% mannitol Argon -4.4 14 Nucleation

5 2.5 mL of 5 wt% mannitol Argon 4.6 14 Nucleation

6 2.5 mL of 5 wi% mannitol Argon -5.1 14 Nucleation

Table 2. Controlling the Nucleation Temperature.

Example 3 - Controlling the Depressurization Magnitude
fooé68] 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%
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 vials 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 wvial temperatures of about -5°C. In
each test run, the freeze-dryer was then rapidly (i.e.,
in. less than five seconds) depressurized £from the

selected pressure to atmospheric pressure in an effort
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was then depressurized at different depressurization rates from14 psig to
atnmospheric pressure in an effort to induce nucleation of the solution
wi t hin t hwowned®s0360071) To study the effect of depressecirampoosnozate or
depressurization time, a restricting ball valve was placed on the outlet of
the depressurization control valve at the rear of the freeze-dryer. \Wen
the restricting valve is conpletely open, depressurization from about 14
psis to about O psig is acconplished in approximately 2.5 seconds. By only
partially closing the restricting valve, it is possible to variably

I ncrease the chanber depressurization tine. Using the restricting bal

val ve, several test runs were perfornmed with the freeze-dryer chanber
depressurized,at, diff

S SlF0 1a8f Pi8h dat heiafikect of
depr essuri %3t 8" Fateq%%ﬂ%ﬁéﬁégtpgn Thg&%ggu%ts gﬁéﬁgﬁhgg?%zgé FEeTabFe 4.
Vial tt 12r&stltsf arewskmmenrited Pnrg8ab22. §-rnl of 5 wt % mannitol Argon

315 nL of manni toI Ar on of AR m. of 5
%)natn1ti?8%é%on 6 éfgigkﬁhlfoewk%%on 71%Q§Lﬁggqga§§€?hann?tol

Argon 82. 5otBLretdd m%aarﬁhéolprmsmxréﬂdﬁom wis5 akIstadni®®t Agon 10

2.5 mL of 9
© gr\éwaé)egangﬁéo er gglrJ].C ea‘xz:lonntteq;pérg\él{%ganpi té)l . A GQAR ial

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

Initial Vial  Pressure L
Depressurization

Vial # Solution Atmos Temperature Drop o
. k utcome
°Cl [psi]
1 2.5 mL of 5 wt% mannitol Argon -4.7 7 Nucleation
2 2.5 mL of 5 wt% mannitol Argon -5.1 7 Nucleation
3 2.5 mL of 5 wt% mannitol Argon =53 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 5 wt% mannitol Argon -5.4 6 No Nucleation
8 2.5 mL of 5 wt% 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 wit% mannitol Argon -5.5 5 No Nucleation
13 2.5 mL of § wit% 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
Example 4 - Controlling the Depressurization Rates
foo70] 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 earlier
described examples, the temperatures of wvials were
monitored using surface mounted thermocouples. Like the
above-described 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-dryer
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12 2.5 nL of 5 % mannitol Argon 13 2.$ nL of 5 wt % mannit ol

m. of 5 w%marmtol Argon 15. 2.5. nmL of 5 wt % mannit ol ArgonArlst%O.nleS1 %5
of 5 wt%wanrmitokossr gon 17 2.5 InL of 5 wt% mannitol Ar @om 8002083281 of 5
w % marmtol Argon 19 2.5 nL of 5 wt% mannitol Argon 20 2.5 nL of 5 vvt%
mannitol Argon 212.5 nmL of 5 wt% nmannitol Argon 222.5 naL of 5 wt %
rnannitol Argon 23 2.5 nL of 5 wt% mannitol Argon 24 15 a of 5 wt % mannit ol
Argon-5.5 Table 4. Effect of Depressurization Time seen in Table 4

nucl eati on only occurred where the depressurization tinme was | ess ihan 42
seconds, the pressure drop was about 14 psi or greater and the nucleation
tenperature (i.e., initial vial tenperature) was between about -4.6C and

o e T BRI SPe dpTadnc e oy sasion.aeaa (o be
rates from 14 psig 3; atmosphericop;gésé;éﬁ{gcégvgffort
to induce nucleation of the solution within the wvials.
[0071] To study the effect of depressurization rate
or depressurization time, a restricting ball wvalve 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
jncrease the chamber depressurization time. Using the
restricting ball valve, 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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Exanple 5 - Controlling the Gas Atnosphere [0073]Again
were each filled with about 2.5 TAL of 5 wt % nmannit ol 1
on a freewe-2deymwsosshel f in close proxinity to one anot hecT/ussoomovizsearl i er
descri bed exanples, the tenperature of the test vials were nonitored using
surface nounted thernocouples. For the different test runs, the gas

at nosphere in the freeze-dryer was varied always naintaining a positive
pressure of about 14 psig. In this exanple, the freeze-dryer shelf was
cooled to obtain vial tenperatures of approximately -5Cto -7C. In each
test run, the freeze-dryer was then rapidly depressurized from about 14
psig to atnospheric pressure in an effort to induce nucleation of the

solution within the vials. The reSU|t§m§ﬁﬁﬂSU$ﬂﬁ&hzed |n T. bIe 5 0074] As
seen t henailn, contrgll.ed nucl eatai,qn Oaempdr@éle i N Dadd g 5 LexceLt
for hellu#1gas at mosphere where the pregspure dripfl wa gbo t 5| and the
nucl eati of t eNPRLatsIwet mamitoll NiArgal Vi at4.& enper &t ur e)3%as P& tl%{‘bout

- 4. 7C and2abou$ mL 3f 8 €% Abdriitougiraat  showrt i n t hd4 exanfPes N%NY %ﬁleved
that al t eBnat2s ebredf witomenmip] | Awe| y er? l e confrol I”g nuc}f,"N

hel i um at ﬁDspﬁéF"éOfF Wff rnavmteﬁ IA’%‘?”aI Sol Eﬁ leag,,?n

multiple vials
sol ution and pl aced

5 w % rranril t Oi f—:&dﬁ mannit L!std onAt nQ§TE|'pﬁ)bat Ureo
S wi% mannitol Argon -5.4 14 200 No Nucleation
2.5 mL of S wt% mannitol  Argon -4.6 14 100 No Nucleation
8 2.5 mL of 5 wi% mannitol ~ Argon -5.2 14 100 No Nucleation
9 2.5 mL of 5 wit% mannitol  Argon -5.2 14 100 No Nucleation
10 2.5 mL of 5 wt% mannitol  Argon -4.7 14 60 No Nucleation
11 2.5 mL of 5 wt% mannitol  Argon -5.1 14 60 No Nucleation
12 2.5 mL of 5 wt% mannitol  Argon -5.1 14 60 No Nucleation
13 2.5 mL of 5 wi% mannitol  Argon -5.1 14 50 No Nucleation
14 2.5 mL of 5 wt% mannitol  Argon -5.3 14 50 No Nucleation
15. 2.5mL of S wt% mannitol  Argon -4.9 14 50 No Nucleation
16 2.5 mL of 5 wt% mannitol  Argon 54 14 42 No Nucleation
17 2.5 mL of 5 wt% mannitol  Argon -5.5 14 42 No Nucleation
18 2.5 ml. of 5 wt% mannitol  Argon -5.0 14 42 No Nucleation
19 2.5 mL of § wt% mannitol  Argon -5.1 14 32 Nugcleation
20 2.5 mL of 5 wt% mannitol  Argon -5.7 14 32 Nucleation
21 2.5 mL of 5 wi% mannitol  Argon -5.6 14 32 Nucleation
22 2.5 mL of S wt% mannitol  Argon -4.7 14 13 Nucleation
23 2.5 mL of 5 wi% mannitol ~ Argon -5.3 - 14 13 Nucleation
24 2.5 mL of 5 wi% mannitol ~ Argon -5.5 14 13 Nucleation

Table 4. Effect of Depressurization Time

[0072] As seen in Table 4, nucleation only occurred
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 +vial
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 Gas Atmosphere

[0073] 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

the test vials were monitored using surface mounted
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22.5 mL of 5 wt % manni tol Argon-5.2 323 nL of 5 wt % nmannit ol

Ni trogen-4.7

42.5 mL of 5 W% mannitol Nitrogen-5.1 52.5 nL of 5 wt % nanni
. ) ) t ol Xenon-4.8
62.5 nL oWoRoswsosanni t ol Xenon-5.0 72.5 nL of 5 wt % manmecrals2en7Ad3241 82. 5

rnL of 5 ww% mannitol Air-7.2 92.5 m .

m. of 5 wt% mannitol Helium5.5 Table 5. Effect of Gas At nosphere

Conposition Exanple 6 - Large Volune Solutions [0075]In t

| yophilization bottles (60 nmL capacity) were filled with about 30 nL of 5

wt %

hi s exanpl e,

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

In each test run, the freeze-dryer was then

to -7°C.

rapidly

depressurized from about 14 psig to atmospheric

pressure in an effort to induce nucleation of the
solution within the vials. The results are summarized
in Table 5.

[0074] 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 atmosphere.

Vial Initial Vial Pressure Depressurization
Solution Atmos Temperature .
# [°C] Drop [psi] Qutcome
1 2.5 mL of 5 wt% manuitol 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 wi% mannitol Air -1.4 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% mannitol Helium -5.5 14 No Nucleation
Table 5. Effect of Gas Atmosphere Composition
Example 6 - Large Volume Solutions
[0075] In this example, six lyophilization bottles

(60 mL capacity) were filled with about 30 mL of 5 wt%
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WO 2007/ 095033PCT/ US2007/ 003281 manni tol solution having a predicted

t hernrodynam ¢ freezing point of approximtely -0.5C. The six lyophilization
bottl es woeoplmsed on a freeze-dryer shelf in close prexirmstgo7ioes28ne
anot her. The tenperature of six bottles positioned at different |ocations
in the freeze-dryer shelf was nonitored using surface nounted

t hernocoupl es. The freeze-dryer was pressurized in an argon atnosphere to
about 14 psig. The freeze-dryer shelf was then cooled to obtain bottle
tenperatures of near -5C. The freeze-dryer was then depressurized from 14
psig to about atnospheric pressure in |less than five seconds to induce
nucl eation of the solution within the bottles. The results are summari zed
in Table 6. [0076]1n a.s te i mgnt Plasdgc bHkkmbBgRzeHd Vi Ng
tray (CGor emfl?ﬁt%ﬂha sﬁﬁgtpﬁégca%gg?{ti )n%aspfr?zl l'ed with about ?800 nL of 5
wt % manni t plegok by ONpolhe tra&y wappabbdineateJy e- clte&fed t oTeet SUSP | ow

particulate requirenments. The tray was placed an a freeze-dryer f, and
t he terrperéyepéléflztaﬁel?ﬁ’-a}’%%n?’?GFed‘%@cgat h%?noacoﬁgﬁgz%ogﬁ?e% on the

exterior s?hgage ofntheilday nesbxikecgentwy obnene sigichedhe fredwe-dryer
shel f was en cooled to obtain a tray tenperature near -7 Thec
W glf-tha S Sl

freeze-drybemmesathare depk essiFi 28E 19 1MOPSFIOFS ‘rospheri ¢

pressure iR |ess dhan fi ¥gesecands -beyidruae TECkest nenitordk woing i on
within thetray. The results are also sunmarized in_Tabl e (g %007VZJ.SIJ ke the
above- descsivigdax ameeded| EhesRosNE SHhucl eFP8d Hntt PRgRhY Freesing

i medi atel y_af eSSUT LZaliQMbn AbSRokbkerihetabaioulesani hestig WO
2007/ 09503%’5%#/%@5%%%?003281 ex;g?)lnes, t he nucl eat.i on t eratures. (i

él .e.,
Cont ai ner TEwpeiceeresiryart Fbeldaaf EReR CoRLFImich RRATIDIN L+t 0 be

sonmewhat near the thernodynhanic_ freazing _ e.o@ uthen. Mre
i npor t ant | FEURFERERERDI é}/‘ﬁnl Pﬁé a'fsgé't ha%ﬁtgﬁ?lgérééin(tﬁ}r%?hod al | ows

control of ddj-dwicheatean torascund n psiger tvol uakousl utdtorRSRINRTYEr i ous

container formats. It should he noted th ul; e efbhcacy of
the depresREFTELFONLRetFSF 93 hprove %%é?’g(rq%u%%t ilgln VO Eﬁrr%éi ncr eases,

because the,pugheat kenue@veH withane théelbottolescurTiwheresorldsmoREEUl es
are present to aggregate an%forén critical nuclei.
summarized in Table 6.
[0076] In a separate experiment, a plastic bulk
freeze-drying tray (Gore LYOGUARD, 1800 mlL 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
gside. The freeze-dryer shelf was then cooled to obtain
a tray temperature of near -7°C. The freeze-dryexr 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.

[0077] Like the above-described examples, all
containers nucleated and began freezing immediately

after depressurization. Also like the above-described
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Solution 30 M. of 5 wt% mannitol Argon 30 nL of 5 w % manni

of 5 wt % mannitol Argon 30 rriL of 5 wt % mannitol Argon 30 nif0|§¥ggnmfgbnt
manni t ol AvQano78®s038 of 5 wt % manni t ol Argon 1000 nlL of 5 PATAGSRENT0D1261 Ar gon
Table 6. Effect of Solution Volune and Container Type Exanple 7 - Dynamc
Cooling vs. Equilibrated Cooling [0078] The present methods of controlling
nucl eation can be used in various nodes. Exanples 1-6, described above
each denonstrate the aspect of controlling the nucleation tenperature of a
| yophi i zation solution that is essentially equilibrated at a tenperature
below its thernodynam c freezing point (i.e., very slowy changing

tenperature). This exanple denponstrates that nucleation can al so
t a
tenperature bel ow the the g, fur ok occur a
gt dinea d
envi r onment*¢ Tpges’the so%ﬂggéﬁﬁg?%UnéﬁﬁééﬁwtﬁraplJhbﬁinbggaﬁﬁalﬁgaiIng

aegﬁsgﬁéﬁr%éT%E¥§§ﬂ3§?ﬂ095038PCIﬂUSQOOTﬁGB@Q [ 06F9FI n VRIY exEHﬁPb, vials

controllable to be somewhat near the thermodynamic
freezing temperature of the solution. More importantly,
this example illustrates that the present method allows
control of the nucleation to occur in larger wvolume
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 N
Depressurization

Container Solution Atmos  Temperature Drop Outcome
: [°C] [psi]

Bottle #1 30 mL of 5 wt% mannito} Argon -53 14 Nucleation
Bottle #2 30 mL of 5 wt% mannitol Argon -5.1 14 Nucleation
Bottle #3 30 mL of 5 wt% mannitol Argon -5.9 14 Nucleation
Bottle #4 30 mL of 5 wi% mannitol Argon -5.2 14 Nucleation
Bottle #5 30 mL of 5 wt% mannitol Argon -5.9 14 Nucleation
Bottle #6 30 mL of 5 wi% mannitol Argon -6.1 14 Nucleation

Tray 1000 mL of S wt% mannitol ~ Argon -6.9 14 Nucleation

Table 6. Effect of Solution Volume and Container Type

Example 7 - Dynamic Cooling vs. Equilibrated Cooling

[0078] 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 lyophilization 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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t he sanpl es descri bed above wth reference to Exanple 2. In addition, three
separate vials ("Vials 7-9) were also filled wwth 2.5 nL of 5 wt% nmanni t ol
sol uti on.wOnoer/®sEarate test run, the three additional ycalws2eenae2pl aced on
a freeze-dryer shelf in close proximty to one another. The freeze-dryer
shelf was cooled rapidly towards a final shelf tenperature of -45C. Wen
one of the vials rea ched a tenperature of about -5C, as neasured by t he
surface nounted t hernocouples, the freeze-dryer w as depressurized rapidly
fromabout 14 psig to O psig in an effort to induce nucleation. Al three
vials nucl eated and began freezing imedi ately after depressurization. The
vial tenperatures decreased significantly to between -6.8C and -9.9C prior
to nucleation as a result .of the am l{n HhOoTeRLn-&08Rar at i ve
results ar% ri z&4 it%’llsabﬁ’}éa“}g%gl’g]\)v&acl oliutlglcr)lﬁ!l%)él gl 2.5 . of 5 w %
nmanni t ol Eoud | kbmptled 2a&sokibeds avdyemmiithol r EERF ¢NERatt& Bxgmpleof 5 wt %
mannitol Equilibrated 2.5 nL_of 5 wt % napnitol Uigd s t 5 of 5 wt%
manni tol Ejui FRbrafEd 08, nEhgees %\f@?ﬁ%gﬁi b&a%ui(}*g?%t gg_%) SW%eof 5 wt %
manni t ol Dynagi €1215dr kiskrof2 5 Whith 6BNBI WokDymamiic-al 29dletsont. offins wt %
manni t ol Dynam c-9. 914 Table 7. Test Results - fec Ny, C ing on
Nucl eati one [EGFEOTRIE eEESEacy ' of ngggﬁt ?fg%h‘gﬁéngér@é% olwlg?%lg

nucl eat i ongigcg&org}gl LZ ath Oz S O wreenssiesUf | iibr at Bdsen rragtirehty efgger at ur e
range or |yophilization solutions being dynanm.cally cogl LOVi t he
end- user wpnf BREtHSEent iHre n%’&%‘?z‘éfdrgﬁff)l/is%’aet]i%nwa\:\?tﬁgalffgiiergg%;iqﬁgﬁefi ts
and trade-off.s. JBy ald QNdfbee! YARRid ALl O8Ol uEPONSWhenequid idf at e,

t he range ig ﬁ‘uglsea ion tenperatures will be narrow or mnimzed to the
performancenki mM/Asief thadheeze: drpemparsmife e afeRPRtbra®i®n st®p my
require extra tine to achieve relative to nyeng | m eezing
prot ocol s WRESELEFe QYantdt® arﬁilx/faa?ete‘ﬂ%%lﬁg?ér eéhg?gﬂo&% p)gj&t oq_'llgéss t han
about -40Cgifa0Re Ehah Wewevaepremphayizegl t epsgiiv i Bram onbewrep Khoul d

yield much inproved nucleation unifornmty across al | QL. cont@ ners as
wel | as re®@SiigathinC oPStHe ot 18} ‘B%ﬂ%ﬂzt %Oaslsrb((f:lf% e%uﬁf\émi?hﬁpl)gédi sely

control | i nghhe, nysheat i icl eppedat sne Wedde Mrerialg immediately

[0081] Alternatively, if equililbrati r&%the, n?teri al

after depressurization. e vial temperatures decreased
significantly to Dbetween -6.8°C and -9.9°C prior to
nucleation as a result of the dynamic cooling
environment. Comparative results are summarized in

Table 7 below.

Vial . Mod Nucleation Pressure Depressurization
# Solution ode Termp[°C] Drop [psi] Outcon:xe
1 2.5 mL of 5 wt% mannitol  Equilibrated -4.2 14 NucleaQon
2 2.5 mL of 5 wt% mannitol Equilibrated -4.4 14 Nucleat{on
3 2.5 mL of 5 wt% mannitol Equilibrated -4.6 14 Nucleaqon
4 2.5 mL of 5 wt% mannitol Equilibrated -4.4 14 Nucleat%on
5 2.5 mL of 5 wi% mannitol Equilibrated -4.6 14 Nucleaqon
6 2.5 mL of 5 wt% mannitol Equilibrated -5.1 14 Nucleat{on
7 2.5 mL of 5 wt% mannitol Dynamic -6.8 14 Nucleat{on
8 2.5 mL of 5 wt% mannitol Dynamic -7.2 14 Nucleat{on
9 2.5 mL of 5 wt% mannitol Dynamic 9.9 14 Nucleation

Table 7. Test Results — Effect of Dynamic Cooling on Nucleation

[0080] The efficacy of the present methods for
controlling nucleation in lyophilization solutions
equilibrated in a given temperature range or
lyophilization solutions being dynamically cooled,

provides the end-user with two potential wmodes of
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or lyophilization solution tenperatures is undesirable, one may sinply
I npl ement the depressurization step at an appropriate time during the
nor mal f rwezoemgposn3dddynam ¢ cool i ng protocol. Depressuri rariuspoodoni2ayg a

dynam c cool down will produce a wi der spread in nucleation tenperatures
for the material within the |yophilization containers, but will add m ni nal
time to the freezing protocol and still allow one to mtigate the problens

of extrene sub-cooling. Exanple 8 - Effect of Different Excipients
[ 0082] The present nethod of controlling or inducing nucleation in a

material can be used to control the nucleation tenperature of sub-cool ed
solutions containing different |yophilization excipients. This exanple

denonstrates the_use_of .the qr (Wit R dd e £ d o ng. exeiypi ent s:
manni t ol ; ?R/‘Eiibﬁ?gtlﬁﬁ;‘l W% ?gﬁ%%&%%{%%é\%o% 003281 starch (HES);

pol yet hyl eqE1 gviagl {IREGLyopblivizat iqyr seiliwicirng PYP) ;e@ekt +3R2t§Iyci ne;
sorbitol; sucrose; and trehal ose. Faqr Lpi ent 7 0 yaplswwere filled
with 2.5 nEh%fréngﬁlﬁ%cﬁP%gﬁ g%ﬁ?n%%ﬁ%%%%gég%ﬁe%g%éi6%2nt. The vials were

pl aced on gifiieezeadryerishaldriorebnse primiitd tof ttheonBrafdeherySthe
freeze-dryer was pressurize

d.ip an.argon a Q- 2bout o Vi@ 12.5
ML of 5 vi bk RBRGIt oI TBE po@unt ihF o ﬁﬁ%?ﬁ%ﬁ”‘?@%‘& M. of 5 w9 HES 4 2.5
m. of 5 WM& HEShieve relative to conventional or dynamic freezing

protocols where the chamber and wvial temperatures are

dropped to less than about -40°C in one step. However,
employing the equilibration step should yield much
improved nucleation uniformity across all vials or
containers as well as realization of the other benefits
associated with precisely controlling the nucleation
temperature of the material.

[0081] Alternatively, if equilibrating the material
or lyophilization solution temperatures is undes;rable,
one may simply implement the depressurization step at
an appropriate time during the normal 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 protocol and still allow one to mitigate

the problems of extreme sub-cooling.

Example 8 - Effect of Different Excipients

[o082] The present method of controlling or inducing
nucleation in a material can be used to control the
nucleation temperature of sub-coocled solutions
containing different lyophilization excipients. This
example demonstrates the use of the present methods

with the following excipients: mannitol; hydroxyethyl

36



52.5 tnL of 5 W% PEG 6 2.5 nL of 5 W%WPEG 7 2.5 nL of 5 0

of 5 wt % PVP 92.5 m. of 5 wt% dextran 10 2.5 nL of 5 vw%dgt/(;gxpliz.zgt&
of 5 wt %wWbyedmws®22. 5 nL of 5 wt % glycine 132.5 InL of PETIMS2608004281 Ol
142.5 nL of 5 W% sorbitol 15 2.5 mL of 5 wt% sucrose 16 2.5 nmL of 5 W%
sucrose 172.5 nL of 5 W% trehal ose 182.5 mL of 5 w % trehal ose

starch (HES); polyethylene glycol (PEG); polyvinyl
pyrrolidone (PVP); dextran; glycine; sorbitol; sucrose;
and trehalose. For each excipient, two vials were
filled with 2.5 mL of a solution containing 5 wt% of
the excipient. The vials were 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 to obtain
vial temperatures near -3°C and then depressurized
rapidly to induce nucleation. Results are summarized

in Table 8.

Initial Vial  Pressure

Vial Solution/Excipient Atmos  Temperature  Drop Depressurization
# o . Outcome
eCl [psi]
1 2.5 mL of 5 wt% mannitol Argon -3.3 14 Nucleation
2 2.5 mL of 5 wt% mannitol Argon -3.0 14 Nucleation
3 2.5 mL of 5 wt% HES Argon =31 14 Nucleation
4 2.5 mL of 5 wt% 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 wi% PEG Argon -34 14 Nucleation
7 2.5 mL of 5 wi% PVP Argon -3.5 14 Nucleation
8 2.5 mL of 5 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 wi% sorbitol Argon 3.4 i4 Nucleation
15 2.5 mL of 5 wt% sucrose Argon -33 14 Nucleation
16 2.5 mL of 5 wi% sucrose Argon -34 14 Nucleation
17 2.5 mL of 5 wi% trehalose Argon -3.7 14 Nucleation
18 2.5 mL of 5 wt% trehalose Argon -3.1 14 Nucleation
Table 8. Effect of Different Lyophilization Excipients
Example 9 - Controlling Nucleat ion of Protein Solutions
[00831] The present methods and system disclosed

herein can be used to control the nucleation
temperature of sub-cooled protein solutions without
negative or adverse effects on protein solubility oY

enzymatic activity. Two proteins, bovine serum albumin

[
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Exanple 9 - Controlling Nucleation of Protein Solutions (0083] The present
nmet hods and system di scl osed herein can be used to control the nucleation
t enper at Wwe 2067/®833cool ed protein solutions w thout negaCrws2ax/oex8er se
effects on protein solubility or enzymatic activity. Two proteins, bovine
serum al bum n WO 2007/ 095033PCT/ US2007/ 003281 (BSA) and | actate
dehydrogenase (LDH) were used in this exanple. [0084] BSA was dissolved in 5
wt % mannitol at a concentration of 10 ng/nmL. Three lyophilization vials
were filled with 2.5 nL of the BSA-mannitol solution and 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 bt ai ' MreYols TheLr eezer diy efhiVas
depressuri z@%p‘gapﬁu{ yi/%%l:?{r‘igzggﬁ’l?&g{o ation. fb\lﬁllgH\)/l al sr of BSA solution

nucl eat ed aschnipdgan freezing i Mmediately after depressurization. No
precipitati of. t he tein . d oy thawi n e LDH

pr ot ei ns We[r%'[:bsoqb]t ai ne‘gé ro‘“ﬁ?%ﬁldél)%ﬁea{ée(ﬁt %Epg i glr%s aﬁgnglg?%g]ur%gses of
clarity aredesigmedeiioas dfDH0 g/ mDH 2 Thoeek siyaghiidh zalvd aowoy #r5€i nct

o LS X SR ERAIEE e el Sl (41T BHe psAonAnfiReER " qatieloA! 1
LDH 1/ mannidrd sohbkidorornd [Hrese -ahryef r ebed-[rier cdoslef proxiniey

proximty to one another. The freeze-dryer was_pre rd4ed J aggon

at nospher e &% %fb%u‘?n?ﬁﬁﬁﬁg. erf’r?e fferreeeeﬁ%-(g]fygf s‘?'ll%esl s"'Fuv\e/aés coo%é;%a{s]?arti ng
from room tompes abthddphebt aice Vasbut enperpsiiges nehe -AGedhedryer
freeze-dryer was then depressurized rapidl 0 _induce I joneoAll vials
nucl eat ed a¥ieRbeguRsSt F@é’ﬁieﬁg tic?nﬂzétbriaajt’él‘ﬁlagt Eérem éaﬁaesqspuertgzlg |%n, >Thé vials
were hel d apnhd hiss-esd 2 eafperabmy GHepriausesi zdde damiotiy dtyper iseklf was
then cooled at_a rate of approxjnptely 1C/ mn to obtain vial_.tfe tures
near -45C amgcheprfPor anA&&diY:i'%ﬁ%I ‘%5 ﬁ?g‘utse%hf%l%%slﬁlrlle(:lgé(?ntrtﬁé@er'f)lg%ﬁ of WD

2007/ 095033PCTANS2ORY N3P Bimbaihteezi nE psoCcaeprafdser:itte fareezi Ng st ep,
the freeze-dryer shelf was then warned at a rZDqu of acPout 1Cém' n.tg raise
Olb I

the vial tepbeFapiEasia® mhartt PRRCBiBCIAS QA% B t HRODr bral ARa

oteln S

observed upppokBgwi ng.rpEe MRl SEEtENhE Weleraassatyedlifieod efrpmmt iteo
activity, and the results were conpared to a control sanpl.e aof unfrozen

LDH-/ / manni 88E£sorati ofUPPAGEEEAs2Rar tTOF BRETRPESS, The d&frdssufiZed

nucl eat od sgBkgs0led g oL kbl TR t gbHsel UkbOM et engaipar athé o tuo
stochastically ug] eated sanples. In the stochastically nucleated tgﬁ_npl es
of LDH 1, tHéstioes mpyprlreddubBHnhsWREpedssiP WWedholh %r@%ufr‘iafﬁ‘tli and

depressuri zatio 6/!99! j ibe grgon algmsbher egispetibpaahlivadidh 1 was
di ssol ved | %ES %\/t % m%\%]l}l?gﬁkékna %oncent ration of i ng/ ?rLb Si >:<L .
| yophi | i zat véale averaer®iiledewitih h2255 wh o?ft kéq DHPE A4ARGIEXDI uti on

and pl aced og%%gi][o%ezghgr gsfiaéggl [ rbclfqg%ﬁ_ca(}){@gy dhei1gneian@iiede The

freeze-dryels' wasS cooled starting fromroomtenperature at a rate of
about 1C/ ni procichittar n vpal orenpamthRres- near THB0CEBRAZReFYYRST 5% nut es

to ensure Cor{%:?‘eiﬂxoir&é)& the freezi PLLGESPheld ot Rduteezingsigp, the

freeze-dryeJp was war med at rate of about 1C/ mn to raise the vial
t enper at ur eSHeo firepz&Cdnyemr sbepilt Hdon csokerk FrETEiRIaEreFserY¥E upon

thaw ng. Th%e\ﬂip%lra%gn{:g WeLE 13538%ad  QhpEPZYIRELC ndGlhd \igleys . anthéhe
freeze-dryer was then depressurized rapidly to induce
nucleation. All vials nucleated and began freezing
immediately after depressurization. The vials were held
at this state for about 15 minutes. The freeze-dryerxr
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
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results were conpared to the sane control sanple of unfrozen L [

sol ution. [0087]Also as part of Exanple 9, tﬂg experinments desgttéégagggbgl
for LDH Iweene/mspaat ed using LDH 2. The only differencecmas2@roest ol | ed
nucl eati on WO 2007/ 095033PCT/ US2007/ 003281 tenperature near -3 C for LDH 2
rather than -4 C for LDH - 1. [ 00883As seen in Table 9, the controlled
nucl eation and freezing process achieved via depressurization clearly does
not decrease enzymatic activity relative to a conparable stochastic

nucl eation and freezing protocol. In fact, the controlled nucleation
process achi eved via depressurization appears to better preserve enzyme
activity with a nean activity loss of only 17.8% for LDH 1 and 26.5% for

LDH 2 conpared to the nean actiyvity of

X i : i ridPHs d 39
LDH 2 af t tPSt SRt e nﬁ’éfloeca?éi%n. }%g%%]é?ﬁﬁ%hg;ﬁé%le not gc?@t)hatéﬂl?hé) for
stochasti Cfreeze-dryer shelf was then 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 vial contents were assayed for enzymatic activity,

and the results were compared to a control sample of

unfrozen LDH-1/mannitol solution.

[0086] As part of Example 9, the depressurized

nucleated samples of the ILDH-1/mannitol soclution 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 vial temperatures near -a5°C and held
for 15 minutes to ensure completion of the freezing
process. After the freezing step, the f£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 vial

contents were assayed for enzymatic activity, and the’
results were compared to the same control sample of
unfrozen LDH-1/mannitol solution.

(o087} Also as part of Example 9, the experiments
described above for LDH-1 were repeated using LDH-2.

The only difference was a controlled nucleation
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nucl eati on tenperatures observed for LDH 2 were substantially warnmer than
the stochastic nucleation tenperatures for LDH 1. This difference may be
due to soweompaBBnant acting as a nucl eating agent i nPCmaSk@RoR328The
stochastic nucl eation tenperatures are much closer to the controlled

nucl eati on tenperatures for LDH 2 conpared to LDH 1, yet the inprovenents
in retention of enzyne activity obtained via controlled nucleation for
LDH 1 and LDH 2 are simlar at 18.1% and 14.8% respectively. This result
suggests that the inprovenents in retention of enzynme activity can be
partially attributed to the characteristics of the controlled nucleation
process itself, not just to the prescribed warner nucleation tenperatures
obtai ned via depressurizatio am.| e P PribpBr-LOrepngoF ne
(0090) A 5 SRBBHEANTT DI P§6 Ut :}ongéwagb%r g%%r edR‘g%&%m ng about 10.01 grans of
manni t ol wipi-about 190.07 grans of water. Vials were filled with 2.5 nL of
the 5 wt % manni tol solution. The vials were wei ghed errpty and with the
solution to determ ne the mass of water added t al S, The twenty
vials were,placed in a rack on a freez “‘H?‘yﬁ ans e é \S € Depreseiriztion t 0
one anothery The ter‘?ﬁ'éf‘%{‘t ures of A% |an S Ver e R ItCLI‘ 5| nPuEFEace
mounted ther mogoupl esc, hLuqunlt Sd Vi al_§9vvere sp,rround.ed by shhefkiovi al s
to inprove i,lnlg ¥sREorvioal beﬁ‘t hor. The freeze-dryer- was pNedstion zed to
about 14 psig h@n@,dfel.t\rsahttoad gaArgahrmspheBe of arigon gas. TheNpeleaion- dryer
shel f was A\ND 28@T/P9HAIPEIHIS28802003283-8cool ed! rom Pom te@&{?ﬁf"hre to
about -6C t® oBtailrpf¥PH! Spb‘ﬁ?fmaﬂﬂoés of Bt ween gpprox gniatel yNuillanx'I‘d

2C. ' The f? eeié-“ﬂ-r 1 Jlessurf,ged frofy aboujz 44 psh@etorbout
at nospheri c b§ S°“'°ﬁ hagkr e seggnds t 014 nduces sucl eatutlemionf t he
solution w h| 55 eof\t Ssolfbh  Viagden Obsemwed vi suml |y 2r.2 noni Norleadiowi a

t her nocoupl@s BYGhestLet-pRatibegan Alrr eezi ntp.4 mredi & el y 3F{er  Nucleation
depressuri zat i as.mif OO Tiobttiohel f Airenper at@¥ e was Ot hen red "’BPy to
about -45C R0 @dmg} 'e,ftl@fl“h@“lltlf”eem procebs? Oncegal | vj ¥ Blrdh €S
wer e about 1340@5(51*L ’}i - dryi g L£hanbery was ngcuat BRnt he
process of r| ) S°‘“°n , §\lillb| i matipg) was ¢ nitiased. DnicRgiohhi s
dryi ng IOrOCi%SS,25t o L]ﬁ-ﬁi&mt ﬁyerArgga,elf Was: war medat o abeat - 14@ckatena one
hour ranp apd hegl#h atLoHatonteaperater e f o296 houns. Thes. gonderbsleatigas

mai ntai ned st a@Bant ofIGHE2 sdwtivnghovuont he drdyli ng pr dtess. 2PBi mar W‘H g:tﬁg was
st opped by tajrerrngffIfDH h@‘#@euurﬁrs‘tﬁm ani ackf i Ilﬁl ng §g|$ char%%eatﬁ“th

argon to at%ﬁ)srﬂ%‘ﬁ‘ef ‘é’“ g?fl als Were progptly Lgpoved TQRdhe
freeze-dryef! f’ gg pe how_4@gich wat@er wasghost duicicaghnt he
primary dry §1g doirrgﬁg%ﬂ I n asisepar ates experigrent asopart MWiclektanpl e

O

24 2.5 mL of LDH-2 solution Air -2.3 0 36.5 Nucleat{on
25 2.5 mL of LDH-2 solution Air -38 0 42.0 Nuclean_on
26 2.5 mL of LDH-2 solution Air -5.1 0 50.2 Nucleatgon
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

[0088] As seen in Table 9, the controlled nucleation
and freezing process achieved via 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 better
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

ILDH-2 after stochastic nucleation.
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10, other vials were filled with 2.5 nL of the sane 5 wt % nmanni t ol

solution. The vials were weighed enpty and with th ' '
. e solution to determ ne
t he mass wb 20@wmwso3added to the vials. The vials were | oerded/seonrooi2Re

freeze-dryer in the same manner described above, and the t

six vials were once again nonitored using surfaée-nnunted SEE?LgEngFeSf
The freeze-dryer WD 2007/ 095033PCT/ US2007/ 003281 shel f was cool ed rapidly
fromroomtenperature to about -45C to freeze the vials.Nucleation occurred
stochastically between about -15C and about -18C during the cooling step
Once all vials tenperatures were about -40C or less, the vials were dried

Lpiﬁargnger idenELcaI tolthe met hod descri bed above. Upon concl usi on of
' € Pl &R e BéOWBU6é € f t dreag
wei ghed to ?%}n1ne OM/%hcwﬁétermaslostéﬂrrﬁgggroggfi h?%.t eidryer and

Vi al At nos\awed1deapotiol utemper@ utress nbbserysg o exe
of 5 mﬂ@brnannltoIArg F A)ﬁ&ﬁh|thPﬂr§on Y 8°22.5 nL
substantia

warmer than the stochastic nucleation
temperatures for LDH-1. This difference may be due to
some contaminant acting as a nucleating agent in the
LDH-2. The stochastic nucleation temperaturés are much
closer to the controlled nucleation temperatures for
LDH-2 compared to LDH-1, Yyet the improvements in
retention of enzyme activity obtained via controlled
nucleation for LDH-1 and LDH-2 are similar at 18.1% and
14.8%, respectively. This result suggests that the
improvements in retention of enzyme activity can be
partially attributed to the characteristics of the
controlled nucleation process itself, not just to the

prescribed warmer nucleation temperatures obtained via

depressurization.

Example 10 - Reducing Primary Drying Time

[00901 A 5 wt$% mannitol solution was prepared by
mixing about 10.01 grams of mannitol with about 190.07
grams of water. Vials were filled with 2.5 mL of the 5
wt% mannitol solution. The vials were weighed empty
and with the solution to determine the mass of water
added to the vials. The twenty vials were placed in a
rack on a freeze-dryer shelf in close proximity to one
another. The temperatures of six vials were monitored
using surface mounted thermocouples; all monitored
vials were surrounded by other vials to improve
uniformity of wvial behavior. The freeze-dryer was
pressufized to about 14 psig in a controlled gas

atmosphere of argon gJgas. The freeze-dryer shelf was
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32.5 nL of 5 wt% mannitol Argon-1.3 42.5 nL of 5 wt % manni tol Ar -

mL of 5 wt% mannitol Argon-2.1 62.5 rriL of 5 mﬂ@bnannitoIArgongihlzfg.gzh?L
of 5 wt %wernwmbsrsr-15.7 82.5 rrilL of 5 wt % mannitol Ai PCTRISZ0820881 nL of 5
wt % manni tol Air-14.5 102.5 nL of 5 wt% nannitol Air-15.6 112.5 rriL of 5 w%
manni tol Air-16.5 122.5 m. of 5 w% mannitol Air-17.9 Table 10. Increasing
the Nucl eation Tenperature the Pressure primary, drying WaterDepressurized

cooled from room temperature to about -6°C to obtain
vial temperatures of between approximately -1°C and -

2. ° 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 vials. All vials observed visually or
monitored via thermocouples nucleated and began
freezing immediately after depressurization.

[0091] The shelf temperature was then lowered
rapidly to about -45°C to complete the freezing

process. Once all vial 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 via 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.

[0092] In a separate experiment as part of Example
10, other vials were filled with 2.5 mhL of the same 5
wt$ mannitol solution. The vials were weighed empty
and with the solution to determine the mass of water
added to the vials. The wvials were loaded into the
freeze-dryer in the same manner degcribed above, and
the temperatures of six vials were once again monitored

using surface-mounted thermocouples. The freeze-dryer
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Loss [Vol Qutcome 89. 9Nucl eation 85. 2Nucl eation 87. 1Nucl eati on
88. 8Nucl eati on 85. ONucl eation 80. 7Nucl eation 65.7 66.9 64.6 64.7 64.1 65.7
Primary DVQI2ngr/095033 PCT/US2007/003281

shelf was cooled rapidly from room temperature to about
-45°C to freeze the wvials. Nucleation occurred

stochastically Dbetween about -15°C and about -18°C
during the cooling step. Once all wvials 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 lost during the primary. drying

process.
. Initial Pressure .
V;al Solution Atmos  Vial Temp Drop LWater Depressurized
o . oss [%] Outcome
°Cl [psi]
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 85.2 Nucleation
3 2.5 mL of 5 wt% mannitol  Argon -1.3 14 871 Nucleation
4 2.5 mL of 5 wt% mannitol  Argon 23 14 88.8 Nucleation
5 2.5 mL of 5 wt% mannitol  Argon -2.1 14 85.0 Nucleation
6 2.5 mL of 5 wit% 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 wi% mannitol Air -16.5 0 64.1 -
12 2.5 mL of 5 wi% mannitol Air -17.9 0 65.7 -

Table 10. Increasing the Nucleation Temperature Improves Primary Drying

[00931] Results of the freeze-drying process with
controlled nucleation and stochastic nucleation are
summarized in Table 10 below. 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 wmuch

warmer nucleation temperatures for the controlled
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Drop [psi] 14 14 14 14 14 14 0 0 0 0 O O Inproves [ 0093] Resul ts of the
freeze-drying process with controlled nucl eation and stochastic nucl eation
are sunmrawozea/i9m33abl e 10 bel ow. It shoul d be noted thaCTiuse®e/0v3es1
experinments only differ in the addition of the controlled nucleation via
depressurization step to one experinent. As seen in Table 10, the
control |l ed nucl eati on process achi eved via depressurization allows

nucl eation at very | ow degrees of sub-cooling, between about -1.1C and
-2.3Cin this exanple. The nuch warmer nucleation tenperatures for the
controlled nucleation case conpared to the stochastic nucl eati on case
yields an ice structure and resultant |yophilized cake with dramatically

i nproved drying properties. saue WHo@adeyengideatide vials
nucleatedqﬁé%%%%#%ﬁdF%€%b§ggﬂég%?gssuriEgFFon net hods et\/\ejg_f aboyt -1.1C
and -2.3Cdaqsd @bebder age iofe 88t twestirehaind e BR L fATte H¥RPRA & €%Ruc! eat ed

stochastically between_about_ _- 5 =4 739G anl vy riefeavernge of

65. 3% Herﬁ?é?gt‘ﬁjet]\'}i Fgmﬁgélcé—"ét]léﬁ S tocﬁa%%i call gvv%)ul. require much nore
primary drotdg s hecaaki evE tdeysage tdewg cetde \aials| oReche2tRE vial s
nucl eated in a control].ed manner jn ac Wt hpbbhRoB&ESBAL ¥ edi scl osed
net hods. 'I‘h%“i‘?rprtd?)?errér’ﬂsqlr??ﬁ‘gi r%eqliaen%g‘i[‘gf?ggé% attributed to the
formation apgml_l@r ger j¢e ghMstapsaat LRISEr apucheatage tehpdtatly e9f These

| arger ice crystals |eave behind | arger pores. upon_.sublinatiQt t he
| ar ger porelsebff eratens whidiast §h€e Yo2tRe FHoOW 'f‘e%at%trm\:/n%%%?gﬁaﬁ%g

further subljmation., |ndustgiab l4 capj | ddy ohPP94LBre o eaeatraet hod
provi des ancFWHPBY &P ho%afgrcét%%t roai[bi} ng t he ?gnperature and/ gr tine at

whi ch sub- geolexl. 3mt er imdscaamsihe | vdeilds prcisprbePonstoRRPEACE1dNd t hen
freeze. Although this application fo i t diezeodaHiGvel
simlar prUBPgﬁl655&P§R$6Tu3ny9ﬁﬁ%%ﬁ#§ %$%cgggiﬁgﬁsf%p that involves a
nucl eat ed pRas@ahicAmRidien. oExaapkes lofsss weh Procesabs PRELFIEThe D

Ty or [l 5 Pr GFPREBRF SRR S0t | BRSO AR el T Eat Fah of oot el T
artificial g3pewdyRluaéthodsl.oodTheednimmpvenent in drying time 1s
likely attributed to the formation of larger ice
crystals at warmer nucleation temperatures. These
larger ice crystals leave behind larger pores upon
gublimation, and the larger pores offer less resistance

to the flow of water vapor during further sublimation.

Industrial Applicability

[0094] The present wmethod 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,
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freeze concentration, fractional crystallization, cryopreservation, or
condensati on of vapors to liquids. [0095] The nost imedi ate benefit of

cont rol | iwQ 2007@09m36| eati on tenperature of a |liquid or selcwtuseenrioss2she
ability to control the nunber and size of the solid domains produced by the
phase transition. In freezing water, for exanple, the nucleation
tenperature directly controls the size and nunber of ice crystals forned.
General ly speaking, the ice crystals are fewer in nunber and | arger in size
when the nucleation tenperature is warner. [0096] The ability to control the
nunber and size of the solid domains produced by a phase transition may
provi de additional benefits. In a freeze-drying process, for exanple, the
nunber and_.size of j rvst a . [y A UeNcesat hendr v -
properti esflé?e?ﬁeclobggﬁﬁ%%z%ﬁ%hkjg?aégﬁggl%]%/cdﬁ% ystal s_pr oducedtﬂ%y war nmer
nucl eat i onptespevatices leaveonddnadtiengef yararsipen $4BYEHAEti on, and the
| ar ger por er less resj,st A h f £ VaRaK nduiiHg
subsequent ?gﬂgtlsﬁ mat i g%.e I%%%%,ﬁ?ﬁgdggggl ;%seferlﬁgyés)t%ﬂn\?%ﬁ% net hodgupr ovi de a
neans of iAgEeasitigpriempyrdtyireg ¢f . e, Lisnbid mari aolyatey if the
freeze-dryi ng_processes by increasin u atd.qn t ur, i

[ 0097] Anot ﬁ?glﬂﬁ‘é’si bPe Cﬁ’éﬁte]f?n)tc %‘glf bgu}rnggf"inz%%&i né lg%bl ?)?;tef 1gér:]s S\%h%elr%
sensitive aBkelir Sovsduped@sbyVeatheyi phéseerragsitdcussesIp faeezing
cryopreserved). For exanple, a Dbial ogical ri i NG ;

linmited toWaiSHmalidhn TrYREesa Fe?g’(ce.eg&}t%%r%%P%géftﬁ?ies?ul?gbciﬂo]f%y, eqgg
and sperm e@idtsolas Cthe Gelie |l bmels femper mEimikeancrysbsis grakergotic,
fungal, etc.) and biological nolecules.(e.g. LQHE] NSy - PNAs o RNA WO
2007/ 09503%94@2@07/?5%‘?‘8’1“%uchg‘?se%thefﬁe’:B’%)t 1reéozzanrl n “an aqugii;%s

sol uti on mMay,peri apee VBargEs Stiwessesiziuri wgenhe fheezimirlpaktes t hat
may inpair the function or activity of the material. Ice formation may
physi cal | y FERFATERe HEt BRFEFor create severe changes in the interfacial
bondi ng, ospgyd&y f or cere aBLULEyCaRS andEtdDnsheehambexpemidnsiae byft he
material. Since nucleation, control thg %tructure andtI1<:iangtiit(i%f]hofm'él eit
can fornat it SPEALK | SARRIYS| MHBACRT t F¥s e s BB s ThrasSant The sgstem
and net hods, thef &L or &I Ovi d8auni qeensEans .of Dhti gat i Myetzesdeging

associated ™w th cryopreservati on processes_and enhancin tge r.ecovery of
function oP¥REETFEy HFONEERYBPPesdrived HHPES afRS Thi%© 8 rets%ntégén

i mpr ovenent 1091&]5 £eN\eitd AugheRlH Ak Contr ryeidogs opex:ieseedi ng or
contact with told surfaces) used to initiate extracel Lular ice forpation in
two- cryoprigser ¥appba 14l iGHFR - dediPgRsE FbFe| FYVRGALS |RFoduced by

warmer nucleation temperatures leave behind larger
pores upon sublimation, and the larger pores offer less
resistance to the flow of water vapor during subsequent
sublimation. Hence, the disclosed system and methods
provide a means of increasing primary drying (i.e.,
sublimation) rates in freeze-drying processes by
increasing the nucleation temperature. .

[00971] 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, fungal, etc.) and

biological molecules (e.g., proteins, DNA, RNA and
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(00981The present nethods may be al so applied to conplex solutions or

m xt ures contai ning several constituentsbothincryopreservati onand

| yophi | i 280i2007/@p3Bi cat i ons. These fornul ati ons are oft erCIaiSato7onRsi t h an
aqueous, organic, or m xed aqueous-organi c solvent active ingredient (e.qg.,
peptide, or vaccine) mtigating constituents help prevent physical during
drying (e.g., containing a pharmaceutically a synthetic chem cal, protein,
and optionally, one or nore including bul king agents that | oss of the
active ingredient dextrose, glucose, glycine, |actose, maltose, mannitol,
pol yvi nyl pyrrolidone, sodiumchloride, and sorbitol); buffering agents or
toxicity nodifiers that help nmaintain the appropriate WO

0 SRRSO g e, o s dop oot v
aci d, |actégpeetdnceheicias dtphesphofiEias dhe aFFapFLdcPd  &d t he
o eser ve tHEAEt r 0B & T urctront aF CTAS actTve Sonat enent. during.
processi ngm@teirailt.s fined |fomakoondmasd povaieably alafiwms the
oo skEacian Jol St Fo\ R "IBRGRY DT g e,
modi fy t hepghassid,’ aBsiduar: bébaviear, obofiéef orpmicaritor(io®s, FHSet hyl ene
0o Casedar e ke oip R ol MSLShbh BB sl !
sodi um net ahiesukf it usedi aAusutindeicsuldbxyilcat efoamatiiinogl yEertd?}.
significantly influence these stresses. The present
system and methods therefore provide unigue means of
mitigating stresses associated with cryopreservation
processes and enhancing the recovery of function or
activity from cryopreserved materials. This represents
an j..mprovement over conventional nucleation control
methc;ds (é.g., seeding or contact with cold surfaces)
used to initiate extracellular ice formation in two-
step cryopreservation algorithms designed for living
cells.
[ooos] The present methods wmay be also applied to
complex solutions OX mixtures containing several
constituents both in cryopreservation and
lyophilization applications. These formulations are
often solutions with an aqueous, organic, or mixed
agueous-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., dextrose, glucose, glycine,
lactose, maltose, mannitol, polyvinyl pyrrolidone,

sodium chloride, and sorbitol); buffering agents or

toxicity modifiers that help maintain the appropriate
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[ 0099] Si nce nucleation is typically a random process, a plurality of the
sane material subjected to identical processing conditions mght nucleate
at di fferwotoapssat ures. As a result, the properties eCTiuseae/ooa8eri al s

t hat depend on nucl eation behavior will likely differ despite the identical
processi ng conditions. The disclosed system and nmet hods provide a nmeans for
controlling the nucleation tenperatures of a plurality of materials

si mul t aneously and thereby offers a way to increase the uniformty of those
product properties that depend on nucleation behavior. In a typical
freeze-drying process, for exanple, the sanme solution in separate vials may
nucl eate stochastically over a wi de range of tenperatures, and as a result,
the final freeze-dried products S iy £ 4 ahkabithieye i N
critical prBperPrEs™ ﬁgﬁ%Qgggiﬁ%%?U%%%O%%B%%ﬁﬁ?lékg resi dual

noi sture, aetyvi,ty asdtheconstitiuti drenioec ByR @Rt r olditg ¢ he 3% eat i on
tenperature via the presently disclosed.pro . 1.h [E: LIEN Na TAVA i

uni f or ni t yR¥ATRF 1rdpert i ggcfg’%gm%glgr’eg%gl-sedjf%/i %Sygénp%rggygglccan be
dramati cal by iignpr ewedad00100¢The abhdi tyheo sodtinel tsed brucladat itdie
behavi or of a materi al y als rovide substanti al fidy, d0 1 ing the
ti me neces2&PyEHAIY a?}cfﬁﬁgét r?'é?ebjp#%%ég% t%ﬁeqﬁ‘ir%ggshau%orl{%ﬁor mal |y
uncontrol | ed-ugheat itofe eventuctore exangl efunttdiren afakahammmctire hs to
devel op a Successful freeze-drying cycle that, can,_be .ac lished ipn a

r easonabl e CORSTITWING | ﬁ’r‘é,rl?ﬁe\éa" %&é')élr“e?d B otfiict “pr &3EF qinreisl(éﬁt%qﬂiélflt he
sEeci fied lar}ii}‘ég ry@c;]y"a @@dg?r,e&)&b\fﬁ_%eﬁuf&iir\fj&tﬂmi?laﬁliﬂbbﬁ)dfﬁ)f glhecamed ve
pharmaceuti cal ingredient (APlI). By providing a pean cont '

nucl eat i on SMFiRr ebyUBBPentSEIY  iGgTBVithy p??gg'ref/:% ?Lﬁnr?g t %%6ggoduct
uni form ty 3 Anth APl p8e{b¥irbit &, heddbidlec essarpseo cence | topelsakeessi ul
freeze-drying protocols shoul d he dramati cal I¥.geduc%%h4@P 11N pe

parti cul ar ,agertEpoteat BPdgdwe it B2 SHet CONEH 6H8d HUE

eatl on process

W Il provi df‘oﬁﬁ\ﬁi&@%ﬁ fleey bi Iddwdthsnesé f gl pgolhercbnpositson ahdt he
formul ation to be freeze-dried. Since controlled nucl eati.qn can ?gg;n_er

preserve t lntAPOWUARRAY St A dY RZPHECEL &S (RETSVERSNF B KBle T6 M ni ni ze
the additi chéé);@aﬁb{:iigﬁti(fw.§9,nSEEE8§Bb§e(e-sg)diﬁﬁlabiﬂéxﬂiﬂﬁg:@,geabdiumo t he
formul ati on or chose sinpler conbinations of fornulation const%ﬁuggts to
achi eve confbbrmaldehyiieit y safi P odtREMAGSYLEEE S sy RIGHETi cSYehatPts may

arise in cage onty @ 1a¢; &atbpn_mnim zes the use of stabilizing
agents or o?‘ﬁng%gg%W 095033PCT/'US2007/ 003281 m'tigati ng constituents

that inhereb0b991 engt Bémasr | naRFLEREAST | meE (& XPICBY ¥ecrrasi A ass
transition f enggggt “rae%ﬂrégﬁﬁgualfs@ﬁg | Onme - mb@QLATheuwi setesed onet hods
r

are parti cuPa? y wel - Suitfe arge scal e production or_nanufacturing
oper ations sdapeicklcarpibecesadnst e¢amsiifgiane sEFEEquiPHeHE2SRd flfocess

paramet er s 59.?#%%%1:6@:5&&%@&%{@%9(’ 8L adapied ¢ 0 PRAUHBEHUEE i@swicte range
of products: € process provides for the nucleation of naterials l.isll ng a
process whethoakl mewsiypia ks i ohat cdappadc gy BIFIRALI AR alPsPAYLET W

chanber (e. g 18 fyr eeétg_-f(%réller)_ where ghe prpgessidaes nekoce@dingy use of
a vacuum udd 811 addi'tives, vibration, electrofreezi ng or the like to
i nduce nucl eshiddnidr3)103The doaclesed: SYETEHrans MgEROdeh PTHVASH 12

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 vials may nucleate
stochastically over a wide range of temperatures, and
as a result, the final freeze-dried products may

possess significant variability in critical properties
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met hod does not add anything to the |yophilized product. It only requires

that the materials, (e.g., liquids in the vials), be held initially at a
speci f i edwpresmes@s3under a gas envi ronnent and that theprprassanrmo32gtrapi dly
reduced to a | ower pressure. Any applied gas will be renpved fromthe vials

during the lyophilization cycle. The vials or their contents are not
contacted or touched with anything except the gas. Sinple nmanipul ati on of
t he ambi ent pressure and gas environnment is sufficient on its own to

achieve that goal. By relying only on anbient pressure change to induce
nucl eation, the present nethod disclosed herein unifornmy and
sinmul taneously affects all vials within a freeze-dryer. [00104] The present

enbodi ment_is al so _lLess.ex j nd £asiBf{t§0 AR erBRbnabd iRidAI N than
prior art %{{ﬁod’éeﬁ%g}lﬁ%l u&%gi%r?\g{'&neﬁ'cl gation i% materials in |yophilization

appl i cati opsmeThe Biesamhtnelhddge el esiusi IgH T QRN USFIHSA Y Dr Vi v
drying in |lyophilizatian praqacesses he ducidigk pr9gassikpgGests for
freeze-dri Eéephmﬁﬂ?é}ft Xal g}sfhéjsfr(%seéfgﬁgtéﬁéd produces nuch nore uniform
| yophi | i zednpkeguats AN grddicar propertdss t Aeprb\a r E¥eezRg SFYEdIEt

| osses and creating barriers tq ent f Qr, _pr. unable to neet tighter
uni f or ni t yC3PeBFAERS igrﬁ@?%égag&ﬁel\?@?t %gé benefits without

cont anmi nat ipa@1lofeg | yortd | i zedi preductto G eatrsrrgpl océds comucdieadtictt d | ead
to an inproved product and shortened process ti 0010 A1

f or egoi ng, PEhadi@H dobe %pﬁ?%‘b?ﬁi‘@ﬁ tHAY taﬁLeSOpr ngfgjmlq?%v%rﬁj.%:sgnrg t hus

provi des asysicm and midesied lgrephtinzatiearessary ot ndeiveleort i dhs,

changes, and variations of the present t hods wi e appargnt i0-@ person
skilled inimsesfigiakor PEOGRTR, tt%‘éatrmgﬁ%n%ars co{ﬁ#f)gll I i%g fenper at%re ey
be al t er nat g LI Ho8sN &4 based 200 digespatens Borcawemplenalitorofkanced
mechani cal refrigeration systens._ Likew se, the nmeans tQ contr

pressure ardkps PAWHSPABRERS) £ S GHe? FUCEPEC Tically cont eﬁﬁ%ﬁ%t ed to
I ncl ude knQw,Br &SRz &ldPMband dapissistied atinor t eehsioguds.e |ampento be
under stood t'hat any such alternate confi gur ations, nodificatians, fhanges,
and vari at i@hstame t ¢ ieldncPedadsd t FFRIPAE RASREW BFSt A< 5ppl rcati on

and the Spiéé%cff'ﬁeﬁcﬁﬂgfgfrnﬁr@,da’}ilcm"pre&fﬁ{r&@ Eufk inetdwod attiyophi|izi ng
a material, e method conprising the stees of . 5pr.es uri(i theB
at nospher e of t Hilre a astfaiiter REAEpFRYSHFR het REER phé¥id pressStre and

25 psi abo%grg$f8§ﬂge5iﬁe%%%§§¥feéontrolling nucleation and thereby
potentially improving primary drying time, product
uniformity, and API activity, the time necessary to
develop successful freeze-drying protocols should be
dramatically reduced.

[00101] In particular, the potential benefits of the
controlled nucleation process will provide increased
flexibility in épecifying the composition of the
formulation to Dbe 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 OY other
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cooling the material in the pressurized chanber at a prescribed cooling
rate to a desired nucl eati on 10t enperature; rapi dly decreasing the
pressur e Wo 2bdr9sisanber to i nduce nucl eation of freezi ngcirnstéve/oomseri al ;
further cooling the nucleated material in the chanber to or below a final
tenperature to freeze the material; and 15drying the frozen material to
produce a dried product having reduced noisture or solvent. 2. The nethod
of lyophilizing as set forth in claiml1l, wherein the step of rapidly
decreasing the pressure is 20 initiated at a desired tinme after the
materi al reaches the desired nucleation tenperature. 3. The method of

| yophilizing as set forth in claiml1l, wherein the material is cooled to a

tenperature.ranging from t. ngge t i tiponipaRengt ur gehgraleeut 20C
bel ow t he ﬂﬁgéggFﬁ sitFS%%féﬁgérature %ﬁ%%r to the steg,of r api.d
depressurigatimaty dgindhe nbnded ofelyophi B2i ngegs St hr t Flafl aim 1,
30 wherein the pressure is rapidl cr Y. {odspsi or nore. 5.The
net hod of F?BBEHQ%ﬂquf%ﬂ?%ﬁég)5?¥hg?n%§§§%%%ls erein the pressure is

rapi dly degpeaged sucihd haisabosksolntchpiessmee partbcubprbh veldbout 1.2
or greater. 5

thedara e TS LA B L S

greater thapeahaulor: 2spsicepeitsecandbe conducted using the same
equipment and process parameters that can easily be
scaled or adapted to manufacture a wide range of
products. The process provides for the nucleation of
materials using a process where all manipulations can
be carried out in a single chamber(e.g., a freeze-
dryer) and where the process does not require use of a
vacuum, use of additives, vibration, electrofreezing or
the like to induce nucleation.
[00103] In contrast to the .prior.art, the present
method does mnot add anything to the lyophilized
product. It only requires that the materials, (e.g.,
liquids in the vials}, be held initially at a specified
pressure under a gas environment and that the pressure
is rapidly reduced to a lower pressure. Any applied
gas will Dbe removed from the vials during the
lyophilization cycle. The vials or their contents are
not contacted or touched with anything except the gas.
Simple manipulation of the ambient pressure and gas
environment is sufficient on its own to achieve that
goal. By relying only on ambient pressure change to
induce nucleation, the present method disclosed herein
uniformly and simultaneously affects all vials within a
freeze-dryer.
[00104] The present embodiment is also less expensive
and easier to implement and maintain than prior art

methods of influencing nucleation in materials in
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7. The nmethod of |yophilizing as set forth in claim1, 10 wherein the
pressure is rapidly decreased in 40 seconds or less. 8. The nethod of
claim1l, wbereimsihe material further conprises one or ROTASC@ITPGENt S
selected fromthe group 15 consisting of a live or attenuated virus;
nucl ei ¢ aci d; nonocl onal anti body; polyclonal antibody; protein; peptide;
and pol ypepti de. 9. The nethod of claim8, wherein conponents of 20
reconstituted material exhibit a function or activity inproved over the
function or activity associated with conponents of reconstituted materi al
froma stochastically nucleated material. 25 10. The nmethod of |yophilizing
as set forth in clain11 wherein the material is held in a plurality of

contalners or VI and t%P(ylégE£% ductabtainedf reehbe ehubakisty of

cont ai ners %PPQF F%a ativ y unlfornlreconstltutlon tlne 30 11.
The nethodsgénhyabbnkﬂyln@aaﬁeseﬂ;ﬁxm%iﬁﬂldnykﬂgm in vherrbhliRetdeerial is

held in a plurality of cont ainers_o S ﬂﬂ%: £ g i ed.guaducts bt ai ned
from the pPEPEFEEF of é%%?ﬁlngrs oré%fgbg égr%latlvely uni f or m
residual npistueederiesd| venirhevelisicdalE. TheThet haredert ai Aethagherein
the time required for dryin thefr zen rmlﬁ:,{ge%gdrped

| evel of reEPHYSESOPSEDr T | 61NN gﬁ&%¥}ﬁ% %% uired for drying the
frozen matgghiah that hersbashasticasiby nedheangd Etmdletd‘ehl‘?ﬁéeﬁr i bed

L i

adapt ed togheld @RGHYerTORE iEMim ter Sspecyfabatdbrs .mafldrisal method
achieves these benefits without contaminating the
lyophilized product. Greater process control should
lead to an improved product and shortened process
times.
[00105] From the foregoing, it should be appreciated
that the present invention thus provides a system and
method of lyophilization. Various modifications,
changes, and variations of the present methods will Dbe
apparent to a person skilled in the art. For example,
the means for controlling temperature may be alternate
cryogenic based cooling systems or conventional or
advanced mechanical refrigeration systems. Likewise,
the means to control the pressure and gas atmosphere
in the chamber is specifically contemplated to include
know pressurization and depressurization techniques.
It is to be understood that any such alternate
configurations, modifications, changes, and variations
are to Dbe included within the purview of this

application and the spirit and scope of the claims.
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15a neans to control the tenperature of the shelves within the

chanber so as to control the tenperature of the material; a

condenser coupled to the chanber and adapted to renobve any sol vent or

noi sture fromthe chanber; and 20 a neans to control the pressure of

t he chanber to pressurize the atnosphere within the chanber between

at nospheric preggpg€ and 25 psi above atnospheric pressure and

rapi dly depressurtze the chanber to nucleate the material during

freezing and to maintain a | ow pressure 25 during drying. 14. A

Y Pt necl ot ALLREA 2 9P Rodlt SRURPY L R:90T, %" hl® method
comprising the steps of:

5 pressurizing the atmosphere within a chamber to a
pressure between atmospheric pressure and 25 psi above
atmospheric pressure;

cooling the material in the pressurized chamber at a
prescribed cooling rate to a desired nucleation

10 temperature;

rapidly decreasing the pressure in the chamber to
induce nucleation of freezing in the material;
further cooling the nucleated material in the chambexr
to or below a final temperature to freeze the material; and
15 drying the frozen material to produce a dried product

having reduced moisture or solvent.

2. The method of lyophilizing as set forth in claim 1,
wherein the step of rapidly decreasing the pressure is
20 initiated at a desired time after the material reaches the

desired nucleation temperature.

3. The method of lycphilizing as set forth in claim 1,
wherein the material is cooled to a temperature ranging from
26 the phase transition temperature to about 20°C below the
phase transition temperature prior to the step of rapid

depressurization.

4, The method of lyophilizing as set forth in claim 1,
30 wherein the pressure is rapidly decreased by about 7 psi or

more.
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5. The method of lyophilizing as set forth in claim 1,
wherein the pressure ig rapidly decreased such that an

absolute pressure ratio, P;/Ps, is about 1.2 or greater.

6. The method of Ilyophilizing as set forth in claim 1,
wherein the pressure is rapidly decreased at a pressure rate

drop, AP/At, greater than about (0.2 psi per second.

7. The method of lyophilizing as set forth in claim 1,
wherein the pressure is rapidly decreased in 40 seconds or

less,

8. The method of claim 1, wherein the material further
comprises one or more components selected from the group
consisting of a live or attenuated wvirus; nucleic acid;
monoclonal antibody:; polyclonal antibody; protein; peptide;

and polypeptide.

9. The method of c¢laim 8, wherein components of
reconstituted material exhibit a function or activity
improved over the function or activity associated with
components of reconstituted material from a stochastically

nucleated material.

10. The method of 1lyophilizing as set forth in claim 1,
wherein the material is held in a plurality of containers or
vials and the dried product obtained from the plurality of
containers or vials exhibit relatively uniform

reconstitution time.

11. The method of 1lyophilizing as set forth in claim 1,

wherein the material is held in a plurality of containers or
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vials and the dried product obtained from the plurality of
containers or vials exhibit relatively uniform residuval

moisture or solvent levels.

12. The method of claim 1, wﬁerein the time reguired for
drying the frozen material to reach a prescribed level of
regidual moisture is less than the time required for drying
the frozen material that is stochastically nucleated to

reach the prescribed level of residual moisture.

13. A lyophilization system comprising:

a chamber having a controlled gas atmosphere and one or
more shelves adapted to hold one or more containers or vials
of a material;

a means to control the temperature of the shelves
within the chamber so as to control the temperature of the
material;

a condenser coupled to the chamber and adapted to
remove any solvent or moisture from the chamber; and

a means to control the pressure of the chamber to
pressurize the atmosphere within the chamber between
atmospheric pressure and 25 psi above atmospheric pressure
and rapidly depressurize the chamber to nucleate the

material during freezing and to maintain a low pressure

during drying.

14. A 1lyophilized material obtained by the method of any

one of the preceding claims,
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