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ABSTRACT

Modernphat maed engtriedalent s (APl s) often exhibit

poor bi oavail abiimMpirtdyv.e s Mé uhbh oalst etra mlgudsol i d f
pol ymaeroghg,stcaleati ng ampamacu s cdies pe lzei wheidsi cd ti
cocrystallization and partiaaolt &6 e dmmatsr, e chu octl iosm
(NC&nd pragbPg@penvedst i gatseahirmdineder st anding par
t hat i1oddrufeauiceedt i on anmcapeapi @ ckhywpsay edrogping an
expansion from supercritical solution (RESS)

AnNC&rea cocrystal witteimwane aprepated!| bysspeay
up to 73%. Ho weeveeuli,aregdlee vpl maneess of organic sol
CQ, a greernerr aleweanrta,ti on of tahte dciopcfreycset sasl \
condiAdidinshen we&®. 5 % coisgprdivieimpedtblcy yst al f or m
at 40 AC Addi2g@o MPaol i ncreaseddo60&r gomaplar edr |
neat scvwhO | e cycl ohexammatriearu cleyb 3ba&4c w gaantda Pwlaft o
hi nder ed coc.r ytsovadvwfird;roneantldivice®nats, not suf ficient
form a cocr ysFtualt hegiambg REYH. a cocryst al was
i mproved solubility in biorelevant conditions

PZ@®@xhibited betNGHEN soadd iwa st yp et mheanns dir nappaec tt hoef
solvent choice and processing 2Darrd megt erhse are sce

novel crystal@Qlaisnaifs@aromeofed which was stabl e f
up to 20% i mproved solAdlhicloigtoyl viem al it mrwesldeCC0rt P
and cofor mer, mal oni c aci d, adtdoi t caocpesttoanlel i a8 d
tetrahydrofuran di d not produce psuec ecsoscfruyl s
Investigat wotMe®H RBEBESSI!I vent | ed to production

with yields abovegs@m¥%lamd tac aenpt alelsea dawral sol v

Thi s work wholwedat éatitl sel ectiomr aoyf ardpiKEES S s
arfeeasi bleeb oprr opcreespsar i rcg ypshhaad es paunrde sdaanul t aneous
or -mubsomze pwahritcihclneasy be advantageous over mec
met hods.
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1 CHAPTER I NTRODUCTI ON
1. IBACKGROUND

Active pharmaceuti cal i ngredients (APl s) <can
permeability. The most commgntbestemolusbd!|ioy
per meadlsi Itihtey Bi ophar maceutics Classification S
classes, FAildursSod aatbed itry i s considered high wh
solul®2BOi mL aqueous medi 8 het WFeAECpHi dh apdr me
considered when thé8%drewce vextyi mift & Hddde nutgha m t
APl s do not meet the criteria for high solubi
For compounds falling into rgeameadilli tyl bf, td
Sshould be i mproved which i s -fdoornne, tdhorsoauggeh froordm,
f or mulBatsiean .onofa trheeviteop 200 or &210l10y6,ad mi nwiast er

esti mabetdwe da t% 50 fanddr u4gds wer e Class | (high so
whi3li2% of drugs wealeulCillaistsy,l lhl(@®Wp semealCil laistsy
(high solubility, 470% weerremeCalbaislsi tlyV) ,( laonwd sjoul sutb

per mealbd]l i ty).

t ( 4
Class| Class |l
High solubility Low solubility
High permeability High permeability
>
5 / /
©
(o]
10 -
(o]
a
Class Il Class IV
High solubility Low solubility
Low permeability Low permeability
<
Solubility

Fi gat-8ummary of BCS <classification of API s.

The main driver for modi fication of BCS- Cl| ass



viwbich can be achieved t-hoomghf onochi hgcaal on

amor phomanti cle §$ibzZle reducti on.

Particle ofzAPisduottiremses the material s spe
di ssolution rates when compar g @aJstion gl acrognevre nptairo
crystallization techniques the abilitydmo red
has been suggested, but i n practice this is r
crystalliz[alilhenemet Bpdsecondary processes are
milling, nano mil lpirreg,s ubbal |hdniBoreen gsadoombdagh

mi

=

nization processes are used, a conventio

Q O

me nical particle size reduction step. Howe

ma t

]

ials with small pastspltaysdegi ng andi aghp

cry a,l whiadh omay mitigate concerns related tc

3 v o =
—

chemical i nstabili{¥l5due to mechanical stress

|l oni zabl e APls that exhibit poor solubility o
ot her physiAdala-lparvogphe r tsioelsu.bi | ity i mprovement o
is related to equilibrium of the ionized and
the counterion, and thk6 gbTlobi It heydossphat maao
generally strongly dependent on the pH of dis
pkHax the point where the freeform and mnwxounter.
for a given salt is influenced by the pKa of
freeform[ddt hdeAPIi fy suitable salts for the
plRashouhdghe (for basic APlIs) and |l ow (for acic

i mprovement is expected i n bi oraeclceevpanetd caonndd ieta
to isolate in compari sos wihtile hcriys twahlys tdireyama
for solubility i mprovement of 1 onizable API s.
For -inoonni zabl e APl s where salt formation i s not

solid can i mgnroo vpeh osuocsl ushoil liidt ya.lmg po ¢ dtreos $fizaelldlso va r &
As ppiam @ cehfufteecoti mp r oovre a&kppadrtgmdatwh it yh r el-at es t o
energy (thermodynamically {dRBarabdn )a nomrop hpdhuosu s/
foll ows that due to the high free energy of t
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i oni
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cocr
t he
comp
acce

cofo

Cocr
cocr
phar
comp
( Nov
wi t h

a shoul dachoempgasuenadh e r mb d § n a mi-pchaalBlleye s tnakbdlie |l s
tic dissolution of the metastabl e amorpho
achuteo stage encomgaesgy t(hmorter asrod iutbil @n
' i brium solubility sof saltulbdremo tcyrnyasshiad d i Inye
rally accepted that the gradual transitio
talline APRulb®| Bbpawge®ghwhodmati on of met a
ystals are suspedftiedtt a hfeolcloocw yas tsail mifloarme
ing dissociates into itsisciptruwbneht shegebe
l arly to amor ph¢uidheAPil mparso deemsecrrti bhienl okaibroevtei
better abbobptiwpedolrufpewhile in the gast
hsol owet ity, more thermodynamically stabl

eunseianagt t yst alline solid for the drug subst

phous because it allows for more consiste

a
chemical stabil i tsyt aadsuan tngg[esitiOl atgle@e os okl e
c

ounds, salts are often used to Iimprove th
zabl e compoundsAcccoocrrdyisntga ltso niahye blen iutseedd .St a
ni tFrbaAt)i,om cocryst al is a crystalline mat
cules (often described as ARA]Jaxmcrgygcftarld me
| d hédefei medvedti oi chi ocimerniryalainyd byntly &aradgarm:
ystal is often considered as a speci al ca
coformer, is a soméeds aasaméaitreoei konomwdi t i on
ounds that are generaldly sne@dr pehda rama cealft a
ptable compounds that are not pharmaceut.i

rmers with the[r2ad@2pduti c effects are used.

ystals apprnocv eudd eb-gir aitghhe cdbidurigy st al s and mor e
ystals with only one pharmbceatrirygat dlysawt:
maceuticallynalkotdeeSegmpomniesn twhEsctheve Phar
relsecsoxi b and tramased fhgdrachtt@erpai n tr ea
artis) wvwshicawbhidaomg,r idsoads walrdajovaSand past alss L

only one active component include exampl



e tugl (ddtoizwpyr caghldu t(aimmiacc taicviedd and Abilify (Bri
whi ch copmprpir(seeasd liser e) and fumaric acid (inacti\

of type 2 diabetes afn@3s@Hilzophrenia, respect

Cocryst plrepagrerndge a ertahnodides cahf fmal | i nd met wodmai n
suitable for screeni nguyp.an3dc rimeeetnhiosdgs tisalhteadosl ea r
smasiclgltens of amidl lairgr @ams) ghbdoughpuoabber bBeghn
cocrystal forms. Screening methods include |
crystal kmezlatiinogn,, acnod r e[axh O6e]l lte ysttlaed i kand,onm

suitablepfar esoaal e atnmernoaubgl hep utto shcirgegheni ng and ar

cocrystal form has been idenscéliedgaadt needs
Such methods can include conventional batch ¢
fluid (SCF)[ Z5]ystallizati on.

1. KNOWLEDGBGAP ANDBJECTI VE

Significant work has been donsec@Qplperci figcal yy
expansion from sE®SrcHowecat, smobsti oh ( Re wor |
component APIls that exhi bbbt Trheelraet iiwselay Ihing ht esd
explsescieg®wgystallization of multicomponent syst:
are not highb¥isal bl edi nestCOomparison of pr
attribut es,pbetcveessesre ss@@@ conventionalTherystall
knowl edge gaps that provided motivation for t

T Expanding on characterization of select <co
cocrystal formation and particle size redu
commercially available freefor ms.

T Systemati csappenbacbhrfoosolpeatesséeection i

o Al t h o upgrho ptohsee df orceusseeasr,cohs es e €Oi on of conv
organi ci sod vlkeey sdeci si on when designing
c amaagr of ound I mpaSeleonfilbaea ppocesas. sol v
systemamay ssengdy by assessing the solub
cd ormer. Although the | mpcaocntp ooufaidssol v e nt



i mf |l mompd ol ogrypgital dphase prder istoyl,veonrt p
class must also be considered because i

speci f.ications

T Comparison of process details andwg.oduct
conventional crystasllization in organic so
O Super criptrioceaelsssCdogmet i mes acnorenivd e roendnetnd al

T Rep
ass

acceptable alternative to conventional
there Iis an energy usage and cost associ
CQ Also, due to the | ow sol wbidogqyl wodntr
additives may be rceaeqguwyisrtead Yfiaratda odiisc d @ k=
RES®he quantity of organicc yssalawentg arse gouni
convernctriyosnallslbiuz alt ib@nvwkha nhpearteadki ng 1 nto ¢
process yield and product attributes su
residual solvent content.

orting of key process parameters-upnd de
essment, and technology transfer.
Foarystal RES®&Stithhe beporting of relevant
' imted. To ensure that the research co
crystallization in SCF the reported wor
wheneverwlpiocshks i babrethelrp i denti fy critical

i mprovement

T Better understandi nogr yst alpltii zma tzii onng tao SiCnrp rca

(0]

Yield |l oss is often speculated to be fr
sampl,e Butzeif processes such as RESS ar e
relevant in the pharmaceutical i ndustry
addr evbassesd .safapcecesses arecantbefuteadrt
identify prodéegacuwglparticoognimagsss of sol i ds

coll ection vessel, ort.other components
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This PhD research i s aimed toward understandi

partic

|l e size of cocrystals prepared using te

crystal whzathi of fer the possibility (@pfoscsaodrdwyst

suwhi cromni form parti cAletsh oiung ha tshiinsg |ree speraorccehs sf.o

influe
goal o
APl s t
T Lit
o]

nce of procestsatcongridpeomtsi enn afhet matl grdo
f prepar i moe tmeotdesr iiasl tuws iimyBrEéBveSldanissavdi |

hat havéel owseal ¢ ibfiolimsati yhi wsiedd d oinrst: o

erature review (Chapter 2)

A thorough Il iterature review of cocryst
producedwas saeCdhucted. The | iterature r
research, which guided the research sum

T Model compound sc(€baphgrafBd selection

(0]

( Ch

T Cry
0

BC&l ass ||l compounds were compared base
availability, potential to form cocryst
experimentally assessed and ultimately
evaluate in more detail

stallizatianeaf cacnystasampdsepcaysidngi n
apter 4 & 5)

A niclaosami decrystal was found to readi

To gain an understanding of experi menta
(TRD, a TPD of the cocrystal was prepar e
was prepared by spray dryingpaodeast aqp

Solubility of the cocrystal prepared by
APDue to | ow sol ub,i leveyn owWwi tNnGSt hen asdcddQt i
cosolvent, it was omrotcra sstuwiltalzlad | ddeeri yns

i mpact of cosolvent choi ce o#snwassucscteislsl o

evaluated and related to theoretical TP
stallizatiomal ohia @mrcadi ¢ ChmGpssT al in scC
Due to the | ow soluby | ptgzbpfuantcéeéebswaams d



second modeln csammpourtd.ofA tbhaisse | ri ensee aurnadhe r s

praziquantel 6swabse hdaevwieolro piend ,scwhQ ch | ed t
novel crystalline form that exhibited i
was physically stable in humidity stres
devel oping a basel i noef upnrdoecresstsainndgi ncgo, n dtiht

product attriputesysughebd, pbBasgent con

was evaluated.

For each model compound in this research, it

selecting a suitable process and solvent for

exploration of ternary phasaeaddisadgmedansduireryneeanstu r
solvents with differenPrpcepsesi aerengcuddedghb
prepare the target form with acceptabl e prope
size, dmdtyheblibek.sknowleedgnef,l uence of solvent c¢h
(co)cryst alRIEiS®at hocbhhbegCObObEe been previously st
appropriate eorsydtveaelnlti 2at iscrCOmay all ow for API
particle size by RESS, epaBeigD makeiyn ge xthhiibs t |

crystallization technique feasible for a wide



2 CHAPTER 2: LI TERATUREURERCEIWII CAL CARBON
DI OXI bE FOR PHARMACEUCRYATAICOPRODUCTI ON

Reprinted withULperMaicEsichrer hy#mdur ,Ke Mma nvs hr arteih
Supercritical carbon drgsitadaé PoodpbbromaceCriyc
(202006 242492@Gopyright 2020 American Chemical Soc

2. IABSTRACT

Phar maceuticals in Biopharmaceutics Classific
permeability) are often modcfyedalkloi zapirowmeak:
mi croni zation ar e ¢ ondmosns omeutthifobdes ftfaotse 9§ mpfr own de
caerystallization processesthneas] osro ttuybyislfiattyb i aznadt i
procescsesventional softysenabkl araetuonl ugziedg €opc¢
di oxi dseo lawse rctes amlnwedftnfteiranad v ant age scrowsetra lcloinzveetni
including greener solvent choice and product:i

mi cronization. Gas antisolvent s t-he most wi
crystalddaesas impmns irbly due to its versatility i
conventional antisolvent processes.yshhild irzeavtii
parameters and feasibility of SCRkFRatesbhveomesc
proves to be one of the most <critical paramet

pol ymaor phutt @ odnief f &r elntt weaxst eanltasoy sitdeemmattiifci esdt ut dhya t
solubilitxrtyestdaédigmtcon processeystal heedédo
yield and throughput. Further moktwmmpfomems on s
systems and development of ternaryxrpylsadasd |dizad

processes in SCF systems, transitioning this

2. ANTRODUCTI ON

2.2Stlubility and Sup&heaBasibsioh Crystalliza
A supercritical fluid is defined ad lacagdsf | ui d
form SCFs in theory; however, the practicalit

Some subst ancfelsammablismerand noanf e with attainat
such gases arecamlonrdifdxuijpdeMe€@®amniet a@adlF poi



CHFare 31.3 AC/ 7.4 MPa and[ 28] 9Bhd<E€¢ 4t,We MPE@FE s ¢
by far the most wi deloyisct,ucdckinevd rimenareenng ea lilty ifg i
Water could also be a desitroaxbilcei tSyCF Hlouwee vteor ,a bt
point of most pharmaceut tcotybsl compdusdstE)res
critical temperlatuwhki o makes (BFedr ACi ti cal w:
phar maceutic2aFdpprexeamplieg.multiple databases ¢
mel ting points showed that | esqd 2t88h&2m®]10% had

SCF exhibit properties in between a vapor an

s
all owing for solvation power, while viscosity
all owing for mass transfer asClpargessrien aonmge 1t &tm
alter the properties of an SCF, antothere$ede

instead of a conv[eXh]i onal organic solvent .

Sol

ubility and supersaturation are the basis
robu

t crystallization process, solubility of
in the solvent system. IFlorzahikeocapeooéssesnyes:
assessed as a function of temperature and com

t emp

s
h
s

Ssystem. I n the case of supercritical systems,
erature antdy pofestshue ef (wrddenamd compositi
e

systems.

The solubility assessment method for supercri

solvents. Typically, splredsuwel tebk bobadgdil n

with glass beads to all ow ifroerc tb emietaesru rnmeansesn tt roaf
of compounds in supercritical fluids can be t
Generally, for a supercritical system only on

one temperaturieti pnepssBoeh poepovsgre and tempe
controlled during the measurement and care mu
anal ysis. Since the SrFe xprainazlesd acsarteh en eveebss etl ¢
the vol mae soahdsdlsVeatcecur ately determined. For
assessment stage of process development for a

time than for a conventional argstaahbmbaeti oh



variations on a simple solubility ass[e3slsment,

35lln all cases, a slurry is allowed to equilid6k
supernatant) are then collected to be analyze
I n the |iterature, solubilntyrmphsoaements ar

There have been a number of models proposed f
supercritical fluids in general, @r. sTpheec inioidcea
include empeimpiicrailc aolr, seegqmuiat i on of state (Eo0S)
contribution (GC) models, solutidm#6@ddel s, an

Empi ri caelmpoirr isccamhi met hods are quite popul ar an

independent variables such as temperature, pr
There are at | e absats e2d4 npordpeld @s$ etdo ddeantsei.t y

When solubility of a compound in the process
can be selected to control nucleation and gro
parameters include solute concernattruartei opnr,o fsiolley,
pressure profile (for supercritical systems),
concentration, solvent composition, temperatu

supersaturation of esegipmermamey etram.duAkli tngr iang rty
i mpact polymorph, morphol ogy, particle size a
crystallization are essentially the same for

(APl s)cansbtuatbst,he r el ati on sfhoirpnebre tsvheoeun dA Fble amod
when desicgrnyisntgalal iczcoati on process.

Solvent system (both composition and solute c

product. The sol vent-asnys timeornh echud saern iinntpearcatcst iionn
crystal] 4% A)stei of. di f ferent solvents, or even a
which sites on the crystal faces are avail abl
growth rate of different crystal faces can th
mor po@gp0 SD2Nent choice cancabsa[foxBhémpracca @fol y mo
supersaturation and consequently, solution co
affeganmigcl e size due to difference iIin concent
surfif&ddeéeasticle size is a function of supersat

10



decreases with increasing supef 56 AB7T at ires udae

varying solvent temperature, API concentratio
regi me) can be used to tune particle size. So
of the crystallizatioon, fwhiheh aisn ams ismabdret ampt
example, i f a crystallization process with 20
L reactor, throughput is 1 kg API . However, f
same 5oL reaecnly 100 g. Therefore, it i1 s desi |
more throughput, given its higher potential f
Mi xing during crystallization is a critical f
antisolvent dispersion, compound suspensi on,

pr oc[essksmpel | er speed, type, and material of <co
general, fast nucleation | eads t ol anpgartteirclpear
si Hewever, a broad PSD may al so be obtained a
of small &Mhemadtisclgms ng a process and assessin

density, and yield, any differgb@és in mixing

The above parameters also impact results obta
Solvent choice and solution concentration ext
al so used (gas antisol vent s(u®leS)c,r istuipcearlc reinthiacn
atomi zat i[brMip(2BBER) hg has al so been found to be

caerystal formation|[ 3MMpwewmer SCtFherextesrstesof t h
parameters is dependent on the system. The in
crystallization will be discussed in more det

identify aredworoff uitmpreovemasmmtrehshgtemaoest apg@

robust reporting methodol ogy,umndy ctosemms der at i

2. 2S@percritical FIl ui d f or -cRhyasrtnad c ePutoidcuaclit i on

Therseapoeaknti al benefits tocrcyrsytsalalldy zRQa@ R otne ¢
These can include a greener sbl veacmyichpi cteep e

removal of residual organic solvent, ability
smal | particle size with narrow particle size
solvent to below InterndgtliCHj)alguCawrdinlesf aranHaaD

11



tohneor phol ogy o pgadret[ipdBldad ueisse s, mahsi cah suosl ev esnct

and do not incorporate organic solvent (cryst
expansion from supercritical solution (RESS))
from the final productusibg dmygiompoattehgvatwtedo

SCF processes caftrlystas e ¢ atma it ithdaals altmedathod i amet e

oestep crystallization process withonttamgded t
millingegule®®lles use of SCF at | arge scale for
is still a novel technique with few companies

The United States Food andrPsuogl Adwmi @i sriyatiad
comprising two or more -@ofmergnt nmohefB8hte CA
The componendeaf hmed @t avied hi oimenirgalalnyd (inter acit
bondin

where the seconfdocwmeponenacecmmdicetdi @ams regadmrt er
S

g). Accor eirrygttad titse cohhAialea®d a speci a

at mospheri[Q Cgpfrersmaire )are often selected from |
generally regarded as safe (GRAS) or from I|is
are not pharmh8ed@6HBHo@wé&YV ey, achi #Hfeamreme ms t wmintclke s ¢
t herapeutic effects chhebphu&Ejdnépr. g. sul f ame
APl s are more commonly falling into the BCS a
permeabili{g8bhbemmaunddri ver for modification

increase in kinetic solubility of the compoun
compounds can be i mproved by wvarious methods

formul at itoinonop tsianyisztaat €or mati on, [d]d particl e

| mproved soclruybsitlailtsy hoafs choeen attri bg “4lghde t o t he
Aspring parachut eo0 -ccroynscteaplt dsiusgsgoecsitast etsh atto af ocron
nanocrystalline drug in solution, giving rise

drug then follows Ostwal dék metlt asbdblsé agelsy mo

unt il reaching the thermodynamically stable f
through metastable polymorphs gives high appa
of fAispring pareaeahytsea@lorsoemnutbandied has been sh
crystal s [i3n 4l,i6t%r7a0tjur e .

12
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The suc
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and can
functio
formers
groups

synt hon

d solubility of amorphous di s[pf] si ons
, physical stability of an amorphous p
amor phous is the highest [eh&ABY] (| eas
dvanced solid state characterization i
eity of t[h2eG ¢anneorrapth oouns opfh aasne .amor phous d

S a conventional crystallization, thus

e size reduction can §H#s 8Hogweyvee rr,i se t o
on i nc ogmwentciloen asli zcer ysitaal | i zati on 1 s |
tained from conventi o[n7alh prastaktkizabe
rarely obtained below about 20 Om usi
from an industry perspective. To furth
mi I[l T N&gvels peediedl e size reduction met |
und to produce pafitlildlng irzoese silseess atrtea

ult i n degradation due to ther mal and

| ymptPphn2lsome cases physical instability do

crystalline form t o la8npomwepvheauy s cihse no lbcsad r
i mpacted by milling with some studies
il es| B4 ARBICHi pt oaogss can all ow for both
zation in a single process without add
ocess can be usmalthami § o Omt di-sptaeept ec | E 8

|l i zation process; I [&4]no secondary mi

cess of hygdyegahsboamadi ofgfteh be predict
mol ecul ar synthon is a spatial arrange
n bonding. A number of esedprambhecul aer
be dfsoerdnetro seeilde citn ocnec wh g[h7a3s;Bfr4eleni ng f o
nal groups of the APl are assessed (e.
are selected -basbdyenbabs| wttyhtoheéof m
off 7@ ,h7ee,A®B&]al | y a -wWwodmersngenbéi cong th

s are sel-ecystdafosceseerengngft€no takes

wher-80 0oor mers are screened using various tech

13



(LAG)e,vacpoor at imen t[i 2n6y,d7A% ,0-Ff &jomer / APl pairs are s
the mentioned approaches and unique crystall:i
properties of Ahitso are then assessed and r a

purity, meltigwhepomicia) @modpphycssclaubislktiaby !l iny
medi a.

Some examples of the supr amolsecadlsa r( csayr rotolxoyn s c
ami des) aFieg&lhenwiFuigpt e Car bamazepine, for exar

hydrogen bonds in both the homodi7neelr and hete

Figad2€arboxylic acid amide heterosynt hg

Fi ga@3Ami de homosynthon.

Al t hough the synthon approach ca+#fi obeneused ptao r
are not guaranteedctyp$Fak dAss SOult! bl rymefpo rsne lae cctoi o

14
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peri ment al

such as geometry, steric

e cmyat slpBb86fah. co

influencerystadessfu
di
solubility

of sol vent can

depicted using a ternary phase

sol v and
A

mi |

ent ,
congruenRilgypdsdh e ue aannfgPbyane
ubi l t he
sy stcermystial

on temperatur e, pressu
ons.
sol ities in sol ve
ng
(f odwofwin ommg ntérgi aWlmtl etdo ad4cyr.y sltnalt he

cont afi oi mgr a Whdn si

e si ar

y saturat.i i fsr omo sssa lbd tei

abl e in s |

bit

a urry

e X hi significantly different so
basebt ascneeénbygs met
bits higher ubi
t h ec rAyPsit aolr iosfo | AaPtl e o
-2 3)

cont afi oi mgr 1: 1

exhi s ol

vmilxlt ubree

ow from region 1 to region and

a slurry
ofcraysphds & rpunr eslaua r y
The

det ai l

reqliii gahse exces

i's required. i-cnmpyosrttaal nlciez aotfi oTnP D
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API

Figa4@ongruently saturating tefmamerpHiasFe ,diaanglr am
Cocryst al (CC) stoichiometry is 1:1. Regions defin
solid phase (2), API + CC as) ,sodC d+ pChFa saes (s3o)l,i dCG h
CF as solid phase (6).

API

Figa@¥%kencongruently saturating t-tEonmey (8Bye dnhndgs
(S)-crgaet al (CC) stoichiometry is 1:1. Regions def
APl as solid phase (2), APl + €L, a€Csel CB pbhbasel |
(5), and CF as solid phase (6).

Cecrystals can alsocaysbanbgelditferegthiyngnrithbe
caerystal. Solvent not only icmpasdtad thhua sad cscoe s
influence the pelrygddr&d h89g,dr0]§eb hbooding abil i
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and interaction with solute can dictfa4@] whi ch
The role of solvent and crystallizatias regim
wel[ 153, 9Tlh,e9 2njet hcady safalcopr oducti on canetalaslo. i mp
showed that wup to 4 cr ycsrtyasltlailn ec ofud rdmsb eo fo bat apiin
met hod of gemelrtatngn leAQ@, aamP@03ol uti on met hod:

Scalpe met hods f-oryptraldscimgl ede antisolvent cr
(HME), spray drying, urirggh cslyesdra$ i amau iy aotnigd h j z
[ 25, 26]

Exploring var-coystakppcépapnédticon using superc

ranging from system configuration and process

focus of this review. Thet ematiieav apipmaadh etso t
crystallization process design in high pressu
stabilitycrggtaeahs 0oh bogh pressure systems.

2. 0-CRYSTALLI ZATI BMPERCRI T1[ElAWLI DS

As with organic solvents, an SCF can be empl o
solvent, as a cosolvent (or additive), or as
the |litecayeatal fpreparati oREES, sG88rc6GAEjcahnd

For RESS and CSS, the SCF is considered as th
considered as thejiamntda sdlIlvweeartt. ch ed rhteirs cCIOv en't

solubility of the compouwnd pofddi@® eamrsadrgadrii ¢ o
empl oyedi asnadd€®d as antisolvent. I n these cas
final solids must stillzilsesmdiriiticemadacthfeas C®Ou
solvent and residvual solvent in the final pro
Cryst al engineering and particle size control
principles as in conventional crystallizati on
parameters which influence soilaali |sysyt eamm dd isfufpe
conventional crystallization because pressure
both conventional and SCF crystallization inc
and mixing. Pariampe/t e ast isnuge hr aatse sc oaond anti sol ve

17
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To our knowl

ing rates also influence both con
pressure dependence tohleesbogobofiay
ile or dosing regime. Another fac
i n conventional crystallization i
fundament adlsl yoft hcea yssamad | firatsiomg lae
in SCF s8lhgstemg, r etriytsat iag h ntuhse cbbe

t -creysptoalsleisz dtoirorm @roo c ecsrsy satreel t he

. I f the work i-cryettalsedoonnewemao |

or ms -orfy,sath&lm yi el d may not becapstampophasée pt

ty. I n this revcewst alel phasieopupil
henever available. Of copamrsticloe¢ h
[I'i tsyt apri d fiitlye, amhly ciheani c al purity
i on. Resi dual solvent, particle s
esigned crystallization re,gi me. W
e and polymorph. Physical stabildi
emi cal purity, residual solvent a

reported in the sdelheecrteed | i terat

edge there are pwar pabcwushedl| revi

crystalli Zathlllen Tha 6€¥ijed w abcyu sPeasn doon pr ecess de

crystallizat
overview of
et galv.e speci
SCF along wi
phar maceutic

focuscownwstal

TablleRevi ews f

ion of pharmaceutietalgalviey aabvaaide
crystallization of plkarymaadwst.i Pald
al caoampsiaddr amidasttro ascalmpl ement at
th detailed |ists of existing |it
als. In this review weravimew® wiot]|

l'ization only.

ocuyish@glodbnzaovi on of pharmaceutical s

Aut hor sFocus
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Pane&lto a preparati on ofc rpyhsatradasc ewstiingal¢l 9

18



Aut hor sFocus Re

process details for RESS, SAS

Con s and fut
exnp ends due
r
a

ure perspe
r t o
vaenmde yo rett @d, co
an

t

t empgsa
ntinued
ies to d

i on
t

u
h
nv

ceutical comp
nment al i mpac

D T T

efOor production of phar mace
chniques witkragmtamphasiFoca
nsiderat-upnand oirndueat rei al [
allpe rel ated challenges 8€GH& o
ocesses.

-0 0 MmO

| usi ons and future perspe
Padrd!| a amental experimental datajgai;
uct properties to aid in
iculty in handl i ngn dannda ncoh
ers, and suggesting more
ocess opti mupzasttiuvodii easn.d Nacjad r
allpe i ncluded throughput, abi
de, difficultiines pahdan cdalsl, e

zzl es i n atomization proces

nc
n d
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f f
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2.3C$%S Crystallization

CSS uses SCF as sadtdetisooal avbde ntty poirc aal mMioyweneoe v e n t
sometimes in the CSS ateohHnmnieque agmalald daemdo urot g
of the sl TUThe C8SCOechnique does not wuse atom
via the CSS method spileéessume echambend.si hhe® SCH
pressurized into the vessel to dissolve the s
after some time the vessel is depressurized b

directly fromitgh& ed aamd hwe CSSI ,met hod, par amet e

the process include pre and post expansion pr
mi xi ng, and depressurization rate. Solids pr
drying.

I n the CSS method, simidfarmeol abiel ctrues adbf si Im
pressurization is uniform and there is no oth
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or the other. The CSS met hfoadr mergue x keisbitthags olbwl
sce®r swiCOh smal |l -aonovieintt.be aecoredystatombeld
mi xXi ng has al so bereynstsdlo vidodflmat ie@am. t o co

0

2
3
O3

| S

Figaée-8chematic for CSS pr ocepsrse.s s(ulr)e QQimps,up(p3)y ,v e(r
pressure vessel with mixer.

Cecrystallization by CSS has been retpoalt.ed to
attempted to geniemnatbaaiyrsitmad o me tahaciCr5S met hod
over a physical mi xture of solids for 90 hour
not su¢®@&Hheihyubttri buted -thegsfailuoel b $ofF mbi
substances a@&ingstohleaécirlyisttyaltso of starting mater.
found mixing to be therwmesal i[B@adacEiwmmfact or

| ater successtuyshaal profiuchegphbyl |l ine, indome
saccharin in a 2 hour CSS gr3dtdes heemmmey iwog km
et sdaludi ed therkisneatlildxz adfiigoaocicthmaa i nhegpgheiml iame
approxi matel-grg8thabff ohmatobon was complete wi-
formation sl owed and reached stamnt 10908 cs0OmMm@,| e
increase in temperature gawestaldecraeasea.i Hi gh
at constant pressur;cdeeaguatyesand dboseasoé viani O

Cecrystallization in SCF is not onltyaadmuplailcabl
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product s. Reetceanla d yoe ®Rsb@abs of a natur al produ

cd or nflersCo®brlystallized curcumin by CSS gave in
curcumi n. I'n their worlk3gFmadtiiameeerr amgedi sSisoin
not cotrog etlla¢ esli ze. This echoes that particle g

di ssol uti on r at-cersy shtealwse enr ume aqtu eA Rlo.

I n all report ear yssutcaclelsiszfautli oOnSsS tchoe scal e of ex
of APl and product yiz2lds wadeoerwyoti fr éeper pod es
enough to coll ect @lele asroll1li0Ods% btehcea uysiee |sdosl isdhso ua
from the chamber. The rate of depressurizatio
Homogeni zati on and mechani ecaly smiaxli nagp poefa rcso nhpoo
critical f aattiomen.tth@fn tehgeu irleipboa H22¢e s mmam g eg<td i n
equilibration time (without -amiwdtngl). diadwewdr |l
mi xXi ng was employed, -ttystuatestsfanhh yofnewut hed
equilibratiendiairmet | Fadoempared CSS processes
They found thatrwisttlad dti zmitXxiomg wase hi ndered, i
mi xXi ng and tr andWio ran gpthheenro meanpper , Cuadra scal e
saccharmriystad formation previousl! mglr®Phlhoayt ed by

found that evencrwistthalmiixziantgi,ont hwveasconot compl et

h in Padrelads wor k. I n addition, micxriynsgt adlo.e s
Il n the same paper, Cuardyad o oy 8ardviear mowcdfna ialr t i
urea, thiourea, and pyrazinamide -abt d&On/gt i rri
Cecrystal formation wsasl vwent obsermey Wwetpossilb
crystals with CSS even if the solubil-ity of b
crystal is high, with saudlfveatkywd Cani xfi mrgmatnido ra
conventional solvents is also possible by LAG

2 mg/ 815]

Tab22eCoecrystallization reports employing CSS.
. Cocryst
Scal e, Press Tempera Ti meProduc
Ref API CoformerAPI MP a AC h yielad,pha.se
purity
opn Il ndomethacSacchari0.085 14, 2 50 O 9(~ 100 ~ 0%
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won TheophylliSacchariO0. 4 20 50 2 N. D. ~ 100%
won Car bamazepSacchari 0. 4 20 50 2 N. D. ~ 100%
won |l ndomet hacSacchariO. 4 20 50 2 N. D. ~ 100%
wpp Cur clmin nacetylcO0. 3 9 45 1 N. D. ~ 100%
wpec Cur cumin Ni cotineN. D. 9 45 1 N. D. ~ 100%
mqu5-f|uoréuarg;f:'zitnzo.oog 20 40 20 N.D < 100%
No tNe .D. not 2ydiieslcdl ocsaeldc.ul at ed as 0] bembed mas s
cosolvent®Owad added.sol vent was added t o some
2. 3RESS Crystallization
The principle of the RESS technique is simila
depressurized by spraying tshorlovuegnht aarneo zszolmee.t i St

i mprov

e solubil iitry tohe tRESS otfl adteniique.O The sol

SCF H COn -pa elssisjfur e chamber at a specific temper

of the
i nto a
and gr
do not
proces
geomet
of the
robust
have t
i's cri
at omi-t
(AAS) .

Typica
et exlpl
gi ves
gradi e

in noz

solution through the atomizer nozzle r
secondarhy sc clolud adt iben aviKisgadieer N tccoll € aetcit a no
owth are rapid from the homogeneous sol
require further drying. I n the RESS me
s include pre and poet esxpanei congreras s a
ry of the spraying system -upcl idengmppec
se parameters on crystallization of an
process.me3preyc ioffi ctahlel yn,o0 ztzhhee /gaetoo mi zer / c a
he most profound i mpac[tb D,n%A3 hdD]Jughaimi ga
tical for process |ike CSS outlined in
§peoBCF processes such as RESS, SAS, SE

Iy, an increase in nozzle diameter and
ained this phenomena using the pressure
steeper pressure gradient and smaller p
nt, | ower supersaturati drc |[ags8lh |ionverre ansuec

zl e diameter has al so H e&eBip rsahyoiwing tdoi sitnacn
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has also been shown to i mpact particle size,

increased the size by R99 olWwb ddd diotnigoenr, ttihmee tfyop
(orifice vs. capillary) has also been shown t
with 49@#ihrei s.y suitpemasnetchange the particle size
ot her parameters are kept constant. Thips i s a

systems.

2
()
=/

FOEE R

o 6

Figar-8chematic for RESS proce®sessuUl)e @OIMpsupg@Bh)y ve
hi gmessure vessel with mixer, (5) nozzle, (6) col

| f -argot al ,tihe nd doit he df be meR | sadrmodil do exhi bit r ea
the SCF in the specified temperature and pres
API amadr mer are similar, I .e. theraysoemfiemc«
stoichiometric solution-ciry Jdixgid)det eHlo weov eri ,e | pdh &
purergestals have been generated from incongru
technique empl oying r[alpdClel re/sa md rsa tciacmn beef fwalme
met hod even if solubility differences are an

former should be high compared to the solvent
the | itecysgtualel foaticon of pharmaceuti cal s. Lit

screening and procryshaabdldeel opment of <co

Most work reperrtyesd adnd iREBSS omo t akes a screenin
focus on the solid form-rcéhyarpacwdkeari zditfi forna cstuicdr

analysis, while process detdai ITso, tyhiee Ibde satn do fp ho
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knowl edge t hcer yrsetpaolr tssc roefe nciong by RESS aete | i mi
aland Heet nmalhOn2, 10 3]

Vemav aertaggdpr oa<chgdtad scrkeendingsohnvisec@Ophysi ceé
APl / addf ormer { cat] 10mMBn]8s &me adfi ot he mi Xt ures r efj

et palesence of the second component (additive)

component in the SCF. They hypothesized that
basis of increased solubility oasndialnsa Ilowerom
the additive |l ead to formation of a different

amor phous soé¢t dalt .ebet ech@amys tf olran acfooill ks preofoén
with caffeiryst abutphasep Waz] not obtained.

Process devel opmgst atbr zREESncbas been report
Pai sana, [ aovi]l Weghriselport ed a met hod to crystald/l
nicoti namy sitealcoat 2 g scal ecupstingl lai DatLi oea€s s
to completion (96% phase purity based on heat
di ssolveddwas | ow (20%) . I't was suggested that
nefficient particle collection and nozzle bl
uccescrfwdt xlol i zatmiemtomaimh der dfyeiMES & dmay el
f both components being txxuemdeame her dpreraft i ma
gd.00 A1 hjough the proceswalkkemont epthyni Meldl € r

—+

s
hroughput or yield, it provides a good examp

reportedry3thael soproduced by RESS al so showed |
b

uprofen due to samméeh. size and high surface

I n most repearntystafl | RE&QS io:m t he scale of exper
nozzle geometry) were not reportedrlyiskaly phac

and not process devel opment.

Tabd3eCocrystallization reports employing RESS.

NozzIEXpanS
ScaIPressTempdi amechambe ProdiCocrysi

RefAP Ceformeg AFMPa AC temper yi elaphase

€m AC
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omnl buprofNicoti 2 30 50 150 50 20 96 %

Caffei N.D.1@B80 N.D.N.D. N.D. N. D.

O ™+~ O
-~ O

nw 3o
DO Q

< =

| r of
c est
Salicyl
aspirir
tol but ¢
piroxic
t heophy
phenytc
i ndomet
napr oxe

WM N VariouN.D.7.-662 3BO0CN.D. N.D. N. D. N. D.

Not eN.D. noyidl dctabedl ated as coll ected mass

2. 3GBS Crystallization

The GAS process uses the SCF as an antisol ven
di ssolve the compound of interest. Tosoleicd yst
is dissolved in an -prgasucesvksesent eqgeidped W

solution is pregys wriiaz ead dwistimgS @r mMpC®o | ower s
precipitate out the compound.iThwoo mehteh asdos ucta no
GAS: bubble the gas directly into the solutio
and allow it to diffuse into the |liquid solut
there is no @i $§ fcuaglployn bdueblbdye.d G, r ough the solu
transfer. This cadi hectdloynei btyo diokEé &) EKd®r i o1y (
introduthmgugl® a frit i-mr ¢ dvseusipektOt6qlnn @o/fr etshuel thiing

solids are coll ecpreas wr ea fadgelr amd tthlee hS @F/ s
coll ected in a seconlHiag8 adElpe essluird g adn otnh & efsi
pressure vessel are washed with the SCF to re
from t hper ensisgunreer c hembebeandc€&®Wered from the se
depressurization vessel

I n this mephade€&€0Oa typical organic antisol ven
environmentally friendly since the gas can be
passing)SOrerC@®he precipitated solids for som
technique, the crystallization is a function
over [t3A¥e)wi th a typical organic solvent at mos
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antisolvent) the process must-cbgstasi ghadi sut
This means that the input constituents may no

occur in a stoichiometric manner .

Contrary to the CSS techni gquwemakkeewGa8!| abgbbdy
technigureydwoal Icozati on of phar maceuticals. GA:
technique focrygepalttreatcah to date with abou
me t hToadb2lde Some common solvents used for GAS ar
(Et OH), met hanol ( MeOH), anfioametonan b8ohabe
various organic solvents easily by a gravi met
spectr orpphometmedad to select the appropriate sol

solvent composition, pressure, and temperatur
GAS process. Parameters which can i mpaiccet he
and solvent volume, temperature, pressure, SO
regi me.

The i mpact of pressure and temperature on the
the solute(s). For the GAS pr oacnetsiss osl pveecnitf idcoasli
i mpacts nucleatj6hF@aBjiegr deshngatrase (higher
hi gher nucleation rate, which agrees with wha
Di fferences in dosing profile impact not only
yi el6dl., 1 O0H%,wlelv%e]r , it i s i mportant tofoomer}j hat
wi || be unique and a universally robust proce

26



:::::::::

Figa88chemati cprfoocresGGAS (1) CP2 eswsppley ,pumd), -Hi3gh verl
pressure vessel with mixer, (5) filt

Most r epormryst aolfl icmati on by TGAg asarcaleardinedneut
reported scale of experiment was 1 fAmol eodo of

from the report if the autdhrorsi welry mrefferri mg
rati os because this dclallog genenuazibhrfyat gBAS$S zddn

processes, relevant process parametssmusg eanve swe
GAS -ccroy st al reports varies from 37 mL to 2 L w
volume. To kmewbedgeofpoiuor research has not |

of cooystals by GAS.

The relative volume of organi-fcorsmdrnewndr iuesced t
significantly between reports as lwé®l vol umem) a
The difference in volume of sobVveAPlsse&dome d
are done at the highest possible concentratio
CQ[ 10tehle temperature range for 8a4% Aepamdefli pa
pressureibletMWRae.n ®Phe pressure and temperature
miscibility region o Thea o@BOqaniratsoliwerntty pwicta
mass per unit ti me, but sometimes | ®traported
al so provide a generafcrgrseasliegaprn ofmi Ipe ofcers sa
i mpact of do[s3 Ajgnloinn@arspueesure i necdemismg i S
is controlled by coab2deahetr edhd®H g wad urmep o rlthe ¢
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vol ume, the mass dosing rate wwassietsy i maded thla
operating conditions stated in the report. Th

used to caé¢csilbyeb¥Osolving roots of the Peng

Yield is reported in | essTalkldeendhad dngés tthreomr:
75. 4 %. Cases of | ow yi eltd(adaupcrha xaesnt t hamivdek of
Kot bantao and Charoe#damanbtbaknonol c(kRetdyfyodadoh
information on the possipbpl@omwbyEslekbmpl ehewpen
experiments are t3aldQC img sowdl eo,nliyt aits 2pdssi bl e
collection and transfer of micronized solids

the product yieldstsl highl ge 7T0%)epbheregi and
|l oss oceuraiwhObearchi eved a products uwciceilndi cofa c7ib5c
caerystal, notedf ethmer awaexecesdrtgd t mibhii miede wun
itraconoatol pr amchudctt hl oss due to coll eapiohni s e
one report-nofcodai mampy sitealcoyi el d I mdosasngd WwWiet h
mi xi ng, and al so i ncr e afsoerdmnecro nicng ntt@rea tsioolnv eonft .A

Eq

Sy
i n

ilibration time can also i mpact yield. Il nc
tem to reach equilibrium and supersaturati
i ght 1 ndcdrydsthael IGIASatcioon counhbgdtbhe gaiobdedt by ot

nw u u cC

mass bal ance. 't i s -arl yot plolsisd dtl ieon hmrto ye £9d @s

us
pr
y i
i n
du

This il lustrates the I mportancecoystualdewksémnd

ng sl ower dosing rates, sufficient mixing,
ssur e. | n s onbel ec atsheast, a tdiifsf earlesnot psoosisvient c
| d. Kot bantao and Charoenchaitrakool repor

reased to 56. 2% when|[ &atTéhieo dd fWweaes eenmpel dye dy i

®® O o o

to differences in solubility in the final

designing a cegstallization pro

I n al mostcaystalhspbBase purity is able to be e:
crystallization. Phase purity is often determ
XRPD, differenti al s cannianngs fcoarl no ritinRert.ar rye id(g I SFCT)
performance | iquid chromatography (HPLC) <coup
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techniques has al so befemr mere dc d+otr gquth iG] fay CcAP |
Techniques such as XRPD and DSC can also be e
straightforward as HPLC for quantification of
when reporting phase pucrriytsyt.a ulrnp tinpossets prhe pgohr t(eed
guantitative or qualitative assessment), sugg
produce plrayeTamilkibe Ico cas-esy swshafrepbase purity
possible that a different sodvegst atoulQdainead a
assessmenysoblcphase purity is critical when
crystallciezat i dowegwver, when the r eseartcal o malms
gualitative assessments of form purity are su
Al t hough mixing is also critical during a cry
studies on i mpactcrogfstmildiingtfioorn GAS dad e. As w
crystallization the mikh&osnigng agpmanrdeaicmmpeal lgerom
could i mpact homogeneity, yieb?2d] and particle
GAS <can parodsutcel scoof varying size, depending ¢
Particlecsygkeal asfprcoduced bymiGASomatvecsma lamgetd J
[ 109 CDUDPBsing rate i s accepted to have the mos
faster dosing | ela@gls, Hd®dsvnearl,| eort hpearr tpiacrlaense.t er s
concentration al so have [s®Inell®@npianctte rbauctt itoon ab €
parameters has not be-enystshat o8 g bcreynssttad dsz epdroof dou
by conventional antisolvent cr yett.4dllliWgeant i on t
using 1| soffioazaned ,a dchay scBoa$ scaver e | arger than th
conventional met hods and the opposite-trend w
for mer, despite employing the satmee cirmpdratldn ze
understanding the phase stability regions and
engineer particles of a target si ze.

Er
st
[ 1

ac

ri guinelldeel ed a GAS process-nusiong néeny sited lcom a2
udying the effects of sol)utaedddiotnicemtimratte oamn
IThle model employed the quat-eroatiynamidbéilnt
etone/ gc€Wi oudI1yiTdheya sfucgerdd t he i nitial conce
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f or mer did not h
found to be the

ve a |l arge i mpact on the par
ame as with conventional ant

were i n good agr

a
s

gave higher nucleation r@alcull @assdgpawt ih¢cl s mai
eement with the experimentall
e

processes were reported, but predicted yields
efforts simil aeett aamld.hBesteedlhi BEelr pguebbkarchers
under s-tanwsdt abli zation processes in SCF. The s
bal ance model i's vatupdt &l iinzanidem sprode nge £ 0
because TPDs ar e e xbpyersionheurbtidliltyy dmeetaesrumiemeednt .
cd ormer molar ratios are varied and the equil
desired solvent system. This sol uevdliadpmersts ecsf
a TPD by wvarying the ratio of naproxen to nic
temperature, and pressur e. I n addition, the s
characterized by means of XRPD oOnae &appr dpDi
devel oped, the population balance model coul d
appropriate process parameters to tune partic
given system. Togethercthetabl ubanti bp pepasa

model <could aid in desiygsialgli rnpbtusénapdotas $ e:
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Tabd4eCocrystallization reports employing GAS.
Re{API CeformerScale,SoIvent, PressTempCQdosingyglsz‘ProdLCocryst
API mL MP a AC g/ min L yi el®dphase
omvCar bamazeNicotin~ 2000 Et OH§ 6 11 40 ~ 50 2 N.D. ~ 100%
Gurl traconozSuccini 0.25 THF, 10 10.3 4o Yariable, 445955 4 ¢ 100%
bar/ min)
. . ~ 100%
wonvl traconozl-malic 0. 25 THF, 10 10. 40 1 0. 03 N. D.
amor ph
woMmaNaproxen Nicotinl. 6 Acetone, 10 35 25 0.49 263 98%
wcvNaproxen Nicotinl.-3% 76Acetone, 10 37 3, 20 0.49 642 99%
womMmaNaproxen Nicotinl. 96 Acetone, 10 37 2, 11, 20.49N.D. ~ 100%
oupdamimnosal i ootino. 1 Acetone, 11 36 20 0.49 60 ~ 100%
acid (ASA
Acetone: | 0 (did
OMN5-ASAASA Ni cotinO.14 40 - - - - N. D form c
crysta
ovMvSul famet hL-malic 1.25 Acetone, 9 45 ~ . 8 N.D. N.D. < 100%
d)MNKetoconazg_irimanb~ 002iVarious, 9 285 ~ P4 N.D. 1358.~ 100%
ovMmvMef enami cParacet N. D. Acetone, 9 255 ~ P.8 N.D. N.D. < 100%
ovMmnMef enami cNicotinN. D. Acetone, 9 255 ~ P.8 N.D. N.D. << 100
omMmvResveratrlsoniaz0. 3 Et OH, 25 9 45 10 0.6 N.D. ~ 100%
omMvnResveratr NicotinO. 3 Et OH, 15 9 45 10 0. 6 N. D. < 100%
NotNe D. not?ddiescal ocsaddc.ul ated as clolepocted maas ¥

n mL/ mi

n conver bekan siot g/ aend tni matiendy &€tO gi ven
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2. 3SAS Crystallization
SAS is a technique which combines spray dryin
The compound of interest is dissolved in a co

atomi zer no®pzles siumteo cal hiegh ieocenn cphraensbseurr,i zwehdi cwhi

SCHKF, g% eThe coll ection chamber temperature an
are formed rapidly by decrease in solubility
coll ected by -par gsisdureer doml Itehcet ihd g hune xgq aulr ea rcd nt
coll ected in a secondary depressurization ves
can be accompli she)d thlyr quagntpitnlge SCdl I(e€dOt i on ¢ he
organic solvent after precipitation. Par amet e
solvent system, temperature and présowreateol
and nozzle geometry.

| mpact of process pagyagnedmrandvitlHe dregppregred ®fn d«c

any interaction between the parameters. For p
the pressure in the expansion chamber has bee
pol ymo®9hllA8 DIOIE9]Japproach to SAS crystallizat:i
that concentration of the solution wasz2 found

flow rates gave rise to smaller padedxthleers due
groups have also found that | ow operating tem
with higbwCOate, | arger nozzl e[ di2Msinentaesr gave

di scussed for RESS, the system design, specif

particl e [sli2z0eTh2nl jSPAfSl.uence of process paramet €
properties such as pol ymor ph, -cmoysptheoll so gayr, e aoudt

bel ow.
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Figa98chematic for SAS pr ocepsrse.s s(ulr)e aQi2Z2mps,u p(p3)y ,v e(n
containing organic sol vent / spaoleustseu rseo lcuotliloenc,t i(0o51) cé
filter.

SAS has been the second mosrtyctoanimomr ocdpotrit@em i
GAS. Similar to repoeocrrtysstoafl [GAZSa tiino nl ibtye rSaASu rhea, s

at small (< 1 g) scale and. imhi rmatny {fcloaes AP It haer c
di ssolved in organic solvent, which has inclu
even high boiling solvent dimethylsul foxide (

of 30 volumesTabl2lbeer e reported,

Il n general, process par ametregirsd adrle zvadlilonr dpdre
rates, nozzle size, and precipitation chamber
reported in most studies. otHoawewaeyrs, rtehpeo rstceadl.e

di amet ers vair2paeh eatrmde epnr elcOiOpi t ati on chamber vol
above 1 L. Despite the differences in nozzl e
precipitation chambee pféesusemahdrt e@pamaeur
reportedlbeMRaenwbth a mode of 10 MPa. Chambe

bet ween room temperature and 60 AC, with near

Product ydrey dtsalfloirz a&toi on via SAS are similar t
70% where reported. -tnysbaukti hatifoofpaper SASh:
repofT albde Cueatdirdall ustrated i mpact of solvent ch
of DCM gave a 40% yiel d58pdveMeOH gagei 65 ant e
yield can be obtained even when using a singl
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et falund t hat prfolduvocrt-o uyeiaeaods tod!l avédri ed from 10
SAS process twrispl epifesaceleidk alny that yield | oss i
attributed to difficulties in-nprcooduatamyg dteb &£t
Neurethralported prod-dub®tw. yHewdsefromheé3differen:

not significant due to variations in [plI2d2fss
Thus for SAS processes operating at small sca
on yield trends if variation between duplicat

bal ance.

The-ccgst al phase purity is typically also eas
XRPD data, ther mal analysis, or IR speetrosco
crystal can appear to be phastelpuseéeibbseonoani

amounts of ekearemesr A®ilt mer coas amor phous mater.i :
anal ytical t eecthindillqwmisn atNed rtothirs by showing t he
agreed with-ca ypshtadaslélPpbCr @nadbysi s showed that t
bet weieln0 09%4. 2N3e]Ju reothfraluind t hat when the flow rate
was |l ow (< 0.049 mlors dlliet matpirpax@ddeysyat emhase
purity was | ow. I n the case of a |l ow phase pu
observed DblyRXR®md HWHLC analyses. As such, whei
on XRPD,arndadleygniaR bheFpercentageTghb2ben i s appr

I n SAS ycsat al l i zation reports, solvent is a con
the solvent choice can admsysthalvepal ywmgmph i &rad
mor phol ogeyt. sddawaeld at hat depending on the sol ver
pol ymorphic form was osdscaherdiyrf ®d8d a o&r MaQ@alz e
gave a pure crystalline phase during the init
of crystalline for ms. However, during further
with pressure Sad ttleimpeexadmplee, the acceptabil

considered before selection of a solvent syst

are considered Class 111l with allowable | imit
Il 1t wian all owable |imi f68F 30 mg/day (or 0.3
Mul tiple studies have also | ooked at i mpact o
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[ 53, 98nl1wWwd cases, changing solvent varied mo
[ 53 Padjee |fanlu.nd -cdrhyastt aclos ofs aicmdh@ametinhhaciepmared wi
a mixtur+i @&k meddbéock/ plates, while morphol o
sol el n anot her etwalre, aNeerobruse differenc
particle size distributiopl20]nevweircdeedn oye afn mpma
example the use of either Et OH bdldhlacei bhespra

that solvent selection is a critical factor w
choice i mpact morphology and polymorph, but i
all owabl e solvent in a final drug substance.
A goal of particle production by atomizati on
SAS has been able to succesypsudly, yi-leaGgi sogat t
[ 53 HOwNlever, smal.l particle sizeiicsotnaHa nma dgu ara

crystal produced by SAS consistently produced
30000n,e regardl ess of the fl[olwAn]latleenfssodwutslih
particle size contr ol -cwayss tcahlasl,l einlgliunsgt rfeotri ndg ft
understanding phase behavior as a function of
PSD oxrggda@ian] general, there has not been a or
particle size by SAS techniques.

Sol vent choice shoul d be ccornyssitdaelrieidz aat icorni,t ibcuat
parameters such as flow rate ratio, pressure
phase purity. Onmei cdtuidnamyfdtea lcdbsfilovmesidspadr at ur e,
pressure, and components concent[rila2dmonhd adt h é
hand, e Cuadls.ar ved two unique crysdaddharei f or ms
cocrystal prepared by [suPhee crrda st ulctad nta ncri yssotl avlel
dependent on both solvent and temperature. Th
pressure, an increase in temperature by 20 AC
formMsBYyen more stark-ctrlyasn ad mpioXtywmoe phfs,covari a
SAS can be the difference beywéah Dor mahebdoero
mi Xt ur-cer yodt &lo wi t h [(lZT2di < oanpro nleenttsaken as an i
uni queness of different -Egsmems. aDeépeoldvegt ool
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of process parameters can have a profound i mp
crystallization devel opmestalbasiend linglopuds $ u

continue to be explored.
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Tabd5eCocrystallizati on

rperpoocretsss empl oyi ng

SAS

.PrecipiPrecipi

Fl ow rat NozzIlPrecipi Coecrys
RefAPI Cof or mer SCal(SOIVent(solutiodiamechamberchamberchamberp.rOdalphase
of Aflvol ume mL / em vol ume temperapressuryi el? urit
9 "AC MP a P )
Et OH, a
wdpnl ndomet hSaccharinO. 03 THF, Me< 0. 2 200 N. D. RT ~ 9 N. D. ~ 100¢
8-9
. . . . . Et OH, a
u)MHleIunlsN|c0t|narrO.4(13.30 0.05 100 1. 35 350 l1a2 70 > 99 %
wvMHPar acetabDipocliniN.D. MeOH, 20.033 254 0.1 40 10 N.D. ~ 100¢
wMHNaproxenNicotinanmnN. D. Acetone0O.-D25 180 0. 32 37 10 6370 9400%
wMHNaproxenNicotinamN. D. AcetoneO. 04 180 0.32 37 10 5852 << 10(
ME OH, E
wpacCarbamazSaccharinO.08!DCM, DMO. 05 100 0.5 460 1a5 465 ~ 100¢
30
wMHParacetaTrimethyl N. D. EASOH’ DN.D. N. D. N. D. N. D. N. D. N. D. N. D.
d)MHParacetag_T:litdrOISON.D. Me OH, 20. 033 254 0.1 40 10 N.D. ~ 100¢
. Urea, thi . N
OdpTt5f | uor ou . 0.08 MeOH, 30.05 100 0.5 40 7-15 170 Ol100%
pyrazinanm
Not eN. D. ndyi didctakedl ated as coll ected mass/ processed mass
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3SEA and AAS Crystallization
e AAS technique i s -sp,mitlhaeg ad ol ISEACSt. i d o rc SaAMb e

t phbwlOl e a solution (in organic solvent) is
essure. While for AAS, the solution in orga
zzl e to precipitate solids, atndndaérenattrhes phe
essur e.

e methodology for SEA is simikdmad ¢ ol dthiadn od
xed prior to atomization and depressurizat:.i
owhi gilrCe The compound solution and SCF are p
flowing through the atomization nozzle. Dr

|l l ection chamber near atmospheric pronédedre.

|l ids are collected from a filter in 2the cha
e passed through. As with SAS, parameters w
clude solvent system, temperature and press
ow rate, and nozzle geometry.
2
S 3
Jﬁw ]
> 4
1
L ]

Figat@echematic for AAS and SEA pproeesisre (AYy mpc,02(
vents, (4) vessel containing organipacs esslurentc/od dlew

chamber, (7)) filter.

Repor t-sr yod§t a&lol i zati on by SEA and AAS in the 11

caerystallization byTahklee damd tchimree eu ssiempgarMAA S, pi e
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screening approach was employed ot mer, wat &i a
APl and v-hormeyspfaeocgygastuailngvida hca variety of s
crystallization by SEA wegcalconducted at | ess

Yields were not report ecdr yfsotra lalniyz aotfi Toanbse esSuEnMmM aor

2.6. For most cases, presumably it wasrgetaftepo
phase purity was inferred frowr¥XRPRE|Ilsr ab®Ccoa

as approximately phase pure.

For SEA and AAS processes the solutions of AP
These are | ow throughput processgestahlkenzaompa
some cases the | ow concentratiom-faxmamebei duéhte
selected solvent. For screening style experim
scal able crystallization process the solvent
crystallizationu(meesner Olvley abndert hz20 prymwlcess pa
SEA and AAS are similar in the four different
S

consistent between all reports, I|likely since

A with SAS, parameters such as pressure, tem

prodwdtf.aluPnadd rtenlaat f-vacaha«migmpdd | theesol ut i

—

S
h
oncentr adpireemssaumrde G@d | ittle i mpact on PSD, w

her mean[ 1p288e¢triycsitealsliizzea.t i o-eao€hani hndpgmAABa

n Q S o

ed to demonstr[a®&i mirloare smo rpmlralmedieas ewe

ained for different solvent systems. Howeyv

® ® O”»

ssure. The AAS results were compared t
ni ficant momwhteanl egnp |l diyfi fngr eeanade & f[eFLlnt at orm
h o h there iscrlyanialeldi 2attiecmthuyr eSBA amd A/

- > 0o 9 O ©® o O
= - o '
O + Q o
o
™ <

«Q

gree of dependence on process parameter

ma i

=]

advantage of wusing supercritical at omi
nerated solids can exhibit small, uniform p
mpared to screening using SEAhf AdrAG6 aARIIl sS EwvAI
uld produce the same crystalline f[olr2mi] SEA

® 0 0 @ >
-

> O O o

ot her exanmmprlyest avlasr ioofust cecophyl I i ne gmrepared
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di ampiedds] previously discussed, solubility of
and solid form. Compar i-csroyns tod!l ssoilsubmdridg yr eolfi alk
produced with similar particl er eseinzien ga,n dS EAu raflas
tends to favor kinetic crystalline forms of a

caerystal and po[llyrB]r ph screening.
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Tab26eCocrystallization reports employing SEA and AAS.

Scal e Presstomperaf! OW ra Nozzl (F:’L:fnibgicecrys
Ref Proce¢API Cof or mer "Sol vent 0 P (soluti di ame " phase
API AC temper: ;
MP a mL/ g em ; puri t:
AC
I ndomet ha:
theophyl I |
. caffeine, . . _ '
WMH SEA sulfameth‘saCCharln 0.020Et OH, 7 8 50 0.0613 100 50 100
aspirin,
car bamaze,|
wmMo SEA Theophyll iSaccharin O0.25 THF, 89 8 50 0.28 100 50 ~ 100"
Urea, sacc
gentisic a
acid, glut
Gmo SEA  Theophyl | (S0rbic aci 5 o THE, 8938 50 0.0828 100 50 ~ 100!
hydradxy
naphthoica
acid, male
nicoti nami
Et OH,
odn AAS Indometha Saccharin 0.03 3o°80°"€612 s5@o0 < 0.2 200 RT ~ 100!
Et OAc-9
NotRelT. i s room temperatur e. Praddsct ogieel.d for all processes Ww
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2. CURRENSTATUS AND PAHHFORWARD

2. 4PLocess Details

=)

general, reportingrgsctpitoceasi par amecessest

bet ween authors and depends on techntques emp
c

l'1'izati on, relevant processCHPRrametRESS

=

y st
porting of relevant process parameters

ity can maxeé¢mygtalplriogatisen oinn c®8CF t he r

_;
()
wn
D

ted with more detail awh e nse vsecrr epeonsi snigb |oer,

pment. Wi th more information surroundin

—
o =
(4%
]

o O oS oS o 9 @ S

al areas f lbsec ail nep rodv @ neen tp.r ocierssst ,shoul d b

xperiments. This includes reporting the inpu

O ® O 9o T O
(¢
<
()

rystallization). For some processes such as

—+

e inpdtdmasel aad mass, as there can bbe an i
pansejp®n8 st @dhel pIlessure and temperature of t
ese two steps, and thus the concentration o

e-sttva@ge procegstsal nreports to date wemaessnot f

—
S > o X >

y additive mass such as glass beads shoul d

n
@
o

ond, t khue rsehaocutlodr aslesto be reported in suffic

c
o

h as chamber volume, nozzle geometry, spra

wn

rring methodol ogy (overhegd)d sthoutdr al magbe
ticular for the CSS process mixi-ogystaal f ou

o o
—

-+ T
—

ma t3iBopr. RESS crystallization the nozzle geo
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of ound i mpact on particle size and should b
nducted on the resulting solidd. dNamekterthp
en shown to yiel ®d9digidf,e9r9gdora plp@aaseich &nge ztehe

en i f all ot her parameters are keqtp constan
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stems or doing technology transfer.

Forcecystallizatioholwyr@A®, i sha eQiytsitcadll ipmaarta no
i mpacting nucl eati onf bad gabat b swhiRegnpeovaesrs npgof sGO

is preferred over a volume flow rate. Report.i
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afi edC®ignificantly as a function of

ction of volume, but this may be due

ere dosing pumps operate byi vyott mimei dll .
nsure an accurate conversion, the pre
Even a crude 2manmkodedocle asdwaifgrin
cess camapeomase dosiapgroate. Whereve:
ng with the mass dosing rate is encou
nderstood as a function of antisolven
ipreaotcesses. Such details may not be ne

dered whrenstfalnlei 2 atnii gy @r coe s s .

r aspect of a robustuprarcessbtiai mbridpr
When authors report process paramete
processes and moreovadeseahecppotogmgi
ity and reproducibility of processes

ri es.

.4CaCrystallization Yield

a key response in any crystallizatio
utical s. I n conventional solvent syst
l e t hr[oluSgdhlpubhi gphesesseported yield fo
i zati on pr ocessusc ciisn[7¢500Boti @GNS , it olacoma0n
the yields are Il ess than 50%. SAS pro
,  viarrOywa, ngvhfirleem GAAGG gave a wider range

%. Yield | oss ifsr oonfi tleons ss pdeucruil nagt ecdo Itloe cbtei o n

and
tal |
ver ,

ol ub

ar ea
tal |

ess

t he nat yrled 4001l @w®ijtcor osnci azleed osfo ltihdes .r epor
izations to date (often < 1 g) the 1| o
when yields are | ess than 50% t here

il otyenh tbepbsnai os.

overl ooked in the current research i
ization to i mprove yield. A simple ma

could il lustrate shorgalowbinlgist yofofa tgh e
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st al in the final solvent-crcyspalsigtiami I(iatsys
considered and theoretical yields deter min
stallization work, mabat babppcexcmatal sol b
al composition by collecting all solids fr

anic solvent is employed.

s balance of mother | iquor is most applica
red. However, mass balance applies to al
atomization is employed. Macsmp dril mgp cma €
l'ids in mother | iquor, collection vessel
ure vessel, given the values are in good
raged to outline hbDhwi prioducft partidc wlaasr ci
sses such as CSS or-sREPSewhenetti oar proce

ction often occur sex marmsiscrp aw ead e lv,e stshed s

added esessthedeesr aoti aoecessari-ly agree
si g8y dal’ld2e I11sluklh cases it I s Iimportant to

calculation. This wil!/ not only aid in

s}
O S5 o 9 o & »w o od o

O give researchers guidelines on what prod

miemi zed compounds at similar scal e.

Al t
pur
scr
me t

c ha

2. 4

One
ma t
di s
Thu

con

hough the product yiel ds rayrse adfltiemtaweir Iboyo
ity is well reported or easily interpreted
eening, a qualcirtyasttiavia tpahsassees spudrifti cafendo usi n
hods such as -IXRPDHoweS\Cer ,anfdorFTpr ocess studi

racterization is warranted, which is often

C8ntrolling Particle Size

of the advant ddaesi loift \§CtFo pfrorcrasa esodrsyst al
eri al in a single process. As discussed in
solution rate, where a smaller PSD (higher
s, conmtcd @l sofzepardft API from a crystallizat:i

sistent dissolution profile in the final d
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mber of studies hacvrey ssthaolwnp atrhtaitc |Iree dsuiczte oinn
o] @5 pOCA,rlioulsly, in one example initial d
icles was actually the ddmf®hlios q@owelad ear it de
emthomogeneity or presence of fines in a sa
or d90) is not always sufficient to descr
eported whenever possi baleua bAnealnyesa ssuroef mesnut

el ation to dissolution and is encouraged

e are a | imited number ofcrsyyssttad msa tpirco dsutcued
sure methods. The i mpact of pressure and
bility profile of thedsdégteésdf S8Bopéarsat

cts nucleation and growt h[bdite&dn svdkime hc o n

crystallization studies, clear trends are obs
Examples include i mpacifloofw droastiefsd ,idn@ 8SeAISL O, GA $

However, there are also examples where proces

bet ween parameters and paftliO@IFd28iexa mprle nnt a

carystallization when do «iimg atte ovlaesarhliy hi, mg

but

with | ower mixing the i mpact of [d@&]ng r a

another example, efforts to reduce particle s

varying process parameters ffslodwtreatceo)n,c ehSD aftc

experiments were|[ At iidlllusttrtad esameé.at absen

me a

| de
at
i de
and
has

n

n

a

n

a parameter has no i mpact, but more | ike
tification of interaction between process
ti me (OFAT) design approach. Design of e
tify interaction of par ameptreorcse sasn du nadreer srtea
optimization. Along with approaching proc

al so been suggested that knowledge of pha

understanding the I mpact noofr pphrddodEgdys spareamdst ¢ 0

f ol

owing discussion on iIimportance of wunder st

2.4Térnary Phase Diagrams (TPDs)

Anot her -cgrayps tianl Iciozati on research in SCF is a s
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ternary system-foomemri siamgl ARIperco i ti cal sol ve
aided resear chercy yisnt adnderastiaomdipmrgpces ses i n ¢
for over 87Q 8Y8edmBbPs 187¢ used to il usdrryadtealt he

[ a given solvent system. Depending on the s

—

mperatwgrgpstthhestcabil ity redilvon umnamuwarcya sisg

o ”w

n
e
howhi ghdaenki g25% e BoundariceysofalthBeabol ity regi
efining safe operating parameters for a robu
S

i ncongr uédntglay§) edantenr aat ismmd u(ti on crystallizat

—

oi chi ometry ma§A&inodx chees & aovforamrbd ecomponent ceé

ystem to ensure the isotaysetabobktdbphastg fab

o u un

omponent in excess remains in solution and w
steps. TPDsamtr et omoprtoaed £evs operating closer t
GAS or CSS where antisolvent dosing or depres

of TPDs can aid i n -chreytsttearl luinzdaetrisotna nbdyi n§C Fo fi nc oa

Theoretical TPDs have been used t-oryesallibeat

of a napcoxxiemamy Je®dlB8.DD0%he best of our knowl e

published work for an expcrry ganteanlt ailnl ya gswnpearadr rei
This is |ikely because the methodology for TP
be modi fi efd af rcoomm vtehnatti oonal sol vent system. 1In
of experiments can be set up simultaneousl! y.

conditions and add seed crystals dfudéeslred p
equilibrium is reached (days to weeks) before
components in supernatant. However, for super
to running experiments dm & elgRR ntclkee ddFywgt em chf
reach an equilibrium state. Theebsosgiretisgsteim
need to be considered. Thus, developing a com
compl ex tasknthanalnsobment systems. Systemat
guaternary sfysrntmars, (APlIsemctio, asc COat cathnenedy R
set the groundwork for deyV dIllldpenemmett hoof d ofl PoDgsy i cnc
extended to devel opment of af dPDebyfonrgiggve
composition, temperature, and pressur e.
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Theoretical TPDs can hel p-cprycsvtiadd iizrmastii gomt rvehseu

foll owing the examwhles $et |l bgxNeuvurmkent al det e
feasi bl e. I f processes s ucchr yasst aJdAISI zaatei cemqmpd toeyr
t heantinued work on TPD development in superc
TPDs are not feasible, probing the stability

proposed TPD can stil!/l proviared i mesumddr ii emg oo fa
crystal stability region. For examploe meex wemnt
varied molar ratio can aid in identifying 1if

solid phase I @aentbiet wsadt éorslidemyid¢ication of

2.4TBchnoeconomic Assessment

Supercriditsi odlt e@Oquoted as being an alternatiywv
Ssc@Os a more environme[nlt3a8 Hyv@&ahere,ptfadd emamy v e
phar maceutical 2$G6GF upreadcassan an€@d®sol vent. Des
solvents, SCF processes generally produce s ma
e

l i minating the need for an additional mi cr on

Technoeconomic assessment is often owerlooked

crystallization) process implementation at | a

n organic sol2ventasmoAkt haegh €06l vent than co
nergy usage and cost associ adx edl wdbft hdheatbnyg
olubility of manyiphasmadeeni ealps oiyrmds@aBOan

o »w o

rystalli-eaysoal amadbhriobhe dsBsastity of organic

a
SCF versus conventional system should -be comp
a

—

rys Il 1'i zation empl oy an organic solvent suc

rga
f

uc

C pladvmadedtodrrcyadt &SICIFi zaot i on may not be a
process shoul d be «c ohnnsiicdoetrienda. miFdoer ceoxcarny
sfully prepared with 9D %3¥CFelcdo usi ng on

—
-+ ®d® I OS5
nw o

allization processes reported to date te

o o nuw o o O

ic solvent. Coammpystdal tiozatoinvre ntt e ommail gqees

_{
«Q

o 9 nmw O
-}

ughput where 6 to 20 volumes are usually
Kur ni awatnpalatfhor med an economic assessment for
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ARI SE (atomized rapid injection solvent extra
[ 1430AS was theil8ad®&tsSDeagdl,ywhé6l e SAS and ARI SE
385 USD/ kg58ndSb2kg). The greatest contributo
solvent used and the cost per kg cmoattidome red
(increasing throughput). SEA/ SAA were not dis
would Iikely be similar to SAS due to process

sol vent does not contributreott ocdmei do®rsed ibrut

Kur ni awatnésaylaahnal ysi s. The pressure used in the
al so be corsiydsderaedd. zlan iom by RESS, pressures

techniques. Pressures up to 62 MPat wereSCEpor
techniques were 15 MPa or | ower. Although org
t he cost asocfongrreeastsdaronC& houl d be consider ed. De
compression oamgdaniacl smd vefnt, the most economic
vary depending on the compound and solubility
A technoeconomic assessment i s not necessary

it is i mportant to consider production (cryst
solid form of an API . For hightwhwal cospr @d u StCH
crystallization may be a minute factor in the
of simultaneous recrystallization and microni
to facilitate a hecéexpecobomemial asegsameh must
detail. Scal e, 2sodwemtti t(ii ensc,| updriensgs ICrCe, t emper ¢
in all research publications even if the focu

2. 3CONCLUDI REMARKS

Cecrystallization of pharmaceytsit@aal $ zias i i li In
younger. As such, we have aimed to identify Kk
maj ori ty of worryks ttaol |diaztaet ifobnm icibs $@apget akiehi @aals c
approach where the goals of the work are ofte
and/ orf oorhneercso used. However, i tr eilsatsetdi |pla rianmmpeotr
and responses fowegcmpoarmrsibdteikeerRle picdmen g U ch

and product -ypeldopzrkacgeomsety, and dosing r
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aid in better t ewpmnadsoegsys mamtn,s faerrd csoccmadar i son
For dosimgpoedimages rate and pressure profile
possible as these are unambiguous.

A feasilbd eprscda@ads®es should robustly produce the
crystalline product with desired PSD, exhibit
purity solid product, and hcawrysbobat presthaluad s
should also be -phpstabsreff(kRmMeramdMmornodo prese

RESS and CSS processes aruep goefn eprhaa rl-aya gnsott & |ssuai |t

because of solubility Iimitations of phar mace
vi abl e met-lthpdocfroosotsad asl,e it | srpwoisearby s&tod logy carmr
form w2tthmowrd during CSS, allowing for straigl
LAG,crcwystal formation can proceed by CSS even

mechanical energy i s scudmplcopatac @@t neoxgh KE&ES
crystallization by the method is |Iimited and

from RESS are formed due to rapid expansion o

more | imiting d@SS nlge sause ndfngl avwmwasol ubi |l ity ¢
compounds. Undissolved solids in the vessel a
gives |l ess than 100% theoretical yield unless
a cpystal exhibits | ower solubiyl iatycyoshah phas
could precipitate in the vessel which would i

A t-woonged approach toCS8reeunidgi byoRESS¢Eqluhesi
solids as well asethoMecbanfrcaépmesshigpei mle & e
may provide suf fi ecireynstt aelneirng yt hteo sfoolrind as tcaot e,

potentiall ycafgbbi taadent o co

Techniques exapl ani aptscsO0Ovent tend to be more

crystallization process desi gn.-c rHostealelri, z antoisd r
dilute solut Hfmommameaf oARlenamgp do® 100 volumes or
studie®ews d$hleutte concentration is imposed by | 0\
But for a recrystallization process design a

empl oyed to design a process with esod GAISr bag
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been the most c¢ onromoyndtyalrleipzoattieadn ftoao daot e. Thi s
in solvent selection, similarities to convent
coll ection directly fromaddct tyirelics t-hep ovretsea:
crystallization are generally low (< 75%) and
detail. A more systematic approach to solvent
yi el ds. |l toi predtcpoaspbbdutt yield in a part
crystal product in the final composition is u

Al t hough the work summar i zedselnedthiiesn refviecaon e

organic solvents should not kg ymsdamlldatzead.i oThhr

summari zed her e, sol vent choice has been show

process. I n ma

y 1 nst anvceenst, ssyeslteecn inoany obfe asno |ov

n
assessing the solubfidrimegr prAlftitHesglft AP mmact
S

equal for all ystems, it wigyl, aylwea ysd, alHcaopeh as @
purity, or pol ymprpgh. al fcomrsdadessatsoanl ¢ he sol v
considered because it will have implications
Et OH could give ahi HEFEIliynl awegroge®s d bt it i
straightforward to design a process with resi
THF < 0. 07 %.

Perhaps one of theryatgbkbtzgapeni hsSCRecbunda
phase stability and sol-ddpthtytuadi sspefrcevern\y
crystal are not necessary j(eoat ifeea.si Hdwev ars, trhe
have already shown thatr ySCRIcarrkenadndedetpertt
The focus can now be shifted towards better u
phase -puy®t @los andohbhost-t6¢CBEEDODgNZAati on proces:s
designing ¢ hpsighltlfiuzattioon process«€g yiss albsdamg!
their components in a given system. Researche
phar malceammmyisctaal s i n conventional solvent syste
approach has been widely accepdreys taanld #iZss enaorwe
76, 79, M4alddi tion, thermodgynarmisc i it ainlvietny i @ ad
has al so been well regornytsecdl dmnad ad arm@rbb @ r wicielsisz
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88, 138®Weld2h draw on those methodol ogies to ai

under st andi npgr eisns unroev esly shtiegnhs . Wor k f ocusing on
mu kctoimponent systems in SCF and relating resul
ag starting to |l ay the foundaticorwysftad | deweli omi

processes Iihl1GEF169YsiEkEMNslla]

Overall, s-opgestaltizati on cancbgestalhiabbei aht]
conventional systems offering the added benef
mi cronization. With furtherughpdy; S@& apobe con
crystallization processes are developabl e and

compared with their conventional <crystallizat
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3 CHAPTEBR MODEL COMPOUND SCREENI NG AND SELECT

3. INTRODUCTI ON

A common way to categoridevddaegsdiagbyoBCShel

solubility and pereoemapri éheé¢rysi Vdercemaews malhdg gsi
avaitlamwye BCY 2, 6a8,8le4 ]bj ecti ve of the research
related to | mpr olvieRfmesantt horfo gl rdocrsydtual |1 zat i ¢
reduction. As such, comprehensive |ists were

cl adilsugs were selected to screen for use as m
work included BCStelassed)catavan!|l gbli assy and
safety consideration), and pobtehyiahefbdohreecct

which under went some characterization and scr

Ni cl osami de WNICISd HealotnhWHBIdgiasnti zoaft ieosns e(nt i al nm
ian anthestedntbaicreat tdpEytoym dalf eMC@Rtd osnasge
mg[.14D]leNEB ow aqueous sddudgl)ntiyt (ibetavesswmi t abl
for exploring met hod[sl4AN®E]Sismpprod wemolripadmvea iWwi a&bhi la
anhydrous form, t ewi thty dssaltcvesnassa n e¢(TH@EIhywatre f ur a
di met hyl f(DoMPpdai miedteh y | B M$ Dnoexti hdéRiredD)Ht et r aet hyl ene
(TEY, amet hyDERE tL1HSMETP(cr ystals of NCS with a var
including urealméncpfube¢i sdelllavand some showe
neat NCS in an i sopr.[oippandiAs, (SPHEWH wMare ICSmhasua
hydrogen beo.@H,damorde (hydr og.egmi aleedd-grouoppt or (
OXygEmMgre was not any existinNnhCi8nteu@memncrei triega
fluids at the time of this research, nor was

or a scaleable process for crystallization
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CHs

I
e

o ol oo

CHy

Cl

Fi gB81#®ol ecul ar structure of niclosamide (left), p
(right).

Prazi Z ftaellesw( t he Worl d Health Organization (W
i's an anthel mintic used stcohitsrtechsttoSherh@sipsar asi t i
admini stered as a tablet ahdbeswpemcikintid mgsoan
RPPZQP144PER3has a mi ndagmuesooursel s Wi ¢ ¢y of 0. 4 mg/
pH 1.2 antdhé&r 86 mmield arsedl thr BEAN|@lreadore some r e
efforts have focused on met[hlo®I5S P Q Campiroegsth
in diffdremenitREP Q@ i magc d mat e -N yrdrraft ekifp.a hidd roi
enanti omer s mednd ntgwoa nthoywle'rous f orms (Form B an
2028019 throfugde spl B&FpOg.m B melts 30 AC | ower

has | ower heat of fusion, indicating a metast
B in water was twice that of Form A and Form
condition®$fldFeo]rl@ @Gowmas al so a metastable, | oy
exhibited i mproved aqueous solubility compare
' imited physical stability and 1%i8I] I convert b

PZQ thwwsar bonyd( Cox@hgiecnh-baamel Hcceptors and can b
crystal, fas msHhi ogduir ei RivaQs beenf cshimwyg st el sv awii telt y
oftarboxylwsichn@aci AG and evaporatfivve3 SbyBbalityai
PZQ-caoystals in biorel eRSRAZI Q@ e chiads inmo tc conepeanr irseq

PZQ solid |ipid nanoparticles (SLNsnd have bee
di chl oromet hanes DCHIMNRPZFPLINGO hrald an average pa

25 nm and showed apeprigaxiomatrellgy rded wehalse tcloanpiamr e
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7 phosphlfax®slhdfef €drom preparation of 2fBdNsnott he

been previously studied.

NBM is a nonatféedrmammaalorgygntdirug (NSAI D) which 1is
artHriioNoB]®.i s gi vveémmsas( A50 i mdt)h i drmd In htgaghel eeotu s

solubil iafyOdbsenplbe & n2 and 6.8 ahH14NBM s aisntad BC
|l east two known crystalline anhydrous forms w
poi[lteNOB]JM ¢ @ m+h o stdhr ough t h e ,c aarsb osnhyol wno xbyyg etnh e s
Fi g3t eand thereforeriysstaa.lcl dl®#itd/asthea lfsorarceo r epo
the | iter awtacaelhwyxty hi c acandds waenrde spaececphaarreidn us i r
evaporative cr Yy 46Ho|weivzéaderiroyns tnad tsh omde.r e not char
di fferential sRkRaamidnhrilamévdpd aiBotlogylilpiyty 1 mpr ov
of cocrystals commartrbe drtedaerNdMptrFadeudcithi on t hr o u ¢

met hamebteex pl or ed.

The solubility of NBMbhaSubaentTHieasot ediilntgygc
NBM was bedtlWwaed I 26880l fraction over the range
K/ 22 MPa. Because of regl &NBMvelay i gloosiolcalbidl id

crystallization to i mprove surface area (redu
in particle size @f) MBM (tfhreompa3a.iGlteo s3.z3 r ed
significant i mprovement in the[ Hd63]so0olution ra
The goal of this screening was to narrow down

of t hiTshet htehsriese. compounds were subjected to soc
solvents at room t e mpodriadtsu rseu b(jpaTodtsesnpdeenii nmesgchG O
were analysedebwnpl XBPP pot entCoarlp oaumamsg eveirre padls
subjected to an abbrevi adwapcacroatriyen atl o sicad eretnii f

cocrystal formati on.
3. 2MATERI ALS MEDHODS

3.2Materi al s

NCS (>98% purity), was used as received witho
#: 058 MRAr0abDivVd »® Bt%e,Ip uFroj)rtny wAas used as received
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puri ficdCilowdmerLoktvd4d BA0OBNabumet one (analytical s

used as received without further purification

3. 2XRPD
X-ray powder diffractionBfXRRD) DWand d peef m fee@rt meodn
wi t@u dkource. The 80&wRt BAh@GtOevassidze. Sampl es

prepared-renu$%in mvafer s.

3.2S8l ubiiln t@rganic sSol vent

Solubility measurements werr eadcdintditen etdd ®ibsa ch g
gravimetrmcexmeehowdof asoli d was suspended in 1
form a slurrystiTheed!|l uori asmwermum of two day
from the sl urrsyes nwas tvaaieghed aloomof KMepowhema3se
bal aNM0c.e00(01 g) and then evaporated to dryness

under vacuum. The sodgi,d areditdhuee mass eve i yehreed | <

solubility. I n the caseaoawmhdesgpasmaessdithhar €noé
detected) the sol ubi |l iFtoyr wahse raedpdoi &t €odrd @Gnge3 €h<o di,
mg) was weighed into a 2 mL vial and a stir b
the solids did not dissolve, solvent was adde
3.2.480l ubility2in scCO

Sol ubiAlPimMsys onieasuplesli ngqq & cLiOmpl e grawvilnetric m
syshaemdescr i lbe 8 Sidn QdPesdstieitsggnment i n CO2

3.2Cbcrystal Screening

Bet ween 30 and 40 mg of APl was weighed into
sel ecft edmero wahkc emed mgen ed@rh)wEaatsOkhdded, t he sol ut i c
50 AC and all owed Cemi evaporaas ©Ache d¥ weoeeirghi
in a ball mill, adding 1 volume hept alhheeg and

recovered solids were analyzed by XRPD.
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3. RESULTS ANDBCUSSI ON

3.3Characteriafatlirornee Compounds

3.3.1XRPD Analysis

Bul k NCS showed XRPD diffraction pAaksandcharac
monohydr#&ld)efONGS, the dif FigdaZegrmaisreywyd e show
di ffracto#dr amephr8@Sin | PA agreed witktpowder
aland are aFsolx[dloANg]$FHi mharacteristic peaks inc
12.78, 16. 9#vhidmed NCBa2acARri s6i 6lpeaRsOd@dppear
17. 28, 19. 8OPZ @xeld 2608 1le ARer i ments was Form A
characteristic peaks at 4. 01,dF6.n3a3,l y§. ONB,M 8&.axs
characteristic peaksgl.at 7.99, 21.54, and 24.0

——— NCS (Sigma) NCS-A NCS-H ——NBM —— PZQ

A
- o A A Jil R

Intensity (Arb.)

29
2-theta (deg.)

Fi g8B2X¥RPD diffr arccitolgo aanmi dd ( NCS; from Sigma, anhy

forms), nabumetone (NBM) form A, and praziquantel
3.3.1s@l ubility Assessment in Conventional Solvents
Solubility of NCS, PZQ, and NBM was evaluated
organic solvents. ThHeaebllesluiht geaeeasuyumN&ESi 2adi
solubility in most organic solvents, giving
except for THF. NBM solubility -MaBHHK, ght OAc s o
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and ACN with all solvents giving more than 19
i n MeOH, DCM, and THF with more than 120 mg/ m

bet ween 40 and 80 mg/mL solubility.
I n cases where slurries were obtained, solids
evaluate polymor phi sm. Il n the case of PZQ and

pol ymorphs, while with NCS multiple umique XR
NC&H andHNE&nver tAed nt oo PNACGammdrfeEe OAa. sl urry i n 1
mi xXtur eAodnINC&E previously r eparmtnefd elrHFa soll wrart
Me OH, another unigue XRPD pattern was observe

reported NCS polymorphs.

Tab3leSol ubility resul't for three APlIs in organ
Solubility (mg
Solvelr—cs Pzo NBM
Me OH 19 128 -
Et OH 12 6 6 -
aceto 20 73 >300
DCM 9 >500 > @0
THF 52 178 >300
2-Me THF - > 60 19122 3¢
Et OAc 11 41 2 1192 6 ¢
I PA 13 4 2 -
ACN - 80 2 6183 4 ¢
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—— NCS Baseline

= |PA slurry

= THF slurry
MeOH slurry

Intensity (Arb.)

2-theta (deg.)

Fi gB83¥ni que XRPDdpdtfteerms poloybmsoerpvhesd saofl tveart essl)ur r

various solvents compared to input material (mixt
3.3S@dlubility Assessment of Three Compounds i
A | imited nunmmbeears uorfe nseonltusb iolfi tNNCS, PZQ, and NBN

to help detewmsna fEtasehteCOol vent for crysta
woul d betonecepsavgokobubitytgf NCS was the | o
compowmilNBeM exhi bited the highest solubility i
are summBah32e dSoiln ds remaireissgrienvelasehi guer e c
XRPD analysis after the experiments to evalua
no evidence of atdkRrachariacteol gpmocpipeaks in X
recovered solids were i nasaggiddeg@#aitem wi hb theei
NCS, the input material was awmnxBfineéof a hy
exposur et he XRED showed characteristic peaks ¢
the characteristic peaks of whhiec hhyidsr adti esdc ufsosrend
det adhla ppt@eorcr yst al Formation of Niclosamide an
| mpact ofanQosi ol tehnetr ef ouUThendti fdiracu sgedd mserfer
experi ment Fagaskdohwewer n in ,the XRP®O® di fPZQcCct o

recovered swméewgdsgeehcbatedteristic peaks whic
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pol ymos pshhbBiwgdalan addition to the change in XR
mor phol ogy change was al so obser-vielkde fs@Iimi &s fi:
i Fi g8~ thorough investigation of ticdhapoeel 6pc
and is therefore not discussed here.
Tab32eSol ubility of 2 hree APls in scCO
PresstTemper a CGdensi Solub
Compou =~ ypg AcC Hold ti "7/ cc Yiie
NCS 20 40 24 0.830 0.08
18.1 40 25 0.819 3.41
PZQ 12.9 40 24 0.740 0.48
33.6 61 24 0.853 > 42
NB M 9. 4 40 24 0.560 5.86
26. 2 60 24 0.797 48.2
ano solid remaining in paesalitrézraméeasuneménctkyABubstdac
vessel
NBM Baseline
NBM, 60°C/26 Mpa
—— NBM, 40°C/9.4 Mpa
g
<
: l
(7]
3
g.._ Jl_k A }1
4 9 14 19 24 29

2-theta (deg.)

Fi g84NHBM XRPD diffractogramfafft®mMowixmpe stumer ¢ owa s Cr

pol ymor phi c

transformati on
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—— NCS Baseline

——NCS, 40 °C/20 MPa

|

Intensity (Arb.)

e

4 9 14 19
2-theta (deg.)

Fi g85%NCXRPD diffractogram affarer24e xtposure to scCO

——P7ZQ Baseline

——PZQ, 40°C/18.1 MPa

Intensity (Arb.)

2-theta (deg.)

Fi g868-PZXRPD diffractogram affadrein2ndexhc@as umeg tao pod o

transfor mati on
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Fi gB8T-BPZQ solid exhi kietimogpheédlgy afftoerr 2edx phosur e

3.3C8crysScarleening in Conventional Solvents

The propensity of NCS, PZQ, and NBédw & mo rf atrimo rc
met hod was explored. Coformers were selected
cof ormer which have the FalygB&detpyi cttos ftohrem choyfdorron
in the screening of three compounds, which in

carboxylic acids, amides, and carbonyl s.

61



1 2 3 q

HyN
NH; 0
CH
HaN ~<
8]
0 8]
OH

OH O

5 6 7

HO OH
OH CH
HO HO
Q n]

OH
OH
OH
0 NH, :
~ | AN
NS Z
N

8 9 10 11 12
- HO (8]
O (8] NH: =
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QN
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H,C ” HsC ~.
CHs I
N 7~
< | N HO
N /&l"r ~
T C 0
OH CH}

FigB88tructure of coformers used during screening
l-ur ealral2zanimel oni 4 mateddsiuc,ci n6-mabhccdgbcutdaric acic
8i mi da%Zmilegt i AiOci act idi dins odrei, ¢ o tli2Zaammi Mdoeb e n z1o8i ¢ aci d,
4hydroxyberdzZoatf avme,i | | i n.

Bet weeveenrnd t en coformers were screened for eac

summar iTad3ilBei n

NBM did not for m-ea agpomaray g toanl mey htolde waid h any o

as indicated by XRPD analysis where only <char
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obsettvtedust becmydteal ¢ haft MBM wi th mal onic aci
been report[edélihlpecc ysetmatsuwer e -eaM aspo rpateiparmrr eidn bk

However, the solvent was evaporated under vac
at mospheric pressure. The concentration of th
i ni $ hstudy t he c¢6ohcreM.t rTaltd owma rmiaast i4ddn i n evapor
concentration is possibly whkyytsheal malwemiec nad i

this sSupponrhgng data for the raesel gsvenomnNB
Appendi x B.

Cecrystal s tolted MC SsdwostTha b3iBeave already been rep
l'iterature with thd lelx¢ dSito¢, ditbilgibsmalindedilte aa!

of carboxylic acid NaCSd sphyorwiedi mseo nfeu recvti ideemeclei toyf

with all of texc aegets tneod ecnazfob ncmeaxcpiedr i ment s wi t h
i midazol e, isonicotinamide, and nicotinamide
observed by XRPD which indicates complete for

nicotinic acid ands urneat hseh oX\WRePID uinnidgiucea tpienagk ¢ o cC
al so sacmerdisariac peaks of eitherSNEBootri cgof datr

for the results from NCB8ppeoadyst 8L screening

PZQ did not for-aml anconeyysitabt wn-éamagiler abronr ea
experiamentf ®r med a gel when screening with mal
acetbtvmeence of cocrystal f or mat i-hoynd rwoaxsy boebnszeori vc
acid, glutaric aci d, immalboontihc aacceitdomheaa lneen ds wHctad@ Hn
cocrystal formation with malic &ecirdy sathadl sv awiitlh
t he abBoweneas, with theaeeackepenonepbuwvembet hili
di scussion and supporting data for the result

Appendi x B.

Tab3d3eResul ts of cocrystal sswrapemiandg onf ithhracetdmhles
Coformer NCS PZQ NBM
acet Et OFhacet Et OFacet Et Ol
4-ami nobenzq U U - - - -
4hydr oxyber - - \ \ U U
caffeine \ \% - - - -




Cof or mer NCS PZQ NB M
acet Et Oracet Et OFlacet Et O}
glutaric af - - \ \ U U
i midazol e \ \ - - - -
i sonicoti nij \ \ - - - -
L-al ani ne - - U U U U
mal ei ¢ aci | - - gel gel U U
mal ic acid - - gel \ U U
mal oni c aci - - \% \Y U U
nicoti nami |{ \ \ U U U U
nicotinic { VU VU - - - -
succinic af - - \ \ U U
ur ea VU \ U U U U
vanillin - - gel \ U U
Not eHyphen indicates the expemidimemt ewas hmdt s
mi xture of API and cof or mewWi nbdyi cXaRtPeDs (ac oucrriygsut ea
pattern was observed compar ed®¥Uit od iAlPdt eafda cmif ot
new peaks with API or coformer reference was

3.

NCS,

r
S

n

S

p

e
(0]

(0]
n
n
0]
a
c

(0]

4CONCLUSI ONS

searc
l ubi |
vel ty

gene
comp

mp o un

PZQ, and NBM were evaluated for the purp

h presented within the seovpéuat edhibast
ity in conventional toemdency stod vieoatm &

of the research.

ral, NBM exhibited the highest so0olubil
arison to PZQ and NCS. N €oSf  etxhhe bti Hreede t
ds and the data obtained in this study

| UesepeDdSoxl ubeeadsiuvtryenent Met hhad Bévelropm@ots url

CfOo r

| ymor

PZQ exh

Bet ween

24 h without mechanical agitation, NBM
ph, whil-£ anad NE€&M\wee rotf e dACtBof toenrl ye xNoQSs u r
i bited new peaks in XRPD afterhexposur

eight and ten coformers were s-elected

evaporation metdlEd dOH rantdwa cedlovment Al t hough <coc

previously reported with NBM, theyi wetki saot o

study.
both so

Both PZQ and NCS showed evidence of co

|l vents tested. Namely NCS smowetheaviode
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aci d, caffeine, i mi dazol e, i sonicotinami de, n
showed evidence of 4gdrysiyblenzormaticod, wigl bt 4

mal oni c aci d, succinic aci d, and vanillin.

Based pareltime sfady sol elaisler pgt @lo f ormati on, and
and NWESel ected as stmodenlovedicko wmald PZQ exhi bite
solubil btgmpar esd¢ COo NBM, but one objective of
explore the i mpact of cosolvent selection on
suitable candi dates 4no xitruweesst.i gaott eh dPaZsQo lamedn tN/C
formed cocrystals with a vaFuetWhWweomocef oPD&r a
exhibited interesting behavior fromwahiploég ymor

NBM did not exhibit polymorphkism in the range
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4 CHAPTHEHERTERNARY PHASE DI AGRAM DEVELOPMENT ANI
PRODUCTI ON OF NI CLQFRAEMW BBERYSTAL BY SPRAY
DRYI NG

Reprinted with permissi on-Vfernaung olp.aA., Ma o EKaeg hmearnr
M. Mi r mehrabi, Ternary Phase Diagr atdr Pav €bopm
Crystal Dbyi Bgr ay. Phiadm. Sci. (2020) 1

4 . JABSTRACT

I n this work, a ternary phaseudeéeagyamawasg NCSv
UR) in isopropanol (I'PA) using a combination
ternary phase diagram showed thdtbgobdnbotdey
magnitude in I PA, leading to an incongruently
met hod to dd&neaCaytset aNCS wi th small, uniform par
prepared by spray dryitnlg Virelmd ewgm yteb BAZ%.sveC@ @ t
pure-rlayy owder diffraction (XRPD) and differe

conditions explored. Somewhat similar particl
(mean sim)e oemdRard 8F.eMM)C. (Ras8ed on the TPD, i s
caerystal through solution crystallization 1in

drying did nof oremguivri @ n@®x sed dlbd dwatsy coof mpNaQSe d
anhwydar NCS in bior dJJRe dardt nmeadiga.veNCSnpr ovement
24 h. Overall, this work showed that spray dr
caerystals for an incongruentl yrastaatmg amii algoBs ys
particl es.

4., ANTRODUCTI ON

One of the struggles of modern active phar mac

solubility. This problem has stimulated a sig
solubility of APIs through amonpheacsrtyssotrald of o
formation, and pé@r]jtmprl ey esd zseoclruwhsdiwla@ittisyo masf actot r i

Aspring paraddhatiedpreiffigcgarachut e€éd ysdrmmdept s uc¢

di ssociates to form amorphous or giving rise

6 6



through metastable forms (the parachute) unt
equil i briumrsydtuadlilliizat.i o i s an established

solubility of an APl and i s thieccaomi ng more po

i
t
P

fieBd4, 21, 26T MR8, A, e/Duy 76 t hat ARIly sarad baorned entdo

generally regarded &8, 2 & fH® e®RASr ntabrosnpwiutnid s .

t herapeutic ef fleéc7t]s are al so reported.

l ubilityfof mAPI iand goven solvent system i

v m

—
> S £ O
-

ccessful 4sgbablonTbe @ahase st abvildual iandad
ough ternary phase diagrams (TPDs). TPDs

nw 9
—

congruently saturating. |l ncongruently satu

sed methods because an excess of ooaeysbampbo

mponent is not removed by filtration. 1 n e

-~ 5 O T 9© OS5

Class 2 solvents in a scalable process is

nw o < O —+H T

o

vent according to Internation@aé63]Council f

L >
n
nw o

Q
—

efl16@ulrey crystallization is viable at |
tallization[ ImBOglet mbehodat hahgcagpbkt-omoce

o O O
= =
< <
nu u «

o
=}
—

i nuous <crystallization and isolation whi

(7))

QD

—
>S5 O o < o

s that addition of undesirable Class 2 s

solubility modification may be avoided with

The final product of a spray drying process

67

tallizati[dsb5ild&Pppragy ddryyinmgmg.can offer the

n

S

a

d can be used to def-foeméheacdmpokveysdradvherfs
abl e at[ 2e6q uBiClecBysJtuanl. components can be consi

r

n

i saritsi coul arly chall enging using evaporative,

\Y

desired Class 2crsydtvalnttso waragisi st néhPeudcéod | s at

o

hal | ecrgyes taafl Iciozat i-om.-en@y ditoalls!| ii zatsicam emet hod

isted grinding (LAG) ,melvtaiprog adri es en atr yesa sail 11y

a

di[s9 €& poruatyi odrr.yi ng can al so be advantageou
r actriynsgt aclos. Reports have shown that stoich

e -puy et &@los by spray drying [il 1iTrhd Br] grreuseunl ttl

o

o



temperature, solution feed rate, solvent, con
t he geomet ry 1lo/fO Tthhéel Jastyosntiezmm.ng gas fl ow and sol
significant i mpact on particle size, while so
di fferences|[ il ™Mopraprhtoil colgey soifzes.pray dried partic
which depends on the crystal lattidded8nd 7di]f f
For exampl e, a-utrheeorptesytl d li-lniek e ThitbY)g o l-ogy, whi |
saccharin exhibited irregular mordhol8gy when
anot her ex ampdfef,ecanydsaqpaslomeas prepared in three
solids exhibited] Ehleri cal mor phol ogy.

Niclosamide (NCS) is an anthelmintic drug typ
humans and animals and is part of the World H
[ 14NdC]S anhydrous form has an aqueous solubilit

even |l ower sol ubligs]tguoh, <NCSOAmMLS in the Bi
Classification System (BCS) as a cl assystaldsu
of NCS with-farwerrise thyaveef bcecern 1degp AAON@Biem | it e
caerystal prepared by LAG with dtohldy sad athatl e wy

i mprovement compared to neat NCS in 40% isopr
with simil drldpielweved e solzebi |l ity assesment in
investigated. The i mpact of-crpyagttalcd ealss @ ehan

investigated. -dry satdali g i lbanv, e NICd&St clbeen prepar ed

as wpdraying, to the best of our knowl edge.
The current wor k i nvecsrtyisgtaatlelsi zsaptriaoyn dprtyoicnegs sa sf
former, urea, in a Class 3 solvent, isopropan

prepare ph-&dfecpyseaNESwithOsmabbjpat-i vel ef st h

crystallization is improvement of solubility
caerystallization and particle size reduction.
data of anhydr oStA Nincl) RNses®nyisdteal( NOh bi or el evant
has not been reported in |iterature to the be
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4., SBMATERI ALS MEDHODS

4. 3Material s

NCS (>98% purity), was used as received witho
#: 058M4059V. Urea (>99% purity) was sourced
Anal yticmldomamale 2>99% purity) was#sb856&6. fr c

4. 3X2 ay Powder Diffraction

X-ray powder diffraction (XRPD) was perfor med
mode WiutUKkoarce. The -80&wi2t hn@setOdpd sRidze. Sampl e

prepared-renu$%in mvafer s.

4. 3TBer mal Analysis

Differential scanning calorimetry ¢DSE9dmmlass p
(~3 mg) were weighed directl shoilreto  Ahér metaisa r &
were performed under28580t A6gan gasaféowf fiomo3,
thermogravimetric anal ysi sy anfTdGAYIiDSCG)r ewnatsi aple rsf
using a Mett !l e TSoalmgddGe sHgR)A/ iDéSrCe wei ghed dir ec't
alumi num p-ansewand ph-Bb9gzAG&tatotm BO. 0 AC/ min.

4. 3Sdanning Electron Microscopy

Scanning electron micr-bstclompgl wWaEsMDp ef rofro rsnaendp | ues
Hi tachi Cold Field Emission SEM, model S4700
Sampl es were mounted on carbon tape -Rhdl syeart t
using a Leica EM ACE200 sp&tard @BDatper f GEMed
a TESCAN-LMIURAESEM with 5 kV beam, approxi mat e
2560 pA beam current. Samples weerd motuhted ol

approximately 15 nRPARuUP3$Ay=xepututse m gc aa tBd rO.

4. 3P&rticle Size Analysis

Particle size distribution (PSD) of solids wa

used to process 50 to 100172)rticles from each
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4. 3P6oton Nuclear Magnet it MRMRB)onance (

'H NMR was performed using a Nanalysis 60e NMR
di ssolved in 0.75 mL desuterahetwbetdrapgd(appr
of ODto aid in solubility. Solutions wexe tran
200 MHPPB)5.06The measurement conditions were 172

and 3.7 s acquisition time at 33 AC.

4. 3B7unauEemmet-Tell er (BET) Surface Area Measur
BET analysis was performed on Mi2c5r0o nmegt)r iwesr eGe
degassed with6& gentle flow of nitrogen gas f
beads were added to the balance tube to compe
point analysis was used to determinatBPPTPsurf
values of 0.05, ©0.08, 0.10, O0.15, 0.18, 0.20,

4. A3NBSUR Seed For mati on

NC&R seed was -pvaepamratdi dry. cApproxi mately equi
mg) and urea (35 mg) were dissolved in 20 mL
at 50AC while stirring. The r esumktarn)g atol50 sACc

f our hour s.

4. 3N€S Anhydrous Form Preparation
Anhydrous -ANCSva(sNS epared by weighing about 30

and adding 3 mL I PA. The mixture was stirred
pressure. The sol-28s5wienHg)irif emlisésbwekke (Qekrnit
ground in a mortar and pestle to reduce part.

assessment .

4. 3. 10TPD devel opment

Slurries were prepared with varying compositi
solid mass). All slurries werlR sceceydsetda |wistehe da pa
were allowed to stir24at ACPondpesmhpesr avteurce f§RT e
5m filter paper and XRPD analysis was conduct

determine phase i dentity.
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For NCS and urea, solubility points were dete
Reus prjor®&lurei es were created using 30 mg so
compositions of NCS, wurea in I PA. The quantit

di ssolution point, which was used to deter min

4. 3. 11Spray Drying

Spray drying experiments were c&€m®dyctwed clhsi ng
oper at ecsurirnemt cfol ow direct-2865 | nantmh so plteipo rc t v
Fi g4lr e The spray -fdlrwyied mnuoszezsl ea wiwtoh a 0. 7 mm di &
compressed nitrogen at a pressure of 552 kPa
246 L/ h for all/l experiments. The 4pramyddayyet e
spray cylinder, 330 mL high performance cycl o
of NCS, urea, or their mixtures iWer5e npgr/enpLa)r.e dA
total of 200 mg solid waseswouystal fozaktriach exper
solutions of NCS and wurea in | PA -&yeaprQuSbd. A
The stock solution was fed to-6t hm/smrmagy adrdy er
perf or manceusceydc Itoon es ewpaasr at e t he solids from th
was condensed in the sealed inert | oop. Stock

outl et were varied.
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Fi gdir-8chematic of-ndpgrmrayedrpamppsd, lyg3mi2zer and inl et
temperateeée, sdtuyi ng, cBoaumbl eert, t6e prpyecrlacdcnuer eand7 col | e
vessweént 8t o inert | oop through m dfagflfowter. Arr o\

4. 3.12Solubility in Water and Biorelevant Med

Fasted state simulated gastric fluid (FaSSGF)
(Biorelevant.com). First, 0.200 g NacCl (Fishe
water. The pH was adjusted to 1.6 aulsdiendg tlo N iH
to volume in a 100 mL volumetric fl ask. Bi ore

salt solution and made up to 100 mL wusing the

Fasted state simulated intestinal fluid (FaSsS
(Bi orelevant. com). First, a phosphate buffer
(Fisher Chemi £& O, (Fi3h®rgCNali cal ), and 0.61
distilled water. The pH was adjusted to 6.5 b
distilled water was added to fill to vol ume
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(0.224 g) was dissolved in 50 mL of the phosp
phosphate buffer solution. The prepared sol ut

instructi on.

Solubility in water and simulated fluids was
(Ther moFi sher). Solids (~4.5 mg) were weighed
simul ated fluid was added. Allnsampt eisesvewer @
until the sampling time. Approximately 1 mL o

filtered through a 0.45 Om PTFE filter direct
(HPLC) wvial for analysis.

HPLC analysis for solubility assessment was d
equi pped with a Waters XBridge C18 column (4.
built uAimmgeN&LrSed at various coneaedt 8881 &gé m(:
Triplicate samples were prepared for 154 Og/ m
mAu ( mg¥wmlt)h a correl?dtigomaceef tihaine®t AOR Conce
and -NRSin water and simul at ed nfgl dihcks NWCSr @ eakl
the cali@Eragtad.en | ine

2500

2000 |
El
<
£ 1500 | y =7.2289x
2 _

S R? = 0.9994
<
< 1000
1]
[
(=

500

0
0 50 100 150 200 250 300 350

Concentration (pg/mL)

Fi gd2-HdPLC calibratien curve for NCS
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4 . RESULTS ANDBBCUSSI ON

4. 4ACharacterization of NCSUR Ur e a, and NCS

Bul k NCS showed XRPD diffraction pAaksandcharac
monohydr#d)efoON&;mS, the dif fFi gdIe@egmraidreywd e show
di ffractodr amephhrd@Sin | PA agreed witktpowder
aland are aFso43Xx[dloMbhlei nrea diffractogram showe
2222 .28TGA/ DSC of the starting NCS material sh
NC& andHNRNC®8B5]sed on mass |l oss in TGA (1.15% w;
of the startinag mehtierhi aclaFnwgdsd Mh®@II mdl t hng onset
NCRAwaz3A awmrdeal W&GlBy DSC, and their tFhierumegr an
4.5.

Counts

MUWW

|\|||\|‘||»\\|\\\|\|\|\\\||\\||\|||\||||\|||\ L L
4 5 6 7 8 9 10 M 12 13 14 15 17 18 20 28 29

2Theta (Coupled TwoTheta/Theta) WL=1.54060

1 Urea n & N

Fi gd3X¥RPD diffractogrfamsuroefa {Na@Sdf oWGG® d -t hrough <co
evaporation
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Step -1.1465%

-0.1422 mg
0.1
mg
30 40 50 60 70 80 90 K
0 1 2 3 4 5 3
I 12 4
t ey
Integral -229.51 mJ Integrd -2022.37 m1
normalized -18.5031g"-1 nomdized -163.061g"-1
Onset 87.05°C onset 229.28°C
50 Peak 106.23°C Peak 231.66°C
mW
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 X240 °C
0 1 2 3 4 5 3 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 min

Fi gd4-8i mul t aneoutsh errGAd PISCHNE S

ex0
NCS-A
-
_—
NCS
10
Wg~-1
Urea
"
NCS-UR U * [
\ f
L
\ |
‘
1
| |
-\‘
I
20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 °C
STAR" S¥ 16.00

Solid State Pharma Inc.: SSPI

Fi gd5BPSC ther mogrAamsstodc NCNCS ,-URrfe@ar, macad dt NIC&Sugh co
evaporation

Ceevaporation was sucURsad udonfni pmedulty nRMNKT Sa
on XRPD and DSccraynsatlayls iwsa,s tphheasceo pur e because
detected. However, determining theidcattecti on

techniques were considered outside the scope

75



di ffractografAms of e O nd N8B &® d -etvharpoouwrgaht icoon ar e s
Fi gax eThe diffract ogbRana gorbeteasi-ameiydts hf aotirh eNeQiSm r t e d
Sanphlu4Thhle structure and hydrcogehabowdsndemet m
Sanphui ané&i g4a[slhhdMme NEBS-coyst al I's formed thr
(& 1. &076;.)6 hyYdrogen bonding between OH of NCS
NT HAAAO2 (#15 4., ByA)yogen bonding of NCS amide o0x
i's only one repor t-BR -y sytneolr.p hl o fa ddiet iNCRS, t hr
there was no evidence of aURIibfyf eXxRePnQt opro | DySt rapn
However ,altlhiez atriy®n hafs MGy been reported from

acetate (EtOAc) by Sdrdpgmmjus, atnhde |pPAAl ymdri psh iwo rl
NC®&R is rather unexplored.

Fi gdé-Bydrogen bonWR nwpsiofg NLCiSngl e crystal [did4f7flr act i

NCS®R was characterized by DSCXanbdeswewaedt aeme
onsets of -Areal sasmdadNiCSei ng[ WTlhepmeVionyg oapger

NC&®&8R also agrees well with the predicted mel't
proposed by2BFlevli ovichodés coriCel at B8H%pfEERCESC
which is within the standard deviation report

was obtained using equation (2).
Y . #BDOAAS 63TY . #3 (2)

where A and B were deter mined bcyonftiatitniinngg kcnoo w
crystals to equation (2). Thke ywdlades wefr eA 18r0d
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0.648, rée¢epéctivel y.

4. 4TPD Devel opment
A TPD was successfWRlI yndéVPAl apedoboor t H@Per at u

data from slurry solids as well as sotabibfty
37 data points were used to construct the TPD
solubility points. For soAudndiudryeaswerses merdap :
from 108%tNCS00% urea in 10% 90%,r e8EMW,t sé byl 4
NCS). Between 1.2 and 2.5 mL of I PA were grad

di ssolve the solids. As the mixtures neared t
each aliquot was decrieoans ecdo ntcoe ndtertaetrinoinn emotrhee asc
the solubility | i pAe ameddJR CShseo | eubti d dttiyc poofi nNGS a
8B6% NCS were assessed at 100 mg scal e. Bet we

each of t heisre a xgiemiilmerntmanner as described at
pl otted on the TPD by c#&lL cWRat iamg m&lAe atr adbtei
point .

To assess the composition of solid pade, sl u
100% urea in 10% increments by-Amas A rcatnisda a(nit .
volume of I PA (3 mL) was added toanywebastt ween e
ON+S6 and ON+CC+S6, as well as OU+CKi+g4or emnd 6
anki g8 e additional slurry points were added.
determined based on the expected | ocat-ion of
98% MCS wiBtvoh UR by maB8s¥s INESH{ dvi-@h53P% UR by mass),
respegctilW’AAl was added to the solid mixtures to
respectively. A constant mole ratio of | PA wa
produce a horizont al l i ne of datwg, popnntent hat
the constant volume of I PA in the first serie

XRPD analysis of the solid phase, the data wa

combination with s ool idde tpehransien ed atthae wpehraes eu sbeodu ntd
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regions where each phase is prAeesedC-UBNGScdsetf ahedy:

urea. solvent addition sol ulpihlaisteys gaiom & h(ecisrl wlrea sy
red), NGWBR +( dNgCeSn  d i a moelhRI, ( Tb,| ugerdgR MHC S rNeCaS (fi |l |l ed s
orange), urea (filled triangle, purple).

Fi g47taenKi g48&sehow t he TPD devel oped along with t
and solid phase -cdreytsetrami nsatta boinl.i tTyh er ecgoi on i s sk
meaning ti&Rt stylse¢ edhiCS s i ncongruently satanr atin
producertylse adowi th equi mol ar sodevtaipomatiwmi ¢

|l PA sol ution.

When developing a solubility Iine in a TPD by
must be obtained separately to better define
solvent addition method andd stool idde tfeorrmm ndea ttah ef
regions. The res-utystbhdisaseabhat ashéeheosing
solvent system at RT only when urea is presen

mi xtur eA odn NCRBCiISs d bastersvyieb st oi chi ometric urea

system, a slight excess-cafysurada wadul d ebda sad dae
a process such as spray drying, it is possibl
formhetrcyst al . It has previously been shown t

spray dryifd@® lmétodgdds.pray drying was explored
NCHR.

4. 4PBoduction -wrfedN@3oyst al by Spray Drying
Spray dryURgwas &NCB®l ored using equimolar rati ¢
on the TPD, evaporation from a 1:trygsehtation s
Parameters explored -dRri ngl s8¢edyfc dnegeedn gsroal fuitd @
varying from 3.3 to 7.5 mg/mL, andabhke®fthet emp
series of experiments varied the inlet temper
temperature and the f aed Tshel uteieadn swmd rud @ mtnr atoin
i mpact particle size and cyclone efficiency.

expected to give rise to | arger particles due
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Spray dryi
Fi g4 eThe
mor phol ogy

nce of | arger particle size is |impr
ture can also i mpact efficiency (yi e
e and be coll ectwasE&V OhTlghS]r quant i
e range of 70 to 128 AC was selecte
an be achieved at temperatures | owe
e of.[101 A0 ewuppeel ddtméd of 128 AC w
temperature ab.ovAek wiheke bpdn ngf ptoa mp e
O assesscrwmwmphaat ObOormapurcte, samd, ycC
ion range was selected tocbgsuaders
i ny,l PsPo.l uSopielciitfyi coafl It h eA,l eisrs ISRPA uwd =
at 13.2 mg/mL by the somlvent addit

i ons were prepared at | ess than 50%

e recovered directly from the coll e

zation by XRPD, DSC and SEM. Yields

on a mol ar basis, assumiingn 1¢( 1) sto
a€a

(l)"Q'QR‘!'QpTTT[ a € a (1)

tsthpeg az0@rying runs vari edTlabrloenT Me5 % (

ields obtained from experiments may

of fine solids, which consequently

prepared by spcryayf odrr ysionnge, stohl e rdes waos

stead of accumulating in the collec
i s higlhi,d téhred ncaht aulrlee mge & hvwei tslo col | ect
yield inconsequenti al

ng was successful in generating sph

s-Pheor pabl 8gy can of #De rn eiendpl reo vl el nkeen t
of bul kA NahSd-H\Naisint utreer nosf oNCSE | owabi |

the r wdns-55DSWD particle size was assessed throt

cuum ati ve

di st r iPiugdir@en Al dr ¢ hslerewrs oilmds had av.

| ess emhdnabfabdle, The sol i d&s (flroovmsturdr§yD ng t emp
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exhibited slightly narrower PSD. This may be
reach the particle fl ofckiCx]g!l poenedfdaorengyeva
particle size, theref ar gcat)Dec osnmpaalideedredt)pda rStD c | e
|l i kely also contributes t-G][ tlfHo]webvseerr,v eRISOlec e a
determination through i mage analysis can be b

required to understand the i mpact of spray dr
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roro L
50.0um 3.0kV 11.8mm x1.00k SE(U) 50.0um

[
3.0kV 11.7mm x1.00k SE(U) m 50.0um

SEM HV: 5.0 kV WD: 14.92 mm | | | MIRA3 TESCAN SEM HV: 5.0 kV WD: 14.95 mm | | MIRA3 TESCAN
View field: 47.5 pm Det: SE View field: 47.5 pm Det: SE

Fi gd9-8EM i mages of -Audkd-NKLGa(WNCSol ids -dbtsgDned fr
SBr and 3 -§sBx.al e SD
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FigdirteCumul ative particle sized4,di50 airdubdSasoend odn s o |
analysis of 50 particles.

The solid phase purity of product was assesse
samples appeared phase pugélrleyD X®RPDn alnyds iag eo fs
al so agrees wirtyhs tpahlass ewhpiucrhe icso observed by t he
Fi gar2e However, the | imit of detection of thes

determi ned.
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reference shown on the bott om.
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“exo0 NC S-UR-DSC stack repeat 08.06.2020 15:33:28

SD-1

SD-2

SD-3 \

SD-4

SD-5

SD-6

SD-7

30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 1950 200 210 220 230 240 °C

Solid State Pharma Inc.: SSPI STAR" SW 16.00

Fi gdr12DSC t her mogr amdJRo fr usnpr dy tMCSugh 7.
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Tab4leSpray drying experiment operating parameters and summary of

Test Cczr:nc;?r;ntl_ Telmgleer}te Teorr?ptelreat A(sigihr)e \Ei%e)l XRPD Re DSC Re AP\él?: ?%
(AC) (AC) Di amet
Ceev a 9.8 n/ a n/ a n/ a ~ 10 ccC ccC N. D
SD1 5 128 88 30 59 ccC ccC N. D
S B2 5 100 59 30 60 ccC ccC N. D
S B3 5 90 52 30 62 CcC CcC N. D
S B4 5 85 50 39 N. D. ccC ccC 2.8 N
S DB5 7.5 85 52 39 69 ccC ccC 3.4 N
S B6 3.3 85 50 39 73 ccC ccC N. D
S b7 5 70 40 39 45 ccC cCcC 2.0 !N

Noten/a not applicabRees;ulN.sD.f rnoomt idmeatgeer minnaeldy.si s of 50 particles.
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Spray drying is-caysapldfprmaessnsoscbheavily i
TPDs represent equilibrium systems at a speci
TPDs to spray drying i s o ienxiptleadi,n beuxtp etrhienye nctaanl
the fastest drying processes-Adiod mottashaowt dei
dried pacrA ihcalsesl.owNedS sol ubility than urea in |
which could popseobipi taadng oi NCShe process we
evaporation temperat-Ar epr HowaveerenebshewedNC
i's a phasrey sppuarlee cboue t o the nature of the crys
t echni qaherso sautcchgr aphy and nucl ear magnetic r es
purity since components should stil!l be prese

amor phous content may be required to deter min

4. 4 .S altUp and Solubility Study

Two spray drying experiments were scaled up t
residual solvent content, surface area, and s
selected ba3eanédh8bMMilesTiBed concentration, fl ow
were held constant for both ex’®brimbet pratdubt
for the experiments were between 47 and 49% w
portion of the product was |l ost to the cyclon
approxi matel yURhasyestpalr eb as3&8d DONC XaRPaDl ysi s, wh
found iFni grRulrG@unile ga4ar44H NMR showed that the resid
collected solids was3 (.n=EHQ SDred pk.ca8 vvetl . y% ffarl IS
acceptable I'imits based on the I CH rediédBdal s
The NMR spectra andFipgetidrke n&lir gdélsear e gi ven in
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Particle size and surface area of pharmaceut:
solids obt-8i aed BPom SDbject to particle size
The particle size of the sdliimhgd efdr drg 3 mp gsec aln
particles andlaibdl2aesnEinmpdl 7ezEBlle iaaver age particle
analysis of8swhasds. 4rOm 5D9 wds sbl2dOmf r Dme SOOI
average particle size foll owscdlhe exdpedll|itenemtds ,
411, but the 0.2 Om difference is withi8h the e
and-9S@re notably $owke thpertmenssmabbsed on i
the error for the-mgmagel @afh.alnysi7g S®Ofs tshuds2@dt i
smal | sampl e si ze a8ndantéhuSsbDe trnhoet rsetsalthiesst ifcoarl |Sy
|l ower drying teWmpeglatAiCG)e gawve umi sSD t o smal |l er
di stribution t hafnr anBeSWwpiarht iac Iselsi gohbttlayi nheidgher d

89



AC). The s u€e8f aacned afwBerae olf. 3@ ande Yp OBt imvel y, th
which arki d4ngmrddi igdulr%® Al t hough the p&ritd cl e si
slightly ar gehre tShEavh iStages sho& ghaki thei paky
exhibit more irregul a. tTexitsurma8 nbacsowlpyagriBd3ro ns u
area tO9nhan nSpDaddineiikmr darticles were8ohasdr 8BDd |
9 which were not observed at small scale. How

pol ymor p-bhRpf nbl€Sexcess NCS or UR by XRPD and

100 F '

80

40

Cumulative Count {%)

20 —5SD-8

sSD-9

0 1 2 3 -

Particle Diameter (um)

Figdr®€Cumul ative particle si2¢ rd8BandbID@iserd ®@fn s ol
anal yk0 sparfticl es.
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Tabd42ePar amet ers aned rsexadlet s pfrragmd3 ying experi ments.

Ma s s
I nl et Outl e . col | e Averag Resi d
Test Tempere Temper a \E'O/e)l from EEE& RDeSsCu Partic I PA I?AEr-lc—aaz?lér‘
(AC) (AC) 0 cyclc Di amet el (wt. ¢ ’
( %)
S B8 100 58 49 18 ccC ccC 1.4 N 0.50 1.8@.0
S B9 85 51 47 14 ccC ccC 1.2 N 0.48 0. 8.0

lResults from image analysis of 100 particles.
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The sol ubiURi wasofasN€@Ssed in 4R blyPASainnphanat er
[ 147 their-URapdroweNCS&ppfroolxd maniperloyv eame2nt i n s o
NCS at 2 h and 24 h timepoints. However, to t
compari sdR dfo-AMCH® bi orelevant medida.NOBe solu

was comparAed nt wahN@3 and biorelevant-cmgdtital at

with small particle size would provide an i mp
solubility cPompTahreeds otlou bNAS ayi almi wiat erbshweve
samples compared to buffered media. -At abdth 1
NC&R were not statistically different in wate
with small quangampleess iTrhewgtHe ré\f wWd7sh &sli)mia nadr NG
UR (77.589) at the 24 h mark. In FaSSIF (pH 6.°F

triplicate sAamxlhedbidred NMProved -BR lautbibotthy co
ti mepoint 9. x&Atbilt ehd iSMpr oved s8o | unbhiilciht yi sc o mpkaer

to the smaller particle size of the s®land. S
SDBO. Li kewise, the pH-At( 6.46 h)-UWargd66N8ES li amar f or
FaSSIF. Solubility was below detectable | imit

NC&A andURCSAfter stirring for 24 h, solids fr
recovered for XRPD anal ysis. Trhrei XRPag rode & owiit
H as sRhRow&2(0C n

Tabd43eSol ubility in water anAl dno-URC&vant media for

Solubility ((XRPD Resu
1 h 4 h 24 h Sl
1

2
< 1.3 N E
Wate 7.3 N (pH 7. N C &
NC& FasSs BDL BDL n/ a
0.1
H 6

I nput Sol FIl ui

1

. N
FaSS 12.0 (p 60 N C &1
- 7.4 N 0.
Wate 5.7 N (pH 7.59 N C &1
NC®R 8D FasSs BDL BDL _ n/ a
FasSs 7.6 N 5.9 N 0. N C S
' (pH 6.53
- 6.4 N 2.
Wat e 9.4 N (pH 7.709 NCH

NC&R 8D FasSsS BDL BDL n/ a

6.7 N 0.
FaSS 8.9 (pH 6.54 N C &1

NotEer ror given based on triplicate samples. pH of sol ut

el
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NCS water
NCS FassIF
\\ SD-8 water
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Fi gd2@RPD diffractograms of solids isolated from
solubility assessment.

Al t hougJR WWa$S shown to i mprove solubility in 4
did not show solubility improvement in water
However, it is possible thatramdadi dpriong memneée i

transititURn toofHNN@GS® t opahecbhpféhgffect.
4 . 5CONCLUSI ON

A TPD was devel oped atURr dam | tPeAmpiesri ntgu rae cfoamrb i M

equilibrium slurry experiments and solvent ad
devel oped for compounds such as wurea, where s
techniques is not straightfor wakrdde sarg nreeda dsil luyr r
experiments and solubility assessment can be
At equi |l i-bR iwang NCe5b|l e when usrteoa cwha so npertersiecn tg ui

This identified t heaguiclriybsrtiau nh inzeatth oodn sbuyc ha anso ns
appropri aupe ofory sdcal e

NC&8R was successfully prepared by spray dryin
part of an incongruently saturating system. T
and feed solution concentratlLonPWwasevpuretybe
crystal was determined by XRPD and DSC. Al S

generated -phgsteapuwethbn the detection | imits
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The best product yields obtained in this work

temperature of 85 AC was used.

The spray drying metdupdtwad8 guaonedssfvol i nl ¢ at
100 AC) were wessbeti diheweseahsesdesseld NMRXRPD,
and were used to assess sol ubil ttpy eixrhilbii dredl e
spherical particles with average diameter bet
area between 0. %3g ((85500ACAC)a.ndRels.i3dRuad | PA f el |
of 0.48 to 0g5@cwtl eexPespmeead3a previously re
solubility in 40% URA)jnt wateol abidl bi pref eM@8t
i mprovement céAdmparedther NCSh or 24 h. The sol
measurementh BgBge &KRWID, indiccgsitmay tdhatsorthate
t he measurement. Thas i mptr oivemewngsi ml e otl udti | an
observed dupatachbheewegeni eachtough it was not <cap
di ssoonl wtaimpl i ng poiTrhte ism(rhimgb eedtfkectgté oOr ct dies s o |
NC&R coyst al may be wdlisfeortvheed ddiisrseocltultyi on i s mc
technique such as UV or HPLC between time zer

even in such a short ti mefr ame, can have a si

The current study demonstrated the f-BRsbpil it
spray dryingcray pthalseatpusmalclotUR cadre.b e hasec pug f
prepared by spray drying undeof vehrywtsalc oanrdd t
reduction in particle size did not offer a so
ti mepioniinttrsot i s posmpbbeetdhktnati c dissolution
coul d ilweiavdmptroo ve ment dpuaer a&coh uthee esfpfridantgne A mhay f
give suitable improvement in solubility. Il n a

assessment at biorelevant pHcraysstcali tefri MCS.or
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5 CHAPTEBRCOCRYSTAL FORMATI ON OF NI CLOSAMI DE Al
UREA I N SUPERCRI TI CAL CO2 AND | MPACT OF COS(

Reprinted with PpMaeckhasbkbeéeon, f Amaukér mMd.ns Ma hme hr .
Aji boye, V. Trive@Goc¢cr $st Robhaor maQi oHeof ni cl oc¢
CQand i mpact, 8J.ptas32l02ent

5. 1ABSTRACT

A cocrystal of niclosamide and urea was attem
supercritical solvent (CSS). Experiments were
MPa in C®crystal formation showeidt m mde pemnadreynsct
formation below the critical point and consi s
point. The addBtbomobt®%). Bomhl y2n? was found
on cocrystal for mati Adda-firidpad&€l 2ndc 26 a $1®d c o
formation by between 50 anwhi6l0é& cympahexdXane® me
formation by between 20 and 35%, and water <co
i mpact of hold time, cosolvent, soilnthenrdi ty i n

i ntmod ecul ar hyaregeinsbonsedh.g
5. ANTRODUCTI ON

Modern active pharmaceutical ingredients (API
category (Class I1) of the Biopharmaceuti cal
bi oaval b.8pbAd ig-syohpubi bwty APl s should be modifi
solubility and in turn, bioavailability. For
solubility. -iHowewvelbl,e fARI ;n,onsalt f @atmati on i s

compl exes such as cocrystals must be used as

screening, the most common methods used to ge
(LAG)e,vacpoor ati on, reacti vestalk2i6a &/7t71 Moadtjti oonf, tohr
met hods use conventional organic solvents in

formed using solventleswimeohbdaddiutcib®ltsiome s o
or contact cocrysdand\Vadarrtaita manl, Loal werithg swmnh as

namely supercriti eal carbon dioxide (scCO
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The usexiaf pso@™m® si ng for cowp,ysdud tsa rteleeni npmp ;&

remove/ minimize conventional organimécsohvent (
particles. Supercritical methods for tooain ylst
di ssolution of the cocrystal formers. Such me
antisolvent (GAS), and supercritical enhanced
( AAS) . I n t hese cnoeftohrondesr, atrhee tA/Poli caanldl y di ssol v
sol vent ziamdusedCOas an antisolvent. These met hc

phar maceutical s hawe lpwtort hseosleu bprlacteys siens ssctGd |

sc@> abilityupersapiudlay edea sol ution and prod:t
Supercritical met hods which do not wuse signif
expansion from supercritical serl artiitotnc R ESSESI)

(CSS) . I n these processes, the APl and coform
and are crystallized either by rapid expansio

depressurization of the vesse$ {({&€SS¢ocHpswealer
i's not as widespneadnasngtmet boldsehi kely due t
the supercritical technology and poor solubil
sucddgy ]

A cocrystal screening with saccharin and mult
mechani cal agi t[adtdi,olnfi8g ndascsopoodopened t hat t he

appeared to be dependent on the phase equil i bl
example, a saccharin cocrystal with theophyl!/
i mdnet hacin ([I9%4s,s178gi1i dbl ey om solubility, me c
identified as a key parfa9m,tlef8lenecaceysalab ka
indicate that wvariation in rate of conversion
mechani sm, reactor geometry, particle size, S

found that e hteo roebatcatiinonc otmpnt et e -sanehbhasioncbor
vari ed, Pla6orbetlaa netd-pailhe pbasest al with[8] 2 h
required 20[®7r.d&@Miaomotthere CESuscoeereacinlg, we x|
without added cosol vent did not [l%7a]dHotwe veocr
addition of MeOH consistently | ed ##d umparotuiralci
study suggested that sufficient solubility of
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required to get suc[ce/’LISEl coaaryywstadll | zant mamni o

to slurry crystallization in conventional org
solubility of components and theoretical tern
condi hiems fevor the cocrystal as It tends tow
When discussing cocrystal formation through a

consider ternary phase diagrams (TPD) when tr

a ppage cocryst al in the 9opoksenphasen ©OPDs har
equilibrium at given composi[t87,nlséDe]f et bpmARLt ,
TPD for a given system can identify compositi
The conditions where a cocrystal I's stable ar

al so on the solvenhesgyompmneht &6l sbbbianpnt oal
in a given solvent, a cocrystal with 1:1 stoi

equi mol ar ratio of both component s.

On the other hand, there are a number of repo
Acontacto cocrystallization whereby the two ¢
without any f urlti7Zh®.t] Inmand rutl aadti omocrystallizat:i
solvent or mechanical agitation. The cofor mer
cocrystals with both salicylic acid and caffe

medi at ed i metal ddisn]v st i galt edylieaacid cocrysta

role of humidity. Raman mapping showed that c
point occurred at the interface between urea
mi xirngmeochani ar9gmieP@®dgn kdlBplrloposed a mechan
cocrystal formation under deliquescent condit

hygroscopic particles surface gives way to co
formati onabfeanerseamcrcyugtraeld WMaring storage whe
was low (< 30%) and Wwisbhfht mechygsitadl fmixmang

during storage after-pmirltliicige waatatcttr iwkhu tcehd i tn

small er particle size whemidompamad etro adms, e
6contactdé cocigshalt hecmasiaoi ly mediated by d
Niclosamide (NCS) is an anthelmintic drug use
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Worl d Health Organi zat i[olndO4sNildlsas aomi cees siesn tk md v

pol ymorphic, with a known anhydrous form, mul
of s ofl vlem,tl1s4 6., INS 2,l 1083ajmi de exhi bits poor solub
me d[i 8 4 Reduction in particle size by supercri!
with cocrystallization could offer a method o

Ni closami deur dlactosamstdal s havprbpanedepypr s ed:
met hods swvapboastcon, and a s[clad 7a,bll B:A4 ¢spparraayt idorny
the cocrystal by spray drying gave small, wuni
content was just at I nternational Council for
[ 184] Therefore, formati emowlfd tthee gdiveaentcogea oywsd

resi dual sol vent .

The aim of this study wasuteai hURptcgategesfalrm
despite the very |l ow solubility of both compo

formation and its connection to ternary phase
5. MATERI ALS MEDHODS

5. 3Material s

Niclosamide (>98% purity) was used as receive
Sigma (Oakville, ON, Canada), Lot # 058M4059V
000122971 (section 3.1.3 and 3.1./B9nt &Jr e@N,was
Canada) . 2L99Q.u9% wiOt h eductor) was sourced fror
Canada). Solvents isopropanol (I PA) and cycl o
(Toronto, ON, Canada) and VWR (Mississauga, O

5.3C838S
Recrystallizati oweerpdonmewt s-hil mg@Dpmedt SFT
(Supercritical Fluid Technol ogi eFsi,ghbltnec. , Newa

Mi xtures of Niclosamide (150 mg) and urea (1

vortex mixer (for approximately 30 s) and the
di sh of 13 mm di ameter for expe&rtiumerst sveeg mp Ipd
a 100 4iplkelisghme vessel, in an extractor oven (
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CQusing -lah @BFrip at 24 CG@atmion. 3( bMPae daawdd 3t5h eA Cv e
was sealed by closing tThe wvalsses atast helidnlaet
temperature (40 or 60 AC) and pressure (betwe
without additional shaking or mechanical agit

are referred tghautdoshbhoesr mainauaslcd i phrodwn sel ec

cyclohexane was added as cosolvent. The cosol
vessel by micropipette prior to adding NCS an
pressturee ienssel was measuretliat Bomi horhnhgr g gk

compri si nRlg0 KKGIP Xp3r0e9s sur e t-Eassdoaber QOmeganada)
CPProcess101A current data | ogger (Omega). The
OMCP Data Logger Softwar-E0lvRCX0®nUSB 2(. Qe gla )v.i
hold period, -ptrrees swes zeld waserddappughi manetyl 45
1580 i nner dialmetalrl (éXperi ments,10t hmgr)e cwdd eeal

in the collection vials through a rapid expan
Ki mwi pe containing residual solid mixture was
experiments, the mass wrfe tared pafctkert twhaes avemerui

di fference of | ess than 10 mg. NCS Lot # 058M
with 24 h hold time and Lot # 000122971 was u
varying h4o8 dh)t.i me ( 6
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Fi gbl-8chemat i c -1lolf0 tehgeu i-PpFOT2 n$ 0 u@Q@2 ,p 2mpu,ptdlr e di sk,
t her mocovuapl lvde,, b e ssur epvessete Trahseweeceon &ials (
v2). Dashed |ine indicates oven enclosure.

5.3.2Sdl ubiAssessment in CO2
Solubility of NCSuwassgmaasumede mravChetric m
MPa in -Tthes)ysFtTem descri bed above. NCS was adde
The pan was covered with a Kimwipe and placed
pressurized, tsteeal ple ciafnide ch etlalmmdr at ur e and pr e
vessel was paroged Owintim sacn@O depressurized. The
was calcul ated by mass dirftédremeasaf emeeatparidh
was calcul ated using the aesnssdlt yv calsunecea |-(clud .a3 e

Robinson equation of state. The experiments w

5. 3. 2PRasMonitoriinngCO2
The phase change of urea, NCS ,wandd &NICSrV mireead p

a phase monitor (Supercritical FIluid Technol o
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BhonmiladB 5¢Rr iadr 2t avebeéei gaC®onsg NC€S8eand urea

were separately prepared by gentle grinding w
The NCS/urea mixture was formul ated at a 1:1
vortex mmixneut efso.r For the phase change studies,
mg of sample and placed in the sampl e holder,
pressure vesswas Thenliogui c¢dc@dd 2i5ntNo 2t PAeC vaedd
was all owed to equilibrate before any changes
After equilibration, the temperature of the v
The instrumenti WwabratkeoWwed 86 egqunutes once th
achieved in the vessel. The pressure was then
experiment using a manually controlled syring
changédeoimaterials was monitored for up to 6 h
attached to the vessel

5. 3PBeparavof oAnhydrous and Hydrate Forms of N
Ni cl osami de &nhydrdo lhy-dfPp®Rer ¢ NCIsSases were prep
slurry crystallization. Approximately 500 mg
(I PA) or 6 mL of a mixture of | PR2wAICe¢r fot: 1w
days. After confirming comryepowadrertadifhe adesio
solids were isolated by vacuum filtration and
5.3Sd|l ubiiln t@rganic Sol vent

Solubility measurements were conducted using
An excess of solid was suspended in 1 mL of s
slurries were stirred for a nmatnainnmun roofm ttwhoe dsal
wei ghsa)d i(m a tared vy abnoh Mepowhe\fa DDIOE@ ) b aln:
then evaporated to dryness at 50 AC in atmosp
resi due wasyi,weangdhsesda e( hwer e used to calcul ate s
mass di ffereandydest Wweeesns nt han 0. 0001 g (not de
reported as << 1 mg/ mL.

5. S3XRPD

X-ray powder diffraction (XRPD) was perfor med
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wi t@Qu @BKource. The

S0 &AWRt A n@setOBPA sidz e .

Sampl es

were prepared uaom Sviafzearsa

5. 3E6timation of Cocrystal -ORnwWein s1igoXRP® NCS
Anhydrous ni €Al)o swaansi e e(pMC*2d by slurry crystal
at RT. The solid was filtered and dried under
NC&R was pr epwapdr dbtyi «aro of a 1C1 ki xt urAes i of E|
and -NRSwere preparadde atndl Oevnag uated by XRPD us
speci fied. M xanuilURLBefr eN@S epared using 0, 20,

wt . %-ANCSThe 50 wt. % point smalse ptreech arreerdg @ no fd utph
data betweedwa® saldeded2to use for quantifical
bot h-AN@G®H d-URC®ere observed in the range. A cl a
to devel op a cnaklniobwnatsiaommp Ineast rwexr.e Ueval uated us
and the conceAdtamnmndURPC®e roef eNsGS mated using the
generated calibration matri x.
I n select number of cases, a-H)i xanuddRN@®r ¢ he h
obtained. Since a mixture of these was not of
cocrystal guantity was done. Toueebi mhte atr lkea
highest i#RepesiakywlieS4ohpared to the area of
NCSl peak d)11.6 A2
5. RESULTS
5. 4XRPD Analysis of NCS and Urea and Esti mat:i
Quanti ty
To understand the i mpact of pressure, temper a
conversion rate, it was necessary to find a s
cocrystal i n the isolated grétoductmetr Al t( D&SELCg h c
used to determine phase purity of a cocrystal
mel ting point of urea. I n general, use of DSC
cocrystal melthag pbosé 0 bowek96 ndMoijwewalr ,co

ureaods | ow mel ti

ng
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measurement, | eading to significant overestim

anal ysis was the preferred techniqgue for esti

NCS (anhydrous and hydrate form), urea, and i
baseline. The d4iHf f N&EStwmgprraorcse sosfe NCNBBS ar er ea, &
showhi gm2 e NCEShas characteristic pealddNC& 7.7,
has characteristic peaksdldne&d.sShows3.d,prldmi8ne:r
22. 3wARlde URe cNCB8yst al exhibits c¢h3r alc3t.elr,i slthi.
and 1d/NQ&S Arovided by the supplier -Ahawdd char
NC&H indicating that it was a mixture of anhyd
thermogravimetric analysissddGACS suUlggtes@ =& M4 !
comprises approxi #dtle&ldy 22 wt. % of NCS

5
5
s
Z| a4
c
[
£l 3

R A
4 9 14 19 24 29

20 (deg.)
Fi gb2-XRPD diffractograms of -ORcNGS\gm2USFE; -NBCrSea, an:
unprocessed f-uomaNQPRI i er; 4

To better understand the I mpact of temperatur
cocrystal, XRPD was used to -AuahdUBRCS®ul tivar.
Mul tivariate analydekestolUcXKRPD tatthcirgsagqhdantnie
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mul ti compon[eln86 . nlirpwrasss t he selected form of N
frequently observefldastaessedpoeauBectoonecB803) .
range for the multivariate analysis was deter
characteri sti cA paenadkUsR Mfe cbaoutshe NS se component s
exposure tTohesc@Dd ative intensities of peaks fo

have a reliabilU® aliplaratdi dy. t N@&S/dipfofreart @ mtn met

EtHOb and exposure to 1 vol. | PA) showed varyir
preferred orientation effects in the sampl es.
characteURspeakNC®t 7.9 and 15. 8 tAwo vaa melde si a
showhi gmXTeherefore, in a best attempt to avoid

conversion estimation resiwas,seael eangd. oThbébet w
included four pUeRak(s9.rde | altOeddh nmdol 3NM@Se el pe@ kA2 r el
NCSA (13.1, d)3. 8, 14.0 A2

I NCS-UR-control-IPA-RT-09nov21.raw
| CC9-8.raw

v | \

Counts

1000 2000 3000 4000 5000 6000 7000 8000

0

4 5 6 7T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fi g63¥XRPD diffract-to9&r amse patfeevlbQBoyr actcoo on (red) and s
formation in I PA (black). Peaks showing the most
indicated with arrows.

The cocrystal conversio#haenbteirmat a@awwas based o



wheAies t he XRPDKdisf fth&ctmagmram, of cQ@ild btrled i on
matri x containing concentration data. The <cal
di ffractograms with kWP wann dAoNa@Sein tt hat ic@ams bofatN

coefficient matrix was calculated using:

L _ J J

L = At
whekheganCa.are the matrices of calibration sampl
respectively. The calibration was initially b

80%, and -UBRO®WTMNE€Scali bration was validated us:
60% NBRS The validation results showed that th
wi tR7 n5%URC®hich was acceptable for the quali
and 60% points were then includedomposihei cal 0
unknown samples. The validation res-URt %fpredi
for the complete calib

5.4.

rati on -UR)n cil su dsiihnpgwmpeoii nn t

Predicted Values (%)

NCS
NCS-UR

0 0.2 0.4 0.6 0.8 1
Expected Values (%)

Fi gb4¥alidation result for-Acahd-bDR@%i on data set o

The unknown condRnama@aA NGB tohfe NG| ated sampl es
by:
F L L =

wheAganCnrare the matrices of unknown sample di

respectivel y.
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The wt. WRfi NGQShe binary -hRxtwa®e ¢ NCBELCSESNhaed NICS
UR in the ternaryYR miwrteaal)e uUNCSg tNICe&S equati on:

0 5 o 6 YY 8 2 7YY

wheGe is wt. -UR NNSthe t@&r narsy witi XMRuNG®S t he bin
mi xtur¥ey,i antdhe wt. % WmRea oicmyasthll NCS

5.4S@dlubility of NCS, -URea, and NCS

Solubility of the gaoncd ycsotsao |l vceonnipso nweanst smei ans urCe d
of NCSURNC&Nnd urea drdillsuM@8ramdduraa exhibit
scgG®ver the processing conditions wused in thi
The solubility of NCS (measured in this worKk)
both being omMmohe dFrteBEDhamMdd RN@S so exhibite
solubility in water, previdd@dMCBmewvasurnédobybs
to dissociate when slurried in water for 24 |
water with solubility greater than 1000 mg/ g
abovel y492d n | PA, the solubility of NCS, urea,
basi s, but urea is about 10 -UR noens amomal asro | luabs
solubility of both NCS and urea wad RaASD®Y WS )

bel ow detection by the gravimetric method.

TabB3leSol ubility of NOCRS,i nurveaar,i caunsd sNodSvent s.
Solubility (mg/ g)

Solvent s c GO Wat er | PA Cycl ohe

NCS 0.01 ~0.[AaB 4 14 << 1

Ur ea ~0.[0D&%8 > 100C 32 << 1

NC&R - ~0.[AB4 2pD184] -

aReported for 40 AC, 20 MPa for NCS and 40 AC,

5.4C8crystal Formation at Atmospheric Condit]i

Experi ments were set up as a co-bhRrat 8ambeenat u
pressure. The control experiments comprised p

rati o which were exposed to a stpemadherd ocalndi
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h

aside from the neat milling exper.i
(RT) and 50 AC at ambient pressur
d stagnant hold withelXxawel.umd |I( Is om
ed by XRPD after the specified hol

the control experi ments at ambi en

show evidence of forming the cocrysta
RH)
cocrysta
AcC

unr eact

and

addi ti
di f f

ee
y
0
Vv
k.

au

y
ry

at

coO

Af ter
XRPD.

mi

n
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st al

sery

ryst

one

Howe

ng

e X

also did not proomotfe headr | St0alACf) o
| formation at ambient conditions
50 AC at 75% RH) did not show any
ed NCtSo sMMOSved conversion

n of solvent at ambient pressure w

nt sol vent s. The addition of one

q
D

rmati on of the mixsuoe Bbteheooaec
based on absence of NCS and ur ea

addition of cyclohexane | ed to o

® ©o o O

case of rtyoclil obecayet addconvoar si &
e whdsamad-mMNKE&Emaieniomg NCISut t he devel
e f-Ar Whixtereddwng hwiC&Sr di d not
eakk, egkeh BHBE€CSecbHbowetived t be NCSr st

—_ =

ng indicated partial formation of
| ower crystallinity compared to o

I conversion waasl npoeta kqsu awetrief isetdi Iblu

week, the sample held atURSMyYyAC al so

\

P

orage.

er , al | ot hermermtnidarna dnlsP A,s i dyc If aloe

eri ment s, did not show taemry cenveda dveeek
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Tab32eCocrystallization experi me#dtRs at ambient pres

Conditi on XRPD Resul t
24 h 1 week

RT NCS + wur e NCS + ur e
RT, 75% RH - NCS + wure
40 ACcC, 75 % [ NCS + wur e NCS +2 ur e
50 AC NCSutea NC®R (tr) +
50 AC, 75% I - NCS + wure
50 AC, 1 vol NCSR -

50 AC, 1 vol NCS +2ure NCS +2ure
50 AC, 1 vol NC®R + NCS NC®R + NCS

Z
(9]
o]
—

grindi {NC&R (Il c) + @ -
NotHy.ph€ni 6 not evaluated. o6l cd is |l ow crystal

r emai ning NCS -BHlonverted to NCS

5.4.4Cocrystal Formation in Liquid and Supercri

The formati-OR obdct hWet NICSin the presence of sul
without any mechanical -pargd dsaurie nv s s elh,a kwargy e\
experi ments the mass of recovered material wa
a 10 mg (5 wt. %) differemcec dreffiormi mqdl awtsal L
component s. I n addition, there were no solids

depressurization of the system.

A summary of the cocrystalsl igz tvachid a nheixgobdirel me n t
Exposure of the miat u4@samd SUbACidi ¢damotCOsho\
after a 24 h hold. XPRD analysis of the solid
urea. Solid recovered from 40 AC (3.3 and 6.9
NC®, NS andhukreasolid recovered f rfonmnedd ulhC a(.¢
Upon increasing the pressure to above critica
to the cocrystal was observed by XRPD in all

chariasxcttied RN@®&aks in the diffractograms. The X

series of expeFiigbng s are given in
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100

®40°C
90 |
A60°C
80 |
70 | A
3 A A
?g;so- e
=g o L NeSH @ e
Ji .
S 40 f ® *
S — NCS-A
30 }
20 }
10 }
0 ' IA_G L L L 'l L
0 5 10 15 20 25 30 35
Pressure (MPa)
Fi gb%€onversi olhR tcoo cNCySs't a l in CO2 at 40 and 60 AC
indicated with dashed | ine. Al experi mesdtandised

NC&) unless otherwise specified.

Intensity (arb.)

20 (deg.)

Fi g68XRPD diffractograms from 40 AC experiments a
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NCS from-BC& mauy 2aNC¥R;-353 MBa,9 MPa 4 ™MRZ;, 48
MPa:-13®. 6 MRS, 71MR4d; 11 MR&;, 21 MR&®;, 41 MPa.

The conversion to cocrystal did not show a si
pressur e. An average 49% wt. % cocrystal was

and 29.4 MPa at 40 AC. At 60t IAC hihgeherocwiytsh adr
63% between 15.h3® aXrRPD2 J.ulanMR&.i clati on met hod wu
expected toURsddmadret NWCiSt h N7.5%. The overall

formati elhR oaft NoCeSt ween 15wasd 8% wMPahai s6BeA€C t
he quantification met hoeld3. 7A MRigp |l alcsaad ei Iplou snttr &

—

variability, giving between 37 and 44% cocrys
expected err Ars ismucthhe imetilsod)r.oposed that the
to NRS may be beyond the sensitivity of the qu
conversion is stronglyM sddbgendaerctal dn itghue ds toat e

I n addition to cocrystal formation, unreacted
critical point consistently -Bhowefh NGC&Byparntsi on
mat erial)-Ato Tenltye sNESYbehher tAR@®It oppeNe€iSeprsent i al
reacted to form the cocrystalpurex-p@HI RENCS we

Conversion to the cocrystal was observed when
material, giving 39% wt. Wnbabtd% wstt.a% cwoictrhy sNGS
NC&H as input. HoweMeas whpepaot usitHne fiM@Se atchteed N

experiment once aMfaiAl chowvegh tHe lehtaoveeNIC&F r aNeCtSe r
conversion to the efoc(rby6s% ab® tc3oInpms weltlt & %f eNICIS wi
the average conversion (49%) at 40 AC. This d

was no evidence of polymorphic transformati on

Tab33Summary of cocrystal formation experi ment
Temperat|/Pressur Hold t NCS2R, w
3.3 24 02
6.9 24 0@
9. 4 24 4 4
40 12. 4 23 49
13.6 23 4 4
13.7 23 37
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Temper at/Pressur Hold t NC2UR, w

21. 1 24 58

26. 2 24 50

29 . 4 2 4 50

20. 2 -H)N 24 56

23. 1 -A)N 2 4 39

5. 8 24 02

6. 8 25 02

6 0 15. 3 24 68
19.0 18 60

25.1 23 63

8qNo cocrystal observed in the XRPD, theref:«

5.4Cbcrystal For matdwint h nCosscdCIOvent at Thr ee Di
Hol d Ti mes

Il n an attempt to i mprovg tahe maddr ygutaalt i ft yr rad t
added. Three cosolvents wereMsetecéesdof wHC8Br a
were expos(eodr tbswe & CoOosol vent) for a specified
remaining solids in the vessel after the expe
selected to understand the impact on producin

teary phasWatderagwasnssel ected as a solvent that

i ntgpruent system because urea is highly solubl
because NCS and urea have similar solubilitie
congruent system. I n additi onwed tthre R oMEC S 0| e
formation can be facilitated by addition of |

mechanicalll 8yt altolmeaxane wpesl sel addiedi a8 @annat
solubilize the component s T hieghetxl pye rgiumecnktesr weiot

cosol vent were conducted at 40 AC and 20 MPa.

I n neat NMCXXXxonvAr asd exped€C®d at all hol d ti me
increased the cocrystal conversion by 41% and
However, the cocrystal conversion only change
When | PA was added as a c éJsRolwaesn to,b sseames dc a mv ea

experiment s. Unr e ac tAe dw hNehS | cPoOAn wearst eadd dteod MNGS a
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to the conversionpnatobsiemiviear i momeaiatti ss.O0 Howe Vv
in ambient pressure showed a complete convers
| PA, complete conversion to the cocrystal was
conditioaddwitbantae 0.5 mL I PA. Conversion to
| PA by between 50 to &68% ebmMpahedewhbohdneates
and 48 h increased #heandcd4§g%%tabmpangdrsooa 6
However, similarly to 4thhee exopearyismeant sc owmivtelr sn e
bet ween 24 and 48 h.

Addi tion of a | ess polar solvent I|ike cyclohe
formation compar ed troealchhA nagn da nmeaaxti nmsucnC@f 35 %
after 48 h. CGCHntvoe-ANWDH adfF sSNC&bserved in exper.|
was added. Compared to other cosolvent experi
on the cocnywhal |l Eesmptboounced with cycl ohex
not show a significannh, cwhngbe 48 boshgweéedl anoo
increase compared to 6 and 24arhd wWihteh ctolce ytsh rae
cosolvent addkritgwmaedaHlds hown i n

100

# neat CO2 A IPA water ® cyclohexane
80
. i
= 60 +
2
=
wv
2 f
g 40 § §
(] * L]
20 t }
.
0 |
0 10 20 30 40 50
Time (h)
Fi gbT-Esti mated conversion to cocrystal vs time in

cosol vent s.
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The use of water as cosol veH.t Irrnesauddietdi am, NChSe
evidence of cocrystal formation when water wa
absence of characteristic p.edadksk athe7 XRPD9. 4,
di ffractogr &mghé € Onh ywn wion experi ments showed

(estimated to be 2 wt. % and 7 wt. %), but over
evidence of cocrystal formation. The hold tim
water evhsasadadosol vent as all time points showe

Tab34eSummary of redJRl t(awiftrhohoNC2 of NI)t he xOp é&r inme |
cosolvent at 40 AC and 20 MPa.

Cosol yHol d tiResul t Esti mat

cocryst
6 NC&8R + -ANCS urece29
NCSER + -ANQMS e a 36
none 54 NC&2R + -ANCS uree38
NC&®R + -ANCS urec4d4
48 NC&2IR + -ANCS urece4d4o0
NC®IR + -ANCS urececd7
6 NC&H + wur ea 0
NC&H + ur edR +( tNr2
NC&H + ur ea 0
Water (24 NCHH + ur edR+( (Nt 7
48 NC&H uvr ea 0
NC&H + ur ea 0
6 NC®2R + -ANCS urece4d4o0
NC®2R + -ANCS urec4d9
NC&SR + -ANCS ureeb60
I PA 24 NC®2R + -ANCS urecec71
48 NC®2R + -ANCS ur eecb63
NC®R + -ANCS urecb67
NC®R + -ANCS urec21
6 NCELR NMCH + urece3did
NCE2R + -ANCS urec28
cycloh24 NC&®R + -ANCS urece20
NCS®JR + -ANCS ur ee33
48 NCS®JR + -ANNCS ur ee35
NC&8R + -ANCS uree35

Samples with no characteristic cometybodl peak
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Intensity (arb.)

4 9 14 19 24 29
20 (deg.)

Fi gb8XRPD diffractograms -expepnimdetafuserng8cbhsbbV
cyclohexanegos @l P Ajwtag e3 . Characteristic ped&ks indi
(+) ,HNCSB)-URNC&), and urea (3).

5.4C6Mel ting Cocrystal Formation and Melting |

The eff eotin athesp@@se behavior of NCS and urea
el iminate the possi bi l-metlyt ionfg cdoucer ytsot anhe Iftoirnma tp
scgO NCS and urea were held at process conditi
evidence of a phase change.

The behavior of NCS, ur e a, andzaatn 6NOC SA Qi raenad nfiC
for 6 hours. These conditions were chosen to
near the upper | imits of the pressure and tem
was no noticeable pbapéetkrasgéupil ezatmehti no
in the drue, ewar erd xXtarmr edraug 60 AC and 20 MPa. T
sampl es al so i nditchady dr d mfcliko widn gnrea tienrg tahse c on
experi ments
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5. DI scussi ON

I n this study, cocrystallization of NCS and wu
agitation was compared under ambient conditio

environmentowi ahdornwst¢ct@Out cosolvent .

Urea has been found to 6spontaneousl yd form c
|l iterhA7Tay 2BO] 0one -pcaarstei cplaer tsiwcrifeace contact was

cocrystal formatijoh8@jtnl olweREasendfthbgher hu
been shown that a thin urea saturated agueous
cocrystal l70iBmdati om tURe neadd eapg atrit@Scpl aer tciocnltea ¢

the hygroscopicity of urea under atmospheric

cocrystal formation within 24 h; or in most ¢
wihtout mechanical agitation or aUWRiwadonomderswd
after t-miel Iniemd exxperi ment, which may suggest t

pure comporURtiss tfoacNGC3 t ated byhaseamawhplltdud ais

proposed for numerous tBO}F cocrystals by res

The i mpact of solvent choice on cocrystal for
observed during the initial experi ments. l n o
observed, in another (cyclohwaanepsarmedtunad
third instance (water) no evidence of cocryst
storage. The impact of solvent under these co

individual component sugareds ta dt hbeyo[rBdttiiiadr aell h &P .t

relative solubility of both components in a ¢
whet her a system will have congruent or incon
moderate and similar sol urbidliltogw offorbod dinwermpioc
cocrystal within a reasonably short time (> 2
stabil it region &g gina cilmattehde bcya speosi motf  (c2y)c | iorm
of both omponents is similarly | ow, therefor
conyv

y
c

rsion may tr é&ndbhx eBands hpoicomtnv(Ee2)siiom r at
ane is hindered due to the | ow sol ubi
c

0
e
cycl ohex
a

I PA nd ycl ohexane the solubility of both co
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dramatically different solubility in water. T
based on single component solubility it may f
skewed heavily to an incongresreincey otfemwatlefr
expected that a mixture wiFigi9éhndeaocaypbah

not be observed which agrees with the -observe

UR simply is not favorable to form in agueous

form,-HNCWhich is didsdcbhbesdodv.i Ovmorae |detidi i s hy

ambient condUR iomcr tshtealNCfSor ms t hrough an i nte

milling experiments) or by dissolution of its

cocrystal i n ea ctchoerodrai nzceed wWiPthh (tihn t he presence
S

B
’

-.____7

N
-

e

UR Ncs“*

NCS

Fi gb9€heoretical-URPIDhofa)NCSongruent system and (b)
indicates arbitrary solvent.

There is |Iimited |Iiterature available on cocr

studies have found that wiurrowtocmgchanisc alr ea @

i sol[8B8t4e D 4]l n general, either no cocrystal form
components i s observed. Il n one study cocrysta
was evaluated and where parti al cotchrey st al for
conversion was i mprovel[d34v, 9o wenweera,ddiin i oac royf st
no cocrystal formation was observed without m
not offer an i mprovement. Therefore, there sh
formation asi de tfrramm fiemp rvavai mpe crhaasnd c a | agitat
Al t hough i mproved mass transfer via mechanica
formation in unmixed conditions, our equi pmen
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agitation. Therefore, we attempt to provide a

cocrystal for mati olnn ipnr euvninoiuxse ds tcuodnideist ioofn sCSS w
conditions, it has been consistently observed
i mprove cocrystal formation dué¢ 34doVe’ hhparvoev ed s

shown t-URth&&€Sa tendency 2Wwbt bouotymeahbnizeal nat¢

despite Il ow solubility of both component s. I
cocrystal was not observed, it was found that
formation i n ulhhm xiemdp e&cootn dmay omes .posi ti ve or ne

hi ndering the formation of the cocrystal

Despite the relatively | ow amount of cosol ven
notable i mpact on the extent of conversion to
cosolvents. Since the CSS procebsrrygy sometwhht
experiment, ternary phase diagrams and equil i
a TPD has not beenURI esvyedtoegpm datf oeacdhh ec dNnCdSi t i on
aid of a theoreticad rTePaDs ans fcoorn stihdee roebds et rov eodf fy

|l f we consider the formation of cocrystal I n

presumably the

h

solvent, we may get an idea 0f Neby fLoemat aad
ocrystal atan de xthhiebrietf ovreer yt hpeo os
e

< O

|l ine occurs at ry smal|l mol e fraction of bo

congruently sat

c
—

ating system where an equi mo
system to fall neare ogt awitohn tng tt rheeq wiolcirbyrsituam (pr
Figh9 e Therefore, as the system is held at <co
are dissolving towards their equilibrium solu
of both components is very tladw stthadd i rii xXtyu e gtiro
but in an unmixe system it may not reach com

di fference in di solution kinetics as more re

o uo o

may behave as such a system.

When I PA is added to the system, the dissol ut
i mprove | eading to better conversion to the ¢

after a similar tai meheospalrledqgu an tnietay dofO | PA v
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may al
still

addi ti
was ex

form t

On t he
sol ubi
cocrys
whi ch
ob

S
and te

Conver
i ncong
ur eaods
i mpede
consid

amount

he mi

—

ompon

o O

e exp

Ri gn9
ecrea

rea a

O Cc Qo

eing

possib

| ow for more cocrystal conversion and s
mai ntaining a nearly ckRinggQuee nitrn yt hsias uwar
on of I PA increased conversion to cocry
posed to one volume of I PA in ambient ¢
he cocrystal wiithan €d Fhgibhfxte @2 omposit
ot her hand, when cyclohexane is in the
l ity nor dissolution kinetics of compon
t al components in cycloheadbdre aalts s 0dlvew
may i mpede dissolution. Nonetheless, so
ed because the system i s expegh®d to be
nd towards a 1:1 cocrystal because solwu
PA, the solubility of both components i
ore at ambient <condi tiixotnusr ei no fo nceo cvroyl sut nael
ents was still observed.

sely in the case of added water, it may

uently saturating system, where urea e
tendency to easily cociHledtsalsluirdacien twha

the cocrysypéel sgyatemnwhenaasTBbriys con:
n

ring the extremely high solubility of

of wadwlrd tooubsgtCeEOnei ahley somubi l ity of ur
n shown to exhibit ventyhepoefrose |l tulbe | $ @l
ture |ikely remains | ow. Under the ass
nts follows the suggested trend, an eq

cted to falwhearng oN@S riesgi sotha bolfe ,t hbeu tT PuWr e
The XRPD diffractograms of solids iso

ed urea peak intensity with I onger hol
d an incongruently satur attianlg ssiympleyn.n c
her modynamically favored in the aqueou
i ty.

ent systems where cocrystallization 1is
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cocrystal stability. However, in some solvent
interaction between APl and coformer is weake
intermol ecular i nteraction wiitth 1APIi mMipar tcaorftort
that aspects aside from solubility of individ
formati on. I n the case of water as a solvent

t hat NCS conRHv edrgtreeds pteor iNMGeSnt s . I n humid conditd]
formati oth wafs NeOSso observed although 1t gener g
of MCS o-HNW$ t hi-wethet ome fr ame. Il n addition, &
humi di tcioommmds di d not show any evidence of cocr )
hydrogen -bonding) (Hn the three crystalline fo
di ffraction data and maWYRbesanothésr isgdit eaisaq
I n MGS the molecules are i-HAGrAA mead el¢. dl2arjl)y bbeot uwy
the hydroxy group andiagmlr@d)lodx7ylgneHhN G&a cshh oNNS i
mol ecubendsdHt o water mol eculCHA®BiIAh o taddl(. bbb gt)i
bet ween the NCS hydroxy gr oupHABNAD owerdt 1§.rd®% o)X y

bet ween the NCS amide oxygehi ghldglwpht eNGS hy dH

bon
bon
car
ami
bon
was
fav
i s

t he

ded to urea atH t(heg dsaoomeg Kinfdd a3l eNDIKHE g e n)
di ng occ @HA® Abhorradu h(hdB @ nj ) bet ween the NCS h
bonyl an-HA@ Abrooradg A(.da® N) bet ween the NCS am
ne asFisghbdnEd)Li 47 ]J0f t he three -Ar Wasalt henéeohg
d lengthosndwesdkentgtdh)y . swiCOheaycbol®xane an
obser vRdwahattheNCiSavored polymorfhicf tNE€S.
ored form, as the cocrystal compond&JiRts gr a
crystallized.-HOhlashehotthest hlaond oINESgt S (

three crystalline fo+#+Hmg.emlan nsx pdrei mamwvtos ew

anhydrous form converts to the hydrate. Despi

foromatof the cocrystal i's not f awvhbrcarbyl set adluef ar

i n

compari son.
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Figbitedydrogen bondiAng (b4, NEBJINEB) uNIC®Eg single cry
di ffraction data from.Sanphui and Sovago [ 20, 28]

The resul tal d9m itrhdisc awtog kt hat a system without
without cosolvent may trend towards equilibri
i mitati n i s reachandd IIMA tchoes oclavseenst ocfo nnveearts iCc

| onger h

0

roughly 50% greater at 24 h compared to 6 h,
old time. As has been previously sugg
e

system becdme mmasrse tdialnsf er cdaint ibcen,a ilti nmhas nbge
previously shown that cocrystallizatioen by CS
Sstep process with a faster initiallc®Wvehosubdn
mechanical agitation it could be that the sec
l i mited surface area of reactants to the exte

reasonabl e hold time (e.g. 48 h).
Il nt eresti ngdcy,criyrsstradati ogsan@®i on was i mproved a
a similar range of predenosesy. débpi tdef hedence

conversion at 40 AC and 60 AC was sigmieficant
observed behaviour may be related to the rela
ur €at c ego[ldd&.8Jund t hat the solubility of wurea

dependence than . Phescsmuoes adeprenpgplreercxrur e 1 S S US|/
145 MPa basRodbionns oPnenegguati on of state, above \
at higher [t18@fHeorwetvierres only one solubility poi
model the data, therefore the crossover press
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profile oxi sN@®tiiye€COavailable. The teRperatur

formation may be related to depgelm3dBgnce of wure

Fi nalnel,ticmg is a technigue commonly empl oyed

mi xture of API nd cof r mer are heated to abo

0
component to facilitate f or mattihoen noefl tt hoen sceotc rc
o be 134 AC and 230 AC,

peratingltéempgepatiat edhapnestbi ®

a
c

and NCS was measured t
well above the o
0

been reported for @& warairentay ealft i caatl esr,i aslod isdu dh
(depresgg[ilddn®dm This study, a simple phase mon
mel ting of either component is not the reason
solubility and dissolution of both coemponents
met hod of cocrysWRIi d otrmag i waomr lof NCS

5. 6CoONCLUSI ONS

Formati on-UBRf caaor W€Bal was investigated withou
range of conditions including atmosphgric pre
sc@O andkwstBOcosolvent. I n general, the cocrys
without mechani cal agitation or addition of ¢
not facilitated by incr-@Rsed humidity in the

Mi xtures of NCS and urea were eapopresswrassbec

bet ween 3 and 25 MPa without mixing. Sampl es
did not show conversion to the cocrystal by X
conditions for the same duration, partial con
conversion to cocrystal waso s400meAnth a tb unti gdhiedr nao

strong dependence on. pPrmlssacgxeol Mdret a(dhe tt weoenn o:

cosol venwasofseoel® to have a substanti al I mpac
Addition of polar cosolvent (I PA) increased c
However, when cyclohexane was added conversio
35% pamed t oodueat osdOWer solubility of the in
presence of water, cocrystal formation was hi

hi gher s tbroenndgst FH nacfol@par eAd atnod-UNRACSSThe i mpact of
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6 CHAPTERDI SCOVERY OF A NOVEL CRYSTALLI NE FORI
ANTHELMI NTI C DRUG PRAZ|I QUANTE+{P RESSISNUNRREHI GH
SUPERCRI TI CAL CARBON DI OXI DE

Reprinted wi t h per mi ssi on freomouil, M.a c BMa ¢ hmes rh
Transformation under pressur e: Di scowvderruyg of
Praziqguant-pdessumg dhumdear cgintti.cal. (ZRORbon di ox i ¢

6. IABSTRACT

Supercritical 2cahdsonbeldamxusieed (&0 a processing

polymorphism of pharmaceuticals. However, the
di scovered bwypsopessirngi cAb €0percritical cry
attention for potenti al i n pharmaceuti cal pro
for discovery of new pol ymor phs. Il n this work

fomm the anthel mintid¢hdmowgh BrupeEircueasidiedag . fCidu
novel form of Praziquantel was characterized
and infraredrapepowoscopgiyf f Xacti on, ther mal a
mi croscopy. Furthermor€® i mproovedl sboumi ¢éxhiyb
commer ci al Form A between pH 1.6 and 7.5 and
(40 AC and 75% relative humidity) for 7.5 wee
CQpr osciersg i s a valuable tool to screen for nov

phar maceuti cal compounds with i mproved proper
6. ANTRODUCTI ON

The Food and Drug Administration (FDA) recomm
pol ymorphism of drug candidates. The FDA def.
di fferent arrangement of mol exudresHyldr3agt €s y st
Different polymorphs of an active pharmaceut. i
such as melting point and mor pbBHOIlL AdHEW,S5J&8B8d al s
Conversion between polymorphs can occur durin
for example during micronization, drying, gri

[ 193, 1.95AnM 9%rnexpected new polymorph can al so F
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during

Many pr
technigq
crystal
exposur
drug su

met hods

| ater phases of APl devel opment or man
ocessing conditions can be simulated i
ues such as slurries in different so
' ization, | iquid assi stieodn maind ienxgt eonrd egd
e to dry or humid conditions. However,

bstance manufacturing proacesoveessbuager
such as rapid eXR&ESS)omaofe gapardr iat it

potential to use i 14 1@Wa9]|nancee urteiacsaoln pfroorc etshsei nggr
supercritical crystallizmitcmoonn i si deepdrot iadli ¢ s,
potentially Bé&9y28d |i2® hidndhinatd iyeormsf f ®c CO®Nvi r on mer
in comwatheooonventional organic solvents if

to give

i ncorpo
There a
technigq

car bama
stabl e
that <co
dynami c
relatio
enhance
MPa up
whi ch p
contr ol
(Et OH)
acetone
al so re
cocryst
[ 53,2014

However

high yield] Wdid.hlWdmRésr fadrd e, tihtr oiug hiprag o r

rating supercritical processing condi't
re sever al reports in |iterature about
ues for known polymdgr@Bh 920 F@Rh aerxnaarcpd uet,

zepine (CBZ) Form I and Form I 11 have
at ambient conditions[] 2mW2Bedt atniend or m
nversion to pure Formadsicog !l ai tbleerf asti &t
met hods af263KA€Cdakowksledd edMPa si mil ar
nship for enantiotropically related po
d di spersion using supercritical fluid
t[02 0132IDh eAyC f ound t hat t hexfdhow catef itndrmy

ol ymorph of sulfathiazolet walsei abl ated
the polymorph of acetaminophen using
an®odZdmhteooneusi ng Et OH as solvent, Form
as solvent resulted in Form IIli.s Contr
ported for Sal meterol Xi nasfacatharuni ng
al using SAS, tol butami de, mef enamic a

, 206, 208, 209]]

, there are fewer papers published whe
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presented through supercriticeatl ddls.aobdecegstaah
crystal ldaeexyohr@@DCA) acwdi ch can be used to for
with organic compounds, after ,aetx p6o0siAQ atnhde 1nPa
[ 210After 1 h storage at-rayeposweeirfidedfcacdi
pattern was observed for the solid which was
Whipgreocessing in nitrogen at the same conditi
di fferenti al scannisngtcal newmerty yt § IDISCn e rfesuin
met astabdtefalBeatdt annewDpoagumirmpd afsupercritice
(SAS) process with BsIS@md[s2ebiilT kenhewntioC@, wh
i solated between 10 and 20 MPa at 45 AC show
commerci al Digddn@sicroenpwairtefim.d of h20 .n25 form pr o\

slightly higher aqueous solubility at 26.9 mg
form showed conversion to amorphous during me
study in stressed conditions is unknown.

Praziqgqguantel is on the World Health Organizat

ant hel mintic used to tsrcehaits ttohséoSnpi Rarsa gsi giuanwet m
admini stered as a tablet pli4bPraweemquibdm® eing hars
mi ni mum measured solubility of 0.4 mg/mL in w

BCS dldarsfisgd 4BHeref ore some research efforts hav

the solubiligdfyoonfeXampli guamsiehg mi I[I1iBMG6 ]f or p
However, one study idewntifngdmafabemuhbungadah
reduction of Praziquantel due to signfiZizlant

Therefore feasibility of alternative particle

Prazi gwuantcietyestian fldir me i &P ruada inqggqugnt el racemat e
heriydraft elBpah&€hanti omer s meand ntgwoa nfhoywderrous f c
B and C), which welOrle9 itdnhernotiuigfdieesdolil is® 82 Grlo& m B

melts 30 AC |l ower than Form A and has | ower h
Furthermore, the solubility of Form B in wate
observed to be physically 1s2 amd mt5hesiF oa mb iCe wta sc

al so a metastable, | ower melting form which e
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Forms A and B. However, Form C showed | i mited
A durinpl58prage

There is not any existing |literature for Praz
work, we present a case study of preparing a
supercroprioc@lssC@g and di scuss theeBposuresoof
crystallization as a polymorph screening tool

6. MMATERI ALS MEDHODS

6. 3Material s

Prazi qow@®Bt¥e,lp Frojrtmy vAas used as receivedT®@without
Amer,i cLaktM4BAOBL i qui@ 909 ®&d waettwp ewas sourced from

| nc.

6. 3PReparing novel pol ymor ph

Recrystallizati oweerpdonmewbEB-iild@qg uwmio@ridé n te d
(Supercritical Fluid Technol ofi gl elPmn@az, gNawa
(200 mg) was wrapped in a Ki mwi pepraensds uwaes vceasrs
(Fi g@lk6e) i n an et GaFtQ)PBlrde) veid he vessel was pre.
CQusing -ah EBFrMp atFi2d6lkde) / mind ( he vessel was s
val ves at t hei §g&auseTh ea nwde sosuetll ewh BEMB & | dommn2 205 Ald
the case of praziquantel. The pressure in the
ihine monitkirgéeroymptmagesPXBOKRGI pressure trans
(OmegahOMGRPradacess101A current data | ogger (Om
system inte«CPadas awiLblgg@M Soft war-€QvkCxU0 o n 4.
USB (Omega) .

The vessel was held at the specified temperat
was purgedt wilhd £Ot pressure -5 03TROL/minn.atT e |
was t hemnsdt aphpee v-psessuwasede The solubilized
coll ectRhiogtlr8d) alt irough a rapid expansion from
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prodéisough a ndnzienevi thaddhs8®Wbou(! BP mm spray
The Kimwipe containing residual APl (Phaziqua
solid remaining in the Kimwipe afprees dilhree expe
conditions for the duration of the experi ment

Fi g6il-8chemat i c -1olf0 tehgeu i-PpFale a bt r CC&Qp u2np-y uPpt ur e di sk, -
t her mocovuapl lvde,, 36 e ssur epvessete Trahseweeceon &ials (
v2).

6. 3XBPD and I ndexing
X-ray powder diffractionBfXRRD) DWand d peef r fee@rt m eodn
wi t@u dKource. The 80&wiRt BAh@GtOewassidze. Sampl es

prepared-renu$inl mwehé @irsg of powder patterns was
software.

Var i-hdmhger at ur XRP®OAD aMdT ysi s was performed us
pl us temmar &tvano \tirto/l | ed st agbea cekqguri gouwpredd swa mphl ez

Samples were heated at 10 AC/ min under a stre

6. 3Ther mal Analysis

Differenti al scanning cal oTAmRitsgo | OSY) D@ s( P
| nstr uSeemmptPs&)sg )( wer e weighed directly i-nto her

hol e. Al measurements were pe3xd oAGreat ua dreat en
AC/ minn.some instances, DSC was used for ther ma
pol ymorph conversion after heating. For therm
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in the same fashion, but wasaheat edfodlollAwed A€

—

by cooling at 20 AC/ min and then recovering
analysis. The ther mal treat ment experi ments
Si multaneous thermogravimetric analysis and
performed using a MetSadmplodang@s weTEAWDPBEGhed
hermetic al umi-malme pamd avi-a bAHDeat fa omat3d of 10.

o Q9 =

6. 3Water content by KF

KFitration for water ded eWManttnlagn oholwado p€@20 9 r
KF Tiegaitwpehd a current generator -pcleathp nmint h a
el ectAqods Cambi Coul omat fritless reagent was u
compart menwemrdeée SamplVved in the anode compart men
potential dropped betowatl &0 wsi¥ar d/gal d ednaat|i oln wptr

to sampl.e analysi s

6. 31 6frared Spectroscopy

| R spectroscopy was per fNircnoelde tu sii Shlg0 amiTithRe r Stpoe C
a hehéeam | asespl| iTd®rpot as s/g armmdarpotummrfdienieldR .
TheustcmeakByv &1 o ttamglst en./ hSaa nopgleens wer e analyzed

accessoryfwitch emicyh optic reflectors and di amo

6. 3LFqui d NuMalgenaert i ¢ Resonance

'H NMR was perBoukned 58 aMigeeat roBetl eds were di ¢
0.75 mL O#M&DeBaltetdi ons were transferredt to NM
200 MHPPB)5.06The measur enrddncta ncso nwdiitth oln.sO wse rree | a
32% acqui si2tA®.n ti me at

6. 3SBanning Electron Microscopy and El ectron
Spectroscopy

SEM was performed udiMUg FESEBMS WAN hMI5RA3 beam,

nNm beam spot26s0i zpeA baenadn 2c5ulr r ent . Sampl es wer e
sputter coated with appr oxRADtRI3y slphkihide rA uc d aat
analysis was performed on the same samples. U
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reference standard for C, N and O mass ratios

were analyzed using 5 kV beam and 40 s acqui s

6. 3HBtSt age Microscopy

Hod¢t age micr os c oZpeyi swsa SA xp dorSfcootpeee dAilmagi ng mi cr O ¢
wi alhi nkam hot stage witalt LRT0®DX2 naFtna gd ccd n torno lul
heating rate. | mages -iwe rAex i coacpatnu r1e0d5 tdhirgoi utgahl ac a
using ZEN 2 (blue edition) software provided

6.3.10Solwubility in water and biorelevant med
Fasted state simulated gastric fluid (FaSSGF)
(Bi orel eavnadntFacSOSGF concentrat.edF3ru&t8 rg (oBfi oF aeS
concentrated buffer awedaeBdoe 2 tnoL a fb eda ksetri .| | FeadS €

mg, was then added and the mixture was stirre

Fasted state simulated intestinal fluid (FaSsS
(Biorel eawwnadntFacSM)F concentratkidr dufferlgBi oref

concentrated buffer and 96.1 mL of distilled
g, was then added and the mixture was stirred
Solubility in watemeasndt e @8iwmuAsGttierdr efd uhiedast iwags b
(Ther moFi shseéémy) @Welredwelyghabn®NMLno#h clLstill ed w

simul ated fUnopdowassaddPdaerrgeuantetelar@adpinkedsr i
new form inTleptilhicamtel urries were stirred unt.i
mL of the slurry was drawn using a syringe an
into a high perfor mamRIleC) iwiuald fcdart oamwaaloyyviap.h i
devel oped usPngzugamaot éaesed emi cal purity HPLC
bel Bwazi guaasntaelcur ately weighed into volumetr.i
met h:awmatler (65: 35 by volume). Calibration poir
and 0.342 mg/mL (0.342 mg/mL calibration poin
Prazi gmanthel solutions was eval uawlkidicdb ys hcoownmp a r
i Ri golx e
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Calibration of PZQ

9000

8000 y = 24295x + 98.497

7000 R? =0.9993
3 6000
£ 5000
g 4000
< 3000
2000
1000
0

0 005 01 015 02 025 03 035 04

Concentration (mg/mL)

Fig62€alibration |ine for Praziquastiealg HPedC for s

6.3.11Hi gh Performance Liquid Chromatograph (I

HPLC analysis for chemical purity was done us
with a Waters XBridge C18 column (4.6 I 150 m
uncontrolled. The mobil e phase usetde:wal. et ha

mL/ mPmazi gvaasntmolni t ored at HB2Q@® mmnand el uted a

For chiral purity analysis an Agilent 1260 1In
H column (4.6)] 2PK® anon, udn Otme mper ature was 40
was heptane:isopropyl al cohol (82:18, v/v), a

was monitored at 220 nm. -Phazmgas®hted qpeatatbe |

werend. 8. 4 min, respectively.

6. 3.12Stability experi ment

Physical form stability experiments were cond
humi dity (RH) in a Memmert HCP50 stability <c¢h

using XRPD.
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6. RESULTS ANDBCUSSI ON

Il n t hias nwored, andPrsd aibjvead mend oEalovegr edcCOhr oug
procebBlse ngovel sfodramewasafter simpl y.agxpiddsi ng P
AC/ 1Pa9amMd al so as a mixture of two crystalli:r
is presented here to serve 2as antexadmplhe pof ym

screening.
6. 4Characterization of Novel Form of Praziqua

6.4. 1XRPD Analysisdaxidng

Solids coll ectsedwhHisom MR&EME mendl i n t he Ki mwi pe
pressure were analyzed by XRPD. Both solids e
unprofPesageduant ebhs( BFoiogl&) Ini ds from RESS crys:!
exhibited additional paeakdg ciart etdh evi X &3 e d iafnfgrl e
notably at 6dWwhiaaokl d6e S5Schiagacteri sticHHEY Prazi
found betZdah dA2HBHIi s i ndicates that the solid
|l i kely a pure solid phase, while the solid fr

The pure novel form, which remained in the Ki
peaks at 7.3, 9.d&,gdA 2 dmp alrdi.s6on amfd t2hle OXRPD d &
this work compared to predicted powder patter
obtained from the Cambridge CrystFalgl@drger Tahpehi c
characteristic peaks of the novel form do not

the solid isolated after exposure to high pre
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Intensity
>
—_—
0
S

4 9 14 19 24 29
26 (WL 1.5406A)

Fi g63X¥XRPDi ffractograms of (a) Praziquantel Form A
(c) solids isolated by RESS.

(g)
(f)
A (e)
(d)
(c)
(b)
(a)

Intensity

4 9 14 19 24 29
26 (WL 1.5406A)

Fi g64€ompari son of XRPD powder pattern of new pol"
powder patterns from singl e wirtylstads dait(eet )eadsr aR d fadd c
SI GBUGPr(a2i quant el] 2hle3nfi bh)y dS1aGE®PGE@ALZ i R)ant el hemi hyd
[ 214 c) TELROEREWLZ I (qFSntled) LI-RF&Di ¢ Rant 1 5hyed)r at e
WUHQAU Prazi quant[ell9 6h(efmi hTyEHLrGE WO 1 P r[alz% 6q(uga)n t d v eFlo r
form from this work.

Form A (urpracc epsrsyesdt)all | i z e sl isnp atchee gtrroiucpl iwiitch F
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mol ecul es in the asymmetri ¢ WBR7d]c emidc aPruaz it q e
hemi hydr-HHHel §#ZQr yst-al paese gnotutpewPth one mol
asymmetric unit andj3p1@Hojwe vceerl,| av chleBmeh yadfr a8 6e0
enantwasneshown ta thesmahbrcitenic C2 space gr ol
17Q8 15T]le diffraction pattern of the novel fo
Solutions were f oWREDRU il gpwlitdimsoamd ol t he fi
fitting a monoclinic space group and one solu

l ine with space groups of plrheev isoou sultyi orne pwoi rtthe dt

reliability (FOM valwue of 17.08) suggests tha
space group with unit cell vo%36nej ofc 288323.0D8"
9 = 90A; DbA=ZdllRe 36f8A5 .(rounded down fiom 5. 2)
cell when usirdenai pyeitfadicaud ag/eadmby the | mmirz

met H@d 6]

6. 4. 1C@nfirmation of Chemical Structure
Hi egoler f or mance | iquid chromatography (HPLC) an
pressure texpenmsumeantitshat the i solated solids we

report of Prazi quGhretme Ic ad x @o sheedr teti saadacl Y@ reidt y

HPLC analysis off essluirces exmpemimegh s do not sho
degradati oRi g@aSteh i@ eiUnpr ocessed Praziquantel
and the soG®rdsc eadfsiemrg el uted at 6.2129 min (res
Thehiral purity of thpresebudeaféetmesi e6mpautbheesatrt
Prazigqguantel ,49h8®@(gea)r abrotbe pealkndat 7.7
did not show c(oRn)Y &)rsd rotni d e rel it gh@raenko g@X e n

Therefor e, it can be concluded that Praziqguan

conver si onzxpduwrciersg i ngCO
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MWD A, Sig=220,4 Ref=off (LM\2021-08-0809032020_MNCS-UR_sollLM1-64-1.0)
THM1, THM1A, Left Temperature  (LM1-54-1.0)
THM1, THM1B, Right Temperature  (LM1-54-1.D)
miAL | :1_:
1200
1000 -
500 -
600 —
400
200 |
] | |
4 [
— P ————— . 5 pr— —_—— —
D
h T T T T T T T
2 4 -] 8 10 12 14 min

Fi g63%HdPLC chromatogram of wunprocessed Praziquant e
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MWD A, Sig=2204 Ref=off (LIM2021-08-0609032020_NCS-UR_sofLM1-64-2.0)
THM1, THM1A, Left Temperature (LM1-84-2.0)
THM1, THM1B, Right Temperature  (LM1-54-2.D)
mal | &
r?'
1200
1000
800+
600+
400
200+ ‘ ‘
II |I
0 B N ‘ - o - i
T T | T T T T
2 4 [} B 10 12 14 miir|
Fi g66EHEPLC chromatogram of Praziquantel from vesse
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MWD A, Sig=220.4 Ref=off (LM\2021-08-0609032020_NCS5-UR_solLM1-64-3.D)
THM1, THM1A, Left Temperature  (LAM1-84-3.0)
THM1, THM1B, Right Temperature  (LM1-84-3.D)
mAL i
i @
1200
1000
800
600
400
200 | |
[
|
—= = L b — ——— — =
D_
T T | T T T T
2 4 B 8 10 12 14 min

Fi ger-EPLC

chromatogram of

Praziquant el

# Time Type Area Height Width  Area% Symmetry
[« 775 [Bv__ | w015 | 255 | 02375 | #9757 | oer |
|2 8.429 | VB 4049.6 278.8 0.2665 | 50.243 | 0.687

Fi g68€hir al H

PLC

chromatogram of

137

unprocessed

from RESS.

Pr azi



# Time _ Type Area Height Width __ Area% Symmetry
7.706 |8V 492 | 0.2353 | 499758 | 0677 |
2 223,

70 3873.5 299..
8382 |vB__ |  3%08.1 | .6 | 0.28638 50.222 | 0.686

— - V
T T T T
2 4 [ £

min

Fi g69-€hir al HPLC chromatogram of Praziquantel fro

6. 4. 1SBectroscopic Analysis
Sol i ds iihsioghatperdessur eamrabegzedehbylsiigitbireMRd (1 R)
spectrnoacaadpywybDpPrBraessdgdaontmeald) al s ob yantahlryezee dnet h

as a baseline.

The most not ablle’ pdda dtf rewr e noafe stchen weeddled desa pCas

the peak 'hiafB 58BwBsernmved in the spectr-2388 both
c Mt hiag observed only i,whtlkd spenat mem ofn tt he K
experiment. A stack of theFi RoalsOfFbanhgasofnthhe
finger proifntt heeerpgoca®@> sed sol i ds comparwed et onounp
substanti aAi gabdr lesnklo yalr 2 n
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Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figet@® R spectra of unprocessed Pr azprgeusasnred GO d s

experiments. (a) Praziguantel Form A; (b)) Prazigqu
RESS.

Transmittance (%)
G

1900 1700 1500 1300 1100 200 700 500
Wavenumber (cm)

Fi g6t®omparison of fingerprint region of unproces
in Kimwipe after experiment (b).
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(a)

Transmittance (%)
G

1900 1700 1500 1300 1100 900 700 500
Wavenumber (cm)

Figetrt2Comparison of fingerprint region of unproces
RESS (b).

Al t hough the 43r5089di pemkt adbsS&mBved in the spect
Praziguaheek arkRr dR ¢gweerktialar afure which show |
For exampéterelpgandl I & s PpPeatzi gnod otmelirprhese al | wi
peankesar 3% a0A®8¢cmBB] parti-HHI|Ifaor,mtehxehiPlziQ ed a mor
peak atlwhS4ah owmas attributed [t1o9 6t]heemedHs htiyfptiicrad
C=0 bandl®@49'lémdl so observed witkrtelsesusrcel i ds

compared to unprocessed Praziquantel, which h
Praziguantel which can be r el[altsesd 1t ,tlPeb6 ]c onf
Praziguant el has two main conformaf2d8dvmp tvwtrei ch
sycnonf or mati on, both carbonyl groups are on tF
i n aantkednf or mati on the carbonyl groups are on o

rotati onN obfontdhecoChnnect i nmoite@teyn.o autngecyt d lommhad x & rhee 0
cal cul ati o0-88n begte Badirarv &g & howeno ntf Fdattnmedr heo nf or mer

adopted dOhaBogmeAter frequency separation bet
calculated IR spaatoomdc2ollelpaacdi ttioon het hey cal

di pol e moment of bothsycohbommes, wadosvubgt & htal
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thanmndhenf or meanecodomiuser méde may be more stabl e i
Based on the circumstances underpowhirg lsatClde no
the smaller frequency difference Iin the C=0 |
(¥101 vshHh28 id¢mis possible that the form change

nomol ar solvent is related to changseython conf ol
antiChange in conf oacgamadiitoinonsn lagpealcga tbheardn ob
such as | bupr of en2 1la8nf2 IClalr ébora marzeveed tniegat i on of t

confirm the nature of this form change at a m

I n addition,23h3hamakoat b28RA1observed in any
known Praziquantel polymorphs and is not expe
Coincidentally, carbon dioxide IR spectrum sh
related to the asylthhmetpreiak gterl eatteldi g phdedse asy
al so been shown to shift when dissolved in di
cmMto 234Y220fMhe incdimsitdre afry@®al s which remali
be attributed to formation of persistent fl ui
previously observed 2R2Blo]bRa maohu.ngdp ¢ htat o @y . st a
condi tionse innunb@r of trapped fluid inclusions
whi ch was al so observed lbggndaicirre atsleal a nd ®emisatt ¢
spectra. In this work, the sol i dszpwhikch nwerhe
spectr wms htt€Obuted to fluid inclusions in t

possibly related to the rapid depressurizatio

The INMRuisdbectra of the Ftilgpr& FTbekei IMRaspeshown
indicate any major degradati on-pofestshugpes atiifhéee s
of stohlei ds col | dataead efxrton REH S al i n the NMR ar
the ssolidcted from the Kimwipe do not show an

unpro®eageduant el
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1041-83-2

LM1-57-1-KW

LM157-141

oA e

PZQ-baseline

no 95 2.0 8.5 3.0 735 7.0 6.5 6.0 ss 50 45 4.0 3s 3.0 2.5 2.0 1.5 L0 0.8 0.0
1 (ppm)

Fig6t@H NMR spectra of Praziqguantel sampl es.

TheDSesobobkids obtained fromemapbrorirangeael ot x|
expected coPmpaozsiiqtuiBodbBeflosr a qual i tative el ement
chall engi nigncfoorp odseitterormi nof | i ght el ements such
results from the samples are (i7n7 fwai.r% &g r Qe rbe nwv
13.5 wt. % -lOy d dauret) hlreemicorroborating other anal
t he same c hlehmei claRanedhMBXSy .anal ysi s coupl ed with
t hat the chemical strudtacne adfire?rc esxcsCPuant el r

Tab8leEDS analysis results.

Sampl e C (wt. . N (wt. O (wt.
Unprocessed Prazi 78.0 9.0 N 12.9
Sample from RESS 75. 6 10. 8 13.7
Sampl e remaining 74.9 10.5. (C 14.5
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6.4.1THWer mal Analysis and Water Content
Both solids D&8CetanmhsidddtinBh @ ot mér mogram of
unprocessed PraZig@eafeoel cioslheh dBECniodr t he sol i
aftenrpscC€C&shsoomnegd mul ti ple eventThe mathue eDSC 1t
t hermal events observednvasthgabD8@€ theugbgaam
t hermal treat ment -setxapgeer inmecnrtoss Rilenp yaShGa in yhsag .

PZQ-baseline

Heat Flow (Normalized) Q (Wig)

‘ Enthalpy (normalized): 94.266 J/g
Onsetx: 13818 °C
| Peak temperature: 141.62 °C

T T T T T T T T T T T T T T T T T T T T T T T
0 50 100 150 200 250 300

ExoUp Temperature T (°C)

Fig614DSC thermogram for Praziquantel unprocessed.

Thfeirst endot htelheni mo preaark o fn ¢ dleiFd g Gryeol at ed fr
appeaasr $ wo over |l awipt mgoreai@totdfern®ds2 AC (peak 8
aforementioned, the solids isolated from RESS
paper aklHO opfPrZedvi o1 4P Y rdegpge tmeidcr oscopy coupl ed
treatment by DSC confirmed the first endother

mel ting of the prHHO ofuosriny (raepppoeratreidn géb PaZsQ a s hou

143



dehydration of the novel form to &, cteEw6dehydr
The first exothermic event (onset 93.3 AC, pe
melt phase to previously reported Form B, wit
tri anfilegese2@IN56Subsequently, the new dehydrate
yet anot her new fsoercno nads e radualtchaet restlihadmnt mihds e t

al 1A Cpeak 113.2 AC) and 118.60 AC (peak 120.
Figure, fS12Finally, the newwihtitghenrsehtgmdearkad u.r 2
133. 3ThXRPD Fisg@ingntdher mal t r esattampeen t miamrdo shood p y
of the solids frrdmgeaRESS are shown in

00

102.61°C

12076 °C

0.2 4

044

06 4

Heat Flow (Normalized) Q (Wig)

084 133.29°C

83.57°C

1320°C

T T T T
0 50 100 150 200 250
Exo Up Temperature T (°C)

Figr1e®SC thermogram of Praziquantel isolated fron
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I LM1-57-1-v1-to125.brml
I LM1-57-1-v1-to100.brml
1 LM1-57-1-v1-to65.raw

1 LM1-57-1-v1.brml

| Praziquantel-baseline.raw
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0

4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29
2Theta (Coupled TwoTheta/Theta) WL=1.54060

Fi g6t@XRPD diffractograms from thermal treatment o
unprocessed; (green) PzZzQ from RESS; (blue) PZQ fr
(red) PZQ from RESS after thermal treatment to 10
t rtement to 125 AC.

(a) (d) (e) (f)

AN y
1 Enthalpy (normalized), 7 9946 Jig
Onsetx 93.25°C
Peak temperature; 102 46 °C

\V .

Enthalpy (normalized): 2 7301 Jig
Onsetx 11860 °C
Peak temperature: 120.95°C

0.2 4 / 7
&
z <
o 044
(b) —
@
N
: |
£
o
=
z
2 064
w
g /
T
1 Enthalpy (normakized): 9.8291 Jig
Onsetx 13126 °C
( c) Peak temperature: 133.29°C
0.8 4
Enthalpy tmrmahzed] 19178 Jig

Onsetx 11042 °C

Enthalpy (normalized): 98.158 Jig
Peak temperature: 113.20 °C

Onset x 6620 °C
Peak temperature: 8362 "C

10 T T T T
0 50 100 150 200 250

Exo Up Temperature T (*C)
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(c) Dehydration of novel form,

(a) Baseline (b) Melting of PZQ-HH no melt observed

() Crystallization of new
(d) Crystallization of Form B (e) Melting of novel dehydrate unknown form

(g1) Melt of new unknown form (g,) Melt of new unknown form (g3) Melt of new unknown form

Fi g6I#®ostage microscopy analysis #H. m(2)ubD&Cof no
thermogram (2) microscope i mages.

The wbhlcH remainedl sbowwbd Hi mawmpkbeasb8@nt har m
Fi g6lr8e The firwitt enadmseterant 83. 11 AC (peak 92.
of the novel form (to the same dehydmatdiscbse
casedehyhodredtt ed and then crystall i-XRRID taondFor m .
thermal tred@athmeht nhy BS aoetlhearnayt sev@@megd@ GaeA @ g
wi t h t hRer ameil Fwanil AL .)6, AsChPiwqelidihe -X\VRIPD resul ts
for the novel Fig@ln®ee are shown in
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