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different solute miscibility in the freeze-concentrated
phases surrounding ice crystals.?*? Single transi-
tions that shifted between T, of the component
solutes (dextran 1060 and PVP 10,000 or dextran
35,000) indicated their freeze-concentration into the
same nonice-phase (A). Two transitions at tempera-
tures close to the T, of the individual polymers
indicated freezing-induced separation of PVP 29,000
and dextran 35,000 into different concentrated
phases predominant in one of the polymers (B). The
transition temperatures of the PVP-rich (T, lower
temperature) and dextran-rich (T",, higher tempera-
ture) phases rose gradually with the increase in the
dextran ratio. The polymer mixture also showed the
two T:gs in freezing from more dilute aqueous
solutions (10 mg/mL each, data not shown).?* Single
T, transitions observed in some frozen solutions
contalmng predominantly one of the polymers (PVP
29,000 or dextran 35,000, >90%, w/w) suggested their
miscibility in the freeze-concentrated phase and/or an
inapparent transition of the minor phase. Aqueous

two-layer formation of the PVP 29,000 and dextran
35,000 mixture solutions was observed at above
certain polymer concentrations, dependent on the
temperature (120 mg/mL each at room temperature,
80mg/mL each at —10°C).24*43! Apparent clouding
was not observed in the cooling process of the lower
concentration polymer mixture solutions (50 mg/mL
each) on the lyophilizer shelves. The addition of
200mM NaSCN merged the two Tgs, mdlcatmg
mixing of the polymers in the frozen solutmns

Freeze-Drying Microscopy

We studied the collapse phenomena of the frozen
polymer solutions by FDM (Fig. 2).'7*¢ Scanning of
the frozen solution containing PVP 10,000 and
dextran 1060 (50 mg/mL each, A—C) under vacuum
showed collapse phenomena typical for the miscible
noncrystalline solutes. An advance of ice sublimation
on the upper left portion of the image left a dark
structurally ordered dried solid layer up to a certain

Figure 2. Freeze-drying microscopy images of frozen solutions containing PVP 10,000
and dextran 1060 (A—C) and PVP 29,000 and dextran 35,000 (D-F) (50 mg/mL each)
obtained at different temperatures. The frozen solutions were scanned at 0.5°C/min

under reduced pressure (0.097 Torr).
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temperature (A). The appearance of translucent dots
behind the sublimation front suggested the onset of
physical collapse (T, B). Further heating of the frozen
solution induced intensive loss of the structure in the
region (C). The frozen solutions containing PVP
29,000 and dextran 35,000 (50mg/mL each) also
showed an ordered dried region at the lower
temperature (D). The emergence of translucent dots,
which indicates the onset of collapse, was rather
unclear in the phase-separating frozen polymer
solution (E). The ice sublimation advanced, leaving
a reticulate dried region for several degrees, before
significant deterioration of the solid structure (F). The
temperatures of the translucent dot emergence and
transition to the large structural change were
assigned as T,; and T in this study.

Figure 3 shows the relationship between the
polymer compositions and the T.s of the frozen
solutions obtained by the FDM analysis. The thermal
transition temperatures (T}) are also included in
the figure for comparison. Each polymer used in
the study showed an apparent collapse at a temp-
erature(PVP 10,000: —21.7°C, PVP 29,000: —19.4°C,
dextran 1060: —19.1°C, dextran 35,000: —10.3°C)
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Figure 3. Collapse temperatures of frozen solutions con-
taining PVP 10,000 and dextran 1060 (A) and PVP 29,000
and dextran 35,000 (B) (100mg/mL total) obtained by
freeze-drying microscopy. Each symbol denotes the avera-
ge + SD (n = 3) of the collapse onset temperature (T, T¢1: @)
and the second collapse temperature (T,p: A). Thermal
transition temperatures of the corresponding frozen solu-
tions (Ty, Tyt O, Ty A) are included for comparison.
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several degrees (2.9-5.1°C) higher than the corre-
sponding T’gl obtained by thermal analysis. The
phase-separating frozen PVP 29,000 and dextran
35,000 solutions showed collapse onset (T.;) above the
T,. Some frozen solutions also showed transition to
the severe structural change (T.3). There were large
shifts in the collapse temperatures at certain
(between 60 and 70 mg/mL) dextran concentration
ratios.

Experimental Freeze-Drying

Freeze-drying of the polymer mixture solutions at
different shelf temperatures (—32 to —12°C) during
the primary drying segment resulted in collapsed or
cake-structure solids (Fig. 4). The miscible solute
combinations (dextran 1060 and PVP 10,000 or
dextran 35,000) showed significantly different solid
structures depending on the shelf temperatures
below (cake-structure) and above (collapsed solid)
their composition-dependent Tgs during primary
drying. No difference was observed in the appearance
of the solids freeze-dried at several positions on the
shelves. The slower primary drying process carried
out at higher chamber pressures kept the difference
between the designated shelf temperatures and those
of products within 2°C (data not shown).? The usual
primary drying process at reduced pressures should
significantly lower the product temperature by faster
ice sublimation. Limitations with regard to control-
ling the pressure of the system made it difficult to
appropriately keep the product temperatures above
—12°C in this study.

The phase-separating polymer combination (PVP
29,000 and dextran 35,000) also retained the cake
structure in freeze-drying at temperatures below both
of the Tis («—24°C). Freeze-drying of the polymer
combinations at temperatures between the two T';s
(—22 and —14°C) resulted in apparently different
solid structures depending on the main polymer
component in the initial solutions. Figure 5 shows the
typical appearance of the lyophilized solids contain-
ing PVP 29,000 and dextran 35,000 obtained at a
primary drying temperature (—16°C). The solutions
containing more than 50 mg/mL dextran 35,000 were
dried as cake-structure solids without apparent
volume change. Some of the cake-structure polymer
mixture solids (e.g., 50-70 mg/mL dextran 35,000)
freeze-dried at —20 to —14°C showed a coarse surface
texture compared to those dried at —32°C (data not
shown). In contrast, the mixtures containing a higher
concentration ratio of PVP 29,000 lost their cylind-
rical structure during primary drying between —22
and —14°C. Colyophilization with NaSCN induced
overall collapse at temperatures slightly higher than
the single T, of each mixture.
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Figure 4. Structure of polymer mixture solids freeze-dried at different temperatures.
The initial aqueous solution contained solutes that have lower (L) and higher (H)
intrinsic transition temperatures (T). The symbols denote a cake-structure solid
(O), slightly shrunk cake (A), shrunk cake (A), and collapsed solid (@). Thermal
transition temperatures of the corresponding frozen solutions (T’g, Tos T’gz) are plotted

as small dots and lines.
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(mg/mil})
PVP 29,000 70 60 50 40
Dextran 35,000 30 40 50 60

Figure 5. Images of freeze-dried solids containing PVP
29,000 and dextran 35,000 obtained at a shelf temperature
(—16°C) during the primary drying process.

Scanning Electron Microscopy Analysis of Freeze-Dried
Solids

Figure 6 shows SEM images of the polymer solids
freeze-dried at different temperatures. Freeze-drying
of solutions containing PVP 29,000, dextran 35,000,
or their mixture at temperatures below all the T';s
(—82°C) resulted in microporous cake-structure solids
with a fine-edged local structure. Primary drying at
the higher shelf temperature (—16°C) did not affect
the morphology of the cake-structure dextran 35,000
solid. In contrast, the high primary drying tempera-
ture induced both physical collapse and microscopic
structure changes of PVP 29,000. The polymer
mixture dried at —16°C showed a round-shaped

PVP 29,000

PVP 29,000 + dextran 35,000

domain structure, although the cylindrical solid
retained the volume of the original solution, which
strongly suggested microscopic collapse in the pri-
mary drying at temperatures between the two T's. No
apparent difference in the amount of residual water
was observed in these polymer solids (<1% (w/w),
data not shown).

DISCUSSION

The results indicated the relevance of characterizing
frozen solutions and freeze-dried solids in the
formulation and process development of multicompo-
nent lyophilized pharmaceuticals. Availability of the
various molecular weight polymers and their appar-
ent thermal transitions made the PVP and dextran
mixture an excellent model to study their miscibility
in frozen solutions. Thermal analysis of frozen
solutions showed different miscibilities of PVP and
dextran depending on their molecular size and
concentration ratios.’®2! The large PVP and dextran
molecules were freeze-concentrated into different
phases that contain specific ratios of a major solute
and a minor counterpart component, as has been
reported previously in aqueous two-layer sys-
tems.??* The absence of apparent clouding before
ice formation and the two Tgs also observed in
freezing a lower concentration initial solution (10 mg/
mL each) indicated that the increased solute con-
centrations due to ice growth, rather than the lower

Dextran 35,000

Figure 6. Scanning electron micrographs of solids containing PVP 29,000, dextran
35,000, and their mixture (total 100 mg/mL) obtained by freeze-drying at two primary
drying temperatures (—16 and —32°C).
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temperatures, were the primary cause of the immis-
cibility in frozen solutions.?? Polymers dominant in
one of the components may remain in the same
concentrated phase. Thermal analysis also showed
mixing of smaller PVP and dextran molecules in the
frozen solutions. Reported aqueous two-layer forma-
tion in response to various polymer combinations,
including proteins and polymer excipients, suggests
possible component immiscibility in their frozen
solutions caused by the thermodynamically unfavor-
able interactions and excess concentrations.?**® The
various levels of solute miscibility in the frozen
solutions should affect the quality of lyophilized
pharmaceutical formulations in various ways.®
Limited mobility of solute molecules during appro-
priate freeze-drying process would retain their varied
miscibility in the frozen solutions.?

The miscible and immiscible solute combinations
showed different propensities to collapse during
experimental freeze-drying at various shelf tempera-
tures. Maintaining the frozen solution at tempera-
tures slightly lower than the T, (or Tj) during the
primary drying, which allows a higher ice sublima-
tion speed and a rigid freeze-concentrated phase, is a
widely accepted means of obtaining cake-structure
amorphous solids from single-solute or miscible
multisolute aqueous frozen solutions.®®® The col-
lapse onset temperatures (7'.s) of the frozen miscible
polymer solutions were observed at temperatures
several degrees higher than the -corresponding
T' 5.1%16:30 The high solute concentrations that incre-
ase the solid density and technical difficulties in
distinguishing collapse onset in the FDM analysis
may partially explain the large difference between
the Ts and Ts. Various other factors (e.g., appara-
tus, secanning speed) also affect the T,s.'¢

The phase-separating larger polymer mixtures
showed more complicated collapse phenomena that
depend on the component composition. Lyophilization
without overall collapse is one of the prerequisites for
the multiphased formulations containing highly
potent and structurally fragile active ingredients
and/or delivery carriers. The schematic relationship
between the solute composition (PVP 29,000 and
dextran 35,000), the transition temperatures (T}),
and their physical integrity during lyophilization at
various primary drying temperatures is shown in
Figure 7. The frozen polymer solutions showed two
T’gs at widely varied concentration ratios. It is
reasonable to suppose that rigid amorphous freeze-
concentrated phases retain their local morphology
and overall cake structure following primary drying
below all the Tgs. In contrast, the uniformly lower
viscosities of the separated phases at the product
temperatures above all the T.s should induce a
significant collapse of materials during the primary

drying process.
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Figure 7. Schematic relationship between the compo-
nent composition, transition temperature (T;), and struc-
tural integrity of freeze-dried phase-separating systems
containing PVP 29,000 and dextran 35,000.

The occurrence of microcollapse (microscopically
disordered cylindrical cake-structure solids) in the
primary drying of dextran-rich frozen solutions at
shelf temperatures between the two T"s (i.e., micro-
collapsing window) should be of particular interest
with regard to freeze-drying of the phase-separating
systems. Different local viscosities of the separated
polymer phases in this temperature range should
induce microcollapse or overall collapse depending on
the quantitative and dynamic balance of the phases at
the drying interface. The mechanism of the micro-
collapse phenomena observed in multiphased poly-
mer systems should be different from that of the
partial collapse that occurs during freeze-drying of
some single-solute and miscible multisolute systems
in their intermediate viscosity state near the single
Tgs, although both can induce locally altered struc-
tures. The phase-separating polymer system showed
spreading of the reticulate microcollapsed dried
region following collapse onset (T;) for wide tem-
perature ranges (1.8-3.5°C in the PVP 29,000 and
dextran 35,000 mixture) before the severe structural
change (T,3) in the FDM heating scan. The margin
between the two temperatures should vary depending
on the T';s of the particular system. It is plausible that
the local structural change starts at temperatures
lower than the observed collapse onset (T.;). In
contrast, the single-solute and miscible multipolymer
systems showed intense structural change immedi-
ately after the collapse onset.

The polymers that form a concentrated higher T,
phase should contribute to the formation of micro-
collapsed solids in a manner similar to that of
crystallizing solutes.?® Quantitative advantage of
the dextran-rich phase should allow the microscopic
structure change of the higher fluidity PVP-rich
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phase on the rigid microporous cake-structure matrix
during primary drying between the two Tgs. In
contrast, insufficient physical intensity of a system
dominant in PVP should induce the overall structural
collapse from the ice sublimation front. Changes in
this balance may explain the large T, shift observed at
a particular dextran concentration ratio. Limited
viscosity changes in the coexisting freeze-concen-
trated phases between the two T,s would explain the
similar structure of the particular composition solids
lyophilized at the temperature range. Decreasing
viscosities of the matrix above the higher T,
(amorphous solute) or T, (crystalline solute) should
lead to overall collapse during the primary drying
process.

The phase-separating multisolute frozen solutions
provide several options in the formulation and
process design that affect the efficiency and robust-
ness of the lyophilization cycle, as well as the product
quality. Primary drying at temperatures lower than
the Tys of all phases is the conventional method for
ensuring better product quality at the expense of a
longer segment time. Choosing the formulation
and process parameters that results in amorphous
microcollapsed solids is a promising strategy for
achieving faster ice sublimation and cake-structure
appearance. Some lower T", pharmaceutically active
ingredients could be lyophilized in the microcollapsed
state by adding a phase-separating high-T; matrix
polymer (e.g., dextran). The microcollapse, however,
can affect the quality of pharmaceutical formulations
either directly (e.g., damage higher order structures
of biomacromolecules) or indirectly (e.g., reduced
storage stability by higher residual water contents) as
reported in the collapse of whole systems.>3? The
effects of microcollapse and their acceptability are
interesting topics that require further study.

Understanding the complex physical behavior of
phase-separating frozen solutions is relevant for the
formulation and process optimization of various
lyophilized pharmaceuticals.*® Some polymer exci-
pients (e.g., PVP) protect proteins directly (e.g.,
reduce freezing-induced oligomer dissociation®*)
and indirectly (e.g., reduce chemical degradation by
raising glass transition temperature of colyophilized
disaccharide-based solids') during the process and
storage. Further studies that clarify phase behavior
of the complex systems are required for rational
design of the polymer-containing protein formula-
tions since many frozen protein solutions show only
unclear T’g transition in thermal analysis. Similar
approach would be applicable to some freeze-dried
suspension formulations that form concentrated
medium and particle phases in frozen solutions.
Monitoring of various changes during freeze-drying
by appropriate process analytical technology (PAT)
tools (e.g., measurement of residual ice by Raman

JOURNAL OF PHARMACEUTICAL SCIENCES, VOL. 99, NO. 11, NOVEMBER 2010

spectroscopy) should also assist in the implementa-
tion of robust freeze-drying cycles.> 28
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Thermal analysis of liposome suspensions was performed to study their freezing behavior

and effect of trehalose distributed across the membranes.

Cooling scan of DPPC

(1,2*dipalmitoyl-sn-glycero-3-phosphocholine) liposome suspensions showed exotherm peaks of

bulk (heterogeneous ice nucleation, -15 to -25°C) and intraliposomal (homogeneous ice
nucleation, approx. -45°C) solution freezing. Changing size of the intraliposomal ice formation

peak indicated dehydration of liposomes after the bulk solution freezing. Liposomes of larger

size and/or lower membrane fluidity showed slower rate of dehydration upon the bulk solution

freezing. Addition of trehalose before and after the liposome preparation resulted in their

different distribution across the membrane and varied freezing behaviors.
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Fig. 1. Cocling thermogram of a DPPC liposome
suspension (6%, w/w, 5°C/min). Exotherm
peaks denote heterogeneous ice formation (A,
bulk solution freezing) and homogeneous ice
formation (B, intraliposomal solution
freezing), respectively.
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Fig. 2. Effect of liposome size (A) and lipid
composition (B) on freezing exotherms of
intraliposomal solutions. (n=3)
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Fig. 3. Effect of trehalose distribution on freezing
exotherm of intraliposomal solutions. (4%
DPPC, 0 or 12% trehalose, 0.2um, n=3)
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Fig. 4. Effect of liposome size on the freezing
exotherm of intraliposomal solutions. (4%
DPPC, 12% trehalose, both sides, n=3)
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Fig. 5. Thermogram of liposome suspensions obtained
by fast cooling (A: 5°C/min) and slow cooling
that mimic freeze-drying process (B
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