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ABSTRACT: The relationship between the miscibility of formulation ingredients and their crystallization during the freezing segment of
the lyophilization process was studied. The thermal properties of frozen solutions containing myo-inositol and cosolutes were obtained by
performing heating scans from —70°C before and after heat treatment at —20°C to —5°C. Addition of dextran 40,000 reduced and prevented
crystallization of myo-inositol. In the first scan, some frozen solutions containing an inositol-rich mixture with dextran showed single broad
transitions (Ty’s: transition temperatures of maximally freeze-concentrated solutes) that indicated incomplete mixing of the concentrated
amorphous solutes. Heat treatment of these frozen solutions induced separation of the solutes into inositol-dominant and solute mixture
phases (T, splitting) following crystallization of myo-inositol (7, shifting). The crystal growth involved myo-inositol molecules in the
solute mixture phase. The amorphous-amorphous phase separation and resulting loss of the heteromolecular interaction in the freeze-
concentrated inositol-dominant phase should allow ordered assembly of the solute molecules required for nucleation. Some dextran-rich
and intermediate concentration ratio frozen solutions retained single T;’s of the amorphous solute mixture, both before and after heat treat-
ments. The relevance of solute miscibility on the crystallization of myo-inositol was also indicated in the systems containing glucose or re-
combinant human albumin. © 2014 Wiley Periodicals, Inc. and the American Pharmacists Association ] Pharm Sci 103:2139-2146, 2014

Keywords: calorimetry; freeze-drying; crystallization; glass transition; thermal analysis; protein formulation; amorphous

INTRODUCTION

Freeze-drying is a popular method that enables wide clinical
use of therapeutic proteins and liposomal systems that are
marginally stable in their aqueous solutions.'® Various active
pharmaceutical ingredients (APIs) and excipients (e.g., stabiliz-
ers, pH modifiers, and ion strength modifiers) in formulations
have varied propensities to crystallize or remain amorphous
during the freeze-drying process.*~” Good appearance and phys-
ical stability of the dried crystalline solids makes some excip-
ients (e.g., D-mannitol and glycine) popular bulking agents. In
contrast, some disaccharides form glass-state amorphous solids
that protect colyophilized proteins from conformation changes
and chemical degradation.®!

Obtaining freeze-dried products with targeted crystalliza-
tion profiles is inevitable because small changes in the com-
ponent crystallinity or crystal forms directly or indirectly
affect the quality of pharmaceutical formulations.'?>"*® Incom-
plete crystallization and/or polymorph formation of the bulking
agents often unfavorably affect the stability of APIs during stor-
age because of their higher residual water content or larger
molecular mobility. Residual crystals in largely amorphous
lyophilized disaccharide solids (e.g., trehalose and lactose) in-
duce crystallization of the surrounding molecules during stor-
age, leading to the loss of the protein-stabilizing effects.®%1%20
Crystallization of stabilizers also raises stability issues in the
storage of frozen bulk solutions containing therapeutic proteins
and other biological products (e.g., vaccines).?1:22
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Freezing of aqueous solutions highly concentrates the so-
lutes (<70%-80%, w/w) into a supercooled nonice phase in the
initial segment of the freeze-drying process. Each API and ex-
cipient has an intrinsic thermal transition temperature and
propensity for crystallization that determines the occurrence
of physical changes (crystallization, collapse, and meltback) in
freeze-drying of single-solute frozen solutions under a partic-
ular process condition.5'%2%% However, multiple ingredients
in pharmaceutical formulations mutually affect their crystal-
lization process in a complex manner.?>-?% Effects of cosolutes
on crystallinity and crystal polymorphs are often explained by
their altered molecular mobility and increasing heterocompo-
nent interactions.?®*-*° Elucidation of the factors and underlying
mechanisms determining the physical properties of multicom-
ponent freeze-dried solids should assist rational design of bio-
pharmaceutical formulations and process optimization.’31-3

Multiple pharmaceutical ingredients show varied miscibility
in frozen aqueous solutions and freeze-dried solids.?>-?® Signif-
icantly increasing concentration during ice growth separates
certain multipolymer systems le.g., poly(vinylpyrrolidone) and
dextran] into two highly viscous nonice phases, each dominant
in one of the polymers.*%*! Thermal analysis of frozen solutions
enables determination of the glass transition temperatures of
maximally freeze-concentrated solutes (Ty'), information that
is valuable for determining the miscibility of noncrystalline
solutes.*'#? Freeze-concentration-induced phase separation al-
lows crystallization of a component polymer [polyethylene gly-
col (PEG)] in frozen solutions.?” Several spectroscopic analyses,
including powder X-ray diffraction and FT-Raman microscopy,
indicated the varied miscibility of the polymers in some freeze-
dried solids.*344

Recent studies indicated amorphous—amorphous phase sep-
aration of some freeze-concentrated polymer (e.g., protein and
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polysaccharide) and disaccharide mixtures upon exposure of
the frozen solutions to higher temperatures (e.g., disaccha-
rides phase and solute mixture phases).*546 Postfreeze heat
treatment (e.g., annealing) is a popular method to obtain
large uniform ice crystals that enable fast sublimation as
well as to induce solute erystallization in certain freeze-drying
processes.?” The miscibility of ingredients, particularly those
of therapeutic proteins and stabilizers, in frozen solutions and
in subsequently dried solids has been gained increasing at-
tention as a quality-determining factor. But their analysis re-
mains challenging.?54248-52 [t is possible that the amorphous—
amorphous phase separation of freeze-concentrated solutes and
accompanying changes in the local environments affect crystal-
lization profiles of the solute components.

The purpose of this study was to determine the effects of so-
lute miscibility on solute crystallization in multisolute frozen
solutions. Aqueous frozen solutions containing combinations of
myo-inositol and a cosolute [e.g., dextran 40,000, recombinant
human albumin (rHA), glucose] were used as model systems.
Myo-inositol is a small, generally recognized as safe, sugar alco-
hol that stabilizes higher-order protein structures from thermal
denaturation in aqueous solutions.?® The molecule crystallizes
relatively slowly as a dihydrate in frozen aqueous solutions.
The crystallization water is readily removed during the sec-
ondary drying segment of the lyophilization process.?*¢ Myo-
inositol also crystallizes as a metastable anhydrate form dur-
ing the secondary drying segment.?* The large variations in
the crystal forms and crystallinity that depend both on the
cosolute composition and thermal history prevent wide use of
the excipient as a stabilizer or a bulking agent in freeze-dried
formulations.® However, the moderate crystallization speed
makes myo-inositol a good model for studying both the so-
lute phase separation and crystallization in process-relevant
timeframes. Information on how the miscibility of solutes in
amorphous freeze-concentration processes affects the solute
crystallization process should assist rational design of suitable
multicomponent formulations.

MATERIALS AND METHODS
Materials

All chemicals used in this study were of analytical grade
and were obtained from the following sources: myo-inositol,
disodium hydrogenphosphate, sodium dihydrogenphosphate
(Wako Pure Chemical Company, Osaka, Japan); dextran 40,000
(MP Biomedicals LLC, Solon, Ohio); glucose, sucrose, rHA (Cel-
lastim, expressed in rice; Sigma—Aldrich Chemical Company,
St. Louis, Missouri).

Thermal Analysis of Frozen Solutions

A differential scanning calorimeter (DSC Q-10; TA Instru-
ments, New Castle, Delaware) and Universal Analysis soft-
ware (TA Instruments) were used to perform thermal analysis
of frozen solutions. All solutions used in the thermal analysis
were single phase at room temperature. Aliquots (10 pL) of
aqueous solutions were cooled from room temperature down to
—70°C at 10°C/min. The first heating scans of the frozen solu-
tions at 1°C/min or 5°C/min were paused at —20-C, —10°C, or
—5°C and maintained at the temperature for various times (1-
480 min, heat treatment). The second heating scans to room
temperature were performed after the frozen solutions were
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Figure 1. Thermograms of frozen aqueous myo-inositol and dextran
40,000 solutions. Aliquots (10 wL) of frozen solutions were scanned
from —70°C at 1°C/min prior to or after a heat treatment at —5°C for
30 min (v: Tg').

cooled again to —70°C. To increase the capacity to detect the
thermal transitions (e.g., T') of the freeze-concentrated phases,
the first derivatives of the thermograms were calculated. The
T, was estimated as the temperature at which the highest peak
in the derivative thermogram appeared.

RESULTS

Figure 1 shows thermograms of frozen aqueous solutions con-
taining myo-inositol (50 mg/mL) and varied concentrations of
dextran 40,000 obtained in slow heating scans (1°C/min) with
or without a postfreeze heat treatment at —5°C for 30 min.
The single-solute myo-inositol solution showed a thermal tran-
sition (T;) at approximately —40°C and an exotherm at ap-
proximately —10C before a large endotherm of ice melting.
Myo-inositol crystallizes as its dihydrate in frozen solution in
which crystallized water is readily removed under vacuum dur-
ing the secondary drying segment.’* The second heating scan
of the frozen myo-inositol solution showed an essentially flat
thermogram before the ice melting. A single-solute frozen dex-
tran solution showed T}'s at approximately —15°C in the scans
before and after the heat treatment.

Addition of dextran 40,000 shifted the T}’ to a higher temper-
ature and reduced the myo-inositol crystallized exotherm. The
myo-inositol crystallization exotherm disappeared in the pres-
ence of 50 mg/mL dextran 40,000. The second heating scans
after heat treatment showed the T,;" at —15°C and smaller en-
dothermic shifts in the thermograms before the ice melting. The
transition suggested physical changes in the dextran-dominant
freeze-concentrated phase that was left after crystallization of
myo-inositol. The frozen solution containing myo-inositol and
higher concentration dextran 40,000 (200 mg/mL) retained the
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