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Figure 2. Derivative thermograms of frozen solutions
(10 pL) containing 14% sucrose and 6% PVP 29,000 ob-
tained in the first heating scans from —70°C at 5°C/min
and in the second scans after heat treatments at —5°C for
1-480 min.

containing 14% sucrose and 6% PVP 29,000. The heat
treatment at higher temperatures (—5°C and ~10°C)
induced faster splitting of the T’ peak and an in-
creased margin between the split peaks. Contrarily,
the frozen solutions heat treated at lower tempera-
tures (—20°C and —25°C) showed a single transition
that was essentially equal to those obtained in the
first scan. A longer time was required to induce the
apparent T’ splitting in the heat treatment at the
intermediate temperature (—15°C). The heat treat-
ment of the frozen mixture solution at a temperature
just below the Ty’ (e.g., —35°C, 480 min) resulted in
exothermic drift of the thermogram at above the T}’
that suggested the relaxation of the system in the
second heating scan (data not shown).??

Solutions containing varied total concentrations
of sucrose and PVP 29,000 (7:3 weight concentra-
tion ratios) were also subjected to thermal analy-
sis in order to study the effect of the heat treat-
ment (Fig. 4). The Ty's obtained in the first scan
did not depend largely on the total solute concen-
trations (5%—20%, w/w). The higher-concentration
solutions showed a higher propensity for the T
splitting to occur upon the application of the heat
treatment at —5°C. The two Ty's that were ob-
served only after the longer heat treatment suggested
slower phase separation in the lower-concentration
solute mixture solutions (5% total, w/w). This
trend was much different from that of the freeze
concentration-induced phase separation of polymer
mixtures that resulted in two T's in the first scan
even for lower-concentration solutions.1®

The frozen solutions containing various saccha-
rides and polymers were subjected to thermal
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Figure 3. Effects of heat treatment temperatures (—25
to —5°C) on the T,'s of frozen solutions (10pL) contain-
ing 14% sucrose and 6% PVP 29,000 obtained in the scans
from —70°C at 5°C/min prior to (A) and after (O,®) the heat
treatment (30, 480 min, n = 3, average + SD).
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Figure 4. Effects of total solute concentrations on the
transition temperatures (T's) of frozen solutions (10pL)
containing sucrose and PVP 29,000 at a 7:3 weight ratio
scanned from —70°C prior to (A) and after (O, @) a heat
treatment at —5°C (30, 480 min, n = 3, average + SD).
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Figure 5. Transition temperatures (Ty's) of frozen solu-
tions (10 pL) containing varied concentration ratios of low-
molecular-weight saccharide and PVP 29,000 (total 20%,
w/w). Symbols denote T,'s obtained in the heating scans
prior to (A) and after (O, @) the heat treatment at —5°C for
30 min (n = 3, average = SD).

analysis to elucidate the effect of the heat treat-
ment. The frozen solutions containing saccharide-rich
mixtures of PVP 29,000 and disaccharides showed
the splitting of the 7’ upon application of the
heat treatment (—5°C, 30 min, Fig. 5). Contrarily,
the single-solute and polymer-rich frozen solutions
showed slight upward shifts of the single T's. The
heat-treated frozen solutions containing glucose and
PVP 29,000 showed two T,'s at wider concentra-
tion ratios. The effect of the heat treatment on the
transition temperatures of the frozen solutions con-
taining sucrose and varied-molecular-weight PVPs
(PVP 10,000, 360,000) is shown in Figure 6. The
frozen smaller PVP solution showed the T, at lower
temperature.®® The two T,’s were observed at wider
concentration ratio in the heat-treated mixtures con-
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Figure 6. Transition temperatures (Ty's) of frozen solu-
tions (10 pL) containing varied concentration ratios of su-
crose and PVP or maltotriose (total 20%, w/w). Symbols
denote Ty's obtained in the heating scans prior to (A) and
after (O, @) the heat treatment at —5°C for 30 min (n = 3,
average £ SD). *, two transitions were observed in two of
three scans.

taining sucrose and smaller PVP molecules (10,000)
compared with those containing larger PVP molecules
(360,000). The figure also shows the T}'s of the frozen
sucrose and maltotriose mixture solutions. The slight
upward shift of the single T’ that occurred upon the
application of the heat treatment indicated further
concentration of the miscible noncrystalline solutes
at all concentration ratios.3*

The splitting of T,'s should indicate the separa-
tion of the freeze-concentrated solutes into multi-
ple phases that differ in their solute compositions
upon the application of the heat treatment. This def-
inition of the change, rather than the proposition
that a two-step physical property change occurs in
a miscible concentrated phase, was better supported
by the observation of the T,  split only in particu-
lar frozen solute-mixture solutions. The large effect
of the heat treatment temperature and time on the

DOI 10.1002/jps



PHYSICAL PROPERTIES OF MULTISOLUTE FROZEN SOLUTIONS 5249

Tréhé?0$é Dextran . //‘
10% 105 —

HT //\“”//

e
= e — /
% T e
z L s
: - /
I B T
i /
KT B /
g
20 o 7N\ I,
e 7 el
P
o S e
.45 .40 38 -3p .28 20 15 10

Temperaswrs i Gy

Figure 7. Derivative thermograms of frozen solutions
(10 uL) containing varied concentration ratios of trehalose
and dextran 40,000 obtained in the heating scans prior to
and after the heat treatment at —5°C for 30 min.

T, splitting strongly suggested that the increasing
mobility of water and solute molecules helped to in-
duce the phase separation. Solute compositions in the
heat treatment-induced multiple freeze-concentrated
phases were not clear from the transition tempera-
tures in the PVP-containing systems.

Heat Treatment of Frozen Disaccharide and Dextran
Mixture Solutions

Frozen solutions containing a disaccharide (trehalose
and sucrose) and dextran 40,000 also showed a sin-
gle T,' in the heating scans prior to the heat treat-
ment (Figure 7 and 8). Exposing the disaccharide-
rich frozen mixture solution to a higher temperature
(—5°C, 30 min) induced the splitting of the T}/, lead-
ing to two peaks in the derivative thermograms. The
transition temperature profiles suggested solute com-
positions in the multiple freeze-concentrated phases
of the heat-treated dextran-containing systems. The
heat-treated frozen solutions containing 16%—19%
trehalose showed their lower temperature transi-
tion (T'or) near the point of the single transition of
the heat-treated frozen trehalose solution, suggesting
changes of the econcentrated disaccharide phase. The
higher temperature transition (Ty'zn) phase should
contain certain concentration ratios of disaccharide
and dextran. Contrarily, the slight upward shift of
the single T's indicated further concentration of the
solute mixture in the heat-treated frozen solutions
containing higher concentrations of dextran. The heat
treatment induced similar changes in the transition
temperatures in the mixtures containing sucrose and
dextran 40,000.
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. Figure 8. Transition temperatures (Ty's) of frozen solu-

tions (10 wL) containing varied concentration ratios of dis-
accharide and dextran 40,000 (total 20%, w/w). Symbols
denote T's obtained in the heating scans prior to (A) and
after (O, @) the heat treatment at —5°C for 30 min (n = 3,
average + SD).

The effect of the heat treatment temperatures
(—25°C to —5°C) on the T’ of frozen solutions contain-
ing 18% trehalose and 2% dextran 40,000 is shown
in Figure 9. Exposing the frozen solutions to higher
temperatures (—5°C and —10°C) induced faster split-
ting of the T's. The frozen solution maintained a sin-
gle T," upon the application of the heat treatment
at a temperature just above T’ (—25°C). The longer
heat treatment (480 min) at the intermediate tem-
peratures induced T’ splitting (—20°C) or increased
the margin between the two T’ peaks (—15°C and
—10°C). This result also indicates that higher solute
mobility contributed to the phase separation of the
multisolute frozen solutions. No changes that suggest
the crystallization of trehalose were observed in these
frozen mixture solutions.?

Some frozen solutions containing sucrose and a
polymer were freeze-dried in the DSC cells with
or without prior heat treatment at —5°C (60 min)
to study the physical properties of the resulting
solids. The heating scan of the sucrose solid that
was freeze-dried without the heat treatment showed
glass transition (Ty: 70.2°C), sucrose crystallization
exotherm (onset at ~120°C), and sucrose crystal
melting endotherm (~180°C, Fig. 10, some data not
shown). Colyophilization with dextran 40,000 or PVP
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Figure 9. Effect of heat treatment temperatures (—25°C
to —5°C) on the T, of frozen solutions (10pL) containing
18% sucrose and 2% dextran 40,000 obtained by the heating
scan (5°C/min) from ~70°C prior to (A) and after (O, ®) the
heat treatment (30, 480 min, n = 3, average + SD).

29,000 raised the Tys of the dried sucrose solids
to some extent. The heat treatment did not signifi-
cantly alter the overall appearance of the microporous
cake solids dried in glass vials. Some solids showed
apparent changes of their thermal properties due to
the heat treatment. The heat treatment of frozen so-
lutions broadened and lowered the glass transition
of the subsequently freeze-dried sucrose or sucrose
and dextran mixture solids. The heat treatment of
frozen 18% sucrose and 2% dextran mixture solution
induced apparent two-step heat capacity changes of
the dried solids, suggesting glass transitions of the
separated phases. Reasons of the broader transitions
in other heat-treated solids were not clear. The prior
heat treatment did not alter the glass transition of
solids lyophilized from solutions containing 14% su-
crose and 6% PVP 29,000.

Possible Physical Changes Induced by the Heat
Treatment

The nature of the observed physieal changes and
their effects on the quality of pharmaceutical formu-
lations are of particular interest. The thermal pro-
files strongly suggested different underlying mecha-
nisms that induced the multiple freeze-concentrated
phases between the solutions containing certain mul-
tiple polymers and the disaccharide and polymer mix-
tures. Increasing concentration during ice growth
and their thermodynamic incompatibility are consid-
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Figure 10. Thermograms of disaccharide-and-polymer
mixture solids freeze-dried with and without prior heat
treatment at —5°C for 60 min. The solids (~2 mg) in alu-
minum cells were scanned from —20°C at the heating rate
of 5°C/min. The numbers denote average glass transition
temperature + SD (n = 3).

ered as major causes of the phase separation upon
freezing of some dilute single-phase multipolymer
solutions.!4:16:17 The heat treatment has smaller ef-
fect to alter miscibility of the PVP and dextran in the
frozen solutions.16

Freezing of many other aqueous solutions concen-
trates the multiple solutes into a single mixture non-
crystalline phase, showing the single Ty's because the
mixing is thermodynamically favorable or because the
increasing viscosity at the higher concentrations and
low temperatures, particularly below the Ty's, kinet-
ically prevent the solute phase separation. The in-
creasing solute mobility accompanying the viscosity
drop during the heat treatment of the frozen solu-
tions should allow spatial rearrangement of the kinet-
ically trapped molecules into the thermodynamically
favorable multiple phases that differ in their composi-
tions. Reported phase separation of some lyophilized
disaccharide and dextran mixtures upon exposure
to the higher humidity and temperature indicate
limitations in the miscibility of the noncrystalline
molecules.?® Tt is plausible that the mixing of disac-
charide and dextran in the freeze-concentrated solu-
tions and in the highly humidified solids depend on
the same “solid solubility” factors.?8:38:37 It is widely
accepted that the mobility of the nonerystalline solute
and hydrating water molecules significantly increase
at temperatures above T}/, although there have been
long debates on the definition and naming of the ther-
mal transitions that appear in thermal analysis.31:32
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The apparent effect of the heat treatment tempera-
ture and time clearly indicated contribution of the
increasing solute mobility on the phase separation.
Wide ranges of pharmaceutically relevant solute mix-
tures should be susceptible to this type of miscibility
change. The additional ice crystallization occurs dur-
ing the heat treatment or the following cooling process
should raise the Ty’ obtained in the second heating
scans.

The varied transition temperature profiles sug-
gested different mixing behaviors of the disaccha-
rides and polymers in the heat-treated frozen solu-
tions. The frozen solutions containing a disaccharide
and dextran 40,000 suggested separation of the so-
lutes into a disaccharide-dominant T'sr, phase and a
solute-mixture Ty s phase upon the application of the
heat treatment. The transition temperatures of the
concentrated solute mixture phase (Ty'on) (sucrose
and dextran 40,000: approximately —26°C; trehalose
and dextran 40,000: approximately —23°C) suggested
mixing of the disaccharide and dextran at approxi-
mately 2-3:1 weight concentration ratios. The sur-
plus disaccharide molecules above these concentra-
tion ratios would be removed from the mixture to
form the disaccharide-dominant concentrated phase
upon the application of the heat treatment presum-
ably because the interactions (e.g., hydrogen bonding)
between the same molecules were thermodynami-
cally more favorable than those between heteroge-
neous components. The separation into disaccharide-
dominant and solute-mixture phases is consistent
with the reported phase separation of a humidified
freeze-dried trehalose and dextran mixture, which
leads to trehalose crystallization.?® The complex Ty’
profiles of the heat-treated disaccharide and PVP mix-
ture frozen solutions suggested that the differences
in the solute compositions between the two freeze-
concentrated phases were smaller than that of the dis-
accharide and dextran mixture. The expected higher

mobility of smaller PVP molecules at the heat treat-

ment temperature would explain the T, splitting
observed at wider concentration ratios. The solute
miscibility information revealed by the thermal anal-
ysis has some limitations because at least a certain
fraction of the components should be phase separated
to show the transition detectable by DSC.?! The rea-
son the total solute concentration affected the occur-
rence of the phase separation remains unclear.

In addition to the heat treatment process, some
multisolute frozen solutions would unintentionally
experience the high solute mobility temperatures that
allow the solute phase separation during the freezing
process of lyophilization. The freezing of larger vol-
ume solutions in glass vials often keeps them at tem-
peratures close to 0°C for a certain period during the
ice growth because of the large enthalpy of ice fusion,
limited heat flow through the vial bottoms, and slow

DOI 10.1002/jps

shelf-cooling speed. The possible intervial and inter-
batch variations of the thermal history would affect
the morphology of the ice crystals as well as the mis-
cibility of the noncrystalline solutes. Contrarily, the
small amounts of solutions in aluminum DSC cells,
which are designed to constantly follow the stage tem-
peratures, should provide a limited time for the solute
phase separation to occur during the cooling process
of the thermal analysis. The observed slow phase sep-
aration during the heat treatment at a relatively low
temperature (—20°C) also suggested the occurrence
of this phenomena during practical freeze-drying pro-
cesses. Some “controlled ice nucleation” techniques
are getting increasing attention as ways to achieve
uniform ice structure and sublimation speed among
vials.?® Inducing the simultaneous freezing of solu-
tions in many vials before the spontaneous freezing
can keep them at temperatures well above the T’
longer than the usual freezing processes.

Implications for Freeze-Dried Formulation Quality

The phase separation of the freeze-concentrated so-
lutes induced by the heat treatment should directly
and/or indirectly affect the quality of various freeze-
dried pharmaceutical formulations. The ability of dis-
accharides to protect higher-order structure of the
therapeutic proteins and liposomes against the dehy-
dration stresses depends on the number and strength
of the water-substituting molecular interactions in
the glass-state mixtures.*®> The disaccharide and
polymer mixtures studied did not show the misci-
bility change that apparently decreases the hetero-
solute interactions. However, possible separation into
the phases both dominant in one of the solutes, as
observed in the freeze-concentration-induced separa-
tion of multiple polymers, should lead to loss of the
stabilizing interactions.

Different transition temperatures of the individual
phases should provide chances for physical and chem-
ical changes of the formulation properties during the
process and storage. The possible higher molecular
mobility in the lower glass transition temperature
solid phase would allow chemical degradation of the
ingredients during the storage. Varied distribution of
other solutes (e.g., inorganic salts) into the multiple
concentrated phases should further affect stability of
APIs that depends largely on the local environment
(e.g., Tz and pH). The multiple concentrated phases
in a frozen solution may have independent propensi-
ties toward physical collapse during the primary dry-
ing. Primary drying of some phase-separating poly-
mer mixtures at the product temperatures between
the collapse temperatures (T.s) of the consisting non-
crystalline concentrated phases results in microcol-
lapsed cakes composed of a skeletal ordered higher
T. phase and a structurally disordered phase.??
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The heat treatment of frozen solutions may also
affect quality of the lyophilized formulations even
without the phase separation. The ice crystal size
growth resulting from the heat treatment of frozen
solutions allows faster ice sublimation, whereas the
accompanying reduction of the specific surface area
of the solid matrix should increase the time required
for the secondary drying segment.? The reordering of
the miscible solute molecules by the heat treatment
of the frozen solutions as well as the relaxation of the
freeze-concentrated solutes during the storage at the
temperature just below T’ are possible factors that
alter the physical property of dried solids. Further
characterization of the solids is clearly needed to elu-
cidate the implications of these changes.0-4!

These findings suggested some strategies to im-
prove the quality of freeze-dried pharmaceuticals
through controlling the component miscibilities. For
example, the transition temperature profile helps
in the setting of appropriate ingredient composi-
tions that avoid component phase separation during
the freeze-drying process. Intentionally inducing the
phase separation by the heat treatment would be an
alternative way to reduce the variations of the phys-
ical properties in certain formulations. The fact that
the component immiscibility can affect the formula-
tion qualities highlights the relevance of appropriate
formulation design and process control based on the
quality by design concept because it is not easy to
visually discriminate the dried cakes that have been
unintentionally separated into multiple phases dur-
ing the process. Further studies using other mixture
systems and analytical methods (e.g., temperature-
modulated DSC, Raman imaging, and NIR imag-
ing) would provide deeper insight into the T split-
ting physical changes and their effects on the for-
mulation quality. It is of particular interest how the
heat treatment of frozen solutions affects the quality
of lyophilized therapeutic protein and drug delivery
system formulations.
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Size exclusion chromatography applications.

We developed a method to separate colloidally dispersed nanoparticles on monolithic capillary columns.
Silica nanoparticles were eluted according to their sizes, and the plots of the logarithm of the size of
nanoparticles against their elution volume showed good linearity (r=0.992) over wide range of sizes.
Because of the high porosity of the monolithic column (porosity; 88%), the column’s length could be
increased without clogging of the dispersed samples and the pressure inalong column (500 mm x 0.2 mm
i.d.) was low, with a value of 5.8 MPa at a flow rate of 1 L/min. We demonstrate that this method
using monolithic capillary columns could be used as a powerful tool for size separation of nanometer-
size materials, which will open a new pathway to quality control of nanomaterials in nanotechnology

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recent advances in nanotechnology have enabled the develop-
ment of modern drug carrier systems that play an important role in
the controlled delivery of pharmacological agents to their targets
at a therapeutically optimal rate and dose [1]. “Soft” nanocar-
riers including micelles, polymers, and lipid nanoparticles have
been used for drug delivery [2,3]. Carriers with greater hardness
or density, including colloidally dispersed nanoparticles composed
of silica, gold, or iron oxide, also have been used for drug and gene
therapeutics and for diagnostic imaging [4,5]. These colloidally dis-
persed nanoparticles are alsoimportantin other fields: for example,
gold nanoparticles have been used as imaging tools [6]; titanium
dioxide particles have been used as self-cleaning, anti-bacterial
agents and UV protecting agents [7,8]; and cadmium selenide has
been used to create semiconductor nanocrystals (quantum dots)
[9].

Exact knowledge of the size and size distribution of these
nanoparticles is essential for their application in nanoparticulate
drug delivery systems, because the nanoparticles’ size can substan-
tially affect their physicochemical and biopharmaceutical behavior.
For example, variations in particle size can change drug release
kinetics or transport phenomena across biological barriers, as well
as pharmacokinetics in the human body [10-12].

* Corresponding author. Tel.: +81 3 3700 9662; fax: +81 3 3700 9662.
E-mail address: kurikato@nihs.go.jp (K. Sakai-Kato).

0021-9673/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
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Fractionation techniques offer advantages over non-
fractionation techniques for particle sizing because fractionation
techniques produce information about average particle size and the
distribution of particle sizes for a given sample. Non-fractionation
techniques, such as photon correlation spectroscopy, suffer from
lower resolution than that afforded by fractionation techniques
and thus are not as well suited for the analysis of samples with
broad particle size distributions.

Among methods for the size analysis and characterization of
macromolecules, flow-assisted techniques such as size exclusion
chromatography (SEC) [13,14], hydrodynamic chromatography
(HDC) [15,16], field-flow fractionation (FFF) [17-19] and capillary
hydrodynamic fractionation [20] are suitable for separation of sam-
ples on the basis of differences in the physical size indexes of the
analytes.

When colloids possess an electric charge in buffered aque-
ous solutions, electrophoretic separation methods are also among
those utilized methods for particle separation and characteriza-
tion. Reports have been made to employ capillary electrophoresis
for analytical separations of charged particulate materials, mostly
carried out by capillary zone electrophoresis [21-23].

SEC is the most commonly used fractionation method for par-
ticle sizing. Usually, SEC is performed on a column packed with
polymer gel or porous silica microparticles with pore-size distri-
butions over the range of a few to a few hundred nanometers.
Polymer samples are separated with such packed SEC columns [13].
In addition, nanoparticulate drug carriers such as liposomes are
often separated from small solutes by means of SEC [24].
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Recently, Ute et al. reported SEC of a polystyrene polymer on
monolithic silica columns using tetrahydrofuran (THF) as the elu-
ent [25]. Monolithic silica columns have received much attention as
anewly introduced technology for HPLC and capillary electrochro-
matography [26]. These columns consist of a single piece of porous
material (most often polymer- or silica-based) with a bimodal pore
structure consisting of “throughpores” (pore size ~1.5-5 m) and
“mesopores in the skeleton” (~10-25 nm) [27]. Typically, mono-
lithic columns provide higher porosity compared to conventional
columns packed with spherical particles, and such higher poros-
ity results in much lower column backpressure. Furthermore, the
throughpore/skeleton size ratio of 2-4 in a monolithic column is
much greater than the ratio of 0.25-0.4 typically found in a column
packed with particles [28]. This increased size ratio enables the use
of a long column, thus leading to high separation efficiency [29].
The sizes of the skeletons and throughpores can be independently
controlled by changing the preparation conditions, including the
nature of the porogen.

In this paper, we report the size separation of colloidally dis-
persed nanoparticles by means of a monolithic capillary column.
We used monolithic columns consisting of silica derivatized with
an amide group, i.e., a neutral hydrophilic bond that prohibits
the adsorption of samples on the silica monolith by ion-exchange
interaction and that would enable the analysis of charged soft
nanocarriers such as liposomes derived from biomaterials. We
analyzed the colloidal silica nanoparticles by their sizes using a
monolithic capillary column. We expected that the high porosity
of the monolithic columns would prevent colloidal samples from
clogging the columns.

2. Materials and methods
2.1. Chemicals

Silica nanoparticles (Cataloid S) with sizes of 5, 11, 26, 45, and
78 nm were obtained from JGC Catalysts and Chemicals Ltd. (Kana-
gawa, Japan). Methanol (HPLC grade) and dextran standards were
obtained from Sigma-Aldrich Corporation (St. Louis, MO, USA).
Sodium nitrate was from Kanto Chemicals (Tokyo, Japan). Samples
were dissolved or dispersed in eluent and filtered through a 0.20-
pm filter (Millex-LG, Millipore Corp., Tokyo, Japan) prior to being
applied to the columns. Polydiversity index (PDI) of silica nanopar-
ticles and hydrodynamic diameters of dextran standards in eluent
were measured using dynamic light scattering measurement (Zeta-
sizerNano, Malvern, UK).

2.2. LC conditions

Sample separation was performed with a capillary LC system
equipped with a capillary HPLC pump (MP711V; GL Sciences,
Tokyo, Japan), a four-port internal sample injector (fixed volume:
10nL; Valco Instrument Co. Inc., Houston, TX, USA), and a capillary
ultraviolet-visible (UV-Vis) detector (MU701; GL Sciences).

Samples were analyzed on a MonoCap Amide column
(500 mm x 0.2 mm; 1 pm skeleton, 2 p.m throughpore, and 15 nm
mesopore; GL Sciences). The permeability is represented by a K
value (K=usgonL/ AP, where u stands for the linear velocity of the
eluent, &g for total porosity of the column, 7 for solvent viscosity, [
for column length, and APfor pressure drop [30]). Permeability was
measured in 10 mM sodium phosphate buffer (pH 7.2) containing
methanol (20% v/v). The total porosity of the column, g, was esti-
mated using void times of hollow capillary column and monolithic
capillary column, and total volume of the column. The mobile phase
consisted of a 10 mM sodium phosphate buffer (pH 7.2) containing
methanol (20% v/v). The mobile phase was delivered at a rate of
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Fig. 1. Effect of eluent composition on elution profile of a sample of 26 nm silica
nanoparticles. Column: Capillary EX nano Monocap Amide (250 mm x 0.2 mm Ld.);
eluent: (a) water or (b) 10 mM phosphate buffer (pH 7.2); flow rate: 1 pL/min.

0.1-1pL/min and the column was kept at room temperature. The
detector was operated at a wavelength of 210nm. A sample vol-
ume of 10 nL was injected for each analysis. The morphology of the
monolithic silica was examined by a scanning electron microscope
(SEM; S-3000N, Hitachi). For the measurement of flow rate, we used
a flowmeter composed of 5-pu.L microsyringe attached to the end of
the column.

3. Results and discussion

Usually, SEC is performed with a column packed with poly-
mer gel or porous silica microparticles. However, such columns
could become clogged when used to separate colloidally dispersed
nanoparticles with sufficient hardness or high density, such as inor-
ganic nanoparticles. Therefore, in this study monolithic capillary
columns with high porosity were used for the analysis of colloidally
dispersed nanoparticles.

3.1. Detection

In this study, we used different sizes of silica nanoparticles.
The detection method used was based on turbidimetric detection,
in which colloidal species are observed with a UV-Vis detector
[31,32]. Although silica nanoparticles do not contain any chro-
mophores, it is expected that a portion of incident UV light is
scattered by the silica nanoparticles, thereby reducing the intensity
of light reaching the photomultiplier. This reduction in light inten-
sity provides an apparent absorption value. In this experiment,
we used different concentrations of silica nanoparticles depend-
ing on their sizes, because the larger the silica colloid, the larger
the pseudo-UV absorbance observed. To achieve an optimal signal-
to-noise ratio, the detector wavelength was set to 210 nm for the
experiments described here.

3.2. Optimization of eluent

It is important that the silica nanoparticles maintain a consis-
tent size during analysis; therefore, an eluent should be chosen
that does not cause gelation, aggregation, or dissolution of the par-
ticles. As shown by the unstable baseline and small sample peak
in Fig. 1(a), water was not appropriate as an eluent compared
with phosphate buffer (Fig. 1(b)). It is considered that the silica
nanoparticles probably are not stable and coagulated in plain water,
and silica nanoparticles are prone to clogging injectors or columns
which lead to small peak area in plain water [33]. For these reasons
we used phosphate buffer as the eluent in our studies.

We also examined the effect of the eluent pH on the peak area
and plate number of silica nanoparticles. We used 10mM phos-
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Fig. 2. Effect of eluent pH on (a) peak area and (b) plate number of various sizes of
silica nanoparticles. Eluent: 10 mM phosphate buffer (pH 4, 7.2, or 8); sample: 0.3%
(w/v) 78 nm, 0.5% (w/v) 45 nm, 1% (w/v) 26 nm, and 1% (w/v) 11 nm silica nanopar-
ticles. Each sample containing one size of particles. Other conditions are the same
as those described in Fig. 1.

phate buffer at pH 4, 7.2, and 8. As shown in Fig. 2, both the peak
area and the plate number were the largest at pH 7.2 for all sizes of
silica nanoparticles. It is probable that coagulation of silica nanopar-
ticles takes place at lower pH, due to a decrease in electrostatic
repulsion, and silica nanoparticles are prone to clogging injectors
or columns which lead to small peak area in plain water. Consid-
ering the above results and the stability of the separation column,
we used phosphate buffer at pH 7.2 in our studies.

Examining the effect of phosphate buffer concentration on sam-
ple peak size, we found that the sample peak area was larger
in 10mM phosphate buffer than it was in 50mM phosphate
buffer. This difference was most pronounced for the sample of 78-
nm silica nanoparticles (data not shown). The decrease in peak
area with increasing buffer concentration was probably caused by
nanoparticle coagulation that would have been induced by high
concentrations of sodium cations in the buffer [34]. Therefore, we
used 10 mM phosphate buffer (pH 7.2) in our experiments.

Finally, we examined the effect of organic solvent on sam-
ple peak area. Because slightly larger peak areas were observed
with methanol than with acetonitrile, we selected methanol as an
organic solvent (datanot shown). This preference for methanolmay
be ascribed to a different hydrogen bonding force between silica
nanoparticles and methanol or acetonitrile. By adding methanol
at 20% (v/v) to the eluent, peak areas of all sample peaks were
increased; however, the plate number did not increase for all sizes
of nanoparticles (Fig. 3). Further increases in the organic solvent
ratio up to 90% (v/v) largely decreased the peak area. This observed
decrease in peak area with increasing organic solvent ratio probably
occurred because the presence of the solvent decreased the electric
double layer around the nanoparticles, which would have resulted
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Fig. 3. Effect of methanol ratio in the eluent on (a) peak area and (b) plate number
of various sizes of silica nanoparticles. Eluent: 10 mM phosphate buffer (pH 7.2) or
10mM phosphate buffer (pH 7.2) containing 20% methanol. The other chromato-
graphic conditions were the same as in Fig. 2.

in the reduction of repulsion between each nanoparticle and thus
increased particle aggregation. Therefore, 20% methanol was added
to the phosphate buffer in our experiments. When 10 mM phos-
phate buffer (pH 7.2) containing 20% methanol was used as the
eluent, the pressure in a long column (500 mm x 0.2 mm i.d.) was
low, with a value of 5.8 MPa at a flow rate of 1 pL/min. Under
this condition, the permeability K was 6.7 x 1014 m? and the total
porosity of the column was 88%.

3.3. Effect of column length and flow rate on silica nanoparticle
separation

The use of longer monolithic columns would be one possible
way to better separate mix samples. Fig. 4(a) shows the effect of
column length on column efficiency for silica nanoparticles with
different sizes. We used 150, 250, and 500 mm columns; these are
all that are commercially available. The column efficiency slightly
increased with column length for all silicate nanoparticles using
the same eluent and flow rate (1 pL{min). This result is probably
explained by the external-band broadening contributions [35]. The
contribution of external-band broadening contributions to total
system efficiency was larger as the column length decreased and
the ratio of extra-column variance to total system variance were
37, 54, 78%, when nanoparticles of size of 78 nm were analyzed
onto 500, 250, and 150mm columns, respectively. The extra-
column variance was calculated by measuring the half bandwidth
of nanoparticle peak analyzed without column. Although using a
longer column takes a longer time to elute solutes, it has an advan-
tage for better separation of a mixture sample, In fact, as shown in
Fig. 4(b), the separation of silica nanoparticles mixture was gradu-
ally improved by using longer column length, although the elution
time is getting longer.

Further, we examined the effect of flow rate on column effi-
ciency to improve the separation of the silica nanoparticle mixture.
We confirmed the accuracy and precision of flow rate with various
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Fig. 4. Effect of column length on (a) plate number and (b) silica nanoparticle sepa-
ration. Column: Capillary EX nano Monocap Amide (150, 250, and 500 mm x 0.2 mm
Ld.); eluent: 10mM phosphate buffer (pH 7.2) containing 20% methanol; sample:
(a) 0.3% (w/v) 78 nm, 0.5% (w/v) 45 nm, 1% (w/v) 26 am, 1% (w/v) 11 nm, 2% (w/v)
5 nm silica nanoparticles, (b) mixture of 1% (w/v) 78 nm, 2.8% (w/v) 26 nm, 10% (w/v)
5nm. Flow rate: T pL/min.

flow rate settings using a flow meter at the outlet of the column, and
proved the accuracy and precision of flow rate including low flow
rate we used in our report (Table 1). We also confirmed that the
silica nanoparticles have a narrow distribution suitable for assess-
ment of column efficiency. We measured the polydiversity index
(PDI) of each silica nanoparticle by dynamic light scattering. The
PDI value is an estimate of the distribution width and for a nar-
row distribution, a PDI of around 0.1 or lower is expected. The
PDI values were 0.018 (78 nm silica), 0.022 (45 nm), 0.053 (26 nm),

Table 1
Accuracy and precision of flow rate.
Flow (pLimin)
3 2 1 0.5 0.2 0.1
Mean 2972 1.991 0.999 0.497 0.200 0.0996
SD 0.0157 0.0083 0.0037 0.0023 0.0004 0.0003
Precision{%)  0.53 0.42 0.37 0.47 0.18 0.28

Accuracy (%) 99.08 99.56 99.93 99.30 99.81 99.59

Flow rate was measured using a flow meter according to the manufacturer’s pro-
tocol. Column: Capillary EX nano Monocap Amide (500 mm x 0.2 mm id.); eluent:
10 mM phosphate buffer (pH 7.2) containing 20% methanol.

0.085 (11 nm), 0.169 (5nm). Although, PDI value of 5-nm silica
nanoparticle was a little larger than 0.1, the distribution of other
nanoparticles was narrow according to PDI values.

In SEC, for discussion of the effect of flow rate on plate height
(H), Giddings’ coupling theory can be simply represented by [36]

1 B
H:-—-——~(1/A)+(I/Eu)+a+(:u. (1)

In this equation, u is the eluent linear velocity, and A, B, C, and
E are coefficients that contribute to band broadening and thus
to H. The contribution of each of the terms in Eq. (1) to H are
functions of (1) the coupling effect of eddy diffusion, A term (a
simple flow-splitting phenomenon that is not expected to vary
with linear velocity) and lateral diffusion, E term (extraparticle
mass transfer in case of packed column), (2) longitudinal diffu-
sion, B term, and (3) mass transfer, C term (solute diffuse in and
out the pores and stationary-phase mass transfer effect involving
basic sorption-desorption process). The curves of H versus u are
shown in Fig. 5(a) and part of this graph was enlarged in Fig. 5(b).
For sodium nitrate, the plate height is mainly determined by longi-
tudinal molecular diffusion, which is a result of the relatively high
values of B term (proportional to molecular diffusion coefficient).
This causes H to increase drastically with low-velocity regions as
shown in Fig. 5(b). On the other hand, the longitudinal effect (2)
is generally insignificant for macromolecules, band broadening is
controlled by mass transfer terms (3) or by coupling effects of
eddy diffusion and lateral diffusion (1). For the mass transfer pro-
cesses (C term), the magnitude of the C term is dependent on the
rate of diffusion of solute in and out of the pore structure. There-
fore, larger, slower-diffusing molecules increase the value of the
C term more than do smaller, faster-diffusing molecules [37]. In
fact, as shown in Fig. 5(a), the H versus u curves of silica nanoparti-
cles were almost linear (r=0.993-0.998) over the whole range we
examined, which is different from sodium nitrate, as reported using
porous silica particle columns [38]. Furthermore, the slopes of lin-
ear curves increased with an increase in the particle sizes. These
results indicate that C term is a dominant plate-height term for
silica nanoparticles analysis on a monolithic column.

From Fig. 5, we expected that a decrease in u should decrease
H and thus increase peak resolution. In the present study, the peak
resolution improved with decreasing flow rate when a mixture
of different sizes of silica nanoparticles (78, 26, and 5nm) were
analyzed on a 500 mm x 0.2 mm i.d. capillary monolithic column
(Fig. 6). As shown in Fig. 6, an increase in peak resolution was
observed with a decrease in flow rate. The shift of peaks by the
decrease in flow rate was presumably caused by an increase in per-
meation for nanoparticles into porous structure of silica monolith.
At a flow rate of 0.1 pL/min, some aggregates were detected that
were not observed at faster flow rates. A similar increase in resolu-
tion also has been reported for a mixture of proteins separated at
various flow rates on a silicagel-packed column [39].
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Fig. 7. (a) Particle size distribution overlay plot for five sizes of silica nanoparticles
and (b) plot of the logarithm of the mass of 1 mol particles as a function of elution
volume for each size of silica nanoparticles. Column: Capillary EX nano Monocap
Amide (500 mm x 0.2 mm i.d.); flow rate: 0.5 yL/min; samples: solutions of 0.3%
(wfv) 78 nm, 0.5% {w/v) 45nm, 1% (w/v) 26 um, 2% (wfv) 11nm, and 1.5% (w/v)
5nm silica nanoparticles. The other conditions were the same as described in Fig. 4.

3.4. Calibration curve

Fig. 7(a) shows an overlay of the particle size distribution
obtained for five different samples. The nanoparticles were eluted
in order of decreasing size. The logarithm of size of nanoparticles
was plotted against its elution volume (Fig. 7(b)).

The plot was almost linear (r=0.992) over a wide range of
sizes including a very large size region beyond the size of meso-
pores (15 nm). Because SEM micrographs show the presence of very
rough surfaces of the monolithic silica support in micron and sub-
micron ranges (Fig. 8), our result indicates that not only mesopores
but also these rough structures contribute to the size separation of
silica nanoparticles.

We further explored the separation mechanism by drawing
the molecular weight versus elution volume plot using dextran
standards because silica nanoparticles with low molecular weight
cannot be obtained. As shown in Fig. 9, the plot waslinear at the high
molecular weight region. Because the average hydrodynamic size of
the largest dextran standard is 48 nm, this result indicates that the
wide pore size distribution of the monolithic structure contributes
to the selective permeation for a wide range of dextran standards
and that size separation is possible beyond the range provided by
the mesopores. Fig. 9 also shows that the plot curves at the low
molecular weight region of below about 1000, which indicates that
the permeation limit of this column exists as SEC mode.

Others also have reported that the separation of polystyrene
standards according to molecular weight apparently occurred not
only in the mesopores of a silica monolith (internal pore zone)
but also at the outside (external pore zone) [25,40]. Ute et al
reported that when polystyrene standards were separated on a
monolithic capillary column, the resulting calibration curve was
linear over a wide range of masses as shown here [25]. We also
examined the repeatability of the elution times using 26 and 76 nm
silica nanoparticles, and relative standard deviations of the elution
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Fig. 8. Scanning electron micrographs of monolithic silica capiliary columns. Scale
bars corresponding to 100 wm for (a) and 10 pwm for (b).

times were 0.24 and 0.15% (n=3), respectively. The good linear-
ity and repeatability of elution observed in our study indicates
that this monolithic column can be used with minimal unfavor-
able adsorption of the solute on the column skeleton and can be
used for knowledge of size and size distribution of nanoparticle
samples using the calibration curve. This minimal adsorption is
ascribed to alteration of the silica surface by organic functional
groups. By modifying the size of mesopores or throughpores in
monolithic columns, it would be possible to further clarify the sep-
aration mechanism and design columns to resolve nanoparticles

1E+07 -
1E+064 *

1E+051 * .
1.E+04 - ‘ *
1E+03 - 3

Molecular weight

1E+02 4

1.E+01 T ¢ :
11 12 13 14 15

Elution volume (jiL)

Fig. 9. Selective permeation of dextran standards. Column: Capillary EX nano
Monocap Amide (500 mm x 0.2 mm i.d.); eluent: 10 mM phosphate buffer (pH 7.2)
containing 20% methanol; flow rate: 1 pL/min.; sample: dextran standard; detec-
tion: UV190 nm.

with wide size ranges. Also, quantitative evaluation of particle size
distribution using chromatograms remains to be solved.

4. Conclusions

In this study, we used a monolithic capillary column to develop
a novel technique for the highly resolved separation of colloidally
dispersed nanoparticles by their sizes. Because the column had a
low backpressure, an increase in resolution could easily be achieved
by elongating the column length. By optimizing the flow rate in the
column, we resolved nanoparticles with only slight differences in
size. The molecular weight versus elution volume plot curves at the
low molecular weight region of below about 1000, which indicates
that the permeation limit of this column exists as SEC mode. In
future studies, the effect of these monolithic column structures (the
sizes of mesopores and throughpores) on nanoparticle separation
should be further explored to clarify the details of separation mech-
anism. This separation method represents a powerful means of size
distribution for quality control of manufactured nanotechnology
medicinal products, and this method can also be used to detect
these products’ impurities, including their aggregates. Therefore,
this method could be used to analyze other industry-important
dispersed nanomaterials, including carbon nanotubes or fullerenes.
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ABSTRACT

To clarify the contribution of drug-polymer interaction to the physical stability of amorphous solid
dispersions, we studied the crystallization rates of nitrendipine (NTR) enantiomers with identical
physicochemical properties in the presence of hydroxypropylmethylcellulose (HPMC), hydroxypropy-
Imethylcellulose phthalate (HPMCP) and polyvinylpyrrolidone (PVP). The overall crystallization rate at
60°C and the nucleation rate at 50-70°C of (+)-NTR were lower than those of (=)-NTR in the pres-
ence of 10-20% HPMC or HPMCP. In contrast, similar crystallization profiles were observed for the NTR
enantiomers in solid dispersions containing PVP. The similar glass transition temperatures for solid dis-
persions of (—)-NTR and (+)-NTR suggested that the molecular mobility of the amorphous matrix did
not differ between the enantiomers. These results indicate that the interaction between the NTR enan-
tiomers and HPMC or HPMCP is stereoselective, and that differences in the stereoselective interaction
create differences in physical stability between (- )-NTR and (+)-NTR at 50-70 °C. However, no difference
in physical stability between the enantiomers was obvious at 40°C. Loss of the difference in physical
stability between the NTR enantiomers suggests that the stereoselective interaction between NTR and
the polymers may not contribute significantly to the physical stabilization of amorphous NTR at 40°C.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nifedipine analogues are used for treatment of cardiovascular
disorders. Most of them are poorly water soluble and their bioavail-
ability is low when administered orally in crystal form. To improve
the bioavailability by increasing the dissolution rate and solu-
bility, amorphous solid dispersions of nifedipine analogues have
been studied over the past few decades (Suzuki and Sunada, 1998:
Chutimaworapan et al., 2000; Vippagunta et al., 2002; Hirasawa et
al.,, 2003a,b, 2004; Tanno et al., 2004; Karavas et al., 2005, 2006:
Wang et al., 2005, 2007; Kim et al., 2006; Konno and Taylor, 2006;
Huang et al., 2008; Marsac et al., 2008; Rumondor et al., 2009a,b).
Drugs in an amorphous state are more easily dissolved in water
than their crystalline counterparts. However, recrystallization to
a thermodynamically stable form during long-term storage is a
matter of concern. The physical stability of amorphous solid dis-
persions (crystallization tendency) has been reported to correlate
with several factors, such as molecular mobility (Aso et al., 2004;
Miyazaki et al., 2007), drug-excipient interactions and miscibility
(Matsumoto and Zografi, 1999; Marsac et al., 2006, 2009; Miyazaki
et al.,, 2004, 2006, 2007; Konno and Taylor, 2006; Haddadin et al.,
2009; Tao et al., 2009; Telang et al., 2009). The crystallization rate

* Corresponding author. Tel.: +81 3 3700 1141; fax: +81 3 3707 6950.
E-mail address: miyazaki@nihs.go.jp (T. Miyazaki).

0378-5173/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2011.01.035

of amorphous nitrendipine (NTR) increases with a decrease in the
glass transition temperature (T;) associated with water sorption,
indicating that molecular mobility, in terms of Tg,is correlated with
physical stability. However, amorphous nilvadipine is more stable
than nifedipine, even though the two had similar Ty values, indicat-
ing that the difference in physical stability between nilvadipine and
nifedipine might be attributable to differences in chemical struc-
ture (Miyazaki et al,, 2007). Hydrogen bond interaction between
felodipine and hydroxypropylmethylcellulose (HPMC) or hydrox-
ypropylmethylcellulose acetate succinate is considered to decrease
the nucleation rate of felodipine, since no significant change in
molecular mobility, reflected in T, value, has been observed (Konno
and Taylor, 2006). Also, drug-excipient miscibility is reportedly
related to the physical stability of nifedipines. Drug crystallization
has been observed to occur earlier in solid dispersions showing
phase separation due to low miscibility of the drug with the excip-
ient polymers (Rumondor et al,, 2009a,b; Marsac et al., 2010). In
order to develop stable amorphous solid dispersions, it is important
to clarify the relative significance of these factors for the physi-
cal stability of amorphous solid dispersions. Therefore, designing a
model system that is as simple as possible is the key to evaluation
of each individual factor.

NTR has an asymmetric carbon (Fig. 1), and is available as a
mixture of both enantiomers. These enantiomers can be resolved
by chiral chromatography. Since both enantiomers have identical
physical and chemical properties, including molecular mass, Tg,
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CH,

NO,

Fig. 1. Chemical structure of NTR. The asterisk represents asymmetric carbon.

melting point and density, the effects of molecular mobility and
chemical structure on their physical stability are expected to be the
same. Therefore, solid dispersions of NTR enantiomers may provide
a useful model system for studies of drug-polymer stereoselective
interaction. In the present study, HPMC and hydroxypropylmethyl-
cellulose phthalate (HPMCP) were used as chiral polymers, and
polyvinylpyrrolidone (PVP), an achiral polymer, was selected as
a control to investigate the effect of drug-polymer interaction on
the physical stability of amorphous NTR enantiomers. The over-
all crystallization rates were determined from the time-profiles
of amorphous drug remaining, as measured by differential scan-
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ning calorimetry (DSC). Furthermore, the nucleation and the crystal
growth rates of each NTR enantiomer in the solid dispersions con-
taining HPMC, HPMCP or PVP were determined by polarized light
microscopy. Measurements of Tz and Fourier-transform infrared
spectra (FT-IR) were carried out for evaluation of molecular mobil-
ity and drug-polymer interactions, respectively.

2. Materials and methods
2.1. Materials

PVP (PVP10) and HPMC (USP grade) were purchased from
Sigma-Aldrich, Inc. HPMCP (HP-55) was kindly obtained from Shin-
Etsu Chemical Co., Ltd.

NTR (Wako Pure Chemical Industries Ltd.) was resolved on
a CHIRALCEL OJ-H column (Daicel Chemical Industries, Ltd.,
10mm x 250 mm) into two fractions of each enantiomer with a
mobile phase of n-hexane/ethanol (100/15, flow rate: 4 ml/min). A
500 1 of 1% NTR solution in n-hexane/ethanol (1/1) was injected,
and ultraviolet spectrophotometric detection was carried out at
254nm. The circular dichroism spectrum of the first fraction
exhibited a negative peak at around 360 nm, and the second cne
exhibited a positive peak. Therefore, the first and second frac-
tions of NTR were designated (—)-NTR and (+)-NTR, respectively.
The optical purity of each enantiomer was determined to be more
than 99.96%, and the amount of photo degradation product of NTR
was determined to be less than 0.03% by liquid chromatography,
on a CHIRALCEL OJ-H column (Daicel Chemical Industries, Ltd.,
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Fig. 2. Crystallization profiles of each NTR enantiomer alone ({2); 4, &) and the enantiomers in solid dispersions (O, @) with (b} 10% PVP, (¢} 10% HPMC and (d) 10% HPMCP
at 60°C. Open symbols represent (—)-NTR and solid symbols represent (+)-NTR. The lines in the figures represent the best fit of the Avrami equation.
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Fig. 3. Typical crystal shape observed for the amorphous NTR enantiomers and their solid dispersions: (a) without polymer, (b) 10% HPMC, (¢) 10% HPMCP and (d) 10% PVP.
The left side of each micrograph was taken from the (~)-NTR samples, and the right side from the (+)-NTR samples. The bars in the micrographs correspond to 100 um.

4.6 mm x 250 mm) with a mobile phase of n-hexane/ethanol=10/1
(1 ml/min). Since NTR is a photo sensitive compound, NTR samples
were handled under dim light (<120 Ix).

2.2. Determination of the overall crystallization rate of
amorphous NTR enantiomers

Amorphous solid dispersions of the NTR enantiomers were
prepared by melt-quenching drug-polymer mixtures. One NTR
enantiomer and a polymer were initially dissolved in a solvent that
was suitable for both components. Ethanol/acetone (1:1) was used
for the NTR-HPMC and NTR-HPMCP combinations, and ethanol!
was used for the NTR-PVP combination. Next, the solvent was
rotary-evaporated to obtain a homogeneous drug-polymer mix-
ture. Approximately 4 mg of the pulverized mixture was weighed
into an aluminum pan for DSC, and was kept at around 180°Cin the
cell of a DSC (DSC2920, TA Instruments) for approximately 2 min
under dry nitrogen gas flow (30 mi/min). The melted sample was
transferred to a desiccator containing phosphorus pentoxide, and
the desiccator was stored at a constant temperature of 30-70°C. For
the pure NTR enantiomer, the resolved enantiomer crystal (4 mg)
was melt-quenched as described above to obtain an amorphous
sample.

After certain periods of time, the change in heat capacity (AG,)
at Ty was measured for the stored amorphous samples by DSC ata
heating rate of 20°C/min. The amount of amorphous drug remain-
ing in the sample at time £, x(t), was calculated according to Eq.

(1):

ACp
ACyo

xX(t) = (n

where ACy and ACpg are the AG, values at time t and initially,
respectively. The time required for 10% of the amorphous NTR to
crystallize (fg5) was estimated as an indicator of the crystallization
tendency. The time-profiles of x(t) were analyzed according to the

Avrami equation (Eq. (2), n=3) to calculate tgg:
x(t) = exp[—kt"} (2)

where k is the crystallization rate constant and n is the Avrami
index. HPLC analysis of stored NTR samples showed no evidence of
degradation during melt-quenching and subsequent storage.

2.3. Determination of nucleation rate and crystal growth rate of
NTR enantiomer

The nucleation rate and the crystal growth rate were determined
for samples prepared in a space between two glass disks separated
by a stainless steel ring. The NTR enantiomer-polymer mixture,
which was described above, or the crystalline NTR enantiomer
(1.5-2mg) was placed on a clean glass disk (thickness: 0.12 mm,
diameter: 16 mm) and heated at 180°C in the DSC with a stainless
steel ring (inner diameter: 6 mm, thickness: 20 wm) as a spacer.
After the sample had melted completely, it was covered with
another glass disk (thickness: 0.12 mm, diameter: 12 mm) to yield
an amorphous layer between the glasses. Attention was paid to
ensure that the layer was free of bubbles. For measurements at tem-
peratures above 40 °C, the sample was stored in the chamber of a
heating/cooling stage for microscopy (THMS600, Linkam Scientific
Instruments), which had been adjusted to a prescribed temper-
ature in advance. The moisture in the chamber was removed by
purging with dry nitrogen gas for 10-15 min. Microscopic images
of the sample were recorded at appropriate time intervals by a digi-
tal camera (DXM1200F, Nikon Corporation) attached to a polarized
light microscope (ECLIPSE E600 POL, Nikon Corporation) witha 10x
objective lens. In order to minimize possible photo degradation
of NTR by the polarized light, the light source of the microscope
was shut off when images were not recorded. For measurements
at 30°C, the samples were stored at 30°C in desiccators contain-
ing phosphorous pentoxide. After an appropriate period of storage,
microscopic images of the sample were recorded, and the sample
was again stored at 30°C in a dry state.
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2.3.1. Measurement of nucleation rate

The nucleation rate of the NTR enantiomers was estimated from
time-profiles of nucleation site density determined from micro-
scopicimages of the stored samples. Nucleation site density per unit
volume was calculated from the number of nucleation sites per unit
area and the depth of field of the lens used for data collection. The
depth of field was calculated to be 8.46 pum from the wavelength of
the light (546 nm) and the numerical aperture of the lens (0.25). For
samples with more than a dozen nucleation sites per fixed field at
the end of the observation period, nucleation sites were counted in
one fixed field. For samples with less than a dozen nucleation sites
per field near the end of the observation period, and those stored at
30°C, nucleation sites were counted for 12 individual areas in one
sample, and the average value from the 12 individual images was
regarded as the number of nucleation sites per field. The nucleation
rate was obtained from the slope of time-profiles of the number of
nucleation sites per unit volume (nucleation site density) at steady
state. In cases showing preferential nucleation and growth at the
sample periphery, these sites were not included in the analysis. The
reported nucleation rates were average values of those obtained for
at least three samples prepared separately.

2.3.2. Measurement of crystal growth rate

The crystal growth rates at temperatures above 40°C were
measured concurrently with the nucleation rate measurements as
described above. The measurements at 30 °C were carried out using
samples that showed more than a dozen nucleation sites per one
field after a few months of storage in desiccators containing phos-
phorous pentoxide. The sample was placed in the chamber of the
heating/cooling stage controlled at 30°C, and the growth of crys-
tals was observed in a fixed field. The radius of each crystal was
estimated from a circular approximation by using Lumina Vision
software (Mitani Co.). The average crystal growth rate was calcu-
lated from the increase in the radius as a function of time based on
observations of at least 20 crystals.

24. FI-IR

FI-IR spectra were collected using a FT/IR-6300 (JASCO Cor-
poration) by the KBr method at ambient room temperature,
Transmission spectra were obtained for KBr disks containing
1-1.5% sample at a resolution of 0.4cm~" within the range of
4000-400cm™!. An accumulation of 128-256 scans was acquired
for each disk.

3. Results

3.1. Effects of polymers on the overall crystallization rates of NTR
enantiomers in solid dispersions

No significant differencesin the melting point (158 °C), T¢ (33 °C)
and AG, at T (0.40 J/g/K) were observed between (—)-NTR and (+)-
NTR. Table 1 shows the T; values of amorphous solid dispersions
of (—)-NTR and (+)-NTR. There appeared to be no significant dif-
ference in the Ty values between the two. The solid dispersions
containing HPMC (10-20%) and 5% PVP showed Ty values similar
to that of each NTR enantiomer alone. Tg values for solid disper-
sions containing 10% PVP were slightly higher than that of each NTR
enantiomer alone, whereas solid dispersions containing HPMCP
(10-20%) exhibited Ty values slightly lower than that of each NTR
enantiomer alone.

Fig. 2 shows time-profiles of overall crystallization of NTR
enantiomers at 60 °C. No significant differences in the overall crys-
tallization profiles were observed between (—)-NTR and (+)-NTR
without pelymer (Fig. 2(a)), and between (—)-NTR and (+)-NTR in

Table 1
T; of pure NTR enantiomers and their solid dispersions with a polymer.
Polymer Polymer T [°C]
content {%]
{(=)-NTR (+)-NTR
None 0 332 +0.1 33.1+£02
HPMC 10 331 £ 1.0 33.0+07
20 33.1+08 33.0+£07
HPMCP 10 31207 31.0 £ 04
20 308 £ 1.2 305+ 09
PVP 5 33.0x02 33.14+02
10 363+ 1.2 362+ 08

¢ Average = standard deviation (n=3).

solid dispersions containing 10% PVP (Fig. 2(b)). In contrast, differ-
ences in time-profiles between the enantiomers were observed for
solid dispersions containing 10% HPMC or HPMCP: (+)-NTR crys-
tallized more slowly than (-)-NTR, as shown in Fig. 2(c) and (d).
Table 2 shows the tgg values for the amorphous NTR enantiomers
obtained for NTR alone and NTR in the solid dispersions. The tgg
values for (—)-NTR without polymer and those of solid dispersions
containing 5-10% PVP were almost the same as the tqg values for
(+)-NTR without polymer and those of solid dispersions containing
5-10% PVP, respectively, at the temperatures studied. The tgg values
at 50 and 60 °C for (+)-NTR were 1.5-2.0 times longer than that for
(-)-NTR in solid dispersions containing 10-20% HPMC or HPMCP.
At40°C, however, any difference between the enantiomers was not
clear.

3.2. Effects of polymers on the nucleation rate and crystal growth
rate

Fig. 3 shows the typical micrographs of NTR crystals grown from
amorphous pure enantiomers and their solid dispersions with a
polymer. The recrystallized NTR enantiomers without polymers
showed a melting point of 158 “C, suggesting the same crystal form
as the originally resolved stable one. The melting point of the sam-
ples containing 10% HPMC, HPMCP and PVP was approximately
151°C in all cases, regardless of the various crystal shapes shown
in Fig. 3. The difference from the melting point of the pure enan-
tiomers would have been due to melting point depression by the

Table 2
tgo for NTR enantiomers with and without polymer.
Temperature  Polymer [%] tao® [h]
[ci
(-)-NIR (+)-NIR
40 Nene 0 41 (1) 41 (1)
HPMC 10 230, 240° 230, 230°
HPMCP 10 49 &) 49 (1)
50 None 0 5.7 (0.2) 5.7 (0.1)
PVP 10 250 (10} 240 (4)
HPMC 10 17 04y 25 (0.1
HPMCP 10 6.1 0.3) 11 (0.3)
60 None 0 1.1 0.1} 1.1 (0.1)
PVP 5 35 (0.1} 36 @.1)
10 25+3°¢ 25x3°
HPMC 10 3.8,4.1° 6.7,6.9°
20 8.7 (0.3) 15 (04)
HPMCP 10 1.5+£0.2¢ 2.7+03¢
20 3.2 (0.1) 6.4 (0.2)

2 The valuesin parentheses are standard error estimated from single experiments
using Origin 8.1 software (Lightstone Corp.).

b Results with two values represent the results obtained from duplicate experi-
ments using separately prepared samples.

¢ Mean + standard deviation (n=3).
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Fig. 4. Time profiles of the number of nucleation sites per field of view for (+)-NTR
at 50°C (O), 60°C(x) and 70°C (A). The dotted lines show the linear regression at
steady state.

added polymers, as the melting point fell gradually with increasing
polymer content (data not shown). The data suggested that differ-
ences in crystal habit, rather than polymorphism, might have been
responsible for the differences in crystal shape among the solid
dispersions.

Fig. 4 shows the typical time-profiles of the nucleation of amor-
phous NTR enantiomer stored at various temperatures. The lower
the storage temperature, the longer the period required before
the first crystal was observed. The nucleation rates at steady state
were obtained from the slope of the lines in Fig. 4, and these
were plotted against storage temperature (Fig. 5). As expected from
the similar overall crystallization profiles of the NTR enantiomers
(Fig. 2(a) and (b)), no significant difference in the nucleation rates
between (—)-NTR and (+)-NTR was observed for amorphous NTR
alone and the solid dispersions containing PVP within the temper-
ature range studied (Fig. 5(a)). In contrast, the nucleation rates of
{+)-NTR were lower than those of (—)-NTR in the solid dispersions
containing HPMC and HPMCP (Fig. 5(b)) within the temperature
range of 50-70°C. At 40°C, however, the differences in the rates
between (—)-NTR and (+)-NTR were not pronounced. These results
were consistent with the gy values of the enantiomers shown in
Table 2.

Fig. 6 shows the typical time-profiles of the NTR crystal growth
at 60 °C. Crystal radius increased linearly with time, and the growth
rate was estimated from linear regression of the plots. The higher
the temperature, the faster the crystals grew within the tempera-
ture range studied (Fig. 7). In contrast to the nucleation rates, no
significant growth rate differences between the NTR enantiomers
were observed, irrespective of the absence or presence of any poly-
mer.

33. FI-RR

FT-IR spectra (4000-400cm~1) of (—)-NTR and (+)-NTR were
indistinguishable from one another for both the amorphous and
the crystalline forms. Similarly, the FT-IR spectra of amorphous
solid dispersions were almost the same for (—)-NTR and (+)-NTR
with any polymer. Fig. 8 shows the spectra for crystalline (—)-NTR
(dotted line in Fig. 8 (a)), NTR solid dispersions containing 25-75%
HPMC and HPMC alone (dotted line in Fig. 8 (¢)) in the range of
1800-1550cm™1, corresponding to C=0 stretching region of NTR.
Spectra with and without an asterisk represent that of (—)-NTR
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Fig. 5. Plots of nucleation rate as a function of temperature. Error bars represent
standard deviation for at least triplicate experiments. (a) A, 4: without polymer, O,
@: 10% PVP and (b) O, m: 10% HPMC, ¢, ¢: 10% HPMCP. Open symbols represent
(-)-NTR and solid symbols represent (+)-NTR.
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Fig. 6. Typical time profiles of the radius of NTR crystals in (+)-NTR alone (a), and
solid dispersions with 10% HPMC (W), 10% HPMCP (¢) and 10% PVP (®) at 60°C.



