1468 K. Sakai-Kato et al. / J. Chromatogr. B 878 (2010) 1466-1470

1
100
5 80
< 2
oy
2 g0 b
£
Py 5
% 40 4
©
w
4
S 20
w
0_/'\../\1
0.0 1.0 20 3.0
Time (min)

Fig. 2. Chromatogram of doxorubicin and its metabolites. The chromatographic
conditions are described in Section 2. 1, doxorubicinol; 2, doxorubicin; 3, doxorubi-
cinolone; 4, daunorubicin (internal standard); 5, doxorubicinone.

standard deviation (R.S.D.) of each peak was less than 0.13% (n=5),
for each analyte, at a concentration of 50 ng/mL. The conditions of
separation of doxorubicin and its three metabolites were very sim-
ple in that the elution was isocratic, and the mobile phase consisted
of only two different solvents, whereas some reported methods
require three different solvents [7,8]. Fig. 3a is a chromatogram
of a homogenate from untreated HelLa cells, and Fig. 3b is a chro-
matogram of an equivalent homogenate spiked with doxorubicin
and its metabolites at a concentration of 500 ng/mL. No interfer-
ing peaks were observed, and doxorubicin, the three metabolites,
and the internal standard separated well. These results show that
the separation conditions were optimized with selectivity to each
compound.

3.2. Detection limits and quantitation limits

Detection limits and quantitation limits of doxorubicin and
its metabolites were determined based on the signal-to-noise
approach, (S:N ratio, 3:1 for detection limits and 10:1 for
quantitation limit) (Table 1). The quantitation limits of dox-
orubicin, doxorubicinol, doxorubicinolone, and doxorubicinone
ranged between 11.7 and 24.5 pg/injection. The quantitation limit
of 17.4pg/injected doxorubicin (32.0fmol/injected doxorubicin)
was about 2 times lower than the limit ever reported using conven-
tional HPLC [8], and more than 10 times lower than other reported
values [7,9-11]. We suggest that the high resolution and sensitivity
of UHPLC are responsible for this improvement.

Table 1
Detection limits and quantitation limits of doxorubicin and its metabolites.

Compound Detection limit Quantitation limit
(pg/injection) (pg/injection)
Doxorubicin 52 17.4
Doxorubicinol 35 11.7
Doxorubicinolone 6.0 19.8
Doxorubicinon 74 245

The detection and quantitation limits of doxorubicin and its metabolites were
determined based on signal-to-noise ratios (3:1 for detection limits, and 10:1 for
quantitation limits).
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Fig. 3. Chromatograms of (a) HeLa cell homogenate and (b) HeLa cell homogenate
spiked with doxorubicin and its metabolites. The chromatographic conditions were
the same as in Fig. 2 and are described in Section 2. 1, doxorubicinol; 2, doxorubicin;
3, doxorubicinolone; 4, daunorubicin (internal standard); 5, doxorubicinone.

3.3. Drug recovery

Doxorubicin and its metabolites have a high affinity for cellu-
lar constituents [12]. Confocal fluorescence imaging of a Hela cell
that was exposed to doxorubicin for 1h showed that doxorubicin
had preferential affinity for the nucleus (Fig. 4). Drug recovery was
assessed by adding doxorubicin, doxorubicinol, doxorubicinolone,

Nucleus

Fig.4. Intracellular distribution of doxorubicin. HeLa cells were exposed to 1 pg/mL
doxorubicin for 1 h, washed, and observed by confocal microscopy. Scale bar: 10 um.

-385-



K. Sakai-Kato et al. / J. Chromatogr. B 878 {2010} 1466-1470 1469

Table 2

The recovery of doxorubicin and its metabolites from HelLa cell homogenates.
Compound Recovery rate

(%) R.S.D.(%)

Doxorubicin 102 33
Doxorubicinol 105 29
Doxorubicinolone 96 14
Doxorubicinone 98 . 21

Each compound (1 ug/mL) was added to HeLa cell homogenates, which were then
treated as described in Section 2. Mean values for percentage recovery are given
(n=3).

and doxorubicinone to homogenates of two representative human
cancer cell-lines, HeLa cells (derived from human epithelial carci-
noma) and HT29 cells (derived from human colon adenocarcinoma
grade I1) before sample preparation. When the cell homogenate
was treated with only methanol and ZnSO4, by a method pre-
viously used to study doxorubicin and its metabolites in plasma
[9], the percentage recoveries of doxorubicin, doxorubicinol, dox-
orubicinolone, and doxorubicinone were 84,1 1 8.2%, 63.2 + 3.0%,
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78.4+3.7%, and 88.7 4: 2.7%, respectively, (n=3). Doxorubicinol is
harder to recover because it has higher affinity to the cellular
constituents, and this affinity to the cellular constituents causes
its cytotoxicity [3]. To obtain a higher drug recovery, the cells
were lysed by an ultrasonic homogenizer, and the cellular pro-
teins were further digested and solubilized with a combination of
Triton X-100 and the endopeptidase proteinase K. Nuclear DNA
was hydrolyzed by treatment with DNase I in the presence of
divalent cations. Using these enzymatic treatments in accordance
with the method of Anderson et al. [4], the recovery dramatically
improved (Table 2). Furthermore, for each compound, a satisfac-
tory within-day repeatability was achieved with R. S. D. of < 3.3%,
n=3.

3.4. Linearity of the calibration plots

We created calibration plots for doxorubicin, doxorubicinol,
doxorubicinolone, and doxorubicinone (Fig. 5). The y-axis is the
ratio of the peak area of each analyte tested to the peak area of the
internal standard (daunorubicin), and the x-axis is the concentra-
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Fig. 5. Linearity of the calibration curves of doxorubicin and its metabolites. Calibration plots for (a) doxorubicin, (b) doxorubicinol, {c) doxerubicinolone, and (d) dox-
orubicinone. The left and right panels show results for the same HPLC run, but the plots in the right panel focus on the lower concentration ranges. 1. denotes interal

standard.
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Table3
Quantitation of doxorubicin and doxorubicino! in homogenates prepared from
doxorubicin-treated cells.

Sample Doxorubicin (pg/mg Doxorubicinol (pg/mg
cell protein) cell protein)

Hela cells 34055 0.057 + 0.0060

HT29 cells 3.5 +038 0.048 + 0.0029

Cells were treated for 2 h with 10 pg/mL doxorubicin, and cell homogenates were
prepared and analyzed, as described in Section 2. Values are given as mean +S.D. (n
(dish number)=3).
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Fig. 6. Chromatogram of cell homogenate obtained 2 h after administration of dox-
orubicin. HeLa cells were exposed to 10 pg/mL doxorubicin for 2 h. Cell homogenates
were then prepared as described in Section 2. 1, doxorubicino); 2, doxorubicin; 3,
daunorubicin (internal standard).

tion of the corresponding analyte. The plots were linear over a wide
range of concentrations (12 =1.0; Fig. 5).

3.5. Quantitative determination of the levels of doxorubicin and
its metabolite in cells

The validated method described above was used for the simulta-
neous determination of doxorubicin and its metabolites in human
cancer cell-lines, Hela cells and HT29 cells were exposed to
10 p.g/mL doxorubicin for 2h, and then washed with PBS. Chro-
matograms of the cell homogenates were obtained by UHPLC
(Fig. 6). As shown, doxorubicin and one of its metabolites, dox-
orubicinol, were detected in cell homogenates (Fig. 6). The results
of quantitative determination of doxorubicin and doxorubicinol are
shown inTable 3. Values are expressed as amounts per 1 mg cellular
protein in each dish, due to the diversity of cell numbers for differ-
ent dishes, and values are given as mean < S.D. for three dishes of
the same cell type. The S.D. values for different dishes of the same
cell type were acceptable. Doxorubicinel is produced by cytoso-
lic carbonyl reductase through the NADPH-dependent aldo-keto
reduction of a carbonyl moiety in doxorubicin [17}; our results
first demonstrated that both human cancer cell-lines, HeLa cells
and HT29 cells, produced doxorubicinol from doxorubicin. In con-
trast, our results showed that deglycosidation at the daunosamine
sugar in doxorubicin, which produces doxorubicinone and doxoru-
bicinolone (Fig. 1a) [17], was negligible in these cancer cell-lines
(Fig. 6).

New formulation technologies that aim to enhance the effective-
ness and safety of anticancer drugs are currently being developed.

For instance, long-circulating and sterically stabilized liposomes
containing doxorubicin can markedly increase tumor-specific
deposition of drugs and have been approved as clinical products
[18]. Other carrier systems such as polymer micelles[19,20] are also
being developed for use with doxorubicin. In these technologies,
effective release of doxorubicin from the carrier into the target cells
is important for effectiveness and safety. Direct quantification of the
metabolites may facilitate the assessment and comparison of dox-
orubicin release from carriers, since itis presumed that metabolism
of doxorubicin takes place only after its release from the carri-
ers. Analytical methodology that enables the rapid quantification
of doxorubicin and its metabolites, particularly in targeted tumor
cells, will facilitate the optimization of carrier-based strategies for
doxorubicin delivery and will help provide insight into the toxicity
and bioavailability of doxorubicin incorporated into carriers such
as liposomes or polymer micelles.

4. Conclusions

Our results show that this methodology provides a significant
reduction in analysis time and a considerable increase in assay sen-
sitivity. We demonstrated that the method is sensitive enough to
quantify the levels of doxorubicin and its metabolite within cells,
and we predict that it will greatly facilitate studies of doxorubicin
pharmacokinetics and clarify the effect of doxorubicin metabolism
on therapeutic outcome at the cellular level. Furthermore, this
method can be applied to the evaluation of emerging formulation
technologies that are based on encapsulated doxorubicin.
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ABSTRACT: The purpose of this study was to elucidate the effect of trehalose distribu-
tion across the membrane on the freeze-related physical changes of liposome suspensions and
their functional stability upon freeze—thawing. Cooling thermal analysis of 1,2-dipalmitoyl-
sn-glycero-3-phosphocholine liposome suspensions showed exotherm peaks of bulk (—~15°C to
—25°C) and intraliposomal (approx. —45°C) solution freezing initiated by heterogeneous and
homogeneous ice nucleation, respectively. The extent of the intraliposomal solution freezing
exotherm depended on lipesome size, lipid composition, cosolutes, and thermal history, suggest-
ing that osmotic dehydration occurred due to the increasing difference in solute concentrations
across the membrane. A freeze-thawing study of carboxyfluorescein-encapsulated liposomes
suggested that controlling the osmotic properties to avoid the freeze-induced intraliposomal
solution loss either by rapid cooling of suspensions containing trehalose in both sides of the
membrane (retention of the intraliposomal supercooled solution) or by cooling of suspensions
containing trehalose in the extraliposomal media prior to freezing (e.g., osmotic shrinkage) led
to higher retention of the water-soluble marker. Evaluation and control of the osmotically medi-
ated freezing behavior by optimizing the formulation and process factors should be relevant to
the cryopreservation and freeze-drying of liposomes. © 2011 Wiley-Liss, Inc. and the American
Pharmacists Association J Pharm Sci

Keywords: liposomes; formulation; stabilization; thermal analysis; osmosis; calorimetry

(DSC); excipients; freeze-drying

INTRODUCTION

The increase in the variety and clinical relevance of
liposomal formulations has enhanced the importance
of the freezing and freeze-drying processes for the
distribution and long-term storage of the drug de-
livery systems that are not chemically and/or physi-
cally stable enough as aqueous suspensions.™ These
processes, however, expose the lipid systems to var-
ious stresses including ice growth, pH change, con-
centration of the surrounding solutes, and dehydra-
tion that often damage their structural integrity and
pharmaceutical functions [e.g., release of active phar-
maceutical ingredients (APIs)] of liposomes. Retain-
ing water-soluble APIs is a particular challenge for
development of liposome formulations.! Formulation
and process design that are based on an understand-

Correspondence to: Ken-ichi Izutsu (Telephone: +81-3-3700-
1141; Fax: 81-3-3707-6950; E-mail: izutsu@nihs.go.jp)
Journal of Pharmaceutical Sciences
© 2011 Wiley-Liss, Inc. and the American Pharmacists Association
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ing of the freeze-related stresses and required stabi-
lization mechanisms should improve the stability of
various liposome pharmaceuticals.!~

Disaccharides (e.g., trehalose and sucrose) and
some amino acids have been applied to protect the
lipid systems from chemical and physical changes
during freeze—thawing (cryoprotectants) and freeze-
drying (lyoprotectants).’:®* The stabilization of lipo-
somes by disaccharides is explained mainly by three
mechanisms. Some saccharides substitute the wa-
ter molecules necessary to retain the supramolecu-
lar phospholipid assembly through molecular inter-
actions with hydrophilic phospholipid head groups
(water substitution).*” The saccharides also form
highly viscous amorphous freeze-concentrated phases
and dried solids that prevent direct contact between
liposome vesicles (bulking).!'3? The reduced mobility
of the surrounding molecules helps improve the chem-
ical and physical stability of liposomes (vitrification).
Use of the stabilizers is mostly dependent on empir-
ical trial and error through analysis of the morpho-
logical (e.g., size) and functional (e.g., API or marker

JOURNAL OF PHARMACEUTICAL SCIENCES 1
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retention) traits of the resulting suspensions or dried
solids.

Longstanding cryopreservation studies of living
cells and microorganisms provide precepts valuable
for the protection of liposomes against the freeze-
induced stresses.!®* The cooling of cell and liposome
suspensions induces the freezing of bulk solutions ini-
tiated by heterogeneous ice nucleation at the surface
of containers or impurities (—5°C to —25°C) and the
freezing of spatially restricted internal solutions ini-
tiated by homogeneous (spontaneous) ice nucleation
(—25°C to —45°C).15-2! The bulk solution freezing and
the accompanying significant concentration of solutes
surrounding the living cells and liposomes induce os-
motic stress that removes the internal solution before
they freeze, leading to morphological changes observ-
able by microscopic methods (e.g., optical microscope
and cryo-transmission electron microscopy).?!?? Be-
cause the intracellular ice formation (IIF) is widely
recognized to cause lethal damage through disor-
dering of the complex membrane and intracellular
structure (e.g., organelle), cryopreservation of the liv-
ing cells and microorganisms is usually performed
in two ways that prevent IIF, namely by slow cool-
ing of suspensions containing extracellular solutes
(cell dehydration) and by rapid cooling of the sus-
pensions containing high-concentration membrane-
permeating solutes [e.g., dimethyl sulfoxide (DMSO),
cytoplasm vitrification].’? On the contrary, only lim-
ited studies have been performed on the stabilization
of liposomes taking various freezing-related physical
changes into account.1?,23-25

The purpose of this study was to elucidate the effect
of intra- and extraliposomal trehalose on the freeze-
related physical changes and functional stability of li-
posomes during freeze—thawing. The effect of saccha-
ride distribution across the membrane on the stability
of liposomes is of particular interest for formulation
purposes because the liposome preparation methods
significantly affect allocation of the nonpermeating
solutes. Different solute concentrations across the
membrane induce osmotic flow that shrinks or swells
the liposomes in the aqueous suspensions.*2226 Lit-
erature claims the requirement of disaccharides on
both sides of the membrane to protect liposomes from
freezing- and lyophilization-related stresses (e.g., ad-
dition before extrusion).? Recent reports suggested
that the rational setting of different intra- and ex-
traliposomal trehalose concentrations confers better
stabilization.!'?” Effect of trehalose on the freeze-
related physical phenomena (e.g., freeze-induced
dehydration and intraliposomal solution freezing)
and functional stability of liposomes were stud-
ied mainly through thermal analysis and through
the retention of encapsulated carboxyfluorescein
(CF) 2717
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MATERIALS AND METHODS
Materials

Chemicals obtained from the following sources were
used without further purification: 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine  (POPC), 1,2-
dimyristoyl-sn-glycero-3-phosphocholine ~ (DMPC),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC),
and 1,2-distearoyl-sn-glycero-3-phosphocholine
(DSPC) (NOF Co., Tokyo, Japan); trehalose dihy-
drate, glucose, sucrose, and 5(6)-CF (Sigma—-Aldrich
Co., St. Louis, Missouri); DMSQO, xylitol, and glycerol
(Wako Pure Chemical Co., Osaka, Japan); and
dextran 4000-6000 (Serva Electrophoresis GmbH,
Heidelberg, Germany).

Preparation of Liposome Suspensions

Phospholipid films were obtained by drying their so-
lution in a chloroform and methanol mixture (2:1) un-
der vacuum at temperatures above the main transi-
tion temperature (Ty,). Liposome suspensions were
prepared by using a hand-held extruder (Avanti
Polar Lipids, Alabaster, Alabama). The films hydrated
by 10 mM Tris—HCI buffer (6%, w/w; pH 7.4) were ex-
truded 12 times through a polycarbonate membrane
filter (0.1-0.8 um pore, 0.2 pm unless otherwise men-
tioned; Whatman, Maidstone, UK) while maintaining
the apparatus at room temperature (POPC) or at tem-
peratures 10 to 15°C higher than the Tt of the respec-
tive lipids. The DPPC liposomes extruded through the
smaller pore membranes (0.1 and 0.2 pm) were re-
ported to have a unilamellar structure, whereas those
extruded through the larger pore membranes (0.4 and
0.8 um) contained increasing ratios of multilamellar
vesicles.??:30 The term “0.2 pm liposome” will be used
in the text given below to denote samples prepared
by extrusion through the respective pore size mem-
branes.

Some liposome suspensions containing the excipi-
ents predominantly in the extraliposomal media were
prepared by adding the excipients approximately 30
min prior to the thermal analysis and freeze-thawing
experiments. Those containing excipients in both the
inside and outside of the membranes were prepared
by the extrusion of lipids hydrated with the excipient-
containing solutions. Some suspensions were eluted
through Sephadex G-25 desalting columns (PD-10;
GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
equilibrated with the Tris—HCI buffer to obtain sam-
ples containing the excipient mainly in the intralipo-
somal solutions. The concentrations of DPPC in the
column-eluted suspensions were obtained by phos-
phorous assay.®* Measurement of the DPPC concen-
trations in the liposome suspensions indicated that
approximately 90% of the liposomes passed through
the Sephadex columns.

DOL 10.1002/jps
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Thermal Analysis

Thermal analysis of the frozen liposome suspen-
sions was performed by using a differential scanning
calorimeter (DSC Q10; TA Instruments, New Castle,
Delaware) equipped with a refrigerating system and
data processing software (Universal Analysis 2000,
TA Instruments). Aliquots [10 pL, 4% (w/w) lipid] of
suspensions in hermetic aluminum cells were cooled
from 25°C to —70°C at varied speeds (1-10°C/min)
and then heated to 25°C at a scanning rate of 5°C/min.
The intensity of the intraliposomal solution freezing
exotherm was shown as their ratio to the lipid content
(J/g lipid). Some DPPC liposome suspensions were
heat-treated at 45°C for 3 min before the cooling scan.
The cooling scan of some suspensions were paused
at certain temperatures (—10°C to —35°C) and main-
tained those temperatures for 30 or 60 min before
further cooling to study the effect of low temperature
storage on the physical changes. The column-eluted
liposome suspensions were subjected to thermal anal-
ysis without the concentration adjustment. The homo-
geneous ice formation exotherms of these suspensions
were calculated using the phosphate concentration
data.

Measurement of Liposome Size by Dynamic Light
Scattering

The size distribution of liposomes suspended in the
Tris—HCI buffer (0.08% DPPC, 25°C) was determined
using a dynamic light scattering (DLS) spectropho-
tometer (Photal DLS-7100SL; Otsuka Electronics Co.,
Osaka, Japan) with a He—Ne laser (632.8 nm) and a
scattering angle (90°; 50 scans).

CF Retention Study

Dried DPPC films were hydrated with solutions con-
taining 25 mM 5(6)-CF, 10 mM Tris-HC] buffer, and
0% or 12% trehalose, adjusted to pH 7.4 by NaOH.
The CF-loaded vortexed multilamellar liposome sus-
pensions (6% lipid, w/w) were prepared by extrusion
through a 0.2-pm pore filter, and then eluted through
the Sephadex G-25 column equilibrated with the
buffer or trehalose-containing buffer. Freeze—thaw-
ing of the suspension was performed using the DSC
system while the thermal profiles were simultane-
ously monitored. Aliquots of the liposome suspen-
sions (10 pL, 4% DPPC, w/w) in unsealed aluminum
pans were cooled to —35°C or —70°C at varied cool-
ing speeds (1-10°C/min), and then heated to 25°C at
10°C/min on the DSC furnace. The freeze—thawed
liposome suspensions were diluted by adding the
Tris—HC] buffer or trehalose-containing buffer solu-
tions (10 mL) in the glass tubes. The mildly agi-
tated liposome suspensions underwent fluorescence
measurement using a spectrometer (FP-6500; JASCO

DOI 10.1002/jps
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Corp., Tokyo, Japan). After the initial fluorescence
measurements of the suspensions (2 mL) at 460
nm (excitation) and 550 nm (emission), those of the
membrane-perturbed liposome suspensions were ob-
tained by the addition of aliquots (20 pL) of Triton
X-100. The CF leakage ratio was calculated using the
following equation:

% Leakage =
Initial fluorescence of treated sample
—initial fluorescence of control
(Final fluorescence of treated sample
—initial fluorescence of control)

x 100

RESULTS AND DISCUSSION
Freeze-Induced Changes in Liposome Suspensions

Figure 1 shows a thermogram of a frozen DPPC li-
posome suspension (4% in 10 mM Tris—HCI buffer,
0.2 pm) cooled at 5°C/min. The suspension showed a
large exothermic peak of the freezing of the bulk solu-
tion (heterogeneous ice nucleation) at approximately
—20°C and a smaller second exothermic peak of the
freezing of the intraliposomal solution (homogeneous
ice nucleation) at approximately —45°C.15:17:32 The
lower temperature exotherm disappeared by prior ad-
dition of a membrane-perturbing surfactant (1% Tri-
ton X-100), which supported the aforementioned def-
inition of the peak rather than other interpretations
(e.g., freezing of phosphatidylcholine headgroups) of
the exotherm (data not shown).?® The temperature
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Figurel. Cooling thermogram of a frozen DPPC liposome
suspension. An aliquot (10 pL) of liposome suspension (4%
lipid, w/w) in Tris—HC] buffer (10 mM, pH 7.4) was cooled
from room temperature to —70°C at 5°C/min.
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of the bulk solution freezing peak varied greatly
between the scans. Some suspensions also showed
a broad exotherm at approximately —30°C. The
exotherm suggested the freezing of solutions released
from the liposomes (dehydration) and/or freezing of
the internal solutions initiated by external ice crys-
tals that penetrated through the membrane.!?16:34
The varied shape and overlapping of the peak with the
large bulk solution freezing exotherm made further
characterization difficult in this study. The frozen li-
posome suspensions showed only a gradual shift of the
thermogram before the large ice melting endotherm
during their heating scans (data not shown). DLS
measurement of the DPPC liposome suspensions in-
dicated a mean diameter of 203.9 + 10.6 nm before the
thermal analysis (three different preparations). Stan-
dard deviation of the liposome size obtained in each
measurement was within 5% of the average value.
The effects of cooling speeds on the internal solu-
tion freezing exotherm of liposomes differing in size
and lipid composition are shown in Figure 2. Slower
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wr 0.4pm
100

Exotherm (J/g lipid)
o

b
200
DSPC

150
100

50

0

0 2 4 6 8 10
Cooling speed (°C/min)

Figure 2. Effects of cooling speed on internal solution
freezing exotherm of liposome suspensions with differing
(a) extrusion membrane pore sizes (DPPC; 0.1 pm: o, 0.2
pm: o, 0.4 pm: A, and 0.8um: A) and (b) lipid compositions
(0.2 pm; DMPC: o, DPPC: o, and DSPC: A). Aliquots of li-
posome suspensions (10 pL, 4% lipid in 10 mM Tris—HCl
buffer) were cooled at 1-10°C/min (average = SD, n = 3).
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cooling of the DPPC liposome suspension (0.2 pm) re-
duced the exotherm, indicating loss of the supercooled
intraliposomal solution during the scan (Fig. 2a; 1
—2°C/min). The extraliposomal ice growth and con-
comitant concentration of solutes should generate os-
motic forces that induce water evacuation from lipo-
somes. Reported freeze-induced morphological rear-
rangement into multilamellar liposomes may also re-
duce the intraliposomal solution content.* The width
of the bulk solution freezing peak got narrower in
the slower cooling, suggesting a certain time required
for the ice growth (data not shown). On the con-
trary, the limited effect of the cooling speed on the
peak width of the intraliposomal solution freezing
exotherm suggested independent ice formation in the
individual liposomes. A certain amount of the in-
traliposomal solution interacting (hydrating) with the
membrane lipid and/or solute molecules should re-
main unfrozen even below the intraliposomal solution
freezing temperature.!!-1!

Reduction of the intraliposomal solution freezing
exotherm was more apparent in the DPPC lipo-
some suspensions temporarily (30 min) kept at tem-
peratures between the bulk and the intraliposomal
solution freezing during the cooling scan (Fig. 3).
The finding that the intraliposomal solution freezing
exotherm of a suspension held at —25°C was smaller
than those of suspensions held at —30°C or —35°C
suggested faster loss of the supercooled solutions in
the temperature range just below the bulk solution
freezing. Longer exposure to the temperature range
should be one of the reasons for the reduction in the
exotherms with the slower cooling. On the contrary,
holding the suspension at a temperature above the
bulk solution freezing temperature showed no ap-
parent effect on the intraliposomal solution freezing

Control

l | aam]
10°C, 30 min _ , )
~25°C, 30 min

B w/o excipient
~30°C, 30 min
O 12% trehalose,
both sides
~35°C, 30 min
Y] 50 100 150 200

Exotherm (J/g lipid)

Figure 8. Effect of low temperature holding on internal
solution freezing exotherms of DPPC liposome suspensions
containing trehalose (0% or 12%, w/w) on both sides of the
membrane (10 pL, 4% lipid in Tris—HCI buffer, 0.2 pm). The
suspensions were held at different temperatures (—10°C to
—35°C) for 30 min during cooling scans at 5°C/min.
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exotherm. The absence of apparent osmotic driving
force may explain the limited effect of storage at above
the bulk solution freezing temperature.

The DPPC liposome suspensions extruded through
larger pore size filters (e.g., 0.4 and 0.8 pm) showed
larger intraliposomal solution freezing exotherms
(Fig. 2a). Factors including the possibility of higher
initial solution contents per lipid weight, limited
membrane disordering associated with the curva-
ture, and slower dehydration due to the increase in
multilamellar membranes would explain the large
exotherms. Liposomes composed of phosphatidyl-
cholines of different acyl chain lengths showed re-
tention of the intraliposomal solution down to the
homogeneous ice formation temperature in the or-
der of DMPC < DPPC < DSPC (Fig. 2b). The in-
traliposomal solution freezing exotherm was not ob-
served in the thermal analysis of POPC liposome sus-
pensions (data not shown). All the liposome mem-
branes are below their T, (POPC: —5°C, DMPC: 24°C,
DPPC: 41°C, DSPC: 54°C) at the bulk solution freez-
ing temperature.?® Possible differences in the mem-
brane fluidity and rigidity would cause the freeze-
induced dehydration to vary.

Effect of Trehalose Distribution on Freezing Profiles of
Liposome Suspensions

The effects of intra- and extraliposomal trehalose on
the freezing behavior of liposome suspensions were
studied. The DPPC liposome suspensions contain-
ing trehalose on both sides of the membrane showed
larger intraliposomal solution peaks that suggest re-
duced solution loss upon the bulk solution freezing.
For example, cooling of the 0.2 pm DPPC suspen-
sions at 10°C/min resulted in exotherms of approx-
imately 80 and 200 J/g lipid, respectively, in the ab-
sence and presence of trehalose (Figs. 2 and 4). The
addition of trehalose also lowered the peak tempera-
ture of the exotherm (approx. 3°C at 12% trehalose,
w/w).18:3¢ The trehalose-containing liposome lost a
larger amount of the internal supercooled solution
during the slower cooling of the suspensions. Tempo-
rary pausing of the cooling scan suggested a faster
loss of the supercooled solution near the bulk solution
freezing temperature (—25°C), also in the trehalose-
containing liposome suspensions (Fig. 3). The addi-
tion of various low-molecular-weight saccharides and
polyols to both sides of the lipid membrane increased
the freezing exotherm of the intraliposomal solutions,
suggesting that slower freeze-induced dehydration oc-
curred due to the colligatively determined osmotic
effect (Fig. 5). The limited effect of dextran on the
exotherm could be explained by its lower molar con-
centration and its possible exclusion from the vicin-
ity of the liposomes in the freeze-concentrated non-
ice phase.?® The large (0.4 and 0.8 pm) or lower flu-
idity (DSPC) liposomes retained higher amounts of
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Figure 4. Internal solution freezing exotherms of lipo-
some suspensions containing trehalose (12%, w/w) on (a)
the inside and (b, c) both sides of liposomes. Aliquots of sus-
pensions (10 pL, 4% lipid in 10 mM Tris—HCI buffer) con-
taining liposomes with (b) differing extrusion membrane
pore sizes (DPPC; 0.1 pm: o, 0.2 pm: o, 0.4 pm: A, and 0.8
pm: A) and (c) lipid compositions (0.2 pm; DMPC: ¢, DPPC:
o, and DSPC: A) were cooled at 1-10°C/min (average + SD,
n=3).

freezable intraliposomal solution in the presence of
trehalose on both sides of the membrane (Figs. 4b
and 4c).

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine lipo-
somes containing trehalose on one side of the mem-
brane showed different freezing behaviors. The addi-
tion of higher concentration trehalose to the extrali-
posomal media reduced the intraliposomal solution
freezing exotherm (Fig. 6). The difference in the os-
motic pressures across the membrane should induce
solution flow that dehydrates the liposomes both prior
to cooling and after the bulk solution freezing. The
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Figure 5. Effect of various extraliposomal solutes (12%,
w/w) on internal solution freezing exotherms of DPPC li-
posome suspensions (10 pL, 4% lipid in 10 mM Tris—HC1
buffer, 0.2 pm) obtained via cooling scans at 2°C/min (aver-
age + SD, n = 3). Some suspensions were held at —35°C for
60 min during the scan.

absence of a broad exotherm between the bulk and
intraliposomal solution freezing peaks suggested that
liposome dehydration before the bulk solution freez-
ing (e.g., osmotic shrinkage) had occurred rather than
the freeze-induced dehydration (data not shown).
Other low-molecular-weight saccharides and poly-
ols in the extraliposomal media also reduced the
intraliposomal solution freezing exotherms of the
DPPC liposomes (Fig. 7). The extraliposomal dextran
showed smaller effect to reduce the exotherm com-
pared with the lower-molecular-weight excipients.
Prior heat treatment of the liposome suspensions at
above Ty, of DPPC (45°C, 3 min), apparently increased
the intraliposomal solution freezing exotherm of the
suspensions containing the externally added glycerol
or DMSO. Membrane disordering at and above the

120 i

&~ 2°C/min

100 —&— 5°C/min

5 —O— 10°C/min
=3
=
2
E
)
£
2
w

0 2 4 8 8 10 12
Trehalose conc. [%, (w/w)]

Figure 6. Effect of extraliposomal trehalose (0%—12%,
w/w) on internal solution freezing exotherms of DPPC li-
posome suspensions (10 pL, 4% lipid in 10 mM Tris—HCI
buffer, 0.2 pm) obtained by cooling at 2°C/min (A), 5°C/min
(o), or 10°C/min (o)(average + SD, n = 3).
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{wro) solutes
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Figure7. Effectofvariousextraliposomal solutes (4% and
12%, w/w) on internal solution freezing exotherms of DPPC
liposomes obtained via cooling scans of suspensions (10 pL,
4% DPPC in 10 mM Tris—HCI buffer, 0.2 pm) from room
temperature to —70°C at 2°C/min. Some suspensions were
heat-treated at 45°C for 3 min before the cooling analysis
(average £+ SD, n = 3).

transition temperature should allow an influx of the
highly permeable small solute molecules, and should,
thus, reduce the osmotic effect that dehydrates the
liposomes.

The effect of intraliposomal trehalose on the freez-
ing behavior of DPPC liposomes was also studied
(Fig. 4a). The suspensions containing trehalose pre-
dominantly inside the liposomes showed apparently
larger exotherms than those of other suspensions. The
absence of the baseline shift at the trehalose tran-
sition temperature of maximally freeze-concentrated
solutes (T}) in the heating scan confirmed the low tre-
halose concentration outside the liposomes (data not
shown). Liposomes prepared by extrusion often con-
tain an amount of internal solution that was insuffi-
cient to fill the completely spherical structure, which
allows inward water flow across the membrane upon
exposure of liposomes to lower osmolarity solutions.?”
An increase in the intraliposomal solution content
due to osmotic swelling in the initial suspension and
limited freeze-induced dehydration can explain the
larger ice formation peaks. These results indicated
that the osmotic effect made a significant contribu-
tion to the freezing behavior of liposomes.

Kinetic stability of the trehalose-containing su-
percooled intraliposomal solutions was studied to
elucidate their relevance in freeze-drying process
(Fig. 8). Some liposome suspensions (e.g., trehalose-
containing 0.8 pm DPPC liposome) showed small
but apparent intraliposomal solution freezing peaks
in the scans after a slower cooling (0.5°C/min) fol-
lowed by being held at —35°C (180 min). The re-
sult suggested that some liposomes retain certain
amount of internal solutions during freezing segment
of pharmaceutical formulation lyophilization usually
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Figure 8. Cooling thermograms of DPPC (0.8 pm) and
DSPC (0.2 pm) liposome suspensions containing trehalose
(12%, w/w) on both sides of the membrane (10 pL, 4% lipids
in 10 mM Tris—HCI buffer). The suspensions were cooled at
5°C/min (a) from room temperature or (b) after slow cooling
(0.5°C/min) with a temporary pause at —35°C (180 min).

performed via slow cooling (e.g., 0.2-0.5°C/min) down
to —35°C to —50°C on the lyophilizer shelf.3339 The
lower product temperature during the process should
lead to freezing of the intraliposomal solutions by the
homogeneous ice nucleation mechanism.

Effect of Freeze-Thawing on CF-Encapsulated
Liposomes

The relationship between trehalose-induced changes
in the liposome freezing behavior and functional sta-
bility of liposomes upon freeze—thawing was stud-
ied (Figs. 9 and 10). The CF-loaded DPPC liposomes
were subjected to thermal analysis and freeze—-thaw-
ing marker-retention study (a) without trehalose, (b)
with trehalose on both sides of the membrane, (c) with
trehalose in the intraliposomal solution, or (d) with
trehalose in the extraliposomal media. A lower con-
centration (25 mM; approx. 0.94%, w/w) of CF com-
pared with those in other retention studies (e.g., 100
mM) was used for the experiment to reduce its os-
motic effect on the freezing behavior of the liposomes.
A thermal transition (T’ = —36.2°C) and absence of
other peaks in the heating process of a frozen CF
solution (25 mM in Tris—HCl buffer, pH 7.4) indi-
cated that the solute was in a noncrystalline state
in the freeze-concentrated phase. The CF-loaded lipo-
some suspensions showed small intraliposomal solu-
tion freezing exotherms essentially identical to those
of the marker-free samples in the absence of tre-
halose (Figs. 2 and 9). The liposomes lost a large
fraction of the markers upon freeze—thawing of the
trehalose-free suspensions cooled down to —35°C (be-
low bulk solution freezing temperature) and —70°C
(below intraliposomal solution freezing temperature)
at all speeds (Fig. 10).

DOI 10.1002/jps

STABILIZATION OF LIPOSOMES IN FROZEN SOLUTIONS 7

700 |

600 F
Zé 500
o
S 400 |
g 300
g o
] 200 b !/._/'.

100 |

0 M
0 2 4 8 8 10
Cooling rate (°C/min)
Figure 9. Internal solution freezing exotherms of car-

boxyfluorescein (25 mM)-containing DPPC liposome sus-
pensions (10 pL, 4% DPPC in 10 mM Tris-HCl buffer,
0.2 pm) without (A) or with 12% trehalose on the outside
(A), inside (o), or both sides (e) of the liposome membrane
scanned from room temperature at 1-10°C/min (average +
SD, n = 3).

The DPPC liposomes containing trehalose on both
sides of the membrane retained higher intraliposomal
solution and encapsulated CF contents under faster
cooling (5 and 10°C/min). Small changes of the marker
retention in the fast cooling of the suspensions down
to —35°C and —70°C suggested that the intraliposo-
mal freezing by itself is not a main cause of the se-
vere marker leakage, at least in the presence of tre-
halose. A large loss of the intraliposomal solution and

120
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CF retention (%)
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Figure 10. Effect of freeze-thawing on retention of car-
boxyfluorescein (CF) encapsulated in DPPC liposomes.
Aliquots of CF (25 mM)-containing DPPC liposome suspen-
sion (10 pL, 4% lipid in 10 mM Tris-HCI buffer, 0.2 pm)
without (O, M) or with 12% trehalose on the outside (A, A)
or both sides (o, e) of the liposome membrane were cooled
from room temperature to —35°C (open symbols) or —70°C
(closed symbols) at 1-10°C/min, and then heated at 10°C/
min (average + SD, n = 3).
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an accompanying apparent leakage of the marker in
the slowly cooled suspensions suggested that mem-
brane damage had occurred that allowed outbound
flow of the marker-containing solution during the
freezing process. Experiencing the fast-dehydrating
temperature range twice in a freeze-thawing cycle
should explain the larger change in marker reten-
tion compared with that of the intraliposomal freez-
ing exotherm obtained in some cooling procedures.
Suspensions containing CF and trehalose only in the
intraliposomal solution also showed large intralipo-
somal solution freezing exotherms (Figs. 4a and 9).
Solidification of the suspensions upon freeze—thaw-
ing, which hindered the CF retention measurement,
confirmed the requirement of trehalose in the extrali-
posomal media (data not shown).!6

The externally added trehalose (12%) reduced
the CF leakage from the DPPC liposomes upon
freeze—thawing at all cooling speeds. The suspensions
showed a minor exotherm during the intraliposomal
solution freezing. Possible osmotic shrinkage prior to
freezing is the likely explanation for the limited in-
ternal solution content and the high retention of the
encapsulated marker.422:26 The addition of trehalose
to the extraliposomal media (12%) induced leakage
of less than 1% of the encapsulated CF at room tem-
perature (data not shown).** Changes in the color of
CF-containing liposome suspensions from yellow to
orange by the extraliposomal trehalose suggested an
increasing intraliposomal marker concentration due
to outbound water flow through membrane diffusion
(osmotic shrinkage). The lower intraliposomal solu-
tion contents should lead to the limited freeze-induced
dehydration and membrane damage. The extralipo-
somal saccharides should also protect liposomes from
membrane injury due to the growing ice surface, an

Liquid
liquid

Osmotic
swelling Bulk solution

excess concentration of unfavorable solutes (e.g., in-
organic salts), and direct contact of concentrated lipo-
some membranes as spacer.*:3

Liposome Stabilization by Control of the Osmotic Flow
and Internal Freezing

The results indicated varied effect of trehalose on
the freezing behavior and functional stability of li-
posomes upon freeze-thawing depending on its dis-
tribution across the membrane. A schematic flow of
the liposome freezing behavior is shown in Figure 11.
Understanding the physical changes and the encoun-
tering stresses should be relevant for strategic sta-
bilization in freeze-thawing and freeze-drying of li-
posomes. Liposomes prepared by extrusion often do
not contain sufficient solutions to fill the spherical
structure.?”4! Exposure of the liposomes either in-
creases (e.g., osmotic swelling in hypotonic media) or
decreases (e.g., osmotic shrinkage in hypertonic me-
dia) the internal solution content via water diffusion
through the membranes. The bulk and intraliposomal
solutions freeze at different temperatures, as the pro-
cesses are initiated by the heterogeneous and homo-
geneous ice nucleation mechanisms, respectively. The
freeze-induced osmotic dehydration and the intrali-
posomal solution freezing initiated by membrane-
penetrating ice crystals should reduce intraliposomal
solution content that freeze at the homogeneous ice
nucleation temperature.!?-16:34:42 Accordingly, the in-
traliposomal solution should be in the dehydrated,
supercooled, or frozen states in the frozen suspen-
sions depending on the formulation and process fac-
tors. The absence of crystallizing solutes (e.g., manni-
tol) allowed observation of the freeze-induced physical
changes through thermal analysis.?8

Spontaneous
intraliposomal
freezing
(homogeneous)

freezing Supercooled b Frozen
i t l ‘. .d (hetefogeﬂeous) fmzen frozen
nternal: liqui -40 to-50°C
Bulk: liquid
-10°C to-25°C
Osmotic Freeze-induced ke ensiration
shrinking dehydration Sinoagh
membrane
(heterogenous)
Dehydrated | _______ ~._¢| Dehydrated 91 Frozen
liquid St T frozen frozen
Figure 11. Schematic freezing behaviors of extruded liposome suspensions. The upper and

lower rows in each box denote the physical state of the intraliposomal and bulk solutions,
respectively. Boxes (a) to (d) indicate suggested physical states of frozen liposome suspensions.
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Each step of the freeze-related physical changes in-
duces stresses that affect the stability of liposomes.
The growing ice during the bulk and intraliposo-
mal solution freezing should physically damage the
liposome membranes. It is possible that the freeze-
induced large difference in the osmotic pressure
causes larger membrane damage in the DPPC lipo-
somes than in the living cells because of their lower
hydraulic permeability, leading to a dehydrating flow
of the CF-containing intraliposomal solutions. The li-
posomes should also experience stresses by ice crystal
size growth (Ostwald ripening) and rapid dilution of
the surrounding media during the thawing process of
the frozen suspensions.2343

The different stability-determining factors during
the freezing process of the marker-loaded liposomes
from those of the living cells suggest requirement of
different strategies for their stabilization.* Trehalose
protected the marker-loaded liposomes through two
types of osmotic effects that prevent the freeze-
induced internal solution loss during freeze—thawing.
The addition of trehalose to both sides of the lipo-
some membrane prevented both the freeze-induced
dehydration and water-soluble marker loss, particu-
larly in the higher cooling rate. The marker retention
was also achieved by extraliposomal trehalose that os-
motically dehydrates the liposomes through outbound
water diffusion without apparent CF release in the
initial suspensions. The prior dehydration should pre-
vent the freeze-induced membrane damage even in
the slower cooling. These osmotic effects should con-
tribute as one of the major mechanisms by which tre-
halose protects liposomes during the freezing process
besides the water-substitution, bulking, and molecu-
lar mobility reduction. The liposomes containing suf-
ficiently high concentrations of cryoprotectants can
be vitrified without the apparent ice formation by ul-
trafast cooling (e.g., immersion of small volume sus-
pensions in liquid nitrogen). The vitrification method
would not be practical for large-scale freezing of li-
posome formulations, although it is a popular way to
avoid intracellular freezing during cryopreservation
of living cells.’? Formulation and process optimiza-
tion of liposome pharmaceuticals should be performed
through multiple assay methods (e.g., API retention,
liposome fusion, aggregation, and activity of encapsu-
lated enzyme) that appropriately detect the changes
caused by different stresses.

The varied physical states of the intraliposomal
solutions in the frozen suspensions should directly
(e.g., membrane damage due to ice growth) or indi-
rectly (e.g., altered excipient—-membrane interactions)
affect the liposome stability during freeze-drying pro-
cess and subsequent storage.l:584% The trehalose
molecules are required to be distributed in the po-
sition spatially accessible to the membrane phospho-
lipids to form the water-substituting interactions that
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protect the membrane structure from the dehydra-
tion stresses. The higher glass transition tempera-
tures (T) of the dried solids and resistance against
changes by absorbed water should make trehalose a
potent stabilizer for lyophilization and subsequent
storage of liposomes and biomacromolecules.3® How
the altered freezing behavior affects liposome stabil-
ity during freeze-drying is an intriguing topic for fur-
ther study.

The present results indicate the relevance of char-
acterizing the freeze-related physical changes of 1i-
posomes for the development of frozen or freeze-
dried formulations. The liposome composition and
trehalose distribution across the membrane signifi-
cantly affected the osmotic solution flows that deter-
mine the physical states of their intraliposomal so-
lutions and functional stabilities (e.g., CF retention)
upon freeze-thawing. Potentially varied molecular in-
teractions between components would also affect lipo-
some stability in the subsequent drying process and in
storage. Controlling the osmotically mediated physi-
cal changes through formulation design and process
optimization would be valuable in the cryopreserva-
tion and freeze-drying of liposome pharmaceuticals.
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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 (Tg) associated with water sorption,
indicating that molecular mobility, in terms of T, is correlated with
physical stability. However, amorphous nilvadipine is more stable
than nifedipine, even though the two had similar Tg 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, T,
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Fig. 1. Chemical structure of NTR. The asterisk represents asymmetric carbon.

melting point and density, the effects of molecular mability 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 T, 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 l 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 one
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 ((a); A, 4) and the enantiomers in solid dispersions (O, ®) with (b) 10% PVP, {c) 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, (c) 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 wm.

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 (<1201x).

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 ml/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 (ACp)
at T; was measured for the stored amorphous samples by DSCat a
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):

AC
x(t) = ACE; (1)

where ACy: and ACpg are the AC, values at time ¢ and initially,
respectively. The time required for 10% of the amorphous NTR to
crystallize (tgg) 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 um) 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 pm 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. FT-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 differences in the melting point (158 °C), Tz (33 °C)
and AG at Tg (0.40]/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 T values similar
to that of each NTR enantiomer alone. T 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 polymer (Fig. 2(a)), and between (—)-NTR and (+)-NTR in

Table 1
Tg of pure NTR enantiomers and their solid dispersions with a polymer.
Polymer Polymer T [°C]
content [%]
(-)-NTR (+)-NTR
None 0 33.2+01 331402
HPMC 10 33.1x1.0 33.0+07
20 33108 330407
HPMCP 10 312107 310+ 04
20 308 +1.2 305 + 09
PVP 5 33.0+02 331+02
10 363+1.2 36.2+08

4 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
3-10% 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.
At 40°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
tgp for NTR enantiomers with and without polymer.
Temperature  Polymer [%] tap? {h]
(ec}
(~)-NTR (+)-NTR
40 None 0 41 1) 41 (1)
HPMC 10 230,240° 230, 230"
HPMCP 10 49 (1) 49 1
50 None 0 5.7 (0.2) 5.7 {0.1)
PVP 10 250 (10) 240 (4)
HPMC 10 17 (04) 25 {0.1)
HPMCP 10 6.1 3y 1 (0.3)
60 None 0 1.1 (0.1) 1.1 (0.1)
PVP 5 35 1) 36 0.1)
10 2543¢ 25+3°
HPMC 10 3.8,4.1° 6.7,6.9"
20 8.7 (0.3) 15 (0.4}
HPMCP 10 1.5£02¢ 2.7+03¢
20 32 0.1) 64 (0.2}

* The values in 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 (), 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 tgg 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.

3.3. FI-IR

FT-IR spectra (4000-400cm~") 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 (c)) in the range of
1800-1550cm™!, 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, a: without polymer, O,
@®: 10% PVP and (b) O, ®: 10% HPMC, ¢, 4: 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 (m), 10% HPMCP (¢) and 10% PVP (@) at 60°C.
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and (+)-NTR, respectively. Despite its vicinity to the asymmetric
carbon, carbonyl group of (—)-NTR and (+)-NTR showed same
spectra even in the presence of HPMC. Likewise, no difference
in spectra between solid dispersions of (—)-NTR and (+)-NTR
containing HPMCP was observed (data not shown).

Fig. 9 shows the spectra in the range of 3650-3150 cm™!, cor-
responding to NH stretching vibrations of nifedipine derivatives
(Konno and Taylor, 2006), where the changes in peak position
were obvious upon mixing with polymers as solid dispersions.
There were also no obvious differences in the spectra between the
two enantiomers. The peak around 3350 cm~! was assigned to the
NH stretching vibration that was expected to be involved in the
hydrogen bonding between the drug and a polymer. The peak posi-
tion was shifted from 3360 cm~! to 3337 cm~! by amorphization,
and additionally shifted to 3291 cm! in the presence of 50% PVP
(Figs.9(b)and 10). On the other hand, for solid dispersions prepared
with HPMC and HPMCP, the peak position showed a degree of shift
to a higher wavenumber (Figs. 9(c) and (d) and 10). The peak posi-
tion for solid dispersions with 75% HPMCP was nearly equal to that
of the pure NTR crystals. These changes in peak position showed
the same tendency for both (+)-NTR and (—)-NTR.

4. Discussion

The overall crystallization of (—)-NTR proceeded faster than that
of (+)-NTR in solid dispersions with HPMC or HPMCP (Fig. 2(c)
and (d)), while that for solid dispersions with PVP proceeded at
almost the same rate, regardless of NTR chirality (Fig. 2(b)). The
nucleation rates of (—)-NTR were greater than those of (+)-NTR
in solid dispersions with HPMC or HPMCP at 50-70 “C (Fig. 5(b)),
while no difference in nucleation rates between the NTR enan-
tiomers was observed for solid dispersions with PVP (Fig. 5(a)). The
Tg values for samples using (—)-NTR or (+)-NTR were almost the
same (Table 1), suggesting that the differences in the overall crys-
tallization profiles and nucleation rates between the enantiomers
are not due to differences in molecular mobility between (—)-NTR
and (+)-NTR in solid dispersions with HPMC or HPMCP. The dif-
ference in physical stability between the two enantiomers may be
explained by the difference in strength of NTR-polymer interac-
tion between them. The results obtained from FT-IR measurements
indicate that PVP interacts with NTR through hydrogen bonding at
the NH moiety of NTR (Figs. 9 and 10). Almost the same degrees of
shift in wavenumber for NH stretching suggest a similar strength
of hydrogen bond interaction for (—)-NTR and (+)-NTR. PVP poly-
mer chains possess an asymmetric carbon in a monomer unit, and
are composed of monomer units with an equal ratio of R and S
configurations. Therefore, (—)-NTR and (+)-NTR are considered to
interact with PVP through hydrogen bonds of the same strength and
number, resulting in a similar degree of physical stability between
(=)-NTR and (+)-NTR. In contrast, HPMC and HPMCP are cellulose
derivatives that are polymers of optically active p-glucose, and thus
are expected to interact differently (strength and/or number) with
NTR enantiomers, resulting in the difference in physical stability
between (—)-NTR and (+)-NTR, although differences in interaction
were not detectable by FT-IR. At 40 °C, however, the differences in
physical stability between the enantiomers with HPMC or HPMCP
were not remarkable (Table 2, Fig. 5). We do not have a satisfactory
explanation for the loss of the difference in stabilization by HPMC
and HPMCP. However, one possible explanation is as follows: The
temperature dependence of the nucleation rate exhibits a maxi-
mum justabove Tg because the nucleation rate is influenced by both
molecular mobility and thermodynamic factors; an increase of tem-
perature increases the molecular mobility, and thus the nucleation
rate, whereas nucleation is thermodynamically favored at lower
temperatures. A barrier due to molecular mobility is considered to
play a predominant role in nucleation within the temperature range
below the maximum point (Hancock and Zografi, 1997; Andronis
and Zografi, 2000). Therefore, loss of the difference in physical
stability between the enantiomers at 40 °C may be due to the pre-
dominant contribution of molecular mobility, since the molecular
mobility is suggested to be similar for (—)-NTR and (+)-NTR in solid
dispersions, as indicated by the T, values (Table 1). However, phys-
ical stability data at temperatures below 40°C, which are difficult
to obtain within the commonly used experimental time scale, are
needed in order to support this speculation.

In contrast to the nucleation rates, no significant difference
in the crystal growth rates between the NTR enantiomers was
observed for solid dispersions with HPMC or HPMCP (Fig. 7). The
crystal growth rates for solid dispersions with HPMC or HPMCP
were similar to those for each NTR enantiomer alone, indicating
that the effects of HPMC and HPMCP on the crystal growth rate
were small. This might be one of the reasons why differences in
the crystal growth rate between the NTR enantiomers could not be
detected in solid dispersions with HPMC or HPMCP.

It may be worth to note that PVP decreased the crystal growth
rate of NTR enantiomers more than HPMC and HPMCP at all the
temperatures studied (Fig. 7). On the other hand, PVP did not always
decrease the nucleation rate of NTR more effectively than HPMC or
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Fig. 8. FT-IR spectra of crystalline (—)-NTR, solid dispersions of NTR enantiomer containing HPMC, and HPMC alone. HPMC content was (a) 25% (b) 50%, and (c)75%. Dotted
line in (a) represents the spectrum for crystalline (—)-NTR, and dotted line in (c) represents the spectrum for HPMC alone. The spectra with an asterisk are those of (—)-NTR.

HPMCP. For example, the nucleation rate of NTR at 60°C was fol-
lowing order; (—)-NTR, (+)-NTR ~ (- )-NTR-HPMCP > (—)-NTR-PVP,
(+)-NTR-PVP > (—)-NTR-HPMC > (+)-NTR-HPMC, (+)-NTR-HPMCP
(Fig. 5). PVP seems to decrease the crystal growth rate more effec-
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Fig. 9. FT-IR spectra of (a) crystalline and amorphous NTR enantiomers, and their
amorphous solid dispersions with (b) PVP, (c) HPMC and (d) HPMCP. Percentages
represent the weight percentage of polymer in the solid dispersions. The spectra
with an asterisk are those of (-)-NTR.
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Fig. 10. Changes in FT-IR peak position showing the NH stretching region. +: (-)-
NTR without polymer (crystalline); x: (+)-NTR without polymer (crystalline); A, a:
without polymer (amorphous); O, 8: HPMC; ¢, 4: HPMCP; O, @: PVP. Open symbols
represent (—)-NTR and solid symbols represent (+)-NTR.

tively than the nucleation rate of NTR, whereas HPMC and HPMCP
decrease only the nucleation rate of NTR. The reason for the dif-
ferent stabilizing effects of the polymers for the nucleation and
crystal growth of NTR is not clear. The growth rate of NTR may
only be decreased by strong interactions such as hydrogen bonding
between NTR and PVP, which is detectable by FT-IR (Figs. 9 and 10).
Weak drug-polymer interactions, which are not detectable by FT-
IR, may decrease the nucleation rate of NTR, as well as hydrogen
bond interactions between drug and polymer.

5. Conclusions

Using NTR enantiomers as model drugs, the effects of stere-
oselective drug-polymer interaction on the crystallization rate of
amorphous solid dispersions were elucidated. The chiral polymers,
HPMC and HPMCP, retarded the crystallization of (+)-NTR more
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