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and that of DOTAPKChol liposomes from about 83 nm 10 173 nm {da oot showny, The
C-potential of these liposomes vwas abowt 50 mV w60 mV.
' For optimization of the charge ratio (#7-1 of two types of liposome (DC-Chol/DOPE and
DOTAP/Chol containing $1t-G 10 pDRA, Tuciferase activity was measared in HepG2 cells
transfected with liposomes &t vintous charge ratios {4/~ in mediom with or without serum. as
sbanwn in Fig. 2. 1o the presesce of serum. the charge ratio {3/~ in the range of abput 2/1
w0 3/1 showed the highest ransfection efficiency, and particularly at the charge ratio {+/~) of
371 in liposomes, the transfection efficiency increased in the presence of serum. DC-Cho¥/
DOPE system in the presepce of serum seemed to show higher wansfection efficiency than
DOTAPIChol one. Tix20 showed 1.01 £ 0.04 x 10° (RLU/mg protin) luciferase netivity w
the optimal charge rtio (+/-3 of 271 when incubated in the medium withowt serum. Sit-G-
liposomes (DC-Chol/DOPE/SH-G [2/2/1]. mole. at the charge ratio [+~] of 3/1 in Fig, 2)
showed compurable transfection officiency {131 £ 083 x I{}q RLU/mg protein) 1o that by
Tix20 icharge ratio [+/-]=2/1) even in e prusence of serum (Table 1), Inhibition of lipotec-
ton by serum has oflen been reporied (Fancca et al. 2004) However, Sit-Guiposomes
incrensed the ransfection efficiency despite the presence of serum in the mediam. [n further
studies, therefore we used the DC-Chol/DOPE system and a charge ratio (+4) of 3/1 of lipo-
some 10 pDNA as Sit-G-liposomes.,

Lipusome Formulee Containing MEL

A biosurfactant of MEL produced by yeast has mannose and erytlwitol residues in its mol-

ceule; therefore, we expected that this might also be able to torm small-sized lipoplexes
() DOCholDOPRSRG (2:21) liposome by DOTARChol/SH-G {273 1) liposome
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Figure 2. Gene expressions in HepG2 cells transiected with mwo types of liposomes (DC-Chol/
DOPE {al and DOTAPChul {b] comnaining Sit-G st various charge rutios (#/~) i medivm with or
without 109 serum, HepG2 cat a density of 3 3 107 culishwells was sceded in 12-wel) plates 24 h
before transfeciivn. Lippsome/pDNA complexes were diluted with mediom with or without serum
1o a {inad concentravion of 2 pg pDNA i 1 mb mediom per well, Aler lranstection in the media
withont seram for 28 | ml of the madiom was added o the wells and culiwre was contimeed for an
ahlitional 24 b For trosfection with 10% seram. each cell was incubated for 24 b in medium,
Each column represens the mean £ 80 (=301 (3 without serunn (B) with 105 serum.
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Figure 3, Effect of MEL contained in Eposomes (RC-CholDOPEMEL=32/0.5-2, molar ratio}
o gene expression in HepG2 cefls in medinm with or withom 10% semm. Altguots of 2 ng of
pDNA (PAAV-CMV Juc) were complexed witheach Bposome ut a charge matio {3/-)1 of 3 per wetl,
Unher experimentl conditions were identics] 1o those desoribed in the Fiz, 2 legend. Bach eolumn
represents the mean 2 S te=2-6), MEL (0.5=DC-Chol/DOPE/MEL=3/2/0.5. molar ratio, MEL
iN=0DC-Chol/DOPEMEL=32/1. MEL (2)=DC-Chol/DOPEMMEL=3/22. () whbout sermn:
(B with 1% serum,

like Si-G. When the molar ratie of MEL w0 DC-Chol/DOPE (= 3/2, mole) was changed
from .0 0.5, 1, and 2 (correspoading 1o MEL [01 MEL 10.5], MEL {11 and MEL {2}
liposomes, respectively), the diameter of Hposomes containing MEL was about 86 am.
while liposomes without MEL were about 120 nm in size. These liposome suspensions
were stable and could be stored for several months at room 12 mpi‘:r{:mre without any
change in particle size (data not shown). :

The eifeet of MEL {n liposomes & varkous additional ratios of MEL at the charge
ratio (/- of 31 was investigated on gene expression in the mediwm with or withom
serum {Figs 3L When MEL was increased, the iransfection efficiency was increased
slightly, and MEL {2) showed the highest luciferase activity in the presence of scrum,
Therelore, in the following studies, we used MEL {2} liposomes as MEL-liposomes.

Control liposomes composed of DC-CholVDOPE produced aggregation when mised
with pDNA =t the charge ratdo {+/-1 of 371, while Sit-G- and MEL-liposomes formed
about 300-nm-sized Si-G- or MEL-lipoplexes. showing high wansfection efficiency
{Table 1),

Cytotoxiclly

Ve examined the oyiotaicty of liposome vectors (Fig, 43 The concentration of the cat-
ionie lipid used in the cell line experiment was about Z’.i; ;iz‘&l in hoth $it-G- and MEL-
liposomes, resuliing in o cell viability of sbowt 70% for Sit-G-bpoplex and 30% lor
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Figure 4. Cywioxic acivity of Sit-G- and MEL-Hiposomes, aud thedr lipopleses o HelLa cells. Cells
were incubitod In medium containing two types of liposomes wxd lipoplexes for 24 h. Cell viabiliy
was detzrmined by WST-8 sssay. Duata represent the meas £ SO {a=4). Sit-G-Hiposomes: DC-Choll
DOPEASR-G=X2/1 fmole), MEL-Hposomes: DC-CholDOPEMEL=3272 {mole). Lipoplex was
farmed at a charge sio (+/-1 of Hposome/DNA=3/.

MEL-lipoplex. 8i-G- and MEL-liposomes showed decreased eytotoxicity when com-
plexed with pDNAL I might be due to that the positive surlace charge of lipoplexes may
b deereased by addition of pDNA 10 liposomes,

in Vitro TK Expression with Lipssome Vectors -
TK expression by the MK or HSY promoter in HeLa cells was compared by wansiection
with SitG- and MEL-liposome in medium wity 10% serum (Fig, 33 Tt was confirmed that
HeLa celis expressed MK mRNA by RT-PCR analysis {Hattord and Maitani, 2003), Sit-G-
and MEL-liposome showed sigaificamly higher pMK-tk activity, about 30 to 40 tmes
than that in nontransduced cells, The Si-G-liposome showed higher pME-K activity thun
the HEV -tk one.

Suppression of Growth of AsPC-1 Xenografis

It was reported that MK promater-mediated suicide gene therapy effectively produced
eytotoxie effecss 3o AsPC-1 cells (Mivauchi et al. 2001 Therefore. 1o study the therapeu-
tic potential of Hposome vector on the solid wmor model in mice established by AsPC-1
cells, we administered pME-K with Biposeme directly into the tumor and fusther GCV by
Lp. injection (Fig. 6). The treatment schedule consisted of four consecutive intratumoral
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Figare 5. Comparison of TK expression by MK and HSY prometer in Helu cells wansfected with
SiGe and MEL-lipogome in medinm with 10% serum. Colls received no pDNA In comrol experi-
ments. Aliqoots of 2 pg of plINA (pME-tK or pHSV-1k) were complesed with each Hposome at charge
rato {+f=3 of 3 por well. Afler a 23-h incubation, cells were washed with medium and cell culture was
corgiaued for an addizional 48 h, Each volumn reprosents the mean 2 5D (n=3). #%; p « 01,

injections, cach of pME-k (20 pg/mouse) with two kinds of liposomes or the same vol-
ume of PBS as two contrals, OFf these groups. only the mice treated with transfection by
Si-G-lipnsome saw delayed tumor growth at 4 1o & days after starting transfection
compared with controls (p> 05)

To abserve the change in tumor growth for fong-term use of Si-G-liposome, we
administered pMK-k (20 ug/mouse) with Si-G-lpesome or Sit-G-liposome  alone
directly inio the tumor and further GOV by 1o Injection (Fig. 73 The treaument schiedule
consisted of five conseeutive intratumornal injections, each of pME-tk or the same volume
of Sit-G-liposome suspension as  control, The mice treated with wanstection of pMEK-tk
hy Sit-G-liposome showed significantly redoeed wmor growth compared with those
wreated with Sit-G-liposome glone at 30 days alier staning transfection {p < 05). This
finding suggested that the antitumor response was caused not by toxicity of Sit-U-lpo-
somes bul by wrans{ection of Si-G-fipeplex against the wmor.

Discussion

Among synthetic vectors, lipoplexes have been the most frequently emploved amd the
most intensively studicd. Lipoplexes are large. heterogensous, and unstable, especially
high pDNA concentrarions. They form as zresult of eleairostatic binding betsween cationic
lipostanes and negatively charged pDNAL and they are inherently diftienlt to manipulate.
To protect larger-sived Hpoplexes. we prepared inftially smiall-sized Bposomes by addition
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Figure 6. Effect of liposome vectors with pMK-k admizisiered directly inte the tumor on tamer
growth in H8Vak gene therapy. Seven-week-old fomale BALB/C nude mice were sc. inoculaed
with | % 10° AsPC-1 cells. On day 0 after inoculusion of tumer celly, pMK-k {20 pe/mouse’ wity
Hiposome vectors were administered directly intn the tumor measuring with 0.6 10 0.7 om in diamoter
in animals once every two davs 4 dmes for 7 days. Animals incculated with liposonte vectors were
further reated with GOV swrting § day after gene rransfecdon. GCY was administered by Lo, injec-
tion 1wice a day + times for 7 days s a dose of 0.4 mg/mouse/day. Two control groups were treaed
by Injection of PRI (30 ud) instead of pMEK-k and injection cither of GOV (0.4 mg/mouse/dny or
PR, Tumwor volume was mrasured using calipers end caleuiated. Bach point represents the mean &
SE (n=3-T). .

of Sit-G or MEL 10 DC-Chol/DOPE liposomes and could prepare about 300-nm-sized
Hpopleses, whereas lipoplexes of DC-Chol/DOPE liposomes as a vontrol resuhied in
aggregation in medivn with serum. Sit-G and MEL may be good dispersants in preparing
tipoplexes.

The early condition of incubation of lipoplexes, with the cells in the presence of
serumn OF Bol s important tor change of sizes of lipoplexes beeause Jarge complexes are
often more efficient in transfecting cells in vitro (Felgner et al., 1994, The transfection
clficicney may be reflected from uptake of lipoplexes w the cells until wbout 3 h afier
incubation because transfection was observed 6 b alter incubation (data not shown). The
ransfection efficiency of the luciferase marker gene by Sit-G- and MEL-liposome was
cnhanced in the presenve of serum, comparable to that by TIX20, 4 commercial gene trans-
fection reagent in the absence of serum, One of the reasons is that Sit-G may form easily
dispursed lipoplexes in the presence of serum (Hwang o all, 2001, suggesting that the
glveoside residue in Sit-G molecule prevents the interaction of lipoplexes with serum.
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Figure 7. Effect of Si-G-fiposome veetor with pMEK-k administered directly into the sumor on
rnor growth in HSVAak gene therapy. Seven-week-old female BALB/ nude mice were s.¢. inocn-
Lated with 1 % 10% AsPC-1 eells, On day 0 after inoculation of tumor celis, pMK-tk (20 pz/monse)
wiih lipesome vector or posome slone was administered directly imo the wmor measuring with 0.5
0 4.6 om in dismeter in animals once every (wo days 5 dmes for O days. Animals ineculaied with
fipasome veetor were further treated with GOV starting 1 day after gene transfection. GOV was
administered by . injection twice a day § times for 9 days at a dose of 0.4 mg/mouse/day, Ench
point represents the mean 38 n=3-7), %, p < 03,

This indicates the usefulness of SH-G- and MEL-liposomes as transfection reagents. How-
ever. the exact mechanism involved in the entancement of gene expression by serum is
not known, -

The size of lipoplexes, about 300 nm. seemed rather large, b the lipoplexes can be
used for intratumoral and intravenous injection. The size of the lipoplex is an important
factor in transfection. Large lipoplexes were reported to contribute 1 the enbanced gene
expression in vitro (Felgner of al., 1994; Zhang et al.. 1997; Ross and Hui, 1999: Turck
¢t al., 2000). Here. the size of our lipoplexes was almost 300 nm. Therefore, size effect of
transfection may be avoided. Cellular mechanisms of Sit-G- and MEL-liposomes might be
different.

In consideration of selectivity and safety. we selected the MK promoter for the appli-
cation of suicide gene therapy. MK, a growithidifferentiation factor, is expressed pt‘é{k‘smi~
nantly in various types of human twmers, whereas its expression in adult normal tissues is
highly restricted {Tsutsui et al., 1993), TK expression by pME-k mediated by 8it-G- and
MEL-liposomes was confinmed in Hela cells to be comparable 1o that by pHSV-tk with
the HSY promoter, This finding suggested that the MK promoter driving MK-positive
cells could achicve lissue-targeted gene expression. Although luciferase expression of Sit-
G-liposome was higher than that of MEL-fiposame, TK expression by these liposome vee-
s was not significantly different, not correlating with the luciferase ransfection
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efficiency. These findings strongly suggested thar $it-G- and MEL-liposomes could be
applicable o in vivo HSV -tk gene delivery,

~ Compared with 5it-G- and MEL-lipoplex. Sit-G-fipoplex was less eytotoxic. Sit-G-
liposome reduced significantly lunwr size by day 30 after the stars of wansfection of pMK-
tk gene therapy. compared with Sit-G-liposome ajone. These lindings suggested that
cytokines induced by a nonspecilic manner by intratumoral injection of lipoplex might not
contribute the reduction of the tumor size. The reason that the effect of Sit-G-liposomes an
tamor growth suppression was different from that of MEL-liposome vector is not clear.
but it might be related to the fact that inhibition of enhanced ghwose transport in GCV-
treated colls increased apoptosis (Haberkom et al., 2001} with glucose residues in Sit-G in
nanoparticles and liposomes (Nakamura et al., 2003). Our finding suggested that HSY -tk
gene therapy could be performed by repeated intratumoral administration of Sit-G-lipo-
some vector system. Further study of the optimization of the formulae of Sit-G-liposome
and therapeutic design is needed w be used in vivo for this therapy.

We have shown that injectable lipoplexes {(about 300 to 350 nm) could be obtained by
addition of 8it-G or MEL 10 cationic liposomes. Smaller-sized Sit-G- and MEL-lipoplexes
might be obtained by the dispersity of the sugar residue of Sit-G and MEL in the presence
of serum. These liposoms: vectors showed high transfection of the lueiferase gene and TK
activity in the cells. Sit-G-liposome is  promising veetor in gene-based therapy.
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The purpose of this study is to examine whether molecular dynamics (MD) simulations using a commer-
cially available software for personal computers can estimate the glass transition temperature (T,) of amorphous
systems containing pharmaceutically-relevant excipients. MD simutations were carried out wnth an amorphous
matrix model constructed from isomaltoheptaose, and the T, estimated from the calculated density versus tem-
perature profile was compared with the T, measured by dlﬁerentlal scanning calorimetry (DSC) for freeze-dried
isomalto-oligomer having an average molecular weight close to that of isomaltoheptaose. The T, values deter-
mined by DSC were lower by 10 to 20 X than those extrapolated from the T, values estimated by MD simulation.
Fragility parameter was estimated to be 56 and 51 from MD simulation and from DSC measurement, respec-
tively. Thus, the results suggest that MD simulation can provide approximate estimates for the T, and fragility
parameter of amorphous formulations. However, a reduction of the cooling rate, achievable by suﬂiclentlv elon-
gating the simulation duration, is necessary for more accurate estimation.

Key words molecular dynamics simulation; amorphous; glass transition; fragility; lyophilization

Glass transition temperature (T) is an important property
for amorphous pharmaceutical formulatlons because it is
closely related to the storage stability. The T, of amorphous
materials can usually be determined by calorxmetry, but this
technique cannot be applied to amorphous formulations con-
taining polymers with widely distributed molecular weights.
This is because these formulations often exhibit unclear
changes in heat capacity at T, due to the glass transition oc-
curring over a wide temperature range. Molecular dynamics
(MD) simulations can be performed for an amorphous matrix
model constructed using polymer molecules of a uniform
molecular weight, in which the chemical structure of the re-

- peated unit can be modified. If T, prediction is possible
based on MD simulations, the dependence of T, on the poly-
mer molecular weight as well as on the chemlcal structure of
the repeated unit can therefore be elucidated, leading to the
efficient development of polymer excipients with high T, val-
ues suitable for stable amorphous dosage forms. Further-
more, MD simulations can determine the dependence of
fragility for polymer matrices on the polymer molecular
weight and on the chemical structure of the repeated unit.
Thus, it would be possible to estimate the fragility parameter
of polymer matrices with widely distributed molecular
weights, which usually cannot be determined from the heat-
ing-rate dependence of T, nor from the width of glass transi-
tion.

MD simulations have been utilized to estimate the glass
transition temperature (7,) of amorphous synthetic poly-
mers,"? glass former saccharides and concentrated saccha-
ride-water systems.>~® These studies suggest that MD sim-
ulations are useful in estimating the T, of amorphous materi-
als. Our previous MD simulations w1th isomaltodecaose (a
fragment of dextran) and a-glucose (the repeated unit of
dextran) demonstrated that MD simulations can provide ra-
tional T, values that decrease upon hydration and increase
with i mcreasmg fragment size, suggesting the usefulness of
MD simulations.” However, the T, obtained from MD simu-

* To whom correspondence should be addressed.
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lations was not compared with experimentally determined 7.,
in consideration of the heating/cooling-rate dependence.
Such comparison is necessary in order to evaluate the relia-
bility of MD simulations.

In this study, the T, of an isomalto-oligomer of relatively
narrow molecular weight distribution was determined as a
function of heating and cooling rates by differential scanning
calorimetry (DSC). For the other angle of investigation, MD
simulations were carried out with an amorphous matrix con-
structed from isomaltoheptaose, the molecular weight of
which was close to the isomalto-oligomer investigated. The
density of the isomaltoheptaose matrix was calculated as a
function of temperature, and the T, of the matrix was esti-
mated from a change in the slope of the density versus tem-
perature profile. The 7, estimates obtained at various cooling
rates were compared with the experimental data in order to
examine whether MD simulations using a commercially
available software for personal computers can provide reli-
able T, estimates for amorphous systems containing pharma-
ceutically-relevant excipients.

Experimental

DSC Measurement Isomalto-oligomer (number average molecular
weight (Mn) of 1010; a polydispersity index (Mw/Mn) of 1.26) was pur-
chased from Fluka Production GmbH (Switzerland). Four hundred micro-
liters of 2.5% w/w isomalto-oligomer solution was frozen in a polypropy-
lene sample tube (10mm diameter) by immersion in liquid nitrogen for
10min. Freeze drying was carried out at a vacuum level below 5Pa for
23.5h in a lyophilizer (Freezevac C-1, Tozai Tsusho Co., Tokyo). The shelf
temperature was between —35 and —30°C for the first 1 h, 20°C for the
subsequent 19h, and 30°C for the last 3.5 h. Residual water was less than
the detection limit of the Karl Fisher method.

The T, of lyophilized samples was measured by DSC (2920, TA Instru-
ments, New Castle, DE, U.S.A.). Samples were heated in aluminum pans to
40°C higher than the T,, and then cooled to 40°C lower than the T,ata
cooling rate of 2, 5 and 10 °C/min with a refrigeration system or at a coolmo
rate of 20 and 40°C/min with a liquid nitrogen cooling accessory. Then,
samples were heated again at a heating rate of 2, 5, 10, 20 and 40 °C/min.
Temperature calibration was carried out using indium at each heating rate.
The 7, was recorded as the middle of the change in heat capacity at the glass
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transition.

Molecular Dynamics Simulation A model system for the amorphous
isomalto-oligomer was built using the software package Amorphous Cell
Construction (Material Studio, MSI Inc.). A periodic cell containing 7 iso-
maltoheptaose molecules was constructed by the minimization procedure
using the Steepest Descents and Conjugate Gradients (5000 steps). For com-
parison with the isomaltoheptaose system, a periodic cell containing 49 o-
glucose molecules was also constructed.

Isothermal-isobaric molecular dynamics simulations (NPTMD) were car-
ried out with the constructed systems using the software package DIS-
COVER with the Polymer Consortium Force Field. The Velocity Verlet algo-
rithm was used for integration. Interaction between non-bonded atoms was
represented in van der Waals and Coulombic terms. Summation methods for
van der Waals and Coulomb interactions were atom based and group based,
respectively (cutoff of 12.50 A, spline width of 3.00 A, and buffer width of
1.00 A). Charge groups were defined in two different types. In type 1, the en-
tire glucose unit was defined as a group. In type 2, five groups were defined
(three groups were comprised of hydroxymethine at positions 2, 3 and 4, re-
spectively, one group was comprised of C1, H1 and the ring O, and one
group was comprised of the C5 methine, C6 methylene and O6), as shown in
Chart 1. The different group definitions did not cause significant differences
in the T, values estimated, as described later.

A series of simulations was performed with temperatures decreased by in-
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Chart 1. Five Charge Groups in the Repeated Unit of Isomaltoheptaose
Defined for the Calculation of Coulomb Interaction
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tervals of 10K from 673 to 353 K at a pressure of 0.1 MPa. Temperature and
pressure were controlled by the Anderson procedure. The length of simula-
tion at each temperature was 25, 100, 250 ps, or 1 ns with a step size of 115,
such that cooling rate was 0.4, 0.1, 0.04 or 0.01 K/ps, respectively. Each sub-
sequent simulation was started from the final configuration obtained at the
preceding temperature. System configurations were stored every 5000 steps.
The density at each temperature was calculated from the average specific
volume observed for the final third of the simulation span at the temperature.
The series of simulations from 673 to 353 K was repeated 3 times

The calculated density was plotted against temperature, and the low-tem-
perature and high-temperature portions of the data were fitted with straight
lines. T, was estimated from the point that deviated from the straight line in
the low-temperature range and overlapped the straight line in the high-tem-
perature range.

Results and Discussion

Figure 1 shows the density of the amorphous isomaltohep-
taose system calculated by NPTMD at cooling rates of 0.4,
0.1, 0.04 and 0.01 K/ps as a function of temperature. The
density versus temperature plots exhibit a change in the slope
at a temperature corresponding to the T,. As cooling rate de-
creased, variation in the density data decreased, showing
more obvious changes in the slope.

T, was estimated from the density versus temperature
plots, and the results are plotted against cooling rate in Fig.
2. Figure 2 also shows 7, values measured by DSC for an
isomalto-oligomer having a Mn of 1010 (close to the Mn of
isomaltoheptaose, 1152). The 7, values measured during
cooling were slightly lower than those measured during heat-
ing (the former overlapped with the latter at the two points of
higher cooling/heating rate). The solid line in Fig. 2 repre-
sents a regression curve for the cooling-rate dependence of
the 7, estimated by MD simulation (Type 1). The dotted line
represents that of the 7, determined by DSC. Fragility para-
meters (m) were calculated according to Eq. 1'? using the
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Fig. 1. Density versus Temperature Plots Obtained by NPTMD at Cooling Rates of 0.4 K/ps (A), 0.1 K/ps (B), 0.04 K/ps (C) and 0.01 K/ps D)

Solid circles indicate estimated T,
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Fig. 2. Cooling-Rate Dependence of T, Estimated from Density versus
Temperature Plots for Amorphous o-Glucose (@) and Isomaltoheptaose
(Type | Group A, Type 2 Group A) is Compared with the Heating-Rate De-
pendence of T, Measured by DSC for Amorphous &-Glucose (O) and Iso-
malto-Oligomer (<), and with the Cooling-Rate Dependence of 7, Mea-
sured by DSC for Amorphous Isomalto-Oligomer ()

The solid line and dotted line represent regression curves for the cooling-rate depen-

dence of estimated T, values and that of measured T, values, respectively. Error bars
for @ and A represent S.D. (n=3).

slope of the regression curves and the T, values at a cooling
rate of 20 K/s (DSC measurement) and 4X10'° K/s (MD sim-
ulation).
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where ¢ is the experimental heating or cooling rate. m was
estimated to be 56 and 51 from MD simulation and from
DSC determination, respectively. These values appeared to
be reasonable in comparison with the values reported for var-
ious amorphous organic compounds.'?

The dependence of T, ¢ on the cooling rate (g) can be de-
scribed by Eq. 2, if the relaxation time of the system shows a
Vogel-Fulcher dependence on temperature.'>'?

o B
£ n(4q)

@)

where 4 and B are constants and 7, is the glass transition
temperature when g approaches zero. Curve-fitting of the T,
estimated in the present MD simulation to Eq. 2 provided a
regression curve shown in Fig. 3 (T;, 4 and B were estimated
to 421K, 107" and 1150, respectively). The experimentally
determined 7, values were lower than the extrapolated values
by 10 to 20 K. This small difference suggests that MD simu-
lation can provide approximate estimates of T, and m, along
with the fact that similar m values (56, 51) were estimated
from MD simulation and from DSC measurement, respec-
tively.

The lack of complete accordance between the 7 g and m
values estimated from MD simulation and those obtained
from DSC measurement may be attributed to the short simu-
lation duration (i.e., the large cooling rate of 0.01—0.4 K/ps)
used in the present study, in which density was not calculated
at cooling rates slower than 0.01 K/ps because approximately
100 h of computing time were needed for an NPTMD of 1 ns
duration. Decreasing the cooling rate (i.e., prolonging the
simulation duration) by using a more powerful computer
would provide more reliable estimates of T, and m. Further-
more, the difference between the estimated T, and the experi-
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Fig. 3. Curve-Fitting of 7, Estimated from Density versus Temperature
Plots for Isomaltoheptaose (Type 1 Group) A According to Eq. 2

7, for isomalto-oligomer determined by DSC during heating () and during cooling
() are shown.

mentally determined 7, may result from the difference in pa-
rameter used in these two methods (i.e., density in MD simu-
lation versus heat capacity in DSC). Therefore, this effect
needs to be elucidated for more precise estimation of 7, and
m.

Figure 2 also compares the 7, of a-glucose measured by
DSC with that estimated by MD simulation. The T, estimates
for o-glucose were lower than those for isomaltoheptaose,
correctly reflecting a decrease in molecular weight. Although
regression analysis could not be performed with this limited
number of data, the relationship between the T 2 from DSC
measurement and from MD simulations appeared similar to
that observed for the isomalto-oligomer.

Conclusions

The T, of isomaltoheptaose estimated by MD simulation
was compared with the T, determined by DSC for isomalto-
oligomer having a close Mn, in order to examine whether
MD simulations using a commercially available software for

personal computers can provide reliable 7, estimates of

amorphous systems containing pharmaceutically-relevant ex-
cipients. The results suggest that MD simulation can provide

approximate estimates for the 7, and m of amorphous formu-

lations. However, a reduction of the cooling rate, achievable
by sufficiently elongating the simulation duration, is neces-
sary for more accurate estimation.
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" Factors affecting the storage stability of lyophilized cationic liposomes were investigated using liposomes
prepared with various excipients and by different freezing rates, either quick freezing (freezing by immersion
into liquid nitrogen) or slow freezing (cooling to —50°C at a rate of —10°C/h). Increases in the particle size of
cationic liposomes observed during freeze-drying were inhibited by the addition of sucrose, trehalose and su-
crose—dextran mixtures (1:1 and 2:1 by weight). The storage instability of the formulations, as indicated by
changes in particle size, was affected by their glass transition temperature (7). Addition of high-T, excipients re-
sulted in smaller increases in the particle size, indicating improvement of storage stability. The storage stability
of cationic liposorne formulations was also affected by freezing rate. Formulations prepared by slow freezing ex-
hibited better stability. Longer shear relaxation times were observed for formulations prepared by slow freezing
compared with those prepared by quick freezing. This indicates that formulations prepared by slow freezing have
a lower matrix mobility, which may result in better storage stability. T, or 'H-NMR relaxation measurements
could not detect differences in matrix mobility between formulations prepared by different freezing rates. Shear
relaxation measurements seem to be a useful method for evaluating the storage stability of cationic liposome for-

mulations.

Key words

Cationic lipid has attracted much attention as a non-viral
DNA vector. Cationic liposome-DNA complex (lipoplex),
however, is usually unstable in solution and forms aggregates
during long-term storage at room temperature, resulting in
the loss of its transfection ability."? Stability of lipoplex dur-
ing freeze-drying and subsequent storage can be improved by
lyophilization with lyoprotectants such as sucrose.’™ The
stabilizing effect of these compounds on liposomes during
lyophilization has been attributed to incorporation of lipo-
somes into glass matrices and hydrogen bonding between the
excipient and the polar head group of lipids.®’ Therefore, the
storage stability of lyophilized cationic liposomes is expected
to be improved by addition of excipients with higher glass
transition temperature (7,), which yield glass matrices with a
lower molecular mobility.

It is also known that process parameters such as freezing
rate affect the stability of lyophilized formulations. It has
been reported that the amount of drug entrapped in
lyophilized liposomes is higher for formulations prepared by
slow freezing than for those prepared by quick freezing.”
The effect of freezing rate depended on the lipid composition
and was most pronounced for rigid liposomes. The storage
stability of lyophilized tissue-type plasminogen activator was
also affected by freezing rate® Faster freezing caused a
larger surface area of the freeze-dried cake, and the storage
stability of the incorporated protein was proportional to the
surface area of the freeze-dried cake.

This paper describes the effects of excipients with different
T, as well as the effect of freezing rate on the storage stabil-
ity of Iyophilized cationic liposomes. Changes in the particle
size of cationic liposomes were determined as a measure of
storage instability. "H-NMR relaxation time and shear relax-
ation time of the freeze-dried cakes were also determined.
The storage stability of cationic liposomes is discussed in
terms of the molecular mobility and visco-elastic property
(matrix mobility) of the freeze-dried cakes.

* To whom correspondence should be addressed.  e-mail: aso@nihs.go.jp

cationic liposome; stability; lyophilization; shear relaxation time; molecular mobility

Experimental

Materials N-[1-(2,3-Dioleoyloxy) propyl]-N.V,N-trimethyl-ammonium
chloride (DOTAP), cholesterol, sucro’se, trehalose and dextran were pur-
chased from Sigma (St. Louis, MO, U.S.A.).

Preparation of Cationic Liposomes® DOTAP (250 mg) and choles-
terol (125 mg) were dissolved in chloroform (about 5ml). The chloroform
was evaporated with a stream of nitrogen gas to make a thin film of the
lipids. The film was further dried under vacuum for | h and hydrated in
50 m! of water. The lipid suspension was incubated at 50 °C for 10 min and
extruded through polycarbonate membranes (Millipore, Billerica, MA,
U.S.A.) with pore sizes of 0.6 and 0.2 g, which were connected in series.

Preparation of Lyophilized Liposome Formulations Sucrose, tre-
halose and sucrose—dextran mixtures (1:1 or 2: 1 by weight) were used as
excipients for lyophilized liposome formulations. Equal volumes of excipi-
ent solution (10 w/w%) and liposome suspension were mixed. Aliquots
(500 ul) of the mixture were frozen in polypropylene tubes by immersion
into liquid nitrogen (quick freezing) or by cooling on the shelf of a freeze
drier (Freezevac C-3; Tozai Tsusho, Tokyo) at a rate of —10°C/h to ~50°C
(slow freezing). Frozen samples were dried under a vacuum of approxi-
mately 5Pa. The shelf temperature was maintained at —40°C for 24 h,
—20°C for 16h, 0°C for 6 h, and then 20°C for 6 h.

Stability Study of Lyophilized Cationic Liposomes The water content
of the lyophilized formulations was adjusted by storage at 25°C and 23%
RH for 1d. The samples were stored at 40 or 25°C in a thermostatic cham-
ber and withdrawn at appropriate intervals. The storage stability of lipo-
somes was evaluated from changes in particle size. Particle size was deter-
mined at 25 °C by dynamic light scattering with a DLS-7000 system (Otsuka
Electronics Co. Ltd., Osaka). The viscosity of the rehydrated liposome sus-
pension, required for the calculation of particle size, was determined with a
model AR-1000 rheometer (TA Instruments, Inc., New Castle, DE, U.S.A.).
The T, values of the formulations are summarized in Table 1.

Physicochemical Properties of Lyophilized Liposome Formulations.
Determination of the Complex Shear Modulus The visco-elastic prop-
erty (matrix mobility) of the freeze-dried cakes was examined with the
model AR-1000 rheometer. A freeze-dried cake was placed on the sample
platform of the instrument and compressed to about 440 um thickness with a
flat plate geometry (40 mm in diameter). An oscillating stress of 40 Pa was
applied to the sample over a frequency range of 0.01 to 600 radian/s. The ef-
fect of sample size, which was smaller than the plate size of the geometry
used, on the determination of shear relaxation time was considered to be
negligible, since shear relaxation time was estimated from relative changes
in the shear modulus determined as a function of stress frequency.

"H-NMR Relaxation Measurements In order to determine the molecu-
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lar mobility of the freeze-dried cakes, spin~lattice relaxation times in labora-
tory frame (7)) and rotating frame (T,,) were measured at 27 °C with a
model INM-MU25 spectrometer (JEOL DATUM, Tokyo) operated at a 'H
resonance frequency of 25 MHz. A freeze-dried cake was placed in an NMR
tube (10 mm outer diameter) and dried at 25°C for 18h under vacuum be-
fore measurement. T, was measured by the inversion-recovery method. A
spin locking feld of I mT was applied to the samples for 7, measurement.

DSC Analysis The T, of freeze-dried cakes was determined with a
model 2920 differential scanning calorimeter (TA Instruments, Inc.)
equipped with a refrigerator cooling accessory. Temperature and heat flow
calibration of the instrument was performed with indium. Approximately
3mg of freeze-dried cake was weighed into a hermetic sample pan, which
was stored at 25°C and 23% RH for 24 h and then sealed. Samples were
heated at a rate of 20 °C/min from —30 to 200°C. The DSC cell was purged
with nitrogen gas at 30 m{/min during measurement.

Water Vapor Sorption Measurements Time profiles of water vapor
sorption for lyophilized liposome formulations containing sucrose and tre-
halose were measured at 25°C and 10% RH with a GM-300 gravimetric
sorption analyzer (VTI Corp., Hialeah, FL, U.S.A.). Approximately 25mg
of freeze-dried cake was placed in a'sample holder and dried at 25 °C under
vacuum. When no change in the weight of the cake was observed over
5 min, the cake was considered to be in a dry state. The cake was exposed to
water vapor equivalent to 10% RH. The weight of the cake was measured at
intervals of 30s.

Results and Discussion )

Effect of Excipients on Stability of Lyophilized Cationic
Liposomes Figure 1 shows the effect of freeze-thaw and
freeze-drying on the particle size of cationic liposomes. No
significant difference in particle size was observed after the
freeze-thaw cycle, regardless of the presence of excipients.
Increases in the particle size, however, were observed after
rehydration of liposomes lyophilized without excipient. On
the other hand, liposomes lyophilized with excipients exhib-
ited similar particle sizes before and after freeze-drying, in-
dicating that all the excipients studied stabilized cationic li-
posomes against aggregation during drying.

Figure 2 shows the storage stability of cationic liposomes
lyophilized with the excipients. Increases in particle size
were observed during storage at 40°C except for the tre-
halose formulation prepared by slow freezing. The liposome

Table 1. 7, of Lyophilized Cationic Liposome Formulations”’

Tg (oc)h)
Excipient
Slow freezing Quick freezing
Sucrose 323 31.9
Trehalose 48.4 49.0
Suc-Dex (2: 1) 435 437
Suc-Dex (!:1) 59.7 59.9

a) Water content was adjusted by storage at 25°C and 23% RH for 1d. b) T, val-
ues reported were average of two determinations.
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formulations containing sucrose, the T, of which (32°C) was
lower than the storage temperature, were least stable. The
formulations containing trehalose, the T, of which (49°C)
was higher than the storage temperature, were more stable
than the sucrose formulations. Addition of dextran to sucrose
resulted in a higher T, (43°C for 2: 1 sucrose—dextran mix-
ture and 60 °C for 1: 1 mixture) and increased the stability of
the liposome formulations. These results indicate that the sta-
bility of cationic liposome formulations is closely correlated
with the mobility of the formulation matrix as indicated by
T,. The formulation containing trehalose prepared by quick
freezing exhibited increases in the particle size, but no sig-
nificant increase was observed for the trehalose formulation
prepared by slow freezing, indicating that the storage stabil-
ity of lyophilized cationic liposomes is affected by the freez-
ing rate.

Figure 3 shows a photograph of lyophilized cationic lipo-
somes containing sucrose or trehalose stored at 25°C and
23% RH for 1 year. Shrinkage of the freeze-dried cake was
observed for sucrose formulations. The extent of shrinkage
was larger for the sample prepared by quick freezing. No sig-
nificant shrinkage of freeze-dried cakes was observed for tre-
halose formulations and sucrose—dextran formulations (data
not shown), which had Tg values higher than those of sucrose
formulations. Figure 4 shows the particle size of liposomes
after storage at 25 °C and 23% RH for 1 year. The trehalose
and sucrose—dextran formulations were stable, but an in-
crease in the particle size was observed for sucrose formula-
tions during storage at 25 °C (approximately 8 °C lower than
the T, of the sucrose formulation). These results indicate that
the sucrose formulations have a sufficient degree of matrix
mobility to cause liposome aggregation even at 25°C, a tem-
perature lower than the 7, of the formulation.

Molecular Mobility and Matrix Mobility of Cationic
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O Freeze thaw
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Fig. 1. Effect of Freeze-Thaw and Freeze-Drying on the Particle Size of
Cationic Liposomes
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Fig. 2. Effect of Storage at 40 °C on the Particle Size of Cationic Liposomes
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Liposome Formulations The storage stability of ly-
ophilized cationic liposomes was affected by freezing rate,
such that formulations prepared by quick cooling were less
stable than those prepared by slow cooling, as shown in Figs.
2—4. To gain an insight into the mechanism of the effect of
freezing rate on the stability of cationic liposome formula-
tions, the mobility of the formulation matrices was examined
by 'H-NMR relaxation and shear relaxation measurements.
Table 2 shows the. T and T}, of cationic liposome formula-
tions. T and T, are measures of molecular mobility on time

Trehalose

Sucrose

quick slow quick slow

Fig. 3. Appearance of Freeze-Dried Cakes of Cationic Liposomes Con-
taining Sucrose or Trehalose after Storage at 25 °C and 23% RH for | Year

Diameter (nm)

Fig. 4. Effect of Storage at 25°C and 23% RH for | Year on Particle Size
of Cationic Liposomes

Table 2. 'H-NMR Relaxation Time of Cationic Liposome Formulations
Excipient T, (s) T, (ms)
Sucrose Slow 0.29 4.0
Quick 0.28 4.0
Trehalose Slow 0.28 44
Quick 0.30 4.6
10 Sucrose A slow
© quick
1
2
-
0.1
0.01 . L . !
2.75 2.8 2.85 2.9 2.85
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scales of the order of MHz and mid kHz, respectively.” T,
and T}, of the formulations did not change with freezing rate
within experimental error, indicating that freezing rate has
little effect on the molecular mobility reflected in 7 and 7.
The mobility of formulation matrices on longer time
scales than those reflected in NMR spin-lattice relaxation
times was determined by measuring the frequency depen-
dence of the shear modulus of lyophilized cationic liposomes
(the visco-elastic property of the .formulations). The fre-
quency-dependent shear modulus (G*(w)) of amorphous in-
domethacin has been shown to characterize the time scales of
molecular motion of indomethacin in the amorphous state.'®
The storage modulus (G', a real part of G*(@)) of visco-elas-
tic materials increases with increasing frequency of shear
stress, and the loss modulus (G", an imaginary part of
G*(w)) exhibits a maximum. Visco-elastic materials behave
as a viscous fluid and a rigid solid against low and high fre-
quency stress, respectively. The shear relaxation time, the
reciprocal of maximum frequency (in radian/s) of G”, can be
used as a measure of mobility. Figure 5 shows the typical fre-
quency dependence of the shear modulus of the cationic lipo-
some formulation containing sucrose measured at 74 °C in
the dry state. Figure 6 shows the temperature dependence of
shear relaxation time for the cationic liposome formulations
containing sucrose and trehalose measured under dry condi-
tions. The relaxation time of the formulation prepared by
slow freezing was longer than that of the formulation pre-
pared by quick freezing. The effect of freezing rate on the
shear relaxation time was also observed in the presence of
moisture. Figure 7 shows the frequency dependence of G” for
the cationic liposome formulation containing sucrose stored
at 25°C and 23% RH for 1d. The formulation prepared by

200 100

4 75

1 50

G" (kPa)

0
1000

0.1 1 10 100
Angular frequency (rad/s)

Fig. 5. Frequency Dependence of the Shear Modulus of a Cationic Lipo-
some Formulation Containing Sucrose Measured at 74 °C in the Dry State
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Fig. 6. Shear Relaxation Time of Cationic Liposome Formulations Measured under Dry Conditions



304

—a— slow
—o— quick

01 1 10 100
Angular frequency (rad/s)

Fig. 7. Frequency Dependence of the Loss Modulus (G"} of a Cationic Li-
posome Formulation Containing Sucrose at 30°C

The water content was adjusted by storage at 25°C and 23% RH for 1 d.

quick freezing exhibited a maximum at 2 radian/s, whereas
the formulation prepared by slow freezing exhibited a maxi-
mum at 0.4 radian/s. These results indicate that formulation
matrices prepared by slow freezing have a lower mobility
than those prepared by quick freezing. Temperature depen-
dence of G” supports this speculation. G” at a frequency of
0.1 radian/s showed a maximum at 21 °C for the sucrose for-
mulation prepared by quick freezing, whereas 26 °C for the
sucrose formulation prepared by slow freezing. The maxi-
mum temperature corresponds to the temperature at which
relaxation time of 10s (inverse of 0.1 radian/s) is observed.
Therefore, the relaxation time at 25°C is considered to be
longer than 10s for the suctose formulation prepared by slow
freezing. In contrast, shorter relaxation time than 10s is ex-
pected for the sucrose formulation prepared by quick freez-
ing. This difference in matrix mobility resulting from differ-
ent freezing rates may cause a difference in storage stability.
The difference in matrix mobility of cationic liposome for-
mulations prepared by different freezing rates could be . de-
tected by shear relaxation time, but not by 7, and "H-NMR
relaxation measurements (Tables 1, 2). This ﬁndmg suggests
that the aggregation rate of lyophilized liposomes may corre-
late more closely with matrix mobility as measured by the
shear relaxation time than with molecular mobility as mea-
sured by the spin-lattice relaxation time.

Figure 8 shows the time course of water vapor sorption for
the cationic liposome formulations containing sucrose and
trehalose stored at 25°C and 10% RH. The water content at
equilibrium was not affected by freezing rate. The weight of
the formulations prepared by quick freezing, however,
reached a plateau within 40 min, whereas it took more than
300min to reach equilibrium for formulations prepared by
slow freezing. The difference in water sorption rate indicates
that the ratio of surface area to volume for the formulations
prepared by quick freezing is larger than that for the formula-
tions prepared by slow freezing. Similar differences in the
surface area of freeze-dried cakes have been reported for
lyophilized tissue-type plasminogen activator formulations.?
Such dependence of the surface area on freezing rate may
cause the different mobility of the formulation matrices, as
indicated by the different shear relaxation times. Formula-
tions with lager surface area may be more susceptive to
changes in the 7, upon local temperature fluctuations and/or
local humidity ﬁuctuatlons Differences in the susceptibility
may affect the shrinkages of freeze-dried cakes and the sta-
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mulations Stored at 25°C and 10% RH

bility of liposomes during storage.

In conclusion, the storage instability of lyophilized
cationic liposomes, as indicated by change in particle size,
was affected by the Tg of the formulations. Formulations con-
taining high-7, excipients exhibited better storage stability.
The storage stabxhty of lyophilized cationic liposomes was

also affected by freezing rate. Longer shear relaxation times
were observed for formulations prepared by slow freezing
compared with those prepared by quick freezing, indicating
that formulations prepared by slow freezing have a lower ma-
trix mobility. The lower matrix mobility of the formulations
prepared by slow freezing may result in better storage stabil-
ity. T, or '"H-NMR relaxation measurements could not detect
these differences in matrix mobility. Shear relaxation mea-
surements appear to be useful for evaluating the storage sta-
bility of cationic liposome formulations.
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ABSTRACT: The purpose of this study was to explore why changes in the molecular
mobility associated with -glass transition, the timescale of which is on the order of 100 s,
can be detected by measuring the nuclear magnetic resonance relaxation times that
reflect molecular motions on the order of 10 kHz and 1 MHz. The molecular motions in
freeze-dried dextran 40k, dextran 1k, isomaltotriose (IMT), and u-glucose comprising a
common unit.but with different glass transition temperatures, were investigated by
dielectric spectroscopy (DES) in the frequency range of 0.01 Hz to 100 kHz and in the
temperature range of —20° to 200°C, in order to compare with the molecular motions
reflected in nuclear magnetic resonance relaxation times. The «-relaxation process for
freeze-dried «-glucose was visualized by DES, whereas those for freeze-dried dextran
40k, dextran 1k, and IMT were too slow to be visualized by DES. The latter freeze-dried
cakes exhibited quasi-dc polarization because of proton-hopping~like motion rather than
a-relaxation process. The correlation time (t.) for the backbone carbon of dextran 40k and
IMT, calculated from the measured value of spin-lattice relaxation time in the rotating
frame, was found to be close to the relaxation time of proton-hopping—like motion
determined by DES (1pgs) at temperatures around glass transition temperature. The
timescales of molecular motions reflected in the t. and tprg were significantly smaller
than that of motions leading to molecular rearrangement (molecular rearrangement
motions), which correspond to o-relaxation. However, the shapes of temperature
dependence for the 1, and tpgs were similar to that of the calorimetrically determined
relaxation time of molecular rearrangement motions. Results suggest that the molecular
motions reflected in the 1. and tpgs are linked to molecular rearrangement motions, such
that enhancement of molecular rearrangement motions enhances the molecular motions
reflected in the 1. and tpgg. Thus, the 1pgg and t. can reflect changes in molecular mobility
leading to unwanted changes in amorphous formulations, and are thought to be a useful
measure for evaluating the stability of formulations. © 2004 Wiley-Liss, Inc. and the
American Pharmacists Association J Pharm Sci 94:275-287, 2005

Keywords: dielectric spectroscopy; solid state NMR; freeze-drying; relaxation time

INTRODUCTION

Amorphous pharmaceuticals, as opposed to crys-
tals, reveal various modes of rotational and
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diffusive motions leading to molecular rearrange-
ment that may bring about unwanted changes in
the system. These motions leading to molecular
rearrangement (hereafter referred to as molec-
ular rearrangement motions) exhibit an average
relaxation time on the order of 100 s at the
calorimetric glass transition temperature (T%).
Furthermore, the average relaxation time
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changes with changing temperature according
to the Adam-Gibbs-Vogel (AGV) and Vogel-Tam-
mann-Fulcher (VIF) equations below and above
Tg, respectively.1

Investigations of the molecular mobility of
freeze-dried formulations containing polymer.
excipients have demonstrated that glass transi-
tion occurs partially even at temperatures below
T,, enhancing molecular rearrangement motions
and leading to decreases in the physical and
chemical stability.?~® Changes in the temperature
dependence of molecular rearrangement motions
associated with the glass transition have been
detected by measuring nuclear magnetic reso-
nance (NMR) relaxation times such as laboratory
and rotating frame spin-lattice relaxation times
(T, and T, ,) and spin—spin relaxation time (Ty) of
'H and °C.""'2 However, there is no clear
explanation for the question why changes in the
temperature dependence of molecular rearrange-
ment motions with a relaxation time longer than
100 s at sub-T'; can be detected by measuring NMR
relaxation times such as Ty, T, and Ty of 'H and
13C that reflect molecular motions on the order of
1 MHz, 10 kHz, and >10 kHz, respectively. Thus,
the aim of this investigation was to elucidate the
relationship between molecular rearrarigement
motions and molecular motions reflected in NMR
relaxation times in freeze-dried formulations con-
taining polymer excipients. In an effort for this
purpose, molecular motions reflected in NMR
relaxation times were first compared with molec-
ular motions reflected in dielectric spectra, which
is capable of observing molecular motions ranging
from 0.01 Hz to 100 kHz.

Dielectric relaxation spectroscopy (DRS) is a
useful method of determining molecular mobility,
as is NMR relaxation measurement. NMR mea-
sures the fluctuation of a certain atom, whereas
DRS measures the reorientation of a molecular
dipole. NMR allows determination of the molec-
ular motion of a specific site in the molecule,
whereas DRS reflects the mobility of molecular
dipoles that are usually difficult to specify in the
case of polymers. The correlation time, which
represents the timescale of molecular motion,
cannot be determined directly from the NMR
relaxation time, because NMR relaxation time
depends on the relaxation mechanism. Therefore,
it is necessary to understand the relaxation
mechanism in order to calculate the correlation
time from the observed relaxation time. However,
DRS is able to directly detect the timescale of
molecular motions ranging from 107! to 10% s.
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DRS has been used to determine the molecular
mobility of various amorphous pharmaceuticals
and excipients.'® *® The mobility of water coexist-
ing with excipients has also been investigated
using DRS.17"~22 Montes and Cavaille® used DRS
to observe the y- and B-relaxation of dextran film,
which were assigned to the noncooperative motion
of local segments and the cooperative motion of
main chain segments, respectively, based on the
observed activation energy. Noel et al.'* observed
the a-relaxation of amorphous glucose correspond-
ing to molecular rearrangement motions by DRS.

In this investigation, the molecular motions in
freeze-dried dextran 40k, dextran 1k, isomalto-
triose (IMT), and u-glucose comprising a common

-unit but with different T’s, were first investigated

by dielectric spectroscopy (DES). Then, the tem-

perature dependence of the relaxation time deter-

mined by DES (t1pgs) was compared with that of

the correlation time determined by NMR relaxa-

tion measurements (1.), in order to discuss the

relationship between the molecular motions
detected by DES and NMR. The .. for the backbone

carbon of freeze-dried IMT was calculated from the

T, value measured in this study, and that of.
freeze-dried dextran 40k was calculated from the

T, value reported previously.'* Furthermore, the

1, and tpgs were compared with the timescale of

molecular rearrangement motions measured

calorimetrically, in order to discuss the correlation

of molecular rearrangement motions and molecu-

lar motions reflected in the t. and tpgs.

EXPERIMENTAL

Freeze-Drying

Freeze-dried samples for DES measurement were
prepared as follows: each of dextran 40k (D-4133;
Sigma Chemical Co.), dextran 1k (00268; Fluka
Production GmbH), IMT (1-0381; Sigma Chemical
Co.), and a-p-ghucose (anhydrous 158968; Aldrich)
was dissolved in distilled water. (5% w/w). Con-
version of a-D-glucose to B-D-glucose during the
dissolution was prevented by cooling the solution
with ice. Seven hundred microliters of the solu-
tions was frozen in a polypropylene sample tube
(17-mm diameter) by immersion in liquid nitro-
gen for 10 min, and then dried at a vacuum level
below 5 Pa for 23.5 h in a lyophilizer (Freezevac C-
1; Tozai Tsusho Co., Tokyo). The shelf tempera-
ture was between —35° and —30°C for the first 1 h,
20°C for the subsequent 19 h, and 30°C for the
last 3.5 h.
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Table 1. T, of Freeze-Dried Cakes Determined using Differential

Scanning Calorimetry

Dry 23% RH 43% RH 60% RH 75% RH
Dextran 40k 230°C 80 58 35
Dextran 1k 167
IMT . 122 53 33 7

o-Glucose 35

To prepare freeze-dried samples for T, mea-
surement, 400 pL of IMT solution (2.5% w/w) was
frozen in a polypropylene sample tube (10-mm
diameter).

Freeze-dried samples with various water con-
tents were obtained by storing the freeze-dried
sample at 15°C for 24 h in a desiccator with a
saturated solution of potassium acetate [23%
relative humidity (RH)], KoCO3 2H0 (43% RH),
NaBr 2H,0 (60% RH), or NaCl (756% RH). The T'g of
samples was determined by differential scanning
calorimetry at a scan rate of 20°C/min (2920; TA
Instruments, New Castle, DE), and the results are
shown in Table 1.

DES

Dielectric measurements were performed with a
dielectric analyzer (model 2970; TA Instruments)
operating in the frequency range of 0.01 Hz to
100 kHz and in the temperature range of —20° to
200°C. Gold parallel plate electrodes (ceramic
parallel plate, 25 mm) were used. Permittivity
was measured with and without a thin Teflon
sheet (0.2-mm thickness) inserted between the
sample and the upper electrode. The Teflon sheet
was used to inhibit charge transfer between the
electrode and the sample, as reported for mea-
surement of the Maxwell-Wagner process in a
heterogeneous dielectric mixture.'® Teflon was
chosen because of the low permittivity and the
lack of dielectric dispersion in the temperature
and frequency range examined. The observed
values of real permittivity (¢/) and imaginary
permittivity (¢”) were relative rather than abso-

lute, because the electrode area, which was larger-

than the sample area, was used for the calculation
of permittivity. Therefore, the ratio of ¢” to ¢’ (tan
8) was calculated as a parameter independent of
the surface area of the sample.

For measurement in the dry state, lyophilized
cakes were placed on the lower electrode, and the
chamber enclosing the sample was purged with
nitrogen gas for 24 h at a constant temperature

(120°C for dextran 40k, 100°C for dextran 1k and
IMT, and 25°C for a-glucose). A small container of
P,05 was introduced into the chamber for mea-
surement of o-glucose samples. After removing
moisture, samples were compressed with a force
of 500 N, and permittivity was measured at a
constant temperature as a function of frequency.
Permittivity was also measured at a constant
frequency of 1 Hz and 1 kHz as a function of
temperature. Heating rate was 5°C/min for dex-
tran 40k, dextran 1k, and IMT, and 20°C/min for o~
glucose (rapid measurement to prevent glucose
crystallization during the measurement).
Permittivity of the samples containing moisture

" was measured at 25°C as a function of frequency,

immediately after placing the cake (pre-equili-
brated at 23%, 43%, 60%, or 75% RH) on the lower
electrode (500 N).

Determination of T4, by "C Solid State NMR

The T, of methine carbon in the IMT backbone
(Fig. 1) was determined for the peak at 70 ppm
(Fig. 2) at temperatures ranging from 5° to 65°C

— CH o2

~

Figure 1. Repeated unit of a-glucose series.
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Figure 2. NMR spectrum of lyophilized IMT equili-
brated at 43% RH, measured at 25°C and 1 ms of spin-
locking duration. .

with freeze-dried IMT equilibrated at 43% and
60% RH, using a UNITY plus spectrometer
operating at a proton resonance frequency of
400 MHz (Varian Inc., Palo Alto, CA), as pre-
viously described.!* Spin-locking field was equiva-
lent to 57 kHz. The rotor size was 7 mm and
~ spinning speed was 4 kHz. Signal decay was
describable with a mono-exponential equation.

RESULTS AND DISCUSSION

Molecular Motions Observed by DES

Figure 3 shows the temperature dependence of
the tan 8 observed for freeze-dried dextran 40k.
The tan § measured with a Teflon sheet inserted is
also shown in Figure 3. The tan 3 exhibited a peak
around 1830°C when measured at 1 Hz with a
Teflon sheet inserted (Fig. 34), but increases in
tan & were only observed in the absence of the
Teflon sheet (Fig. 3B). The peak for B-relaxation of
dextran 40k is expected to appear below 27°C at
1kHz, because B-process was observed at 27°C for
a film of a larger molecular weight dextran.'®
Therefore, the changes in tan & observed at 1 kHz
{Fig. 3A), the peak of which is expected to appear
above 200°C, were attributed to another process
that is slower than the B-process.

Figure 4 shows the temperature dependence of
tan § observed at 1 kHz for freeze-dried a-glucose,
IMT, and dextran 1k, together with that observed
for freeze-dried dextran 40k. Freeze-dried IMT
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Figure 3. Temperature dependence of tan 3 mea-
sured for freeze-dried dextran 40k with (A) and without
(B) a Teflon sheet at 1 Hz (dashed line) and 1 kHz (solid
line).

and dextran 1k exhibited a peak with a Teflon
sheet inserted, around 140° and 170°C, respec-
tively (Fig. 4A). This peak was not observed in the
absence of the Teflon sheet (Fig. 4B). The increases
in tan & with inereasing temperature observed
without the Teflon sheet may be attributable to the
quasi-dec polarization (referring to low-frequency
dispersion accompanied by abnormal increases in
permittivity), as reported for hydrated granular or
porous solids.?® This was thought to be because
both &’ and ¢” measured as a function of frequency
revealed a substantial increase in the low-fre-
quency region (data not shown). Insertion of a
Teflon sheet to inhibit charge transfer into the
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Figure 4. Temperature dependence of tan § mea-
sured for freeze-dried a-glucose, IMT, dextran 1k, and
dextran 40k with (A) and without (B) a Teflon sheet at
1 kHz.

electrode enabled the observation of quasi-de
polarization as a peak, in a similar manner as the
Maxwell-Wagner process reported for a hetero-
geneous dielectric mixture.*®

The mechanism of the observed quasi-dc polar-
ization remains unclear. Quasi-dc polarization
has been ascribed to diffusion of ions over the
surface of the solid, as reported for hydrated
mannitol,'” or to the proton hopping reported for
hydrated proteins.ls’z'i’25 However, the quasi-dc
process observed for freeze-dried a-glucose series
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cannot be attributed to the hopping of protons in
the ionizable carboxylic group as observed in a
hydrated protein. A possible explanation for the
observed quasi-de polarization is that a proton-
hopping-like process occurs in the hydrogen-
bonded network constructed between hydroxy
groups in the glucose unit in the form of clusters.
However, there still seems to be a question
whether such proton-hopping—like process is
possible in the nearly dry state.

The frequency at which ¢ shows a maximum
value depends on the thickness and permittivity of
the sheet used, but can be regarded as a measure
for comparing the mean relaxation time of the
observed Maxwell-Wagner—like process, namely,
proton-hopping—like process. In the freeze-dried
IMT, dextran 1k, and dextran 40k, the ¢’ value
normahzed to that observed at the peak (e})
exhibited a similar shape of dielectric spectrum
as shown in Figure 5. The shape of dielectric
spectrum did not vary significantly with changing
the temperature both below and above the T'. The
dielectric spectra obtained for the freeze- drled
IMT showed relatively large scattering.

Freeze-dried «-glucose exhibited two peaks
when a Teflon sheet was inserted (Fig. 4A). The
peak for tan & around 100°C was not cbserved in
the absence of the Teflon sheet, in a similar
manner as the peaks observed for IMT, dextran
1k, and dextran 40k (Fig. 4B). In contrast, the tan &
peak around 50°C was not affected by the presence
of a Teflon sheet. The peak of £ corresponding to
this tan § peak was observed only at temperatures

above T, when measured in the range from
0.01 Hz to 100 kHz, as shown in F1gure 6.
Furthermore, the distribution of the ¢” peak was
larger than that of proton-hopping—like process
observed for IMT, dextran 1k, and dextran 40k.
These results suggest that the peak observed for
tan & is attributed to o-relaxation—molecular
rearrangement motions that are related to the
instability of freeze-dried formulations. Noel
et al.** observed the a-relaxation of a-glucose at
1 kHz and at 70°C, which was higher than the
temperature reported herein. This difference in
temperature may be attributable to the difference
in the water content of the samples.

The other peak observed around 100°C (Fig. 44A)
seems to be attributed to a charge transfer process,
similar to the proton-hopping—like process
observed for IMT, dextran 1k, and dextran 40k,
because it was not observed without the Teflon
sheet (observed ¢ values were negative at tem-
peratures above 85°C) (Fig. 3B). However, the
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