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Figure 5. Normalized plot of imaginary permittivity
for the Maxwell-Wagner-like process observed in
freeze-dried dextran 40k (A), dextran 1k (B) and IMT
(C) with a Teflon sheet inserted.
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Figure 6. Normalized plot of imaginary permittivity
for a-relaxation observed in freeze-dried u-glucose with
a Teflon sheet inserted.

mechanism for this charge transfer process may be
different from that for the proton-hopping—like
process observed for IMT, dextran 1k, and dextran
40k. This was thought to be becauseé this process
occurred above Ty, whereas the proton-hopping—
like process for IMT, dextran 1k, and dextran 40k
occurred below T

Temperature Dependence of Relaxation Time
Determined by DES

Figure 7A shows the temperature dependence of
the relaxation time of the proton-hopping—like
process (tpgg) observed for the freeze-dried dex-
tran 40k, dextran 1k, and IMT, as well as that of
the dielectric relaxation time of a-relaxation
observed for the freeze-dried a-glucose. Figure 7A
also shows the relaxation time of the molecular
rearrangement motions in the freeze-dried «-
glucose series, calculated from the observed T
values according to the AGV (solid line) and VIF
(dotted line) equations below and above Ty,
respectively. The assumption that the fictive
temperature (Tp is equal to Ty (newly formed
glass) and the fragility parameter (m) is equal to
70 was made, as reported for amorphous indo-
methacin.?® The calculated relaxation time below
T, was not affected by varying the m value from
40 to 100, whereas that above Ty was largely
dependent on the m value.?’

The dielectric relaxation time observed for the
freeze-dried w-glucose appeared to reach approxi-
mately 100 s at T, confirming that a-relaxation is
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Figure 7. Relaxation time of the proton-hopping—
like process observed in freeze-dried dextran 40k (A),
dextran 1k (O) and IMT (), and that of a-relaxation
observed in freeze-dried a-glucose (@) determined with
dry samples at various temperatures, plotted against
1000/T (A) and T'/T (B). Solid and dotted lines represent
the relaxation time of molecular rearrangement motions
calculated according to the AGV and VTF equations,
respectively. (B) Also encloses the relaxation time
determined with dextran 40k at 25°C and 43% RH (&),
60% RH (x), and 756% RH (+), and that determined
with IMT at 25°C and 23% RH (=), 43% RH (¢), and
60% RH (x).
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responsible for this process. This is further
supported by the finding that the observed dielec-
tric relaxation time was almost coincident with
the relaxation time of molecular rearrangement
motions calculated using the VTF equation,
although the relaxation time is only an approx-
imation due to the assumed m value.

The tpgg observed for the freeze-dried dextran
40k, dextran 1k, and IMT was shorter than the
calculated relaxation time of molecular rearrange-
ment motions (Fig. 7TA), indicating that the proton-
hopping-like process is faster than molecular
rearrangement motions. A plot of the t1pps versus
the temperature scaled to Tz in order to conceal the
effect of differing T, values (Fig. 7B), was not in
good agreement with the data obtained from
different molecular weights. As molecular weight
increased, the tpms at Ty decreased and the
difference between the tpgpg and the relaxation
time of molecular rearrangement motions
increased. These results suggest that the rate of
the proton-hopping-like process is determined not
only by the molecular mobility indicated by the T’y
value. If the observed quasi-dc process is assumed
to be due to the proton-hopping-like process
occurring in clusters constructed between hydroxy
groups in the glucose unit as described above,
the rate of the process may be affected by the
cluster size and distance between clusters, which
may depend on the molecular weight. Thus, the
difference in molecular weight may result in a
difference in the rate of proton-hopping—like
process at Ty in addition to a difference in T
values.

Figure 7B also shows the tpgpg observed for
freeze-dried dextran 40k and IMT containing
moisture. The temperature dependence of the tpgs
was not affected by the presence of moisture, and
changes in the tppg were attributable only to
changes in Tg. These findings suggest that moist-
ure does not affect the rate of proton-hopping-like
process itself, but enhances the process by increas-
ing the molecular mobility as indicated by T'g.

As shown in Figure 7B, the slope of the tpgs
versus To/T plot increased as the temperature
approached Ty from a lower temperature. These
changes in temperature dependence were similar
to those observed for the relaxation time of
molecular rearrangement motions (line in Fig. 7).
This similarity in the temperature dependence
suggests that the proton-hopping—like process is
linked to molecular rearrangement motions such
that changesin the temperature dependence of the
latter process around T result in changes in the
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temperature dependence of the former process.
Thus, enhancement of molecular rearrangement
motions may enhance the proton-hopping-like
process. The close relationship between the pro-
ton-hopping—like process and molecular rearran-
gement motions seems to be confirmed by the
finding that enhancement in the proton-hopping—
like process upon absorption of moisture can be
explained only by the decrease in T, as described
above.

Temperature Dependence of Correlation Time
Determined by NMR Relaxation Measurement

Figure 8 shows the temperature dependence of
the T;, measured for backbone carbon in the
freeze-dried IMT. The T, for backbone carbon in
the freeze-dried dextran 40k reported pre-
viously'! is also shown in the figure. Ty, is plotted
against 1/T in Figure 8A and against the tempe-
rature scaled to Ty in Figure 8B. Decreases in T,
with increasing temperature were observed
for both freeze-dried IMT and dextran 40k even
at temperatures below Ty. These shapes of tem-
perature dependence suggest that Ty, can detect
the enhancement of molecular rearrangement
motions associated with glass transition partially
occurring even at temperatures below 7'

Correlation time 1, can be calculated from the
observed T, according to eq. (1) if the minimum
value of Ty, is known.?®

1 A,
o tre 1
T, 1+ 4o?t? (1)

where @ is the strength of spin-locking, and w%t?
is equal to 0.5 when T;, is the minimum. The
change in Ty, for the freeze-dried IMT equili-
brated at 60% RH decreased at high tempera-
tures, and T, appeared to approach the minimum
value. The value of A in eqg. (1) was calculated
assuming that the minimum value of Ty, can be
approximated from the smallest value of Ty,
measured at 60% RH, and used in the calculation
of t.. Because T;, minimum was not observed for
freeze-dried dextran 40k even at 75% RH, the
value of A for freeze-dried dextran 40k was
calculated from the minimum value of Ty,
measured at 86% RH, which had been reported
previously.** The . value calculated for dextran
40k and IMT is plotted against the temperature
scaled to T in Figure 9A, and compared with the
relaxation time of the proton-hopping-like pro-
cess (tpgg) in Figure 9B. The relaxation time of
molecular rearrangement motions determined
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Figure 8. Ty, offreeze-dried IMT equilibrated at 43%
RH (A) and 60% RH (A), plotted against 1000/T (A) and
T/T (B). Ty, of freeze-dried dextran 40k at 60% RH (O)
and 75% RH (®) reported previously®? is shown.

calorimetrically is also shown in Figure 9B. The
1. value derived from T;, was shorter than the
relaxation time of molecular rearrangement mo-
tions for both freeze-dried IMT and dextran 40k.

The T ,-derived 1. for the freeze-dried IMT and
dextran 40k was on nearly the same order as the
tpes around a T,/T of 0.95 and 1.06, respectively,
and was much smaller than the relaxation time
of molecular rearrangement motions determined
calorimetrically. As the T,/T increased above 0.95
and 1.06, the T,-derived 1. for the freeze-dried
IMT and dextran 40k, respectively, diverged
significantly from the plots for the tpgs. A similar
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Figure 9. (A)1 forthe methine carbon of dextran 40k

at 60% RH (A), dextran 40k at 75% RH (O), IMT at 43%
RH (Q), and IMT at 60% RH (A) calculated from the
observed value of Ty, (B) Comparison of the 1, of
methine carbon with the tprg of the proton-hopping—
like process for dextran 40k ($) and IMT () determined
with dry samples at various temperatures, as well as
tpes determined for dextran 40k at 25°C and 43% RH
(8), 60% RH (x), 75% RH (+), and tpgs determined for
IMT at 25°C and 23% RH (-), 43% RH (1), and 60% RH
(#). The relaxation time of molecular rearrangement
motion determined calorimetrically (solid line) is also
shown.

divergence of T -derived 1. from a DES correla-
tion time at temperatures below T has been
reported for glucose.*®

To elucidate the reason for the divergence of the
T, ,-derived 1. from the plots for the tpgs, the Tprs
value determined from the dielectric spectrum
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Figure 10. Dielectric relaxation spectrum of freeze-
dried IMT at 120°C (solid line). Dashed lines represent
three components of the Debye relaxation used for the
transformation of tpgg to Ty,

reflecting the proton-hopping—like process was
transformed to the corresponding T;, value and
compared with the experimentally determined
T1p. The dielectric spectrum obtained for the
freeze-dried IMT was first divided into three
components of the Debye relaxation, and the three
sets of t and its fraction (f) were then calculated
according to eq. (2).%° An example of the imaginary
permittivity (€”) versus frequency plots used for
the analysis is shown in Figure 10.

3

g = Z__Aﬁ‘_c‘)_r‘_ (2)

—~ 1+ coz‘ci2
where Ag; = fi(Ae1 + Aeg + Aeg)

The three sets of © and f obtained were used
to calculate the spectral density J(w) according to
eq. (3).28

3 -
Jo) =3 LT ®)

Calculated J{(w) at temperatures ranging from 90°
to 150°C are shown as a function of frequency in
Figure 11A. Figure 11B shows the temperature
dependence of J at 57 kHz, which corresponds to
the ® value of the NMR instrument used in this
investigation. The value of Ty, corresponding to
the tprs was calculated from the obtained J
according to eq. (4),%® and the result is shown in
Figure 12A.

2.2
1 g Lltdor (4)
Ty Tlp(min)Tc
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Figure 11. Spectral density calculated from dielec-
tric relaxation spectrum of freeze-dried IMT as a
function of frequency.(A) and at 57 kHz as a function of
temperature (B).

where 0?12 was assumed to be equal to 0.5. The
T, value corresponding to the tpgs for the freeze-
dried dextran 40k was calculated from the
dielectric spectrum in a similar manner as that
of IMT. However, the dielectric spectrum was
divided into two rather than three components,
because the distribution of the spectrum- for
dextran 40k was smaller than that for IMT. The
value of Ty, calculated from dielectric spectrum
(DES-derived T,,) is shown in Figure 12B.
Figure 12 encloses the experimentally deter-
mined T4y, value compared with the DES-derived
Ty, value. The measured Ty, was close to the DES-
derived Ty, around a Ty/T of 0.95 and 1.06 for
freeze-dried IMT and dextran 40k, respectively.
However, as the T, /T increased above these
values, the measured Ty, diverged from the DES-
derived Ty, and approached a plateau on the order
of 10 ms. This plateau for the measured T, is
thought to be due to static spin—spin interactions
that affect Ty,. Namely, T, is determined pre-
dominantly by static factors rather than by
molecular mobility at lower temperatures,®® at
which molecular mobility is verylow. As tempera-
ture increases above a certain point, the contribu-
tion of molecular mobility to T;, increases to a
degree comparable to static spin—spin interac-
tions, and begins to decrease the measured value
of Ty1,. The critical temperature at which the in-
crease in molecular mobility begins to be reflected
in Ty, is considered to be the Ty, defined pre-
viously as the T, determined by the NMR relaxa-
tion time.® For freeze-dried dextran 40k, the T/T
value of 1.06 was close to that of 1.07 calculated
for a sample with a T'; of 58°C and a Ty of 35°C
(60% RH), and to that of 1.05 calculated for a
sample with a Ty of 35°C and a Ty, of 20°C
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Figure 12. Ty, observed at 43% RH (A) and 60% RH
(Q) for freeze-dried IMT (A) and that at 60% RH (O) and
75% RH (A) for freeze-dried dextran 40k (B), compared
with T,, estimated based on the spectral density
calculated from dielectric spectrum (4).

(75% RH). These findings suggest that T4, can-
not reflect molecular mobility at temperatures
below The.

In contrast to the freeze-dried dextran 40k,
freeze-dried IMT exhibited a DES-derived Ty,
much larger than the measured T;, even at
temperatures around T, at which Ty, is expected
to reflect molecular mobility. This difference
between IMT and dextran 40k suggests that a
decrease in molecular weight decreases the rate of
the proton-hopping—like process. Thus, even at T,
the timescale of the proton-hopping—like process



in freeze-dried IMT may become on the order
larger than 10 ms, at which T, cannot reflect the
rate of process.

Molecular motions in freeze-dried IMT and
dextran 40k were too slow to be reflected in T4, at
temperatures well below T, such that the mea-
sured T, diverged significantly from the DES-
derived T, (Fig. 12). However, the coincidence of
the measm"ed'Tlp and the DES-derived T;, around
aTy/T of 0.95 and 1.06 (although the range is very
small) suggests that the timescale of molecular
motion reflected in Ty, is on the same order as that
of the proton-hopping—like process. As shown in
Figure 7, the tpgs decreased rapidly as tempera-
ture approached Ty, showing a similar shape of
temperature dependence to that of molecular
rearrangement motions. The T,,-derived 1. also
showed a similar shape of temperature depen-
dence (Fig. 9). The similarity of the temperature-
dependence patterns suggests that the molecular
motions reflected in T, are linked to molecular
rearrangement motions, such that enhancement
of molecular rearrangement motions enhances the

molecular motions reflected in Ty,. Such linkage:

was also observed between molecular rearrange-
ment motions and molecular motion reflected in
Tpes, as described above (Fig. 7). Fujiwara and
Nagayama®! reported that the exact correlation
functions expressed by multiexponential decay
observed in the NMR relaxation of macromole-
cules were well approximated by a single expo-
nential decay. This seems to support the
interpretation that molecular rearrangement
motions are linked to the molecular motions
reflected in T;, and tpgs. Because of this linkage
between molecular motions, changes in the tem-
perature dependence of molecular rearrangement
motions related to the instability of amorphous
formulations may be detected by measurement of
Tlp and TDES-

Ty, of 13C in the polymer backbone was used as
a measure of molecular mobility in the present
investigation. However, previous investigations
have demonstrated that changes in the tempera-
ture dependence for molecular rearrangement
motions of freeze-dried dextran can be detected
by the Ty of *3C in the polymer backbone,° as well
as the Ty and Ty, of 'H. Figure 13 compares the
temperature dependence of Ty, of '°C in the
dextran backbone described in this article with
those of Ty of 3C, and T, and Ty, of H reported
previously. A change in the slope of the NMR
relaxation time versus 1/7 plot was clearly shown
around T, . indicated by arrows. Thus, theshape of
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Figure 13. Temperature dependence of T; (4) and
Tip (@) of methine carbon (A) and proton (B) in the
freeze-dried dextran 40k observed at 60% RH.

temperature dependence of T;, which reflects a
smaller timescale of molecular motions than Tl'p,
was similar to that of Ty,. This finding suggests
that molecular motion with a smaller timescale
than the molecular motion reflected in Ty, is also
linked to molecular rearrangement motions.

CONCLUSIONS

DES was able to detect molecular rearrangement
motions in freeze-dried o-glucose. However, mo-
lecular rearrangement motions in freeze-dried
dextran 40k, dextran 1k, and IMT were too slow
to be observed by DES from 0.01 Hz to 100 kHz,
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and proton-hopping-like process rather than
molecular rearrangement motions was reflected
in the dielectric spectra. The 1. for the backbone
carbon of dextran 40k and IMT, calculated from
the observed Ty, value, was found to be close to

the relaxation time of proton-hopping—like pro-

cess (tpgg) at temperatures around T,. The time-
scales for molecular motions reflected in the 1. and
Tprs Wwere significantly smaller than that for
molectlar rearrangement motions, but the shapes
of temperature dependence for the t. and tpgg
were similar to that of the relaxation time of
molecular rearrangement motions. This suggests
that molecular motions reflected in the tpgg and
the . are linked to molecular rearrangement
motions. Because of this linkage between mo-
lecular motions, changes in the temperature
dependence of molecular rearrangement motions
related to the instability of amorphous formula-
tions may be detected by measurement of T;, and
TDES-

This thought seems to address the question why
changes in molecular rearrangement motions with
arelaxationtimelonger than 100 s at sub-Tgcan be
detected by measuring NMR relaxation times that
reflect molecular motions on the order of 10 kHz
and 1 MHz. :
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Abstract

In the present study, cholesteryl hemisuccinate (CHEMS) was evaluated for use as a membrane stabilizer in dipalmitoylphos-
phatidylcholine (DPPC) liposomes. Differential scanning calorimetry (DSC) and a calcein release study showed that CHEMS
was more effective than cholesterol (CHOL) in increasing DPPC membrane stability. The findings of Fourier transform infrared
spectroscopy (FT-IR) also suggested that CHEMS interacts with DPPC via both hydrogen bonding and electrostatic interaction.
More importantly, CHEMS did not interact with saikosaponin-d (SSD), a triterpene saponin from Bupleurum species, unlike
CHOL. SSD-containing liposomes with DPPC, CHEMS and DSPE-PEG could greatly decrease the hemolytic activity of SSD.
This study demonstrated that CHEMS has more stabilization ability than CHOL since CHEMS may exhibit both hydrogen bond
interaction and electrostatic interaction with DPPC membrane while CHOL only has hydrogen bond interaction, resulting in
stable and low-hemolytic SSD-liposomes.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Cholesteryl hemisuccinate; Saikosaponin-d; Saponin; Liposome; Differential scanning calorimetry; Fourier transform infrared
spectroscopy

1. Introduction

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; CH- . . . .
EMS, cholesteryl hemisuccinate; CHOL, cholesterol; SSD, Saikosaponin-d (SSD) (Fig. 1A), a triterpene
saikosaponin-d; DSPE-PEG, methoxypolyethyeneglycol (Mr2000)- saponin from Buplewrum species, has shown
distearoylphosphatidylethanolamine; DSC, differential scanning corticosterone-like activity (Yokoyama et al,, 1984),
calorimetry; FT-IR, Fourier transform infrared spectroscopy Nat-. K*-ATPase inhibiting action (Zhou et al., 1996)
* Corresponding author. Tel.: -+86 10 82801584, . ’ . . ’ :
fax: +86 10 82802791, _ 1mmunoregulat9ry action (Ush19 gnd Abe, 1991) and
E-mail address: qixr2001@yahoo.com.cn (X.-r. Qi). anti-platelet activating factor activity (Nakamura et al.,
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Fig. 1. Structures of saikosaponin-d (A) and cholesteryl hemisuccinate (B).

1993). It has been widely studied as a potential
medication in the treatment of nephritis, nephrosis
syndrome (Abe et al., 1986) and hepatic fibrosis
(Cheng et al., 1999). Furthermore, bupleurum soup
and particles for oral administration, the main active
constituent of which is SSD, have achieved great
success in the treatment of chronic glomerulonephritis
and glomerulosclerosis (Zhang, 1993; Cheng, 1994).

SSD and other saikosaponins given in oral dosage
form are not readily absorbed in the gastrointestinal
tract and easily metabolized by glycosidase to less
potent prosaikogenins before absorption occurs (Kida
et al., 1998), leading to a dose of 200-300 mg and the
need for treatment three times per day for adults. There-
fore, the low level (less than 0.01%) of saikosaponins
in Bupleurum species and their tendency to transform
during separation and purification (Wen, 1993) hinder
practical application in the clinic.

Other routes such as intraperitoneal and intra-
muscular administration have also been explored
and are thought to enhance the corticosterone level
in serum (Yokoyama et al., 1984; Zhong et al,
1993), however the risk of hemolysis should also be
carefully considered. It is widely recognized that the
hemolytic activity of SSD is caused by its complex
with cholesterol (CHOL) on erythrocyte membrane,
leading to membrane disruption and cell lysis. Driven
by the need to reduce the hemolytic activity and make
possible injections with less SSD, the liposome was
chosen as a carrier for the present research because
of its non-toxic, enhanced therapeutic efficacy and
reduction of drug toxicity (Gregoriads, 1988).

Ithas been mentioned (Wang, 1992) that sterols with
C3-B-OH (including CHOL) form an insoluble com-
plex with SSD, but, sterols with C3-a~OH and esterified
or glycosidated at C3-OH do not. It is difficult to
prepare liposomes containing SSD (SSD-liposomes),
since SSD will form an insoluble complex with
CHOL, which is routinely used to stabilize liposomes.
Therefore, there is a great need for other membrane
stabilizers for the preparation of SSD-liposomes.

Cholesteryl hemisuccinate (CHEMS) (Fig. 1B) is
a CHOL-derivative esterified to the 3-hydroxyl group
of CHOL and is supposed not to form a complex with
SSD. Until now, no toxicity profiles about CHEMS
have beenreported. On the other hand, it has been found
to increase specific immunogenicity of tumor cells
by pretreating tumor cells with CHEMS (Skornick
et al, 1986). And also, CHEMS was thought to
protect against acetaminophen-induced hepatocellular
apoptosis (Ray et al., 1996) and carbon tetrachloride-
induced hepatotoxicity. It was proved to be a powerful
cytoprotective agent against carbon tetrachloride
hepatotoxicity in vivo (Fariss et al., 1993). CHEMS
can form pH-sensitive fusogenic vesicles when
incorporated into phosphatidylethanolamine bilayers
and the pH is lowered to 5.5, resulting in H-II phase
formation (Ismail et al., 2000; Se’rgio et al., 2004).
CHEMS has also been demonstrated to alter acyl chain’
motion or fluidity in cell membranes (Dumas et al,,
1997; Lai et al., 1985). It was proved by fluorescence
polarization to be equally effective as CHOL in reduc-
ing the acyl chain mobility of DPPC above the phase
transition temperature (Massey, 1998) and reported
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to be a membrane stabilizer (Zhang et al., 2000).
All these attributes contribute to the suitability of
CHEMS as a membrane stabilizer in the preparation of
SSD-liposomes, which has not been studied in the past.

The mechanism by which CHEMS acts as a mem-
brane stabilizer is not fully understood and little
research has been done on drug-loaded liposomes using
CHEMS as a membrane stabilizer. Therefore, in the
present study, CHEMS was investigated for its mem-
brane stabilization ability using DSC, calcein release
and FT-IR measurements. Furthermore, the hemolytic
activity of SSD-liposomes using CHEMS as a unique
membrane stabilizer was evaluated.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), CHOL,
succinic anhydride and methoxypolyethyenegly-
col (Mr 2000)-distearoylphosphatidylethanolamine
(DSPE-PEG) were purchased from NOF Corporation
(Japan). Saikosaponin-d (SSD, purity of 95%) was
extracted from the root of Bupleurum falcatum by
the Department of Materia Medica and Pharmacol-
ogy, China—Japan Friendship Hospital. A Dialysis
membrane (cutoff 8000-14,000) was purchased from
Membrane Filtration Products (San Antonio, USA).
All other chemicals were of reagent grade.

2.2. Synthesis of CHEMS

CHEMS was prepared according to Kuhn et al.
(1975), but with 4-dimethylaminopyridine (DMAP)
added as a catalyzer. The molecular weight of CHEMS
determined by ESI-TOF-MS was 486.74.

2.3. DSC analysis

Liposome suspensions containing DPPC and dif-
ferent amounts of CHOL, CHEMS and SSD were pre-
pared with 1/10 PBS (pH 7.4) by the film hydration and
bath sonication method, with a DPPC concentration of
100 mg/ml. Ten microliters of each liposome suspen-
sion (1 mg DPPC) was transferred into a 20-p1 DSC
aluminum pan and subjected to DSC analysis using a
DSC 2010 (Thermal Analysis, Newcastle, USA). The

scan rate employed was 0.5 °C/min over the tempera-
ture range 20-50°C, and the reference pan was filled
with 1/10 PBS. The transition enthalpies (AH, J/g of
DPPC) were calculated from the peak areas using the
integration program of the TA processor, within an
experimental error of £5%.

2.4. Calcein release study

Calcein-encapsulated liposomes (DPPC-, DPPC/
CHOL (10:4)-, DPPC/CHEMS (10:4)-liposomes)
were prepared by the reverse phase evaporation
vesicle method (Szoka and Papahadjopoulos, 1978).
Briefly, 25mg of DPPC and specific amount of
CHEMS or CHOL were dissolved in 15ml of chlo-
roform/isopropyl ether (2:1, v/v) and mixed with 5 ml
of calcein solution (1 x 10~3 mol/l in 1/10 PBS). The
mixtures were sonicated by probe sonicator to give a
homogeneous emulsion and then placed on a vacuum
rotary evaporator until the formation of liposome
suspension. The liposomes were then extruded through
200 nm-pore sized polycarbonate film at 45°C for
two times and free calcein was separated by Sephadex
G-100. Calcein release from the liposomes was carried
out with a dialysis method both in 1/10 PBS and in
30% rabbit plasma at 37 £ 0.5 °C.

2.5. FT-IR analysis

DPPC mixtures with CHOL, CHEMS and SSD (all
with a 1:1 molar ratio) were dissolved in chloroform or
a chloroform-methanol mixture for SSD. The solvent
was evaporated under vacuum, the dried lipid mixture
was pressed into thin KBr tablets. The tablets were
scanned on a Nicolet 5DX (Thermo Electron Corp.,
Waltham, USA) from 400 to 4000 cm™!. The separate
FT-IR spectrograms were combined over the region
between 1800 and 1200 cm™!, which contained the
band position of the P=0 stretching vibration (Vs P=0),
the P=0 asymmetric stretching vibration (V,s P=0)
and the asymmetry flexual vibration of the quaternary
ammonium of DPPC.

2.6. Turbidity measurement
Blank liposomes (DPPC/CHOL (10:4)- and

DPPC/CHEMS (10:4)-liposomes) were prepared by
the film hydration and probe sonication method to
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give small unilammelar vesicles (SUVs, average size,
134.6 and 102.9 nm, respectively), with the DPPC
concentration at 0.5 mg/ml. An equal volume of SSD
suspension of 200 pg/ml or distilled water was added
to the liposome suspension, and the relative turbidity
(4,/4¢ x 100%) of liposomes was measured at 550 nm
at room temperature, where A, and Ag represent
the absorption value at time ¢ and Omin at 550 nm,
respectively.

2.7. Hemolytic activity

SSD-liposomes with serial concentrations of SSD
were prepared with DPPC, CHEMS and/or DSPE-PEG
by film hydration and probe sonication. A 0.3 ml vol-
ume of SSD solution or SSD-liposomes suspension
(with a lipid concentration of 2.5 mg/ml and size of
about 150 nm) was put into a 5 ml glass tube, and then
2.2 ml of saline and 2.5ml of 2% rabbit erythrocyte
suspension were added. The mixtures were incubated
at 37 £ 0.5 °C for 3 h and then centrifuged at 2500 rpm
for 10 min. The absorption value of the supernatant was
measured at 540 nm by subtracting the blank.

3. Results

3.1. Effect of CHOL, CHEMS and SSD on DPPC
membrane by DSC

As illustrated in Fig. 2 and Table 1, the maximal
transition temperature from gel to liquid-crystalline
(Ty) and the transition enthalpy (AH) of the DPPC
bilayer was 39.52 °C and 24.24 J/g of DPPC, respec-
tively, addition of CHOL and CHEMS decreased the
T value slightly and the AH value markedly. The
Tm values of the five formulations remained at about

Table 1

The maximal transition temperature from gel to liquid-crystalline
(Trm) and AH value of DPPC liposomes with CHOL, CHEMS and
SSD (each sample contained 1 mg DPPC)

Composition (molar ratio) Tm (°C) AH (J/g of DPPC)
DPPC 39.52 . 2424
DPPC:CHOL (10:2) 39.28 5.26
DPPC:CHEMS (10:2) 38.28 1.162
DPPC:CHEMS (10:1) 39.34 11.89

DPPC:SSD (10:2) 38.68 23.54

0.64 40.12°C

0.4 \ ’
38.68°C

DPPC:88D=10.2

/'6;;:

= H
Eoz2-
=
Q
(1N
3 ag.52°C
T
40.38°C
0.0
39.26°C DPPG:GHOL=10.2
0.2 38.28°C DPPC:CHEMS=10.2
. DPPC:CHEMS=10.1
39.34°C
0.4 . — :
30 35 40 45 =5
ExpUp Temperature (°C)  Universal V3 58 TA Instruments

Fig.2. DSCspectrograms of DPPC liposomes with CHEMS, CHOL
and SSD.

39°C, while the AH values of DPPC/CHOL (10:2)-
, DPPC/CHEMS (10:1)- and DPPC/CHEMS (10:2)-
liposomes were decreased markedly to 5.26, 11.89 and
1.162 J/g of DPPC, respectively. :

We have found that a maximum amount of SSD
that can retain in the lipid bilayers of liposomes was
less 15% (SSD/total lipid, molar ratio). Therefore,
in DPPC/SSD (10:2)-liposome suspension, free SSD
surely existed and would form micelles after bath
sonication, resulting in the second endotherm peak
of 40.38°C. The value was similar to 40.12°C in
the endotherm of SSD suspension (Fig. 2), confirm-
ing that the endotherm of 40.38°C in DPPC/SSD
(10:2)-liposome suspension was the micelles of free
SSD. But the endotherm of SSD suspension was broad
as compared to the sharp endotherm of 40.38°C in
DPPC/SSD (10:2)-liposome suspension, a reason may
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Fig. 3. Calceinrelease from liposomes at37 = 0.5 °C incubated with
1/10 PBS (A) and 30% rabbit plasma (B). (The data are means of
two experiments.) (x): DPPC-liposomes, (). DPPC/CHOL (10:4)-
liposomes, (A): DPPC/CHEMS (10:4)-liposomes.

be surmised that excessive SSD sedimentation might
deposit on the base of aluminum pan, which may have
interfered the heat conduction and subsequent peak
appearance.

3.2. Calcein release study

Calcein release in 1/10 PBS (Fig. 3A) and in 30%
rabbit plasma (Fig. 3B) were in duplicate since the
experiments were parallel and the variability was very
small. The results showed that the release of cal-
cein from DPPC/CHEMS (10:4)-liposomes was slower
than that of DPPC/CHOL (10:4)-liposomes, and the
release in 1/10 PBS (Fig. 3A) was slower than that in
30% rabbit plasma (Fig. 3B).

3.3. Effect of CHEMS, CHOL and SSD on DPPC
by FT-IR

The FT-IR spectrograms of DPPC/CHOL (1:1),
DPPC/CHEMS (1:1) and DPPC/SSD (1:1) mixtures
were compared with that of DPPC (Fig. 4).

Although the magnitude of the red shift is relatively
small compared to the peak width (Asada et al., 2004),
addition of CHOL, CHEMS and SSD in DPPC substan-
tially induced the red shift of ¥ P=0 (from 1247.78
to 1241.99, 1240.07, 123521cm™}, respectively)
and Vs P=0 (from 1469.56 to 1465.71, 1467.64,
1465.71 cm™!, respectively). We know that the asym-
metry flexual vibration of the quaternary ammonium
of DPPC is a small or side peak at 1670-1640 cm™!
(Peng, 1998). We can read from Fig. 4 that CHOL and
SSD did not conceal the peak as there is no static elec-
tronic interaction between the hydroxyl groups and the
quaternary ammonium of DPPC. While in the FT-IR
spectrogram of the DPPC/CHEMS (1:1) mixture, the
small peak (at 1670-1640cm™') was absent, sug-
gesting electrostatic interaction between the carboxyl
group of CHEMS and the quaternary ammonium of
DPPC.

3.4. SSD complex with CHOL but not with
CHEMS

If SSD interacts with CHOL or CHEMS, it
will insert lipid bilayers and ultimately disrupt the
membrane structure of DPPC/CHOL (10:4)- or
DPPC/CHEMS (10:4)-liposomes, causing large lipid
aggregates to form and increasing the sedimenta-
tion and clarity of the supernatant of the liposome
suspension.

To exclude an increase in clarity caused by lipo-
some aggregation and sedimentation, distilled water
was added. The results (Fig. 5) indicated there was
no change in turbidity, which meant DPPC/CHOL
(10:4)- and DPPC/CHEMS (10:4)-liposomes did
not undergo sedimentation during the period of the
experiment. After addition of SSD to DPPC/CHOL
(10:4)- or DPPC/CHEMS (10:4)-liposomes, there
was significant sedimentation for DPPC/CHOL
(10:4)-liposomes and no turbidity change was
observed for DPPC/CHEMS (10:4)-liposomes,
which meant that SSD did not interact with CHEMS
(Fig. 5).
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Fig. 5. Relative turbidity curve of DPPC/CHEMS (10:4)- and
DPPC/CHOL (10:4)-liposomes (with a DPPC concentration of
0.5 mg/ml) after adding 200 pg/ml SSD suspension or distilled water.
(The data are presented as mean & S.D.,n=3.)

3.5. Hemolytic curve of SSD-liposomes

It seemed that DPPC/CHEMS/SSD (10:4:1)-
liposomes could reduce the hemolytic activity of
SSD in contrast to the SSD solution or the
liposomes without CHEMS (DPPC/SSD (10:1)-
liposomes) (Fig. 6). The liposomes that incorpo-
rated DSPE-PEG (DPPC/CHEMS/DSPE-PEG/SSD
(10:4:0.5:1)-liposomes) showed the greatest ability to
reduce the hemolytic activity. Thus, the SSD-liposomes
should contain DSPE-PEG.

4. Discussion

In the present study, a value of the maximal transi-
tion temperature of 39.52 °C was observed for DPPC
(Fig. 2), while a more usual literature value of 41 °C
was reported. The great difference may be attributed
to different lipid concentration used, different running
conditions and different machines. We have found that



44 W.-x. Ding et al. / International Journal of Pharmaceutics 300 (2005) 38-47

3.
X
§2'5 T/—’_L
3T 2
s 27
@
32
L 15t
)]
O
g 1l
o
(=3
w
2 05
X
0 bbbt ettt S : :
0 5 10 156 20 25 80 35 40 45

SSD Concentration {ug/ml)

Fig. 6. Hemolytic curve of SSD solution and SSD-liposomes (with a
lipid concentration of 2.5 mg/mi) on rabbit erythrocyte in vitro. (The
data are presented as mean £ S.D., n=3.) (§): SSD solution, (H):
DPPC/SSD (10:1)-liposomes, (A): DPPC/CHEMS/SSD (10:4:1)-
liposomes, (x): DPPC/CHEMS/DSPE-PEG/SSD (10:4:0.5:1)-
liposomes. .

a less concentrated liposome suspension of 20 mg/ml
of DPPC (10 pl equal to 0.2 mg of DPPC) produced a
phase transition temperature of 40.5 °C, which is sim-
ilar to the literature value. But, lower concentration of
DPPC resulted in lower enthalpy value and lower sen-
sitivity, therefore, 100 mg/ml of DPPC were employed
during the experiments and the results allowed
meaningful comparison since the experimental con-
ditions were strictly controlled as the same for each
other.

Addition of CHOL, CHEMS and SSD to DPPC-
liposomes decreased the T, and AH values of DPPC
(Fig. 2 and Table 1), which accorded with the finding
that introduction of a hydrophobic molecular within
the lipid bilayers produces a decrease in Ty, and AH
(Mabrey and Sturtevant, 1976). As mentioned in the
literature (Yang and Su, 1998; Wang, 1997), when
above the phase transition temperature, the membrane
fluidity drops when the area of the endothermic peak
(AH value) decreases and the Ty, value increases.
Since the AH is markedly decreased as compared with
the Ty, the reduction of AH is much more dominant
while the decrease in T, is negligible in membrane
stabilization. '

CHEMS could reduce the fluidity of the liposomal
membrane according to the AH reduction (1.16 J/g for
DPPC/CHEMS (10:1)-liposomes compared to 5.26 J/g

for DPPC/CHOL (10:1)-liposomes), suggesting that
CHEMS possesses more stabilization ability than
CHOL. The result was supported by the calcein release
study.

The hydroxyl group of CHOL and the sugar moi-
ety of SSD can both form a hydrogen bond with the
P=0 bond of DPPC (Peng, 1998; Shimizu et al., 1996),
which caused the red shift of V5 P=0 and V,s P=0
(Fig. 4). As for CHEMS, the red shift of V5 P=0 and
Vs P=0 may be due to the fact that the carbonyl group
of CHEMS can form a hydrogen bond with the P—OH
bond of DPPC, and therefore affect the vibration of the
P=0 bond.

CHOL and CHEMS had a similar effect on the red
shift of V5 P=0, while SSD had the strongest effect
on the red shift of V5 P=0 due to abundant hydroxy! -
groups on the sugar moiety of SSD. But maybe because
of the small molecular volume of the hydroxy! group
and succinic acid, together with the deep-anchored
sterol ring reducing the hydrocarbon movement
(Massey, 1998), they may fill the polar headspace
of lipid bilayers and thus increase the membrane
stability. As for SSD, although it had the strongest
hydrogen interaction with the polar head of DPPC,
it may disrupt the lipid arrangement due to the large
molecular volume of the sugar moiety (Muramatsu
et al, 1999), thus increasing the membrane
fluidity.

Fig. 7 illustrates the proposed mechanism of
interaction mechanism of DPPC with CHOL, CHEMS
and SSD. The hydroxyl group of CHOL and the sugar
moiety of SSD could form a hydrogen bond with the
phosphorus oxygen double bond (P=0) of DPPC,
then the electron cloud around the oxygen of P=0
will migrate to the hydroxyl group, decreasing the
polarity of P=0 bond, and causing the red shift of the
stretching vibration of P=0.

As for CHEMS, the carbonyl group of CHEMS
might have hydrogen bond interaction with the P—OH
bond of DPPC, then the electron cloud around the
hydroxyl group of P—OH might become much more
intense, and the increased electron cloud around
the hydroxyl group of P—OH will migrate to the
phosphorus atom of P—OH. Therefore, the decrease in
the polarity of the P=0O bond may cause a red shift. In
addition, electrostatic interaction may exist between
the carboxyl group of CHEMS and the quaternary
ammonium of DPPC.
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CHEMS can possess both hydrogen bond inter-
action and electrostatic interaction with DPPC
membrane while CHOL only has hydrogen bond
interaction. This difference may make the membrane
of DPPC/CHEMS-liposomes more compact and steady
than that of DPPC/CHOL-liposomes, being supported
by the reduction of AH in DSC and low calcein release.
In contrast, Massey (1998) reported that CHEMS
could extend across one monolayer of the bilayer and
partially interdigitate into the opposing monolayer of
the bilayer, resulting in less membrane stabilization
than CHOL by fluorescence polarization. From our
study we hypothesized that the whole succinic group
of CHEMS might fit into the polar head of DPPC and

the sterol ring might be in the same position as that
of CHOL.

CHEMS turned out to be a unique membrane stabi-
lizer in SSD-liposomes due not to interaction with SSD
as illustrated in Fig. 5. The reason may be ascribed to
the succination of the hydroxyl group of CHOL, block-
ing recognition by SSD.

Further, CHEMS will find great use in the prepa-
ration of liposomes containing cholesterol-dependent
hemolytic saponins. The incorporation of SSD
into liposomes contained CHEMS could reduce its
hemolytic activity (Fig. 6), because: SSD was incorpo-
rated in the lipid bilayers of liposomes, and liposomes
containing CHEMS were negatively charged due to
the presence of carboxylic acid residue and would
experience repulsive interactions with erythrocyte
membranes. In addition, reduced hemolytic activity of
SSD-liposomes was observed on adding DSPE-PEG,



46 W.-x. Ding et al. / International Journal of Pharmaceutics 300 (2005) 3647

which may further exert a steric hindrance between
liposome membranes and erythrocyte membranes.
This study has shown that CHEMS was more effec-
tive than CHOL in increasing DPPC membrane sta-
bility since CHEMS may possess both hydrogen bond
interaction and electrostatic interaction with DPPC
membrane while CHOL only has hydrogen bond inter-
action. Furthermore, CHEMS can be used as a unique
membrane stabilizer in liposomes containing SSD.
SSD-liposomes contained CHEMS and DSPE-PEG
could greatly decrease the hemolytic activity of SSD.
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Abstract

Stability of CPT free drug and CPT-loaded polymeric micelles forming from poly (ethylene glycol)-poly (benzyl
aspartate-69) block copolymer in the presence of serum and purified serum albumins were investigated by reverse-phase
HPLC and GPC. The hydrolysis of CPT and CPT-loaded micelles follows pseado-first-order kinetics. The observed
hydrolysis rate constants for CPT and CPT-loaded micelles were 7.4 X 10™> min~ " and 0.7 x 1073 h~ !, corresponding to an
increase in half-life of CPT from 94 min to 990 h, respectively. The half-lives of CPT lactone hydrolysis of CPT-loaded
micelles in the presence of BSA were significantly longer than the control whereas in the presence of HSA and serum was
shorter than the control, and the similar results were obtained from GPC analyzed for micelles stability. This result suggested
that the stability of CPT-loaded micelles was significantly decreased only in the presence of human albumin and serum.
These were corresponded to the results of CPT free drug observed in the presence of albumins or serum. BSA significantly
retarded the CPT lactone ring opening as compared with the control. On the other hand, HSA and serum showed rapid CPT
lactone ring opening. This was probably due to preferential HSA binding to the carboxylate form resulting in a change in the
lactone~carboxylate equilibrium, whereas, BSA did not bind to the lactone form, but might promote the self-aggregation of
CPT and binding to the hydrophobic inner core of the micelles, resulting in enhanced stability of CPT-loaded micelles. MSA
did not affect the stability of micelles.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

A major problem currently associated with sys-
temic drug administration is its even biodistribution
throughout the body, resulting in the lack of specific-
ity in its pharmacological activity to target cells. In
addition, to reach the site of action drug has to
overcome several biological barriers by which it may
be inactivated. Camptothecin (CPT) is a potent,
anticancer agent acting through the inhibition of
topoisomerase I during the S-phase of the cell cycle
[1]. It exists in two forms depending on the pH value,
namely, an active lactone form at pH below 5 and an
inactive carboxylate form at basic pH (Fig. 1a) [2]. At
physiological pH, most CPT molecules exist in the
inactive carboxylate form. The stable lactone form of

~CPT is critical for its anticancer activity. In addition,
the ring opening carboxylate form shows poorer
diffusibility through the lipid bilayer than the lactone
form. Therefore, factors influencing a lactone—carbox-
ylate equilibrium within the CPT molecule are clearly
important determinants of the agent’s function.
Human serum albumin (HSA) was shown to bind
preferentially with the carboxylate form, resulting in
the lactone ring opening more rapidly [3,4]. However,
serum albumins from other species were found to bind
CPT carboxylate not as tightly as HSA [5]. In
addition, Nabiev et al. [6,7] reported that BSA did

H+

Lactone form (Active)

b)

OH-

o~amide

not participate in binding of the lactone, carboxylate,
or self-aggregate of CPT. This fact may result in
differences between clinical trials and animal experi-
ments of this drug. Red blood cells stabilize the
biologically active form of CPT by allowing the
lactone ring to partition into lipid bilayers, thereby
protecting the moiety from hydrolysis [3]. Nabiev et
al. [6,7] discovered a novel effect certainly influenc-
ing the biological activity of CPT: at low concen-
trations in aqueous buffer solutions, stable J-type
aggregates formed by the stacking interaction between
the quinoline rings of the CPT chromophores with the
inverse position of the nitrogen atoms. This self-
aggregation partially prevents hydrolysis of the
lactone ring at neutral pH values and J-aggregates
were found to penetrate within the cells with much
higher efficiency than the monomers of the drug.

A number of delivery systems are under develop-
ment for targeted and controlled delivery of drugs.
When entering into the systemic circulation by intra-
vascular administration or through absorption at the
administration site, a delivery system carrying phar-
maceuticals encounters blood cells and plasma pro-
teins before reaching its target cells. Serum proteins,
erythrocytes and other blood cells can bind to the drug
carriers leading to an alteration in its physicochemical
properties such as particle size and electrical charge
[8]. If it interacts with those blood components,

OH O

Carboxylate form (Inactive)
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Fig. 1. (a) Chemical structure of camptothecin (CPT) two forms depending on the pH value, namely, an active lactone form at pH below 5 and
an inactive carboxylate form at basic pH. (b) Chemical structure of poly(ethylenglycol)-poly(benzyl aspartate 69) block copolymers.





