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Abstract

The purpose of this study was to determine optimal lipid concentration range for lyophilization of sterically stabilized phospholipid nanomicelles
(SSM) and the freeze drying feasibility of self-associated therapeutic peptide—SSM assemblies. SSM at 5-20 mM 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine—N-methoxy-poly(ethylene glycol 2000) (DSPE-PEG,) were analyzed for particle size and viscosity before and after
freeze drying which showed no significant changes (p > 0.05). However, a steep increase in viscosity was seen for SSM above 15 mM phospholipid
implying micelle-micelle interaction. Greater shrinkage of lyophilized cakes was observed below 10 mM phospholipid while they were more
fibrous above 15 mM. Therefore, 10-15 mM DSPE-PEG;y was chosen as the optimal phospholipid concentration for lyophilized SSM. When
vasoactive intestinal peptide (VIP), glucagon-like peptide 1 (GLP-1) or gastric inhibitory peptide (GIP) (each, 67 pM) was added to SSM (10 mM),
formulations showed no significant change in particle size, peptide fluorescence and peptide a-helicity before and after lyophilization. In conclusion,

we found that peptide drug—SSM interactions are conserved during lyophilization.

Published by Elsevier B.V.
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1. Introduction

Clinical applications of peptide drugs emanating from pro-
teomics research is hampered by their short half-life (min) and
non-targeted biodistribution in vivo (Lu et al., 2006). Despite
recent advances in medical biotechnology (Ye et al., 2006; Menei
et al., 2005; Liang et al., 2006; Ishihara et al., 2006; Onyiiksel
et al., 20006), delivery of peptide drugs still represents an unmet
scientific need within the pharmaceutics community.

To this end, we showed that self-association of amphipathic
peptide drug candidates, such as vasoactive intestinal peptide
(VIP), with long-circulating, biocompatible and biodegrad-
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able sterically stabilized phospholipid nanomicelles (SSM)
increases peptide stability in vitro and prolongs and amplifies
its bioactivity in vivo (Onyiiksel et al., 1999; Tseushita et al.,
2002; Krishnadas et al., 2003). Importantly, given their distinct
physico-chemical characteristics, these nanosized constructs are
preferentially targeted to inflamed and injured tissues through
local ‘leaky’ microcirculation (Sethi et al., 2003a).
Unfortunately, aqueous formulations of self-associated pep-
tide drugs with SSM are stable for only 7 days at 25 °C after
preparation thereby precluding their storage before clinical use
(Sethi et al., 2003b). To address this problem, recently our labo-
ratory has successfully lyophilized SSM in the absence of cryo-
and lyo-protectants and showed that physico-chemical proper-
ties of these nanomicelles are preserved upon reconstitution in
aqueous media (Koo et al., 2005). Conceivably, shelf life of SSM
in dried state could be increased due to absence of water and
dissolved oxygen thereby circumventing phospholipid hydroly-
sis and oxidation. Whether self-associated peptide drug—SSM
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formulations can be freeze dried without compromising the
integrity of peptide—nanomicelle interactions is uncertain.

Accordingly, the purpose of this study was to begin to address
this issue by determining optimal phospholipid concentration for
SSM lyophilization that mitigates micelle—micelle interaction,
and by determining freeze drying feasibility of self-associated
peptide drug—SSM constructs. For the latter, we chose VIP,
glucagon-like peptide (7-36) (GLP-1) and gastric inhibitory pep-
tide (GIP) that have been tested in humans (Nauck et al., 1997;
Gautier et al., 2005; Drucker and Nauck, 2006; Groneberg et al.,
2006).

2. Materials and methods
2.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine—N-

methoxy-poly(ethylene glycol 2000) (DSPE-PEGygy) were
purchased from LIPOID GmbH (Ludwigshafen, Germany).
Synthetic human VIP was synthesized by the Protein Research
Laboratory, University of Illinois at Chicago (Chicago, IL).
Synthetic human GLP-1 and GIP were ordered from American
Peptides (Sunnyvale, CA). Saline (0.9% NaCl injection USP)
and sterile water for irrigation (USP) were purchased from
Baxter Healthcare Corporation (Deerfield, IL). All peptide and
lipid samples were high performance liquid chromatography
purified and the peptide purity was always greater than 90% as
ascertained by RP-HPLC.

2.2. Preparation of SSM dispersion and peptide stock
solutions

SSM were prepared as previously described in our laboratory
(Gandhi et al., 2002). Briefly, SSM was prepared by dissolving
DSPE-PEGjq in saline, vortexing (Thermolyne Maxi Mix II)
until complete dissolution before undergoing 1 h incubation at
25°C (VWR SHEL LAB Incubator) in the dark. Stock solutions
of individual peptides (VIP, GLP-1 or GIP) were prepared by
dissolution of peptides in saline just before use. Depending on
the final peptide concentration required, measured aliquots were
added to saline or SSM.

2.3. Lyophilization of SSM and SSM containing model
peptides

To determine optimal lipid concentration of SSM for
lyophilization, 5, 10, 15 and 20 mM of SSM were prepared. For
each lipid concentration, 1 ml of the equilibrated SSM sample
was transferred into a 2-ml vial (n=3 for each concentration).
The samples were frozen overnight at —20°C, followed by
freezing in liquid nitrogen for 3 min before overnight lyophiliza-
tion using Labconco FreeZone® 6 Litre Freeze Dry System
(Labconco, Kansas, MO).

For samples of SSM with peptides, 10 mM of SSM was first
prepared. After 1h incubation at 25 °C, peptides were added
(VIP, GLP-1 or GIP) (each, 67 uM) to achieve lipid: pep-
tide molar ratio of 150:1. After an additional 2 h incubation at

25 °C, the samples were transferred as 0.5 ml aliquots into sep-
arate Target DP™ vials (n=3 for each peptide). The samples
were then subjected to the same lyophilization protocol as for
SSM.

To reconstitute, 1 ml of sterile water was added into each
lyophilized sample of SSM. For SSM containing peptides,
0.5ml of sterile water was added during reconstitution. All
samples were mechanically swirled in circular motion till com-
plete dissolution, followed by 2 h incubation at 25 °C to ensure
equilibration of the micelles and peptide—SSM interaction. Two
hours was chosen since this was the duration previously found
to be required for optimal bioactivity of amphipathic peptide
molecules when added to SSM (Onyiiksel et al., 1999). It is
possible that shorter incubation time may be sufficient post-
reconstitution since peptide molecules are already associated
with SSM in the lyophilized cake but further studies will be
needed to draw a definite conclusion.

2.4. Characterization of SSM

Before freezing the SSM dispersions, the samples were ana-
lyzed for particle size by quasi-elastic light scattering (Nicomp®
380 particle size analyzer; Santa Barbara, CA) and viscosity
(Brookﬁeld® DVII + Pro viscometer; Middleboro, MA). After
lyophilization, the lyophilized cakes of SSM were inspected
visually for appearance and cake height. The reconstituted SSM
were analyzed for particle size and viscosity again.

2.5. Characterization of SSM containing peptides

Samples of SSM containing different peptides were ana-
lyzed for their particle size, fluorescence emission spectra
(fluorescence spectroscopy) and peptide secondary structures
(CD) before and after lyophilization. The lyophilized cakes of
peptide—-SSM were subjected to the same visual inspection as
with SSM.

2.5.1. Fluorescence emission spectroscopy

The fluorescence emission spectra of SSM containing
peptides were measured using SLM Aminco 8000 Spectroflu-
orimeter at room temperature [ExA (nm)/EmA (nm): VIP,
275/305; GLP-1, 275/340; GIP, 278/348] before and after freeze
drying. The spectra of peptides (in the presence of SSM) (/) were
normalized against spectra of saline (/,s) and presented as I/I.

2.5.2. Circular dichroism spectroscopy (CD)

The secondary structure of peptides was determined using
Jasco J-710 Spectropolarimeter (Jasco, Easton, MD). Spectra
were scanned at room temperature in a 0.1 cm path length fused
quartz under the following conditions: 190-260nm at 1nm
bandwidth and 2 s response time averaged over three runs. Spec-
tra were corrected for empty nanomicelle scans and smoothed
using manufacturer’s Savitzky Golay algorithm. Deconvolution
of Spectra was done by fitting the data into simulations using
SELCON® to calculate the percentage of a-helical structures
(Sreerama and Woody, 1994).
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2.6. Data and statistical analyses

Data of the above experiments were expressed as
mean =+ standard deviation (S.D.). Statistical analysis was per-
formed by Student’s paired t-test. p<0.05 was considered
statistically significant.

3. Results and discussion

For progression of a drug formulation into the clinical phase,
an acceptable in vitro shelf life is very critical for mass produc-
tion, bulk handling and storage. For these reasons, although the
delivery of therapeutic peptides in SSM showed improved and
prolonged in vivo bioactivities, widespread clinical application
of peptide—-SSM in the aqueous formulation would have been
hindered by its shelf storage instability, due to susceptibility of
the phospholipid content of SSM to oxidation and hydrolysis.
To overcome these stability problems, our approach was to test
the peptide formulations for feasibility of lyophilization.

3.1. Optimal phospholipid concentration range of SSM for
lyophilization

To determine optimal phospholipid concentration range for
freeze drying of SSM, 5-20 mM of SSM was tested in our study.
Sample viscosity was measured to determine the maximum lipid
concentration that can be used without adversely affecting the
flow properties of SSM dispersion. At lipid concentration above
15 mM, our data showed that the rheological property of SSM
changed and sample viscosity increased steeply compared to
lower concentrations. However, the lyophilization process did
not alter the viscosity of SSM, compared to freshly prepared
samples, for each lipid concentration investigated (Fig. 1). Like-
wise, particle size of reconstituted SSM was not significantly
different from its pre-lyophilized sample at all lipid concentra-
tions studied (Table 1).

Appearance wise, the freeze dried samples below 20 mM
looked fluffy while those at 20mM appeared more fibrous
(Fig. 2). All the lyophilized samples shrunk slightly from the side
walls of container, with the most apparent shrinkage observed
at 5 mM. Furthermore, cake heights of samples were also lower
(0.6 cm) at SmM compared to higher lipid concentrations (10,
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Fig. 1. Viscosity of SSM at lipid concentrations of 5, 10, 15 and 20 mM before
and after freeze drying (FD).

Table 1
SSM particle size before and after freeze drying

Lipid concentration (mM) Particle size (nm)*

Before FD* After FD*
5 13.1 £ 26 141 +24
10 129 £ 2.8 129 + 3.1
15 12.1 £ 2.0 123 + 2.7
20 10.9 + 2.3 11.8 £ 2.0

*For all lipid concentrations, comparison before and after FD were not statisti-
cally significant with p>0.05.
2 FD, freeze drying.

15 and 20 mM; 0.8-0.9 cm). Despite these differences, all the
freeze dried samples dissolved upon reconstitution with sterile
water to form clear, colorless solutions.

In addition to these observations, there was also a progres-
sive trend for decreasing particle size of SSM with increasing
lipid concentrations (Table 1). Therefore, it is speculated that
micelle-micelle interaction occurred at 20 mM due to close
proximity of neighboring micelles, resulting in folding of the
PEG polymers to form the constrained “mushroom” confor-
mation and measuring smaller particle size. At lower lipid
concentrations, greater distances between SSM would allow

(d)

Fig. 2. Freeze dried cakes of SSM at (a) SmM, (b) 10 mM, (c) 15 mM and (d) 20 mM.
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Fig. 3. Freeze dried cakes of peptide (67 uM) associated SSM (10 mM) for (a) VIP, (b) GLP-1 and (c) GIP.

the PEG palisade to form the relaxed ‘brush’ conformation
and hence larger particle sizes were measured. Consequently,
to avoid micelle—micelle interaction and minimize shrinkage of
lyophilized cakes, 10—15 mM was found to be the optimal lipid
concentration range for lyophilization of SSM. At these lipid
concentrations, SSM is robust to the lyophilization conditions
with elegant appearance of the resulting lyophilized cakes. For
maximum loading of peptide drug per unit volume of SSM dis-
persion, 15 mM of DSPE-PEG»(gp would be the maximum lipid
concentration for the nanocarrier. However, for our study pur-
pose, 10 mM of lipid was used for our subsequent experiments
to minimize the amount of lipid and peptide drugs required. For
the same reason, sample size was also reduced to 0.5 ml using
Target DP™ vial (volume capacity, 1.5 ml). To ensure that the
change in sample volume and size of vial would not affect the
quality of lyophilized cake, lyophilization process was repeated
and the resulting lyophilized products appeared similar to those
as previously obtained (data not shown).

3.2. Lyophilization of SSM containing model peptides

The lyophilized cakes of SSM containing VIP, GLP-1 or GIP
(each, n=3) looked similar to that of empty SSM (Fig. 3), with

Table 2
Particle size of SSM containing VIP, GLP-1 and GIP before and after freeze
drying

Peptide® Particle size (nm)*

Before FDP After FDP
VIP 126 +£2.9 12.8 £ 2.8
GLP-1 12.8 £ 2.7 132+ 24
GIP 125 + 3.6 12.8 £ 2.8

*For all peptides, comparison before and after FD were not statistically signifi-
cant with p>0.05.

 Peptide (67 .M)—-SSM at lipid concentration of 10 mM.

b FD, freeze drying.

the same time required for complete dissolution upon reconstitu-
tion (~2 min). Moreover, the particle sizes of peptide associated
SSM were comparable to that of empty SSM (10 mM) (Table 1)
and did not change significantly pre- and post-lyophilization
(Table 2). Therefore, the addition of peptides to SSM did not
affect the freeze drying ability of the micellar formulation.

For the associated peptides, their fluorescence spectra showed
similar magnitude of Emp,x and the corresponding peak wave-
lengths before and after freeze drying (Fig. 4). The intrinsic
fluorescence intensity of peptides increases in the presence of
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Fig. 4. Fluorescence spectra of (a) VIP, (b) GLP-1 and (c) GIP (each, 67 wM) in association with SSM (10 mM) before and after freeze drying.
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Fig. 5. Percent a-helix of VIP, GLP-1 and GIP (each, 67 wM) in association with SSM (10 mM) before and after freeze drying (FD).
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Fig. 6. Representative CD spectra of VIP, GLP-1 and GIP (each, 67 uM) in association with SSM (10 mM) before and after freeze drying (FD).

SSM compared to peptides in saline. This phenomenon occurred
due to changes in the environment of the peptide fluorophores
from a hydrophilic environment in saline to a relatively more
hydrophobic surrounding in the nanomicelle palisade, demon-
strating the presence of spontaneous association of peptides to
nanomicelles. Since there were no significant changes in the
fluorescence Emp,ax and the peak wavelengths of the associated
peptides after lyophilization, it would indicate the persistency
of peptide interaction at the same location of SSM even after
relatively harsh treatment of freeze drying. Consequently, it was
concluded that the extent of peptide—micelle interaction was not
significantly affected by the lyophilization process. It should be
noted that the Empax of each model peptide differs due to the
differences in the type and number of fluorophores interacting
with SSM and is hence not comparable between each other. VIP
fluorophore is tyrosine which has lower quantum yield and peak
wavelength than tryptophan, the dominant fluorophores in GIP
and GLP-1. Although GIP molecule has two tryptophan residues
compared to one in GLP-1, it had lower Emy,, at the same pep-
tide concentration due to fewer molecules associating with each
nanomicelle (Lim et al., 2007).

With respect to the peptide conformation, the percent o-
helicity of VIP (before FD, 38.0 & 6.2; after FD, 37.5£2.9),
GLP-1 (before FD, 32.6 +7.4; after FD, 31.8 £8.0) and GIP
(before FD, 25.5 + 6.8; after FD, 16.8 4= 7.4) in association with
SSM did not differ significantly pre- and post-lyophilization
(Fig. 5). Representative CD spectra of each peptide (in the pres-
ence of SSM) before and after freeze drying are shown in Fig. 6.
We had previously shown that for amphipathic peptides that have
the propensity to form helical structures in a hydrophobic envi-
ronment, their a-helicity increased when associated with SSM
compared to their respective random conformations in saline

(Krishnadas et al., 2003). Since our lyophilization process did
not induce significant changes to the secondary structure of the
model peptides in the presence of SSM, these data confirm our
earlier deduction that peptides remained associated with SSM
after being lyophilized and reconstituted.

Given that there were no significant differences in the prop-
erties of peptide self-associated with SSM before and after
lyophilization, the freeze drying process did not adversely affect
the integrity of the formulations. Accordingly, we propose that
this process could be utilized to prepare self-associated peptide
drugs—SSM formulations.

4. Conclusions

We found that the optimal DSPE-PEGyggy concentra-
tion for SSM lyophilization, required to obtain reproducible
freeze dried cake with minimal shrinkage and avoid potential
micelle—micelle interaction, ranged from 10 to 15 mM. In addi-
tion, freeze drying did not elicit significant changes in SSM
particle size and in secondary conformation and extent of self-
associated peptide drug—SSM interaction of VIP, GLP-1, and
GIP. We propose that self-associated peptide drug—SSM con-
structs could be successfully lyophilized to potentially increase
the shelf life of these products due to likely decrease in drug and
lipid degradation in the dried state.
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