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Abstract

In a previous study we have shown that the oligosaccharide inulin can prevent aggregation of poly(ethylene glycol) (PEG) coated plasr
DNA/cationic liposome complexes (“PEGylated lipoplexes”) during freeze thawing and freeze drying [Hinrichs et al., 2005. J. Control. Relea:
103, 465]. By contrast, dextran clearly failed as stabilizer. These results were ascribed to the fact that inulin and PEG are compatible while dex
and PEG are not. In this study the stabilizing capacities of inulin and dextran (of various molecular weights) during freeze thawing and free
drying of four different types of nanoparticles, each type with different amounts of PEG at their surface, were investigated. Freeze drying and fre
thawing of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)/dioleoyl-phosphatidyl-ethanolamine (DOPE) liposomes and egg phosphatid
choline (EPC)/cholesterol (CHOL) liposomes showed that inulins are excellent stabilizers even for highly PEGylated liposomes while (especie
higher molecular weight) dextrans dramatically lost their stabilizing capacity when increasing the degree of PEGylation of the liposomes. T
same results were obtained for plasmid DNA/DOTAP/DOPE complexes. Finally, both inulin and dextran could prevent full aggregation of plasm
DNA/polyethylenimine (PEI) complexes independent whether PEI was PEGylated or not. It is concluded that inulins are preferred as stabiliz
over dextrans for various types of PEGylated nanoparticles due to their compatibility with PEG.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction which PEGylated nanoparticles have strongly increased circula-
tion times Bhadra et al., 2002; Kichler, 2004; Moghimi, 2002;
Formulation of drug substances into nanopatrticles is one dflonfardini and Veronese, 1998; Ogris et al., 1999; Otsuka et
the upcoming technologies in modern pharmaceud®afira al., 2003; Papahadjopoulos, 1996; Photos et al., 2003; Srinath
et al.,, 2002; Heurtault et al., 2003; Mehnert and Maderand Diwan, 1994
2001; Monfardini and Veronese, 1998; Otsuka et al., 2003; Nanoparticles are usually prepared in an agueous environ-
Papahadjopoulos, 19R6A common disadvantage of many ment. A major drawback of these dispersions is their thermo-
nanoparticles is that after intravenous administration they ardynamic driven tendency to lower their interfacial surface area
rapidly cleared from the bloodstream which limits the durationwith the environment and thus to aggregate. Due to a steric stabi-
of the therapeutic effect. One way to solve this problem is tdization mechanism, PEGylated nanoparticles have an increased
link poly(ethylene glycol) (PEG) to the surface of the parti- in vitro stability as compared with their non-PEGylated coun-
cles (PEGylation) Bhadra et al., 2002; Otsuka et al., 2003 terpartsKichler, 2004; Nicolazzi et al., 2003; Riley et al., 1999;
PEGylation reduces recognition by the immune system througBanders et al., 2002Despite of that, the shelf life of PEGy-
lated nanopatrticles is still often limited. Therefore, it would be
advantageous to store the PEGylated nanoparticles in a dry and
* Corresponding author. Tel.: +31 50 363 2397; fax: +31 50 363 2500.  Stable state. However, when a dispersion is dried without a pro-
E-mail address: W.L.J.Hinrichs@rug.nl (W.L.J. Hinrichs). tectant, the nanoparticles are concentrated and aggregation is
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facilitated. Despite of their increased stability, also PEGylatedhat are either compatible or incompatible with PEG. Therefore,
nanoparticles require stabilizers to prevent aggregation durinthe aggregation behavior of nanoparticles with various degrees
freeze drying Armstrong et al., 2002; Lenter et al., 2004; Ogris of PEGylation dispersed in inulin or dextran solutions with vari-
et al., 2003. In some studies it has even been found that PEGyeus molecular weights, during freeze thawing and freeze drying
lation actually can induce aggregation during freeze dryidwy (  was studied. Four different types of nanoparticles were evalu-
Jaeghere et al., 1999, 2000; Zambaux et al., 1999 ated: (1) positively charged liposomes, (2) slightly negatively
It is well-known that sugars can be applied to prevent aggreeharged liposomes, (3) lipoplexes and (4) polyplexes.
gation of nanoparticles during drying and storaBelwarz and
Mehnert, 1997; Talsma et al., 1997; van Winden, 20U0hen 2. Materials and methods
properly dried the particles are incorporated in a sugar glass. The
stabilization of materials in sugar glasses has been explained Byl. Materials
the particle isolation theory(lison et al., 200Qand vitrification
theory (Molina et al., 2003 The particle isolation hypothesis The lipids 1,2-dioleoyl-3-trimethylammonium-propane
refers to the formation of a sugar matrix which acts as a physicgDOTAP), dioleoyl-phosphatidyl-ethanolamine (DOPE), diste-
barrier between the particles. The vitrification theory refers tcaroylphosphatidylethanolamine—poly(ethylene glycol) (DSPE-
the formation of a glassy sugar matrix in which diffusion on aPEG; with a molecular weight of PEG being 2kDa), egg
relevant time scale is inhibited. Both the physical barrier angphosphatidyl choline (EPC) and cholesterol were obtained from
lack of translational movement prevent aggregation. Avanti Polar Lipids (Alabaster, AL, USA). Dextran 1.5 kDa was
A literature review reveals that in most studies disaccharidesbtained from Fluka (Zwijndrecht, The Netherlands). Dextran
like sucrose and trehalose are used as stabilizers for various typgsind 40 kDa were purchased from Dextran Products Limited
of nanoparticlesArmstrong and Anchordoguy, 2004; Brus et (Scarborough, Ont., Canada). Branched polyethylenimine
al., 2004; Kuo and Hwang, 2004; Liao et al., 2002; Straus®5kDa (PEI) was purchased from Sigma (St. Louis, MO,
et al., 1986; Sun et al., 1996In a previous study we have USA). Branched polyethylenimine (25kDa), with each PEI
evaluated the stabilization of lipoplexes by sugar glasses duringiolecule grafted with 11 PEG chains (8 kDa; PEGylated PEI)
subzero temperature storage and freeze drying followed by stowas a generous gift of Dr. S. Vinogradov of the Nebraska
age Hinrichs et al., 200p It was shown that oligosaccharides Medical Center, Omaha, NE, USA. Inulin 1.8 and 4kDa
like inulin and dextran can also act as excellent stabilizers. It catinulin types HD001111 and TEX!803, respectively) were a
be assumed that oligosaccharides stabilize the lipoplexes by tlggft of Sensus, Roosendaal, The Netherlands. Plasmid DNA
same mechanisms as disaccharides, i.e. by particle isolation afEuDNA) of 5803 base pairs encoding the reporter gene secretory
vitrification as described above. Due to their high glass transialkaline phosphatase (SEAP) was amplifiedsnherichia coli,
tions temperatures and high glass transitions temperature of tipairified and dissolved in HEPES buffer (20 mM HEPES pH
maximally freeze concentrated fractions, oligosaccharides were.4) as previously describe@®dnders et al., 2001All other
even preferred over disaccharides in certain cases. Both inulichemicals were of reagent or analytical grade and purchased
and dextran acted as excellent stabilizers for non-PEGylateflom commercial suppliers.
lipoplexes. However, when PEGylated lipoplexes were consid-
ered, the stabilization by inulins was better than by dextrang.2. Preparation of liposomes
in most cases. The poor stabilizing capacity of dextrans was
ascribed to the well-known incompatibility between dextrans Two types of unilamellar liposomes were prepared, each type
and PEG Albertsson, 1986; Hinrichs et al.,, 2008Vhen a  with different amounts of PEG at their surface. The first type of
dispersion of PEGylated lipoplexes in a solution of dextran idiposomes were composed of DOTAP, DOPE and DSPE-PEG.
frozen, the concentration of both lipoplex and dextran is stronglyfhe molar ratios of DOTAP, DOPE and DSPE—PEG in these
increased by ice formation. As a result, the dextran moleculebposomes were as follows: 50/50/0 (DOTAP/DOPE liposomes),
should penetrate the PEG shell present around the particle48.1/48.1/3.8 (3.8% PEGylated DOTAP/DOPE liposomes) and
However, because of the incompatibility of dextran and PEG#45.5/45.5/9 (9% PEGylated DOTAP/DOPE liposomes). The
dextran will diffuse away from the PEG shell. Due to this freezesecond type of liposomes were composed of EPC, Chol and
induced phase separation between the lipoplexes and dextrddSPE—PEG. The molar ratios of EPC, Chol and DSPE-PEG
the sugar molecules can no longer act as a stabilizer resultirig these liposomes were as follows: 67/33/0 (EPC/Chol lipo-
in aggregation of the particles. Similar stability problems occursomes) and 57/33/10 (10% PEGylated EPC/Chol liposomes).
ring during freeze drying of solutions of PEGylated proteinsThe liposomes were prepared by the thin film-extrusion method
and excipients that are incompatible with PEG were envisageds described previoushsénders et al., 2001Briefly, appro-
by Heller et al. (1997, 1999)This hypothesis was further sup- priate amounts of lipids were dissolved in chloroform and
ported by the observation that inulin which is compatible withpipetted in a round bottom flask. The solvent was removed
PEG Hinrichs et al., 200pprevents PEGylated lipoplexes from by rotary evaporation at 4@ followed by purging the flask
aggregation during freeze thawing or freeze dryidm(ichs et  with dry nitrogen for 30 min at room temperature. The lipids
al., 2009. were hydrated by adding 20 mM HEPES pH 7.4. Glass beads
The aim of this study was to further investigate cryo- andwere added and swirled around to facilitate detachment of the
lyoprotection of PEGylated nanoparticles by oligosaccharide$ipid layer from the wall of the flask. Subsequently, the formed
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vesicle dispersion was stored for 1 day &CAafter which it  2.6. Freeze drying

was extruded 11 times through two stacked 100 nm polycar-

bonate membrane filters (Whatman, Brentfort, UK) at room The samples were frozen by placing the glass vials in a

temperature. refrigerator of—85°C (sample temperature was decreased to
For freeze thawing and freeze drying, the liposome disbelow —50°C within 10 min). After 16—-24 h, the glass vials

persions were diluted with 20 mM HEPES pH 7.4 to a lipid were placed in the freeze dryer (Amsco-Finn Aqua GT4 freeze

concentration of about 2.5mg/ml. Subsequentlypb0f the  dryer) and subsequently lyophilized for 2h at shelf tempera-

diluted liposome dispersions were mixed with eithepb6fan  ture of —35°C and a pressure of 0.9 mBar. Then, the shelf

oligosaccharide solution (12.6 wt% in water) or Bdistilled  temperature was raised t615°C while keeping the pressure

water. Eppendorf cups (1.5 ml) were used for freeze thawing anthe same. After 13 h the pressure was decreased to 0.15 mBar

glass vials (4 ml) were used for freeze drying. while the shelf temperature was gradually raised téC@uring
9h. The condensor temperature waB0°C during the whole
2.3. Preparation of lipoplexes freeze drying procedure. After freeze drying in the presence of

oligosaccharides the samples appeared as porous cakes indicat-
DOTAP/DOPE and PEGylated DOTAP/DOPE liposomesing a successful freeze drying procedure. Freeze dried liposomes
were used to prepare lipoplexes at atharge ratio of 4 which  and lipoplexes were rehydrated with 1.0 ml HEPES (20 mM, pH
corresponds to a weight ratio DOTAP/pDNA of 8.5. A pDNA 7.4). Freeze dried polyplexes were rehydrated with 0.5 ml dis-
solution (in 20 MM HEPES pH 7.4) was added to the liposomedilled water.
dispersion (in20 MM HEPES pH 7.4) and then vortexed for a few
seconds as described previousha(iders et al., 2001The final ~ 2.7. Particle size measurements
plasmid concentration was 126/ml and the final lipid con-
centrations were 2.21 mg/ml when DOTAP/DOPE liposomes Thez-average particle size was determined by dynamic laser
were used, 2.46 mg/ml when 3.8% PEGylated DOTAP/DOPEscattering (DLS) using a Malvern 4700 system equipped with
liposomes were used and 2.82mg/ml when 9% PEGylated helium—neon laser (Malvern Ltd., Worcestershire, UK) at a
DOTAP/DOPE liposomes were used. temperature of 25C. The data were analyzed using the viscos-
For freeze thawing and freeze drying, jpl0of the lipoplex ity and refractive index of water. Control experiments showed
dispersions were mixed with either p0of an oligosaccharide that the presence of oligosaccharides at concentrations used in
solutions (12.6 wt% in water; thus final weight ratio oligosac-this study did not significantly change the viscosity and refrac-
charides/plasmid was 1000) or pOdistilled water. Eppendorf tive index of the dispersing medium. The performance of the
cups (1.5 ml) were used for freeze thawing and glass vials (4 minstrument was checked with polystyrene standard spheres with

were used for freeze drying. a particle size of 22& 6 nm (Duke Scientific Corporation, Palo
Alto, CA, USA). As a measure of particle size distribution, the
2.4. Preparation of polyplexes DLS instrument reports a polydispersity index (pd). This index

ranges from O for a monodisperse sample up to 1 for an entirely

PEI and PEGylated PEI were used to prepare polyplexes giolydisperse sample. All formulations were measured at least
a nitrogen/phosphate ratio of 10 which corresponds to a weigtih duplicate and each measurement consisted of five runs. The
ratio PEI/pDNA of 1.3 and PEGylated PEI/pDNA of 6.2. A results in this study were obtained using different batches for
solution of pDNA in 20mM HEPES pH 7.4 was added to each type of nanoparticle. The particle size varied slightly from
a solution of PEI or PEGylated PEI and then vortexed. Thebatch to batch. Therefore, the particle size after a particular treat-
final pDNA concentration was 50g/ml while the final polymer ment was expressed as a percentage of the size of the particles
concentrations were §ig/ml (PEI) or 308.g/ml (PEGylated of the same batch before treatment. Samples were considered
PEI). as “fully aggregated” when one of the three following observa-

For freeze thawing and freeze drying, 38®mf the polyplex  tions was made: (1) large aggregates visible by eye, (2) a pd of
dispersions were mixed with either 2p05.0 wt% solutions of 1 in more than two out of the five runs, (3) an increase in the
oligosaccharides in water (thus the final weight ratio oligosacz-average particle size by at least a factor three in combination
charides/pDNA was 1000) or 250 distilled water. Eppendorf with an average pd higher than 0.9.
cups (1.5 ml) were used for freeze thawing and glass vials (4 ml)
were used for freeze drying. 2.8. Zeta potential measurements

2.5. Freeze thawing The zeta potential of the particles was measured by deter-
mining their electrophoretic mobility using a Malvern zeta-sizer
The samples were frozen in a refrigerator0°C (sample 2000 (Malvern Ltd.) at a temperature of 25. The zeta poten-
temperature was decreased to bele®b°C within 20 min) and  tial was calculated by the Smoluchowski equatipn12.8x ue
stored for 6 days. The liposomes and lipoplexes were rapidlyn which ¢ is the zeta potential ande is the electrophoretic
thawed by adding 0.9 ml HEPES (20 mM pH 7.4) at room tem-mobility. The performance of the instrument was verified using
perature and then analyzed. The polyplexes were thawed keydispersion of carboxyl modified polystyrene nanospheres with
placing the vials in a water bath of 3T. a zeta potential o050+ 5mV (DTS5050, Malvern Ltd.). In
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control experiments it was found that the presence of sugars aharge. The zeta potential of PEGylated EPC/Chol liposomes
concentrations used in this study did not significantly changevas slightly negative (about11 mV) which can be ascribed to
viscosity and refractive index of the dispersing medium. In thisthe negatively charged phosphate group of DSPE-PEG.
study the zeta potential of the nanoparticles after a particular Complexation of DOTAP/DOPE, 3.8% PEGylated
treatment was expressed as the percentage of the zeta potenfbTAP/DOPE and 9% PEGylated DOTAP/DOPE lipo-
of same batch before treatment. All formulations were measomes with pDNA at a + charge ratio of four yielded
sured at least in duplicate and each measurement consistedlipfoplexes with a diameter of 190-230 nm. The much larger
five runs. The zeta potential of samples that were considered ag&ze of the lipoplexes compared to the size of the liposomes from
fully aggregated (see above) was not measured. which they were prepared, indicates that the lipoplex contains
more than one of the original liposome. The zeta potential of
the (PEGylated) lipoplexes did not differ significantly from the
zeta potential of the (PEGylated) liposomes. This indicates, as
also observed by others, that most of the pDNA is incorporated
in the core and not exposed at the surface of the complex
O@anders et al., 2001; Zelphati and Szoka, )996

3. Results and discussion
3.1. Size and zeta potential of the nanoparticles

Size and zeta potential of the nanopatrticles used in this stu i ' - .
are listed inTable 1 Liposomes of varying compositions were _C0omplexing PEI with pDNA at a nitrogen/phosphate ratio of

prepared by the thin film-extrusion method yielding unilamellar10 Yielded polyplexes thatwere much smaller (about85 nm) than
particles with a diameter of 120-155 nm. The zeta potential o€ liPoplexes. Many other researchers have also found that poly-
the DOTAP/DOPE liposomes was about 44 mV. Since DOPEPIExes are often smaller than lipoplexeigrng etal., 1999; De

being a zwitter ion at pH 7.4, does not bear a net charge, themedtetal., 2000; Kuo and Hwang, 2004; van de Wetering etal.,
positive zeta potential can be ascribed to the positive chargetP®9- PEGylated PEI polyplexes prepared at the same charge

amine group of DOTAP. The decrease in the zeta potential upoftio Were substantially larger (about 135nm). The zeta poten-
PEGylation can be ascribed to two different mechanisms. Firsthfil Of the polyplexes could not be measured properly because of
DSPE-PEG contains a negatively charged phosphate grodf eproducible re_sults most likely du_e toan |_nsuff|C|ent intensity
decreasing the zeta potential. Secondly, and most important§)f the scattered light (as also experiencediligy et al., 199,

the PEG shell shifts the plane of shear around the nanoparti- ) )

cles further away from their surface through which the positive’ 2 Beh‘“”o’ OfDOTAP/DOPE liposomes upon freeze

charge is increasingly neutralized by ions present in the dig/a@wing and drying

persion mediumRiley et al., 1999; van Steenis et al., 2003 ] N ]

The zeta potential of the EPC/Chol liposomes was close to zero Without stabilizer not only the DOTAP/DOPE liposomes but

which was expected because both constituents do not beardS0 the PEGylated DOTAP/DOPE liposomes fully aggregated
both upon storage of the frozen dispersions for 6 days2&°C

as well as upon freeze drying (S€ig. 1a and b). Aggregation of

Table1 _ _ the DOTAP/DOPE liposomes is not surprising since it has been
Particle size and zeta potential of nanoparticles shown in many studies that non-PEGylated liposomes require
Particle pd Zetapotential  a protectant during freeze thawing and freeze dry@igye et
size (nm) (mv) al., 1985; Madden et al., 1983n contrast, to our knowledge no
DOTAP/DOPE 154+ 3 0.13+ 0.03 44+13 such studies have been published on PEGylated liposomes. Due
liposomes to steric stabilization by the PEG shell, increased stability may
3.8% PEGylated 126+ 6 010+ 001  22:10 have been envisaged. However, as reported for other types of
:?;Zﬁ:iOPE PEGylated particlesArmstrong et al., 2002; De Jaeghere et al.,
9% PEGylated 12741 0.08+ 0.03 16£1 1999, 2000; Lenter et al., 2004; Ogris et al., 2003; Zambaux
DOTAP/DOPE et al., 1999, cry- or lyoprotection seem to be required dur-
liposomes ing, respectively, freeze thawing and freeze drying of PEGylated
EPC/Chol liposomes 142 1 0.154+ 0.04 —-3+1 DOTAP/DOPE liposomes.
10:?’;2'/5&%?“ lal+14 0.06 0.00 —11£0 As shown inFig. 1a and b, both inulins and dextrans were
liposomes able to prevent full aggregation of DOTAP/DOPE liposomes
DOTAP/DOPE 231+ 20 0.15+ 0.01 47+8 upon storage of the frozen dispersions-&0°C or freeze dry-
lipoplexes ing as the particle size was 100—-200% of their original value.
3.8% PEGylated 216£36 019011  16£5 The particles sizes were substantially smaller after freeze drying
::i)pg;/g(; ZOPE than after storage at20°C. These differences may be explained
9% PEGylated 189+ 52 0.15+ 0.10 13£0 as follows. Preceding storage-a0°C for 6 days, the disper-
DOTAP/DOPE sions were frozen by placing them a20°C. Consequently,
lipoplexes the cooling rate was relatively low (see Sect®)nThe disper-
PEI polyplexes 85k 11 0.26£008  nd sions to be freeze dried, however, were rapidly cooled by placing
PEp?;IZTZSeZEI 135+ 4 0.47+£002  nd them at—85°C. Possibly, during slow cooling to20°C, there

is sufficient time available for moderate diffusion and conse-
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300 - - tran Stenekes et al., 1998Vioreover, with increasing degree
of PEGylation the effects of incompatibility is also more pro-
200 - nounced. Knowing that inulin and PEG are compatible while

dextran and PEG are not, these results clearly support the pro-
00 posed mechanism that oligosaccharides can only prevent aggre-
I“ gation of PEGylated nanoparticles when the oligosaccharide and

Particle size (%)

PEG are compatible.

,-\
/o
O
A
Q)
O

S ‘»,QI 3.3. Behavior of EPC/Chol liposomes upon freeze thawing
i & and drying

Similar to DOTAP/DOPE liposomes, EPC/Chol liposome

400 4 - dispersions without stabilizer fully aggregated upon storage of
the frozen dispersions for 6 days-a20°C (seeFig. 2a). In the
presence of inulins or dextrans, only moderate aggregation of
200 these liposomes was observed upon this treatment as the par-
ticle size increased to 150-180% of their original value. No
significant differences between the inulins and dextrans were
0 found indicating that the stabilizing capacities of both types of
' S oligosaccharides are the same for EPC/Chol liposomes during
é\'* freeze thawing.
& PEGylated EPC/Chol liposomes are clearly more stabile as

they did not grow when stored without stabilizer -aR0°C

Fig. 1. (a) Particle size, as percentage of the value before storage, after stor-
age at—20°C of the frozen dispersions for 6 days of DOTAP/DOPE lipo-
somes @), 3.8% PEGylated DOTAP/DOPE liposom@ ) and 9% PEGylated 300 4
DOTAP/DOPE liposomed ). Fully aggregated liposomes are indicated by
bars that pass the upper axis. (b) Particle size, as percentage of the value befoi g
storage, after freeze drying of DOTAP/DOPE liposonilly 8.8% PEGylated
DOTAP/DOPE liposomedH ) and 9% PEGylated DOTAP/DOPE liposomes
(@). Fully aggregated liposomes are indicated by bars that pass the upper axis

200 4
N h h ﬂ
quently limited aggregation during freeze concentration, which 0 . .

is apparently not the case when rapidly cooled-85°C. Since a & 5 R o
the particles are not only exposed to freezing stress but also tc K \‘.b\" o ¥
drying stress during freeze drying, the results indicate that inulin &£ & <
and dextran are not only excellent cryoprotectants but also excel
lent lyoprotectants for the DOTAP/DOPE liposomes.
PEGylation of the DOTAP/DOPE liposomes did not inter- 300 - -
fere with the stabilizing capacities of inulins for these type of
particles (se€ig. 1a and b). When dispersed in dextran 1.5 kDa,
3.8% PEGylated DOTAP/DOPE liposomes also showed no full
aggregation after storage for 6 days-&0°C or freeze drying.

However, 9% PEGylated DOTAP/DOPE liposomes dispersed g, |
in dextran 1.5 kDa substantially increased in size during these g
treatments. Both dextrans of higher molecular weight could

not prevent full aggregation of the two types of PEGylated 01 ‘ T ‘ T —
DOTAP/DOPE liposomes. ® & ‘ ‘
In conclusion, the extent of aggregation of the DOTAP/DOPE & o $& N &
liposomes increased with both increasing molecular weight * & '
of dextran and increasing degree of PEGylation of the
DOTAP/DOPE liposomes. Dextran 1.5kDa shows some stabiFig. 2. (a) Particle size, as percentage of the value before storage, after storage
lizing capacity for PEGylated DOTAP/DOPE liposomes while at —20°C of the frozen dispersions for 6 days of EPC/Chol liposontis (
dextran 5 and 40kDa do not. This can be explained by thénd 10% PEGylated EPC/Chol liposomE)( Fully aggregated liposomes are

. .. .Indicated by bars that pass the upper axis. (b) Particle size, as percentage of the
fact that, althoth dextran 1.5kDa and PEG are InCompatlbl@alue before storage, after freeze drying of EPC/Chol liposol@siid 10%

(Hinrichs et al., 200p the degree of incompatibility of dextran pggylated EPC/Chol liposomeT . Fully aggregated liposomes are indicated
and PEG increases with increasing molecular weight of dexey bars that pass the upper axis.

300 A

100 4

Particle size (%)

=
%
%
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for 6 days (sed-ig. 2a). Two mechanisms may account for 300 -
the increased stability of the PEGylated EPC/Chol liposome

—_

compared to its non-PEGylated counterpart. First, PEGylation¥ |
results in an increased (negative) zeta potential Tedde ).
Consequently, electrostatic repulsion will increase the stability. 100
of the liposomes. Secondly, PEGylation results in steric stabi-
lization. Although it has been found that steric stabilization does =
not guarantee maintenance of particle size during freeze thawinc 2) 0- N N N
per se (e.g. results with PEGylated DOTAP/DOPE liposomes, & > oy S & >
see above), it may contribute to an increased stability in this par- & o
ticular case. Also dispersed in the inulins, PEGylated EPC/Chol ~ © &
liposomes did not show a significant increase in particle size
upon storage of the frozen dispersions for 6 days-20°C
(seeFig. 2a). However, when dispersed in dextrans, PEGylated
EPC/Chol liposomes showed moderate (dextran 1.5 kDa) to full
(dextran 5 and 40 kDa) aggregation. As PEGylated EPC/Chol
liposomes dispersed in distilled water without stabilizer did not
aggregate it can be concluded that dextrans are not only poo
stabilizers for PEGylated EPC/Chol liposomes during freeze
thawing, they even have an adverse effect as they actually induct
aggregation. 0 - -
Freeze drying gave somewhat different results Ege2b). o
It was found that both EPC/Chol liposomes and PEGylated & > & O e
EPC/Chol liposomes require a lyoprotectant as without sta- & & ' IS
bilizer they fully aggregated during freeze drying. Appar-
ently, freeze drying is a more stressful process for PEGylatedig. 3. (a) Particle size, as percentage of the value before storage, after storage
EPC/Chol liposomes than storage for 6 days-20°C. Proba-  at —20°C of the frozen dispersions for 6 days of DOTAP/DOPE lipoplexes
bly these nanoparticles did not aggregate during the freezing stél§): 3-8% PEGylated DOTAP/DOPE lipoplexell () and 9% PEGylated
(the freezing rate during the freeze drying procedure was muc OTAP/DOPEI|p0pIe_xesl:I). FuIIyaggregated||p0p|exesare_3|nd|ca§ed_ by bars
. ? ) . atpassthe upper axis. Part of these results have been publishedHefoohé
higher than in the freeze thawing process) but aggregation may 4., 2005. (b) Particle size, as percentage of the value before storage, after
have occurred during the drying phase. Apparently, the PEGyfeeze drying of DOTAP/DOPE lipoplexelll), 3.8% PEGylated DOTAP/DOPE
lated EPC/Chol liposomes are in particular during dehydratioripoplexes @) and 9% PEGylated DOTAP/DOPE lipoplex@3 ). Fully aggre-
susceptible to aggregation. Aggregation of both EPC/Chol ”pogated lipoplexes are ir_\dicated by _ba_rs that pass the upper axis. Part of these
somes and PEGylated EPC/Chol liposomes during freeze dryinrfjSUItS have been published beforrrichs et al., 2005
could be prevented by the inulins as the particle size increased
to only 120-140% of the original values. In contrast, bothnon-PEGylated nanoparticles inulins are preferred as stabilizers
EPC/Chol liposomes and PEGylated EPC/Chol liposomes digver dextrans.
persed in dextrans fully aggregated during freeze drying. Only
EPC/Chol liposomes dispersed in a dextran 1.5kDa solutiod.4. Behavior of DOTAP/DOPE lipoplexes upon freeze
showed moderate aggregation although also in this case the pakawing and drying
ticle size was substantially larger than in case the liposomes were
dispersed in the inulins (ségg. 2b). The aggregation behavior of DOTAP/DOPE lipoplexes dur-
It can be concluded that dextrans are only good stabilizerig freeze thawing and freeze drying (déig. 3a and b) was
when freeze thawing of EPC/Chol liposomes is concerned. Isimilar to the behavior of DOTAP/DOPE liposomes (5¢g 1a
all other cases dextrans failed as a protectant against aggrand b). Without stabilizer DOTAP/DOPE lipoplexes and the two
gation (except for dextran 1.5kDa during freeze thawing oftypes of PEGylated DOTAP/DOPE lipoplexes fully aggregated
PEGylated EPC/Chol liposomes and freeze drying of EPC/Chalipon storage of the frozen dispersions for 6 days20°C or
liposomes). By contrast, inulins are excellent stabilizers for botlireeze drying. In contrast, inulins were able to prevent com-
EPC/Chol liposomes and PEGylated EPC/Chol liposomes duplete aggregation of all three types of DOTAP/DOPE lipoplexes
ing freeze thawing and freeze drying. Again, these results arduring these treatments as the particle size increased to only
in agreement with the proposed requirement that oligosacchd:00-130% of their original values. DOTAP/DOPE lipoplexes
rides should be compatible with PEG when they are used focould also be stabilized by all three dextrans as only a slight
the stabilization of PEGylated nanoparticles. However, dextranmcrease in particle size was measured after storage of the frozen
also showed poor stabilizing capacities for EPC/Chol liposomesdispersions for 6 days at20°C or freeze drying. However, dex-
during freeze drying. Most likely, the EPC/Chol liposomes andtran 1.5 kDa was not able to preserve the particle size of 3.8%
PEGylated EPC/Chol liposomes are highly susceptible to aggrd?EGylated DOTAP/DOPE lipoplexes as substantial aggregation
gation during dehydration. These results indicate that also fowas observed after these treatments. With increasing degree of
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300 - values, respectively. Therefore, it can be concluded that inulin
4kDa is a somewhat better protectant than dextran 5kDa for
200 - PEI polyplexes. Furthermore, it can be concluded that PEGyla-
tion does not affect the aggregation behavior of PEI polyplexes,
100 4 even if an oligosaccharide that is incompatible with PEG, i.e.
dextran 5kDa, is used as a protectant. These results are clearly
o . anomalous to those obtained with the lipid based nanoparticles
& S i as described above. Possibly, the structural arrangement of the
o o PEG chains at the surface of the polyplexes strongly deviate with
& : bgf that of the lipid based nanoparticles, which makes these PEGy-

lated particles less vulnerable to the effects of incompatibility
400 with dextran.

Particle size (%)

H
E-J
&

)

300 3.6. Effects of freeze thawing and drying on zeta potential

of nanoparticles
200

Particle size (%)

100 4 The zeta potential of all batches, which were not fully aggre-
gated during freeze thawing or freeze drying, were somewhat
0 : . | scattered and were 50-200% of the original values (data not
& S S shown). However, because there was no clear trend and given the
& x 5 -
& 3 accuracy of the apparatus$ mV), changes of the zeta potential
N ¥ induced by freeze thawing or freeze drying were not considered
as being significant.

Fig. 4. (a) Particle size, as percentage of the value before storage, after storage
at —20°C of the frozen dispersions for 6 days of PEI polypleX@3$ &nd 10% 4 .
PEGylated PEI polyplexe{). Fully aggregated polyplexes are indicated by ™* Conclusions
bars that pass the upper axis. (b) Particle size, as percentage of the value before
storage, after freeze drying of PEI polyplexd®) (and 10% PEGylated PEI This study clearly illustrates that various PEGylated nanopar-
polyplexgsl‘—_l). FuIIy aggregated polyplexes are indicated by bars that pass thﬁc|es can be Stabi“zed by o|igosaccharides provided that the
upper axis. oligosaccharide is compatible with PEG. Inulins, which are

, ) . compatible with PEG, were capable to prevent full aggre-
PEGylation of the lipoplexes (9% PEGylated DOTAP/DOPEgation of DOTAP/DOPE liposomes, EPC/Chol liposomes,

lipoplexes) aggregation could not be prevented by dextrahoTap/DOPE lipoplexes and PEI polyplexes during freeze

1.5kDa. Furthermore, both dextran 5 and 40kDa could Nofyaying or freeze drying, irrespective of the degree of PEGyla-
prevent full aggregation of both PEGylated lipoplexes. In consjon of these nanoparticles. By contrast, dextran is incompati-
clusion, similar to what has been observed with DOTAP/DOPR, ¢ yjth PEG and its incompatibility increases with increasing

liposomes, the effects of incompatibility between PEG and deXigjecular weight$tenekes et al., 1998As a consequence, the

tran are more pronounced when either or both the molecula§eytrans were not able to prevent full aggregation of the nanopar-
weight of dextran and the degree of PEGylation increases.  iicjes when they were PEGylated (except for PEI based poly-
plexes). Furthermore, stabilization by dextran became worse
with increasing molecular weight of dextran and with increas-

ing degree of PEGylation of the nanoparticles emphasizing the

) ) _ effects of compatibility on stability.
The effect of PEGylation of PEI on the aggregation behavior

of PEI polyplexes in the presence of dextran or inulin duringg oferences

storage for 6 days at20°C or freeze drying was evaluated.

Due to a limited availability of PEGylated PEI, only the nega- apertsson, P.A., 1986. Partition of Cell Particles and Macromolecules. Wiley-
tive control (no stabilizer), inulin 4 kDa and dextran 5 kDa were Interscience, New York.

tested. As found by otheriénter et al., 2004; Ogris et al., Allison, S.D., Molina, M.D.C., Anchordoquy, T.J., 2000. Stabilization of
2003, without stabilizer, both PEI and PEGyIated PEI p0|y_ lipid/DNA complexes during the freezing step of the lyophilization pro-

. 5 cess: the particle isolation hypothesis. Biochim. Biophys. Acta 1468, 127.
plexes fu”y a?ggr?ggted_ durlng storag_e for 6 _days_aﬂ C Armstrong, T.K., Anchordoguy, T.J., 2004. Immobilization of nonviral vectors
or freeze drying indicating the necessity of using a protectant during the freezing step of lyophilization. J. Pharm. Sci. 93, 2698.

(seeFig. 4a and b). Complete aggregation of both PEI poly-Armstrong, TK., Girouard, L.G., Anchordoquy, T.J., 2002. Effects of PEGy-
plexes and PEGylated PEI polyplexes during storage for 6 days lation on the preservation of cationic lipid/DNA complexes during freeze-
at —20°C or freeze drying could be prevented by both inulin _,_thawing and lyophilization. J. Pharm. Sci. 91, 2549.

L . . . Bhadra, D., Bhadra, S., Jain, P., Jain, N.K., 2002. Pegnology: a review of
4 kDa and dextran 5 kDa. However, stabilization by inulin 4 kDa PEG-ylated systems. Pharmazie 57, 5.
was somewhat better than by dextran SkDa as after treatmeptys, c., kleemann, E., Aigner, A., Czubayko, F., Kissel, T., 2004. Stabi-

the polyplex size was 120-160 and 170-240% of their original lization of oligonucleotide-polyethylenimine complexes by freeze-drying:
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3.5. Behavior of PEI polyplexes upon freeze thawing and
drying
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