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a  b  s  t  r  a  c  t

Poly[lactic-co-glycolide]  (PLGA)  nanoparticles,  chitosan-dextran  sulphate  microparticles,  and  DOTAP-
liposomes  were  prepared  as  vaccine  adjuvants  and  drug  carriers  for a small  hydrophilic  model  peptide,
and their  different  physico-chemical  properties  (size, PDI,  zeta-potential,  pH-value  and  peptide  loading)
were investigated.  The  model  peptide’s  encapsulation  efficiency  (EE)  in  PLGA  particles  amounted  to  15%,
for  DOTAP-liposomes  to 20%  and  for chitosan  particles  up to 90%. The  structural  appearance  of  the  par-
ticles was  visualized  by  SEM and  TEM.  The  stability  of  the  aqueous  formulations  and  the corresponding
eywords:
LGA
OTAP-liposomes
hitosan
articles
icro-flow-imaging

lyophilisates  was  monitored  for  12 weeks  (stored  at T = 2–8 ◦C).  The  freeze-drying  process  and  the  addi-
tion  of  an  appropriate  cryoprotective  agent  (sucrose)  proved  to be essential  for  all  carrier  systems.  As  a
result of  this  study,  three  different  peptide-loaded  drug  delivery  systems  with  different  properties  were
successfully  manufactured  and  showed  sufficient  product  stability  of  their  freeze-dried  formulations  over
12  weeks  of  storage.
djuvant

. Introduction

Vaccines besides antigens, isotonic and stabilizing compounds
ay  also consist of adjuvants. These adjuvants are used to enhance

he body’s immune response to an infection or to a foreign body
ithout initiating a specific immune response against themselves.
accines without adjuvant are very often not sufficiently immuno-
enic and unable to induce a significant antibody level. The most
otent and oldest known adjuvant, which even today is referred to
s a “gold standard” in terms of high adjuvant activity, was  devel-
ped by Freund in 1937. This emulsion of water and mineral oil
ontaining inactivated mycobacteria is called Freund’s complete
djuvant (FCA) and is not applicable for human use due to potent
ocal dermal reactions. Hence, a great demand in vaccine research
reas for potent and well-tolerated adjuvant systems exists, and,
ccordingly, many different adjuvant systems are evaluated. At
resent aluminium-based systems are the most widely used adju-
ants (Gupta, 1998) and are licensed in Europe and USA for human
se. Next to these two types of adjuvants polymeric particles, lipo-

omes and other emulsion based systems (MontanideTM or MF59®)
aised an increasing interest in vaccine research (Schijns, 2006).

∗ Corresponding author. Tel.: +49 6151 72 9385; fax: +49 6151 72 7864.
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Along these lines, the polymers PLGA, chitosan and DOTAP lipid
were selected in the present study as adjuvant carrier systems for
a hydrophilic model peptide. These materials were chosen because
of their variety in physico-chemical nature: PLGA [poly(d,l-lactide-
co-glycolide)] represents one of the most frequently studied
polymers with adjuvant activity. It is biodegradable and biocom-
patible, and therefore it is approved for human use in sutures or
implants for sustained drug delivery (Frazza and Schmitt, 1971).
The antigen, which is incorporated or adsorbed onto the PLGA’s sur-
face, can gradually be released from the matrix as a function of the
used polymer’s degradation rate. Hence, PLGA formulations act like
depot reservoirs with concurrent protection of the encapsulated
antigen (Peek et al., 2008). The potent immunological adjuvant
effect of PLGA was  successfully demonstrated by several scientists
using a number of model antigens (O‘Hagan et al., 1998) such as
diphtheria (Singh et al., 1991) or tetanus toxoid, and an immunolog-
ical effect comparable to aluminium hydroxide was demonstrated
(Men  et al., 1995; Singh et al., 1991). Moreover, a growing inter-
est in chitosan-based particulate drug delivery systems and as
an adjuvant matrix arose over the past decade (Agnihotri et al.,
2004; Arca et al., 2009; Fini and Orienti, 2003). Chitosan is a nat-
ural, biocompatible, nontoxic polysaccharide which is obtained

by deacetylation of chitin, a product of marine crustacean shells.
The structure of chitosan is similar to cellulose, and the presence
of additional primary amine groups yield hydrophilic properties
which are beneficial for pharmaceutical applications. For example,

dx.doi.org/10.1016/j.ijpharm.2011.09.011
http://www.sciencedirect.com/science/journal/03785173
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 charged antigen could easily interact with the polycationic chi-
osan molecule and consequently can be incorporated in the matrix
r absorbed on its surface. Because of these structural benefits and
ts availability as low-cost resource, chitosan represents an alterna-
ive to the synthetic PLGA polymer, and an immunological effect of
etanus toxoid loaded chitosan microspheres comparable to PLGA

icrospheres was shown by Jaganathan et al. (2005).  Additionally
ordon et al. (2008) supported chitosan’s potent immunological
ffects by showing similar amounts of generated T-cells and anti-
ody titres of a chitosan hydrogel formulation compared to the
ommon aluminium based antigen system.

In addition to particulate adjuvant systems, especially lipo-
omes have many advantages concerning their applications as
accine adjuvants because of their structural character. The pos-
tively charged DOTAP lipid in addition to cholesterol was chosen
or a liposomal adjuvant formulation in the present study. The pos-
tively charged ammonium group in the head region of the lipid
nables an easy penetration through negative charged cell mem-
ranes, and therefore the drug could be transferred easily and more
electively into targeted cells, e.g. dendritic or antigen presenting
ells (Nakanishi et al., 1997). Its potent immunological adjuvant
ffect was demonstrated by several scientists (Cui et al., 2004;
ujimura et al., 2006; Vangasseri et al., 2006). Moreover, the DOTAP
ipid may  feature cell-mediated immune response and anti-tumor
ctivity (Chen et al., 2008).

Next to its immunity enhancing effect, the manufacturability
nd stability of the formulation represents a main challenge for
he development of a suitable and potent adjuvant. The objective
f this study was the development of three different adjuvant
ystems for a hydrophilic model peptide and its physico-chemical
valuation over an observation time of 12 weeks (stored at

 = 2–8 ◦C). Aqueous dispersions as well as lyophilised powders of
hese adjuvants were investigated. The model peptide used was

 linear and hydrophilic decapeptide, which could be successfully
ncorporated in all three carrier systems and its entrapped amount
etween the three systems was compared. As indicators of suffi-
ient system stability, the morphology, size, PDI, zeta-potential,
H, and the determination of the incorporated peptide amount
ere selected. Sucrose was chosen as the cryoprotective agent for

ll lyophilised formulations and added in appropriate amounts to
tabilize the freeze-dried products.

. Materials and methods

.1. Materials

Poly(d,l-lactic-co-glycolic acid) 50/50 (PLGA), inherent vis-
osity 0.16–0.24 dl/g, was  purchased from Boehringer Ingelheim
Ingelheim, Germany). Polyvinylalcohol (PVA) (average mol  wt
0,000–70,000) and dextran sulphate (sodium salt, from Leu-
onostoc spp., average mol  wt 9000–20,000) was obtained from
igma–Aldrich (Steinheim, Germany). Chitosan (Chitosan 90/10,
hitoscience, 13 mPa  s) was produced by Heppe Medical Chitosan
mbH (Halle, Germany). For all liposomal experiments the lipid
,2-dioleoyloxy-3-trimethylammoniumpropane (DOTAP) chloride
MW:  698.54 g/mol) was used and obtained from Merck & Cie
Schaffhausen, Switzerland). Cholesterol (MW:  386.67 g/mol) was
urchased from Avanti Polar Lipids (Alabaster, USA).

Methanol, acetonitrile (both LiChrosolv®, gradient grade), chlo-
oform (SeccoSolv®, max  0.003% H2O), methylene chloride (pro
nalysi), ammonia acetate (pro analysi), ammonia solution 25%
EMSURE®), acetic acid (glacial, pro analysi), and sucrose (biochem-

stry purpose) were kindly donated by Merck KGaA (Darmstadt,
ermany). Purified water of MilliQ quality (MILLIPORE® Q-PODTM)
as used for all experiments. The peptide (IATFKNWPFL-OH, MW:

236.5 g/mol, purity determined by HPLC 99.2%) was  purchased
harmaceutics 421 (2011) 151– 159

from Peptisyntha, Inc. (Torrance CA, USA). For purifying the drug
delivery systems by dialysis Spectra/Por® dialysis membrane
(MWCO  6-8000, Spectrum Laboratories Inc., USA) was  used.

2.2. Methods

2.2.1. Preparation of peptide-loaded PLGA nanoparticles
The hydrophilic decapeptide was encapsulated in PLGA

nanoparticles using the double water/oil/water solvent evapora-
tion technique at room temperature (Coombes et al., 1998; Feczkó
et al., 2008). Briefly, the hydrophilic peptide (2 mg/ml) was  dis-
solved in 1% (w/v) PVA solution to form the inner aqueous phase.
The organic phase was obtained by dissolving 5% (w/v) PLGA in
methylene chloride. To form the w/o emulsion the two  phases
were combined and sonicated for 60 s (amplitude 42%) by a SONO-
PLUS HD 2070 (Bandelin). This w/o emulsion thereafter was poured
into the external aqueous phase containing 1% (w/v) PVA solved in
deionised water and also was sonicated for 30 s (amplitude 42%)
to obtain the final w/o/w emulsion. The three phases were used in
a ratio of 16/4/1 for outer aqueous/organic/inner aqueous phase.
Finally, the organic solvent was evaporated 3.5 h under stirring at
room temperature, and nanoparticles were formed due to polymer
precipitation. To restore the initial concentrations, the amount of
evaporated organic solvent was replaced by 1% (w/v) PVA solution.
Afterwards, the nanoparticle suspension was dialyzed 24 h with 5 l
of milli-Q water to wash out unbound peptide.

2.2.2. Preparation of peptide-loaded chitosan-dextran sulphate
microparticles

Chitosan microparticles were prepared in very mild conditions
based on the polyelectrolyte complexation technique at room tem-
perature by modifying the method of Chen and Calvo (Calvo et al.,
1997; Chen et al., 2003, 2007). Various preliminary experiments
were performed (data not shown) in order to determine optimal
concentration conditions for all solutions.

Firstly, a 0.175% (w/v) acetic acid solution was prepared as
already used by Chen et al. (2003).  0.1% (w/v) chitosan was  dis-
solved in the acetic acid solution, and 0.72 mg/ml peptide was
added. Due to the pH 3.2 of the acetic acid solution, the chitosan
molecule became positively charged and soluble. Separately, 0.1%
(w/v) dextran sulphate also was dissolved in a defined volume of
the 0.175% (w/v) acetic acid solution to form the oppositely charged
polymer solution. Next, the two phases were combined drop wise
by means of an Eppendorf pipette under magnetic stirring and
room temperature the 1.4 fold volume of acid dextran sulphate
solution slowly into the acid chitosan-peptide solution. The disper-
sion turned turbid and particles were formed spontaneously. The
final peptide concentration in the acidic chitosan-dextran sulphate
solution thus was 0.3 mg/ml.

After 30 min  of stirring, the particle suspension was  sonicated
for 60 s (amplitude 42%) with a SONOPLUS HD 2070 (Bandelin)
to homogenize the particles. To remove unentrapped peptide, the
particles were centrifuged (14,000 rpm, 15 min, 21 ◦C, Eppendorf
5804R), the supernatant was  collected for peptide entrapment
determination, and the obtained sediment afterwards was  sus-
pended in the same volume of milli-Q water. This purification
step was repeated three times (14,000 rpm, 8 min, 21 ◦C, Eppendorf
5804R).

2.2.3. Preparation of peptide-loaded DOTAP-liposomes
To embed the hydrophilic decapeptide in DOTAP-liposomes, the
lipid film hydration method (Bangham et al., 1965) with minor
modifications was used. On the basis of previous results, the
presence of cholesterol to stabilize the liposome membrane was
beneficial and therefore it was employed for liposome preparation.
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Briefly, the total lipid amount of 28.3 �mol/ml DOTAP and
holesterol 1:1 (�mol/�mol) was dissolved in a defined volume
f chloroform and filled in a 100 ml  round-bottom flask. A thin
lm was formed on the inner surface of the glass vessel by remov-

ng the organic solvent under reduced pressure (1–10 mbar) on
 rotary evaporator (Rotavapor R-134, Büchi, Essen, Germany) at
0 ◦C (water bath) for 1 h. The film then was stored at least for
2 h at 2–8 ◦C. The next day, the film was hydrated in a defined
olume (twice the volume for chloroform) of an aqueous peptide
olution (0.25 mg/ml, set to pH 9 with ammonia solution 25%) con-
aining 7% (w/v) sucrose as cryoprotector. The mixture was  shaken
y hand until all lipid film was dissolved. The dispersion turned
urbid and liposomes were formed. The liposome suspension was
omogenized with an Ultra-turrax (IKA®T10 basic Ultra-turrax®)

or 10 min  (grade 6, motor speed about 30,000/min) to obtain a
omogenous dispersion.

After preparation, all drug delivery system formulations were
nalyzed and immediately stored or freeze-dried and stored at

 = 2–8 ◦C.

.2.4. Physico-chemical characterisation of the drug delivery
ystems

The size, polydispersity index (PDI), and zeta-potential of the
article systems before and after freeze-drying were determined
y photon correlation spectroscopy (PCS) using a Malvern Zeta-
izer Nanoseries-ZS (Malvern Instruments, Worcestershire, UK).
riefly, a defined volume of the particle dispersions (20 �l of the
LGA nanoparticles and 2 �l of the DOTAP-liposome suspension)
ere diluted in 980 or 998 �l, respectively deionised water (fil-

ered before usage trough a 0.22 �m polystyrene filter) and filled
n a 1.5 ml  semi-micro disposable cuvette. For the zeta-potential

easurements folded capillary cells were used. The measure-
ents were performed at T = 25 ◦C with a detection angle of 173◦.
ata analysis was accomplished by the Malvern DTS software
nd reported as the z-average, the mean hydrodynamic diame-
er of the particles (average of two measurements, each involving
0 runs).

The micro-flow-imaging (MFI) technique with a DPA 4100 flow
icroscope (BrightWell Technologies Inc., Ottawa, Canada) was

sed for the size characterisation of the chitosan particle formu-
ations. The technique is based on digital microscopy. Particles in
olloidal formulations pass trough a flow-cell while images were
aptured by a digital camera. In each image every individual parti-
le was analyzed in size as well as morphology and the mean size
verage and the size distribution was determined with the sys-
em software (MVSS). The instrument is configured for particle size
ange of 0.75–300 �m.  25 �l of the chitosan-dextran sulphate par-
icle solution was diluted in 600 �l of milli-Q water. 350 �l of the
iluted sample was analyzed with a flow rate of 0.1 ml/min. The
ize of a particle was measured as the equivalent circular diameter
ECD) in microns.

The PLGA nanoparticle and chitosan-dextran sulphate
icroparticle morphology was characterised by a scanning

lectron microscope (SEM Supra 35, Carl Zeiss NTS GmbH,
ermany), whereas for DOTAP-liposome morphology analysis a

ransmission electron microscope (TEM, CM20, limitation 2.3 A,
EI®, Netherlands) and SEM (for the lyophilised end product)
ere used. For the SEM analysis of the PLGA nanoparticles and

he lyophilised DOTAP-liposomes, the freeze-dried cakes were
laced on a conductive sample appliance made of aluminium
nd sputtered with platinum. The chitosan microparticles were
ransferred in liquid form to the sample holder. In order to obtain
 very thin suspension for TEM imaging, the liposome dispersion
as diluted 1:5 (v/v) with milliQ-water and contrasted 1:1 (v/v)
ith 4% of a phosphotungstic acid (pH = 7.2). This dispersion was

ransferred to a copper grid and images were taken after drying.
harmaceutics 421 (2011) 151– 159 153

A 780 pH meter with a micro glass electrode (pH 1–11, Metrohm
AG; Zofingen, Switzerland) was  used to determine potentiometri-
cally the pH value of the different delivery systems before and after
freeze drying after calibration with known standards.

The residual moisture content in the freeze-dried drug delivery
systems was  measured by indirect coulometric Karl–Fischer-
titration using a 756 KF coulometer with a 774 oven sample
processor (Metrohm AG, Switzerland). 70 mg  of the lyophilised
samples were determined in duplicate at different temperatures
(150 ◦C for PLGA nanoparticles; 121 ◦C for chitosan micropartciles;
100 ◦C for freeze-dried liposomes) with a gas stream (flow rate
69 ml/min) of dry 0.3 nm nitrogen/air. The average values reported
are percentage of residual water content in the samples after
freeze-drying.

If not otherwise stated, all test results were run in triplicate and
reported as mean ± S.D.

2.2.5. Quantification of the chitosan-dextran sulphate
microparticle amount by gravimetry

To quantify the microparticle amount of the chitosan-dextran
sulphate formulation, 50 �l of the purified particle dispersion was
weighed into an aluminium pan and stored for 2 h at T = 80 ◦C in
a compartment dryer (Trockenschrank Serie ED 53, Firma Binder,
Germany). For cooling down, the pan was placed in a desicca-
tor for 30 min. After drying and cooling, the pan was weighed
again, and the particle amount in the dispersion was  calculated
by the difference between the weights. In order to determine the
amount of microparticles in the formulation, the particle disper-
sion was filtered through a polypropylen filter with a pore size
of 1.2 �m to separate the nanoparticle from the microparticle
fraction. The nanoparticle fraction was  then determined gravi-
metrically with a volume of 50 �l as described above and the
microparticle fraction was  calculated by the following equation
afterwards:

Microparticle fraction [%]

=
[

1 − nanoparticle amount [mg]
amount of all particle [mg]

]
× 100 (1)

2.2.6. Encapsulation efficiency and drug load of the hydrophilic
decapeptide into the drug delivery systems

To determine the encapsulation efficiency (EE) and drug load
(DL) after lyophilisation of the drug delivery systems, different
strategies were used in accordance with the different properties
of the three systems. In case of the freeze-dried formulations the
lyophilised cakes were reconstituted in 1 ml  of milliQ-water prior
to analysis.

To quantify the peptide amount in PLGA nanoparticles, 800 �l
of the particle suspension was centrifuged (14,000 rpm, 15 min,
Eppendorf 5804R) and 700 �l supernatant was removed. 350 �l
acetonitrile was added to the nanoparticle sediment to dissolve the
PLGA polymer and after that the same amount of water to dissolve
the hydrophilic peptide and to precipitate the polymer. The suspen-
sion was  vortexed, centrifuged again, and 700 �l of the supernatant
containing redundant peptide was  analyzed by HPLC (LaChrome
Elite, Merck Hitachi High-Technologies Corporation, Japan).

In the case of chitosan-dextran sulphate particles, it was  not pos-
sible to dissolve the particles. Therefore, the peptide was  quantified
indirectly by HPLC determination of the non-entrapped amount in
the collected supernatants during particle purification.

For the determination of entrapped peptide in DOTAP-

liposomes, the liposome dispersion was dialyzed for 24 h with 5 l
of a 7% (w/v) sucrose solution. This dialysis under constant osmotic
conditions maintained the stability of the liposomes. Subse-
quently, 500 �l acetonitrile was  added to 250 �l purified liposome
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Table  1
HPLC parameters for peptide quantification.

Parameters Drug delivery system

PLGA nanoparticles Chitosan-dextran sulphate
microparticles

DOTAP-liposomes

Column ZIC-HILIC (250 mm × 4.6 mm,
5 �m,  200 A)

Phenomenex (250 mm × 2.0 mm,
Jupiter 4 �m Proteo 90 A)

ZIC-HILIC (250 mm × 4.6 mm,
5 �m, 200 A)

Column  oven temperature [◦C] 30 50 20
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were performed.
All determinations were run in triplicate and reported as

mean ± S.D.

Table 2
Freeze-drying cycles of the different drug delivery systems.

Process step Process no.

(I) PLGA nanoparticles/
chitosan-dextran sulphate
microparticles

(II) DOTAP-
liposomes

Freezing
Plate temperature [◦C] −50 −50
Rate  [◦C/min] 3.7 0.5
Duration [h] 3 2

Annealing step involved
Primary drying

Plate temperature [◦C] −38 −38
Chamber pressure [mbar] 0.04 0.08
Duration [h] 48 48
Flow  rate [ml/min] 1 

Detection wave length [nm] 205 

Sample injection volume [�l] 20 

ispersion to dissolve the DOTAP lipid and precipitate the choles-
erol. The samples were vortexed and placed for 10 s in an ultrasonic
ath (Ultrasonic cleaner USC2100TH, VWR  International GmbH,
ermany). To separate the released peptide from the destroyed

iposomes, the samples were centrifuged (14,000 rpm, 15 min,
 = 21 ◦C, Eppendorf 5804R, VWR  International GmbH, Germany)
nd the peptide was determined in the supernatant by HPLC.

In Table 1 the parameters for HPLC analysis of the peptide con-
ent in the different drug delivery systems are summarised.

Results were calculated from linear regression of the peptide
oncentration range of 5 �g/ml to 0.5 mg/ml  in milliQ-water. All
eptide quantification tests were run in triplicate and the mean
alues are reported. The encapsulation efficiency (EE) and drug load
DL) of the peptide in the delivery systems are calculated according
o Eqs. (2)–(4).

Encapsulation efficiency for PLGA nanoparticles and DOTAP-
liposomes.

E [%] = effective peptide concentration [mg/ml] in drug delivery system
inital peptide concentration [mg/ml] in drug delivery system

× 100

(2)

Encapsulation efficiency for chitosan-dextran sulphate micropar-
ticles.

E [%] =
[

1 − effective peptide concentration [mg/ml] in supernatant
inital peptide concentration [mg/ml] in drug delivery system

]
× 100

(3)

Drug load calculation for all three particle systems.

L [%] = entrapped peptide amount [mg]
total polymer or lipid amount [mg]

× 100 (4)

.2.7. Freeze-drying of peptide-loaded drug delivery systems
For the PLGA and chitosan particles the cryoprotector sucrose

3% (w/v) for PLGA, respectively 5% (w/v) for chitosan) was weighed
nto 2 ml  glass vials (Fiolax, HGB 1/ISO 719, MGlas AG, Münnerstadt,
ermany) and 1 ml  of the particle dispersion was added. Thus, the
ucrose was not incorporated in the PLGA and chitosan particles in
ontrast to the DOTAP-liposomes. For the DOTAP-liposomes it was
ssential to integrate the cryoprotector sucrose (7% (w/v)) during
iposome preparation in order to ensure the stability of the lipo-
omes during lyophilisation by presence of the sucrose inside and
utside of the liposomes.
All vials were then closed with a lyophilisation stopper, shortly
ortexed, and placed in the freeze-drier afterwards (Com 6011;
of Sonderanlagenbau GmbH, Lohra, Germany). The freeze-drying
rotocols are given in Table 2.
0.4 1
210 205
20 20

In process I an annealing step was additionally involved, in that
the temperature was increased up to −15 ◦C for 2 h during freezing,
followed by cooling down to its originally adjusted temperature.
This step was  included to allow the ice crystals to grow in order to
achieve more porous and extra dry cakes. For the liposome lyophili-
sation (process II) this procedure was not carried out because of
unfavourable stress conditions for the liposomes discovered in pre-
vious experiments.

The primary drying temperature was −38 ◦C for all lyophilisa-
tion processes in accordance with the collapse temperature (TC) of
the sucrose which is around −31 ◦C varying with the chosen indica-
tions for onset of collapse (Cook, 2009; Duddu and Dal Monte, 1997;
Meister and Gieseler, 2009; Tang and Pikal, 2004). The TC is defined
as the maximum allowable product temperature during primary
drying where an amorphous product in the frozen state can main-
tain its structure. In order to ensure that the samples maintained
the temperature for complete solidification during primary drying,
a safety factor was added in the freeze-drying experiments.

After lyophilisation all samples were stored at T = 2–8 ◦C. Sam-
ples were reconstituted with 1 ml  of milliQ-water for stability
determination.

2.2.8. Stability studies of peptide-loaded drug delivery systems
The different preparations were stored at 2–8 ◦C for a period

of 12 weeks. Samples were taken after 0, 1, 2, 4, 6, 8, 12 weeks
and the following physico-chemical properties have been exam-
ined: (1) particle/liposome size and size distribution (=PDI), (2)
zeta-potential, (3) pH value and (4) incorporated peptide.

After consideration and description of the respective drug deliv-
ery system itself, a comparison to the other drug delivery systems
Secondary drying
Plate temperature [◦C] 25 35
Chamber pressure [mbar] 0.04 0.08
Duration [h] 12 6
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ing product cake showed insufficient stability (collapse, Fig. 2A)
followed by a decrease in particle homogeneity after freeze-drying
(PDIwithout cryoprotector 0.46 ± 0.09). In contrast, in the presence of
3% (w/v) sucrose (lyophilised with process I) the nanoparticle

Table 3
Residual moisture contents after freeze-drying of the three colloidal drug delivery
systems (mean ± S.D.; n = 2).
ig. 1. Morphology of the different peptide-loaded adjuvant drug delivery systems c
icles;  (B) and (C) chitosan-dextran sulphate microparticle agglomerates; (D) and (
he  presence of 7% sucrose (w/v).

. Results and discussion

.1. Morphology of adjuvant drug delivery systems

For the characterisation of the morphologies of the three
eptide-loaded drug delivery systems (poly[lactic-co-glycolide]
PLGA) nanoparticles, chitosan-dextran sulphate microparticles,
nd DOTAP-liposomes), different microscopic techniques for vesi-
le demonstration were used. The images are given in Fig. 1.

Freeze-dried PLGA nanoparticles (in presence of 3% (w/v)
ucrose) were analyzed by scanning electron microscope (SEM,
ig. 1A). Small spherical vehicles in the nanometer size range
400–600 nm)  with a smooth surface and without any irregular-
ties were observed. All particles formed individual units and no
article agglomeration appeared to have occurred.

The SEM pictures of the chitosan-dextran sulphate particles
aqueous formulation) are shown in Fig. 1B and C. The chitosan
articles formed particle agglomerates with different sizes ranging
rom 500 nm up to microns (Fig. 1B). These microparticle agglomer-
tes consisted of small individual and spherical nanoparticles, each
ith smooth surfaces (Fig. 1C). After lyophilsation the chitosan par-

icles had a similar agglomerated appearance, with microparticles
cattered all over the cyroprotector matrix (sucrose or trehalose,
espectively).

Firstly, the liposomes were analyzed by transmission micro-
cope (TEM, Fig. 1D and E) to demonstrate the membrane structure
f the hollow vehicles. For this purpose, single DOTAP-liposomes
placebo) were selected (Fig. 1D and E). These mapped liposomes
ere mostly spherical with sizes around 100 nm. Furthermore, to
emonstrate the liposome’s morphology after lyophilisation SEM
nalysis was investigated additionally and Fig. 1F confirmed the
xistence of intact liposomes after freeze-drying in the presence of
% (w/v) sucrose. Individual spherical elevations and holes could be

een in the picture (Fig. 1F) scattered over the sucrose matrix. These
pherical elevations showed intact liposome vehicles with diversity
n size (50–300 nm). The holes next to the liposomes were artefacts
aused by sample preparation.
d with SEM (A, B, C and F) and TEM (D and E). (A) shows freeze-dried PLGA nanopar-
gle DOTAP-liposomes (aqueous formulation); (F) lyophilised DOTAP-liposomes in

3.2. Determination of the residual moisture content after
freeze-drying

The residual moisture content after freeze-drying determined
for all formulations are shown in Table 3. For all systems the water
content was < 1%. Therefore, freeze-drying processes I and II led to
suitable dried products with a reasonable stability and long shelf
life (see below).

3.3. Stability studies of freeze-dried peptide-loaded drug delivery
systems

3.3.1. Size and size distribution (PDI) during 12 weeks of storage
(2–8 ◦C)

PLGA nanoparticles without sucrose were manufactured with a
size of 430 ± 30 nm and a PDI of 0.30 ± 0.04 before freeze-drying.
The aqueous suspension of the PLGA-particles was stable for only
a few days (at T = 2–8 ◦C), and already after one week the polymer
precipitated resulting in increasing size and PDI followed by the dis-
persion’s collapse. Therefore, for the PLGA drug delivery system the
lyophilisation of the particle dispersion was necessary. The pres-
ence of a sugar-based cryoprotector with an amount of at least 2%
(w/v) was essential to manufacture a stable PLGA product because
in the absence of a cryoprotector during freeze-drying the result-
Drug delivery system Residual moister content [%]

PLGA particles 0.19 ± 0.01
Chitosan-dextran sulphate particles 0.53 ± 0.02
DOTAP-liposomes 0.76 ± 0.2
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ammonium group in the head region of the DOTAP lipid. At a pH
of 9 the hydrophilic peptide was negatively charged due to its iso-
electric point of pKI = 7, and hence it could easily interact with the

Table 4
Zeta-potential and pH values before freeze-drying of the colloidal drug delivery
systems (mean ± S.D.; n = 3).

Drug delivery system Zeta-potential [mV] pH before
ig. 2. Lyophilised PLGA cakes freeze-dried by process I. (A) shows a collapsed cak
omogeneous PLGA cake, which was lyophilised in presence of 3% sucrose (w/v).

ize and PDI after freeze-drying (Fig. 3, Day 0, size = 410 ± 23 nm;
DI = 0.23 ± 0.01) and a compact and homogenous cake structure
Fig. 2B) were maintained. Furthermore, these data disclosed con-
tancy over the 12 weeks period (Fig. 3).

SEM analysis (Fig. 1B) indicated that the chitosan-dextran sul-
hate particles formed nanoparticle agglomerates in the micron
ize range. For this reason, the respective percentages of the
anoparticle content relative to the microparticle amount were
uantified gravimetrically after separation by filtration with a
.2 �m filter. About 80% of all peptide-loaded chitosan-dextran
ulphate particles were larger than 1.2 �m.  Therefore, the com-
lete microparticle fraction without prior filtration was analyzed
or stability testing. This formulation exhibited microparticles with
n average size of 1.9 ± 0.1 �m before freeze-drying. Fig. 3 shows
he microparticle size distribution over the time period of 12
eeks. On Day 0, the preparation was composed of 81% of par-

icles with sizes in the range between 1 and 2 �m,  15% with
izes between 2 and 5 �m and 3.4% between 5 and 10 �m.  The
verage size of the chitosan formulation after freeze-drying with
rocess I was 1.7 ± 0.07 �m.  The addition of 5% sucrose (w/v)
s cryoprotective agent after particle preparation was required
or stabilisation but had no influence on the particle sizes as
ith PLGA. In presence of 5% (w/v) sucrose the peptide-loaded

hitosan-dextran sulphate particle formulation showed a great
ake homogeneity, and during 12 weeks the particle size also stayed
onstant (Fig. 3). The corresponding aqueous formulation (with-
ut sucrose) equally stayed stable in particle size during 12 weeks
∼2.15 �m).

The DOTAP-liposomes prepared in the presence of 7% (w/v)
ucrose yielded sizes of 460 ± 40 nm and a PDI of 0.32 ± 0.09 before
reeze-drying. In contrast to the solid particle systems, the sugar
ased cryoprotective agent sucrose had to be already present dur-

ng liposome preparation, because as previously observed it was
ssential to maintain constant conditions inside and outside of the

iposome core. If the sugar was not incorporated into the liposome
nterior, freeze-drying resulted in complete peptide leakage due
o insufficient membrane stability. After lyophilisation (process
I) the DOTAP-liposome size decreased around 100 nm (Fig. 3, Day
cture obtained if sucrose is absent during freeze-drying, whereas (B) represents a

0; 360 ± 4 nm)  accompanied by a decrease in homogeneity (PDI
0.43 ± 0.04). These two parameters remained constant over the 12
weeks (Fig. 3). The corresponding aqueous liposomal formulation
in the presence of 7% (w/v) sucrose showed similar constant sizes
(∼425 nm)  and PDI (∼0.29) during storage (T = 2–8 ◦C) over this
time period.

3.3.2. Zeta-potential during 12 weeks of storage (2–8 ◦C)
Table 4 shows the zeta-potential of all three formulations before

freeze-drying. In all cases the zeta-potential was  high (irrespec-
tive of the positive or negative charge) thus leading to a high
stability against coalescence. PLGA and chitosan-dextran sulphate
formed negatively charged particle systems whereas DOTAP-
liposomes were positively charged. The high negative charge of the
chitosan-dextran sulphate particles was  due to an excess of free
(SO4

−)-groups. This excess of (SO4
−)-groups was also necessary

to entrap the hydrophilic peptide into these particles via elec-
trostatic bounds. Higher chitosan concentrations compared to the
amount of dextran sulphate resulted in positively charged particles
(chitosan/dextran sulphate 0.15/0.1% (w/v): 36 ± 0.3 mV; chi-
tosan/dextran sulphate 0.2/0.1% (w/v): 47 ± 1 mV)  as also observed
by the group of Sarmento et al. (2006) which in our case after
a short time led to a collapse of the dispersion and in the pre-
cipitation of the polymer. In contrast, the DOTAP-liposomes were
positively charged because of the positively charged quaternary
before freeze-drying freeze-drying

PLGA particles −30 ± 0.6 4.8 ± 0.2
Chitosan-dextran sulphate particles −50 ± 1 4.8 ± 0.04
DOTAP-liposomes +55 ± 0.6 7.9 ± 0.3
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Fig. 3. Particle size and size distribution of different colloidal freeze-dried drug delivery system formulations during 12 weeks of storage (T = 2–8 ◦C, mean ± S.D.; n = 3). PLGA
a an mic

D
l

c
t
d

d
o
n

nd  DOTAP size were analyzed using a Malvern Zetasizer Nanoseries-ZS, the chitos

OTAP lipid resulting in its encapsulation into the hollow aqueous
iposome core.

All drug delivery systems maintained their original surface
harges after freeze-drying (Fig. 4, Day 0). Consequently the addi-
ion of sucrose did not influence the initial surface charge of the
rug delivery systems.
During 12 weeks of storage (T = 2–8 ◦C) all freeze-dried drug
elivery systems exhibited constant zeta-potential results. Aque-
us preparations of chitosan and DOTAP formulations also showed
o significant differences in zeta-potential behaviour compared
roparticles by micro-flow-imaging (MFI).

to their respective freeze-dried formulations during 12 weeks of
storage.

3.3.3. pH value observation during 12 weeks of storage (2–8 ◦C)
In Table 4 the initial pH values of all three drug delivery systems

after preparation and before freeze-drying are presented. PLGA

and chitosan peptide-loaded particle based systems showed simi-
lar acidic pH values before freeze-drying. The pH was  adjusted to 9
with 25% ammonia solution to ensure beneficial alkaline conditions
for peptide incorporation into the liposomal DOTAP formulation.
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Fig. 4. Zeta-potential of different colloidal freeze-dried drug delivery sy

fter peptide addition and liposome preparation the pH dropped
o 7.9 (Table 4).

The resuspended freeze-dried PLGA and chitosan-dextran sul-
hate formulations maintained their pH after lyophilisation and
uring storage (Fig. 5). Consequently the cryoprotector sucrose did
ot influence the pH of the freeze-dried formulation (Table 4 versus
ig. 5, Day 0). In contrast to the sizes and zeta-potential the pH
ropped in aqueous chitosan particle formulation during storage.
fter 8 weeks of storage a small pH decrease was observable, and
lready after 12 weeks the pH dropped to 4.4 ± 0.04.

The pH of the reconstituted DOTAP-liposome formulation
ecreased to a pH of 6.6 ± 0.07 (Day 0, Fig. 5) after freeze-drying.
he addition of a buffer system in combination with the hydrophilic
eptide was not possible because flocculation accompanied by a
upture of the liposomes occurred. Nevertheless the pH of the
reeze-dried liposomal DOTAP formulation remained constant at
6.6 for 12 weeks of storage (Fig. 5). In contrast, the aqueous lipo-

omal formulation showed a decrease from pH 6.6 to 5.7 ± 0.04
fter 4 weeks and to 5.2 ± 0.04 after 12 weeks.

.3.4. Determination of incorporated peptide during 12 weeks of
torage (2–8 ◦C)

The three drug delivery systems showed substantial differences
n peptide loading respectively the encapsulation efficiency (EE)
ue to their different physico-chemical properties. The EE into
LGA particles was the lowest compared to all three carrier sys-
ems with a value of about 15% and a drug load (DL) of 0.15%
efore freeze-drying due to the required high polymer amount

initial peptide/polymer ratio 1/100 (w/w)). The positively charged
OTAP-liposomes facilitated the entrapment of the peptide. The
djustment of the pH to 9 resulted in an entrapment of the peptide
ith an EE of about 20% before freeze-drying. The corresponding

Fig. 5. pH values of different colloidal freeze-dried drug delivery system fo
formulations during 12 weeks of storage (T = 2–8 ◦C, mean ± S.D.; n = 3).

DL was 0.33 ± 0.03%. The highest entrapment of the peptide was
achieved with the chitosan-dextran sulphate particles. Up to 90%
(EE) of the initial peptide amount was incorporated into the chi-
tosan particles with a DL of 27 ± 0.6%.

The encapsulation efficiencies after freeze-drying of all drug
delivery systems are given in Fig. 6 on Day 0. After lyophilisation the
entrapment of the hydrophilic peptide decreased slightly around
15–17% for both, PLGA and chitosan-dextran sulphate particles.
This can be explained by the centrifugation for peptide entrap-
ment analysis (explained in Section 2.2 above), whereby peptide
could have been squeezed out due to the high centrifugation
forces. Regarding the encapsulation of the hydrophilic peptide into
DOTAP-liposomes after freeze-drying, the entrapment was actu-
ally slightly improved with the support of peptide from the outer
media.

The encapsulation efficiencies of the peptide in all drug deliv-
ery systems remained constant for 12 weeks of storage (T = 2–8 ◦C).
In contrast, the corresponding aqueous formulations showed no
adequate peptide encapsulation stability except for the DOTAP-
liposomes. The liquid PLGA particle dispersion was  not stable for 2
weeks. After 8 weeks of storage (T = 2–8 ◦C) the aqueous chitosan-
dextran sulphate dispersion released about 30% of the peptide. Only
the aqueous DOTAP-liposome formulation showed no significant
difference compared to the freeze-dried formulation (EE ∼20%)
when peptide also was  present in the outer media. The peptide con-
tent remained constant without structure degradation in aqueous
media at a pH of 5 or 7 during 12 weeks (T = 2–8 ◦C).

Interestingly, if the lyophilisation process was performed at a

primary drying temperature above the critical temperature of the
products (TC sucrose = −31 ◦C), the peptide binding was much less
stable resulting in leakage after 8 weeks similar to the correspond-
ing aqueous formulations, although the optical appearance of the

rmulations during 12 weeks of storage (T = 2–8 ◦C, mean ± S.D.; n = 3).
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Fig. 6. Encapsulation efficiencies of different colloidal freeze-dried drug deliv

yophilised cake was homogenous and no structural deficits were
bservable. This was seen in PLGA and chitosan exploratory formu-
ation experiments when freeze-drying was performed at a primary
rying temperature of −23 ◦C. Consequently, also the lyophilisa-
ion process by itself has an influence on the long term stability
f a lyophilised product, and, hence, adequate conditions of the
yophilisation parameters have to be developed and ensured for
uccessful product stability.

. Conclusions

This study represents a comparison of the successful encapsu-
ation of a hydrophilic model peptide within three different drug
elivery systems, to be used as immunity enhancing adjuvant.
LGA nanoparticles, chitosan-dextran sulphate microparticles, and
OTAP-liposomes were effectively loaded with the hydrophilic
odel peptide. All three systems were stable after lyophilisa-

ion at a primary freezing temperature below −38 ◦C and addition
f sucrose as a cryoprotector. The respective high negative and
ositive charges also ensured a good colloidal stability. Concern-

ng entrapment efficacy the optimal system appeared to be the
hitosan particles. Only in the case of the DOTAP-liposomes it
as possible to also formulate aqueous preparations that showed

ufficient stability concerning peptide encapsulation for at least
2 weeks. The chitosan-dextran sulphate system as well as
he DOTAP-liposomes may  be preferred over the PLGA systems
rom a pharmaceutical perspective for the encapsulation of the
ydrophilic model peptide due to a more efficient preparation pro-
edure. In summary, this study has shown a successful and stable
eptide loading of different delivery systems which may  be con-
idered for vaccination.
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