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Abstract

Sterility is required as stated by compendial requirements and registration authorities worldwide for an injectable drug carrier system. In this
study, injectable nanospheres and nanocapsules prepared from amphiphilic�-cyclodextrin,�-CDC6, were assessed for their in vitro properties
such as particle size distribution, zeta potential, nanoparticle yield (%), drug entrapment efficiency and in vitro drug release profiles. Different
sterilization techniques such as gamma irradiation and autoclaving were evaluated for their feasibility regarding the maintenance of the above
mentioned nanoparticle properties after sterilization. It was found that amount these techniques, sterilization with gamma irradiation seemed tobe
t me chemical
c utoclaving
c nanoparticl
i s ver
T adiation.
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he most appropriate technique with no effect on particle size, drug loading and drug release properties. Gamma irradiation causes so
hanges on�-CDC6 observed as changes in zeta potential but this does not lead to any significant changes for nanoparticle properties. A
aused massive aggregation for the nanoparticles followed by precipitation, which led to the conclusion that excessive heat disruptede
ntegrity. Sterile filtration was not feasible since nanoparticle sizes were larger than the filter pore size and the yield after sterilization way low.
hus, it can be concluded that blank and drug loaded�-CDC6 nanospheres and nanocapsules are capable of being sterilized by gamma irr
2005 Elsevier B.V. All rights reserved.
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. Introduction

Sterility is a crucial factor for drug delivery systems that
re to be directly injected into the organism. Injectable nano-
r microparticles can be sterilized by a number of techniques
ll with considerable advantages and drawbacks. Regard-

ng injectable nanoparticles, alternative sterilization techniques
nclude membrane filtration, gamma irradiation, autoclaving,
thylene oxide sterilization and high hydrostatic pressure steril-

zation.
Membrane filtration is a safe technique based on physical

emoval of present microorganisms that does not require exces-
ive heat or radiation causing irreversible effects on the nanopar-
icles or the encapsulated drug. However, it is very much limited
o the size of the particles. Nanoparticles with size exceed-
ng 200 nm are not appropriate for this kind of sterilization.
everal authors have stated that filtration is not an effective
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sterilization method since nanoparticles are similar in siz
contaminants and also the filter pore size. Moreover, ela
ity and size of the nanoparticles could lead to clogging of
filtration membranes (Allemann et al., 1993; Magenheim a
Benita, 1991). Adsorption of the nanoparticle material to the
ter is another drawback of this technique reducing the yield o
finished product.

Heat sterilization by autoclaving is a highly effective te
nique involving high temperatures (120◦C), which may influ-
ence decomposition or degradation of active ingredient as
as the nanoparticle material, i.e., polymer. An increase in si
nanocapsules from 200 to 500 nm was reported after mois
sterilization where Miglyol is used as oil phase surrounde
poly(isobutylcyanoacrylate) (Rollot et al., 1986). This increas
in size was attributed to either the swelling of polymeric m
brane or expansion of oily phase. No change in size was obs
for nanospheres.

Sterilization by gamma irradiation is also an effective met
accepted by European Pharmacopeia. The main advantag
high penetration power and the isothermal character of ga
rays that allows suitable treatment for heat-sensitive mate
378-5173/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2005.12.013
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Moreover, gamma irradiation assures homogeneous sterilization
and is useful for packaged products, thus avoiding further risk of
microbial contamination. However, gamma irradiation also may
exert serious effects on the drug delivery system (Sintzel et al.,
1997). Energy transfer may induce fragmentation of covalent
bonds and production of free radicals that, in turn, are respon-
sible for the majority of the damage that occurs to irradiated
materials as a consequence of chemical attack, e.g., radiation
could cause alteration of physicochemical properties, decrease
of the amount of active ingredient by partial decomposition or
create molecular fragments that may result in a toxicological
hazard (Boess and B̈ogl, 1996; Sintzel et al., 1997; Masson et
al., 1997).

Amphiphilic cyclodextrins have been widely investigated as
excipients for drug delivery systems in the form of nanoparti-
cles since the last decade (Duchene et al., 1999). They have been
reported to give stable nanospheres and nanocapsules without
the presence of surfactants achieving high encapsulation effi-
ciency and reduction of burst effect in drug release (Memisoglu
et al., 2002, 2003). These nanoparticles are designed for
injectable carriers mostly for anticancer agents so sterility is
an important factor in the manufacturing of cyclodextrin-based
nanoparticles.

The objective of this study is to assess the feasibility of ster-
ilization with different techniques employing heat or gamma-
irradiation for the first time on amphiphilic�-CD nanoparticles.
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Fig. 1. �-CDC6, selectively substituted and pure amphiphilic�-cyclodextrin
per-modified on the secondary face with 6C aliphatic esters.

Eppendorf injector under room temperature at constant stirring
to an aqueous phase consisting only of deionized water. Organic
solvent was evaporated under vacuum to give nanosphere dis-
persion of desired volume, which was 2 mL in this study. To
obtain nanocapsules, the only difference is the addition of 50�L
of Miglyol 812®, to the organic phase. Organic/aqueous phase
ratio was kept at 1:2 (v/v) for nanospheres and nanocapsules.

2.2.1.2. Preparation of drug loaded nanoparticles. Tamoxifen
citrate loaded nanoparticles were prepared with a novel tech-
nique reported previously (Memisoglu et al., 2003). In this
technique, nanoparticles are prepared directly from pre-formed
drug:amphiphilic �-CD inclusion complexes. Tamoxifen:�-
CDC6 inclusion complexes of 1:1 molar ratio were prepared
by co-lyophilization technique and characterized by DSC, FT
IR spectroscopy, SEM and MALDI TOF as 1:1 inclusion com-
plexes (unpublished results). Fixed amounts of tamoxifen citrate
and�-CDC6 are readily soluble in ethanol were dissolved in
20 mL ethanol. Then 40 mL water is added to obtain a suspen-
sion of drug and cyclodextrin. Suspension is left to equilibrate
under stirring for 7 days at room temperature and ethanol was
evaporated under vacuum to give an aqueous suspension which
was then lyophilized (HETO Lyolab Freeze Dryer, UK) yielding
the complex in powder form.

Nanoparticles were prepared by weighing and dissolving the
T tion
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ffect of sterilization technique on nanoparticle properties
s size, zeta potential, drug loading, in vitro drug release,
al behavior and nanoparticle yield was assessed for th

ime for amphiphilic�-cyclodextrin nanoparticles in a comp
ensive approach.

. Material and methods

.1. Materials

Amphiphilic �-cyclodextrin modified on the secondary fa
ith 6C aliphatic esters,�-CDC6, was synthesized and pu
ed as described previously. The chemical structure, purity
elective substitution of�-CDC6 were previously describ
y different techniques such as H NMR spectrometry, Fo

ransform infrared spectroscopy, elemental analysis and
tom bombardment mass spectrometry (Memisoglu et al., 2002)
Fig. 1). Miglyol 812® (Condea Chimie, Germany), trigyceri
f capryc/caprylic acid was used as oil in the preparatio
anocapsules, Tamoxifen citrate, model drug, was a kind
f Teva Pharmaceuticals Inc. (Israel). Acetone was extra
Carlo Erba, Italy) for the preparation of nanoparticles. All o
eagents were of analytical grade and were used as receiv

.2. Methods

.2.1. Nanoparticle preparation

.2.1.1. Preparation of blank nanoparticles. Nanoprecipita
ion technique was used (Fessi et al., 1998) to prepare th
anoparticles. Briefly,�-CDC6 (1 mg) was dissolved in ac

one (1 mL) to give an organic phase, which was added wi
MX:�-CDC6 complex (1 mg) in acetone and further addi
f drug solution containing 200�g TMX in the organic phas
uring preparation. Organic phase was added to aqueous
s described in Section2.2.1.1and nanoparticles were obtain
fter evaporation of organic solvent.

.2.2. Sterilization of nanoparticles

.2.2.1. Autoclaving (heat sterilization). Samples were divide
nto two groups of equal volume after preparation. They wer
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into glass vials, which were sealed with rubber stoppers and alu-
minum caps. One group was sterilized at 121◦C for 20 min while
the other group (reference) was kept at 8◦C for comparative
evaluation of physicochemical properties with their sterilized
analogue.

2.2.2.2. Gamma irradiation. Irradiation was performed at
room temperature using a60Co irradiator (Gamma 220) avail-
able at Turkish Atomic Energy Agency Facility (Saray, Ankara)
at the dose rate of 1.88 kGy/h. Samples in rubber-stopped and
aluminum cap-sealed Type I glass vials were irradiated at a dose
of 25 kGy. Non-irradiated samples were kept as reference for
further comparison.

2.2.3. Evaluation of nanoparticles
2.2.3.1. Nanoparticle yield. Non-sterile and sterile, blank and
drug-loaded nanoparticle aqueous dispersions were lyophilized
using HETO PowerDry PL3000 Freeze Dryer, Denmark. Result-
ing powder was weighed. The ratio of sterile nanoparticle sample
to its non-sterile analogue was determined as nanoparticle yield
indicating nanoparticle loss during sterilization process using
the following equation:

Nanoparticle yield= Weight of sterile nanoparticle

Weight of non-sterile nanoparticle
× 100.
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initial ultracentifugation, supernatant was subject to ultracen-
tifugation at 120,000× g for 1 h and the resulting supernatant
was lyophilized. Powder obtained after lyophilization was dis-
solved in alcohol and analyzed for free TMX by UV spectropho-
tometry. Analytical method of tamoxifen citrate quantification
by UV spectrophotometry was validated (linearityr2: 0.9997,
repeatability CV: 0.04%, reproducibility: CV: 0.88%, specifity
confirmed).

Loading capacity was expressed in terms of entrapment effi-
ciency. Entrapment efficiency is the amount of drug (�g) asso-
ciated per unit CD (mg) in the nanoparticles.

2.2.3.5. In vitro drug release. Release profiles of tamoxifen cit-
rate from sterile and non-sterile nanosphere and nanocapsule
formulations were determined in 20 mL of isotonic phosphate
buffer solution pH 7.4 containing 1% polysorbate 80 providing
sink conditions in a thermostated bath system (TMX solubility
in release medium: 200�g/mL) (Memmert, Schwabach, Ger-
many) at 37◦C with a nanoparticle/medium ratio of 1/20 with
an agitation of 150 rpm. Samples were withdrawn at given time
intervals and replaced with fresh buffer solution maintained at
the same temperature. Samples were ultracentifuged to pre-
cipitate nanoparticles and supernatant was then analyzed for
tamoxifen citrate with UV–vis spectrophotometry using an ana-
lytically validated method (r2: 0.9999, CV < 2%) at 299 nm.
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.2.3.2. Particle size evaluation. Particle size distribution o
terile and non-sterile nanospheres and nanocapsules wer
ured using a Coulter Nanosizer N4 Submicron Particle
nalyzer (Coulter Langley Ford Instruments, USA) with m
article size (diameter, nm± S.D.) and polydispersity index (P
etermined by Photon Correlation Spectroscopy. Measurem
ere realized in triplicate at a 90◦ angle at 20◦C. Nanoparticle
ispersions of intensity between 104 and 106 cps were analyze

or 90 s.

.2.3.3. Zeta potential analysis. Zeta potential of nanopar
le dispersions was measured by Malvern Zetasizer Nan
Malvern Instruments, UK) in triplicate among sterile and n
terile batches to assess the surface charge and thus, the s
f nanosystem and the effect of different sterilization techni
n this parameter. Zeta potential of nanospheres and nan
ules were measured in aqueous dispersion of 1 mM NaC

.2.3.4. Drug encapsulation efficiency. Loaded drug quantit
as determined according to the following procedure: unbo
rug was separated by centrifugation at 30,000× g for 10 min
nd the precipitate was discarded. Supernatant was then
entrifuged at 120,000× g at 25◦C for 1 h by a Sorvall RC28
ith fix rotor type s20/20 (DuPont, USA) to precipitate
anoparticles and the encapsulated drug. Precipitate wa

yophilized and resulting powder containing the loaded nano
icles was dissolved in ethanol to obtain a clear solution and
yzed UV spectrophotometrically (Shimadzu UV160A, Be

an Instruments, Munchen, Germany). To confirm tha
nbound TMX is left in the nanosphere dispersion after
a-
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. Results

Sterilization techniques were evaluated for their effec
anoparticle characteristics. The first evaluated property
anoparticle yield. As seen inTable 1, gamma irradiation an
utoclaving techniques do not have any significant influenc
anoparticle yield. However, filtration directly affects the yi
ince nanoparticle size is very close to filter pore size. Yield
ltration is very low which makes this sterilization techniq
nappropriate for amphiphilic cyclodextrin nanoparticles as
s nanoparticle yield is concerned.

Particle size of nanospheres and nanocapsules were
ined on sterile and non-sterile samples.Table 2summarizes th
ean diameter and polydispersity index values of nanosp
nd nanocapsules after autoclaving and gamma sterilizatio
een in table, gamma irradiation does not seem to have any
n particle size and polydispersity index. However, alterna

echnique, autoclaving, has a direct impact on nanoparticle
anoparticles tend to aggregate at high temperature emp

n autoclaving which leads to increased particle size and p
ispersity index.

Zeta potential values indicate changes in chemical s
ure of either amphipilic cyclodextrin or active ingredient a

able 1
ield (%) of �-CDC6 nanoparticles after different sterilization techniques
ulated in reference (100%) to non-sterile samples (n = 6, S.D.)

Autoclaving Gamma irradiatio

anosphere 82± 3 98 ± 2
anocapsule 74± 6 97 ± 1
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Table 2
Mean diameter (nm) and polydispersity index (PI) of blank and drug-loaded
nanospheres and nanocapsules after different sterilization techniques (n = 3,
S.D.)

Non-sterile Autoclaved Gamma irradiated

Blank nanosphere 205/0.02 690/0.89 200/0.08
Blank nanocapsule 290/0.1 730/0.76 272/0.12
Tamoxifen citrate loaded

nanosphere
235/0.10 805/0.80 240/0.04

Tamoxifen citrate loaded
nanocapsule

310/0.09 786/0.66 297/0.03

sterilization. This is particularly important for the gamma irra-
diation technique since it is known that radiation causes irre-
versible chemical changes in polymer structure and most active
ingredients (Boess and B̈ogl, 1996; Sintzel et al., 1997). Fig. 2
indicates slight changes in zeta potential of both blank and
drug-loaded nanospheres and nanocapsules suggesting chemi-
cal changes due to irradiation or heat in the structure of�-CDC6.
However, these changes are believed to be indicative of a change
in physicochemical properties of�-CDC6 such as increase in
aqueous solubility of�-CDC6 due to fragmentation of some of
the long aliphatic chains aligning the surface of the molecule.
This hypothesis is also confirmed by in vitro release profiles of
�-CDC6 nanoparticles.

Fig. 3 demonstrates that gamma irradiation has no signif-
icant effect on entrapped drug quantity for nanospheres and
for nanocapsules. However, autoclaving causes a significant
reduction in drug entrapment since excessive heat disrupts the
nanoparticle integrity and causes the loss of considerable amount
of active ingredient as observed inFig. 3.

In vitro release profiles of nanospheres and nanocapsules
were determined as shown inFig. 4. Release profiles are not
significantly different than each other indicating that although
there may be possible chemical changes in�-CDC6 structure
these changes do not alter the release behavior of the nanosphere
or nanocapsule for the model drug tamoxifen citrate.

F es
a oxifen
l

Fig. 3. Entrapped drug quantities (�g/mL) of nanospheres and nanocapsules
loaded with tamoxifen citrate after different sterilization techniques (n = 3).

Fig. 4. In vitro drug release profiles of sterile (gamma irradiated) and non-sterile
nanoparticles in isotonic PBS pH 7.4 containing 1% polysorbate 80 at 37◦C (NC:
nanocapsule, NS: nanosphere) (n = 6, S.D.).

4. Discussion

Effects of each sterilization technique will be further dis-
cussed in this section in the light of data obtained. Sterile filtra-
tion through 0.22�m membrane filters may be considered as an
alternative method for chemically or thermally sensitive mate-
rial since it has no adverse effect on the polymer or the drug. It
is merely a physical removal of microorganisms. In fact, many
drug delivery systems in the form of liposomes, microemulsions
or nanoparticles below 200 nm size have been successfully ster-
ile filtered (Martin, 1990; Lidgate et al., 1992; Zheng and Bosch,
1997; Konan et al., 2002, 2003). However, this technique is not
suitable when the nanoparticle size is larger or close to 220,
when the size distribution is not narrow enough, when the drug
is adsorbed on the particle surface and when the nanoparticle dis-
persion is too viscous (Allemann et al., 1993; Magenheim and
ig. 2. Zeta potential (mV) values of amphiphilic�-cyclodextrin nanospher
nd nanocapsules (NS, nanosphere; NC, nanocapsule; TMX NS, tam

oaded nanosphere; TMX NC, tamoxifen loaded nanocapsule) (n = 3).
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Benita, 1991). These factors lead to membrane clogging and
make filtration of samples impossible. In the case of�-CDC6
nanoparticles, sterile filtration was not feasible since nanosphere
and nanocapsule sizes were around 280–300 nm. Nanoparticle
yields were very much reduced (more than 95%) and even after
pre-filtering through 0.45�m, the same effects were observed.

As far as heat sterilization is concerned, it is known that
polymeric nanoparticles are prone to degradation at elevated
temperatures due to the generally low glass transition tempera-
ture of polymers and surface modifiers they contain (Athanasou
et al., 1996). Consequently, nanoparticle properties are altered
to cause aggregation and flocculation, which makes heat steril-
ization a difficult approach (Sommerfeld et al., 1998). Although
�-CDC6 nanoparticles are not of polymeric nature, hydrolysis
reactions induced by heat may have caused chemical modifica-
tions leading to aggregation and significant increase in particle
size. It has been reported previously that polyesters are degraded
by hydrolysis when autoclaved (Athanasou et al., 1996) suggest-
ing a possible degradation of ester structure of�-CDC6 seen in
Fig. 1.

On the other hand, surfactants included in nanoparticle for-
mulations were also reported to have an important effect on
particle aggregation after autoclaving. In fact, aggregation upon
heating is directly related to the precipitation and/or phase sep-
aration of the surface modifier at a temperature above its cloud
point where this molecule is likely to dissociate from the particle.
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chains surrounding the�-CDC6. The cross-linking and rela-
tive stabilizing effect of irradiation on polysaccharides including
starch are known and�-CDC6 nanoparticles may also be sub-
ject to these changes which effect mainly the side chains of
polysaccharide derivatives (Bartolotta et al., 2005; Yoshii et
al., 2003; Wach et al., 2003). Zeta potential values indicate a
certain change in overall charge of the system. This change
is observed both for blank and drug-loaded nanoparticles. If
this is the result of chemical degradation of tamoxifen citrate,
drug-loading values should be an indicative for this. However,
loading data demonstrate gamma irradiation has no effect on
entrapped drug quantity. Tamoxifen citrate UV spectrum also
shows no change after irradiation with gamma rays. Gamma
irradiation causes an increased release rate in particles due to the
radiolytic degradation of the polymer (Faisant et al., 2002). How-
ever, amphiphilic�-cyclodextrin nanoparticles do not undergo
this effect and maintain their release properties after gamma
irradiation. Even though zeta potential measurements indicate
chemical changes in�-CDC6 structure, these changes are not
sufficient to cause alterations in drug release profiles.

Other complicated or expensive techniques could also be used
for nanoparticle sterilization involving high hydrostatic pres-
sure (Brigger et al., 2003) maintaining nanoparticle integrity
or chemical sterilization with ethylene oxide which may lead
to toxic residues and difficulty in redispersion of nanoparticles
after sterilization (Sommerfeld et al., 1998). However, the most
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everal authors have proposed the use of different subst
o increase the cloud point of surfactant above the tem
ure required for sterilization (i.e., PEG400, propylene gly
tc.) (Hollister, 1993; Na, 1993). Amphiphilic �-cyclodextrin
anoparticles do not contain additional surfactants in their
ulation but the amphiphilic�-cyclodextrin itself is a prove

urface-active agent (Ringard-Lefebvre et al., 2002) with a cal-
ulated HLB value of 8.9, which may be acting similar to ot
urfactants and dissociate to destroy nanoparticle integrity
ay explain the fact that upon autoclaving, massive agg

ion is observed in nanospheres and nanocapsules. The
ngredient is not thermolabile, however, autoclaving cause�-
DC6 to behave as a surface-active agent and to diss

rom the nanoparticle at temperatures higher than its c
oint. The molecule then precipitates or forms larger ag
ates. Meanwhile, entrapped drug is liberated to a certain e
nd precipitates, too. This may be the cause of reduced
ntrapment observed after autoclaving of�-CDC6 nanoparti
les. Although heat sterilization may be successfully app
ithout altering nanoparticle characteristics in some sys

Venkateswarlu and Manjunath, 2004), it does not seem to be
ppropriate technique for the sterilization of�-CDC6 nanopar

icles.
Gamma irradiation presents an effective alternative as f

anoparticle characteristics such as entrapment efficienc
n vitro drug release are concerned. Particle size is not aff
y radiation, which suggests physical stability of nanop
les after sterilization. Significant changes are observed fo
otential values both for blank and drug-loaded nanosph
nd nanocapsules. This may be attributed to the fragmen
f covalent bonds and probably partial breaking up of the
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ppropriate technique for amphiphilic�-cyclodextrin nanopart
les seem to be gamma irradiation considering the maintain
hysicochemical characteristics such as particle size, nan

icle yield, zeta potential, drug loading and in vitro release.

. Conclusion

Sterilization of injectable nanoparticles is a major challe
n the designing of appropriate drug delivery systems. Am
ifferent alternatives such as sterile filtration, autoclaving
amma irradiation, the latter seem to be most promising
ique which does not alter nanoparticle characteristics ens
terility of injectable nanoparticles.
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