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Nanoparticles consisting of human serum albumin (HSA) play an emerging role in the development of new
drug delivery systems. Many of these protein-based colloidal carriers are prepared by the well-known
desolvation technique, which has shown to be a robust and reproducible method for the laboratory-scale
production of HSA nanoparticles.

The aim of the present study was to upscale the ethanolic desolvation process utilizing the paddle
stirring systems Nanopaddle I and II in combination with a HPLC pump in order to find the optimal

ﬁ?;\words" conditions for the controlled desolvation of up to 2000 mg of the protein.
Albumin For characterization of the HSA nanoparticles particle size, zeta potential as a function of the pH,

polydispersity index and particle content were investigated. The particle content was determined by
microgravimetry and by a turbidimetry to allow optimized in-process control for the novel desolvation
technique. Furthermore the sedimentation coefficient was measured by analytical ultracentrifugation
(AUC) to gain deeper insight into the size distribution of the nanoparticles.

The formed nanocarriers were freeze dryed to achieve a solid preparation for long-term storage and
further processing. Particles ranging in size between 251.2 +27.0 and 234.1 + 1.5 nm and with a polydis-
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persity index below 0.2 were achieved.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Research over the last decade has found human serum albumin
(HSA) to be a promising material for the preparation of modern
drug carrier systems. These nanocarriers can easily be prepared
by ethanolic desolvation and allow the binding of a variety of dif-
ferent molecules either by incorporation, adsorption or through
covalent modification of the nanoparticle surface (Wartlick et al.,
2004b; Anhorn et al.,, 2008b; Kufleitner et al., 2010a,b; Wacker
et al,, 2010; Wagner et al.,, 2010; Low et al., 2011). Other techno-
logical approaches such as the one used by nab technology™ are
of advantage especially for poorly soluble drugs (Henderson and
Bhatia, 2007). However, a covalent stabilization or surface function-
alization of these nanocarriers is difficult because of the residues of
dissolved HSA in the resulting suspension. Nanoparticles obtained
by the ethanolic desolvation of human serum albumin (HSA) allow
these modifications (Wartlick et al., 2004a; Michaelis et al., 2006;
Zensi et al., 2009, 2010) to be carried out.
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In principle, HSA precipitates due to the controlled addition of
ethanol to a solution of the protein followed by the stabilization of
albumin nanoparticles with a chemical crosslinker. The lab-scale
preparation of these nanoparticles has become a standard method
but an industrial production based on ethanolic desolvation has not
yet been established.

Whilst an increasing number of new chemical and biological
entities exhibit poor water solubility, insufficient bioavailability,
and/or stability, a high availability of the nanosized carrier material
will be of advantage for the investigation of novel drug delivery
systems. A cost-effective and reproducible large-scale preparation
technique can provide high amounts of these HSA nanoparticles
for the drug formulation which can be used for preclinical and/or
clinical research.

The ethanolic desolvation process has been proposed to be a
robust method which allows the particle size and polydispersity
index to be controlled by varying the ion strength, pH, HSA con-
centration, and stirring speed (Langer et al., 2003). However, one
disadvantage of the existing preparation methods is the choice of
magnetic stirring bars which have little suitability for the upscaling
of the production method because of the variable stirring speed,
decreased stirring efficiency for larger volumes, irregular hydro-
dynamics, and friction between the bottom of the vessel and the
stirrer inside the reaction vial.


dx.doi.org/10.1016/j.ijpharm.2011.04.046
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:wacker@em.uni-frankfurt.de
dx.doi.org/10.1016/j.ijpharm.2011.04.046

226 M. Wacker et al. / International Journal of Pharmaceutics 414 (2011) 225-232

Furthermore, since a variability in the solvent flow was pre-
viously observed during the desolvation process because of the
peristaltic pump used, this may also have a negative influence on
the achieved product outcome especially when a greater desolva-
tion volume is chosen.

To overcome these disadvantages, two paddle stirring systems
were developed in order to ensure a homogeneous distribution of
HSA molecules during the desolvation process for increased vol-
umes of protein solutions. These paddle stirring systems show good
suitability for their application in an industrial large-scale process.
A constant solvent flow was achieved by utilizing a HPLC pump for
the addition of ethanol to the protein solution.

The characterization of HSA nanoparticles prepared by the
large-scale desolvation is one major challenge in the upscaling pro-
cess. Different analytical methods were combined and a number
of key parameters were identified for the preparation of a well-
defined product which shows characteristics comparable to the
nanoparticles achieved by lab-scale preparation.

With regard to the need for easy-to-use methods for the in-
process control in the pharmaceutical industry, the particle content
was determined by microgravimetry and turbidimetry. The particle
diameter, polydispersity index, and zeta potential were measured
by dynamic light scattering (DLS) in order to provide information
on the size distribution and the surface charge of the nanocarriers
prepared by this novel desolvation technique.

A deeper insight into the size distribution of the major fraction
of the colloid system was gained by performing an analytical ultra-
centrifugation (AUC) analysis before and after the purification of
the colloid system. This method which was validated earlier for
nanoparticles consisting of human serum albumin provides infor-
mation on the sedimentation coefficient distribution (Vogel et al.,
2002) of the colloid system.

The purification steps of centrifugation and redispersion which
are part of the standard lab-scale preparation of HSA nanoparti-
cles are of minor suitability for an industrial application and were
assumed to have low influence on the particle size distribution.

After the desolvation process, the organic solvent must be
removed from the particle formulation in order to assure compat-
ibility with the physiological environment. Although the particle
system may show aggregation during the heat-induced drying pro-
cess, freeze drying of the hydroethanolic suspension leads to a solid
formulation which can be resuspended either in water or isotonic
sodium chloride solution for parenteral application (Tang and Pikal,
2004).1t has been shown that freeze drying is known to be a suitable
method to transfer HSA nanoparticles from the aqueous suspension
to the solid state (Anhorn et al., 2008a) but a freeze drying pro-
cess for the hydroethanolic medium has not yet been established.
Due to the risk of aggregate formation, it is therefore important to
show the absence of large amounts of dissolved HSA prior to the
drying process. As previously described (Wacker et al., 2010), these
residues can easily be quantified by size exclusion chromatography
(SEC).

Before and after the freeze drying process, particle size and
size distribution were investigated. After resuspension, these HSA
nanoparticles will allow a further processing by adsorption of drugs
or covalent modification of the nanoparticle surface with drug tar-
geting ligands (Dreis et al., 2007; Kufleitner et al., 2010b; Wacker
et al., 2010).

2. Materials and methods

2.1. Chemicals and reagents

HSA (fraction V, purity 96-99%, batches 028K7550 and
114H9314) and glutaraldehyde, 8% solution, were obtained from

Sigma (Steinheim, Germany). All other reagents were purchased
from Merck (Darmstadt, Germany) and were of analytical grade
and used as received.

2.2. Upscaling of ethanolic desolvation process

HSA nanoparticles were prepared by the well-known desolva-
tion technique as described previously (Langer et al., 2003). Using
this method, approximately 200-2000 mg of HSA was dissolved in
different volumes of 10 mM NacCl solution at a concentration of 10%
[m/V]. These solutions were then titrated to a pH of 7-10 with 1N
sodium hydroxide solution using a Callimatic 766 pH meter (Knick,
Berlin, Germany).

For the upscaling of ethanolic desolvation process, volumes of
2mL, 4 mL and 20 mL of the HSA solution were desolvated by addi-
tion of 8, 16, and 80 mL of ethanol, respectively. For a final volume of
10 mL of the hydroethanolic suspension, a magnetic stirring system
was used, for 20 mL either the Nanopaddle I and II stirring systems
(see Fig. 1) were used whilst for a final volume of 100 mL only the
Nanopaddle II stirring system was utilized. The stirring speed of
the magnetic stirring device was set to 550 rpm. The speed of all
Nanopaddle systems was monitored using the photo tachometer
system ebro D1238L (ebro GmbH & Co. KG, Ingolstadt, Germany)
and adjusted to 550 rpm before and after addition of ethanol. At all
times the immersion depth was maintained at 1 cm.

The constant addition of ethanol to the protein solution was
achieved using an automatic peristaltic pump (ISMATEC IPN,
Glattbrugg, Switzerland). According to the standard method devel-
oped by Langer et al. (2003) ethanol was added at arate of 1 mL/min
for a final nanoparticle suspension volume of 10 mL. In these stud-
ies at the greater volumes, the pumping speed was increased to
2mL/min and 4 mL/min for the final volumes of 20 and 100 mL,
respectively.

For the different batch sizes of 200, 400 and 2000 mg of HSA,
115,231 and 1155 pL of aqueous glutaraldehyde solution 8% [V/V]
was carefully added. The hydroethanolic suspensions were subse-
quently stirred for 12 h in presence of the crosslinker to stabilize
the colloid system.

2.3. pH dependence of upscaled desolvation process

The pH dependence of the upscaled ethanolic desolvation pro-
cess was determined for the final batch volume of 100 mL of HSA
nanoparticles in hydroethanolic suspension. This was examined
by dissolving 2000 mg of HSA in 20 mL sodium chloride solution
(10 mM). The pH value was titrated to 8.0, 8.25, and 8.5 with 1M
sodium hydroxide solution using a Callimatic 766 pH meter (Knick,
Berlin, Germany). The solution was filled into a 100 mL glass bottle
(Schott Duran, Wertheim, Germany) and the Nanopaddle II stirring
device (see Fig. 1) was adjusted to a stirring speed of 800 rpm with a
photo tachometer system ebro D1238L (ebro GmbH & Co. KG, Ingol-
stadt, Germany). The immersion depth was maintained at 1cm. A
volume of 80 mL of ethanol 96% [V/V] was added using a Merck
Hitachi HPLC pumping device L-6220 at a flow rate of 5.0 mL/min.
The stirring speed was adjusted to 800 rpm again. For stabilization
of the colloid system, 1155 L of glutaraldehyde solution 8% [V/V]
was added. This aldehyde concentration corresponds to a 100%
crosslinkage of the aminogroups of the HSA molecule.

2.4. Purification of HSA nanoparticles and determination of
nanoparticle content

The HSA nanoparticles were purified by threefold centrifu-
gation (20817 g, 10min) and redispersion in 1.0mL of purified
water using Bandelin Sonorex ultrasonic bath (Bandelin electron-
ics, Berlin, Germany). The particle content of the purified samples
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Fig. 1. Schematic of the paddle stirring devices Nanopaddle I and II.

was measured by microgravimetry. For the hydroethanolic sus-
pension, the particle content was determined turbidimetrically
without purification. Linearity of the method was shown at the
observed wavelength (see Section 2.7).

2.5. Determination of particle size and size distribution

The particle size and the size distribution of the nanoparticles
were measured by photon correlation spectroscopy (PCS) using a
Malvern Zetasizer® 3000 HS, (Malvern Instruments Ltd., Malvern,
UK) equipped with a 10mW He-Ne laser (633 nm) and operat-
ing at an angle of 90° and at a temperature of 20°C. The samples
were diluted 1:50 with purified water and placed into single-
use PCS cuvettes (10 mm x 10 mm x 48 mm) (Sarstedt, Niirnbrecht,
Germany). The mean hydrodynamic diameter of the particles was
calculated from the intensity of the scattered light using the
Malvern software package.

To determine the sedimentation coefficient distribution of
the colloidal carriers, analytical ultracentrifugation (AUC) mea-
surements were performed according to a method described for
HSA nanoparticles in the literature (Vogel et al., 2002). The HSA
nanoparticles were prepared by desolvation at three different pH
values (see Section 2.3) and analyzed before and after purifica-
tion of the colloid system. The purified samples were taken from
the aqueous and the unpurified samples from the hydroethano-
lic suspension. The particle content of the unpurified samples was
measured by turbidimetry whilst microgravimetry was used to
measure the particle content of the purified samples.

In principle, the nanoparticle suspension was diluted with an
aqueous stock solution of 20mM sodium phosphate (pH 7.0),
100 mM sodium chloride, and 23.5% [m/V] sucrose resulting in a
turbidity between 0.6 and 1.0 at 420 nm in a cuvette with a 1cm
optical pathlength. The ultracentrifugation experiments were per-
formed using a Beckman Optima XL-A ultracentrifuge, an An-50-Ti
rotor, and double-sector charcoal-filled Epon centrepieces of 12-
mm optical pathlength at a rotor speed of 3000 or 5000 rpm and a
rotor temperature of 20°C. The sample and the reference volumes
were 300 and 310 pL, respectively. Apparent absorbance (turbidity)
versus radius data were collected at 420 nm, using a radial step-
size of 0.03 mm. For the analysis of the particle size distribution,
the sedimentation velocity data were modelled as a distribution
of nondiffusing particles based on the observations of large sed-
imentation coefficients and of large particle diameters from PCS
measurments. This in turn allowed application of the recently
introduced method for calculating apparent sedimentation coef-
ficient distributions, g*(s), by least-squares boundary modelling,
the “Is-g*(s) method” using the program sedfit by P. Schuck (see
www.analyticalultracentrifugation.com).

2.6. Statistical analysis of data

To compare particle size distribution of nanoparticles prepared
by small-scale and large-scale preparation and at different pH val-
ues, ANOVA at a significance level of @=0.05 was applied using
Sigmaplot 11 (Sysstat Software, San José, USA). All other calcula-
tions were carried out using Excel® 2003 (Microsoft, Redmond, WA,
USA).

2.7. Turbidimetric quantification of HSA nanoparticles

For tubidimetric quantification of HSA nanoparticles in suspen-
sion, the purified colloid system was used as a standard, diluted
to concentrations of 0.05, 0.25, 0.50, 0.75 and 1.0 mg/mL and the
absorbance measured at 420nm using a Hitachi U-3000 pho-
tometer (Hitachi, Tokio, Japan). Linearity was observed over this
concentration range. To exclude any non-specific absorption effects
by residues of either the dissolved HSA or the two solvents used,
wavelength spectra of HSA nanoparticles were recorded in ethanol,
purified water, and an aqueous solution of 3% [m/V] of dissolved
HSA.

The control measurements were performed using three differ-
ent particle batches with particle sizes ranging between 231.9 and
278.6 nm and a polydispersity index below 0.2. The samples were
taken from hydroethanolic suspension directly after desolvation
without a purification step followed by dilution (1:20) with puri-
fied water and were measured as described above. There was no
significant difference in the apparent absorbance (turbidity) of the
different particle size species detected (ANOVA).

2.8. Freeze drying of HSA nanoparticles

After turbidimetric quantification of nanoparticle content, the
volume corresponding to a particle mass of 10 mg was filled into
a freeze drying vial (Machery Nagel, Diiren, Germany) followed
by the addition of 300 wL of a 10% [m/V] mannitol solution and
100 p.L of trehalose solution. The volume was filled up to 1000 pL
with purified water and the drying process was started. Freeze dry-
ing was performed using a Christ Epsilon 1-4 freeze dryer (Martin
Christ GmbH, Osterorde, Germany).

In order to freeze the samples, initially the shelf temperature
was reduced to —65°C and maintained for 4 h. The primary dry-
ing process was initiated by decreasing the pressure to 2.170 mbar
over 10 min. The temperature was slowly increased to —35°C and
the pressure decreased to 0.2 mbar over a time period of 10 h. At
a constant 0.2 mbar the temperature was increased to —25°C at a
rate of 0.7 °C/h.
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For the secondary drying, the temperature was increased to
—5°Cand the pressure decreased to 0.1 mbar over a 10 min period.
Thereafter the pressure was decreased to a minimum of 0.001 mbar
over 5 h. Finally, the temperature was slowly increased to 20 °C over
a time period of 5 h whilst at 0.001 mbar.

After freeze drying, each sample was stored for 3 days at room
temperature and resuspended in purified water. To ensure proper
wetting of the lyophilised cake, the vial was allowed to sit for
5 min and then vortexed (Vortex-Genie 2, Scientific Industries Inc.,
Bohemia, NY, USA) for 2 min at vortex level 2.5. This was followed
by particle size analysis.

2.9. Quantification of HSA residues via SEC

Residues of dissolved HSA were determined from the super-
natant of the desolvated protein after crosslinking of the amino
groups with glutaraldehyde.

A 60 L volume of the hydroethanolic solution was directly
injected into a Merck Hitachi size exclusion chromatography (SEC)
system (Merck-Hitachi, Darmstadt, Germany) using an L-7120
automatic pumping device, an L-7200 autosampler system and
a Phenomenex BioSep® SEC S-3000 column (300 mm x 7.80 mm,
5 wm). The protein was detected using a L-7455 diode array detec-
tor at a wavelength of 280 nm. The absorbance was monitored
between 200 and 500 nm. The concentration was analyzed by com-
paring the absorbance to standards solutions of HSA prepared in
purified water in the 100-400 p.g/mL concentration range. There
were no other peaks observed (see Fig. 6).

2.10. Surface properties of HSA nanoparticles

For determination of the surface properties of the colloid sys-
tems, standard samples were prepared according to a lab-scale
desolvation method described earlier (see Section 2.2). In princi-
ple, a volume of 2 mL of a 10% [m/V] HSA solution was desolvated
by the addition of 8.0 mL of ethanol at pH 8.0, 8.25, and 8.5. These
samples were crosslinked with glutaraldehyde.

Titration experiments on the HSA nanoparticles prepared by
large-scale and lab-scale desolvation were performed over a pH
range between 3 and 10 using the Malvern Zetasizer® 3000 HSa
coupled with an autotitrator unit MPT-1 (Malvern Instruments Ltd.,
Malvern, UK). For the analysis, 150 p.L of the unpurified nanoparti-
cle suspension was filled up to a volume of 50 mL with purified
water and the pH value of the suspension was automatically
adjusted by the titration unit by addition of 0.1 N hydrochloric
acid or 0.1 N sodium hydroxide solution. At 8 predefined pH values
between 3 and 10, the zetapotential of the nanoparticles was mea-
sured by microelectrophoresis. All calculations were performed
using the Malvern software package.

3. Results and discussion

Over the past few years a variety of different methods for the
preparation of nanoparticular drug delivery systems have been
established some of which have been extensively used and charac-
terized.

Many of these particle systems have shown to be efficient tools
for the drug delivery. These include anticancer agents (Wartlick
et al., 2004b; Dreis et al., 2007; Anhorn et al., 2008b; Wacker et al.,
2010), life-saving medication (Kufleitner et al., 2010a,b) or antiviral
drugs (Schafer et al., 1992). In 2009 Abraxane® a first drug formu-
lation containing albumin as a nanoparticular carrier material has
been approved by the EMA.

Due to limitations in either the particle preparation and/or the
particle characterization that assures the quality and safety of these
nanotechnological products, to date there are only few methods

that have been established to allow the upscaling of the production
process (Vauthier and Bouchemal, 2009).

It is widely known that the ethanolic desolvation process is a
robust and reproducible method for the denaturation of albumin
with increased stability of the colloid system after crosslinking the
amino groups on the surface of HSA nanoparticles with a bifunc-
tional aldehyde (Langer et al., 2003).

The purpose of the current study was to transfer the scientific
knowledge into a practical application and to provide a toolbox
for the conversion into a modern production process. In order to
achieve this, the nanoparticle preparation was upscaled to a maxi-
mum volume of 100 mL of the hydroethanolic suspension and the
process parameters were varied in order to find the optimal desol-
vation conditions.

Furthermore the most important characteristics (e.g. particle
size, size distribution, surface charge) of the nanosized drug carrier
material were identified and determined to allow the large-scale
production of HSA nanoparticles comparable to those prepared by
lab-scale desolvation.

3.1. Upscaling of ethanolic desolvation process

As the desolvation process at pH values of 8 or higher leads to
a nearly monodisperse size distribution, this pH was chosen for
the upscaling of ethanolic desolvation. Under these conditions the
surface charge of the HSA molecules leads to a high stability of the
drug carrier system (Langer et al., 2003).

The upscaling was performed in two steps. Firstly 400 mg of dis-
solved HSA was desolvated using a magnetic stirring bar and the
Nanopaddle I stirring system (see Fig. 1) which has a limited suit-
ability for higher volumes because of the small paddle size and the
inefficient homogenization of the solution during the denaturation
of the protein.

In the second step Nanopaddle Il was used for the desolvation of
400 and 2000 mg of the protein. From the literature it is known that
not only is the rate of ethanol addition of major importance for the
preparation of the drug carrier system but also flow rates above
1 mL/min are optimal for the nanoparticular desolvation (Langer
et al., 2003). As a consequence, a higher flow rate was chosen for
larger volumes in order to ensure the controlled precipitation of
the protein under the modified conditions. For the tenfold greater
volume of HSA solution the flow rate was increased four- to five-
fold compared to the standard procedure. Generally speaking, an
increase of the flow rate needs to be undertaken in conjunction
with an increase in stirring speed.

For the different batch sizes between 10 and 100 mL of the
hydroethanolic suspension no significant difference could be
observed for either particle size or polydispersity index (see Fig. 2).

The batches prepared with a magnetic stirrer showed greater
variability in particle yield at larger volumes due to the comparably
unfavorable homogenization efficiency (see Table 1). For all pad-
dle stirring devices particle yield, particle size and polydispersity
index were comparable to the magnetic stirring system at lower
volumes.

Aside from the commonly monitored parameters like flow rate
and pH (see Section 3.2) the glass vial used and immersion depth
of the paddle stirrer influenced the desolvation process in terms
of reproducibility. For open glass vials and beakers a lower repro-
ducibility of the process was observed due to the unfavorable
hydrodynamic conditions within the reaction vial. In these cases
the protein accumulated on the edges of the reaction vial adjacent
the stirrer which led to a loss of the hydroethanolic suspension. To
prevent the formation of any foam, the paddle was immersed 1 cm
below the surface of the hydroethanolic suspension.

For the investigated batch size of 100 mL glass bottles were
optimal. For the industrial production of nanoparticles utilizing
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Table 1

Particle yield achieved for different batch sizes and stirring devices (Average +S.D.; n=3 except no. 5 which is n=6).

No. Albumin amount (mg) Ethanol volume (mL) Particle yield (%) Stirring device
1 200 8 87.7% + 5.7 Magnetic stirrer
2 400 16 92.2% + 16.5 Magnetic stirrer
3 400 16 88.5% + 5.7 Nanopaddle |
4 400 16 90.5% + 2.0 Nanopaddle II
5 2000 80 80.2% + 8.5 Nanopaddle II
300 0.30 between 8.0 and 8.5. Higher pH values were shown earlier (Langer
R l et al., 2003) to result in an inefficient desolvation process which is
250 r 025 4 not desirable because the residues of HSA in the suspension may
T i :_ aggregate during the crosslink reaction and/or freeze drying pro-
£.200 - 020 8 cess.
o 7
N °
® 150 015 & — S N
o 73 3.3. Determination of particle size and size distribution
L <
£ 100 - +0.10 = . . . N
S 2 The HSA nanoparticles were characterized investigating the
] particle size and the polydispersity index using dynamic light scat-
50 - - 0.05 X . . .
tering (DLS). The greater batch volume and modified desolvation
0 0.00 conditions had no influence on these parameters (ANOVA). Fur-

A B c D E

Fig.2. Particlesize (" )and polydispersity index (Ml ) of HSA nanoparticles prepared
by ethanolic desolvation with a magnetic stirring device and a volume of 10 mL (A),
20 mL (B), Nanopaddle I and a volume of 20 mL (C), Nanopaddle II and a volume of
20 mL (D), Nanopaddle Il and a volume of 100 mL (E), (Average & S.D., n=3 except E
which is n=6).

300 0.30
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Fig.3. Particlesize(" )and polydispersity index (M ) of HSA nanoparticles prepared
by ethanolic desolvation with the Nanopaddle II stirring device at a final volume of
100 mL at pH values of 8.0 (A), 8.25 (C), and 8.5 (E) and after the freeze drying process
(*) from the hydroethanolic suspension, (Average +S.D., n=3, except A which is
n=6).

ethanolic desolvation careful consideration needs to be made
regarding the reaction vial.

3.2. pH dependence of upscaled desolvation process

The pH dependence of the upscaled desolvation process was
investigated in the pH range between 8.0 and 8.5. Within this pH
range a monodisperse size distribution was expected due to the
negative charge of the HSA molecules. To optimize the upscaled
desolvation method the solvent flow rate and the stirring speed of
the Nanopaddle II system were increased and a glass bottle with
favorable hydrodynamics was chosen for the reaction. Neither pre-
cipitation nor the accumulation of the protein was observed during
or even 48 h after the desolvation process. A HPLC pumping device
was utilized to guarantee a constant flow rate.

As shown in Fig. 3 there was no significant influence observed
on either particle size or polydispersity index over the pH range

thermore the particle size was not significantly influenced by pH in
the 8.0-8.5 range. Using these conditions particles ranging in size
between 251.2 +27.0 and 234.1 &+ 1.5 nm and with a polydispersity
index below 0.2 were prepared.

The size distribution of the particle systems was also measured
by analytical ultracentrifugation (AUC). These measurements were
performed according to a method developed and validated for
human serum albumin nanoparticles published previously (Vogel
etal., 2002) and provides information on the size distribution of the
major fraction of HSA nanoparticles. Sedimentation coefficient dis-
tributions of different batches, as shown by Is-g*(s) profiles from
sedimentation velocity runs are given in Fig. 4.

For pH values between 8.0 and 8.5 a narrow homogeneous size
distribution was observed for all particle preparations with max-
ima of apparent s-value approximately 1600-1400 S. Surprisingly
the purification steps had minor influence to the polydispersity of
the colloid systems (see Fig. 4) but changes in the s-values were
observed. The maxima shifted to 2300-1600 S and it can be assumed
that a loss of small particles occurred during the purification pro-
cess.

Whilst the PCS is a useful tool for the measurement of size
and size distribution of only a small amount of particles, the AUC
velocity run experiment determines an apparent sedimentation
coefficient distribution of the suspension and provides information
on the homogeneity and the particle size distribution of the major
fraction of the nanoparticles. This method can therefore be seen
as a complementary technique for the characterization of the col-
loid system. In summary a nearly monodisperse size distribution
of the HSA nanoparticles obtained by ethanolic large-scale desol-
vation can be assumed with and without purification of the colloid
system.

3.4. Turbidimetric quantification of HSA nanoparticles

The quantification of HSA nanoparticles after the desolvation
process was performed by two different methods. Microgravimetry
is known to be an effective standard technique for the determina-
tion of the HSA nanoparticle content.

Furthermore a turbidimetric method was utilized to quantify
the nanoparticle content in the presence of non-desolvated pro-
tein in the hydroethanolic suspension. One major aim of the study
was to provide a toolbox for the in-process control regarding the
industrial production of HSA nanoparticles in a monitored process.
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Fig. 4. Sedimentation coefficients of HSA nanoparticles prepared by ethanolic desolvation at pH 8.0 (—), 8.25 (...) and 8.5 (- -) with (A) and without purification (B) of the

colloidal system.

Whilst turbidimetry is less precise with regards to quantifying the
particle mass, it is useful in the in situ determination of the particle
content, e.g. using a flow-through cell. There was no significant dif-
ference (ANOVA) in the apparent absorption (turbidity) measured
for particles ranging in size between 231.9 and 278.6 nm. The sol-
vent composition of the ethanol-water mixture and dissolved HSA
at a concentration of 3% [m/V] had no influence on the detected
particle amount.

3.5. Freeze drying of HSA nanoparticles

Freeze drying was shown to be a suitable technique for increas-
ing the long-term stability of many different parenteral drug
formulations (Anhorn et al., 2008a; Holzer et al., 2009). For HSA
nanoparticles trehalose and mannitol were previously found to be
excellent cryoprotectants and freeze drying experiments from the
aqueous suspension have been performed (Anhorn et al., 2008a).
In contrast to earlier studies the colloid system was freeze dryed
from the hydroethanolic suspension without further purification.
These centrifugation and redispersion purification techniques are
critical for an industrial application and have no major impact
on the size distribution of the colloid system (see Fig. 3). The
freeze dryed nanocarriers show a relatively good monodisperse
size distribution before and after the drying process. Using these
conditions a solid formulation suitable for long-term storage
and further processing of the nanoparticles could be achieved
(see Fig. 3).
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3.6. Surface properties of HSA nanoparticles

The zeta potential of HSA nanoparticles prepared by the small-
scale and the large-scale preparation process was investigated at
different pH values (see Fig. 5). These measurements provide infor-
mation on the surface charge of the colloid system and indicate
comparable surface properties of the different HSA nanoparticle
batches.

Although the number of free aminogroups on the particle
surface decreases with an increasing degree of chemical crosslink-
age, the zeta potential measurements as a function of the pH
indicates similarities in the surface properties of the colloid sys-
tems. A nearly identical rate of crosslinkage can be assumed for
HSA nanoparticles prepared by lab-scale and large-scale desolva-
tion.

3.7. Quantification of HSA residues via SEC

The desolvation efficiency of HSA was investigated previously by
Langer et al. (2003) and residues of the protein were determined
using a WBCA assay.

In the present study size exclusion chromatography (SEC)
was used to quantify the dissolved protein after desolvation and
crosslinkage of the nanoparticles. Both steps were able to reduce
the protein concentration in the supernatant of the nanoparticles
due to the precipitation of the protein with increasing concentra-
tions of the organic solvent and the chemical modification of the
functional groups of HSA. At pH values 8.25 and 8.50 a complete
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Fig. 5. Zeta potential of HSA nanoparticles which were prepared at pH 8.0 (—), 8.25¢(..

overlay (C). (Average +S.D., n=3).

.)and 8.5 (- -) in a large-scale (A, ®) and a small-scale (B, A) preparation process and
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Fig. 6. Size exclusion chromatography (SEC) analysis of the supernatant of HSA
nanoparticles directly after desolvation at pH 8 (---), 8.25 (—) and 8.5 (...) and the
standard sample (HSA 400 p.g/mL, —) in the overlay.

desolvation of the protein was determined whilst at pH 8 residues
of HSA were found (see Fig. 6).

4. Conclusion

Nanocarriers for the delivery of drugs can be prepared by the
ethanolic desolvation of human serum albumin (HSA). These colloid
systems allow the binding of a variety of different drug molecules
(Dreis et al., 2007; Kufleitner et al., 2010a; Wacker et al., 2010)
or targeting ligands (Wartlick et al., 2004a; Michaelis et al., 2006;
Anhorn et al., 2008b; Wagner et al., 2010; Low et al., 2011) and
are well-suited for in vivo application due to their biodegradabil-
ity and good stability in the physiological environment. The aim
of the present study was to prepare HSA nanoparticles in a large-
scale process and to monitor the important characteristics of these
nanocarriers in order to obtain a product comparable to the col-
loid systems prepared by lab-scale desolvation. The nanoparticles
were characterized with regards to particle content, average par-
ticle diameter, size distribution, zeta potential as a function of pH
value, and concentration of undesolvated HSA.

Initially experiments indicated that there were no negative
effects on particle size or polydispersity index when the desolvation
volume was increased to a maximum of 100 mL (see Fig. 2) of the
hydroethanolic suspension. The paddle stirring devices Nanopad-
dle I and II were utilized to guarantee a homogeneous distribution
of the HSA molecules during the desolvation process. For small
volumes both devices showed a similar desolvation efficiency. By
increasing the flow rate of ethanol from 1 mL/min to 5 mL/min this
resulted in an efficient and fast preparation process. By selecting a
favorable reaction vial and by using an adequate immersion depth
of the paddle stirrer accumulation of the protein at the glass surface
of the reaction vessel was prevented.

Particle sizes between 251.2+27.0 and 234.1 £1.5nm with
polydispersity indices below 0.2 could be achieved and transferred
to the solid state by freeze drying the hydroethanolic suspension.

A nearly monodisperse size distribution of the colloid system
was shown by DLS measurements and confirmed by analytical
ultracentrifugation (AUC). Further the purification process was
shown to have low or no influence on polydispersity index of the
particles. Surprisingly, a shift in the particle size was observed and
this can be assumed to be due to the loss of small nanoparticles
during the purification process.

The surface properties of HSA nanoparticles prepared by lab-
scale and large-scale desolvation were investigated. There was no
significant difference in the zeta potential profiles detected. This

suggests that the upscaled large-scale desolvation process led to a
product comparable to the HSA nanoparticles prepared by the lab-
scale standard method. Furthermore there were no or low amounts
of HSA found in the supernatant of the nanoparticles after the des-
olvation process. A benefit of this method is the high desolvation
efficiency and the absence of dissolved HSA that may have negative
influence on the freeze drying of the colloid system.

It can therefore be concluded that the preparation of HSA
nanoparticles by ethanolic desolvation is a suitable method for the
large-scale production of drug delivery systems and a removal of
the solvents by freeze drying without any further purification of
the colloid system is possible. In further investigations a modifi-
cation of these nanoparticles with different model drugs will be
performed.

Acknowledgements

The authors want to thank Prof. Dr. Jérg Kreuter, Prof. Dr. Klaus
Langer, Prof. Dr. Jennifer Dressman and Dr. Edmund Kostewicz for
their support.

References

Anhorn, M.G., Mahler, H.C.,, Langer, K., 2008a. Freeze drying of human serum albumin
(HSA) nanoparticles with different excipients. Int. J. Pharm. 363, 162-169.
Anhorn, M.G., Wagner, S., Kreuter, J., Langer, K., von Briesen, H., 2008b. Specific
targeting of HER2 overexpressing breast cancer cells with doxorubicin-loaded
trastuzumab-modified human serum albumin nanoparticles. Bioconjug. Chem.

19,2321-2331.

Dreis, S., Rothweiler, F., Michaelis, M., Cinatl Jr., ]., Kreuter, J., Langer, K., 2007. Prepa-
ration, characterisation and maintenance of drug efficacy of doxorubicin-loaded
human serum albumin (HSA) nanoparticles. Int. J. Pharm. 341, 207-214.

Henderson, I.C., Bhatia, V., 2007. Nab-paclitaxel for breast cancer: a new formulation
with animproved safety profile and greater efficacy. Expert Rev. Anticancer Ther.
7,919-943.

Holzer, M., Vogel, V., Mantele, W., Schwartz, D., Haase, W., Langer, K., 2009. Physico-
chemical characterisation of PLGA nanoparticles after freeze-drying and storage.
Eur. J. Pharm. Biopharm. 72, 428-437.

Kufleitner, J., Wagner, S., Worek, F., von Briesen, H., Kreuter, J., 2010a. Adsorption
of obidoxime onto human serum albumin nanoparticles: drug loading, particle
size and drug release. J. Microencapsul. 27, 506-513.

Kufleitner, ]., Worek, F., Kreuter, ]J., 2010b. Incorporation of obidoxime into human
serum albumin nanoparticles: optimisation of preparation parameters for the
development of a stable formulation. J. Microencapsul. 27, 594-601.

Langer, K., Balthasar, S., Vogel, V., Dinauer, N., von Briesen, H., Schubert, D., 2003.
Optimization of the preparation process for human serum albumin (HSA)
nanoparticles. Int. . Pharm. 257, 169-180.

Low, K., Wacker, M., Wagner, S., Langer, K., von Briesen, H., 2011. Targeted human
serum albumin nanoparticles for specific uptake in EGFR-Expressing colon car-
cinoma cells. Nanomedicine.

Michaelis, K., Hoffmann, M.M., Dreis, S., Herbert, E., Alyautdin, R.N., Michaelis, M.,
Kreuter, ]., Langer, K., 2006. Covalent linkage of apolipoprotein e to albumin
nanoparticles strongly enhances drug transport into the brain. J. Pharmacol. Exp.
Ther. 317, 1246-1253.

Schafer, V., von Briesen, H., Andreesen, R, Steffan, A.M., Royer, C., Troster, S., Kreuter,
J., Rubsamen-Waigmann, H., 1992. Phagocytosis of nanoparticles by human
immunodeficiency virus (HIV)-infected macrophages: a possibility for antiviral
drug targeting. Pharm. Res. 9, 541-546.

Tang, X., Pikal, MJ., 2004. Design of freeze-drying processes for pharmaceuticals:
practical advice. Pharm. Res. 21, 191-200.

Vauthier, C., Bouchemal, K., 2009. Methods for the preparation and manufacture of
polymeric nanoparticles. Pharm. Res. 26, 1025-1058.

Vogel, V., Langer, K., Balthasar, S., Schuck, P., Mdchtle, W., Haase, W., von den Broek,
J.A., Tziatzios, C., Schubert, D., 2002. Characterization of serum albumin nanopar-
ticles by sedimentation velocity analysis and electron microscopy. Progr. Colloid
Polym. Sci. 119, 31-36.

Wacker, M., Chen, K., Preuss, A., Possemeyer, K., Roeder, B., Langer, K., 2010.
Photosensitizer loaded HSA nanoparticles. I: Preparation and photophysical
properties. Int. J. Pharm. 393, 253-262.

Wagner, S., Kufleitner, ]., Zensi, A., Dadparvar, M., Wien, S., Bungert, ]J., Vogel, T.,
Worek, F., Kreuter, J., von Briesen, H., 2010. Nanoparticulate transport of oximes
over an in vitro blood-brain barrier model. PLoS One 5, e14213.

Wartlick, H., Michaelis, K., Balthasar, S., Strebhardt, K., Kreuter, J., Langer, K., 2004a.
Highly specific HER2-mediated cellular uptake of antibody-modified nanopar-
ticles in tumour cells. J. Drug Target. 12, 461-471.

Wartlick, H., Spankuch-Schmitt, B., Strebhardt, K., Kreuter, ]., Langer, K., 2004b.
Tumour cell delivery of antisense oligonuclceotides by human serum albumin
nanoparticles. J. Control. Release 96, 483-495.



232 M. Wacker et al. / International Journal of Pharmaceutics 414 (2011) 225-232

Zensi, A., Begley, D., Pontikis, C., Legros, C., Mihoreanu, L., Buchel, C., Kreuter, ]J., Zensi, A., Begley, D., Pontikis, C., Legros, C., Mihoreanu, L., Wagner, S., Buchel, C., von
2010. Human serum albumin nanoparticles modified with apolipoprotein A- Briesen, H., Kreuter, J., 2009. Albumin nanoparticles targeted with Apo E enter
I cross the blood-brain barrier and enter the rodent brain. J. Drug Target. 18, the CNS by transcytosis and are delivered to neurones. J. Control. Release 137,

842-848. 78-86.



	A toolbox for the upscaling of ethanolic human serum albumin (HSA) desolvation
	1 Introduction
	2 Materials and methods
	2.1 Chemicals and reagents
	2.2 Upscaling of ethanolic desolvation process
	2.3 pH dependence of upscaled desolvation process
	2.4 Purification of HSA nanoparticles and determination of nanoparticle content
	2.5 Determination of particle size and size distribution
	2.6 Statistical analysis of data
	2.7 Turbidimetric quantification of HSA nanoparticles
	2.8 Freeze drying of HSA nanoparticles
	2.9 Quantification of HSA residues via SEC
	2.10 Surface properties of HSA nanoparticles

	3 Results and discussion
	3.1 Upscaling of ethanolic desolvation process
	3.2 pH dependence of upscaled desolvation process
	3.3 Determination of particle size and size distribution
	3.4 Turbidimetric quantification of HSA nanoparticles
	3.5 Freeze drying of HSA nanoparticles
	3.6 Surface properties of HSA nanoparticles
	3.7 Quantification of HSA residues via SEC

	4 Conclusion
	Acknowledgements
	References


