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Abstract

Nanoparticles prepared by desolvation and subsequent crosslinking of human serum albumin (HSA) represent promising
carriers for drug delivery. Particle size is a crucial parameter, in particular for the in vivo behaviour of nanoparticles after
intravenous injection. The objective of the present study is the development of a desolvation procedure for the preparation of
HSA-based nanoparticles under the aspect of a controllable particle size between 100 and 300 nm in combination with a narrow
size distribution. A pump-controlled preparation method was established which enabled particle preparation under defined
conditions. Several factors of the preparation process, such as the rate of addition of the desolvating agent, the pH value and
the ionic composition of the HSA solution, the protein concentration, and the conditions of particle purification were evaluated.
The pH value of the HSA solution prior to the desolvation procedure was identified as the major factor determining particle
size. Varying this parameter, (mean) particle diameters could be adjusted between 150 and 280 nm, higher pH values leading to
smaller nanoparticles. Washing the particles by differential centrifugation led to significantly narrower size distributions. The
reproducibility of the particle size and particle size distribution under the proposed preparation conditions was demonstrated by
sedimentation velocity analysis in the analytical ultracentrifuge and the cellular uptake of those nanoparticles was studied by
confocal microscope imaging and FACS analysis. The stability of the resulting nanoparticles was evaluated by pH and buffer
titration experiments. Only pH values distinctly outside the isoelectric pH range of HSA and low salt concentrations were able
to prevent nanoparticle agglomeration.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The body distribution of colloidal drug carrier sys-
tems is mainly influenced by two physicochemical
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properties, particle size and surface characteristics
(Moghimi et al., 2001). Concerning particle size, the
particles should be small enough not to be removed
by simple filtration mechanisms in a capillary bed af-
ter intravenous injection. With respect to the surface
characteristics of a colloidal system, these charac-
teristics may directly affect particle size. Above all,
however, they represent the major determinant for
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protein adsorption in biological fluids and may mod-
ify particle interaction with specific plasma membrane
receptors, thus leading to elimination of the parti-
cles from the systemic circulation. The mechanism
of protein adsorption on particle surfaces in conjunc-
tion with the recognition of such coated particles by
monocytes and macrophages is named opsonization
process. This opsonization process seems to be influ-
enced by the surface curvature of the carrier system,
smaller carriers leading to a reduced adsorption of
proteins and opsonins and in turn to a reduced uptake
of such systems by phagocytic cells (Harashima et al.,
1994). It was observed that the extent of opsonization
decreased with a decrease in particle size from 800
to 200 nm, and no enhancement of phagocytic uptake
due to opsonization was recorded at particle sizes
below 200 nm. For very small colloidal systems, with
a size below 100 nm, it was described that after intra-
venous injection these carriers were able to cross the
fenestration in the hepatic sinusoidal endothelium,
leading to a hepatic accumulation instead of long in-
travasal circulation. Even systems such as liposomes,
with a size range of about 400 nm and a highly de-
formable structure, were able to cross the endothelial
fenestration, whereas rigid systems of the same diam-
eter did not (Romero et al., 1999). Since nanoparticles
are characterized by a solid particle matrix, according
to the findings described a long-circulating system
can only be achieved in a size range between 100 and
200 nm in diameter. As a consequence, a major aspect
in preparing a colloidal drug carrier system has to be
establishing preparation conditions which control the
resulting particle size and which lead to particles of
a narrow size distribution, with special emphasis on
sizes of 100–200 nm.

Among the available potential colloidal drug
carrier systems covering the size range described,
protein-based nanoparticles play an important role.
Basically three different methods for their preparation
have been described, based on emulsion formation,
desolvation, or coacervation. Most often serum al-
bumin of different origin as well as gelatin were
used as the starting material for the preparations.
With respect to emulsion techniques applying human
serum albumin (HSA), a complete and systematic
study concerning the influence of protein concen-
tration, emulsification time and power, stirring rate,
heat stabilization temperature, and the type of the

non-aqueous phase was carried out byGallo et al.
(1984). A method for the preparation of bovine serum
albumin nanoparticles in the sub-200-nm range was
described byMüller et al. (1996). The disadvantage
of the emulsion methods for particle preparation is the
need for applying organic solvents, for the removal
both of the oily residues of the preparation process
and of surfactants required for emulsion stabilization.
Therefore, as an alternative method for the preparation
of nanoparticles a desolvation process derived from
the coacervation method of microencapsulation was
developed. In 1993, Lin et al. described the prepara-
tion of HSA nanoparticles of diameter around 100 nm
using a surfactant-free pH-coacervation method (Lin
et al., 1993). The particles were prepared by the
dropwise addition of acetone to an aqueous HSA
solution at pH values between 7 and 9, followed by
glutaraldehyde crosslinking and purification by gel
permeation chromatography. It was found that with
increasing pH value of the HSA solution particle size
was reduced, apparently due to an increased ioniza-
tion of the HSA (isoelectric point pI = 5.3) which
leads to repulsion of the HSA molecules and aggre-
gates during particle formation. HSA nanoparticles
were obtained in a size range between 90 and 250 nm,
by adjusting the pH and by controlling the amount
of added acetone. The described nanoparticles were
of spherical shape, but TEM revealed a broad size
distribution. No further data concerning the polydis-
persity of the nanoparticles prepared under different
conditions was given. A major shortcoming of the
paper is that pH was adjusted in the absence of salt,
whereas it is well-known that, under these conditions,
pH measurements applying glass electrodes (as usu-
ally done) are of limited reliability, in particular in the
presence of high concentrations of protein (Westcott,
1978).

The objective of the present study is the optimiza-
tion of a desolvation procedure for the preparation
of HSA-based nanoparticles which show a control-
lable particle diameter between 100 and 300 nm
and a narrow size distribution. In addition, we have
studied the cellular uptake of these nanoparticles by
confocal microscope imaging and FACS analysis.
Together with our previous work on the covalent sur-
face modification of such nanoparticles (Langer et al.,
2000; Weber et al., 2000a) the study is intended
to establish a rational basis for the production and
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application of protein-based nanoparticles as drug
carrier systems.

2. Materials and methods

2.1. Reagents and chemicals

HSA (fraction V, purity 96–99%) and glutaralde-
hyde, 8% solution, were obtained from Sigma
(Steinheim, Germany). All other reagents were pur-
chased from Merck (Darmstadt, Germany); they were
of analytical grade and used as received.

2.2. Preparation of HSA nanoparticles

HSA nanoparticles were prepared by a desolva-
tion technique as described previously (Marty et al.,
1978; Weber et al., 2000b). In principle, between
50 and 200 mg HSA in 2.0 ml of purified water or
10 mM NaCl solution, respectively, both titrated to
pH 7–10, were transformed into nanoparticles by the
continuous addition of 8.0 ml of the desolvating agent
ethanol under stirring (500 rpm) at room tempera-
ture. The technique was modified by adding a tubing
pump (Ismatec IPN, Glattbrugg, Switzerland) which
enabled nanoparticle preparation at a defined rate of
ethanol addition between 0.5 and 2.0 ml/min. After
the desolvation process, 8% glutaraldehyde in water
(between 0.235 and 1.175�l/mg HSA) was added to
induce particle crosslinking. The crosslinking process
was performed under stirring of the suspension over
a time period of 24 h.

2.3. Purification of HSA nanoparticles

The resulting nanoparticles were purified by five cy-
cles of differential centrifugation (20,000× g, 8 min)
and redispersion of the pellet to the original volume in
water or 10 mM NaCl at pH values of 7 and 9, respec-
tively. Each redispersion step was performed in an ul-
trasonication bath (Elma Transsonic Digital T790/H)
over 5 min.

2.4. Determination of particle size and size
distribution

Average particle size was measured by photon cor-
relation spectroscopy (PCS) using a Malvern zetasizer

3000HSA (Malvern Instruments Ltd., Malvern, UK).
The samples were diluted 1:400 with purified water
and measured at a temperature of 25◦C and a scat-
tering angle of 90◦. In parallel, in part of the samples
the size distribution was studied by sedimentation ve-
locity analysis in the analytical ultracentrifuge (Vogel
et al., 2002), making use of the superior resolving
power of this technique (Schuck, 2000; Schuck and
Rossmanith, 2000; Schuck et al., 2002). In princi-
ple, the nanoparticle stock solution was brought, by
addition of appropriate concentrated solutions and
water, to 20 mM sodium phosphate (pH 7), 150 mM
NaCl, 23.5% (w/v) sucrose, at a solute concentration
giving a turbidity between 0.6 and 0.7 at 420 nm in
a cuvette with a 1 cm optical pathlength. Unpurified
nanoparticle samples in addition contained approxi-
mately 10% ethanol. The ultracentrifugal experiments
were performed using a Beckman Optima XL-A ul-
tracentrifuge at rotor speeds of 3000 or 5000 rpm
as described earlier (Vogel et al., 2002). The appar-
ent absorbance (turbidity) versus radius data (col-
lected at 420 nm) were modeled as a distribution of
non-diffusing spherical particles, based on the re-
sults described (Vogel et al., 2002). The calculations
used thels−g∗(s)-variant of thesedfit program by
Schuck (Schuck and Rossmanith, 2000; Schuck et al.,
2002).

2.5. Determination of the non-desolvated
HSA after desolvation

For the determination of the percentage of non-
desolvated HSA, the nanoparticles were separated
from the supernatant by centrifugation at 16,000× g

for 20 min at room temperature. An aliquot of the
supernatant (100.0�l) was diluted with 900.0�l
water and the amount of the dissolved HSA in the
supernatant was determined using a standard BCA
protein assay (Smith et al., 1985). To 50.0�l of
the supernatant, 1000.0�l of the BCA working
reagent were added. After incubating the mixture at
37◦C for 30 min, the samples were analyzed spec-
trophotometrically at 562 nm. The protein content
of the samples, as well as that of the starting HSA
solution, was calculated relative to reference sam-
ples, which contained different volumes of a HSA
standard solution and were treated as described
before.
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2.6. Determination of pH-dependent particle size
and zetapotential

Titration experiments on the HSA nanoparticles
were performed over a pH range between 3 and 10
using the Malvern zetasizer 3000HSA together with
an autotitrator MPT-1 (Malvern Instruments Ltd.).
For the analysis, 100�l of nanoparticle suspension
were diluted with 50 ml purified water and the pH
value of the suspension was automatically adjusted
by the titration unit by addition of 0.1N hydrochloric
acid or 0.1N sodium hydroxide solution, respectively.
At 8 predefined pH values between 3 and 10, the
zetapotential of the nanoparticles was measured by
microelectrophoresis and the particle size was deter-
mined by PCS (in two separate flow cells).

2.7. Determination of the salt dependency of
surface charge

The salt dependency of the surface charge was
determined as described for the corresponding pH
dependent parameter, except that the autotitration ex-
periment was performed by the addition of a 10-fold
concentrated phosphate buffer (pH 7.4). At 8 prede-
fined buffer concentrations between 0 and 230 mM,
the zetapotential of the nanoparticles was measured
by microelectrophoresis in a flow cell.

2.8. Cellular uptake of HSA nanoparticles

Peripheral blood mononuclear cells (PBMC)
were separated from buffy coats of healthy HIV-1
seronegative male donors by density gradient cen-
trifugation over Ficoll-Hypaque. For generation of
monocyte-derived macrophages the separated PBMC
were cultured on hydrophobic Teflon foils (Bio-
folie 25; Heraeus, Hanau, Germany) for 7 days at
a cell density of 3.3 × 106 cells/ml in RPMI 1640
(Biochrom, Berlin, Germany) supplemented with an-
tibiotics (100 U/ml penicillin and 100 mg/ml strepto-
mycin; Gibco, Berlin, Germany),l-glutamine (2 mM;
Gibco), and 4% pooled human AB-group serum. Af-
ter the indicated time period cells were harvested and
washed twice with RPMI 1640. Viable cells were
counted by trypan blue exclusion. Monocyte derived
macrophages (4.5 × 105 cells) were plated on cham-
ber slides (NUNC GmbH, Wiesbaden, Germany).

After 1 h nonadherent cells were removed by repeated
washing and cells were cultured with fresh medium.
On the following day HSA nanoparticles were added
at a final concentration of 25�g/ml and incubated for
3 h with the cells.

For confocal microscope imaging cells were
washed with PBS and subsequently fixed in methanol
for 6 min at −20◦C. Cell nuclei were stained with
TOTO-3-iodid (Molecular Probes Europe BV, Lei-
den, The Netherlands) and cell membranes were
stained with tetramethylrhodamine-isothiocyanat
(TRITC)-conjugated concanavalin A. Finally cells
were embedded in a mixture of 10% Mowiol 488TM,
2.5% diazabicyclooctan (DABCO) and 25% glycerol
in 0.2 M TRIS buffer pH 8.5. Pictures were taken
using a confocal microscope Leica DM IRBE (Leica
Mikrosysteme GmbH, Bensheim, Germany).

For quantification of cellular uptake by FACS anal-
ysis cells were washed twice with PBS and subse-
quently fixed in CellFix solution (Becton Dickinson,
San Jose, USA). FACS was performed with 10,000
cells per condition, using FACSCalibur and CellQuest
Pro software (Becton Dickinson, San Jose, USA).

3. Results and discussion

The objective of the present study was to optimize
the preparation procedure for HSA nanoparticles with
respect to a defined particle size and particle size dis-
tribution and to study their cellular uptake. The study
is based on our earlier work (Weber et al., 2000b)
describing a desolvation method for HSA particle
preparation and their characterization with respect to
size, zetapotential and the number of available amino
groups on their surface. In the earlier study, the amount
of the desolvating agent ethanol in the desolvation
process was found to control particle size, but the
variability in size at a given ethanol amount was high.
In part this variability probably can be attributed to the
manual performance of the desolvation process, char-
acterized by a drop by drop addition of the desolvating
agent. In the present study, the manual desolvation pro-
cedure was, therefore, replaced by a pump-controlled
system which enabled nanoparticle preparation at a
defined rate of ethanol addition (between 0.5 and
2.0 ml/min). Furthermore, additional parameters such
as the composition and the pH value of the HSA
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solution prior to the desolvation procedure and the
purification of the nanoparticles were optimized in
order to achieve a colloidal system with well-defined
physicochemical characteristics. Such a system is a
prerequisite if surface modification procedures aim-
ing at specific drug binding and targeting properties
are to be applied (Langer et al., 2000; Weber et al.,
2000a).

3.1. Nanoparticle formation: optimization of the
desolvation step; average particle size

In order to influence the resulting particle size,
the rate of ethanol addition during the desolvation
procedure as well as the pH value of the protein so-
lution used for desolvation was varied. In a first set
of experiments performed at pH 7, the rate of ethanol
addition showed no significant influence on the av-
erage diameter of the resulting nanoparticles, which
was around 280 nm (Fig. 1). According to PCS data,
the rate of ethanol addition mainly influenced the
width of the particle size distribution: At a rate of
0.5 ml/min, nanoparticles with a polydispersity index
of about 0.10 were obtained, whereas a rate between
1.0 and 2.0 ml/min led to nanoparticles with a more
uniform size characterized by polydispersity indices
in the range between 0.01 and 0.02. Using the stan-
dard BCA protein assay, a particle yield of about 95%

Fig. 1. Diameter (�) and polydispersity index (�) of HSA nanoparticles prepared in water at pH 7 as a function of the rate of ethanol
addition (mean± S.D.; n ≥ 3). Initial HSA concentration: 100 mg/ml.

was determined over the whole rate range of ethanol
addition (data not shown). As a consequence of the
results described, the subsequent experiments were
performed with the pump-controlled system set at a
rate of ethanol addition of 1.0 ml/min.

In contrast to the lack of influence of the rate of
ethanol addition, the pH value of the HSA solution
prior to ethanol addition strongly influenced the result-
ing particle size (Fig. 2). At pH > 7 particle diameter
was significantly reduced with increasing pH value to
finally about 150 nm at pH> 9. In addition, also the
particle yield significantly decreased with increasing
pH, from about 95% at pH 7 to 66% at pH 9. Both
observations are in good agreement with the earlier
work of Lin et al. (1993)who used a slightly differ-
ent surfactant-free pH-coacervation method in which
albumin desolvation was achieved by the addition of
acetone.

As it is difficult to adjust the correct pH value in the
absence of salt and in the presence of high concen-
trations of protein (Westcott, 1978), several attempts
were undertaken to establish a HSA desolvation
method under buffered conditions. Phosphate buffer
(pH 7 and 8) USP, and alkaline borate buffer (pH 8 and
9) USP were used in concentrations between 20 and
50 mM. HEPES buffer (pH 7.5) and TRIS buffer (pH
8 and 9) were under evaluation in concentrations be-
tween 20 and 200 mM. All of the buffer salts applied
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Fig. 2. Influence of the pH value on the diameter (�) and yield (�) of HSA nanoparticles prepared in pure water and on the diameter
of HSA nanoparticles prepared in 10 mM NaCl solution (	) (mean± S.D.; n = 3). Rate of ethanol addition: 1.0 ml/min; initial HSA
concentration: 100 mg/ml.

interfered either with the desolvation process, leading
to large HSA aggregates or precipitation of the buffer
salts, or with the crosslinking process of the nanopar-
ticles. With phosphate buffer, salt precipitation oc-
curred during the desolvation procedure, whereas the
alkaline borate buffer as well as the HEPES buffer led
to a precipitation of the HSA in large agglomerates
instead of the formation of nanoparticles. In the pres-
ence of TRIS buffer, nanoparticles were obtained but
due to their primary amino group the TRIS molecules
interfered with the glutaraldehyde crosslinking of the
particle matrix. We have, therefore, abandoned the
use of buffers but have performed the nanoparticle
preparation in the presence of 10 mM NaCl as ionic
background for the adjustment of pH (Westcott, 1978).
Again, average particle diameters decreased with
increasing pH of the HSA solution, starting with
around 275 nm at pH 7.5 and being lowered to 180 nm
at pH 9 (Fig. 2). In contrast to a preparation in pure
water no reproducible particle formation could be
achieved at pH values below 7.5. In the presence of
sodium chloride average particle diameter could thus
be controlled by proper choice of the pH of parti-
cle formation. In general, at the same nominal pH
it was somewhat larger than with the nanoparticles
assembled in pure water, probably due to the shield-
ing of surface charges by the added ions and thus

to reduced repulsion between the macromolecular
components.

The influence of the HSA concentration on particle
diameter and polydispersity of the resulting samples,
at pH 8.2 and in the presence of 10 mM NaCl, is shown
in Fig. 3. In a HSA concentration range between 25
and 100 mg/ml only a slight influence on the particle
diameter was observed, with a shallow size minimum
of 155 nm at 50 mg/ml HSA. With increasing HSA
concentration the polydispersity of the samples was
somewhat reduced (Fig. 3).

3.2. Particle purification and resulting size
distributions

The characterization of the assembled HSA nano-
particles described up to now were performed on
particles that had undergone the final purification pro-
cedure (repeated differential centrifugation) in pure
water without pH adjustment. The effect of the proce-
dure as well as possible improvements were studied
by determining the size and size distribution of differ-
ently treated nanoparticles by sedimentation velocity
analysis in the analytical ultracentrifuge. Results ob-
tained with one unpurified sample and three samples
obtained from it by washing procedures differing
slightly from each other are shown inFig. 4A. Obvi-
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Fig. 3. Diameter (�) and polydispersity index (�) of HSA nanoparticles prepared at different HSA concentrations in the presence of
10 mM NaCl at pH 8.2 (mean± S.D.; n = 3). Rate of ethanol addition: 1.0 ml/min.

ously, the washing removes from the sample virtually
all particles of diameter below around 70 nm, which
leads to much narrower size distributions. The actual
degree of purification is even much greater than in-
dicated by the figure since, at the rotor speeds used,
uncomplexed HSA and small complexes virtually do
not sediment and thus do not show up in the anal-
ysis (in addition, due to their low specific turbidity
their contribution to the overall signal is very small
in any case). Varying the pH of the washing solution
or bringing it to 10 mM NaCl, on the other hand, had
little or no influence on the size distributions, in con-
trast to the effect of these parameters during particle
formation. In order to avoid possible particle aggrega-
tion in those cases where the pH of the solution may
have dropped (due to dissolved CO2) to values close
to the pI of HSA (see below), we have introduced
into the standard procedure washing at pH 9. The
purification procedure described is to be preferred to
that used by Lin et al., gel filtration (Lin et al., 1993),
since it is more readily applied to much larger sample
volumes.

Considering the results on the influence of the
different parameters under evaluation, a standard pro-
tocol for the preparation of HSA nanoparticles was
established. According to this protocol the nanoparti-
cles were prepared in 10 mM NaCl, at a starting HSA
concentration of 100 mg/ml. The pH of this solution
was adjusted to 8.2. Nanoparticles were assembled at

a rate of ethanol addition of 1.0 ml/min, which grants
a low polydispersity index (Fig. 1). Together these
conditions lead to particles with average diameters
below 200 nm (Fig. 2), at a particle yield of about
75% (Fig. 2). The crosslinked nanoparticles were
purified under alkaline washing conditions (pH 9) in
order to separate smaller particles and to achieve a
narrow particle size distribution.

To test the reproducibility of particle preparation,
three different preparations of HSA nanoparticles, as-
sembled under the standard conditions just described,
were analyzed by sedimentation velocity analysis in
the analytical ultracentrifuge. The results are shown
in Fig. 4B. It is obvious from the figure that the
preparation method applying a pump-controlled sys-
tem in combination with a defined pH adjustment in
the presence of sodium chloride, as introduced by us,
leads to well-defined mean particle sizes as well as
to narrow particle size distributions. These distribu-
tions, now containing only particles with diameters
exceeding approximately 70 nm, can be further frac-
tionated by preparative sucrose gradient centrifugation
(Vogel et al., 2002).

3.3. Stability and surface charge of the
nanoparticles

The stability and electrical behaviour of the HSA
nanoparticles were evaluated by pH and buffer titration
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Fig. 4. Size distribution of HSA nanoparticles according to sedimentation velocity analysis: (A) After formation and crosslinking the
nanoparticles were treated under different conditions: no washing (�), washing with water (no pH adjustment) (�), washing with water
adjusted to pH 9 (	), and with 10 mM NaCl pH 9 (�). (B) Three independent samples of HSA nanoparticles were prepared under identical
conditions in 10 mM NaCl at pH 8.2. The nanoparticles were purified under alkaline washing conditions. For the rate of ethanol addition
and HSA concentration seeFig. 2.

experiments. A typical titration profile of preformed
nanoparticles over a pH range between 3 and 10 is
outlined inFig. 5. The titration was started at pH 3.
Under these conditions the nanoparticles revealed a
particle diameter of about 250 nm and a zetapotential
of +38 mV. With increasing pH value the zetapotential
of the nanoparticles was reduced to−40 to −50 mV
at pH values between 7.2 and 10. The isoelectric
point (pI) of the HSA nanoparticles was calculated to
be 5.05 (i.e. 0.25 pH units lower than for unmodified

HSA). At pH values around the pI, the nanoparticles
became unstable, as indicated by PCS: particle di-
ameter increased from 250 nm to about 2.7�m. The
particle aggregation was largely irreversible even at
higher pH values at which the nanoparticles exhibited
a pronounced surface charge. Although a reduction
of the particle diameter from 2.7�m to about 700 nm
was observed due to the negative surface charge at
these pH values, the initial size of 250 nm was not
reached. Therefore, when handling protein-based
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Fig. 5. Influence of the pH value on the diameter (�) and zetapotential (�) of preformed HSA nanoparticles. For other experimental
parameters seeFig. 2.

nanoparticles, pH values leading to neutral particle
surface charges have to be avoided. This observation
is of major importance for further surface modifica-
tion steps by protein chemistry which require a pH
adjustment of the reaction media.

In order to take a detailed look at the effect of
crosslinking on the pI of HSA nanoparticles, the par-
ticles were prepared with different amounts of the
crosslinker glutaraldehyde. Thus, after the desolva-

Fig. 6. Influence of the crosslinking process with different amounts of glutaraldehyde on the diameter (�) and pI (�) of the resulting
HSA nanoparticles (mean± S.D., n = 3). For other experimental parameters seeFig. 2.

tion procedure the nanoparticles were crosslinked,
per milligram HSA, with 0.235, 0.588 or 1.175�l of
an aqueous 8% glutaraldehyde solution. These glu-
taraldehyde concentrations equal 40, 100 and 200% of
the calculated amount necessary for the quantitative
crosslinking of the 59ε-amino groups of lysine in the
HSA molecules of the particle matrix (Hirayama et al.,
1990; Carter and Ho, 1994). Whereas no influ-
ence of the crosslinking conditions on the resulting
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particle size was observed (Fig. 6), the glutaralde-
hyde crosslinking of the particle matrix tends to re-
sult in a decrease in the pI of the nanoparticles (P =
0.057, Student’st-test): the pI value decreased from
5.3 (without crosslinker) to 5.15 (40% crosslinker),
5.09 (100% crosslinker) and 4.91 (200% crosslinker),
respectively. Such reduction in the pI value could be
expected for a covalent reaction involving lysine side
chains of a protein.

The salt dependency of the surface charge of pre-
formed HSA nanoparticles was determined by a
titration experiment in which increasing amounts of
a 1130 mM phosphate buffer (pH 7.4) were added
to the aqueous nanoparticle suspension. With in-
creasing buffer concentration the zetapotential of
the nanoparticles was reduced from about−60 mV
without buffer to−20 mV under isotonic conditions
(Fig. 7), due to a shielding of the surface charge of
the nanoparticles by the ionic species of the buffer.
Nevertheless, it is obvious that phosphate buffer of
pH 7.4 can be used at least up to concentrations of
150 mM without reducing particle surface charge to
a degree that leads to isoelectric aggregation of the
particles.

Fig. 7. Influence of the phosphate buffer concentration (pH 7.4) on the zetapotential of preformed HSA nanoparticles. The corresponding
tonicity of the nanoparticle suspension is given as a second axis.

3.4. Cellular uptake of HSA nanoparticles

In order to investigate the potential of HSA nanopar-
ticles to serve as a colloidal drug carrier cellular uptake
studies were performed with primary human blood-
derived macrophages. HSA nanoparticles were pre-
pared and characterized as described inSection 2
showing an average diameter of 187.6 nm and a ze-
tapotential of−44 mV. After an incubation time of
3 h a remarkable intracellular accumulation of HSA
nanoparticles was observed using confocal microscope
imaging (Fig. 8A). At a concentration of 25�g/ml
autofluorescent HSA nanoparticles were mostly dis-
tributed within non-nucleic intracellular compart-
ments (Fig. 8B). Quantification of cellular uptake by
FACS analysis shows a concentration-dependent ac-
cumulation of HSA nanoparticles in primary human
blood-derived macrophages. As seen inFig. 9 at a
concentration of 25�g/ml about 87% of the cells have
taken up HSA nanoparticles. Above a concentration
of 100�g/ml nearly all cells have internalized HSA
nanoparticles.

These findings indicate that HSA nanoparticles pre-
pared by the desolvation technique with small average
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Fig. 8. Cellular uptake and intracellular distribution of HSA nanoparticles. Autofluorescent HSA nanoparticles (green) were incubated
at a concentration of 25�g/ml with primary human macrophages for 3 h and visualized by confocal microscope imaging using 63×
magnification, 1× electronic zoom (A and C) and 63× magnification, 2× electronic zoom (B). Cell nuclei were stained with TOTO-3-iodid
(blue) and cell membranes were stained with TRITC-conjugated concanavalin A (red). Primary human macrophages without incubation of
HSA nanoparticles are shown in (C).

Fig. 9. FACS profile of primary human macrophages incubated with different concentrations of HSA nanoparticles. Cellular uptake of
autofluorescent HSA nanoparticles was quantified acquiring fluorescence of the cells in the FITC channel. Percentage of cells with
internalized HSA nanoparticles is indicated by the number above each graph. Control cells without HSA nanoparticles are indicated by
the solid grey pattern.
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diameter and−44 mV surface charge could serve as
drug delivery systems in future applications into cells
of the mononuclear phagocyte system.

4. Conclusion

The present study shows that HSA nanoparticles
can be prepared with predictable and reproducible
size, in a size range between 150 and 280 nm, by
an aqueous desolvation process. Adjustment of the
pH value in the presence of sodium chloride prior
to the protein desolvation and particle purification
by repeated (alkaline) washing represent the basic
improvements in the preparation procedure. The pH
value as well as the buffer concentration in a HSA
nanoparticle suspension were identified as crucial
parameters for particle stability. HSA nanoparti-
cles proofed to be taken up into primary human
macrophages into non-nucleic intracellular compart-
ments. In combination with our previous work on
the covalent surface modification of protein-based
nanoparticles the present study represents a further
step towards a rational colloidal carrier design.
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