
A
o

M
a

b

a

A
R
R
A
A

K
P
2
D
B
U
I

1

u
n
P
c
a
t
c
a
d
b
t
R
e
u

B
B

p
r

0
d

International Journal of Pharmaceutics 428 (2012) 125– 133

Contents lists available at SciVerse ScienceDirect

International  Journal  of  Pharmaceutics

jo ur nal homep a ge: www.elsev ier .com/ locate / i jpharm

dsorption  kinetics  of  plasma  proteins  on  ultrasmall  superparamagnetic  iron
xide  (USPIO)  nanoparticles

.  Janscha, P.  Stumpfb,  C.  Grafb, E.  Rühlb,  R.H.  Müllera,∗

Institute of Pharmacy, Department of Pharmaceutics, Biopharmaceutics & NutriCosmetics, Freie Universität Berlin, Kelchstr. 31, 12169 Berlin, Germany
Institute of Chemistry and Biochemistry, Physical and Theoretical Chemistry, Freie Universität Berlin, Takustraße 3, 14195 Berlin, Germany

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 17 November 2011
eceived in revised form 30 January 2012
ccepted 31 January 2012
vailable online 8 February 2012

eywords:
rotein adsorption
-D PAGE

a  b  s  t  r  a  c  t

In  this  study  the  kinetics  of  plasma  protein  adsorption  onto  ultrasmall  superparamagnetic  iron
oxide  (USPIO)  particles  have  been  analyzed  and  compared  to previously  published  kinetic  studies  on
polystyrene  particles  (PS  particles),  oil-in-water  nanoemulsions  and  solid  lipid  nanoparticles  (SLNs).  SPIO
and  USPIO  nanoparticles  are  commonly  used  as magnetic  resonance  imaging  (MRI)  enhancers  for  tumor
imaging as  well  as  in  drug  delivery  applications.  Two-dimensional  polyacrylamide  gel electrophoresis
(2-D  PAGE)  has  been  used  to determine  the  plasma  protein  adsorption  onto  the  citrate/triethylene  glycol-
stabilized  iron  oxide  surface.  The  results  indicate  that  the  existence  of  a Vroman  effect,  a displacement
of  previously  adsorbed  abundant  proteins,  such  as  albumin  or  fibrinogen,  respectively,  on USPIO  parti-
rug targeting
iodistribution
SPIO

ron oxide nanoparticles

cles  has  to be  denied.  Previously,  identical  findings  have  been  reported  for oil-in-water  nanoemulsions.
Furthermore,  the  protein  adsorption  kinetics  differs  dramatically  from  that  of  other  solid  drug  delivery
systems  (PS,  SLN).  More  relevant  for the  in  vivo  fate of  long  circulating  particles  is  the  protein  corona  after
several  minutes  or even  hours.  Interestingly,  the  patterns  received  after  an incubation  time  of  0.5  min
to 240  min  are  found  to be  qualitatively  and  quantitatively  similar.  This  leads  to  the  assumption  of  a
long-lived  (“hard”)  protein  corona  around  the iron  oxide  nanoparticles.
. Introduction

Superparamagnetic iron oxide (SPIO) nanoparticles are widely
sed in vivo for biomedical applications including magnetic reso-
ance imaging (MRI) contrast enhancement (Fukuda et al., 2006;
eng et al., 2008; Pouliquen et al., 1989) or in drug delivery appli-
ations, e.g. loaded with doxorubicin in anti cancer therapy (Gupta
nd Wells, 2004; Yang et al., 2011). Following intravenous adminis-
ration, the body distribution of the particles is the most important
haracteristic as it defines the kind of use. SPIO particles with

 size above 50 nm are rapidly phagocytosed by the reticuloen-
othelial system (RES, i.e. macrophages) and are mostly taken up
y the liver (Ferrucci, 1990; Saini et al., 1987). This kind of par-
icles is used as liver-specific MR  imaging contrast agents (e.g.

esovist®, Bayer HealthCare Pharmaceuticals, Germany) (Magin
t al., 1991; Weissleder et al., 1988). Particles smaller than 50 nm,
sually classified as USPIO (ultrasmall superparamagnetic iron
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oxide nanoparticles), have a lower affinity to the RES and have
therefore a longer circulation time within the bloodstream (Saini
et al., 1995). Thus, some particles are taken up into the lymph nodes,
the bone marrow, the brain, or the spleen. Apart from the parti-
cle size of the iron oxide nanoparticles all other physico-chemical
properties, such as their surface characteristics, are playing an
important role for the in vivo behavior. Variation of these parame-
ters leads to a diverse in vivo fate. Some authors tried to modify
the surfaces of the magnetic nanoparticles with PEG to achieve
an extended blood half-life by resisting blood protein adsorption
(Gupta and Curtis, 2004). Others modified the surface charge of
superparamagnetic iron oxide particles and could demonstrate a
higher uptake into breast cancer cells by positively charged mag-
netite nanoparticles compared to negatively charged iron oxide
particles (Osaka et al., 2009).

The concept of differential protein adsorption is the key to
determine the potential organ distribution (Müller and Heinemann,
1989). Immediately after intravenous application of the nanopar-
ticles, the blood proteins will interact and, depending on the
physico-chemical properties of the particles, adsorb onto their sur-
face. Thereby some proteins, such as opsonins, act as a promoter of

the phagocytosis and help to detect the particles as foreign material.
Typical opsonins are fibrinogen, immunoglobulins and comple-
ment proteins (Camner et al., 2002; Leroux et al., 1994). Contrarily,
dysopsonins prolong the blood half-life as they inhibit phagocytic
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ngestion. Known dysopsonins are e.g. albumin and apolipoproteins
Moghimi et al., 1993; Ogawara et al., 2004).

There are different techniques to identify the adsorbed proteins
n the particles surface, such as sodium dodecyl sulfate polyacry-
amide gel electrophoresis (SDS-PAGE) (Kang et al., 2007), total
nternal reflection fluorescence (TIRF) (Jorgensen et al., 2009), shot-
un proteomic approach (Capriotti et al., 2011), or combination of
tomic force microscopy (AFM), and surface plasmon resonance
SPR) (Servoli et al., 2008). However, two-dimensional polyacry-
amide gel electrophoresis (2-D PAGE) is the most powerful one.
p to 10,000 proteins can be determined simultaneously dur-

ng one sample run (Hochstrasser et al., 1990; Klose and Kobalz,
995; Tissot et al., 1991). This technique has been optimized for
he analysis of adsorbed plasma proteins on polystyrene particles
Blunk et al., 1993), nanoemulsions for parenteral administra-
ion (Harnisch and Müller, 1998), solid lipid nanoparticles (SLNs)
Göppert and Müller, 2004), as well as magnetite nanoparticles
Thode et al., 1997).

The adsorption of blood proteins is also time-dependent. Vro-
an  postulated a protein adsorption and displacement onto solid

urfaces within a fraction of a second (Vroman and Adams, 1986;
roman et al., 1980). Abundant proteins with low affinity adsorb
rst and are subsequently replaced by less plentiful proteins with

 higher affinity to the particle surface. This phenomenon is also
alled “Vroman effect” and might take place within a split second.
lunk et al. (1996) showed the existence of this protein exchange
equence on polymeric model particles. The difficulty in analyzing
his early stage of protein adsorption consists of the short incuba-
ion time. It is impossible to incubate and separate the particles
rom unbound plasma within a split second. Therefore, different
ilutions of plasma have been used to simulate early stages of
rotein adsorption without varying the incubation time. A dis-
lacement of albumin by fibrinogen and finally of fibrinogen by
polipoproteins was observed. The results are well in agreement
ith the postulated Vroman effect, since albumin is the most

bundant protein in human plasma (albumin 3500–5000 mg/dl;
brinogen 200–450 mg/dl; apoJ 3.5–10.5 mg/dl). On SLNs Göppert
nd Müller (2005) observed a transient adsorption of fibrinogen,
hich was displaced by apolipoproteins. Interestingly, no compet-

tive protein adsorption behavior could be observed on oil-in-water
anoemulsions (o/w nanoemulsions) (Harnisch and Müller,
000).

The aim of this study was to investigate the kinetics of protein
dsorption on USPIO nanoparticles in order to gain a compre-
ensive understanding of the protein-particle-interactions and to
larify whether there is a Vroman effect on iron oxide nanopar-
icles or not. A change in the protein adsorption patterns as
unction of time can also change the organ distribution of the
anoparticles. Furthermore, the impact of prolonged incubation
imes on the protein adsorption pattern of USPIO nanoparti-
les has been analyzed. On the hand, early protein adsorption
s highly interesting from the academic point of view, on the
ther hand the sequence of adsorption and desorption processes
ithin a certain period of time is much more relevant to the

n vivo behavior of the particles. Particles with a constant pro-
ein corona while circulating within the bloodstream can be easily
tilized for a targeted use according to the concept of differ-
ntial protein adsorption (Müller and Heinemann, 1989). The
n vivo behavior of an i.v. drug carrier depends on the proteins
dsorbed onto its surface which in turn is based on its physico-
hemical properties. Furthermore, it is likely that an exchange of
dsorbed proteins on the particles, which have not been elimi-

ated rapidly by macrophages, occurs during circulation within
he bloodstream and leads to a divergent in vivo fate. This will
e discussed for USPIO nanoparticles in the second part of this
tudy.
harmaceutics 428 (2012) 125– 133

2. Materials and methods

2.1. Synthesis of iron oxide nanoparticles

The synthesis of USPIO nanoparticles in triethylene glycol
(TREG) (Sigma–Aldrich, Taufkirchen, Germany) has been carried
out according to Cai and Wan  (2007).  Briefly, tris(acetylacetonato)
iron(III), often abbreviated as Fe(acac)3 (Sigma–Aldrich,
Taufkirchen, Germany), was  mixed with TREG and after a heating
and subsequent cooling process an iron oxide nanoparticles disper-
sion was received. A precipitate of the nanoparticles, induced by
adding ethanol and ethyl acetate to the reaction mixture, was mag-
netically separated from the excess TREG and other by-products
using a 1 T permanent magnet in order to obtain a pure black
precipitate. Finally, the particles were dispersed in an aqueous
sodium citrate solution (200 g/L) (Sigma–Aldrich, Taufkirchen,
Germany), stirred for 2 h, and purified by three-fold centrifugation
(4000 × g) and redispersion in water or standard infusion solution
(Deltajonin) (AlleMan Pharma, Rimbach, Germany). In this way,
a stable nanoparticle dispersion in water or standard infusion
solution was  obtained.

2.2. Characterization of the iron oxide nanoparticles

TEM images were recorded using an EM 902A TEM from
Philips (Eindhoven, The Netherlands). The samples were prepared
by dipping 400 mesh copper grids coated by a ≈15 nm carbon
film (Quantifoil Micro Tools, Jena, Germany) into a dispersion
of the nanoparticle samples. Dynamic light scattering measure-
ments were performed on a Delsa Nano C from Beckman Coulter
(Krefeld, Germany). At least 10 individual light scattering measure-
ments were performed for deriving the presented averaged values
of cumulant fits. IR-spectra were recorded on a Bruker IFS 66/S
(Bruker, Karlsruhe, Germany) spectrometer. Raman measurements
were performed on a HORIBA Jobin-Yvon Raman microscope linked
to a Dilor XY-800 Spektrometer from HORIBA Jobin-Yvon (Lille,
France). The exciting wavelength was  532 nm (second harmonic
of a Nd:YAG-laser).

2.3. Sample preparation for 2D-PAGE

The sample preparation procedure has been carried out as
described earlier (Thode, 1996; Thode et al., 1997). Briefly, par-
ticles were incubated in human plasma for 5 min at 37 ◦C by
default. The plasma used in the study was purchased from the
center for blood donation (German Red Cross, Berlin, Germany).
The nanoparticle dispersion contained of 5.1% (w/w) iron oxide
nanoparticles with citrate/TREG stabilization. The standard ratio
of iron oxide nanoparticles dispersion to plasma was 1:9 (v/v),
similar to previous studies mentioned above. The magnetic prop-
erties of the particles have been used to separate unbound plasma
proteins from the USPIOs. The sample was  placed on top of MS
columns, which has been set into the MiniMACS separator (both
from Miltenyi Biotec, Bergisch Gladbach, Germany). The magnetic
particles were retained in the matrix by magnetic force, implying
that the plasma is running through the column. After the excess
plasma was  washed off, the column was  removed from the mag-
netic field and the particles recovered by elution with 1.5 ml  of
Milli-Q® water (Fig. 1). The magnetic separation and washing was
done again three times to receive a clean sample without unbound
plasma proteins. Finally, the volume of the dispersion (1.5 ml)  was
reduced by centrifugation (23,000 × g, 1 h) and the obtained pellet

re-dispersed in 30 �l of Milli-Q® water. Removal of adsorbed pro-
teins from the nanoparticles surface has been accomplished by the
use of a solubilizing agent containing 10% (w/v) sodium dodecyl
sulfate (SDS) and 2.3% (w/v) dithioerythritol (DTE) (Blunk, 1994;
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Fig. 1. Schematic drawing of the magn

ook and Retzinger, 1992) followed by the use of a second solu-
ion with 4% (w/v) 3-[(3-cholamidopropyl)dimethylammonio]-
-propanesulfonate (CHAPS), 1% (w/v) DTE, 0.5% (w/v) tris
hydroxymethyl) aminomethane and 8 M urea to cover the SDS,
hich would otherwise disturb the separation process in the first
imension of the gel electrophoresis.

For the study of a possible Vroman effect samples containing
f the final amount of 0.9%, 4.5%, 9%, 45% and 90% (v/v) plasma
ave been prepared. The amount of iron oxide nanoparticles in
ach sample was constant whereas Milli-Q® water was used for
ilution to receive a final ratio of 1:9 iron oxide nanoparticles with
itrate/TREG stabilizers (5.1%, w/w) to incubation medium. These
oncentrations have been chosen according to previously published
ata (Blunk et al., 1996; Göppert and Müller, 2005; Harnisch and
üller, 2000).
Differing from earlier described sample preparation, the incuba-

ion time varied in the second part of this study. With the purpose of
 more relevant experimental design of the in vivo behavior of long
irculating particles incubation periods of 0.5 min, 5 min, 30 min,
nd 240 min  have been selected. These incubation times are iden-
ical with the ones in former kinetic adsorption studies (Blunk et al.,
996; Göppert and Müller, 2005).

.4. Two-dimensional polyacrylamide gel electrophoresis
2D-PAGE)

The 2D-PAGE analysis has been performed essentially as
escribed previously (Blunk et al., 1993). In the first dimension,

soelectric focusing (IEF), with the Multiphor II (GE Healthcare,

unich, Germany), equipped with a E752 power supply from

onsort (Turnhout, Belgium) using 18 cm IPG BlueStrips (Serva,
eidelberg, Germany) with a nonlinear immobilized pH gradient

rom 3 to 10. For the second dimension, SDS-PAGE, the Protean II xi
paration (see text for further details).

multi-cell, the Power Pac 1000, the Protean II xi multi-gel casting
chamber (18 × 18 × 1.5 mm)  and the Model 495 gradient former (all
four from Bio-Rad Laboratories, Munich, Germany) were used. The
gels employed in this study were cast with a linear gradient from 8
to 16% acrylamide using BIS (N,N′-methylene-bis-acrylamide) as a
crosslinker. After the second dimension the gels were silver stained
using the Bio-Rad Silver Stain, derived from the method of Merril
et al. (1981).  The stained gels were scanned with a laser densit-
ometer and were analyzed using the MELANIE software from the
Swiss Institute of Bioinformatics (Geneva, Switzerland). Identifi-
cation of the proteins was accomplished by comparing the spot
location with reference maps (ExPASy/SWISS-2DPAGE, Swiss Insti-
tute of Bioinformatics, Geneva, Switzerland) (Gasteiger et al., 2003).
All other reagents used for 2D-PAGE analysis were of analytical
grade and were purchased from Serva (Heidelberg, Germany). All
samples have been carried out in duplicates (n = 2) due to the time-
consuming and expensive technique. A proof of reproducibility has
been stated earlier (Blunk, 1994). Therefore, it is in fact not correct
to give a standard deviation in the results. However, a Gaussian dis-
tribution has been presumed in order to present the results with a
standard deviation.

3. Results and discussion

3.1. Early protein adsorption kinetics (Vroman effect) on
superparamagnetic iron oxide nanoparticles

When a foreign particle enters the human bloodstream,
immediately blood proteins will adsorb to the material surface.

Depending on the surface properties certain proteins will predom-
inately attach to it. Furthermore, previously bound proteins might
be displaced and other proteins take over their place on the par-
ticle surface. This competitive adsorption in plasma has first been
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Fig. 2. Plasma protein adsorption patterns of the iron oxide nanoparticles after incubation with 0.9% (top left), 4.5% (top right), 9% (middle left), 45% (middle right), and
9 hain, (
c , (10) 
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0%  plasma solution (bottom). (1) Albumin, (2) transferrin, (3) fibrinogen alpha c
hain  gamma, (7) immunoglobulin light chain, (8) alpha-1-antitrypsin, (9) apoA-IV
mmunoglobulin heavy chain alpha.

escribed by Vroman (1962),  therefore it is also called “Vroman
ffect”. In his studies he described a deposit of fibrinogen on vary-
ng surfaces (Vroman, 1988; Vroman et al., 1980). A large number
f workgroups around the world studied this behavior on different
inds of particles throughout the last decades (Brash and Ten Hove,
993; Huang et al., 1999; Ihlenfeld and Cooper, 1979).

For polymeric particles, Blunk et al. (1996) could confirm
he existence of the Vroman effect using different dilutions of
uman plasma as incubation medium. Based on the previously
sed experimental design, Harnisch and Müller (2000) examined
he adsorption kinetics on oil-in-water nanoemulsions, concluding

here is no displacement of previously adsorbed proteins due to the
ifferent chemical nature of the systems. Subsequently, Göppert
t al. investigated the adsorption kinetics on solid lipid nanopar-
icles (SLNs) which consist of a solid matrix, such as polystyrene
4) fibrinogen beta chain, (5) fibrinogen gamma chain, (6) immunoglobulin heavy
apoJ, (11) apoE, (12) apoA-I, (13) apoA-II, (14) apoC-II, (15) transthyretin, and (16)

particles but they are also made of lipids and are therefore chemi-
cally very similar to oil-in-water nanoemulsions. Also in this work,
a Vroman effect had been observed (Göppert and Müller, 2005).

The iron oxide nanoparticles used in this study can be character-
ized as follows: TEM measurements yielded an average diameter
of 7.8 ± 1.9 nm.  The hydrodynamic diameter was 10.7 ± 1.7 nm in
water and 12.2 ± 2.1 nm in standard infusion solution. SERS and
IR measurements revealed that the composition of the inorganic
core of the nanoparticles is a mixture of magnetite (Fe3O4) and
maghemite (�-Fe2O3).

Fig. 2 shows gel images and Fig. 3 the main groups of proteins,

which were generated from adsorption onto the USPIO nanoparti-
cles from diluted plasma with final concentrations of 0.9% (top left),
4.5% (top right), 9% (middle left), 45% (middle right), and 90% plasma
solution (bottom). The five adsorption patterns resulted from an
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Table 1
Total amount (vol.) and relative volumes (in vol.%) of the most abundant protein species adsorbed on USPIO particles (mean values of two experiments are shown, ± are the standard deviations; n = 2).

Adsorbed proteins “Vroman-kinetics” Over a period of time

0.9% plasma 4.5% plasma 9% plasma 45% plasma 90% plasma 0.5 min 5 min  30 min  240 min

�1-Antitrypsin vol. 0 596 ± 154 557 ± 184 139 ± 79 133 ± 75 388 ± 139 133 ± 75 724 ± 226 570 ± 33
vol.  (%) 0 9.9 ± 3.8 4.8 ± 0.8 1.3 ± 0.8 0.9 ± 0.4 2.7 ± 0.8 0.9 ± 0.4 2.6 ± 0.2 2.2 ± 0.1

Albumin vol.  0 84 ± 86 153 ± 50 44 ± 10 149 ± 210 188 ± 108 149 ± 210 234 ± 320 458 ± 70
vol.  (%) 0 1.5 ± 1.6 1.4 ± 0.6 0.4 ± 0.1 1.0 ± 1.3 1.3 ± 0.6 1.0 ± 1.3 0.7 ± 1.0 1.7 ± 0.1

Apolipoprotein A-I vol. 0 800 ± 175 994 ± 309 790 ± 161 575 ± 93 515 ± 242 575 ± 93 307 ± 43 291 ± 10
vol.  (%) 0 13.3 ± 4.6 8.5 ± 1.3 6.9 ± 0.4 3.9 ± 0.9 3.5 ± 1.5 3.9 ± 0.9 1.1 ± 0.4 1.1 ± 0.1

Apolipoprotein A-II vol. 0 0 0 76 ± 53 2 ± 3 0 2 ± 3 0 0
vol.  (%) 0 0 0 0.7 ± 0.6 0 0 0 0 0

Apolipoprotein A-IV vol. 0 153 ± 20 100 ± 11 160 ± 49 40 ± 31 30 ± 26 40 ± 31 139 ± 115 139 ± 11
vol.  (%) 0 2.7 ± 0.3 0.9 ± 0.1 1.5 ± 0.6 0.3 ± 0.2 0.2 ± 0.1 0.3 ± 0.2 0.6 ± 0.5 0.5 ± 0.0

Apolipoprotein C-II vol. 0 6 ± 7 0 16 ± 22 158 ± 103 0 158 ± 103 9 ± 13 0
vol.  (%) 0 0.1 ± 0.1 0 0.2 ± 0.2 1.1 ± 0.6 0 1.1 ± 0.6 0.1 ± 0.1 0

Apolipoprotein E vol. 0 0 0 0 128 ± 52 31 ± 28 128 ± 52 285 ± 205 100 ± 22
vol.  (%) 0 0 0 0 1.2 ± 0.8 0.3 ± 0.2 1.2 ± 0.8 1.1 ± 1.0 0.4 ± 0.1

Apolipoprotein J vol. 0 0 5 ± 7 10 ± 14 331 ± 5 276 ± 91 331 ± 5 1279 ± 8 665 ± 102
vol.  (%) 0 0 0.1 ± 0.1 0.1 ± 0.1 2.2 ± 0.1 1.9 ± 0.7 2.2 ± 0.1 4.7 ± 1.1 2.5 ± 0.2

Fibrinogen � chain vol. 0 0 7 ± 10 5 ± 7 31 ± 44 79 ± 63 31 ± 44 26 ± 21 98 ± 23
vol.  (%) 0 0 0.1 ± 0.1 0.1 ± 0.1 0.2 ± 0.3 0.5 ± 0.4 0.2 ± 0.3 0.1 ± 0.1 0.4 ± 0.1

Fibrinogen � chain vol. 0 0 0 524 ± 31 270 ± 39 1035 ± 179 270 ± 39 1943 ± 223 1805 ± 18
vol.  (%) 0 0 0 4.7 ± 0.4 1.8 ± 0.1 7.1 ± 1.6 1.8 ± 0.1 7.2 ± 2.5 6.8 ± 0.6

Fibrinogen � chain vol. 0 14 ± 11 577 ± 64 3076 ± 668 5549 ± 209 3981 ± 690 5549 ± 209 7836 ± 639 7137 ± 198
vol.  (%) 0 0.3 ± 0.2 5.0 ± 0.2 26.9 ± 2.1 37.3 ± 4.7 27.3 ± 6.3 37.3 ± 4.7 28.2 ± 4.5 26.8 ± 1.3

Ig  light chain vol. 0 0 281 ± 190 762 ± 25 772 ± 111 1395 ± 325 772 ± 111 2846 ± 90 2746 ± 54
vol.  (%) 0 0 2.3 ± 1.3 6.8 ± 1.1 5.1 ± 0.3 9.6 ± 2.8 5.1 ± 0.3 10.4 ± 2.8 10.3 ± 1.0

Ig  heavy chain � vol. 0 1523 ± 412 2615 ± 115 181 ± 82 0 188 ± 122 0 39 ± 54 9 ± 2
vol.  (%) 0 24.5 ± 3.5 22.8 ± 2.8 1.6 ± 0.5 0 1.3 ± 0.8 0 0.1 ± 0.1 0

Ig  heavy chain � vol. 0 1857 ± 513 3904 ± 161 3947 ± 495 5727 ± 655 2025 ± 91 5727 ± 655 5794 ± 1036 6949 ± 946
vol.  (%) 0 29.8 ± 4.4 34.0 ± 4.2 34.8 ± 0.5 38.3 ± 0.9 13.8 ± 1.4 38.3 ± 0.9 20.6 ± 1.2 26.0 ± 1.6

Transferrin vol.  0 0 0 0 0 10 ± 13 0 8 ± 11 288 ± 2
vol.  (%) 0 0 0 0 0 0.1 ± 0.1 0 0 1.1 ± 0.1

Transthyretin vol.  0 419 ± 46 401 ± 21 348 ± 1 233 ± 12 8 ± 11 233 ± 12 24 ± 34 11 ± 10
vol.  (%) 0 6.8 ± 0.1 3.5 ± 0.4 3.1 ± 0.4 1.6 ± 0.1 0.1 ± 0.1 1.6 ± 0.1 0.1 ± 0.1 0.1 ± 0.1

Total  amount vol. 0 5451 ± 571 9592 ± 1021 10,075 ± 1076 14,095 ± 872 10,145 ± 732 14,095 ± 872 21,489 ± 1551 21,262 ± 1315
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F f superparamagnetic iron oxide nanoparticles obtained from incubation with different
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ig. 3. Relative volume (in vol.%) of the major proteins adsorbed on the surface o
lasma dilutions (n = 2).

ncubation time of 5 min. Table 1 provides a detailed overview
f the major adsorbed proteins. No proteins can be detected on
he surface of the iron oxide nanoparticles after incubation in the

ost diluted plasma (0.9%), which corresponds to the very early
hase of protein adsorption. A possible explanation for the lack of
potted proteins can be found in the early stage of the adsorption
rocess, which is either caused by the extreme dilution or a detec-
ion problem, since the sensitivity of the silver staining is stated to
e ∼0.1 ng/mm2. Immunoglobulin (Ig) chains were present in the
ighest amount (>54% of overall detected proteins) on the adsorp-
ion pattern of 4.5% plasma. In addition, there was a considerable
mount of apolipoprotein A-I (apoA-I) and smaller fractions of �1-
ntitrypsin, transthyretin, apoA-IV, and albumin was also detected.
orth mentioning is that nearly no fibrinogen adsorption occurred

t this point of time. With increasing plasma concentration the sit-
ation changes as the detected amount of fibrinogens rises steadily,
eaching up to a maximum of 39.3% of total adsorbed proteins.
verall, fibrinogen is the only protein detected with a permanent

ncrease. Contrarily, the total amount of apolipoproteins is highest
t a plasma concentration of 4.5% and decreases with increasing
lasma concentration. Generally highest, at all stages of plasma
oncentration, is the amount of immunoglobulins. Albumin, the
ost abundant protein in human plasma and therefore, according

o Vroman expected to be one of the first proteins adsorbing to the
anoparticles surface, is only present in least amounts on all pat-
erns. This result is well in agreement with a previously published
tudy, where different separation methods have been compared to
ach other (Thode et al., 1997). Iron oxide nanoparticles have been
eparated from unbound plasma by means of centrifugation, mag-
etic separation, gel filtration, and static filtration. The dominant
roups of detected proteins are fibrinogen and immunoglobulins,
nd only minor amounts of albumin have been observed. Neverthe-
ess, one has to keep in mind, the results of the 2-D PAGE technique
an be affected by the separation method or the washing medium.

In conclusion, neither a transiently adsorbed fibrinogen nor a
omplete displacement of a certain protein can be found on the
urface of superparamagnetic iron oxide particles. Thus, the pat-
erns show changes but an existence of the Vroman effect on USPIO
anoparticles cannot be documented. From this, the iron oxide
anoparticles are only comparable to the oil-in-water nanoemul-
ions as they have shown similar characteristics (Harnisch and
üller, 2000). However, a more detailed analysis of the protein

orona shows that there are distinct differences between the two

ystems. Apolipoproteins represented the major group of adsorbed
roteins on o/w nanoemulsions. However, they are only playing a
inor role in the adsorption process on USPIO particles. Fibrinogen,
hich is the dominant protein on the citrate/TREG-stabilized iron
Fig. 4. Total amounts of proteins adsorbed on the surface of the superparamagnetic
iron oxide nanoparticles after incubation with different plasma dilutions (n = 2).

oxide nanoparticles among immunoglobulins, incubated in high
plasma concentrations, showed only a slight affinity to the o/w
nanoemulsion surface. Therefore, according to their completely dif-
ferent chemical structure and resulting diverse binding sites, the
protein adsorption kinetics is different, as well.

Fig. 4 shows an overview of the total amounts of adsorbed pro-
teins after incubation in different dilutions of plasma. Generally,
an increase of overall amount of adsorbed proteins with increas-
ing plasma concentration can be observed. From 4.5% to 9% plasma
concentration, the amount of adsorbed protein is nearly doubled.
From 9% to 45%, this quantity is almost constant, and up to 90%
plasma concentration, another increase can be detected. A possible
explanation can be that saturation of the citrate/TREG-stabilized
iron oxide surface with proteins occurs at 9% plasma concentration.
Similarly, at 90% plasma concentration there might be a second
layer of proteins adsorbed to the surface. This is in agreement
with previous work, where multilayer adsorption of blood proteins
has been observed and described e.g. on sulfonated polyurethanes
(PUs) (Silver et al., 1993).

3.2. Kinetics of plasma protein adsorption on magnetic iron oxide
nanoparticles over a certain period of time relevant to drug
targeting

The protein adsorption kinetics on superparamagnetic iron
oxide nanoparticles after different incubation times were ana-
lyzed in order to gain a more comprehensive understanding on
the adsorption processes. Intravenously injected particles which

are not eliminated rapidly from the bloodstream by macrophages
might pass through a sequence of protein adsorption and deple-
tion until a certain uptake occurs (Mientus and Knippel, 1995;
Shen et al., 2008). Especially USPIO particles used for extrahepatic
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Fig. 5. Plasma protein adsorption patterns of iron oxide nanoparticles after 0.5 min  (top left), 5 min  (top right), 30 min  (bottom left), and 240 min incubation time (bot-
t  beta 
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om  right). (1) Albumin, (2) transferrin, (3) fibrinogen alpha chain, (4) fibrinogen
mmunoglobulin light chain, (8) alpha-1-antitrypsin, (9) apoA-IV, (10) apoJ, (11) ap
eavy  chain alpha using a 90% plasma solution.

ndications, such as MR  lymphography, need to avoid a rapid uptake
y liver and spleen (Lind et al., 2002). Besides the particle size, the
dsorbed proteins might play the most important role in the fate
f the i.v. injected particles (Müller et al., 1997). Lind et al. (2001)
ould demonstrate that a clear correlation occurs between the pro-
ein adsorption data of SPIO particles received by 2-D PAGE and ex
ivo from animals.

Based on previous kinetic studies, incubation times of 0.5 min,

 min, 30 min, and 240 min, were chosen (Blunk et al., 1996;
öppert and Müller, 2005) and the final amount of 90% (v/v) plasma
as used as a standard incubation medium. Fig. 5 displays the
atterns obtained from different incubation times. With regard to

ig. 6. Relative volume (in vol.%) of major proteins adsorbed onto the surface of superpara
sing  a 90% plasma solution.
chain, (5) fibrinogen gamma  chain, (6) immunoglobulin heavy chain gamma, (7)
2) apoA-I, (13) apoA-II, (14) apoC-II, (15) transthyretin, and (16) immunoglobulin

the qualitative aspects of the adsorbed proteins, the four patterns
do not differ significantly. Amounts of major proteins, expressed
as percentages of the overall protein amount on the particles are
presented in Fig. 6 and a more comprehensive compilation of the
adsorbed proteins is shown in Table 1.

After 0.5 min  incubation time fibrinogen is already the dominant
protein adsorbing onto the surface of the iron oxide nanoparticles.
This is interesting as it could not be found in the early stages of the

Vroman study (cf. Section 3.1). Otherwise, one has to keep in mind,
that the Vroman kinetics take place within a split second and in this
study the shortest incubation time was 30 s. The relative amount
of adsorbed fibrinogen is relatively independent on the incubation

magnetic iron oxide nanoparticles obtained from different incubation times (n = 2)
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ime, but an absolute increase with raising incubation times can
e observed. Also present in relatively high quantities are the

mmunoglobulins. Likewise fibrinogen, the absolute amount of this
dsorbed species increases with incubation time. Both belong to the
roup of opsonic proteins, accelerating the macrophage detection
f the particles as foreign material. Nagayama et al. (2007) analyzed
he time-dependent changes of opsonin adsorption onto nanopar-
icles and their effect on the hepatic uptake. An increased uptake
y Kupffer cells has been correlated with an increased adsorption
f opsonins, mainly complement C3 and IgG, with an increase of
ncubation time. Based on these findings a strong accumulation of

agnetite nanoparticles in the liver appears to be most likely. Pre-
iously, immunoglobulins and fibrinogen have been identified as
he major adsorbed proteins on iron oxide particles, which were
tabilized once with chondroitin-4-sulfate and others with car-
oxydextran (Müller et al., 1997). In vivo both types of magnetite
anoparticles showed a quick uptake by Kupffer cells of the liver.

Apolipoproteins do not play a dominant role on any pattern
ecorded in this work. Their total value is always below 10% of
he entire adsorbed proteins. This finding differs significantly from
he kinetics results obtained from solid lipid nanoparticles (SLNs),
here apolipoproteins played the prominent role on all patterns

Göppert and Müller, 2005). Moreover, it is in agreement with a pre-
ious study on iron oxide nanoparticles, where only minor amounts
f ApoA-I and ApoA-II have been spotted on the particle surface
Thode et al., 1997). Notable is a certain amount of apoE, as it has
hown the ability to deliver drugs across the blood brain barrier
BBB) earlier (Kreuter et al., 2002). Thus, a possible, novel and non-
nvasive location of USPIO nanoparticles for MRI  in the brain might
e possible. Certainly, further studies have to prove the principle
f this new targeting potential.

Even less is the amount of detected albumin (alike the Vroman
inetics, Section 3.1). This result is not entirely new for iron oxide
articles, as Thode et al. (1997) reported similar results for their
agnetite samples. The low albumin adsorption is another indica-

or that the particles will be rapidly removed from the bloodstream,
ince albumin is known as a protein with dysopsonic behavior
Ogawara et al., 2004).

In summary, a relative stable protein adsorption on superpara-
agnetic iron oxide nanoparticles over time periods ranging from

.5 min  to 4 h, proved by 2-D PAGE patterns, has been observed.
here is little evidence for protein displacement on the surface of
he citrate/TREG stabilized iron oxide nanoparticles and therefore,
t is easier to predict their in vivo organ distribution.

. Conclusions

The plasma protein adsorption kinetics on superparamagnetic
ron oxide (USPIO) particles was analyzed by two-dimensional
olyacrylamide gel electrophoresis (2-D PAGE) in combination
ith particle incubation in diluted plasma. The results reveal

here is no typical Vroman effect on the iron oxide nanoparticles
nder study. No displacement of previously adsorbed proteins by
roteins possessing a higher affinity to the particle surface can
e determined. Compared to other nanoparticulate drug deliv-
ry systems, similar results have been reported singularly for o/w
anoemulsions, whereas the existence of a Vroman effect has been
bserved on the surface of polymeric model particles and solid
ipid nanoparticles (SLNs). However, there are differences in the
rotein adsorption patterns received from iron oxide particles com-
ared to o/w nanoemulsions. Immunoglobulins are the dominant
rotein group during all stages of plasma protein adsorption onto

SPIO particles. In addition, an increasing amount of fibrinogen
ith prolonged incubation times has been observed. Both species

elong to the group of opsonic blood proteins, facilitating the
acrophages to detect the administered nanoparticles. From this a
harmaceutics 428 (2012) 125– 133

rapid clearance from the bloodstream and an accumulation mainly
in the liver are predicted. Low amounts of adsorbed dysopsonic
proteins, such as apolipoproteins and albumin, do support this
prediction. Over a certain period of time, minutes to hours, more
important for the in vivo behavior of intravenously injected parti-
cles, the protein adsorption patterns were qualitatively similar to
each other. Furthermore, the relative amount of major proteins,
such as apolipoproteins, fibrinogen, and albumin kept constant
over time. Singularly, the amount of adsorbed immunoglobulins
increased with prolonged incubation times. The knowledge of the
protein adsorption patterns and kinetics on USPIO nanoparticles
surfaces might be an important step on the way  to tailor-made tar-
geted iron oxide nanoparticles. Thus, when processes of protein
adsorption and the corresponding body distribution are known,
one can design iron oxide nanoparticles with optimized physico-
chemical surface properties, which are expected to automatically
adsorb the proteins required for localization in a certain tissue, i.e.
these iron oxide nanoparticles are “self-targeted” to the desired site
of action.
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