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Abstract

The interactions of intravenously injected carriers with plasma proteins are the determining factor for the in vivo fate of the
particles. In this study the adsorption kinetics on solid lipid nanoparticles (SLN) were investigated and compared to the adsorp-
tion kinetics on previously analyzed polymeric model particles and O/W-emulsions. The adsorbed proteins were determined
using two-dimensional polyacrylamide gel electrophoresis (2-DE). Employing diluted human plasma, a transient adsorption of
fibrinogen was observed on the surface of SLN stabilized with the surfactant Tego Care 450, which in plasma of higher con-
centrations was displaced by apolipoproteins. This was in agreement with the “Vroman-effect” previously determined on solid
surfaces. It says that in the early stages of adsorption, more plentiful proteins with low affinity are displaced by less plentiful with
higher affinity to the surface. Over a period of time (0.5 min to 4 h) more interesting for the organ distribution of long circulating
carriers, no relevant changes in the composition of the adsorption patterns of SLN, surface-modified with poloxamine 908 and
poloxamer 407, respectively, were detected. This is in contrast to the chemically similar surface-modified polymeric particles
but well in agreement with the surface-modified O/W-emulsions. As there is no competitive displacement of apolipoproteins on
these modified SLN, the stable adsorption patterns may be better exploited for drug targeting than particles with an adsorption
pattern being very dependent on contact time with plasma.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma protein adsorption on particulate drug car-
riers for intravenous injection is generally regarded
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et al., 2003. For example, binding of opsonins (e.g.
immunoglobulin G, complement factors, and fibrino-

gen) promotes phagocytosis and removal of the par-

ticles from the systemic circulation by cells of the
mononuclear phagocytic system (MP&gfoux et al.,
1995; Camner et al., 20D2In contrast, binding of
dysopsonins (e.g. albumin) promotes prolonged circu-
lation time in the bloodloghimi et al., 1993; Ogawara
et al., 2004. Moreover, surface-enriched proteins can
mediate an uptake of the particles by specific target-cell
populations Kreuter et al., 2002; Nller and Schmidt,
2002. Therefore, the plasma protein adsorption pat-
terns on different carrier systems were analyzed in vitro
employing two-dimensional polyacrylamide gel elec-
trophoresis (2-DE)Elunk et al., 1993; Thode et al.,
1997; Harnisch and Mler, 1998; Liick et al., 1998b;
Gessner et al., 2001

In these studies, the particles were incubated rou-

tinely for 5 min in citrated plasma and subsequently the
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of particulate drug carriers and their protein adsorp-
tion detected in vitro is approached, it is important to
consider the protein adsorption patterns obtained after
incubation in both plasma and serum. In a strict sense,
only investigations using blood can provide expressive
answers with regard to adsorption of plasma proteins
onto surfaces in vivo.

Protein adsorption onto solid surfaces has been
reported to be time-dependent. In fact, the adsorption
patterns have to be regarded as a product of a sequence
of adsorption of more plentiful proteins with lower
affinity and their displacement by less plentiful proteins
with higher affinity to the investigated surfad&oman
etal., 1980; Vroman and Adams, 198®%his displace-
ment often occurs within seconds or even within a
fraction of a second and this early transient adsorption
is called “Vroman-effect”. Its extent depends on the
surface onto which the proteins are adsortizalgson-
Vidal etal., 1991; Brash and Ten Hove, 199lunk et

adsorbed proteins were eluted from the surface and ana-al. (1996)demonstrated such a “Vroman-effect” with

lyzed by 2-DE. Anincubation time of 5 min was chosen
because in general the first 5 min after i.v. injection are
decisive for the fate of the particles. In case recogni-
tion by the MPS occurs, up to 90% of the injected dose
are taken up by the liver macrophag€sNlullane et

al., 1987; Liliemark et al., 1995In case particles “sur-
vive” these first 5 min, prolonged blood circulation was
found (llumetal., 1987; Cattel et al., 203 herefore,
the protein adsorption pattern acquired in the first 5 min
is the most important one, determining MPS recogni-
tion or MPS escape (at least for a certain time).

When using plasma, it is important to bear in mind
that the addition of an anticoagulant such as sodium
citrate — which chelates bivalent cations like calcium
— leads to inactivation of the amplifying systems such
as complement or coagulatioBgbensee et al., 1998;
Yamazaki et al., 1999 Nevertheless, in this study
plasma is a more appropriate incubation medium for
evaluating competitive adsorption in vitro than serum,
because in many other studies the adsorption of typi-
cal plasma proteins, such as fibrinogen, onto different
types of particles was demonstrat&tink et al., 1993;
LiUck et al., 1997; Jahangir et al., 2003; Archambault
and Brash, 2004; Unsworth et al., 20@®Hd the adsorp-
tion of a single protein strongly depends on the compo-
sition of the mixture from which the adsorption appears
(Price et al., 2001; Cornelius et al., 2002fHow-
ever, when a correlation between the in vivo behavior

polymeric model particles employing different dilu-
tions of plasma. The dilution produces a prolonged
resistance time of the plentiful proteins on the surface
as the concentration of the lower plenty proteins having
a higher affinity to the surface decreases significantly
(Vroman and Adams, 1986However,Harnisch and
Mduller (2000)observed no competitive displacement
of plasma proteins on emulsion droplets and concluded
that the differences in the adsorption kinetics are due
to the different chemical nature of the systems, the
resulting different surface properties and consequently
the different binding facilities of the proteins to the
surface.

Another interesting carrier system for parenteral
drug delivery, showing good tolerability in vivo
(Weyhers et al., 1995; Olbrich et al., 2Q0# the solid
lipid nanoparticles (SLN)Nluller et al., 2000; Miller
etal., 2002; Wissing et al., 20D4The 2-DE technique
was previously modified and successfully transferred
to SLN (Goppert and Niller, 2009. The goal of the
first part of this study was to investigate if it also exists
a “Vroman-effect” on SLN, as they have a solid matrix
as the polystyrene model particles, or if the adsorption
kinetics are similar to the emulsion systems as they also
have a lipid matrix, i.e. are chemically very similar.
Furthermore, the adsorption kinetics of plasma pro-
teins on poloxamer 407-stabilized SLN (P407-SLN)
and poloxamine 908-stabilized SLN (P908-SLN) over
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a period of time, i.e. 0.5 min to 4 h, were investigated.
This should especially be relevant to the in vivo behav-
ior of surface-modified SLN as potential drug carri-
ers for site-specific delivery. Previously, it was shown
that polymeric model particles surface-modified with
poloxamer 908 circulated in the blood strealtfutn

et al., 1987; Moghimi, 1999 while polymeric model
particles (llum and Davis, 1987; Porter et al., 1992
and poly(lactide-co-glycolide) nanospherd2afk et
al., 2003, both surface-modified with poloxamine 407,
accumulated in the bone marrow. Moreovitilller

et al. (1996)showed that P407-SLN and P908-SLN
proved more efficient in avoiding in vitro phagocytosis
than polystyrene particles surface-modified with these
block copolymers. It is likely, that while circulating in
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Briefly, the lipid was melted (approximately & above
the melting point of the lipid) and dispersed in an aque-
ous surfactant solution having the same temperature. A
hot pre-emulsion was obtained by high speed stirring
using an Ultra turrax T25 (Janke & Kunkel, Staufen,
Germany). Subsequently, the hot pre-emulsion was
homogenized using a Micron LAB 40 (APV Sys-
tems, Unna, Germany), applying three homogenization
cycles at500 bar. The obtained nanoemulsion recrystal-
lized upon cooling to room temperature forming SLN.
Three different systems were produced for protein
adsorption kinetics studies. For the first part of the
study, “model-SLN” were produced using cetyl palmi-
tate as matrix lipid (10.0%, w/w) and Tego Care 450 as
surfactant (1.2%, w/w) (TC-SLN). For the second part

the blood stream a change in adsorption patterns mighttwo different formulations were prepared, once again

occur. This will be clarified in the second part of this
study.

2. Materials and methods

2.1. Materials

Tego Care 450 (polyglyceryl-3-methylglucose dis-

cetyl palmitate as matrix lipid (5.0%, w/w) and polox-

amer 407 (2.5%, w/w) (P407-SLN), and poloxamine
908 (2.5%, w/w) (P908-SLN) as stabilizers, respec-
tively.

Particle size measurementwas performed by photon
correlation spectroscopy (PCS) using a Malvern Zeta-
sizer IV (Malvern instruments, Malvern, UK). PCS
gives the mean diameter of the particle population and
the polydispersity index (PI) ranging from 0 (monodis-

tearate) was provided by Goldschmidt (Essen, Ger- perse) to 0.50 (very broad distribution).

many), the block copolymers poloxamer 407 (Synper-
onic F127) and poloxamine 908 (Tetronic 908) from
ICI Surfactants (Middlesborough, UK). Cetyl palmi-
tate was purchased from Henkel KGi(&seldorf, Ger-

2.2.2. Sample preparation
2.2.2.1. Sample preparation for the study of the
“Vroman-effect”. To study a possible “Vroman-

many). Citrated human plasma was obtained from the effect” 500l of TC-SLN suspension (mean diameter
German Red Cross (Berlin, Germany) and stored at 220 nm) were incubated in 15@00f undiluted citrate-

—70°C. Sepharose 2B for gel filtration and Immobi-
line DryStrips (IPG-strips, pH 3—10, nonlinear) for the

stabilized human plasma (corresponding approxi-
mately to 1.1 surface area/ml plasma) at 32 for

first dimension of 2-DE were supplied from Amersham 5 min (final plasma concentration in the sample: 75%,
Pharmacia Biotech (Uppsala, Sweden). For 2-DE all v/v). Additionally, the same amount of TC-SLN sus-
chemicals according tdochstrasser et al. (198&kre pension was incubated in 1500 of plasma, diluted
of analytical grade and purchased either from BioRad with double-distilled water to concentrations of 1.6%,
(Munich, Germany) or Merck (Darmstadt, Germany). 16%, 44%, and 73.3% (final plasma concentrations in
the samples: 1.2%, 12%, 33%, and 55% (v/v), respec-
tively). In the study ofBlunk et al. (1996) 300wl of
particle suspension (5%, w/v), mean diameter 997 nm)
2.2.1. Solid lipid nanoparticles were incubated in 1200l of plasma, corresponding
SLN are particles made from solid lipids (i.e. solid approximately 0.075 fsurface area/ml plasma.
at room temperature and also at body temperature) The particle separation from the incubation medium
and stabilized by surfactants. They were produced by centrifugation and the following three washing steps
by the hot high pressure homogenization technique with 20 mM phosphate buffer pH 7.4 were performed
as described previouslyMller and Lucks, 1996 as described previouslHérnisch and Miller, 1998.

2.2. Methods
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Briefly, after centrifugation (60 min at 22,940g 4 were determined as being plasma free and there-
using a Biofuge 22 R, Heraeus, Hanau, Germany), the fore chosen to be used for 2-DE analysis. Elution of
lipid formed a coherent top layer, and the plasma and the adsorbed proteins and the following step were per-
washing solution, respectively, were removed by use formed as described in Secti@®.2.1 A comparison

of a syringe. The adsorbed proteins were desorbedwith the adsorption patterns obtained using centrifu-
by adding a solution containing 10% (w/v) sodium gation as separation method showed that there was no

dodecy! sulfate (SDS) and 2.32% (wi/v) dithioery-
thritol (DTE) (5min at 95C) (Cook and Retzinger,
1992. Finally, 190ul of a solution containing
DTE, cholamidopropyldimethylhydroxypropanesul-
fonate (CHAPS), urea, Tris and bromophenol blue

were added and the mixture was stirred and centrifuged

for 15 min at 22,940« g. Hundred microlitres of this
solution were applied to first dimension of the 2-DE.

2.2.2.2. Sample preparation for a study of the adsorp-

tion kinetics over a period of time. In contrast to
the centrifugation method used in routine studies
(Harnisch and Mller, 1998; Lliick et al., 1998p the
gel filtration method (size exclusion chromatography)
allows separation of particles with density values too
close to the density value of watddigéderichs, 1996;
Goppert and Miller, 2004. Moreover, it enables the

change in the resulting patternSdppert and Miller,
20049).

2.2.3. Two-dimensional polyacrylamide gel
electrophoresis (2-DE)

Electrophoretic analysis was performed essentially
as described bydochstrasser et al. (1988)r stan-
dard plasma samples. Later the protocol was modified
and successfully transferred to colloidal drug carriers
by Blunk et al. (1993) Briefly, in the first dimen-
sion (isoelectric focussing, IEF) the proteins are sep-
arated according to their isoelectric points (IP). IEF
was carried out with IPG-strips in a Multiphore |l
from Amersham Pharmacia Biotech equipped with a
E 752 power supply from Consort (Turnhount, Bel-
gium). After equilibration of the IPG-strip8jellqvist
et al., 1993, the proteins are separated on the basis

separation of particles from excess plasma even afterof their molecular weights (MW) in the second dimen-

the samples had been incubated only for a few sec-

sion of 2-DE (SDS-PAGE). For SDS-PAGE the Protean

onds. In this part of the study, the incubation process Il Multi-Cells with a 1000 V/500 mA power supply,

should be finished after 0.5 min. Thus, the gel filtra-
tion method according t&oppert and Miller (2004)
was used. Briefly, 20Ql of P407- and P908-SLN sus-
pension, respectively, was incubated with @OGof
plasma and after the specified incubation time, the
sample was applied on the top of a 1 &20 cm col-
umn from Amersham Pharmacia Biotech, filled with
a bed volume of 10 ml of Sepharose 2B. Afterwards,
the column was flushed at a flow rate of 18 ml/h with
10mM phosphate buffer pH 7.4. Sample fractions
were collected in sub volumes of 1.0 ml each and UV

absorbance determined using an Uvikon 940 Photome-

ter (Kontron instruments, Eching, Germany). Detection
wavelengths were 279 nm (absorption maximum of

plasma) and 350nm (in contrast to particle suspen-

sion, no absorption of plasma at this wavelength). In
size exclusion chromatography elution starts with the
largest particles, from thisthe SLN (P407-SLN 236 nm,
P908-SLN 212 nm) elute before the plasma proteins.
Using a two-equation system, the calculation of the

both from Bio-Rad, were used according Gdrg et

al. (1995) After electrophoretic separation the gels
were silver-stainedgjellqvist etal., 1993and scanned
with an ImageScanner from Amersham Pharmacia
Biotech. The spots were identified by matching the
gels with master maps of human plasmaaderson and
Anderson, 1991; Hoogland et al., 2Q0fhd the data
were processed using the MELANIE IlI software from
Bio-Rad.

3. Results and discussion

3.1. Early protein adsorption (“Vroman-effect”)
on SLN

Vroman has postulated a fast sequence of protein
adsorption and desorption on solid surfaces, where
more plentiful proteins are displaced by less plentiful
(Vroman et al., 1980; Vroman and Adams, 198khe

concentration of each component in each fraction was replacement of one protein by another species might

possible Thode and Miller, 1997, and fraction 3 and

take place in a split second. This phenomenon is called
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“Vroman-effect”, especially for transiently adsorbed |ower than fibrinogen), apoC-I1l (12—14 mg 100Th)
fibrinogen. If particle separation from excess plasma and apoJ (3.5-10.5 mg 100™) (Blunk et al., 1998
employing gel filtration or even more when using cen- However, Harnisch and Mier observed that with
trifugation is time consuming, the initially adsorbed increasing plasma concentration the amount of the
proteins are not detected at all. However, by diluting major proteins (particularly apolipopoteins and to
the plasma sufficiently, the concentration of the displac- g lesser extent immunoglobulin chains, and albu-
ing proteins with higher affinity would be decreased to  min) adsorbed on emulsion droplets increased steadily
such an extent, that the resistance times of the plenti- while their percentage, related to the overall amount
ful proteins which adsorb first would be prolonged, and of adsorbed proteins, remained nearly unchanged
therefore these proteins will become detectaBlagh, (Harnisch and Mller, 200Q. There was even no fib-
1987; Brash and Ten Hove, 1993 hus, adsorption  rinogen detectable when using 1.1% plasma dilution.
from different dilutions of plasma was investigated to Fig. 1 shows the whole 2-DE gels obtained with
determine the very early stages of the adsorption pro- TC-SLN from incubation with 1.2%, 12%, 33%, 55%,
cess. As the extent of the “Vroman-effect” depends and 75% plasma solution. The five adsorption patterns
on the surface onto which the proteins are adsorbed, resulted from an incubation time of 5 min eafiy. 2a
it was important to maintain the same ratio of plasma shows the amounts of the major proteins adsorbed from
volume to surface area as used in the former studiesthe different plasma dilutions andfiig. 2b the percent-
with polymeric model particles and emulsions, respec- ages of the major proteins detected on the 2-DE gels
tively. For the polymeric particles, Blunk used dilutions  gre compared. On the adsorption pattern from 1.2%
of 0.08%, 0.8%, and 80% plasml(nk et al., 199% plasma Fig. 1a) fibrinogen was present in the high-
Due to the approximately 15-fold higher amount of est amount (60% of the overall amount of adsorbed
particle surface area in the SLN suspension comparedproteins,Fig. 2b). With increasing plasma concentra-
to the polymeric particles (1.1%ml plasma versus  tions the amounts of fibrinogen steadily decreased (to
0.075 n¥/ml), the alignment led to values of 1.2%, 6.8% fibrinogen with 75% plasma), while the amount
12%, and due to the feasibility a maximum of 75% of the apolipoproteins steadily increased (from 25%
plasma concentration in the sample (explained by the of the overall amount with 1.2% plasma to 68% of
SLN to plasma ratio of 1:3 used for routine analysis). the overall amount with 75% plasma). Therefore, in
In contrast to the solid surface of polymeric model agreement with/roman et al. (198Q)Brash and Ten
particles, Harnisch and Mler obtained no protein  Hove (1993RndBlunk et al. (1996Jibrinogen seemed
adsorption on emulsions incubated with a dilution of indeed to have been adsorbed transiently on the solid
1.1% plasma and only a few proteins adsorbed when particles. The concentrations of the several apolipopro-
incubated with 11% plasmaH@rnisch and Mller, teins in human plasma are markedly lower than that of
2000. Once this result appeared also possible when fibrinogen, but their affinity to (especially hydropho-
using SLN suspensions, intermediate concentrations of bic) surfaces is much higher. It has been reported
33% and 55% of plasma were additionally used as incu- that apolipoproteins show a relatively flexible molecu-
bation media. lar structure, able to change their conformation when
Blunk et al. observed that the most abundant protein adsorbing onto surfaces (“soft proteins@raham and
in human plasma (albumin, 3500-5000 mg 1008 Phillips, 1979. This ability of changing its multiple
was displaced by fibrinogen (200-450 mg 100 ) a-helical segments in the interface in contact with
which in turn was displaced by IHRP (intertrypsin water is the crucial property of these proteins for the
inhibitor family heavy chain-related protein; concen- efficient removal of non-polar residues, which can-
tration in plasma not known exactly, but markedly not be achieved in the molecule of “hard proteins”

Fig. 1. Plasma protein adsorption patterns of TC-SLN after incubation with 1.2% (a), 12% (b), 33% (c), 55% (d), and 75% plasma solution (e).

The entire gels are shown] $.0-9.0 (from left to right, non-linear), MW 250-6 kDa (top to bottom, non-linear). (1) Albumin, (2)lgiMain,
(3) fibrinogene, (4) fibrinogenB chain, (5) fibrinogery chain, (6) IgD3 chain, (7) IgGy chain, (8)a2-HS-glycoprotein, (9ix1-antitrypsin,
(10) apoA-1V, (11) apoJ, (12) haptoglobprchain, (13) apoE, (14) apoA-l, (15) §4(16) Ig light chain, (17) transthyretin, (18) apoC-lll, (19)
apoC-ll, (20) apoA-Il.
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Fig. 2. Total amounts (a) and percentages of the major proteins (b) adsorbed from the different plasma dilutions on TC-SLN (error bars represent

the standard deviatiom € 2)).

(e.g. fibrinogen or albumin)Afrai and Norde, 1990;
Phillips, 1993. A nice and recently investigated exam-
ple is apoA-I. It was shown that apoA-I is a signif-
icant component of the protein layer adsorbed from
plasma to a variety of biomaterial surfaces, e.g. lipo-
somes or hydrophobic and even hydrophilic polymers
(Cornelius et al., 2003aThe authors of this study
concluded that apoA-I deposition may be an impor-
tant effect in blood-biomaterial interactions gener-
ally. ApoA-1 is the major apolipoprotein of high den-
sity lipoproteins (HDL) and this lipid-bound state is
thermodynamically favoredRosseneu, 1992How-
ever, like the other apolipoproteins, apoA-I is only
weakly associated with the lipoprotein surface and
may transfer from one lipoprotein particle to another
(Rosseneu, 1992Therefore, in case of plasma contact
with nanoparticles, it is likely that apoA-l may trans-
fer from the HDL surface to the nanoparticles surface.
This is likely in particular for hydrophobic surfaces

Immunglobulins  Complement Other

such as SLN or polystyrene model particles, because
apoA-I can adsorb in his thermodynamically favored
state.

Therefore, in plasma of high concentration, fibrino-
gen is displaced within seconds or even fractions of a
second by apolipoproteins.

Surprisingly, the adsorption behavior of albumin
was different. Albumin is by far the most abundant pro-
tein in plasma, but in contrast to the polymeric model
particles Blunk et al., 199%it is not adsorbed imme-
diately after plasma contact. By diluting the plasma to
1.2%, neither with emulsiondH@rnisch and Mller,
2000 nor SLN suspensions, a transient adsorption of
albumin could be demonstrated. On the contrary, albu-
min seemed to have similar adsorption behavior like
apolipoproteins. The former was first detected in small
amounts with 12% plasma (1% of the overall pro-
tein amount) and the highest amount (6%) appeared
with 75% plasma. Nevertheless, these data confirmed



Table 1

Total amount (vol) and volume percentages (vol (%)) of the most abundant protein species adsorbed onto P407-SLN, and P908-SLN, respectaeyhgatuesns of two

experiments;t are the standard deviations)

Adsorbed protein System P407-SLN P908-SLN
0.5 mirf 5 min? 30 mirf 240 mirf 0.5 mirf 5min? 30 mirf 240 mirf?

. vol 337+61 806+ 138 1713+ 159 1889+ 182 835+ 33 1261+ 85 1894+ 178 3829t 310
Albumin vol (%)  2.9+0.4 3.8+0.7 76+10 7.6+1.1 6.040.1 7.74£0.7 9.6:16 14.70.6
apoA-| vol 2529+ 83 2183+ 382 3024+ 380 2812+ 169 3749+ 293 3854+ 248 5714+ 384 5945t 161

vol (%) 21.3£1.0 10.4£1.8 13.2+ 1.4 11.3+ 1.3 26.8£0.6 23.5+:1.0 28.6:0.4 22.9+0.4
apoA-Il vol 423+2 888+ 215 1213+ 187 1437+ 457 523+82 577+ 64 410+ 237 587+ 76
vol (%) 3.5+0.1 42+1.0 5.3+ 0.7 57+ 15 3.7£0.4 3.5£0.3 2.0+10 22+04
apoA-IV vol 676+ 43 971+5.9 1221+ 174 1278+ 133 1036+ 54 1954+ 71 1862+ 141 3112+ 361
vol (%) 5.7+04 59+0.1 5.3+ 0.6 5.1+ 0.3 7.5+0.1 11.9£0.7 9.4+15 11.9£0.9
apoC-Il vol 738+ 29 1421+ 107 1452+ 46 1757+ 480 916+ 308 1204+ 167 14594 123 1060+ 139
vol (%) 6.2+0.2 6.7£0.5 6.4+ 0.1 7.0+ 1.6 6.5+1.8 7.4+£0.8 7.3£0.0 41+04
apoC-Ill vol 2746+ 322 5962+ 464 6529+ 636 6278+ 21 3003+t 22 3312+ 132 3302+ 374 4275+ 137
vol (%) 23.1+23 28.3+2.1 28.6+ 2.2 252+ 14 21.6t1.1 20.2:0.3 16.5£0.5 16.5£0.3
apod vol 664+ 43 1861+ 193 2449+ 341 3595+ 736 242°H 226 2754+ 73 3563+ 442 5223+ 174
vol (%) 5.6+0.4 8.8+1.0 10.7+ 1.3 14.44+ 2.2 17.5+2.6 16.8£0.0 17.8£0.8 20.1+£0.3
Transthyretin vol 450+112 634+ 80 893+ 50 2123+ 254 1265+ 107 1008+ 16 1079+ 268 11264+ 121
vol (%) 3.8+1.0 3.0+£04 3.9+ 0.3 8.5+ 0.6 9.1+ 0.2 6.2+ 0.1 5.4+ 0.9 43+0.7
IgG y chain vol 453+ 75 444+ 86 192+ 238 320+ 124 n.d. n.d. n.d. n.d.
vol (%) 3.8+0.6 2.1+04 0.8+ 1.1 1.3+ 05 n.d. n.d. n.d. n.d.
Ig light chain vol 1289+ 127 2472+ 72 1254+ 199 808+ 29 n.d. n.d. n.d. n.d.
vol (%) 10.8+0.9 11.7£0.4 55+ 1.0 3.2+ 0.1 n.d. n.d. n.d. n.d.
IgM p chain vol 860+ 66 1861+ 163 606+ 135 696+ 69 n.d. n.d. n.d. n.d.
vol (%) 7.2+0.7 8.8£0.8 2.7+ 0.6 28+ 04 n.d. n.d. n.d. n.d.
a1-Antitrypsin vol 397+ 54 833+ 279 1380+ 49 1043+ 48 200+ 112 429+ 146 705+ 121 845+ 90
vol (%) 3.3+0.5 40+1.3 6.0+ 0.3 42+ 04 1.4+0.7 2.7+1.0 3.5£0.3 3.2+ 0.2
Haptoglobing-chain vol n.d. n.d. 480+ 89 224+ 135 n.d. n.d. n.d. n.d.
vol (%) n.d. n.d. 214+04 0.9+ 0.6 n.d. n.d. n.d. n.d.
Total amount vol 11903 195 20809t 302 22852+ 476 24940+ 1293 13954+ 784 16353t 397 19989+ 1632 26002: 1174

2 Incubation time.
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in principle the findings of/roman et al. (1980and of view, it is more important for intravenously injected

those oBlunk etal. (1996)that in the very early stages  drug carriers with prolonged circulation time and pos-
of protein adsorption (strongly diluted plasma) a rapid sible subsequent site-specific drug delivery to inves-
adsorption of more plentiful proteins and a subsequent tigate the adsorption over a period of minutes and
displacement by less plentiful ones takes place, also for hours. As poloxamine 908 and poloxamer 407 are

the carrier system TC-SLN. efficient surface modifiers to reduce MPS uptake
(Moghimi et al., 1993; Moghimi, 1999and polox-

3.2. Adsorption kinetics on surface-modified SLN amer 407 even to achieve targeting to the bone marrow

over a period of time relevant to drug targeting (Illum and Davis, 1987; Park et al., 2003he plasma

protein adsorption patterns of P407-SLN and P908-
Although protein adsorption after seconds or even SLN, respectively, were determined over a period of
a split second is interesting from the academic point time.
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Fig. 3. Plasma protein adsorption patterns of P407-SLN after different incubation time. Top left, 0.5 min; top right, 5 min; bottom left, 30 min;
bottom right, 240 min. The entire gels are showh4®-9.0 (from left to right, non-linear), MW 250-6 kDa (top to bottom, non-linear). (1)
Albumin, (2) IgM p. chain, (3)al-antitrypsin, (4) apoA-1V, (5) apoJ, (6) apoA-I, (7) transthyretin, (8) apoC-lll, (9) apoC-Il, (10) apoA-Il, (11)

Ig light chain, (12) IgGy chain.
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Table 1llists the total amount and volume percent- 30000
ages of the most abundant protein species adsorbed or
P407-SLN and P908-SLN, respectiveyig. 3 shows
the 2-DE gels obtained from incubation of P407-SLN
with undiluted citrated plasma for 0.5 min (upper, left),
5min (upper, right), 30 min (lower, left) and 240 min
(lower, right). At the first glance it is obvious that once
again the apolipoproteins represented the main type
of adsorbed proteins. Independently of the incubation
time, apoC-Ill was the most dominant protein on P407-
SLN. ApoA-I, apoA-1V, apoJ and apoC-Il were also
present in a relatively high amount. In addition, albu-
min, transthyreting1-antitrypsin and immunoglobulin
chains were detectable in considerable amounts. How- |
ever, in contrastto TC-SLN, no fibrinogen was detected
on P407-SLN. There was even no (transiently) adsorp-
tion of fibrinogen detectable after 0.5 min.

Fig. 4a shows the total amounts of protein adsorbed
on P407-SLN and-ig. 4b the total amounts of pro-
tein adsorbed on P908-SLN. Striking is the fact that
with increasing incubation time, the total amount of
adsorbed protein steadily increased (P407-SLN 11,900
to 24,940, P-908-SLN 13,950 to 26,000). We antic-
ipated that this increase might be due to a surface
degradation of the SLN in plasma and the resulting ,
increase of particles surface. However, PCS measure-
ments (Table 2 revealed that there was only a slightly  Fig. 4. Total amounts of proteins adsorbed on P407-SLN (a), and
decrease of particle size after 5min incubation time. P-908-SLN (b) after different incubation time (error bars represent
Subsequently, no further decrease of particle size wasthe standard deviatiom ¢ 2)).

obtained. A possible explanation for the stability of .

particle size in plasma after 5min incubation time ;Jr;crangedl?g.dSb,TabI? . O? theJother:?lnd,lbthe'

might be a protection of the surface against degrada- otalamount and percentage ot apoJ, apoA-ii, albumin
and transthyretin steadily increased and the percentage

tion my means of hydrophilic proteins like albumin L .
and apolipoproteins adsorbed on the surface. TheseOf apoA-I decreased while its total amount remained
nearly unchanged.

adsorbed proteins also led to an increase in particle
size. Due to the overlay in particle size decrease and Table 2

increase, the particles size distribution became broaderyean diameter (PCs: photon correlation spectroscopy), calculated
(Table 2 increasing PI values). However, the increase surface, and polydispersity index (P1) of poloxamer 407-stabilized
in particles surface due to particle degradation is not so SLN (P407-SLN), and poloxamine 908-stabilized-SLN (P908-SLN)
high to explain the increase in the total amount of pro- n dependency of incubation time in human plasma

in
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tein adsorbed. Thus, we conclude that with increasing Incubation time

incubation time, further proteins will be adsorbed onto 0min 5min 30min  240min

the firs.t Iayer of-adsorbe(-j proteins. - pao7 PCS (nm) 236+3 225+4 225+4 223+4
Besides the increase in the total amount of protein © Surface (M) 0.777 0.815  0.815  0.822

SLN
adsorbed, the amount of adsorbed apoC-lll, apoC-II, PI 0094 0106 0122 0115
and apoA-1V on P407-SLN steadily increaséity, 5a, pgog. FCS (m) 2124  204+5 202+3 205+2
Table 1) while their percentage, related to the over- ¢\ Surface(m)  0.865 0899 0908  0.895
i i PI 0.120  0.120 0158  0.139

all amount of adsorbed proteins, remained nearly
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Fig. 5. Total amounts (a) and percentages of the most abundant proteins (b) adsorbed on P407-SLN after different incubation time (error bars
represent the standard deviatian=(2)).

Comparison to the adsorption kinetics obtained with adsorption behavioBlunk et al., 199 The total pro-
P908-SLN (gels not shown) showed further similari- tein amounts on the gels with incubation time from
ties. Once again, there was no fibrinogen detectable. 0.5 min to 240 min differed only slightly. The patterns
The amount of apoC-Ill, apoC-Il, apoA-1V and here did not differ greatly with regard to the qualitative
also apoA-l and apoJ steadily increasdeg( 6a) aspects of the adsorbed proteins, but particularly the
while their percentage remained nearly unchanged apolipoproteins showed distinct quantitative changesin
(Fig. 6b). The amount and percentage of albumin and the adsorbed amounts. ApoC-Ill decreased drastically,
al-antitrypsin steadily increased with increasing incu- from 18% after 0.5min to below 1% after 240 min.
bation time and the amount and percentage of apoA-Il The amount of apoE and apoA-I (0.1%, 2%, respec-
remained nearly unchanged. tively after 0.5 min) increased to 9% and 8.5%, respec-

However, the polymeric model particles, surface- tively. On the whole, the adsorption kinetics obtained
modified with poloxamer 407 showed a different with polymeric model particles, surface-modified with
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Fig. 6. Total amounts (a) and percentages of the most abundant proteins (b) adsorbed on P908-SLN after different incubation time (error bars
represent the standard deviatian-(2)).

poloxamine 908 were in principle the same as with tion of the adsorbed protein layer. No protein desorp-

poloxamer 407Blunk et al., 199%. tion from the SLN surface occurred. This observation
Obviously, there was a displacement of certain is in agreement with the former investigated surface-

proteins by others, however, this time among the modified O/W-emulsions Harnisch and Mller,

apolipoproteins. The changesin the adsorption patterns2000).

were drastically, e.g. the ratio apoC-Ill/apoE dropped

from 181 after 0.5min to 0.09 after 240 min. It is

unambiguous that such changes could easily lead to4. Conclusion

variations in the in vivo behavior and organ distribu-

tion of these carriers. 2-DE in combination with particle incubation in
To summarize, the plasma protein adsorption pat- diluted plasma demonstrated the existence of the

terns of P407-SLN and P908-SLN are much more sta- “Vroman-effect” of transiently adsorbed fibrinogen

ble, than that of chemically similar surface-modified onto solid surfaces, such as polymeric model particles

polymeric nanoparticles. On the whole, an increase or TC-SLN. More plentiful fibrinogen was displaced by

in incubation time results in an increase of the total less plentiful apolipoproteins, having a higher affinity

amount of adsorbed proteins, but not in the composi- to the surface.
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However, the similarities of polymeric model parti-  Arai, T., Norde, W., 1990. The behaviour of some model proteins at
cles and SLN in adsorption kinetics of plasma proteins solid-liquid interfaces 2. Sequential and competitive adsorption.
was restricted to this point (protein adsorption in the  Colloids Surf. 51, 186-216.

v iy st Investioation of protein adsorption Archambault, J.G., Brash, J.L., 2004. Protein resistant polyurethane
ery early stages). estigation ot protein adsorptio surfaces by chemical grafting of PEO: amino-terminated PEO as

kinetics over a period of minutes and hours revealed  gratting reagent. Colloids Surf. B Biointerfaces 39, 9-16.

that no protein desorption from P407-SLN and P908- Babensee, J.E., Cornelius, R.M., Brash, J.L., Sefton, M.V., 1998.
SLN occurred. In contrast to the surface-modified poly- Immunoblot analysis of proteins associated with HEMA-MMA
meric particles, the composition of the adsorption pat- microcapsules: human serum proteins in vitro and rat proteins

following implantation. Biomaterials 19, 839-849.
terns of these SLN seemed to be more stable. ContaCtBjellqvist, B., Pasquali, C., Ravier, F., Sanchez, J.C., Hochstrasser,

with plasma over 4h entirely led to an increase of D.F., 1993. A nonlinear wide-range immobilized pH gradient for
the total amount of the proteins adsorbed, as it was  two-dimensional electrophoresis and its definition in a relevant

previously observed with chemically similar surface-  pH scale. Electrophoresis 14, 1357-1365. )
modified O/W-emulsions. A possible explanation for Blunk, T., Hochstrasser, D.F., Sanchez, J.-Qujidt, B.W., Muller,

. . . - R.H., 1993. Colloidal carriers for intravenous drug targeting:
the differences in the adsorptlon kinetics of these two plasma protein adsorption patterns on surface-modified latex

solid surfaces can be the different nature of the sys-  particles evaluated by two-dimensional polyacrylamide gel elec-

tems and the different binding facilities, especially of trophoresis. Electrophoresis 14, 1382-1387.

the apo"poproteins to the ||p|d surface. Blunk, T., Liick, M., Cahbr, A., Hochstrasser, D.F., Sanchez, J.-C.,
Thereby, the less pronounced time dependence of Mdller, B.W., Miller, R.H., 1996. Kinetics of plasma protein

. . - . adsorption on model particles for controlled drug delivery and
protein adsorption on surface-modified SLN might be drug targeting. Eur. J. Pharm. Biopharm. 42, 262—268.

absolutely beneficial for controlled drug delivery and  goisson-vidal, C., Jozefonvicz, J., Brash, J.L., 1991. Interactions of
drug targeting, because the adsorption pattern may proteins in human plasma with modified polystyrene resins. J.
therefore be better utilized for this purpose than an  Biomed. Mater. Res. 25, 67-84.

adsorption pattern being very addicted on contact time Brash, J.L., 1987. Protein adsorption at the solid-solution interface

with olasma proteins. This is particularly appropriate in relation to blood-material interactions. In: brash, J.L., Hor-
P P ) p Yy approp bett, T.A. (Eds.), Proteins at Interfaces: Physicochemical and

for drug carriers having g_long circulation time_ in t_he Biochemical studies. American Chemical Society, Washington,
blood stream. However, it is important to bear in mind DC, U.S.A., pp. 490-506.

that in citrated plasma we used for evaluating compet- Brash, J.L., Ten HOV.e, P., 1993. Pro_tein adsorption studies on
itive adsorption in vitro, the amplifying systems are ’standard’ polymeric materials. J. Biomater. Sci. Polym Ed. 4,

i . 591-599.
blocked. Therefore, to determine possible complement Camner, P., Lundborg, M., Lastbom, L., Gerde, P., Gross, N.,

activation or coagulation and to predict the in vivo fate Jarstrand, C., 2002. Experimental and calculated parameters on
of particulate drug carriers, it is important to consider particle phagocytosis by alveolar macrophages. J. Appl. Physiol.
also the protein adsorption kinetics in blood or at least 92, 2608-2616.

in both plasma and serum. These issues will be pursuedCatteL L., Ceruti, M., Dosio, F., 2003. From conventional to stealth
’ liposomes: a new frontier in cancer chemotherapy. Tumori 89,

in our future work. 237249
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