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Recent studies have shown that drugs that are normally unable to cross the blood—brain barrier (BBB)
following intravenous injection can be transported across this barrier by binding to poly(butyl
cyanoacrylate) nanoparticles and coating with polysorbate 80. However, the mechanism of this
transport so far was not known. In the present paper, the possible involvement of apolipoproteins in the
transport of nanoparticle-bound drugs into the brain is investigated. Poly(butyl cyanoacrylate)
nanoparticles loaded with the hexapeptide dalargin were coated with the apolipoproteins All, B, CIL E,
or J without or after precoating with polysorbate 80. In addition, loperamide-loaded nanoparticles were
coated with apolipoprotein E alone or again after precoating with polysorbate 80. After intravenous
injection to ICR mice the antinociceptive threshold was measured by the tail flick test. Furthermore, the
antinociceptive threshold of polysorbate 80-coated dalargin-loaded nanoparticles was determined in
ApoEtm1Unc and C57BL/6J mice. The results show that only dalargin or loperamide-loaded
nanoparticles coated with polysorbate 80 and/or with apolipoprotein B or E were able to achieve an
antinociceptive effect. This effect was significantly higher after polysorbate-precoating and
apolipoprotein B or E-overcoating. With the apolipoprotein E-deficient ApoEtm1Unc mice the
antinociceptive effect was considerably reduced in comparison to the C57BL/6] mice. These results
suggest that apolipoproteins B and E are involved in the mediation of the transport of drugs bound to
poly(butyl cyanoacrylate) nanoparticles across the BBB. Polysorbate 80-coated nanoparticles adsorb
these apolipoproteins from the blood after injection and thus seem to mimic lipoprotein particles that
could be taken up by the brain capillary endothelial cells via receptor-mediated endocytosis. Bound
drugs then may be further transported into the brain by diffusion following release within the
endothelial cells or, alternatively, by transcytosis.

Keywords: Apolipoprotein B; Apolipoprotein E; Nanoparticles; Blood—brain barrier; Drug delivery to
the brain; Dalargin; Loperamide

INTRODUCTION

The blood—brain barrier (BBB) represents an insurmoun-
table obstacle for the entry of many drugs and blood-borne
substances into the brain (Brightman, 1992; Begley, 1996;
Davson and Segal, 1996). It is formed by tight junctions
between the cerebral endothelial cells which abolish all
aqueous paracellular diffusional pathways and by
biochemical systems consisting of enzymes which
specifically metabolise many drugs (Minn et al., 2000)
as well as of specific efflux mechanisms (P-glycoprotein;

mdr, multi-drug resistance protein; MOAT, multiple
organic anionic transporters), which transport many of the
more lipophilic compounds out of the CNS. A number of
studies have shown that drugs that normally cannot cross
the BBB can be transported across this barrier into the
brain and exhibit a pharmacological effect following
intravenous injection by binding to poly(butyl cyanoacry-
late) nanoparticles coated with polysorbate 80. Drugs that
have successfully been transported into the brain using
this carrier include the hexapeptide dalargin (Alyautdin
et al., 1995; Kreuter et al., 1995; 1997; Schroder and
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Sabel, 1996; Schroeder et al., 1998a,b; Ramge er al.,
1999), the dipeptide kytorphin (Schroeder et al., 1998a),
loperamide (Alyautdin et al., 1997), tubocurarine
(Alyautdin et al., 1998), the NMDA receptor antagonist
MRZ 2/576 (Friese et al.,, 2000), and doxorubicin
(Gulyaev et al., 1999; Gelperina et al., 2000). The
possibility of drug transport into the brain by nanoparticles
opens up totally new perspectives for the treatment of
diseases like brain tumours, Alzheimer’s, and multiple
sclerosis.

The mechanism of the transport enhancement into the
brain mediated by the nanoparticles, however, still is not
fully elucidated. A number of possibilities exist that could
explain the drug delivery by nanoparticles across the BBB:
First, an increased retention of the nanoparticles in the
brain blood capillaries could occur combined with an
adsorption to the capillary walls. This could create a
higher concentration gradient that would enhance the
transport across the endothelial cell layer and as a result
the delivery to the brain. Second, a general surfactant
effect characterized by a solubilisation of the endothelial
cell membrane lipids could lead to membrane fluidisation
and thus to an enhanced drug permeability through the
BBB. Third, the nanoparticles could lead to an opening of
the tight junctions between the endothelial cells. The drug
could then permeate through the tight junctions in free
form or together with the nanoparticles in bound form.
Fourth, the nanoparticles may be endocytosed by the
endothelial cells followed by the release of the drugs
within these cells and delivery to the brain. Fifth, the
nanoparticles with bound drugs could be transcytosed
through the endothelial cell layer. Sixth, the polysorbate
80 used as the coating agent could inhibit the efflux
system, especially P-glycoprotein (Pgp). All these
mechanisms also could work in combinations.

Recently, Kreuter er al. (1997) observed that besides
polysorbate 80, coating of the nanoparticles with
polysorbate 20, 40, or 60 also enabled an antinociceptive
effect after i.v. injection of dalargin nanoparticles, while
other surfactants such as poloxamers and poloxamines
were unable to achieve such an effect. At the same time,
Liick (1997) found that apolipoprotein E (apo E) was
adsorbed on the surface of the polysorbate 20, 40, 60 or
80-coated nanoparticles after their incubation for 5 min in
human citrate-stabilised plasma at 37°C. The particles
were separated from the serum by centrifugation and the
adsorbed plasma proteins desorbed and analysed by two
dimensional polyacrylamide gel electrophoresis (2-D
PAGE). Again an apo E adsorption was detected only
after coating with polysorbate 20, 40, 60, or 80, whereas
no apo E adsorption resulted after incubation of uncoated
nanoparticles or after coating with poloxamers 338, 407,
Cremophor®™ EL, or Cremophor® RH40. These results
suggest that apo E may be involved in the mediation of the
drug transport into the brain by the polysorbate-coated
nanoparticles. On the other hand, another lipoprotein; apo
J, was previously shown to facilitate the uptake of SAB1—
40 across the blood—brain and the blood—cerebrospinal

fluid barrier by a receptor-mediated process (Zlokovic
et al., 1996). In order to investigate the involvement of
these apolipoproteins in the transport of drugs bound to
nanoparticles into the brain, we adsorbed apo E, apo J, as
well as other apolipoproteins on uncoated and on
polysorbate 80-precoated dalargin-loaded nanoparticles
and investigated the antinociceptive effects by the tail
flick test after intravenous injection to mice. In addition,
we measured this effect in apo E-deficient ApoEtm1Unc
mice and compared it to that in C57BL/6] mice from
which these apo E-deficient mice were derived.

MATERIALS AND METHODS

Materials

Butylcyano acrylate monomer was obtained from
Sichelwerke (Hannover, Germany), dalargin from
Bachem (Heidelberg, Germany), polysorbate 80
from ICI Chemikalien (Essen, Germany), dextran 70,000
and D(4)-glucose from Fluka (Buchs, Switzerland), and
apolipoproteins All, B, CII, and E from Calbiochem (Bad
Soden/Ts, Germany). Loperamide was provided by
Dainippon (Osaka, Japan). Apolipoprotein J was manu-
factured as described below. All other chemicals including
0.0IN hydrochloric acid and IN sodium hydroxide
solution were from E. Merck (Darmstadt, Germany).

Production of Apolipoprotein J

MDCK cells (ATCC-CCL-43) were grown to confluency
and then incubated for 72 h in serum free medium (Taub
et al., 1979). The apolipoprotein J enriched medium was
collected and floating cells removed by a 10min
centrifugation at 3000g. The supernatant was passed
over a wheat germ agglutinin column and bound apo J was
eluted at 20 mM Tris pH 7.5, 500 mM NacCl, and 400 mM
N-acetylglucosamine. Proteins in the eluate were con-
centrated by ammonium sulphate precipitation. The
precipitate was dissolved in 20mM Tris pH 7.5 and
100 mM NacCl, and passed over a Sephacryl S 200 column.
Proteins in the eluted fractions were analysed by SDS-
PAGE (Gerace et al., 1982). Fractions enriched in Apo J
and devoid of detectable impurities were pooled.

Preparation of Poly(butyl Cyanoacrylate)
Nanoparticles

Poly(butyl cyanoacrylate) (PBCA) nanoparticles were
produced as described before (Alyautdin et al., 1995).
Specifically, 1% (V/V) butyl cyanoacrylate monomer was
added slowly dropwise to a 1% (W/V) solution of dextran
70,000 in 0.0IN hydrochloric acid. This mixture was
stirred for 4h with a magnetic stirrer to perform the
polymerisation. After this time the polymerisation was
completed by neutralisation of the mixture with IN
sodium hydroxide. After filtration through a G3 glass filter



TABLE I Mean percentage of maximally possible effect (% MPE) and standard deviation (SD) of nociceptive threshold after i.v. injection of dalargin-loaded (7.5 mg/kg) apolipoprotein-coated poly(butyl

cyanoacrylate) nanoparticles in mice determined by the tail-flick test

% MPE (mean *= SD)

Preparation 15 min 30 min 45 min 60 min 90 min
Empty PBCA nanoparticles 38 £33 1.5+9.0 0.75 £32 39+43 —2.0=x98
Dalargin solution 23+46 10.0 £ 9.8 93 £28 47 *5.1 2.0*6.1
Mixture of dalargin and polysorbate 80 48 £ 1.7 83+23 78 £23 6.1 £42 6.6 £ 2.6
Dalargin-loaded PBCA nanoparticles 57%5.1 50x94 4.7 £9.1 6.9 £ 11.1 3.8 x9.1
Apolipoproteins coated onto the surface of dalargin-loaded PBCA nanoparticles
Apo AIL 5.29 £2.00 2.97 £ 6.28 5.98 = 7.64 594 = 7.26 9.44 £ 12.5
Apo B 6.76 £ 5.26 25.17 = 4.31* 37.74 = 6.61% 27.1 = 8.82 17.54 + 8.17*
Apo CII 8.39 = 2.19 7.19 = 3.64 3.65 £ 5.67 7.26 £5.18 1.14 £ 7.67
Apo E 38.8 £ 13.7* 36.08 = 11.63* 29.7 £ 5.57* 19.59 + 7.47 2.03 = 6.49
ApoJ 3.32 £2.58 5.84 £ 15.86 10.89 = 8.64 13.73 + 13.56 5.00 = 5.00
Dalargin-loaded polysorbate 80-coated PBCA nanoparticles 352 £58 504 £ 4.1 495 =45 36.5 £ 13.7 7.1 £6.3
Apolipoproteins coated onto the surface of dalargin loaded polysorbate 80-pre-coated PBCA nanoparticles
Apo All 1.98 = 9.56 0.5 £ 10.58 12.81 = 16.8 18.29 + 21.81 48.8 + 13.24%
Apo B 30.87 + 19.43 74.68 £ 15817 58.71 £ 8.03F 45.09 £ 18.55 25.51 * 16.44
Apo CII 7.76 £ 2.56 2224 = 9.36 49.48 + 10.88 16.19 = 16.55 3.72 = 8.58
Apo E 61.39 = 8.59% 62.09 £ 6.91F 64.52 + 13.98 62.33 + 11.827 51.73 £ 12.9%
ApoJ 18.49 £ 27.2 53.37 + 28.69 51.51 £ 16.68 36.33 + 19.73 19.39 = 19.1

* Statistically significant difference (2p > 0.05) compared to dalargin-loaded PBCA uncoated nanoparticles.
T Statistically significant difference (2p > 0.05) compared to dalargin-loaded polysorbate 80-coated PBCA nanoparticles.
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TABLE II Mean percentage of maximally possible effect (% MPE) and standard deviation (SD) of nociceptive threshold after i.v. injection of
loperamide-loaded (3.6 mg/kg) and/or apolipoprotein E-coated poly(buty cyanoacrylate) nanoparticles in mice determined by the tail-flick test

% MPE (mean = SD)

Preparation 15 min 45 min 90 min 120 min 180 min

Loperamide-loaded PBCA PBCA nanoparticles 42 *13.6 33 121 49 £69 1.4 = 10.0 22 +6.2

Loperamide-loaded PBCA PBCA nanoparticles coated 28.9 £23.8*%  56.1 = 23.4% 387 £21.1* 258 *42.1 37.9 £ 34.0%
with apo E

Loperamide-loaded PBCA nanoparticles coated with 83.7 £223 100 36.2 £20.3 40.2 = 329 225 £19.2
polysorbate 80

Loperamide-loaded PBCA nanoparticles pre-coated polysorbate ~ 93.2 + 12.8 100 842 £ 1591 575 *=10.02 303 £23.1

80 and coated with apo E

* Statistically significant difference (2p < 0.05) compared to loperamide-loaded uncoated PBCA nanoparticles.
T Statistically significant difference (2p > 0.05) compared to loperamide-loaded polysorbate 80-coated PBCA nanoparticles.

(Schott AG, Mainz, Germany) the particles were separated
from residual monomers by threefold centrifugation
(L8-60M, Beckman, Hannover, Germany) at 90,000g for
1 h and washing with distilled water after resuspension by
ultra sonication. The particle diameters were determined
by dynamic light scattering (photon correlation spec-
troscopy, PCS) using a digital correlator BI-2030
(Brookhaven Instruments Corporation, Holtsville, New
York, USA). An average diameter of 300 nm was found
with a polydispersity index of 0.177 before lyophilisation.
The particles were stored after addition of 100% D(4)-
glucose and lyophilisation in a LYOVAC GT2 (Leybold
AG, Koln, Germany).

The lyophilised PBCA nanoparticles were resuspended
in phosphate buffer saline under constant stirring. The
concentration of PBCA nanoparticles was 20 mg/ml. After
this 0.75 mg/ml or 1.0 mg/ml dalargin was added and the
mixture was stirred at 400 rpm for 4 h.

Polysorbate 80-coated Nanoparticles

After addition of dalargin and stirring for 4h, 1% (v/v)
polysorbate 80 was added and the mixture further stirred
for 30 min.

Apolipoprotein-coated Nanoparticles

After addition of dalargin and stirring for 4 h, apolipo-
protein AIl, B, CIL, E or J (12.5 p.g/ml) were added and the
mixture further stirred for 1 h.

Polysorbate 80-coated and Apolipoprotein-overcoated
Nanoparticles

Dalargin-loaded and polysorbate 80-coated nanoparticles
were prepared as described above. Then apolipoproteins
All, B, CII, E, or J (12.5 pg/ml) were added and the
mixture further stirred for 1 h.

Loperamide-containing PBCA Nanoparticles

Loperamide-containing PBCA nanoparticles were pre-
pared according to a previously published technique

(Alyautdin et al., 1997). Briefly, poloxamer 188 and
sodium sulphate were dissolved at a concentration of 1%
(m/v) in a mixture of 10 ml ethanol 96% and 10 ml 0.1N
HCI. Loperamide then was added at a concentration of
0.1%. While stirring, 200 nl n-BCA was added dropwise
to the solution. The mixture then was stirred for 4h at
room temperature with a magnetic stirrer at 400 rpm. After
adjusting the pH of the suspension to 6.0 = 0.5 with 1N
NaOH, stirring was continued for an additional hour to
complete the reaction. The ethanol was then removed
using a rotatory evaporator (Biichi RE 111, Biichi, Flawil,
Switzerland). This nanoparticles preparation was divided
into four batches. Apolipoprotein E (12.5 pg/ml) was
added to one of these batches and this suspension further
stirred for 1h. Additionally, to two of the batches
polysorbate 80 was added to give a final concentration of
1% (v/v) polysorbate 80 and stirred at 400 rpm for 30 min.
The polysorbate 80-containing nanoparticles suspension
was either used as such or after further addition of
apolipoprotein E (12.5 p.g/ml) as described above.

Animal Testing

The animal experiments were performed in accordance to
the Russian Guidelines for Animal Experiments and
authorised by the Russian Ministry of Health (1045-73 and
52-F3-24.04.95) or the German Tierschutzgesetz and the
Allgemeine Verwaltungsvorschrift zur Durchfiihrung des
Tierschutzgesetzes and were authorised by the Regierungs-
préasident Darmstadt (II 25.3-19 ¢ 20/15-F 95/07).

Antinociceptive Effects in Mice After Injection of
Apolipoprotein-coated Nanoparticles

Male ICR mice 20-22 g were obtained from the Centre of
Oncology of Russian Academy of Medical Sciences,
Moscow, Russia, and were kept at an ambient temperature
(22 %= 3°C) with a 12 h light and a 12 h dark cycle (light at
6.00h). Water and standard laboratory feed were freely
available.

The mice were divided into 16 groups of 5 mice. The
mice obtained 200 w1 of one of the following preparations
into the tail vein (Table I): Group 1 PBCA nanoparticle
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Antinociceptive effect in percent of the maximally possible effect (% MPE) in mice in 30
min after intravenous injection of dalargin-loaded (7.5 mg/kg) PBCA nanoparticles

% MPE

* =2p < 0.05 compared to Group 4

* *: 2p < 0.05 compared to Group 10
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Antinociceptive effects [% MPE] in mice (n = 5/group) 30 min after intravenous injection of one of the following preparations: Group 1 —

empty PBCA nanoparticles (control 1); group 2 — dalargin solution (control 2); group 3 — mixture of dalargin and polysorbate 80 (control 3); group 4 —
dalargin-loaded PBCA nanoparticles (control 4); group 5 — dalargin-loaded PBCA nanoparticles coated with apo All; group 6 — dalargin-loaded PBCA
nanoparticles coated with apo B; group 7 — dalargin-loaded PBCA nanoparticles coated with apo CII; group 8 — dalargin-loaded PBCA nanoparticles
coated with apo E; group 9 — dalargin-loaded PBCA nanoparticles coated with apo J; group 10 — dalargin-loaded PBCA nanoparticles coated with
polysorbate 80 (control 5); group 11 — dalargin-loaded PBCA nanoparticles precoated with polysorbate 80 and overcoated with apo All; group 12 —
dalargin-loaded PBCA nanoparticles precoated with polysorbate 80 and overcoated with apo B; group 13 — dalargin-loaded PBCA nanoparticles
precoated with polysorbate 80 and overcoated with apo CII; group 14 — dalargin-loaded PBCA nanoparticles precoated with polysorbate 80 and
overcoated with apo E; group 15 — dalargin-loaded PBCA nanoparticles precoated with polysorbate 80 and overcoated with apo J.

suspension without drug; group 2 dalargin (7.5 mg/kg) in
PBS solution; group 3 a mixture of polysorbate with
dalargin (7.5 mg/kg) in PBS; group 4 dalargin (7.5 mg/kg)
bound to PBCA nanoparticles: Groups 5-9 received
dalargin (7.5 mg/kg) bound to PBCA nanoparticles coated
by apolipoproteins (12.5 pg/kg) AIl (group 5), B (group
6), CII (group 7), E (group 8), or J (group 9). Group 10
received dalargin (7.5 mg/kg) bound to PBCA nanopar-
ticles coated with polysorbate 80. Groups 11-15 were
treated with dalargin (7.5 mg/kg) bound to PBCA
nanoparticles (7.5 mg/kg) which were precoated with
polysorbate 80 as in group 10 but additionally overcoated
with apolipoproteins AIl (group 11), B (group 12), CII
(group 13), E (group 14), or J (group 15).

In another experiment with loperamide (Table II), 20
mice were divided into four groups of five mice each. The
mice obtained 200 wl of one of the following preparations
into the tail vein: Loperamide (3.6 mg/kg) loaded nano-
particles (group 1), loperamide (3.6 mg/kg) loaded
nanoparticles, coated with apo E (group 2), loperamide
(3.6 mg/kg) loaded nanoparticles, coated with polysorbate
80 (group 3), loperamide (3.6 mg/kg) loaded nanoparticles,

coated with polysorbate 80 and overcoated with apo E
(group 4).

The nociceptive threshold was measured using the tail
flick test (Mod. 33 Tail Flick Analgesia Meter, litic Inc.,
Woodland Hills, CA., USA). Antinociceptive procedures
were carried out according to a previously published tech-
nique (Alyautdin et al., 1995). Tail flick latency was tested
15, 30, 45, 60 and 90 min after injection. The response
latencies were converted to percent maximal possible
effect (MPE, mean = standard deviation) using Eq.1:

% MPE post drug latency — pre drug latency
(o) =

cut off time — pre drug latency

% 100 (D

Antinociceptive Effects in Apolipoprotein E-deficient
(ApoEtm1Unc) Mice

Apolipoprotein E-deficient (ApoEtm1Unc) mice as well
as C57BL/6J mice, from which the ApoEtm1Unc mice
were derived, were obtained from Charles River WIGA
(Sulzfeld, Germany) and treated as described above. Both
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FIGURE 2 Antinociceptive effects [% MPE] in apolipoprotein E-deficient (ApoEtm1Unc) and C57BL/6J mice (n = 6/group) after intravenous
injection of one of the following preparations: O dalargin solution in PBS (ApoEtm1Unc mice); edalargin solution in PBS (C57BL/6J mice); A
dalargin-loaded nanoparticles coated with polysorbate 80 (ApoEtm1Unc mice); A dalargin-loaded nanoparticles coated with polysorbate 80 (C57BL/6J
mice). Statistical difference for polysorbate 80 coated nanoparticles between ApoEtm1Unc mice and C57BL/6J mice: =2p < 0.05, = 2p < 0.01.

types of mice were divided into two groups of six animals
and injected intravenously into the tail vein with 10 mg/kg
of dalargin either dissolved in PBS or adsorbed to PBCA
nanoparticles coated with 1% (v/v) polysorbate 80 (Fig. 2).
The antinociceptive reaction in [% MPE] was determined
with a Tail-Flick-Testgerét (Ugo Basile, Comerio Varese,
Italy) as described above.
The results were analysed using student’s 7-test.

RESULTS

The antinociceptive responses of the mice after i.v.
injection using apolipoprotein-coated nanoparticles or
control preparations are listed in Table I. Figure 1 provides
a comparison of the results after 30 min. Among the
preparations without polysorbate 80-coating including the
controls (empty PBCA nanoparticles, dalargin solution in
PBS, dalargin solution in PBS plus polysorbate 80,
dalargin-loaded nanoparticles without polysorbate 80)
only apolipoprotein B and E-coated nanoparticles yielded
a significant (2p < 0.05) analgesic effect. This effect,
however, was lower than after polysorbate 80-coating
alone. After polysorbate 80-precoating, a statistically
significant antinociceptive response compared to the
dalargin solution was observable with all apolipoproteins.
In the case of apolipoprotein AIl (apo AIl) this effect
appeared delayed and was significant only after 90 min.
Apolipoproteins B and E (apo B and apo E) showed a
rapid onset of the antinociceptive reaction and, moreover,
even statistically higher effects (2p < 0.05) than

polysorbate 80 alone. With apo E this effect remained
high for the entire observation period.

The same tendency was observable with loperamide
(Table II). Loperamide-loaded nanoparticles without
coating were not able to achieve any antinociceptive
effect. Apo E-coated nanoparticles induced statistically
significant results compared to this group between 15 and
90min (2p < 0.05). Much higher effects were obtained
after polysorbate 80-coating or additional apo E-over-
coating. Apo E-overcoating achieved a prolonged anti-
nociception even compared to polysorbate 80-coating
alone. The difference between these two preparations
lasted to the end of the observation period, i.e. for over
180 min, and led to a statistically significant difference
(2p < 0.05) at 90 min.

The antinociceptive reactions in C57BL/6J mice
appeared more rapidly than in the ICR mice obtained
from the Centre of Oncology of Russian Academy of
Medical Sciences (Fig. 2) used in the above experiments.
However, they were similar in extent to the latter mice.
Moreover, the extent and the rapid onset of the reactions in
the C57BL/6J mice were similar to those observed by
other authors (Schroder and Sabel, 1996; Schroeder et al.,
1998a,b; Ramge et al., 1999) and to those observed with
ICR mice obtained by Harlan—Winkelman (Borchen,
Germany; data not shown). With the ApoEtm1Unc mice
the antinociceptive reaction was lower and disappeared
much more rapidly, i.e. between 30 and 45min. The
difference between CS57BL/6J and ApoEtml1Unc mice
was statistically significant up to 45min (2p < 0.05;
except after 30 min) and again after 180 min.
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DISCUSSION

These results (Table I and II, and Fig. 1) clearly show that
apolipoprotein B or E (apo B or apo E) are able to mediate
the delivery of the analgesic hexapeptide dalargin or the
analgesic opioid loperamide across the BBB after binding
to nanoparticles and intravenous injection: An antinoci-
ceptive effect with dalargin-loaded PBCA nanoparticles
was observed after coating of the nanoparticles with these
apolipoproteins alone as well as after overcoating
following polysorbate 80 precoating. In the case of coating
with apo B or E alone this effect was slightly lower or
similar to previously observed effects with polysorbate 80
alone (Alyautdin et al., 1995; Kreuter et al., 1995; 1997,
Schroder and Sabel, 1996; Schroeder et al., 1998a,b;
Ramge et al., 1999). It was even higher if apo B or
E-coating followed polysorbate 80-precoating. In contrast,
other apolipoproteins including AII, CII or J were not able
to induce these effects with nanoparticles without
precoating with polysorbate 80. Consequently, it can be
assumed that the antinociceptive effects observed with the
latter apolipoproteins after precoating with polysorbate 80
were due to the presence of polysorbate 80. The observed
slower onset of the antinociceptive effects with these
apolipoproteins, especially apo All, may be an indication
that at least partial desorption of the latter apolipoproteins
from the polysorbate 80-precoated nanoparticles was
necessary to enable a dalargin transport into the brain.

In these experiments apo E induced slightly higher
antinociceptive effects than apo B. For this reason,
experiments also were performed with apo E using
loperamide as the antinociceptive agent (Table II) and,
additionally, experiments with dalargin in apo E-deficient
ApoEtm1Unc mice (Fig. 2). With loperamide the same
trend as with dalargin was observed in the normal (ICR)
mice. In the apo E-deficient ApoEtm1Unc mice a reduced
antinociceptive reaction was obtained in comparison to
C57BL/6J mice from which the ApoEtm1Unc mice were
derived. Both results further underline the special role of
apo E in mediating the delivery of nanoparticle-bound
dalargin or loperamide across the BBB. Apo E was
previously shown to be adsorbed on the surface of
polysorbate-coated nanoparticles after in vitro incubation
in human plasma whereas no adsorption occurred without
coating or after coating of the nanoparticles with a number
of other surfactants (Liick, 1997). These latter prep-
arations also were not able to transport sufficient dalargin
across the BBB to induce an antinociceptive effect after
i.v. injection (Kreuter et al, 1997). In the present
investigation, coating of the nanoparticles with apo B or
apo E alone yielded lower antinociceptive effects in the
mice than polysorbate 80-coating alone. This also can be
explained by the finding of Liick (1997). He observed that
after incubation of nanoparticles coated with apo E alone
in the plasma, the apo E was replaced to a significant
extent by other plasma components. Hence it can be
concluded that the polysorbates act as an anchor for apo B
and apo E.

As mentioned in the introduction, endocytosis by the
brain capillary endothelial cells, followed by the release of
the drugs within these cells and delivery to the brain, is
one of the possible mechanism that could explain the
observed pharmacological effects after i.v. injection of
dalargin, loperamide, and other drugs. A rapid endocytotic
uptake of the polysorbate 80-coated but almost no uptake
of uncoated nanoparticles was observed in cultured
mouse, rat, bovine, and human brain capillary endothelial
cells (Ramge 1998; Ramge et al., 2000; Kreuter and
Alyautdin, 2000). In addition, fluorescent and electron
microscopical pictures taken 45 min after i.v. injection of
polysorbate 80-coated FITC-dextran labelled PBCA
nanoparticles to mice also indicate an uptake by the
brain endothelial cells (Kreuter et al., 1995), although it
has to be kept in mind that electron microscopy can be
prone to artefacts. The results of the present and Liick’s
study (Liick, 1997] indicate that after i.v. injection apo E
and/or apo B are anchored by the polysorbate on the
surface of the nanoparticles coated with this substance.
Apolipoproteins B and E both bind to lipoprotein
receptors on the surface of cells (Brown and Goldstein,
1986; Knott et al., 1986; Yang et al., 1986; Mahley, 1988;
Wilson et al., 1991). Furthermore, the brain is equipped
with a self-sufficient transport system for maintaining
cholesterol and lipid homeostasis. The presence of LDL
receptor has been demonstrated in rat and monkey brains
(Dehouck et al., 1997). These LDL receptors are also
present in the brain capillary endothelial cells (Méresse
et al., 1989; 1991; Dehouck et al., 1994; 1997). All
members of the LDL receptor family bind apo E on their
extracellular domains (Willnow ef al., 1999). Additionally
LRP, megalin, and ApoER 2 have been shown to be
expressed in the CNS (Kim et al., 1996; Ji et al., 1998;
Willnow et al., 1999). Consequently, the present results
combined with the earlier findings of Kreuter ez al. (1997)
and Liick (1997) indicate that the nanoparticles which are
coated with apo B or E appear to mimic lipoprotein
particles and thus are able to interact with members of the
LDL receptor family followed by their endocytotic
uptake. The assumption of LDL receptor family-mediated
uptake by the brain capillary endothelium is further
supported by other in vitro findings: Ramge et al. (2000)
observed that the uptake of the polysorbate 80-coated
nanoparticles was inhibited by cytochalasin B, a
phagocytic uptake inhibitor, but not by colchicin, a
pinocytic uptake inhibitor, indicating that phagocytosis
and not pinocytosis is involved in the uptake of
nanoparticles. More importantly, pre-incubation of the
brain endothelial cells with lipoprotein-deficient fetal calf
serum for 22 h led to a significant increase in the in vitro
nanoparticle uptake. The pre-incubation for 22 h with the
lipoprotein-deficient serum probably starved the cells so
that they were more susceptible for the reception and
uptake of lipoprotein particles. Remaining small amounts
of lipoprotein in the deficient fetal calf serum then may
have augmented the interaction of the nanoparticles with
the lipoprotein receptors, resulting in the observed
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increase in uptake. Taken together, these results are a
strong indication of lipoprotein receptor-mediated brain
capillary endothelial cell uptake of the polysorbate
80-coated nanoparticles. This, however, does not imply
that apolipoproteins E or B themselves are taken up
together with the nanoparticles; it is more likely that the
apolipoproteins are facilitators of the interaction with the
endothelial cells.

Following this uptake the drug could be released and
would be able to reach the brain interior by diffusion.
Since the drugs already would have crossed the luminal
membranes in which the very efficient efflux pumps (P-
glycoprotein; mdr, MOAT) are mainly contained, the
drugs would be less prone to the action of these pumps.
Moreover, polysorbate 80 was shown to be able to inhibit
P-glycoprotein (Woodcock et al., 1992; Nerurkar et al.,
1996). Hence, inhibition of this efflux pump located in the
brain blood vessel endothelial cell could further enhance
the nanoparticle-mediated transport of drugs to the brain.
Polysorbate 80 alone, added to the drug solutions without
nanoparticles has no effect (Alyautdin et al., 1995;
Kreuter et al., 1995). However, it is possible that the
surfactant may be delivered to the brain endothelial cells
more efficiently if it is adsorbed to the nanoparticles, thus
augmenting drug transport into the brain. At present the
significance of the inhibition of the efflux pumps by
polysorbate 80 during nanoparticle-mediated drug deliv-
ery to the brain is not known. Nevertheless, although
impediment of the efflux system by polysorbate 80 may
contribute to the brain drug delivery by nanoparticles, the
results of the present study indicate that endocytotic
uptake seems to play a much more significant role. This
argument is further supported by the observation that in
the pharmacokinetic study with doxorubicin (Gulyaev
et al., 1999) in contrast to other organs significant brain
concentrations were only obtained after 2—4h. Such a
delayed response seems to be a reflection of time
consuming processes, such as endocytosis.

It is also possible that after endocytotic uptake the
particles may be transcytosed through the brain blood
vessel endothelial cells. In vitro transcytosis of LDL
across the BBB was observed in the Cecchelli-Model by
Dehouck et al. (1997). This process was totally blocked by
the C7 monoclonal antibody that is known to interact with
the LDL receptor. Furthermore, cholesterol depletion
upregulated the expression of the LDL receptor in this
model. Using the same in vitro model, transcytosis of
dipalmitoyl phosphatidyl choline and cholesterol coated
ionic crosslinked malto-dextrin nanoparticles of a size of
about 60 nm was observed by Fenart et al. (1999). Hence,
it is possible that the polysorbate-coated poly(butyl
cyanoacrylate) nanoparticles used in the present study also
can be transcytosed.

In summary, the above results support in vitro findings
indicating that poly(butyl cyanoacrylate) nanoparticles
coated with polysorbate 80 or other polysorbates adsorb
apolipoprotein B and/or E after injection into the blood
stream (Liick, 1997). The polysorbates act mainly as an

anchor for the apolipoproteins. The apolipoprotein-
overcoated nanoparticles thus would mimic lipoprotein
particles and could interact with and then be taken up by
the brain capillary endothelial cells via receptor-mediated
endocytosis. In this scenario, nanoparticles would act as
Trojan Horses for bound drugs. The drug then may be
further transported into the brain by diffusion following
release within the endothelial cells or, alternatively, by
transcytosis. This, however, does not imply that
apolipoproteins E or B themselves are taken up together
with the nanoparticles. The apolipoproteins also merely
could facilitate the interaction of the particles with the
endothelial cells. The polysorbates may also augment drug
transport by impediment of P-glycoprotein. In any case
nanoparticles are necessary for the observed drug delivery
to the brain since polysorbate 80 alone is unable to
promote transport of these drugs (Alyautdin et al., 1995;
Kreuter et al., 1995). In conclusion, nanoparticle-
facilitated drug delivery is a promising new therapeutic
strategy for the treatment of severe diseases of the brain
and of the central nervous system.
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