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Purpose. Using polarized bovine brain microvessel endothelial celis
(BBMEC) monolayers as in vitro model of the blood brain barrier and
Caco-2 monolayers as a model of the intestinal epithelium, the present
work investigates the effects of Pluronic P85 block copolymer (P85)
on the transport of the P-gycoprotein (P-gp)- dependent probe, rhoda-
mine 123 (R123).

Methods. The permeability and cell efflux studies are performed with
the confluent cell monolayers using Side-Bi-Side diffusion cells.
Results. At concentrations below the critical micelle concentration,
P85 inhibits P-gp efflux systems of the BBMEC and Caco-2 cell
monolayers resulting in an increase in the apical to basolateral perme-
ability of R123. In contrast, at high concentrations of P85 the drug
incorporates into the micelles, enters the cells and is then recycled
back out to the apical side resulting in decrease in R123 transport across
the cell monolayers. Apical to basolateral permeability of micelle-
incorporated R123 in BBMEC monolayers was increased by prior
conjugation of P85 with insulin, suggesting that modified micelles
undergo receptor-mediated transcytosis.

Conclusions. Pluronic block copolymers can increase membrane trans-
port and transcellular permeability in brain microvessel endothelial
cells and intestinal epithelium cells. This suggests that these block
copolymers may be useful in designing formulations to increase brain
and oral absorption of select drugs.

KEY WORDS: pluronic block copolymer; intestinal delivery; drug;
micelles; blood brain barrier.

INTRODUCTION

Amphiphilic block copolymers are of interest as potential
drug delivery and drug targeting systems due to their ability
to self-assemble into micelles and incorporate many drugs in
the hydrophobic core (1-6). We have designed “microcontain-
ers” for drug delivery using Pluronic block copolymers
(poly(ethylene oxide)-block-poly(propylene oxide)-block-poly-
(ethylene oxide), EOQpnp-PO-EOnp) (2,7). After conjugation
with a brain-specific antibody or insulin these microcontainers
were shown to target haloperidol and a fluorescent marker to
the brain of mice (2,7). In addition to the micellar delivery
route recent studies have suggested that Pluronic single chains
(“unimers”) can act as biological response modifiers by affect-
ing certain drug transport systems (8,9). Studies on multiple
drug resistant cancers have demonstrated that Pluronic unimers
inhibited glycoprotein P (P-gp) efflux pump thus enhancing
drug accumulation in these cells (8,9).
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Combination of the Pluronic micellar delivery with the
biological response modifying activity of the Pluronic unimers
permits affecting drug transport in cells through multiple mech-
anisms. Using bovine brain microvessel endothelial cells
(BBMEC) we have demonstrated that Pluronic P85 (P85) uni-
mers increase drug uptake by inhibiting the P-gp efflux system
(10). In contrast, the P85 micelles induce transient drug accumu-
lation in these cells, which apparently involves enhanced vesicu-
lar transport (10). Very similar transport phenomena with
Pluronic block copolymers were reported also in human colonic
epithelium cells, Caco-2 (11).

Using the polarized BBMEC monolayers as in vitro model
of blood brain barrier (BBB) and Caco-2 monolayers as a model
of intestinal epithelium the present work investigates the effects
of P85 on drug transport. The P-gp dependent probe, rhodamine
123 (R123), was used as a model drug to evaluate the effects
of the P85 block copolymer on the efflux system in these cell
models. This study for the first time suggests that both the
unimer and micelle-mediated transport mechanisms can be used
to affect the permeability of R123 across intestinal barrier and
BBB. These findings may be useful for developing drug formu-
lations to increase brain and oral absorption of select drugs.

MATERIALS AND METHODS

Cell Culture

BBMEC were isolated from fresh cow brains using a
combination of enzymatic digestion and density centrifugation
as described previously (12). R.T. Borchardt (The University
of Kansas, Lawrence, KS) kindly provided Caco-2 cells, origi-
nating from a human colorectal carcinoma (13). The BBMEC
cells were maintained in MEM:F12 culture medium supple-
mented with 10% horse serum, heparin sulfate (100 wg/mL),
amphotericin B (2.5 pg/mL), and gentamicin (50 pg/mL).
Caco-2 cells were maintained in Dulbecco’s Modified Eagle’s
Medium (DMEM), containing 10% heat-inactivated fetal
bovine serum (FBS), 1 % non-essential amino acids, benzylpeni-
cilin (100 U/ml) and streptomycin (10 pg/ml) as described
elsewhere (14). All tissue culture media were obtained from
Gibco Life Technologies, Inc. (Grand Island, NY). Cell mono-
layers were grown on collagen coated (Caco-2) or fibronectin
and collagen coated (BBMEC) polycarbonate membrane inserts
(Transwell, Costar Brand Tissue Culture Products, Contd.; pore
size 0.4 pm; diameter 24.5 mm). Cells were seeded at a density
of 250,000 cells per insert and were allowed to grow and
differentiate for up to 14 days till complete maturation of the
monolayers.

Preparation of Surfactant and Pluronic Block
Copolymer Solutions

The present study uses P85 block copolymer (lot #WPOP-
587A) that was provided by BASF Corp. (Parispany, NJ). The
molecular mass of the PO segment in this sample was approxi-
mately 2,500 and the content of EO chains was approximately
50% (w/w). The solutions of P85 were prepared in assay buffer
containing: 122 mM sodium chloride, 25 mM sodium bicarbon-
ate, 10 mM glucose, 10 mM HEPES, 3 mM potassium chloride,
1.2 mM magnesium sulfate, calcium chloride (1.4 mM) and
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potassium phosphate dibasic (0.4 mM). R123 was added to
either 22 uM P85 (0.01% w/v), 2.2 mM P85 (1% w/v) or 11
mM P85 (5% w/v) solutions and incubated at 37°C for at least
one hour prior to use in the experiments.

Synthesis of Ins-P85 Conjugate

One gram of P85 was reacted overnight at room tempera-
ture with 8 mg of 1,1’-carbonyldiimidazole (Sigma-Aldrich, St
Louis, MO) in 2 ml of anhydrous acetonitrile, then dialyzed
against 20% aqueous ethanol and lyophilized. At the second
stage 200 mg of activated P85 was reacted with 120 mg of
insulin (Ins) (Sigma-Aldrich, St Louis, MO) in 5.2 ml of borate
buffer, pH 8.5 for 72 h at 4°C. The reaction mixture was dialyzed
against 4 mi ammonium in 4 L water and the Ins-P85 conjugate
was purified by gel permeation HPLC using SigmaChrom™
GFC-100 column (30 cm X 7.5 mm) and 0.5 ml/min flow rate.

R123 Transport Studies

Polycarbonate membrane inserts with confluent BBMEC
or Caco-2 monolayers were placed in Side-Bi-Side diffusion
cells from Crown Bio Scientific, Inc. (Somerville, NJ) main-
tained at 37°C = 0.1°C. In apical (AP) to basolateral (BL)
transport studies the AP side of the monolayers was exposed
to the donor chamber, while in BL to AP studies the BL side
of the membranes was exposed to the donor chamber. Cell
monolayers were preincubated for 30 minutes at 37°C with the
assay buffer, added to both donor and receiver chambers (3
ml). Following the pre-incubation period, fresh assay buffer
was added to the receiver compartment; the assay buffer in the
donor chamber was replaced with 3.2 uM R123 in (i) assay
buffer (control groups), (ii) P85 unimers (22 pM P85 solution),
or (iii) P85 micelles (2.2 mM or 11 mM P85 solution). In the
experiments evaluating the effects of Ins on the micelle transport
the following systems were used (i) 2.2 mM P85 and 1 nM
Ins-P85 conjugate, (i1) (i) and [7 nM Ins, (ii1) 2.2 mM P85 and
1 nM Ins. To account for the integrity of the monolayers the
solutions in the donor chamber also contained H*-labeled man-
nitol, a paracellular marker (15), obtained from DuPont Corp.
(Boston, NA). At 0.5, 15, 30, 60 and 90 min time points the
solutions in the receiver chamber were removed for R123 deter-
mination using a Shimadzu RF5000 fluorescent spectrophotom-
eter (\ex = 505 nm, Aem = 540 nm) and H-mannitol
determination using a liquid scintillation counter (Hewlett Pack-
ard Instruments). Immediately after collecting the solutions in
the receiver chamber 3 ml of fresh assay buffer was added to
this chamber. The transport of R123 (or mannitol) across the
cell monolayers was expressed as the percentage of the initial
amount of R123 (or mannitol) in the donor chamber, that accu-
mulated in the receiver chamber. A minimum of three different
membranes was studied for each drug composition at multiple
time points for each membrane. In certain BL to AP transport
experiments evaluating the effects of P85 unimers 3.2 uM R123
(and H*-labeled mannitol) in assay buffer was placed in the
donor chamber, while 22 pM P85 in assay buffer was placed
in the receiver chamber, i.e. at the AP side of the monolayers.
In these experiments fresh 22 uM P85 in assay buffer was
replaced for solutions removed from the receiver chamber for
the probe determination.
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R123 Efflux Studies

Confluent BBMEC or Caco-2 monolayers grown on mem-
brane inserts were placed in the Side-Bi-Side diffusion cells.
The cells were preincubated for 30 min at 37°C with assay
buffer and then exposed to a loading solution of 3.2 uM R123
in assay buffer for 60 min at 37°C from both the donor and
receiver chambers. After that the solutions from donor and
receiver chambers were removed and the cell monolayers were
washed quickly with ice-cold PBS three times. The assay buffer
or P85 micelle solution (2.2 mM P85 with BBMEC, 11 mM
P85 with Caco-2) was added to the AP or BL side. At various
time intervals the amounts of R123 effluxed from the cells
monolayers was determined by sampling both the AP and BL
compartments. The efflux of R123 was expressed on a percent-
age basis as the ratio of the total R123 accumulated in the
respective chamber to the initial amount of R123 in the load-
ing solution.

Fluorescence Microscopy

In separate studies, BBMEC were grown on collagen-
coated, fibronectin-treated chamber slides (Fisher, St. Louis,
MO) for examining R123 cellular accumulation using fluores-
cent microscopy. The BBMEC were exposed to the R123 in
2.2 mM P85 solutions for 5, 15, 30, and 90 minutes at 37°C.
After this incubation period, the loading solutions were removed
and the BBMEC were washed a total of three times with ice-
cold PBS and examined using a Leitz fluorescent microscope.

RESULTS

Effects of P85 Unimers on R123 Flux Across Cell
Monolayers

Our previous studies have demonstrated that P85 single
chains (unimers) increase accumulfation of the P-gp substrate,
R123,in BBMEC (10) and Caco-2 (11) monolayers. The speci-
ficity of the effect of the unimers on the P-gp efflux systems
in both cell models was evidenced by the absence of the P85
unimer effects on the transport of the non-P-gp dependent ana-
log of R123, rhodamine 110 (10,11). In the present study we
evaluate whether the transport of R123 across the polarized
BBMEC and Caco-2 monolayers can be affected by P85 unimer
inhibition of the P-gp efflux system. The P-gp transporter is
expressed at the apical (AP) side of the BBMEC and Caco-2
monolayers and is not expressed at the basolateral (BL) side
(16,17). Therefore, we evaluated the RI123 transport in both
AP to BL and BL to AP directions. This study used 22 uM
P85, to ensure that the copolymer concentration is below the
CMC (=67 uM), i.e. all copolymer is in the form of the unimers
(10). Figure 1 summarizes the results of the study with the
Caco-2 (panel A) and BBMEC (panel B) monolayers.

In both cell monolayers there is a significant difference
in the directionality of the transport of the probe in the assay
buffer; the AP to BL flux is much less than the BL to AP flux.
This result is consistent with the AP localization of the P-gp
efflux system in these cells. The difference in BL to AP vs.
AP to BL fluxes is 7.8 times in the case of Caco-2 and 2.3
times in the case of BBMEC cells. More significant directional-
ity effects with the Caco-2 monolayers may be explained by
possibly higher P-gp expression or activity in these cells.
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Fig. 1. Flux of R123 in Caco-2 (panel A) and BBMEC (panel B) monolayers. Transport
of the probe in AP to BL direction was examined using assay buffer (filled squares)
and 22 pwM P85 at the AP side of the cell monolayers (empty squares). Transport of
the probe in BL to AP direction was examined using assay buffer (filled circles), 22
pM P85 at the BL side (empty circles), and 22 pM P85 at the AP side of the cell
monolayers (crosses). Values represent the mean * SEM of three monolayers per the

treatment group.

Another factor that may contribute to the quantitative differ-
ences with those cell models is the effects of paracellular trans-
port of the probe. The P-gp efflux system controls the
transcellular component of the drug transport and does not
affect the paracellular transport component in these cells. In
the BBMEC monolayers the transport of a paracellular marker,
mannitol, is ca. 2 times higher than that in the Caco-2 mono-
layers (data not shown). This suggests that BBMEC monolayers
are more “leaky”. Higher paracellular permeability may mask
the effects of P-gp efflux system in the case of the BBMEC
monolayers. As a result, the P-gp controlled directionality dif-
ference appears to be greater in the Caco-2 monolayers.

When P85 unimers are administered at the AP side of the
cell monolayers there is a significant increase in the AP to BL
flux of the probe with both cell models (Fig. 1A,B). The effects
of the copolymer unimers are time-dependent. The probe trans-
port increases are observed after 15 min and continue to elevate
up to 90 min, which is the end point of this experiment (Fig.
1A.B). This time dependency is consistent with our previous
report that approximately 15-min exposures to the P85 unimers
are needed to block the P-gp efflux system in the cells (10).
Within the 90-min time interval the copolymer unimers did not
affect the mannitol flux in both cell monolayers (data not
shown). This suggests that the effects of P85 unimers on the
R123 flux do not involve paracelluar permeability changes.
Further, there is no change in the probe flux in BL to AP
direction when P85 unimers are added to the BL side of the
monolayers (Fig. 1A,B). Therefore, the effects of the P85 uni-
mers are direction-dependent and are observed only when the
copolymer is added at the same side of the monolayers where
the P-gp efflux pump is expressed. These data convincingly
demonstrate that P85 unimers increase transcellular flux of
R123 in AP to BL direction in Caco-2 and BBMEC monolayers
without affecting the paracellular permeability and this effect
appears to be attributable to inhibition of P-gp.

To further demonstrate the specificity of the unimer effect
with respect to the P-gp we evaluated whether the inhibition

of the efflux system by the unimers at the AP side affects the
directionality of the probe transport. The Caco-2 monolayers
were used as a model in this study, because, these cells reveal
higher directionality effects. The P85 unimers were added to
the AP side of the monolayers to inhibit the P-gp efflux system.
The AP to BL and BL to AP fluxes of the probe were character-
ized. Compared to AP to BL flux in the assay buffer the AP
to BL flux with P85 unimers is increased as discussed before.
Compared to BL to AP flux in the assay buffer the BL to AP flux
with P85 unimers is significantly decreased. It is noteworthy that
the fluxes of the probe in both directions become equal when
the unimers are present at the AP side (Fig. 1A). In other words
the blockade of the P-gp efflux system by the P85 unimers
eliminates the transport directionality differences. This result
provides additional support for the P-gp mediated effects of
the P85 unimers.

Effects of P85 Micelles on R123 Transport

The effects of P85 micelles on cellular accumulation of
R123 solubilized in BBMEC and Caco-2 monolayers were
previously reported (10,11). These studies demonstrate that the
effects of the micelles are very different from those of the P85
unimers. In the case of the micelles enhanced R123 accumula-
tion is either transient (BBMEC monolayers) or saturated
(Caco-2 monolayers)—a marked difference with the monoto-
nous increase of the probe uptake with the unimers. These
differences are indicative of the multiple mechanisms of the
drug transport with the P85 micelles and unimers (10,11). To
further validate the hypothesis about the multiple transport
mechanisms the present work characterizes the effects of the
P85 micelles on the R123 flux in BBMEC and Caco-2 mono-
layers. The concentrations of the block copolymer chosen for
this study were above the CMC to ensure that the micelles
were present. With the Caco-2 monolayers we used 11 mM
P85. At this concentration over 95% of the probe is incorporated
in the P85 micelles (10). Since 11 mM P85 affected the conflu-
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ency of the BBMEC monolayers (as determined by increased
mannitol permeability) the copolymer concentration was
decreased to 2.2 mM in the studies performed on these cells.
This concentration of P85 is still above CMC and ca. 50% of
the R123 is incorporated in the P85 micelles (10).

The results of the transport studies with the micelles were
qualitatively similar in both cell models. As it is shown in Fig.
2A, the co-administration of P85 micelles with R123 decreases
the flux of the probe in Caco-2 monolayers in both directions
by ca. 3 times. Very similar result was obtained using BBMEC
monolayers, although in this case the flux decreases were less
significant (ca. 1.8 times), which is probably explained by
higher paracellular leakage of the probe with these cells (Fig.
2B). Since the effect of P85 micelle was direction-independent
(Fig. 2A) it appears that it has no relevance to the effects on
P-gp efflux system. This reinforces the conclusion that the
effects of micelles involve different transport mechanisms com-
pared to the unimer effects.

It was previously suggested that the drug administered to
the BBMEC monolayers with the micelles is first absorbed by
the cell by vesicular transport mechanism and then recycled
out of the cell (10). In this paper we present further evidence
of the recycling of R123 with the micelles in the BBMEC
monolayers. To characterize the dynamics of the R123 interac-
tion with the cells the fluorescence microscopy experiments
were performed at various times of exposure of the cell mono-
layers to the probe (Fig. 3). At the early time point of 5 min
R123 fluorescence is localized primarily in the vesicles (Fig.
3A). At 15 min R123 accumulation in cells reaches maximal
levels and the probe is spread throughout the cells (Fig. 3B).
At 30 min cellular R123 is significantly decreased (Fig. 3C),
and at 90 min the probe is cleared from the cells (Fig. 3D). In
contrast there was a monotonous increase in probe accumulation
in the control monolayers treated by R123 in the assay buffer
(Fig. 3E, F).

Further evidence that the micelles enhance the clearance
of the drug from the cell monolayers was obtained in the efflux
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studies. In these experiments the cell monolayers were pre-
loaded with R123 in assay buffer and then the drug efflux to
either AP or BL side was determined in the presence and
absence of P85 micelles. The study was performed both on
BBMEC and Caco-2 monolayers with the same result: the
micelles increased the efflux of the probe by 2 to 3 times at
the same side where they were added (Table 1). This suggests
that the enhanced efflux of R123 may be a reason for the
decreased permeability of this probe in the presence of the
micelles.

R123 Transport in Ins-Vectorized Micelles

In the final part of this work we evaluated the effect of
the ligand conjugated to the P85 micelles on the transport of
the solubilized drug in the cell monolayers. The model chosen
for this study characterized the effects of insulin (Ins) as a
vector for modulating the receptor-mediated transport of the
micelles in the BBMEC monolayers. The rationale for these
studies is the previous report by Miller et al. supporting insulin
transport through BBMEC monolayers (transcytosis) in AP to
BL direction (18). In the first experiment, R123 was adminis-
tered at the AP side of the cell monolayers with P85 micelles
(2.2 mM P85) containing varying concentration of the Ins-P85
conjugates (1 to 100 nM). This experiment determined the
optimal concentration of Ins-P85 conjugate (1 nM) that does
not affect the permeability of the cell monolayers with respect
to mannitol. Figure 4 shows the effect of the vectorized micelle
formulation on the AP to BL transport of R123 in the BBMEC
monolayers. In the presence of the Ins vector the transport of
the probe was increased by ca. 2 to 3-times compared to the
transport of the probe in the Ins-free micelles or in the micelles
with the same concentration of the unconjugated Ins. The trans-

“port of the probe in Ins-modified micelles significantly

exceeded that in the control assay buffer group. It is noteworthy
that Ins-P85 conjugate did not affect the transport of the probe
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Fig. 2. Flux of R123 in Caco-2 (panel A) and BBMEC (panel B) monolayers. Transport
of the probe in AP to BL direction in Caco-2 and BBMEC monolayers was examined
using assay buffer (filled squares) and 2.2 mM P85 (BBMEC) or 11 mM P85 (Caco-2)
at the AP side of the cell monolayers (empty squares). Transport of the probe in BL to
AP direction in Caco-2 monolayers was examined using assay buffer (filled circles) and
11 mM P85 at the BL side (empty circles). Values represent the mean = SEM of three

monolayers per the treatment group.
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Fig. 3. Fluorescence microscopy of R123 accumulation in BBMEC monolayers following various times of exposure with 2.2 mM P85: (A)
5 min, (B) 15 min, (C) 30 min, and (D) 90 min. R123 accumulation in assay buffer is shown for comparison: (E) 15 min, and (F) 90 min.

with the P85 micelles in the Caco-2 cell monolayers that do
not have Ins receptor at the AP side (data not presented).

To validate the receptor-mediated mechanism of the probe
transport in the Ins-vectorized micelles the competitive inhibi-
tion of the transport with an excess of free Ins was studied at
the 90-min time point (Table 2). The results of this experiment
suggests that in the presence of the 17 nm free Ins the transport
of the probe in Ins-vectorized micelles is decreased down to

the level observed with the Ins-free micelles. Therefore, conju-
gation of the micelles with Ins ligand results in a receptor-
mediated redirection of the drug transport from AP to BL side
of the cell monolayers.

DISCUSSION

The proposed mechanisms of drug transport in the polar-
ized cell monolayers using Pluronic block copolymers basing
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Table 1. Efflux of R123 in BBMEC and Caco-2 Monolayers

Efflux of R123, % of loading solution”

AP side BL side
Cell model Time, min assay buffer micelles assay buffer micelles

BBMEC 0.5 1.16 = 0.12 1.39 = 0.44 1.27 = 0.15 1.72 = 0.15
9 2.32 + 0.28 272 £ 0.71 2.04 = 0.21 3,99 + 0.51

15 2.70 + 0.35 341 £ 0.83 2.33 = 0.21 4.62 + 0.60

22 293 + 0.36 4.19 = 0.81 2,62 + 0.22 5.05 £ 0.66

Caco-2 0.5 0.07 = 0.01 0.28 * 0.04 0.12 = 0.02 0.35 £ 0.02
9 0.22 = 0.01 0.67 = 0.09 0.37 = 0.02 1.02 = 0.10

15 0.25 + 0.0l 0.86 = 0.09 0.48 = 0.01 1.23 = 0.01

22 0.30 += 0.02 0.96 + 0.11 0.54 + 0.02 1.37 = 0.13

“ Values represent the mean * SEM of three monolayers per the treatment group.
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Fig. 4. Flux of R123 in BBMEC monolayers. Transport of the probe
in AP to BL direction was examined using assay buffer (filled squares,
dotted line), 2.2 mM P85 (empty squares), 2.2 mM P85S with 1 nM
Ins free Ins (filled triangles) and 2.2 mM P85 with | nM Ins-P85
conjugate (empty triangles) at the AP side of the cell monolayers. Values
represent the mean = SEM of three monolayers per the treatment group.

Table 2. Effects of Ins on the Flux of R123 Solubilized in P85 Micelles
in AP to BL Direction in BBMEC Monolayers

Transfer at

System studied 90 min, %"

2.2 mM P85 1.94 = 0.14

2.2 mM P85 with 1 nM Ins-P85 conjugate 3.85 * 0.68
2.2 mM P85 with I nM Ins-P85 conjugate and

17 nM of free Ins? 2.28 = 0.28

¢ Values represent the mean * SEM of three monolayers per the
treatment group.

 Concentration of the free Ins for this experiment was determined
based on the data on competitive inhibition of Ins binding and inter-
nalization in BBMEC monolayers reported by Miller er al. (18).

on the results of this work are schematically presented in Fig.
5. The unimer concentration of the block copolymer inhibits
P-gp efflux system expressed at the AP side of the BBMEC
and Caco-2 cell monolayers. This results in the increase in the
drug permeability in AP to BL direction (Fig. SA). With high
concentrations of the block copolymer significant portions of
the drug become incorporated into the micelles. At physiologi-
cal conditions P85 micelles represent aggregates of ca. 60 block
copolymer molecules with a hydrodynamic diameter of ca. 15
nm (19). The hydrophobic core of such micelles hosting the
drug molecules consists of PO chain segments and their hydro-
philic shell is made of EO chains, i.e. the same material that
is used in the hydrophilic corona of many Stealth™ liposomes
(20). The micelle-solubilized drug enters the cell via the fluid-
phase endocytosis (Fig. 5B). The vesicular transport mechanism
appears to be the most likely for the EO covered particles with
the size of the P85 micelles. Indeed it is supported both by the
previously reported energy-dependency studies in the BBMEC
monolayers (10) and fluorescence microscopy studies in this

Apical Side

Micelle

Vectorized Micelle

l —— Proposed major pathway

. = = »  Proposed mi th
Basolateral Side posed minor pathway

Fig. 5. Proposed mechanism of drug transport in BBMEC and Caco-
2 cell monolayers with Pluronic block copolymers: (A) inhibition of
P-gp, (B) fluid phase endocytosis, and (C) adsorptive endocytosis
(BBMEC only).
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work suggesting vesicular localization of the probe in the cells
after 5 min exposures. In the absence of the specific vector
capable of affecting micelle processing in the cell via the recep-
tor-mediated pathway the drug is then recycled out of the cells
(Fig. 5B). While the mechanism of the drug recycling in the
cells is presently unknown it appears to involve enhanced efflux
of the probe induced by the micelles. The efflux is directed to
the same side where the micelles are administered, which results
in the decrease of the drug transport across the cell monolayers
(Fig. S5B).

It is noteworthy that the transport effects observed with
the micelles are independent on the side of administration to
the monolayers while the effects of the unimers are strongly
polarized and are associated with the AP localization of the
P-gp efflux system. Very similar transport phenomena were
recently described for the drug transport with the nonionic
detergents, such as Cremphor EL and Tween 60 using Caco-2
cell monolayers (21,22). In those work the inhibition of P-gp
efflux system with the detergent was supported by the studies
of the model drug transport in the AP to BL direction. Because
various drugs are transported in a manner similar to Ri23
(21,22,24-26) our results suggest the Pluronic copolymers may
be useful in enhancing the absorption of such molecules across
the barriers of the gut and central nervous system. These copoly-
mers have been previously characterized as much more potent
inhibitors of the P-gp efflux system and hypersensitizing agents
in multidrug resistant cell lines compared to the nonionic deter-
gents (8-11). The effects of the Pluronic block copolymers
probably involve interactions of their unimers with the cell
membranes resulting in the nonspecific changes in membrane
properties such as ion transport, potential, and, possibility, fluid-
ity (8). These interactions appear to affect P-gp efflux pump
and may also involve changes in various membrane protein
functions. There is at least one indication in the literature, that
P85 block copolymer can inhibit the efflux of ATP outside of
the cell (23). Furthermore, we have recently demonstrated that
the P85 unimers inhibit the organic anion transporter, MRP, in
several cells including BBMEC (paper in preparation). This
provides preliminary evidence that Pluronic block copolymers
can be used to increase membrane transport of very broad drug
classes, characterized by decreased permeability in cancer and
normal tissues due to the effects of the membrane transporters.
The effects of the Pluronic block copolymer unimers were
shown to strongly depend on the copolymer hydrophobic-
hydrophilic balance (11), which potentially provides the possi-
bility to optimize formulations for improved transport of drugs.
A specific implication of this work is in the use of Pluronic block
copolymers to increase brain and oral absorption of select drugs.

The effects of the Pluronic micelles appear to be similar
to those reported for the micelles of the nonionic detergents
(22): that is the micelles decrease the drug flux in the cell
monolayers in either direction. While we disagree with Nerurkar
et al. (22) about the mechanisms of the micelle effects and
demonstrate here that the micelle-incorporated drug in fact
enters the cell and then recycles back, we believe that the
micelle-mediated transport phenomena observed in this and
earlier work (10,11,22) are important. The significance of these
observations is even better understood in the context of the
recycling of the drug with the micelies. Indeed many drugs are
so hydrophobic that micellar solubilization (including incorpo-
ration in the block copolymer micelles (1-6)) appears to be
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one of the few methods for the drug administration. Now we
demonstrate that not only the release of the drug can be deceler-
ated under these conditions, but also the drug itself can either
be prevented from the transport into the cell or “washed out”
of the cells. Itis therefore even more important, that the direction
of transport of the micelle-incorporated drug can be modified by
conjugating the micelles with the ligand capable of adsorptive
endocytosis in the cell. By demonstrating that Ins-vectorized
Pluronic block copolymer micelles can be redirected in the
BBMEC monolayers from AP to BL side (Fig. 5C) we suggest
that this mechanism can be of significance for enhancing brain
transport of the micelle-solubilized drugs. This links the current
study and our earlier paper (2), which is the first report on
using block copolymer micelles as microcontainers for drug
delivery, in particular the Ins-conjugated P85 micelles for the
in vivo delivery of the solubilized neuroleptic to the brain.
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