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ABSTRACT: The growing use of local drug delivery to vascular tissues has increased
interest in hydrophobic compounds. The binding of these drugs to serum proteins raises
their levels in solution, but hinders their distribution through tissues. Inside the
arterial interstitium, viscous and steric forces and binding interactions impede drug
motion. As such, this might be the ideal scenario for increasing the amount of drug
delivered to, and residence time within, arterial tissues. We quanti®ed carrier-mediated
transport for paclitaxel, a model hydrophobic agent with potential use in proliferative
vascular diseases, by determining, in the presence or absence of carrier proteins, the
maximum concentration of drug in aqueous solution, the diffusivity in free solution, and
the diffusivity in arterial tissues. Whereas solubility of paclitaxel was raised 8.1-, 21-,
and 57-fold by physiologic levels of a1-acid glycoproteins, bovine serum albumin, and calf
serum over that in protein-free solution, diffusivity of paclitaxel in free solution was
reduced by 41, 49, and 74%, respectively. When paclitaxel mixed in these solutions was
applied to arteries both in vitro and in vivo, drug was more abundant at the tissue
interface, but protein carriers tended to retain drug in the lumen. Once within the
tissue, these proteins did not affect the rate at which drug traverses the tissue because
this hydrophobic drug interacted with the abundant ®xed proteins and binding sites.
The protein binding properties of hydrophobic compounds allow for bene®cial effects on
transvascular transport, deposition, and distribution, and may enable prolonged effect
and rationally guide local and systemic strategies for their administration. ß 2001 Wiley-

Liss, Inc. and the American Pharmaceutical Association J Pharm Sci 90:1324±1335, 2001
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INTRODUCTION

There is burgeoning interest in the potential of
combined mechano-pharmacologic therapy to im-
prove the clinical outcome of mechanical revascu-

larization.1,2 Indeed, a wide variety of compounds
inhibit the proliferative neointimal response in
animal models of arterial injury when applied
locally from endovascular stents or implantable
drug depots. Agents such as heparin,3±5 dexa-
methasone,6,7 angiotensin-converting enzyme
inhibitors,8 forskolin,9 colchicine,10,11 antisense
oligonucleotides,12,13 paclitaxel, and other anti-
neoplastic drugs14±17 span the full range of
molecular weight, conformation, and molecular
charge. These physicochemical properties deter-
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mine their circulation through the vasculature
and penetration into blood vessels from local
devices, and ultimately govern the applicability
and utility of these compounds in treating pro-
liferative vascular diseases. For example, small
compounds diffuse through tissues faster than
larger ones,18±21 and charged molecules are
highly soluble and thus rapidly diffuse into and
out of tissues more readily than neutral hydro-
phobic compounds.22,23

In prior studies we de®ned local vascular
pharmacokinetics by quantifying diffusive and
convective mechanisms of transport, and nonspe-
ci®c binding interactions by which hydrophilic
compounds, such as heparin, distribute in and
around blood vessels.22±27 We found that al-
though tissues could be easily loaded with soluble
compounds they are cleared quite quickly by
similar means.22 In fact, unless administered
continuously, these hydrophilic compounds are
generally cleared well before they can exert their
full pharmacologic effects.22,28 Accordingly it was
not surprising that there has been only limited
clinical bene®t from the local release of these
compounds. Highly insoluble compounds, on the
other hand, are administered to, distributed
through, and cleared from tissues by fundamen-
tally different mechanisms than soluble drugs,
and for this reason are receiving markedly
increased attention. For example, insoluble com-
pounds are carried on serum albumin or a1-acid
glycoprotein (aGP) and association with these
serum proteins may allow for them to be retained
within the blood vessel, limiting their distribution
from the vasculature to tissues.29±33 We quanti-
®ed the impact of protein-mediated transport on
vascular tissue distribution with a highly insolu-
ble model compound, paclitaxel,14,15 an antiproli-
ferative agent.

We characterized arterial uptake of carrier
bound drugs as the net result of several discrete
steps (Fig. 1). First we determined the effec-
tive solubility (Fig. 1, I) or the ability of the soluble
protein carriers, such as albumin or aGP, to in-
crease the amount of drug in solution above that
possible in the absence of such carriers. We then
quanti®ed how association with these carriers
slows the diffusion of the drug in free aqueous
solution (Fig. 1, II). We further demonstrated, in
an ex vivo preparation, the complex interaction of
drug, carrier, and tissues by assessing the drug
distribution in arterial tissue (Fig. 1, III) and
con®rmed our ®ndings in vivo. These analyses
demonstrate rigorously how hydrophobic drugs

need the solubility of carriers for systemic
circulation, and yet initial uptake and motion
through tissues may be limited by the molecular
properties of the carrier, highlighting the com-
plexity of the local vascular pharmacokinetics of
protein-bound drug. This approach and these data
will be critical to realize the full potential of
hydrophobic compound as they enter clinical
trials for endovascular stent-based drug delivery.

METHODS

Effective Solubility

Nonspeci®c binding to soluble serum proteins
may increase the maximum amount of paclitaxel
that can be held in aqueous solutions. We tested
this hypothesis by measuring the effective solu-
bility of paclitaxel in phosphate buffered saline
(PBS, Sigma), calf serum, (Life Technologies),
bovine serum albumin (BSA, 4 g/dL, Fisher
Scienti®c) in PBS, and bovine a1-acid glycopro-
teins (aGP, 100mg%, Sigma) in PBS. Unlabeled

Figure 1. Schematic depiction of the impact of
carrier proteins on hydrophobic drug in the circulation
and in tissues. (I) The presence of carrier proteins
allows more drug to be held in solution. (II) These
proteins in¯uence the motion of solutes by slowing their
diffusion in free solution. (III) Once in the tissue
interstitium there is competition between drug diffu-
sion and reversible association to ®xed hydrophobic
binding sites, thus slowing the overall motion of the
drug solute.
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paclitaxel stock solutions were made from crystal-
lized drug dissolved in ethanol (1.0 mg/mL).
[3H]Paclitaxel (Amersham) was diluted in 100%
ethanol to a working stock (0.1 mCi/mL, 0.047 mg/
mL). Samples of these stock solutions were
transferred into 1.5-mL centrifuge tubes so that
the amount of [3H]paclitaxel was ®xed (0.05±
0.1 mCi) and the amount of unlabeled drug ranged
from 1 to 1300 mg. Because trace quantities of
solvents can dramatically affect paclitaxel solubi-
lity,34 care was taken to remove all of the ethanol.
The tubes were heated to 378C under a nitrogen
gas stream for 1 h, which was four times longer
than it took for the ethanol to fully evaporate. One
of the four solutions to be tested (PBS, 4% BSA,
0.1% aGP or serum; 1 mL) was added, the tubes
were sealed and maintained at 378C under gentle
agitation for exactly 24 h. The incubation times
were precisely standardized as the solubility of
paclitaxel decreases over the ®rst 24 h in solution
with its transition from an anhydrous to dihy-
drate form.35,36 The tubes were centrifuged at
5000 rpm for 5 min, and two 200-mL samples of
supernatant were transferred to separate scintil-
lation vials for measurement of the concentration
of paclitaxel held in solution. Five milliliters of
Hionic Fluor scintillation cocktail (Packard) was
added to each vial, and the amount of [3H]pacli-
taxel determined via liquid scintillation spectro-
scopy (2500 TR Liquid Scintillation Analyzer,
Packard-Canberra). Both of the concentration
measurements from each centrifuge tube were
averaged and considered a single measurement.
Experiments were performed in triplicate. For
each tested solution, unlabeled paclitaxel mass
was increased in sequential experiments until the
dissolved concentration was not statistically sig-
ni®cantly different from the previous value using
a Student's t test, and this plateau concentration
was considered to be the effective solubility.

Diffusivity in Free Solution

Association with soluble protein carriers incre-
ases the amount of hydrophobic drug in solution;
however, these complexes may be larger, and
therefore diffuse more slowly in free solution than
drug alone because of increased viscous dissipa-
tion of kinetic energy. We used Franz diffusion
cells (PermeGear) to measure the effective free
diffusivity of [3H]paclitaxel in protein-free buffer
(PBS), or in the presence of 100 mg% aGP in PBS,
4% BSA in PBS, or calf serum. A hydrophilic ®lter
(GVWP, 0.22-mm pore diameter, 70% porosity,

125 mm thickness, Millipore) provided unstirred
channels for drug diffusion from an upper source
chamber (1 mL) to a bottom sink chamber (5 mL).
The bottom chamber was well mixed with a
magnetic stir bar. The diameter of the pores in
the ®lter were 2 orders of magnitude wider than
the molecular radius of the drug or proteins, and
therefore the observed transport re¯ects the
diffusion of paclitaxel in complexes with carriers
in free solution.23

Aliquots of [3H]paclitaxel from stock solutions
(200 mL, 1.0 mCi/mL, 0.47 mCi/mL) were placed in
vials and the ethanol solvent was evaporated
under a nitrogen stream at 378C for 1 h. The test
solution (4 mL) was added and stirred for 3 h at
room temperature. One milliliter was transferred
into the source chambers of three different dif-
fusion cells at room temperature. For experiments
with BSA, aGP, and serum, unlabeled paclitaxel
was added (60, 20, and 150 mg/mL, respectively) so
that the drug in the top source chamber was
always near its effective solubility limit and the
majority of drug in solution was therefore protein
bound. The solution in the bottom-sink chamber
was identical to that in the top except that
[3H]paclitaxel was omitted. Samples (10 mL) were
removed from both top and bottom chambers at
regular intervals for up to 4 h and the concentra-
tion of [3H]paclitaxel in each sample was deter-
mined via liquid scintillation spectroscopy. In
between sample collection, the openings to each
chamber were covered with Para®lm (American
National Can) to prevent evaporation. For com-
parison, the transport of [14C]BSA (NEN Life)
across the ®lter in these diffusion cells was
measured by similar techniques as used for
paclitaxel.

The time rate of change of [3H]paclitaxel or
[14C]BSA concentration in the bottom sink cham-
ber (dcb/dt) was calculated from a linear reg-
ression over the steady-state portion of the
concentration measurements. From a mass bal-
ance for the bottom chamber and Fick's law of
diffusion within the pores of the ®lter, the
diffusivity of paclitaxel in solution (Do) in as-
sociation with available protein carriers is as
follows:23

Do � lVb

ctAo

dcb

dt
�1�

where Vb is the volume of the lower chamber, Ao

is the total open area of the ®lter computed as
the ®lter area multiplied by the porosity, l is the
thickness of the ®lter, and ct is the average
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[3H]paclitaxel concentration in the upper cham-
ber, which never decreased > 10% over the course
of the experiment. All experiments were per-
formed in triplicate, and the measured diffusiv-
ities under each set of conditions were averaged.
ANOVA was used to determine if measured
diffusivities were statistically distinguishable.

Distribution in Arterial Tissues

We examined the transmural [3H]paclitaxel dis-
tribution in freshly explanted calf carotid arteries
with endovascular application of drug in protein-
free Krebs-Henseleit Buffer (KH, Sigma), 4% BSA
in KH buffer, or in calf serum in an ex vivo
perfusion apparatus that simulated plasma ¯ow
through the lumen.23,26,37 Calf common carotid
arteries were harvested at a slaughterhouse and
transported in PBS (Sigma) at 48C. The arteries
were cleaned of excess fat and fascia, and gently
cannulated with polyethylene tubing (2.08-mm
o.d., Becton Dickinson). The integrity of the
artery was assessed by connecting one cannula
to an elevated bag of PBS, sealing the other
cannula, and inspecting for leaks under a dissect-
ing microscope.23,26,37

Perfusion Apparatus

An ex vivo perfusion apparatus was constructed
wherein the arterial wall separated endovascular
and perivascular ¯uid compartments in which the
concentration of drugs could be precisely con-
trolled and monitored. The perfusion apparatus
allowed perfusate from an upper reservoir to ¯ow
through three separate Tygon tubes (MasterFlex
Tygon Tubing, Lab Grade, 3.1 mm i.d., Cole-
Palmer) into three arteries, and then through
three throttle valves before emptying into one
common lower reservoir.23,26,37 The perfusate was
then pumped (MasterFlex L/S Economy Pump,
Cole-Palmer) to the upper reservoir, completing
an endovascular circuit. The transmural pressure
gradient was set by the relative height, hydro-
static head (DH), of the upper reservoir and the
downstream resistance imparted by the throttle
valves. An over¯ow line connected the upper and
lower reservoirs and held the hydrostatic head
constant regardless of pump speed. The three
arteries were immersed in a single perivascular
bath of KH buffer that was stirred and main-
tained at 378C with a heat exchanger. The entire
perfusion apparatus was placed in a closed cham-
ber that was maintained at 378C and 100% re-

lative humidity. The volumetric ¯ow rate through
the lumen of each artery was maintained at�0.65
mL/s during all experiments. Each of the three
endovascular circuits had a volume of 75 mL, and
the perivascular bath volume was 1000 mL.

Perfusion

The ethanol solvent was removed from [3H]pacli-
taxel with a nitrogen gas stream for 1 h in a
100 mL glass vial. Perfusate was added, and the
paclitaxel was dissolved for 2 h under agitation
(0.1 mCi/mL, 0.047 mg/mL). The perfusate was
transferred to the lower reservoir of the perfusion
apparatus. The ¯ow through the endovascular
circuit was initiated with the arterial cannula
connectors bypassed, and the system was allowed
to warm up and equilibrate for 2 h. The height of
the upper reservoir was set even with the arteries
(DH� 0) and therefore no transmural pressure
gradient was applied. Three arteries were per-
fused in parallel for 4 h. At regular intervals,
100 mL was removed from both the perivascular
and endovascular compartments for determina-
tion of the [3H]paclitaxel concentration by liquid
scintillation spectroscopy using Hionic-Fluor
(Packard). Perivascular contamination with ra-
dioactivity was considered a breech in arterial
integrity, and all associated samples were dis-
carded and the experiment repeated.

Harvesting

After each experiment, the arteries were quickly
removed from the perfusion system and the
cannulated ends were removed with a razor blade.
The artery was cut longitudinally and laid ¯at
between two glass slides separated by 1.5-mm
spacers. OCT Embedding Medium (Tissue-Tek,
Sakura Finetechnical) was applied around the
edges of the tissue and on the adventitial surface
prior to placement of the top slide. Evans Blue
Dye (Sigma) was mixed with the OCT to help
determine the location of the tissue border during
subsequent sectioning. The slides were clamped
together and the artery was snap-frozen with
cryospray (Cytocool II, VWR Scienti®c) and stored
in a ÿ 808C freezer until sectioning. No more than
90 s elapsed between the termination of perfusion
and freezing of all three arteries.

Transmural Cryosectioning

The arterial distribution of paclitaxel was deter-
mined by sectioning the tissues parallel to the
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intima with a refrigerated microtome (Cryotome
SME, Shandon Inc.) using previously described
techniques.37,38 Each sample was removed from
the glass slide encasements, immediately placed
on a cryobar at ÿ 598C, and trimmed to a re-
ctangular shape. The sample was transferred to
another glass slide with the intima oriented up
and warmed with gentle exhalation until liquid
was observed on the tissue surface. The liquid was
gently blotted (Kimwipes EX-L, Kimberly-Clark)
to remove adsorbed perfusate. The rectangular
sample was immediately placed on a pre-leveled
cryotome chuck made from OCT at ÿ 258C, and
the length and width were measured with a
caliper. OCT Embedding Medium was applied
around the edges of the sample and chuck to add
support while cutting. Twenty-micrometer thick
sections were cut parallel to the intima and placed
in individual glass scintillation vials that were
pre-cooled to ÿ 258C. Sections were digested with
750 mL of Soluene-350 (Packard-Canberra) at
room temperature for 72 h. Liquid scintillation
cocktail (5 mL, Hionic-Fluor) was added to each
sample vial and the [3H]paclitaxel content deter-
mined by liquid scintillation spectroscopy. The
tissue concentration at each transmural location
was calculated as the mass of paclitaxel nor-
malized by the measured tissue area and slice
thickness.

Arterial Uptake In Vivo

To verify that our ®ndings were not speci®c to our
ex vivo preparation and represented real physio-
logical phenomena, we delivered paclitaxel to rat
carotid arteries in vivo in either calf serum or in
protein-free KH buffer. Male Sprague Dawley
rats (325±400 g, Charles River) were anesthe-
tized with an intraperitoneal injection of keta-
mine (75 mg/kg) and xylazine (5 mg/kg). A midline
neck incision exposed the left common and
external carotid arteries. A catheter made from
polyethylene tubing (0.965 mm o.d., Becton Dick-
inson) was introduced into the external carotid
artery through an arteriotomy and secured with a
ligature. The delivery solution with [3H]paclitaxel
(0.1 mCi/mL, 0.047 mg/mL) was suspended from an
elevated bag (120 cm) and the intra-arterial line
was purged of air. The internal carotid artery was
ligated, and the solution was ¯ushed into the
common carotid artery. A proximal ligature on the
common carotid artery was tightened to prevent
blood from reentering the vessel and to maintain
the pressure. The arterial wall was exposed to

paclitaxel in the lumen for 15 min. Pilot experi-
ments demonstrated that this time was suf®cient
for paclitaxel to traverse the rat carotid artery
and for steady state to be established. Following
the infusion, the internal, external, and proximal-
common carotid arteries were cut with dissecting
scissors between the double ligatures in such a
way that blood did not contaminate the artery and
the test solution did not leak out. The ¯uid from
the lumen of the artery was aspirated through the
cannula, and a sample was weighed and assayed
for [3H]paclitaxel content. The endovascular con-
centration (cev) was calculated as the mass of drug
per unit volume of aspirated ¯uid, assuming a
density of 1 mg/mL. The lumen of the common
carotid artery was ¯ushed with 3 mL of PBS.
The thinness of the rat carotid artery (�40 mm)
precluded use of the transmural sectioning
technique and in its place we measured the
deposition in the whole arterial segment. The
artery was weighed wet, digested with Soluene-
350 at 608C for 6 h, and assayed for [3H]paclitaxel
content.

For direct comparison, paclitaxel was adminis-
tered in either calf serum or in protein-free
KH buffer to calf carotid arteries ex vivo with a
pressure gradient of 90 mmHg, for 15 min.
Endovascular samples of perfusate were taken
at the beginning and end of the experiment, and
the measured paclitaxel concentration was aver-
aged. Following removal from the perfusion
system the arteries were ¯ushed with PBS,
weighed wet, digested with Soluene-350 without
transmural sectioning, and assayed for [3H]pacli-
taxel concentrations in the whole arterial seg-
ment. The whole artery deposition of paclitaxel in
rat carotid arteries in vivo or calf carotid arteries
ex vivo were expressed as mean� standard devia-
tion (SD). The Student's t test was used to
determine if the difference in deposition between
application in protein free buffer or serum was
signi®cant.

RESULTS

Effective Solubility

The effective solubility, the maximum amount of
drug held in solution, was considered to be the
plateau in soluble concentration as more drug
was added to a closed system (Table 1). In the
absence of added proteins, paclitaxel reached a
maximal concentration of 3.0� 0.7 mg/mL in PBS.
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This value represented �2% of the drug in
the centrifuge tube, the remainder presumably
being precipitated or adsorbed to the tube. In 4%
BSA the concentration of paclitaxel in solution
was 64.5� 0.2 mg/mL, a 21.3-fold increase over the
solubility without protein carriers. aGP in phy-
siologic concentration (100 mg/dL) raised the
effective solubility to 24.3� 4.0 mg/mL, an in-
crease of 8.1-fold over the solubility without
proteins. In serum, the effective solubility rose
57-fold over protein-free buffer to 171� 9 mg/mL,
indicating that paclitaxel binds many other less
abundant serum proteins than those studied.

Diffusivity in Solution

The diffusivity of paclitaxel in free solution (Do) in
the presence and absence of protein carriers was
assessed in a Franz diffusion cell. The paclitaxel
concentration in the sink chamber normalized by
the average concentration in the source is shown
over time (Fig. 2). Because the chamber volumes
and ®lter dimensions were ®xed in all of these
experiments, the slope as determined by a least-
squares method is proportional to the diffusivity
of paclitaxel in free solution (eq. 1). In the absence
of serum proteins, the diffusivity of paclitaxel is
76.6� 6.1 mm2/s (Table 1). In the presence of aGP
(100 mg/dL) the diffusivity was 45.4� 7.2 mm2/s,
40.7% lower than in protein-free buffer. When
dissolved in a 4% albumin solution, paclitaxel
diffused at a rate of 38.9� 6.7 mm2/s, 49.2%
lower than in protein free solution. In serum the
diffusivity was 20.3� 7.0 mm2/s, 73.5% lower than
in protein-free buffer. Thus, the larger the
proteins that paclitaxel is exposed to, the lower
the diffusivity in free aqueous solutions. ANOVA
showed that all of these measured diffusivities
in free solution were unique (p< 0.01). The
diffusivity of [14C]BSA in free solution was
57.5� 8.3 mm2/s, which is somewhat faster than
[3H]paclitaxel in the presence of 4% albumin, and

close to that of albumin alone as measured by
others.39

Distribution in the Arterial Wall

The distribution of paclitaxel in the calf carotid
artery 4 h after administration ex vivo is shown
normalized by the endovascular driving concen-
tration (Fig. 3). For all test solutions, the
concentration of paclitaxel near the intima was
much larger than the endovascular driving con-
centration (cT(0)/cev>> 1), and decreases with
distance from the lumen. The normalized intimal
tissue concentration was highest for application
without proteins (KH), where tissue concentra-
tions were close to 100-fold above perfusate
concentration. Arterial concentrations of pacli-
taxel applied in serum were lowest relative to the
endovascular concentrations.

Table 1. Effective Solubility, Free Diffusivity, and Effective Diffusivity in Arterial Media of Paclitaxel in the
Presence of Protein Carriersa

Test Solutions of
Paclitaxel in:

Effective Solubility
(mg/mL) Free Diffusivity (Do, mm2/s)

Effective Diffusivity in
Arterial Media (Dart, mm2/s)

Protein-free buffer 3.0� 0.7 76.6� 6.1 0.22� 0.08
4% Albumin 64.5� 0.2 38.9� 3.9 0.23� 0.05
0.1% a1-Acid glycoproteins 24.3� 4.0 45.4� 7.2
Calf serum 171� 9.3 20.3� 4.0 0.21� 0.02

aResults are expressed as mean � standard deviation.

Figure 2. [3H]Paclitaxel concentration in the lower
sink chamber normalized by the top source concentra-
tion of a Franz diffusion cell in PBS, 0.1% aGP in PBS,
4% BSA in PBS, and calf serum (n� 3, �SD). Lines in
the ®gure are ®t to the data using a least-squares
method. The slope is proportional to the free diffusivity
(Do, Table 1) in the presence of carriers. Unlabeled
paclitaxel was added to both chambers so that the drug
was near its solubility limit (see text).
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In Vivo

Paclitaxel was delivered in either protein-free KH
buffer or in calf serum to the endovascular surface
of the rat carotid artery in vivo for 15 min. For
comparison, paclitaxel was administered to calf
carotid arteries ex vivo for 15 min. In both cases,
the whole artery deposition was measured and
normalized by the endovascular concentration
(Fig. 4). Although the paclitaxel uptake was 3.5-
fold greater in vivo than ex vivo, delivery to the
arterial wall of the drug in protein-free KH buffer
resulted in an 8.9- (p< 0.05) and 8.6- ( p< 0.05)
fold more ef®cient uptake than when delivered in
calf serum, respectively. Although differences
between the uptake in vivo and ex vivo may be
attributed to different animal models, the consis-
tent difference between the presence and absence
of serum proteins suggests that the mechanisms
of carrier-mediated transport are similar in both
preparations.

DISCUSSION

The local vascular pharmacokinetics for soluble
hydrophilic and insoluble hydrophobic drugs
depend on fundamentally different mechanisms.
Whereas the former readily penetrates and
diffuses across tissues, the latter interacts with
soluble proteins within the systemic circulation

and with both ®xed and soluble proteins in the
tissue interstitium. We attempted to describe and
quantify carrier-mediated protein transport in
terms of several discrete mechanisms (Fig. 1).
Protein carriers elevate levels of hydrophobic
drug in the circulation (Fig. 1, I) and yet limit
their free motion or diffusion (Fig. 1, II) and
uptake by tissues. In the interstitium of tissues,
there is a perpetual competition between rever-
sible binding to ®xed sites and forward diffusion
within the interstitium (Fig. 1, III). We examined
these mechanisms in arterial tissues using pacli-
taxel, an ideal model hydrophobic compound with
profound potential in treating proliferative vas-
cular diseases.

Effective Solubility

The physical chemistry of paclitaxel is complex
and has been studied in some detail.34±36,40

Paclitaxel is hydrophobic and therefore highly
insoluble in aqueous solutions, but very soluble in
organic solvents. Reports of paclitaxel solubility
in aqueous solutions range from 0.7 to 30 mg/
mL,41±43 and has been shown to decrease 18-fold
over a 24-h period.36 Paclitaxel may exist in either
an anhydrous form or as a stable dihydrate with
an even lower solubility. The time dependence of
the solubility may re¯ect conversion from the
former to the latter.35,36 Our effective solubility
measurements were made after paclitaxel was

Figure 3. Tissue concentration of paclitaxel normal-
ized by the corresponding endovascular concentration
(cT/cev) as a function of distance from the intima in
ex vivo calf carotid arteries. Paclitaxel was applied to
the endovascular surface for 4 h in either protein-free
Krebs Henseleit buffer (KH), 4% BSA, or calf serum
at 378C with no transmural pressure gradient (n� 3,
�SD). The lines are ®ts to the Complimentary
Gauss Error Function (erfc) using a Nelder±Meade
Algorithm.

Figure 4. The whole artery deposition (cT/cev) of
paclitaxel in vivo in the rat carotid artery and ex vivo
in the calf carotid artery after administration in
protein-free buffer and serum for 15 minutes, with a
physiologic pressure gradient of 90 mmHg (n� 3,�SD).
Note the different scales used in vivo and ex vivo.
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allowed to equilibrate with the test solution for
24 h.

Kumar et al.40 showed that the unbound
fraction of paclitaxel at 0.6 mM was 5.3% in
serum, 15.7% in human serum albumin, and
25.3% in aGPs.40 Whereas these values are most
applicable to a single dose or concentration of
drug, our data addresses the slightly different but
important question of how much additional drug
can be held in solution when more or additional
species of proteins are present. Whereas aGP
raised the effective solubility of paclitaxel 8.1-fold
over protein-free buffer, it only accounted for 14%
of the increase seen with serum. Similarly,
albumin raised paclitaxel levels 21-fold over
protein-free buffer, but only accounted for 37%
of the increase seen with serum (Table 1). These
results suggest that although albumin is the
major carrier of paclitaxel, it is by no means the
only one.40 Many other serum proteins may carry
paclitaxel in small amounts, likely as a result of
their lower serum concentrations. Our data de-
monstrates that although albumin is 40-fold more
abundant in serum by mass than aGP, it supports
only three times as much paclitaxel. Therefore,
albumin appears be the dominant carrier of pacli-
taxel by virtue of the large number of available
particles rather than a stronger binding avidity.
Several have noted that the binding of hydro-
phobic drug is, in many cases, nonspeci®c and
reversible.31,32,40

Diffusivity in Solution

We used Franz diffusion cells to measure
[3H]paclitaxel diffusivity in free solutions contain-
ing no protein, albumin, aGP, or all the serum
proteins. Our data show that there is an inverse
relationship between the molecular weight of the
carrier and the diffusivity of the paclitaxel±pro-
tein complex. The average molecular weights of
paclitaxel, aGP, albumin, and serum are 854 Da,
48 kDa, 67 kDa, and �90 kDa,39 respectively, and
the corresponding diffusivities of paclitaxel in
protein-free buffer, aGP solution, albumin solu-
tion, and serum are 76.6, 38.9, 45.4, and 20.3 mm2/
s (Table 1). The free diffusivities of any globular
solute is related to molecular size through the
Stokes±Einstein relation, which balances viscous
drag with the inertia from random thermal
motion:44

Do � RT

6��ro
�2�

where Do is the free diffusivity, R is the Boltzman
constant, T is the absolute temperature, m is the
solvent viscosity and ro is the average molecular
radius of the solute. Globular proteins with larger
molecular weights have larger molecular radii
and therefore diffuse slower because of greater
viscous dissipation of kinetic energy. In this case,
the solute is the drug±carrier complex and our
measurements follow the transport of the
[3H]paclitaxel, not the carriers. This demonstra-
tion quanti®es how soluble carrier proteins allow
more hydrophobic drug to be held in solution at
the expense of slower diffusive motion through
increased viscous drag.

The shape of the accumulation curve in the
receiving chamber for paclitaxel serum is non-
linear, as the slope increases with time (Fig. 3).
This result may indicate that the drug is associat-
ing with serum proteins of many different sizes
and is traversing the ®lter according to the
free diffusivity of each protein±drug complex.
With time, successively larger proteins arrive in
the receiving chamber, leading to increasing
rates of paclitaxel transfer. The transport of pacli-
taxel in serum is slower than in albumin,
suggesting that most of the binding is to serum
proteins larger than albumin. The average mole-
cular weight of the solutes in serum has been
estimated to be �90 kDa.39 Larger proteins
may have more nonspeci®c binding sites for pacli-
taxel, and may thus dominate the observed drug
transport.

Distribution Into Tissues

Our tissue distribution data shows that paclitaxel
undergoes signi®cant binding to arterial tissues.
The tissue concentration normalized by the driv-
ing endovascular concentration is almost always
> 1, and reaches values close to 100. Drug enters
the porous interstitium of tissues and soluble
drug occupies the accessible or void volume at a
concentration close to the applied, in this case
endovascular, concentration. The only way for the
tissue concentration to so greatly exceed the
applied concentration is for there to be tremen-
dous association with tissue elements along the
void spaces within the interstitium. In addition to
binding to ®xed proteins within the arterial wall,
paclitaxel associates with or partitions into
hydrophobic structures such as lipid and cellular
membrane. These associations impede the motion
of paclitaxel down its concentration gradient, as
there is a competition between forward diffusion
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of soluble drug and reversible binding and dis-
sociation (Fig. 1, III).

To quantify this impeded motion we calculated
the ``effective diffusivity'' in arterial media (Dart),
which describes the net effects of diffusion in the
void spaces of the interstitium and reversible
binding to ®xed elements. These values were
estimated by using a Nelder±Meade Simplex
algorithm provided by Matlab 5.3 (Mathworks,
Natick, MA) to ®t the transmural concentration
pro®les (Fig. 3) to the following:45

cT�x�
cev

� BI erfc
x

2
�����������
Dartt
p

� �
�3�

which is the closed form solution for the problem
of diffusion into a semi-in®nite medium from a
constant source at the boundary, where erfc is the
complementary Gauss error function.45 Because
paclitaxel did not completely traverse the arterial
media in these 4-h experiments, the tissue could
be considered semi-in®nite. The constant B1

re¯ects the uptake of drug into tissue, and is a
measure of the degree of binding to ®xed proteins
and partitioning into lipid. Note that this constant
does not impact the rate of drug transfer through
the tissue (Dart, eq. 3). The distribution in each
artery was ®t separately and the average and SD
was calculated for each experimental condition
(Table 1). ANOVA showed that regardless of
which proteins carried paclitaxel to the blood
vessel wall, the effective diffusivities in arterial
tissue were indistinguishable at �0.2 mm2/s.

Compared with drugs that do not exhibit such
binding, the effective diffusivity of paclitaxel is
much lower than would be predicted from its
molecular weight. For example, heparin is extre-
mely hydrophilic and does not partition into
elements of the arterial wall as does paclitaxel.
The effective diffusivities of paclitaxel in arterial
media are �40 times slower than that of heparin
(7.7 mm2/s),23 despite the smaller molecular
weight of the former (854 Da) compared with that
of the latter (14 kDa). The relative slow permea-
tion of paclitaxel in tissues, despite its much
smaller size, suggests that the repetitive binding
and release of this drug to and from ®xed arterial
elements competes with migration down its con-
centration gradient, resulting in a lower effective
diffusivity (Fig. 1, step III). Thus, the mechanisms
of transarterial transport are extremely different
for hydrophobic and hydrophilic compounds with
such disparate lipophilicity, protein binding, and
partitioning into fat.

The protein carriers in the lumen do impact the
overall uptake of drug into the tissue. The tissue
concentration normalized by the endovascular
concentration is highest without proteins, lower
in the presence of albumin, and lowest when
administered in serum (Fig. 3). These proteins are
likely to be excluded from the arterial wall in a
size-dependent fashion from increased steric
interactions on larger molecules. Drug that is
bound to carriers will be excluded unless the
protein enters the tissue, which they do in small
amounts, or the drug dissociates. Thus, although
proteins bring more drug to the vessel wall, they
tend to keep it within the circulation.

In Vivo versus Ex Vivo

Studies were performed in an ex vivo perfusion
apparatus that allowed us to precisely control
the applied concentration of drug and carrier,
and to examine calf carotid arteries that are
thick enough to permit transmural sectioning for
determination of drug distribution pro®les. To
verify that the described mechanisms are valid in
vivo we determined whole-artery deposition of
paclitaxel after delivery of drug to the intact rat
carotid artery in either protein free buffer or in
serum. For comparison, the whole-artery deposi-
tion of paclitaxel was determined in calf carotid
arteries in our ex vivo perfusion apparatus. Al-
though the paclitaxel uptake was 3.5-fold greater
in vivo than ex vivo, in both cases delivery in
protein-free buffer resulted in an almost 9-fold
more ef®cient uptake than when delivered in calf
serum (Fig. 4). The consistent difference between
the presence and absence of serum proteins
suggests that the same mechanisms govern
paclitaxel uptake and distribution ex vivo and in
vivo. The serum proteins, when present, increase
the amount of drug applied to the artery by in-
creasing the effective solubility, yet limit the
penetration and concentration of drug within
the tissue through increased steric hindrance
inside the arterial interstitium.

Physiologic pressure was maintained in these
data, which added a convective component to the
transmural transport of the soluble drug fraction
in the interstitium of the arterial wall.23,26 Be-
cause diffusive and convective forces are aligned,
the transport may be augmented by physiologic
pressure. However, movement by either mechan-
ism occurs only on the small soluble interstitial
fraction. Thus, the strong binding and partition-
ing of paclitaxel to the arterial wall overwhelms
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this additional convective component to the
transport.

SUMMARY

Serum proteins in¯uence the solubility and
diffusivity of the hydrophobic drug paclitaxel.
Through conjugation with these proteins, the
amount of drug held in solution increases, but as
a consequence, the transport is slowed in free
solution and uptake into tissues is limited. We
rigorously characterized the carrier-mediated
phenomenon with paclitaxel both in free solution
and within arterial tissues. These data demon-
strate and quantify the mechanisms by which the
local tissue pharmacokinetics differ for hydro-
phobic and hydrophilic drugs and may rationally
guide their use in the treatment of proliferative
vascular diseases.
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