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C hemotherapy can destroy tumors and arrest cancer progress. Unfortunately, severe side effects (treatment is usu-
ally a series of injections of highly toxic drugs) often restrict the frequency and size of dosages, much to the det-
riment of tumor inhibition. Most chemotherapeutic drugs have pharmacokinetic profiles with tremendous potential for
improvement.

Water-soluble polymers offer the potential to increase drug circulation time, improve drug solubility, prolong drug
residence time in a tumor, and reduce toxicity. Cytotoxic drugs that are covalently attached to water-soluble poly-
mers via reversible linkages more effectively target tumor tissue than the drugs alone. Macromolecules passively tar-
get solid tumor tissue through a combination of reduced renal clearance and exploitation of the enhanced permeation
and retention (EPR) effect, which prevails for fast-growing tumors.

Effective drug delivery involves a balance between (i) elimination of the polymeric drug conjugate from the blood-
stream by the kidneys, liver, and other organs and (ii) movement of the drug out of the blood vasculature and into
the tumor (that is, extravasation). Polymers are eliminated in the kidney by filtration through pores with a size com-
parable to the hydrodynamic diameter of the polymer; in contrast, the openings in the blood vessel structures that
traverse tumors are an order of magnitude greater than the diameter of the polymer. Thus, features that may broadly
be grouped as the “molecular architecture” of the polymer, such as its hydrodynamic volume (or molecular weight),
molecular conformation, chain flexibility, branching, and location of the attached drug, can greatly impact elimina-
tion of the polymer from the body through the kidney but have a much smaller effect on the extravasation of the poly-
mer into the tumor. Molecular architecture can in theory be adjusted to assert essentially independent control over
elimination and extravasation. Understanding how molecular architecture affects passage of a polymer through a pore
is therefore essential for designing polymer drug carriers that are effective in passively delivering a drug payload while
conforming to the requirement that the polymers must eventually be eliminated from the body.

In this Account, we discuss examples from in vivo studies that demonstrate how polymer architectural features
impact the renal filtration of a polymer as well as tumor penetration and tumor accumulation. In brief, features that
inhibit passage of a polymer through a pore, such as higher molecular weight, decreased flexibility, and an increased
number of polymer chain ends, help prevent elimination of the polymer by the kidneys and can improve blood cir-
culation times and tumor accumulation, thus improving therapeutic effectiveness.
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Introduction

Patients given chemotherapy to treat cancer are typically
administered a cocktail of highly toxic drugs by intravenous
injection. The treatment dose and frequency is limited due to
severe side effects that include nausea, bone-marrow toxic-
ity, increased susceptibility to illness, hair loss, and cardiotox-
icity. These side effects restrict the amount of drug that can be
used to treat the cancer, and often too little drug is adminis-
tered to effectively inhibit growth of the cancer. These restric-
tive, toxic side effects and insufficient delivery of drug to the
cancer are due to the inappropriate or suboptimal pharmaco-
kinetics that affect the vast majority of chemotherapeutic
drugs.

Polymer—drug conjugates have been studied for three
decades as a potential solution to overcome the limitations of
current chemotherapy. In the 1970s, Ringsdorf and Kopecek
described a model polymer-based drug carrier' in which a
soluble linear macromolecular backbone linked to a target-
ing moiety serves as a scaffold to carry a therapeutic mole-
cule. The premise behind macromolecular drug delivery is that
the pharmacokinetics of the macromolecule—drug conjugate
will mimic that of the macromolecule alone, thus enabling bet-
ter control of drug delivery and improved drug availability to
the targeted tissue. Successes include PEGylated proteins
(Oncaspar, Neulasta) in which poly(ethylene glycol) (PEG) is
attached to a therapeutic polypeptide to improve its circula-
tion time.? Similarly, the polymer coated liposomal delivery
system DOXIL, carrying the chemotherapeutic agent doxoru-
bicin, is significantly less toxic than doxorubicin alone. Despite
these successes, there are no polymer—drug conjugates
approved to treat cancer in the United States.?

While many reviews on “polymer therapeutics” detail
advances made in this field,># this Account will focus on relat-
ing the architectural features of soluble, noninteractive, mono-
molecular polymer and dendrimer>® drug carriers to their
resultant pharmacokinetic and biodistribution properties and
their ability to passively target tumors.”

What Happens to Soluble Polymers in
Vivo?

The size discrepancy between macromolecules and classical
small drug molecules in solution leads to very different behav-
iors in vivo. The hydrodynamic diameter (Dy,) of the macro-
molecules is of the same order of magnitude as that of the
pores and openings present in the vasculature and elimina-
tion systems of the body (Figure 1). In vivo, polymer size has
dramatic effects on the transport of polymers throughout the
body, their removal by the reticuloendothelial system (RES),
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FIGURE 1. Relative sizes of two different MW polymers and
various pores in the body: (a) poly(vinyl alcohol) (PVA) chain with
MW = 13.5 kDa;?? (b) PVA chain with MW = 580 kDa;?? () kidney
glomerulus pore;'° (d) very large interendothelial junction in
healthy tissue;'® (e) typical range of tumor pore diameters;'2 (f)
very large interendothelial junction in cancerous tissue.

kidneys, and intestines, and their interaction with extracellu-
lar matrix and cells within tissues. Furthermore, polymer fea-
tures such as branching and conformation in solution can
impact how they pass through these pores.

The majority of chemotherapeutic drugs are delivered by
intravenous injection, allowing the drug to be administered
directly to the blood for rapid presentation to the entire body.
When a polymer-bound drug is administered via intravenous
injection, the time-dependent concentration of polymer—drug
conjugate in the blood, C,(), is typically described® by the two-
compartment model (Figure 2a), which assumes transport of
the polymer through the blood compartment and the tissue
compartment. Once administered by bolus injection (Do), poly-
mer rapidly distributes itself through the blood compartment.
The initial volume occupied is called the volume of distribu-
tion (V;), and for macromolecules, it is often restricted to the
blood compartment. From the blood compartment, the poly-
mer can either leave the body by excretion and metabolism,
described by the rate constant ke, or pass into the tissues, with
a net rate constant (kpt — kp). Colt) is described by a biexpo-
nential equation, with an initial rapid loss of polymer in the
blood through distribution to the tissues, followed by a slower
decrease in polymer in the blood as it is removed from the
body (Figure 2b). The pharmacokinetic properties describing
polymer behavior in the blood compartment can be calcu-
lated from the biexponential equation. One of the most impor-
tant properties is the -phase blood circulation half-life, ¢/, 4,
which describes the long-term polymer concentration in the
blood and removal of polymer from the body.



Downloaded by UNIV MAASTRICHT on August 29, 2009 | http://pubs.acs.org
Publication Date (Web): June 25, 2009 | doi: 10.1021/ar900035f

(8)  Bolus intravenous
injection, Do

Volume of distribution,V,

kp,t
—>»  Tiss
3 <_kt P compar

lke/ Cp(f) = Aet+ Bet

Excretion
& metabolism

—
O

t . (min)

10
100
s | 000
e 10,000

12,8

B
o

w
o

Concentration of polymer in the
blood compartment (% injected dose/g tissue) ~~
N
o

T T T 1
0 500 1000 1500 2000 2500
(c) Time after i.v. injection (min)

t,,m (min)
10

% 12 100
-g::- s /| 000
£210 s 0,000
gg cardiac output
2o 8
%% 00%
EE 6 o 1
Se -_— = 10%
Eg AN S TN e 3%

E=1

g 2

]

(=}

0 500 1000 1500 2000 2500
Time after i.v. injection (min)

FIGURE 2. Two-compartment model for predicting polymer
concentration in the blood and in the tumor of a mouse (%
injected dose/g of tissue): (a) schematic representation of the
two-compartment model—the concentration of polymer in the
blood compartment is given by Gy(t), in which the variables A, B,
o, and 8 are functions of Dy, V;, and the rate constants; (b)
calculated blood concentration curves versus time. The curves
represent polymer concentration profiles for polymers with t; 24
=10, 100, 1000, and 10 000 min; (c) solid lines, calculated
tumor concentration versus time for polymers with blood t;,,5 =
10, 100, 1000, and 10 000 min with 100% of cardiac output
passing through the tumor; green lines, calculated tumor
concentration versus time for a polymer with t,,,5 = 1000 min
with different fractions of cardiac output. All calculations
assumed mouse with ~2.5 g of blood and polymer with k,; =
0.01 min™', kyp = 0.02 min~', and ke = 0.000 min~".
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Elimination of polymer from the body is typically through
kidney clearance.® As blood passes through the kidneys, the
glomerulus filters out solutes, waste products, and excess
water. The glomerular basement membrane and epithelial cell
coat of the glomerulus consist of a matrix of collagen-like moi-
eties and glycoproteins, which form pores approximately 4 nm
by 14 nm in size. Macromolecules with hydrodynamic radii
smaller than glomerular pores readily permeate the pores of
the glomerulus and are removed from the body via urine.'®
The threshold for renal filtration of polymers corresponds very
roughly with molecular weights ranging from 30 to 50 kDa,
depending on the polymer chemistry, shape, molecular con-
formation, and flexibility.®> Nondegradable polymers that are
too large to be excreted can be retained in the body for
extended periods of time.’

The liver and components of the RES can also remove
polymer from the blood compartment. In a process called
opsonization, opsonin proteins present in the blood bind to
foreign particles to increase their recognizability to phago-
cytic cells. Aggregates or particles above 200 nm in diame-
ter are readily bound with opsonin proteins and cleared by the
liver and spleen. Opsonin proteins tend to bind and clear
hydrophobic or charged polymers more than hydrophilic and
neutral polymers, which can accelerate their removal by the
liver.'" Additionally, the RES can eliminate polymers indirectly
by degradation; this is particularly true for polymers contain-
ing peptide or ester linkages.

A polymer cleared from the blood by the tissues passes
through the intercellular junctions in the postcapillary fenes-
trae and discontinuous capillaries in the tissue vasculature. In
healthy tissue, the primary mechanism of transport into the
interstitium is diffusion through small gaps in the endothelial
wall. The size of these gaps is 2—6 nm, although additional
barriers to transport through the gaps, such as the glycopro-
tein coat on endothelial cells, exist. In healthy tissue, poly-
mer that is present extracellularly in the interstitium can be
removed by the lymphatic system, which returns the poly-
mer to the blood compartment.'?

Passage of a polymer into solid tumor tissue and its
retention is different than for healthy tissue, due in part to
the larger pore size present in tumor vasculature (Figure 1).
Pores in the tumor vasculature are believed to typically
range in diameter from 40 to 80 nm; however they can be
as large as 1 um across.'® This phenomenon called the
enhanced permeation and retention (EPR) effect (Figure 3)
and the critical feature that allows for passively targeting
macromolecules were first identified by Matsumura and
Maeda.'* While studying a polymer conjugate of the anti-
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FIGURE 3. Schematic representation of the EPR effect: passive targeting to tumor tissue is achieved by extravasation of polymers through
the increased permeability of the tumor vasculature and ineffective lymphatic drainage. Passively targeted polymer—drug conjugates are
taken up by cancer cells through pinocytosis and processed by endosomes and lysosomes (inset). Adapted from ref 48.

cancer protein neocarzinostatin, they discovered that mac-
romolecules accumulate in tumor tissue at higher levels
than in healthy tissue. Due to the rapid and haphazard
neovascularization of tumors, tumor vasculature is “leaky”
and hence more permeable to macromolecules than the
vasculature of healthy tissue. Additionally, in the vicinity of
rapidly growing tumors, the lymphatic system is defective
or nonexistent, thus eliminating removal of macromole-
cules through this route.’*'* It has also been observed that
the interstitial volume in tumors is larger than the intersti-
tial volume of most healthy tissue. Jain'> suggested that
this allows for increased uptake of macromolecules,
because there is more “free-fluid” space. On the other hand,
Noguchi et al. proposed that the EPR effect results prima-
rily from the prolonged retention of macromolecules.'®
Using radiolabeled poly(N-(2-hydroxypropyl)methacryla-
mide) (HPMA) of different molecular weights (MW), rang-
ing from 4.5 to 800 kDa, they observed that all polymers
were taken up into tumor tissue at approximately the same
rate. However, higher MW polymers were unable to dif-
fuse out of the tissue through the vasculature as rapidly as
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smaller polymers. Furthermore, the longer blood t;,,4 of
polymers resulted in higher accumulation in tumor tissue
than in healthy tissue'® (Figure 2¢). Another important fac-
tor that impacts the total amount of polymeric drug in the
tumor is the fraction of circulating blood that passes
through the tumor vasculature, the “cardiac output” (Fig-
ure 2¢). Today, the EPR effect has been observed in many
experimental and human tumor models and is exploited as
a mechanism to passively target polymers to solid
tumors.'?

Polymer molecules in the interstitial space of healthy tis-
sue and tumor tissue can be taken up by cells via endocyto-
sis at rates that are dependent on the affinity of the polymer
for the cell surface. Most inert synthetic polymers are thought
to be taken up by fluid-phase pinocytosis.® Once in the cell,
polymers are trafficked to late endosomes and lysosomes for
degradation (Figure 3, inset). However, many synthetic poly-
mers may not be degraded by the lysosomal environment
and instead accumulate in vesicles within the cell.® Although
not well understood, this accumulation could be significant
and result in toxicity over time.
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FIGURE 4. Effect of MW on blood circulation half-life of intravenously injected polymers for a variety of polymer chemistries and
architectures. Red background encompasses polymers with branched or globular structures. Yellow background encompasses globular and
well-solvated random coil polymers. Blue background encompasses linear polymers that are rapidly cleared from the body. Readers are
cautioned to note that the figure is based on reported MW, which does not always scale with actual polymer Vj,. Pharmacokinetic
experiments for the PEGylated poly(L-lysine) dendrimers and albumin were conducted in normal, healthy rats. The pharmacokinetic data for
PVA was collected in tumored mice; however the authors noted that the data was not significantly different from data collected in
nontumored mice. All other data sets were collected from normal, healthy mice.

Controlling Delivery with Architecture

For effective delivery of chemotherapeutic agents to solid
tumors, properties of a polymer, such as MW, branching,
molecular conformation, and flexibility, that affect its passage
through a pore must be considered. These properties can
greatly impact elimination of the polymer from the body by
the kidneys, and to a lesser extent, affect extravasation of
polymer—drug conjugate by the tumor and penetration into
the tumor.

Above All, Size Matters: Molecular Weight and
Hydrodynamic Volume. The hydrodynamic volume (V}),
and thus MW, of a polymer plays a critical role in polymer
pharmacokinetics and biodistribution. Once the hydrodynamic
radius (Ry) of a polymer exceeds the renal threshold of 5 nm,
the filtration rate of macromolecules decreases with increas-
ing Ry, as long as other factors, such as molecular conforma-
tion and chemistry, remain constant.'® Thus the blood
circulation 1,24 increases with increasing MW as a result of
decreased filtration by the Kidneys. This relationship has been
studied by many groups, and a representative sample of
results for different biocompatible polymers in mouse mod-
els are detailed in Figure 4. As can be seen, the relationship
between t;,54 is typically nonlinear, and the change in ;554
with MW can vary dramatically depending on both chemis-
try and architecture.

For example, very large changes in MW of dextran poly-
mers result in very small changes in the blood circulation half-
life. Studies of dextran show that above the renal clearance
threshold, dextran accumulates and is retained significantly in

the liver where enzymes degrade it to segments less than 40
kDa.'” It should be noted that the positive relationship
between t;,, 3 and MW holds true for polymers that have the
same chemistry and structural features such as branching and
specific molecular conformations. For example, Kaminskas et
al. studied in rats the pharmacokinetics of generation three
PEGylated poly(L-lysine) dendrimers with 32 PEG branches by
varying the weight of the PEG chains to change the total
MW.'® The B-phase half-lives of the PEGylated dendrimers
were reported as 0.7 = 0.1, 9.5 + 0.3, and 75.4 £ 9.3 h for
total “molecular weights” of 11.1, 22.4, and 68 kDa, respec-
tively, as measured by reverse-phase HPLC/MS, a method
known to significantly underestimate the MWs of dendritic or
branched macromolecules.'® The same authors'® reported
that the renal clearance of their PEGylated dendrimers was
higher for lower total MW and ¢, 3. However, it should be
noted that the trend of increasing blood circulation with
increasing MW changes at higher MWs.? Opsonin proteins
and other components of the RES can remove polymers with
Dy’s of 200 nm or larger from blood circulation.'" In short, for
polymers with the same chemistry, architecture, and molecu-
lar conformation, t,,4 increases with MW up to the point at
which the polymers can be recognized by the RES.

With regards to tumor accumulation, there is also a rela-
tionship between polymer MW and tumor uptake. Initially, the
concentration of polymer in the tumor increases with MW for
polymers above the renal threshold. As polymers circulate
longer in the blood compartment, exposure of the tumor vas-
culature to the polymer increases and tumor uptake increases.
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However, depending on the tumor type, vasculature, and poly-
mer characteristics, this relationship can level off or even
reverse. Murakami et al. studied the relationship between
tumor accumulation and MW using different MW PEG in
Meth-A fibrosarcoma tumors.2° For six different MW polymers
ranging from 31 to ca. 200 kDa, they observed an increase
in tumor accumulation with an increase in MW. However, for
polymers with MW greater than 215 kDa, they saw a
decrease in tumor accumulation. Seymour et al.?' measured
higher levels of accumulation of 297 and 556 kDa HPMA in
Sarcoma 180 tumors than accumulation of 778 kDa HPMA.
While studying the pharmacokinetics and tumor accumula-
tion of poly(vinyl alcohol) (PVA), Tabata et al. observed an
increase in the tumor accumulation after three hours for poly-
mers having a Dy, of up to 60 nm; above this diameter, accu-
mulation levels decreased.??

One explanation for the reversal of the MW—tumor accu-
mulation relationship at higher MWs is analogous to poly-
mer filtration by the kidneys; the ability of a polymer to pass
into the tumor tissue decreases because the polymer Dy, is
greater than many of the openings in the tumor vasculature
walls. Transendothelial openings in fenestrated capillaries of
tumor tissue are 40—80 nm in diameter, although interen-
dothelial junctions in the discontinuous capillaries can be up
to 1 um in size, albeit infrequently.'® Studies of the tumor
accumulation of liposomes have shown maximum accumula-
tion to occur with liposomes 100 nm in diameter.*> A sec-
ond explanation for a decrease in tumor accumulation is that
hyaluronan, collagen fibers, and other glycoproteins in the
interstitial spaces of tumors inhibit the diffusion of higher MW
polymers into the tumor.'® Molecules with Dy’s larger than the
gaps in the tumor endothelial wall and glycoprotein coat will
be excluded to a greater extent. It is also known that the inter-
stitial pressure in tumor tissue is higher in the interior than at
the periphery, and while convective flow out of the tumor has
been suggested but never directly measured, the outward
driving force of pressure may decrease the ability of larger
polymers to pass into the tumor tissue.'®'> Thus, accumula-
tion in the tumor initially increases with increasing MW, how-
ever, this trend can reverse at very high MWs. It should be
noted that for polymers above the renal filtration limit, accu-
mulation in healthy tissues can also occur. In particular, mul-
tiple researchers have observed increased accumulation in the
liver with higher MW polymers 2222425

Once again, it must be emphasized that the MWs reported
in many research articles are frequently not accurate or rep-
resentative of the polymer’s V,.2° Therefore, when reading
any article, readers should carefully consider how the “MW”
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was determined before drawing conclusions on issues of Vj,
relative to other polymers.

Molecular Conformation and Flexibility. Despite poten-
tial minor shortcomings, Figure 4 reveals that the spread of
the blood circulation t,/,4 vs reported MW data can be roughly
divided into three areas on the plot, highlighted by red, yel-
low, and blue backgrounds. Each area can be related to a
molecular “shape” of the polymers within it, with red encom-
passing the PEGylated dendrimers and branched polymers,
yellow encompassing globular polymers and well-solvated
random coil polymers, and blue encompassing linear poly-
mers rapidly cleared by the liver. The molecular conforma-
tion, or “shape” of the macromolecule, can have a significant
effect on the pharmacokinetics and can also impact tumor
accumulation and penetration. Examples of a few polymer
drug carriers discussed in this Account and their representa-
tive molecular “shape” in solution are illustrated in Figure 5.
In addition to shape, flexibility of the polymer plays a signif-
icant role. Figure 6 depicts various possible polymer confor-
mations with approximately the same V,, and the impact of
conformation and flexibility on pore penetration. As suggested
in Figure 6a, a flexible, loosely coiled polymer could readily
deform to pass through a pore. On the other hand, proteins,
star and hyperbranched polymers, dendrimers, and poorly sol-
vated polymers, which collapse upon themselves, adopt more
rigid conformations. They are denser due to sterics or favor-
able intramolecular interactions and thus less capable of defor-
mation to pass through a pore (Figure 6b,e). Rigid, elongated
polymers can also be made depending on the choice of back-
bone or through side chains that force the backbone into a
rigid conformation (Figure 6d).2”—2° Cyclic polymers (Figure
60) constitute another polymer “shape”, and their solution
behavior is changed by the lack of a chain end. The theory
and methods of characterizing polymer size and shape are
detailed elsewhere.263°

The shape and ability of a macromolecule to deform
appear to impact its rate of glomerular filtration and thus
blood circulation half-life. Multiple studies have been com-
pleted comparing the renal filtration rates of neutral or
uncharged plasma proteins and polysaccharides. Therefore,
the filtration rate of dextran, with a slightly ellipsoidal ran-
dom coil conformation, is higher than that of globular pro-
teins with equivalent hydrodynamic radii such as horseradish
peroxidase and ficoll.>' 33 A study of four differently shaped
molecules with similar Stokes—Einstein radii, albumin, ficoll,
hyaluronan, and bikunin, also concluded that an elongated
shape facilitated glomerular filtration.>* Venturoli and Rippe
have suggested that the flexibility, and hence molecular
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FIGURE 5. Structures of polymer drug carriers and their molecular conformation in solution: (a) linear polymers (HMPA, PVA, dextran) with a
loose random coil conformation; (b) poly(ester) dendrimer3® with pentaerythritol core; (c) PEGylated poly(ester) dendrimers form “star-like”
structures with many long arms;*° (d) poly(ester) dendronized linear poly(4-hydroxystyrene) forms a tubular “rigid rod” because the backbone
is elongated due to the steric requirements of the dendritic branches emanating from the core.?”

deformability, of a macromolecule plays a crucial role in the
rate at which it permeates the glomerulus.>> Their measure-
ments showed that glomerular permeability was significantly
higher when measured with flexible molecules such as dext-
ran and ficoll than when measured with globular proteins.
However, systematic studies comparing the blood circulation
half-lives of flexible or elongated polymers with flexible,
spherical polymers of similar chemistry have not been
completed.

Cyclic polymers also have longer blood circulation in com-
parison to equivalent MW linear polymers. Nasongkla et al.
recently studied a family of linear and cyclic PEGylated poly(e-
caprolactone). The cyclic polymers had significantly longer
blood circulation times than equivalent MW linear polymers
as a result of both the lack of a polymer chain end and an
increased resistance to deformation®” (Figure 6¢), which hin-
ders reptation through pores of the kidney.

The importance of both “shape” and flexibility is exempli-
fied when examining tumor uptake of rigid and elongated
polymers. Polymers with less flexible, elongated conforma-
tions, or “rigid rod” conformations, have shown higher tumor
accumulation than more flexible, elongated polymers. A study
of polylysine conjugated with the coupling agent

DTPA-Gd?9-38 showed that at conjugation levels >90% the
polymer assumed an extended “rigid rod” conformation, lead-
ing to significantly higher signal enhancement than observed
with randomly coiled, lesser conjugated polymer and albumin-
GTPA-Gd controls. In addition, a larger signal was observed in
the interior of the tumor than at its periphery, suggesting that
the extended polymer was able to penetrate through the
tumor interstitium. High tumor accumulation of a rigid rod
polymer was also observed in our laboratories®® in the study
of the pharmacokinetics and biodistribution of dendronized
linear poly(4-hydroxystyrene), with some of the highest pub-
lished values for tumor accumulation in the murine C26 colon
carcinoma tumor. Various in vitro and in vivo studies have
shown greater diffusion coefficients for linear macromolecules
than for globular macromolecules with equivalent
Stokes—Einstein radii.’® It has been suggested that the
extended conformation of rigid rod polymers enables them to
more easily reptate through openings in the tumor vascula-
ture and through the tumor extracellular matrix, since they are
less likely to entangle with the extracellular matrix.>®
Branching Leads to Drastic Increases in Blood
Circulation Time. Branched polymers provide a definitive
example of the role of flexibility in blood circulation time and
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FIGURE 6. Polymer architecture and the passage of a polymer through a pore for polymers with approximately equivalent Vj: (a) linear
random coil polymer readily penetrates and reptates through a pore; (b) polymer with a rigid, globular conformation must deform to pass
through; beyond threshold MW both entry and passage through the pore could be difficult; (c) a cyclic polymer®%>° lacks a chain end for
entering the pore and must deform to enter and pass through it; (d) polymer with a rigid elongated or tubular conformation easily enters
and passes through; (e) arm orientation and distance between chain-ends of branched polymers impact the rate of entry and passage
through a pore. While initial entry of only one chain-end (top) may occur rapidly, passage of the entire polymer through the pore is
sterically hindered, because the remaining arms must deform for the polymer to pass through;*” a symmetric conformation (bottom) is less
likely since multiple chain ends must penetrate the pore at the same time. Once entry has been achieved passage of the polymer would be
less hindered than for the asymmetric distribution.
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glomerular permeability. For polymers with similar MW and
chemistry, increasing the number of branches or arms
increases the blood circulation half-life. Work from our labo-
ratories®® demonstrated that dendrimers under 20 kDa were
rapidly removed from the body, a finding that correlates with
their low molecular weight. A subsequent study with a library
of PEGylated polyester “bow-tie” dendrimers*° established the
relationship between branching and blood circulation
time.*°~*! For a series of bow-ties with equivalent MW (~40
kDa), there was an increase in t;,2 4 from 1.4 + 0.4 h for the
two-arm dendrimer, essentially a linear polymer, to 26 + 6 h
for the four-arm dendrimer, and finally to 31 £+ 2 h for the
eight-arm dendrimer.*' Corresponding biodistribution stud-
ies in healthy mice show no significant variation in tissue
uptake among the three polymers and decreased polymer
excreted in the urine with increased branching. Given that the
blood circulation half-life increased with the number of arms
while polymer excreted in the urine decreased, we believe
that the slower rates of renal filtration for bow-ties with more
arms resulted from a hindered ability to reptate through pores.
This polymer drug carrier studied in C26 colon carcinoma-
tumored mice showed long blood circulation times and
remarkable efficacy in delivering the chemotherapeutic drug
doxorubicin to tumors leading to their complete disappear-
ance in sharp contrast to the free drug, which itself was inef-
fective.*?

In a related finding, Gerber and Radke*® have separated
star and linear polymers by 2D chromatography on the basis
of their number of arms. Although their observations did not
involve compounds with strictly equivalent MW, Bowen et al.
observed** that proteins PEGylated with branched PEG chains
also showed prolonged blood circulation half-lives and activ-
ities when compared with proteins PEGylated with a single
PEG chain. This relationship between the number of branches
and t;,»4 also applies when branched polymers are compared
with linear polymers. When PEGylated bow-tie dendrimers are
compared with similar MW linear PEG, the linear PEG has a
shorter blood circulation time.?**" In a somewhat bold com-
parison of three families'®*'4> of PEGylated dendrimers that
did not possess either the same chemistry or the same
branched architecture, Lim et al.*> recently suggested that the
most important parameter for determining blood circulation
ti2, Of branched polymers was the number of arms and not
MW, chemistry, or branched architecture. Comparing their
PEGylated triazine dendrimers with the PEGylated bow-tie den-
drimers, they observed an increase in blood circulation half-
life with an increase in the number of PEG chains. However,
the triazine dendrimers of Lim et al. may self-orient and aggre-
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gate in solution, and their Dy’s should be measured before
these dendrimers can be used to draw such a general
conclusion.*'42

At first, the observation of increased t;,,4 with increased
branching may appear unexpected since branched polymers
have smaller hydrodynamic radii than linear polymers with
equivalent MWs.?® A smaller R, would be expected to result
in an increased rate of renal filtration, because the radius of
the macromolecule is closer in size to that of the glomerulus
pore. Yet, as experimentally observed, this is not the case once
a MW threshold is reached. The decreased renal filtration of
branched molecules is supported by the work of de Gennes
and co-workers*® who used viscosity measurements on poly-
styrene samples with different branching to show that increas-
ing the number of polymer branches decreases the ability of
a polymer to deform and elongate. Given that branching
decreases the ability for star polymers to deform, they should
be filtered less readily by the glomerulus and circulate in the
blood compartment longer. An alternative explanation is that
increased branching decreases the ability of a polymer to
reptate through a pore.**' For branched polymers to pass
through a pore, one or more arms must enter the pore and
the remainder deform backward (Figure 6e) to enable pas-
sage, a requirement that becomes increasingly difficult as the
number of arms increases. De Gennes has shown that for a
branched polymer in a static solvent, the lowest energy bar-
rier for entry into a pore with a diameter smaller than the
polymer Dy, occurs with a symmetric distribution of polymer
arms,*’ as depicted in the lower part of Figure 6e. As the num-
ber of arms increases, the energy barrier for entry increases.
Thus, both experimental observation and theory suggest that
beyond a threshold MW, branching decreases renal filtration
and increases ty/, .

Summary and Guidelines

Effective chemotherapeutic drug delivery is a balance between
clearance by the kidney, uptake by the tumor, and removal of
the polymer from the bloodstream by the liver and RES. The
key to improved passive targeting with mono-macromolecules
lies in the understanding of how polymer architecture affects
their passage through a pore. Although additional system-
atic studies are needed to definitively elucidate the relation-
ship between polymer architectural features and the resultant
pharmacokinetics and in vivo distribution, it seems that there
are clear trends in the effect of size, molecular conformation
in solution, flexibility, and branching on the in vivo behavior
of macromolecular carriers.
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Based on the limited number of quantitative studies avail-
able today, the following general guidelines are presented to
future researchers for the control of polymer pharmacokinet-
ics and biodistribution:

« Increasing polymer molecular weight decreases renal filtra-
tion and increases blood circulation time and tumor
accumulation.

o Increasing the number of polymer arms decreases renal fil-
tration due to decreased pore penetration and increases
blood circulation time.

« Rigid, spherical polymers have decreased renal filtration and
longer blood circulation time compared with flexible and
elongated polymers.

» More rigid, tubular polymers can achieve higher tumor accu-
mulation due to increased pore penetration.

Nonetheless, the clinical usefulness of a polymer drug car-
rier is limited if the polymer persists in the tissues for long
times after administration. Ideally, a polymer drug carrier will
be removed from the body once it has delivered its drug pay-
load, thus minimizing side effects from the polymer itself.
Renal filtration is the primary mechanism by which polymers
are removed from the body; therefore a general “rule of
thumb” exists that polymers should be less than ~40 kDa and
small enough to be filtered by the kidneys.® However, this lim-
itation could be circumvented by a careful choice of molecu-
lar weight, flexibility, molecular conformation, and the
incorporation of linkages that are cleavable by enzymes or
hydrolysis, allowing for somewhat larger polymers that circu-
late in the body longer and penetrate tumors to a greater
extent and quantity. It is clear that increasing our understand-
ing of the impact of chemistry and architecture on polymer
pharmacokinetics is essential for improving the design of poly-
mer drug carriers and furthering their progress in clinical trials.

We thank the National Institutes of Health for financial sup-
port (Grant RO1 EB002047).
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