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Abstract
N-(2-hydroxypropyl) methacrylamide (HPMA) copolymer-RGDfK conjugates targeting the αvβ3
integrin have shown increased accumulation in solid tumors and promise for selective delivery of
radiotherapeutics to sites of angiogenesis- or tumor-expressed αvβ3 integrin. An unresolved issue in
targeting radiotherapeutics to solid tumors is toxicity to non-target organs. To reduce toxicity of
radiolabeled conjugates, we have synthesized HPMA copolymer-RGDfK conjugates with varying
molecular weight and charge content to help identify a polymeric structure that maximizes tumor
accumulation while rapidly clearing from non-targeted organs. Endothelial cell binding studies
showed that copolymer conjugates of approximately 43, 20 and 10 kD actively bind to the αvβ3
integrin. Scintigraphic images showed rapid clearance of indium-111 radiolabeled conjugates from
the blood pool and high kidney accumulation within 1 h in tumor bearing mice. Biodistribution data
confirms images with high accumulation in kidney (max 210% ID/g for 43 kD conjugate) and lower
tumor accumulation (max 1.8% ID/g for 43kD conjugate). While actively binding to the αvβ3 integrin
in vitro, HPMA copolymer-RGDfK conjugates with increased negative charge through increased
CHX-A″-DTPA chelator content in the side chains causes increased kidney accumulation with a loss
of tumor binding in vivo.
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INTRODUCTION
As therapy effectors, radioisotopes have advantages over chemotherapeutics because they can
kill cells over a range of distances from the site of localization, providing a strategy to address
cancer cell clonal diversity and tumor microenvironmental heterogeneity [1]. The αvβ3 integrin
provides a target that is broadly expressed in tumors greater than 1 mm related to angiogenesis,
tumor associated macrophages and to tumor cell expression [2–4]. N-(2-hydroxypropyl)
methacrylamide (HPMA) copolymers were developed with attached cyclized Arg-Gly-Asp
(RGD) motifs that preferentially target the αvβ3 integrin over-expressed in tumors [5–7].
HPMA copolymers with cyclized RGD sequences in the side chains showed enhanced tumor
accumulation over non-targeted copolymers. Additionally, polymers radiolabeled with the
beta-emitting radionuclide yttrium-90 exhibited potential for targeted radiotherapy by causing
tumor growth delay [8]. However, it is necessary to further develop systems that minimize
non-tumor accumulation to decrease adverse effects of radiation.

To develop an efficacious molecularly guided radiotherapeutic it is necessary to construct a
delivery system that provides a high therapeutic index [9]. One way to improve the therapeutic
index of HPMA copolymers is by controlling the size and charge of the polymeric carrier. It
was shown that lower molecular weight and the added presence of electronegative charge
increased the rate of elimination of such copolymers and decreased organ accumulation [10–
13]. Smaller molecular weight polymers tend to accumulate less in tumor tissue, however when
comparing relative levels of tumor-to-organ accumulation little difference has been
demonstrated [10]. Such studies however have not been systematically carried out with HPMA
copolymers that actively target the tumor.

In order to evaluate the effects of molecular weight and charge of HPMA copolymer-cyclic-
RGD conjugates on tumor targeting and organ localization we have synthesized targetable
copolymers with higher negative charge content and varying molecular weight. The current
work reports synthesis, characterization, in vitro cell-binding and in vivo biodistribution of
three HPMA copolymer-RGDfK conjugates in tumor-bearing mice.

METHODS
Chemicals

RGDfK (MW 604.5) was obtained from AnaSpec Inc. (San Jose, CA). N-[(R)-2-Amino-3-(p-
isothiocyanatophenyl)propyl]-trans-(S,S)-cyclohexane-1,2-diamine-N,N-N′,N′,N″,N″-
pentaacetic acid (p-SCN-CHX-A″-DTPA) was obtained from Macrocyclics (Dallas, TX) and
N-(3-Aminopropyl)methacrylamide hydrochloride (APMA) from Polysciences Inc.
(Warrington, PA). 125I-echistatin (2000 Ci/mmol) was purchased from GE Healthcare
(Piscataway, NJ). Indium-111 was obtained as 111InCl3 from Mallinckrodt Inc. (Beltsville,
MD) in 0.05M HCl. All amino acids used were of L-configuration. All other chemicals were
of reagent grade as obtained from Sigma Chemical Co. (St. Louis, MO).

Synthesis and characterization of comonomers
N-(2-hydroxypropyl) methacrylamide (HPMA) (m.p. 66–68 °C, MW 143.8) [14]; reactive
ester comonomer, N-methacryloylglycylglycyl-p-nitrophenyl ester (MA-GG-ONp) (ε273 =
9280.7 M−1cm−1, m.p. 160–163 °C, MW 321.7) [15]; and 111In chelating comonomer, N-
methacryloylaminopropyl-2-amino-3-(isothiourea-phenyl) propyl-cyclohexane-1,2-diamine-
N,N-N′,N′,N″,N″-pentaacetic acid (APMA-CHX-A″-DTPA) (ε274 = 5114.6 M−1cm−1, MW
736.7) [8] were synthesized and characterized according to previously described methods. N-
methacryloylglycylglycyl-RGDfK (MA-GG-RGDfK, MW 786.9) was synthesized via p-
nitrophenyl ester aminolysis of MA-GG-ONp in dry DMF in the presence of pyridine for 48h.
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Pure product was obtained by preparatory HPLC (Varian Prostar, Palo Alto, CA) with a
Microsorb 100 C-18 reversed phase column 250×10 mm using a gradient mixture of water
with 0.1% trifluoroacetic acid (TFA) and acetonitrile with 0.1% TFA at 2ml/min. The product
was monitored by UV spectrophotometry (λ=220), and elution peaks pooled and lyophilized.

Synthesis and characterization of HPMA copolymer-RGDfK conjugates
HPMA copolymers were synthesized via free radical precipitation copolymerization of
comonomers in 100% dimethyl sulfoxide (DMSO) using N, N′-azobisisobutyronitrile (AIBN)
as the initiator [14] and 15 mol% (of total monomer feed) 3-mercaptopropionic acid (MPA)
as a chain transfer agent [16]. The feed composition of the comonomers was 10 mol% for MA-
GG-RGDfK, 10 mol% for APMA-CHX-A″-DTPA, and 80 mol% for HPMA. The comonomer
mixtures were sealed in an ampoule under nitrogen and stirred at 50 °C for 24 h. Afterwards,
DMSO was removed by rotary evaporation. The copolymer precipitate was dissolved in and
dialyzed (MWCO=3500) against deionized water for 48 h followed by lyophilization.
Copolymers of varying molecular weight were obtained by size-exclusion fractionation on a
Superose 12 preparative column (16mm × 50cm) (GE Healthcare) using a Fast Protein Liquid
Chromatography (FPLC) system (GE Healthcare). Respective fractions were pooled, desalted
over a Sephadex G-25 (PD-10) column, and lyophilized from deionized water.

The peptide content in the conjugates was determined by amino acid analysis (Commonwealth
Biotechnologies, Richmond, VA). CHX-A”-DTPA content was determined by UV
spectrophotometric analysis of copolymer products (λ=274nm) using a standard calibration
curve of CHX-A”-DTPA in 100% DMSO. Weight average molecular weight (Mw) and
polydispersity (Mw/Mn) were estimated by size exclusion chromatography (SEC) on a
Superose 12 column (10 mm × 30 cm) (GE Healthcare, Piscataway, NJ) with fractions of
known molecular weight HPMA copolymers using FPLC.

Cell lines
Mouse Lewis lung carcinoma cells (LLC1: ATCC, Manassas, VA) were cultured in DMEM
(Life Technologies Inc., Grand Island, NY) supplemented with 4 mM L-glutamine, 10% (v/v)
heated-inactivated fetal bovine serum (FBS), 4.5g/L glucose and 1.5g/L sodium bicarbonate
at 37 °C in a humidified atmosphere of 5% CO2 (v/v). HUVECs [17] were cultured in
endothelial cell growth media-2 (EGM-2: Lonza, Walkersville, MD) at 37 °C in a humidified
atmosphere of 5% CO2 (v/v). For all experimental procedures, confluent cells, in 24 h culture
without media change, were harvested with 0.05% trypsin/0.02% EDTA in PBS.

Mouse model of Lewis lung carcinoma
Lewis lung carcinoma (LLC1) cells were collected, washed, counted and resuspended in
DMEM. 5×105 cells (50µl) mixed with 50µl Matrigel (Becton Dickinson Biosciences,
Bedford, MA) were injected subcutaneously in the right front subaxillary zone of each female
Taconic C57BL/6 mouse (6–8 weeks old, 20–25 g). During experiments the animals were
sedated with an intraperitoneal injection of pentobarbital (50mg/kg body weight) and studied
under an approved protocol of the University of Maryland Baltimore Institutional Animal Care
and Use Committee (IACUC).

Cell receptor binding assay
The binding affinities of free RGDfK peptide and HPMA copolymer-RGDfK conjugates were
assessed using a competitive binding assay to the αvβ3 integrin expressed on HUVECs
with 125I-echistatin [18,19]. HUVECs were harvested, washed with PBS, resuspended in
binding buffer (20 mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 2 mmol/L CaCl2, 1 mmol/L
MgCl2, 1 mmol/L MnCl2, 0.1% bovine serum albumin) and seeded in 96-well Multiscreen HV
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filter plates (0.45 µm; Millipore) at 50,000 cells per well. Cells were co-incubated at 4°C for
2 h with 125I-echistatin (0.05 nM) and increasing peptide equivalent concentrations of polymers
or free RGDfK (0–100 µM), and final volume adjusted to 200 µL all in binding buffer.
Following incubation, the plates were filtered using a Multiscreen vacuum manifold (Millipore,
Billerica, MA) and washed twice with cold binding buffer. Filters were harvested and
radioactivity determined by γ-counting (Perkin Elmer Wizard, 1470 Automatic Gamma
Counter) to determine percent bound 125I-echistatin. Nonspecific binding was determined by
incubating cells with a 200-fold excess of cold echistatin. Nonlinear regression analysis and
determination of IC50 values was performed using GraphPad Prism (GraphPad Software, Inc.).
Each data point represents the average of triplicate wells.

111In radiolabeling of conjugates
The polymer conjugates were labeled by chelating 111In to CHX-A″-DTPA in the side-chains
using a slight modification of a method previously described [20]. Briefly, the hydrochloride
solution (0.5 mL) of 111In was buffered to approximately pH 5.0 with 100 µl of 1 M sodium
acetate buffer to which 2 mg of copolymer conjugate in 100 µl of sodium acetate buffer was
added, followed by incubation at 50 °C for 45 min (pH 5.0) in an evacuated sterile vial. The
reaction was quenched with 50 µl of 0.05 M EDTA over 10 min at 22 °C to scavenge any
free 111In. The labeled conjugates were isolated in normal saline over a Sephadex G-25 (PD-10)
column.

Imaging and biodistribution studies
Animals were injected via the lateral tail vein with 100 µl of normal saline containing 12 nmol
peptide equivalent (1.3–4.1 nmol polymer) of each 111In labeled HPMA copolymer-RGDfK
conjugate (136–230 µCi) per mouse. Sequential 1-min scintigraphic images were obtained for
30-min at 1, 24, 48, and 96 h post-intravenous injection using a DSX-LI dual head gamma
camera with a low energy all-purpose collimator (SMV, Twinsburg, OH).

Time dependent biodistribution studies were carried out by sacrificing mice at 15 min, 1, 6,
24, 48, 96, 192, and 240 h post-injection (p.i.). At the time of euthanasia, blood samples were
collected by cardiac puncture. During necropsy, whole organ tissue samples were obtained
from the heart, lung, liver, spleen, kidney, small intestine, large intestine, stomach, muscle,
tumor, and tail. The tissue samples were washed with water, counted (Perkin Elmer Wizard,
1470 Automatic Gamma Counter), weighed and the percentage-injected dose per gram tissue
(%ID/g) was calculated. In addition, urine and feces were collected from a cohort of 4 animals
per treatment group using metabolic cages (Techniplast, Exton, PA) and radioactivity measured
until no additional dose was recovered (72 h p.i.). All biodistribution studies were performed
with three or four mice per group.

Statistical Analysis
Differences in organ accumulation and urinary excretion of the copolymer conjugates were
analyzed using one-way ANOVA. Where differences were detected, Tukey’s test was used to
test for pairwise differences between the groups.

RESULTS
Physicochemical characteristics of HPMA copolymer-RGDfK conjugates

The characteristics of HPMA copolymer-RGDfK conjugates are reported in Table 1.
Copolymers of approximately 43, 20 and 10 kD were obtained with low polydispersity via size
fractionation. SEC profiles (not shown) indicated the absence of small molecular weight
impurities. Copolymers of increased negative charge were synthesized by incorporating a 10
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mol% APMA-CHX-A″-DTPA feed ratio, containing approximately 11, 5 and 3 CHX-A″-
DTPA units per backbone, respectively. The charge content as estimated by UV absorbance
for CHX-A″-DTPA was 1.3–1.4 mmol carboxylic acid group per g polymer for the conjugates.
The conjugates contained about 9, 6 and 3 RGDfK units per polymer backbone respectively,
as determined by size exclusion chromatography and amino acid analysis. Specific activities
of 0.13 mCi/nmol (3.0 mCi/mg polymer), 0.07 mCi/nmol (3.5 mCi/mg polymer) and 0.03 mCi/
nmol (3.0 mCi/mg polymer) were obtained upon radiolabeling with 111In for the 43, 20 and
10 kD conjugates, respectively. Following radiolabeling, net charge contributed by CHX-A″-
DTPA was calculated to have changed approximately 0.05% for all conjugates, and deemed
negligible.

Competitive binding of the conjugates
Prior to competitive binding assays, binding isotherm of interaction between 125I-echistatin
and αvβ3 integrin expressed on HUVECs was established to determine total, specific and
nonspecific binding as well as concentration of radio-ligand to be used for competitive binding
assays (data not shown). Competitive binding assay results demonstrate that upon incubating
HPMA copolymer-RGDfK conjugates with radiolabeled echistatin the copolymers bind to the
αvβ3 integrin. The decrease in percent bound 125Iechistatin (Figure 2) with an increase in
copolymer concentration suggests both compounds compete for the same receptor. IC50 values
(nM peptide) as determined by non-linear regression were as follows: 929 ± 1.55, 794 ± 1.51,
398 ± 1.38 and 513 ± 1.29 for the 43, 20 and 10 kD conjugates and free RGDfK, respectively.
At equivalent peptide concentrations, highest apparent binding affinity was observed for the
10kD conjugate.

Biodistribution of HPMA copolymer-RGDfK conjugates
Time dependent biodistribution of radiolabeled polymer-peptide conjugates was evaluated by
scintigraphy and whole organ necropsy of syngeneic mice bearing Lewis lung carcinoma
tumors. Figure 3 shows representative images taken at 1, 24, 48 and 96 h p.i.. Qualitative
assessment of the images indicates rapid decrease in blood pool activity and distribution into
organs at 1 h. Images for the 43 and 20 kD conjugates clearly indicate bladder activity at 1 h
with sustained kidney activity for remaining time points, while images for the 10 kD conjugate
show mainly bladder activity. The images do not show activity in the tumor above background
for any of the conjugates.

The results of a 10-day biodistribution study for each copolymer molecular weight (Figure 4)
demonstrated that rapid blood clearance was observed for all molecular weights with a near
loss of activity after 1 hour. No significant differences in blood pool activity were observed
for different molecular weights.

Copolymers accumulated in background organs to a larger extent with little tumor
accumulation. Kidney, liver and spleen had significant accumulation (p<0.001) over tumor for
each copolymer studied. Tumor accumulation for all copolymers was insignificant compared
to major organs. There were no significant differences in tumor accumulation between the
polymers of different molecular weight.

Highest organ activity was observed in the kidneys for all conjugates, having enhanced
accumulation over all organs for each Mw (p<0.001). Additionally, significant differences were
observed for kidney accumulation between molecular weights, indicating a molecular weight
dependence on renal elimination. For the 43 and 20 kD conjugates, peak kidney accumulation
occurred at 6 h, followed by slow elimination. The 10 kD conjugate freely passed through the
kidney, with max activity occurring at 15 min. A molecular weight effect was also observed
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on liver and spleen accumulation for the larger 43 kD conjugate having significant (p<0.001)
accumulation over the 20 and 10 kD conjugates.

To verify that copolymers primarily eliminated through the kidney, urine was collected and
radioactivity measured from groups of 4 animals for each conjugate (Figure 5). Differences in
cumulative urinary excretion were observed for the copolymers. The extent of renal elimination
clearly shows an inverse molecular weight dependence on excretion. The 10 kD conjugate
showed the highest urinary excretion, approximately 57 %ID after 3 days. Urinary excretion
of the 43 and 20 kD conjugates was approximately 24 and 45 %ID, respectively.

Area-under-the-curve (AUC) pharmacokinetic analyses were performed on select organs to
compare organ exposure between copolymers in the current study with that of previously
studied 35 kD copolymer with 5 mol% feed of CHX-A″-DTPA [7]. Dose normalized AUC
values as determined by trapezoidal integration from 0 to 240 h (Table 2) show high exposure
to the liver, spleen and kidney while low exposures for the blood and tumor. Highest organ
exposure was observed for the 43 kD conjugate, except tumor which showed very similar
accumulation between the 43 and 20 kD conjugates.

DISCUSSION
This study evaluated the effects of increased electronegative charge and varying molecular
weight of targetable HPMA copolymer-RGDfK conjugates on in vitro binding to HUVEC cells
and in vivo biodistribution in tumor-bearing mice. Previously we demonstrated that cyclic
RGD peptides attached to HPMA copolymers have bioadhesive properties to HUVEC cells
and enhanced accumulation in solid tumors in vivo [5–7]. We further demonstrated that such
copolymers containing therapeutic radionuclides significantly arrest tumor growth in murine
models of prostate cancer [8]. An unresolved issue in targeting radiotherapeutics to solid tumors
by systemic administration is radiotoxicity to non-target organs. To minimize their toxic
effects, we synthesized HPMA copolymer-RGDfK conjugates with varying molecular weight
and charge content in an attempt to identify a structure that maximizes tumor accumulation
while rapidly clearing other organs. Polymerization and subsequent size fractionation of
polymers from the same batch was necessary to control comonomer incorporation between
copolymers of different molecular weights. The physicochemical characteristics of the
copolymers show similar content of comonomers per gram of polymer between the fractions.
The approximate number of moieties per polymer backbone decreased correspondingly with
decreased copolymer molecular weight. CHX-A″-DTPA in the polymer backbone was used
as a stable chelating agent for radioactive isotopes [21] and to impart a high level of negative
charge at relatively little expense to monomer feed ratio due to the five carboxylic acid residues
per chelator in the side chains. Attaining a negatively charged backbone with such a molecule
leaves room in the feed mixture to increase the content of targeting moiety, additional
comonomers, or the HPMA comonomer in order to keep the polymers water-soluble and
targetable.

Prior to in vivo study, copolymers were tested in vitro to verify that RGDfK peptides attached
to copolymer side chains retained binding activity. In the past we have used an endothelial cell
adhesion assay to assess targetability to the αvβ3 integrin. In this study we used a radiolabeled
competitive binding assay that generated binding affinity values. These studies showed that
peptides attached to polymeric backbones remained active and bound to the αvβ3 integrin. The
increase in charge did not affect binding affinity in vitro. A decrease in binding affinity per
peptide with an increase in polymer Mw suggests that smaller polymer chains provide more
peptides accessible to the receptors due to decreased steric hindrance.
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The gamma emitting 111In radionuclide was chosen to radiolabel the conjugates for
biodistribution studies due to its clinical acceptability, relatively long half life for imaging and
chelation stability to CHXA″-DTPA [20]. While in vitro data showed active targeting to
endothelial cells, interestingly once administered in vivo the extent of tumor accumulation of
the highly charged polymers was minimal. This is despite our previous observation that HPMA
copolymer-RGDfK conjugates with 5 mol% feed of CHX-A″-DTPA had enhanced tumor
accumulation relative to non-targeted systems. The influence of increased electronegativity of
HPMA copolymers was first observed as rapid blood clearance. Nearly the entire dose cleared
from the blood after 1 h. It is clear from these findings that controlling blood clearance is
important for tumor accumulation. Partitioning from blood to tumor through passive and active
targeting mechanisms requires time, and accumulation can be reduced if residence time in
blood is short.

Significantly increased kidney activity over time was observed for larger Mw conjugates with
a rapid decrease in blood pool activity. Our findings suggest that the polymers studied here
enter the kidney and are filtered into the urine to a certain extent, but those that do not filter do
not return to circulation, remaining entrapped in the kidney. Highest recovery of the conjugates
in urine occurs within 24 h, with modest increases out to 72 h (Figure 5). Radioactivity
recovered in urine beyond 24 h is far less than what was measured in the kidney, additionally
suggesting prolonged accumulation. The accumulation of the copolymers in kidney in turn
with the rate of kidney perfusion is the main reason for a rapid decrease in the observed blood
accumulation for the copolymers. Interestingly, the effect was primarily observed for the 43
and 20 kD conjugates, as the 10 kD conjugate showed a decrease in kidney accumulation from
the start of the experiment. However, accumulation for the 10 kD conjugate in the kidney was
still higher at 192 h (3.4% ID/g) compared to a previously studied 35 kD copolymer containing
5 mol% CHX-A″-DTPA (0.6% ID/g) [7].

Although the potential exists under certain disease conditions for RGD-mediated interactions
in the kidney to cause increased accumulation [22], this does not seem to be an important factor
in our studies because enhanced kidney accumulation was never observed for any other
previously studied HPMA copolymer-RGD conjugates [5–7]. Our previous data in fact
suggests that attachment of RGD-based peptides to HPMA copolymers reduces accumulation
in the kidney [5]. Also intriguing from these findings is that all copolymer conjugates studied
were below the renal threshold value (approximately 45 kD) for HPMA copolymers [12].

Calculating AUC values for our radioisotope-bearing copolymers allows estimation of the
radioactive exposure of a particular organ and analysis of variations in organ exposure between
different types of polymers studied. In this study, organ exposure was the highest in the kidney
for each conjugate, and a decrease in exposure occurred with lower Mw conjugates. AUC data
presented in our previous studies allows us to compare the effect of increased CHX-A″-DTPA
content on organ accumulation for the copolymers. We previously reported AUC values for a
35 kD HPMA copolymer-RGDfK conjugate containing 5 mol% CHX-A″-DTPA feed ratio
and administered with an average dose of 265 µCi (Table 2). This polymer conjugate had
increased blood circulation time represented by an increase in blood AUC value of 989.1 µCi/
g.h as compared to 42.6 µCi/g.h for the 43 kD conjugate studied here (See Table 2). Tumor
accumulation was also drastically altered. The previous 35 kD copolymer conjugate had a
tumor AUC value of 4424.9 µCi/g.h as compared to 222.2 µCi/g.h for the 43 kD conjugate
studied here, nearly 5% of exposure as previously reported. These results suggest that by
increasing CHX-A″-DTPA content, tumor and blood pool concentrations decrease, even when
comparing a copolymer of higher Mw. However, it should be clarified that apart from
differences in the conjugate molecular weight and CHX-A″-DTPA content between these two
studies, there are also differences in the RGDfK content (12 peptides [7] vs 9 peptides for 43
kD conjugate in the current study). This slight variation in polymer architecture may affect the

Borgman et al. Page 7

J Control Release. Author manuscript; available in PMC 2009 December 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



globular structure (hydrodynamic volume and radius) of these copolymer conjugates causing
slightly different in vivo biodistribution, however it is unlikely that these small changes would
account for the current observations attributed to increasing the CHX-A″-DTPA content.

Recently, the in vivo biodistribution in mice of a bone-targeting HPMA copolymer containing
Daspartic acid octapeptide as a targeting moiety was reported [23,24]. These copolymers
contained similar electronegative charge content as copolymers reported in our study due to
the multiplicity of carboxylic acid functional groups in the aspartic acid-based targeting moiety.
Significant kidney clearance of the copolymers with highest accumulation for a 96 kD
conjugate near 2% ID/g at 24 h was observed. At this point the reason for the observed
accumulation of the CHX-A″-DTPA containing copolymer is unknown to us. Nevertheless,
the data clearly shows that incorporation of increased amounts of CHX-A″-DTPA overcomes
the predicted effect of the RGDfK targeting moiety in vivo.

Renal drug targeting is an area of growing importance for treatment of kidney disease and has
been recently reviewed by Dolman, et al [25]. Previous investigations into carriers which target
the renal system have shown that anionized polyvinylpyrrolidone (PVP) copolymers
selectively accumulate in kidneys versus neutral and cationized PVP copolymers [26,27].
Eighty percent of poly(vinylpyrrolidone-co-dimethyl maleic anhydride) copolymers
accumulated in kidneys at 24 h p.i. with 40% of the dose remaining in kidneys at 96 h [27].
By comparison, approximately 40% of the 43 kD HPMA copolymer studied here accumulates
in kidneys at 24 h, with approximately 34% remaining in the kidney after 96 h (data not shown).
The extent of kidney accumulation of the HPMA copolymers studied here is intriguing. It is
important to determine whether this occurs through passive or active mechanisms. As a whole,
we speculate that these polymers are taken up in the proximal tubules with slow kidney
clearance as shown for other polymer-based macromolecules [26,27], however this requires
further in vitro and in vivo investigations to confirm. Interesting to note is the finding that the
extent of carboxylation of anionic copolymers effects kidney accumulation. Also, the type of
negative charge plays an important role shown by lower renal accumulation of sulfonated PVPs
[26]. This suggests that for a particular copolymer system, there may be an optimal amount of
carboxylic acid residues required for higher kidney accumulation. This may explain to an extent
why we see differences in kidney accumulation as compared to previous studies with lower
carboxylic acid content in HPMA copolymer side chains [7].

Based on in vitro competitive binding assays, all three polymers studied are bioactive towards
the αvβ3 integrin, and show a trend of increased binding affinity with a decrease in molecular
weight. However, despite copolymer conjugates being biorecognizable in vitro, in vivo tumor
targeting has been over-influenced by other dynamics in an in vivo system such as high kidney
accumulation and rapid blood clearance. This study highlights the requirement of blood pool
residence for tumor accumulation. Further evaluation of alternative polymer designs with
changes in molecular weight and CHX-A″-DTPA content is necessary to minimize kidney and
maximize tumor accumulation, reducing nonspecific toxicity of an active radiotherapeutic to
the greatest extent. In addition, the mechanism of kidney accumulation of the copolymers
studied merits further investigation.

CONCLUSION
Tumor accumulation of targetable HPMA copolymer-RGDfK conjugates is highly sensitive
to blood pool residence time. In vivo, HPMA copolymers bearing increased amounts of CHX-
A″-DTPA resulted in preferential kidney accumulation, causing rapid blood pool clearance
and an absence of significant tumor accumulation. Comonomer feed ratios of tumor-targeted
copolymers must be carefully balanced in order to maintain low non-specific uptake with high
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tumor localization. The mechanism of kidney accumulation of CHX-A″-DTPA-containing
HPMA copolymers requires further investigation.
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FIGURE 1.
Structure of HPMA copolymer-RGDfK peptide conjugates. Copolymers contained the
monocyclized RGDfK targeting moiety to target the αvβ3 integrin with the 111In chelating
moiety CHX-A″-DTPA containing five acetic acid residues to render a negative charge to the
backbone and to radiolabel the conjugates.
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FIGURE 2.
Competitive binding of HPMA copolymer-RGDfK conjugates and free peptide to HUVEC
cells. Conjugates of varying Mw: 43 kD (■), 20 kD (▲), 10kD (○) and free RGDfK (◊) inhibited
binding of 125I-echistatin to the αvβ3 integrin expressed on HUVEC cells. Results are expressed
as means of triplicate ±SD.
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FIGURE 3.
Scintigraphic images of mice bearing Lewis lung carcinoma tumors injected with 111In-labeled
HPMA copolymer-RGDfK conjugates of increased electronegative charge and varying Mw.
(A) 43 kD, (B) 20 kD and (C) 10 kD conjugates show no blood pool activity at 1 h and no
tumor accumulation to 96 h. (A) and (B) show sustained kidney accumulation thru 96 h while
(C) shows no sustained organ activity after 24 h. Lines indicate organ location: tumor (solid),
kidney (dashed) and bladder (dash-dot). Images show typical animal from each time point.
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FIGURE 4.
Biodistribution of 111In-labeled HPMA copolymer-RGDfK conjugates with increased
electronegative charge and varying Mw: (A) 43 kD, (B) 20 kD and (C) 10 kD. Activity per
organ is expressed as % injected dose per gram of tissue (%ID/g) following necropsy at 15
min, 1, 6, 24, 48, 96, 192 and 240 h post-intravenous injection. Data confirms image analysis
showing rapid loss of activity from blood, highest accumulation in kidney and no sustained
tumor activity. Data is expressed as mean ±SD (number of mice/group is shown.
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FIGURE 5.
Cumulative urinary excretion of radiolabeled copolymer conjugates. Data represents
radioactivity measured in urine represented as percent injected dose recovered from groups of
4 mice per treatment injected with 111In-labeled HPMA copolymer-RGDfK conjugates of
varying Mw: 43 kD (▲), 20 kD (■) and 10 kD (♦). For each Mw, the largest percentage of dose
was recovered in urine within 24 h. As copolymer Mw increases, a decrease in urinary excretion
is observed.
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TABLE 1
Physiochemical characteristics of the copolymers.

1 2 3

Estimated MW (kD)a 42.7 19.5 9.9

Polydispersitya 1.2 1.1 1.1

CHX-A″-DTPA content (mmol/g polymer)b 0.266 0.266 0.275

CHX-A″-DTPA incorporation (%)c 73.3 73.5 75.9

RGDfK content (mmol/g polymer)d 0.210 0.282 0.295

RGDfK incorporation (%)c 57.9 77.7 81.3

a
As determined by size exclusion chromatography

b
Spectrophotometric analysis (Mean ± SD, n = 3)

c
Feed ratio

d
Determined by amino acid analysis
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