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Purpose. This study focuses on the synthesis and characterization of N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer–cyclo-RGD (Arg-Gly-Asp) conjugates for delivery of geldanamycin to prostate tumors.
Materials and Methods. HPMA copolymers containing aminohexylgeldanamycin (AH-GDM) with and
without the targeting peptide RGDfK were synthesized and characterized. Drug release from copolymers was
evaluated using cathepsin B. Competitive binding of copolymer conjugates to αvβ3 integrin was evaluated in
prostate cancer (PC-3) and endothelial (HUVEC) cell lines and in vitro growth inhibition was assessed. The
maximum tolerated dose for single i.v. injections of free drug and the conjugates was established in nude mice.
Results. HPMA copolymers containing AH-GDM and RGDfK showed active binding to the αvβ3 integrin
similar to that of free peptide. Similarly, growth inhibition of cells by conjugates was comparable to that of the
free drug. Single intravenous doses of HPMA copolymer–AH-GDM–RGDfK conjugates in mice were
tolerated at 80 mg/kg drug equivalent, while free drug causedmorbidity at 40 mg/kg. No signs of toxicity were
present in mice receiving HPMA copolymer-AH-GDM-RGDfK over the 14-day evaluation period.
Conclusion. Results of in vitro activity and in vivo tolerability experiments hold promise for the utility of
HPMA copolymer–AH-GDM–RGDfK conjugates for treatment of prostate cancer with greater efficacy
and reduced toxicity.
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INTRODUCTION

Prostate cancer is the second leading cause of cancer
related deaths among men in the United States (1). Gelda-
namycin (GDM) is a benzoquinoid ansamycin (2) that has
been extensively studied for its antitumoral efficacy (3). It
binds with high affinity to the chaperone protein heat-shock
protein 90 (HSP90), inhibiting its ability to fold client proteins
into their active conformation. HSP90 clients include several
proteins of potential importance in mediating prostate cancer
progression, including wild-type and mutated androgen
receptor, HER2 and Akt, and hence particular interest exists
for treatment of prostate cancer with HSP90 inhibitors (4–6).

Clinical investigations with geldanamycin were thwarted
due to hepatic toxicity (3) and analogs of GDM were
synthesized that could provide equal or greater potency and
reduced toxicity. One such analog, 17-allylamino-17-deme-
thoxygeldanamycin (17-AAG) (7) is currently being evaluat-
ed in phase II clinical trials for its antitumor efficacy (4).
Additionally, a water soluble derivative 17-dimethylaminoe-
thylamino-17-demethoxygeldanamycin (17-DMAG) (8), with
improved aqueous formulation properties and potential for
oral absorption (9), is currently in phase I clinical trials (4).
While progress has been made to reduce the toxicity of the
parent drug, clinical response is still limited (10). Advance-
ments in geldanamycin delivery to tumor sites where toxicity
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is reduced are necessary to fully realize the clinical potential
of this drug (11).

N-(2-Hydroxypropyl)methacrylamide (HPMA) copoly-
mers have been widely used as polymeric delivery systems
to modify the biodistribution of toxic drugs (12). Previous
investigations have identified HPMA copolymer–cyclo-RGD
(Arg-Gly-Asp) conjugates that increase tumor accumulation
compared to non-targeted systems (13–15). This accumula-
tion takes place through specific interaction of RGD motifs
present in the copolymer side chains with αvβ3 integrins over-
expressed on angiogenic blood vessels (16) and some cancer
cell types (17). These copolymers also benefit from passive
tumor accumulation through the enhanced permeability and
retention (EPR) effect (18) whereby macromolecules extrav-
asate into tumor tissue through discontinuous blood vessels
and are entrapped there due to poor lymphatic drainage.
Enhanced accumulation was also demonstrated by active
targeting in various human prostate cancer xenografts (19).

HPMA copolymers used as drug carriers are typically
designed with the drug molecule attached to the copolymer
backbone via the lysosomally degradable sequence Gly-Phe-
Leu-Gly (20), as is the case in the present report. This
sequence allows for specific intracellular release of drug by
lysosomal proteases such as cathepsin B while remaining
stable during in vivo trafficking to tumor sites (21). Previous-
ly, HPMA copolymer–geldanamycin conjugates have shown
efficacy in vitro against human ovarian carcinoma cell lines
(22,23). To allow for geldanamycin conjugation to a mono-
meric unit and subsequent polymerization into HPMA
copolymers, the parent GDM drug molecule must be
derivatized at position 17 with a reactive amino group. The
structure 17-(6-aminohexylamino)-17-demethoxygeldanamy-
cin (AH-GDM) was attached to HPMA copolymers based
on previous investigations demonstrating favorable stability
and in vitro activity (23).

Geldanamycin derivatives are known to have antiangio-
genic and antitumoral effects (9,24–26). To improve targeting
to endothelial and prostate cancer cells, in the present study
we have developed an HPMA copolymer–GDM–cyclo-RGD
conjugate. The synthesis, characterization, in vitro growth
inhibition of model prostate and endothelial cell lines and
initial in vivo toxicity evaluation of these conjugates in nude
mice are reported.

MATERIALS AND METHODS

Chemicals

Geldanamycin (NSC 122750) was kindly supplied by the
National Cancer Institute Developmental Therapeutics Pro-
gram (Dr. E. Tabibi) and the compound was protected from
light during all procedures. RGDfK (MW 604.5) was
obtained from AnaSpec Inc. (San Jose, CA) at >95% purity
and used as supplied. N-(2-hydroxypropyl)methacrylamide
(HPMA) (27); N-methacryloylglycylglycyl-p-nitrophenyl ester
(MA-GG-ONp) (28); N-methacryloylglycylphenylalanylleucyl-
glycine (MA-GFLG-OH) (29); N-methacryloylglycylphenyla-
lanylleucylglycine-p-nitrophenyl ester (MA-GFLG-ONp) (29);
and N-methacryloyl-tyrosinamide (MA-Tyr) (30) were synthe-
sized and characterized according to previously described
methods. Cathepsin B (CPB; 21.4 U/mg protein) and model

substrate N-benzoyl-Phe-Val-Arg-p-nitroanilide hydrochloride
were purchased from Sigma Chemical Co. (St. Louis, MO).
Murine monoclonal anti-αvβ3 integrin antibody (LM609),
murine IgG isotype control and FITC-conjugated goat anti-
mouse IgG were obtained from Millipore (Billerica, MA). 125I-
echistatin (2,000 Ci/mmol) was purchased from Perkin Elmer
(Waltham, MA). All amino acids used were of L-configuration.
All other chemicals were of reagent grade as obtained from
Sigma Chemical Co.

Synthesis and Characterization of GDM Derivatives
and Comonomers

17-(6-Aminohexylamino)-17-demethoxygeldanamycin
(AH-GDM) and N-methacryloylglycylphenylalanylleucyl-
glycl-17-(6-aminohexylamino)-17-demethoxygeldanamycin
(MA-GFLG-AH-GDM) were synthesized according to pre-
viously described procedures with minor modifications
(22,23,31). Briefly, GDM (256 mg, 0.46 mmol) was dissolved
in chloroform (30 ml) at 40°C, cooled to room temperature
and added dropwise to a solution of 1,6-Diaminohexane
(1.6 g, 13.8 mmol) in chloroform (120 ml). The reaction
continued for 2 h with stirring. Deionized water was then
added and the reaction mixture was washed numerous times
with excess deionized water. Organic layer containing product
was dried with anhydrous sodium sulfate and evaporated
under vacuum. Product formation and purification was
monitored by thin layer chromatography (TLC) (Rf=0.8 on
silica gel, DCM/MeOH=7/3) and mass spectrometry (MS)
(MW 645.2). MA-GFLG-AH-GDM was synthesized by add-
ing AH-GDM (300 mg, 0.47 mmol) to a solution of MA-
GFLG-ONp (244 mg, 0.42 mmol) in anhydrous DMSO
(75 ml) with stirring for 3 h. DMSO was removed under
vacuum and pure product obtained by silica gel chromatog-
raphy (EtOAc/MeOH=9/1). Product formation was moni-
tored by MS (MW 1,109.5 (M++23)) and collection was
monitored by TLC (Rf=0.5 on silica gel, EtOAc/MeOH=9/
1). Respective fractions were pooled, solvent removed and
dried under vacuum. Structure of purified products AH-
GDM and MA-GFLG-AH-GDM were confirmed by nuclear
magnetic resonance (NMR) performed on a Varian INOVA
500 M Hz spectrometer using DMSO-d6 as a solvent (data not
shown) and compared with previously solved structures (23).

Water-soluble derivative AH-GDM hydrochloride (MW
645.2 (free base)) was synthesized by taking AH-GDM
(232 mg, 0.36 mmol) dissolved in THF (6 ml) and adding
dropwise 2.0 M HCl in diethyl ether (6 ml). AH-GDM
hydrochloride precipitated immediately, solvent evaporated
under vacuum, washed repeatedly with excess EtOAc, dried
under vacuum, dissolved in water, filtered and lyophilized.
Elemental analysis (Atlantic Microlab, Inc., Norcross, GA)
calculated for AH-GDM·HCl·1.5H2O (C34H53N4O8Cl·1.5
H2O; C, 57.65; H, 7.96; N, 7.91; found: C, 57.60; H, 7.96; N,
7.77). Finally, to facilitate the HPLC analysis of drug release
products, the compound glycyl-AH-GDM (Gly-AH-GDM)
was synthesized by reacting AH-GDM (10 mg, 15.5 μmol)
with Fmoc-Gly-Cl (14.7 mg, 46.5 μmol) (32) for 3 h in
anhydrous DCM in presence of Hunig’s base (DIPEA).
Fmoc-Gly-AH-GDM (MW 924.1) was used without any
purification for next step to deprotect Fmoc using piperidine
(1 ml in 4 ml DMF). The crude Gly-AH-GDM product
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obtained was purified by preparatory TLC (silica gel, DCM/
MeOH=9/1) (MW 701.9).

Synthesis and Characterization of HPMA Copolymer
Conjugates

HPMA copolymers were synthesized via free radical
precipitation copolymerization of comonomers in 10% v/v
anhydrous dimethyl sulfoxide (DMSO) in acetone usingN,N′-
azobisisobutyronitrile (AIBN) as the initiator (27). The feed
composition of comonomers for all copolymers is given in
Table I. The comonomer mixtures were sealed in an ampoule
under nitrogen and stirred at 50°C for 24 h. Solvent was
removed by rotary evaporation, copolymer precursor dis-
solved in methanol and precipitated and washed in diethyl
ether. MA-GG-ONp content in the polymeric precursors was
assessed by release of p-nitrophenol (ONp) from the copoly-
mer in 1.0 N sodium hydroxide by UV spectrophotometry
(400 nm). Weight average molecular weight (Mw) and poly-
dispersity (Mw/Mn) were estimated by size exclusion chroma-
tography (SEC) on a Superose 12 column (10mm×30 cm) (GE
Healthcare, Piscataway, NJ) with fractions of knownmolecular
weight HPMA copolymers using a Fast Protein Liquid
Chromatography (FPLC) system (GE Healthcare).

HPMA copolymer–RGDfK conjugates (Table I, Fig. 1)
were synthesized via p-nitrophenyl ester aminolysis of poly-
meric precursors in dry DMF in the presence of pyridine for
48 h (14). The reaction was terminated with 0.1 N sodium
hydroxide. DMF was removed under vacuum. Copolymer
precipitate was dissolved in deionized water and purified using
Amicon Ultra-15 (MWCO 3000, Millipore) ultracentrifugal
tubes to remove small molecular weight impurities. AH-GDM
content was determined by UV spectrophotometric analysis of
copolymer products not containing RGDfK using ε340 nm=
2.16×104 M−1 cm−1 in DMSO and applied to copolymers
containing RGDfK from the same precursor. The peptide
content of the conjugates was determined by amino acid
analysis (Commonwealth Biotechnologies, Richmond, VA).

Drug Release Studies

The in vitro release of AH-GDM from HPMA copoly-
mers was evaluated using the model lysosomal enzyme
cathepsin B (CPB) according to previously described proce-
dures with minor modifications (23,33,34). Enzyme incuba-
tion mixture consisted of CPB stock solution (0.98 ml,
0.572 mg/ml (12.2 units/ml) in 0.1 M ammonium acetate
buffer pH=5.5, 1 mM EDTA) and cysteine solution (0.02 ml,
250 mM in acetate buffer pH=5.5, 1 mM EDTA). 5 mg of
HPMA copolymer–AH-GDM conjugates P1 and P2 (see
Table I) were dissolved in the incubation mixture (1 ml, 5 min
preincubation at 37°C). At 15, 60 and 180 min, 100 μl samples
were removed, drug extracted twice with 1 ml ethyl acetate,
organic layer separated and dried under nitrogen. Resulting
residue was dissolved in 0.5 ml of mobile phase and evaluated
for drug content using reverse-phase high performance liquid
chromatography (HPLC). Mobile phase consisted of 0.05 M
ammonium acetate buffer pH=4.7 and acetonitrile (65:35, v/
v) at a flow rate of 1 ml/min (3). HPLC analyses were
performed with a Waters 717 autosampler (Waters Corpora-
tion, Milford, MA) with Waters 2487 dual wavelength
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detector set at 350 nm using a Waters XBridge column (C18,
4.6×150 mm, 5 μm). The analytical column was protected
with a Waters Xbridge guard column (C18, 4.6×20 mm,
5 μm). A calibration curve was generated by extracting and
processing as noted above standard solutions of AH-GDM
dissolved in 0.1 M ammonium acetate buffer pH=5.5 using
the corresponding peak area versus concentration. Direct
injections of standard solutions without extraction were used
to determine extraction efficiency. Standard solutions of Gly-
AH-GDM were also used to identify release products.
Percent drug release was calculated from the drug content
of the copolymers measured by UV spectroscopy and the
content of free drug quantified by HPLC. A stock solution of
the standard substrate N-benzoyl-Phe-Val-Arg-p-nitroanilide
hydrochloride (50 mM in DMSO) was used to verify enzyme
activity at the given time intervals.

Cell Lines

The prostate cancer cell lines PC-3 and DU145 (ATCC,
Manassas, VA) were cultured in RPMI 1640 media (Invitrogen,
Carlsbad, CA) supplemented with 4mML-glutamine, 10% (v/v)
heat-inactivated fetal bovine serum (FBS) and 1% 100x
antibiotic-antimycotic (Invitrogen) at 37°C in a humidified
atmosphere of 5% CO2 (v/v). HUVECs (35) 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, sub-confluent cells in 24 h culture
were harvested with 0.05% trypsin/0.02% EDTA in PBS.

Fluorescent-activated Cell Sorting (FACS)

The relative expression of the αvβ3 integrin on PC-3,
DU145 and HUVEC cells was determined by fluorescence

activated cell sorting using a modification of previously
reported procedures (35). Cells were harvested, washed with
PBS containing 10% fetal bovine serum, and resuspended in
PBS containing 2% bovine serum albumin (BSA). Cells (5×
105) in suspension were then incubated with 0.5 μg (in 5 μl
buffer) mouse anti-αvβ3 integrin IgG or mouse IgG isotype
control at room temperature for 1 h. Primary antibody was
removed by three washes with PBS (2% BSA) and cell pellets
resuspended with FITC-labeled goat anti-mouse IgG in the
same buffer. Following incubation in dark for 30 min, cells
were washed (3×) and resuspended in PBS (1 mL). Cell
suspensions were analyzed using a Beckton Dickinson
FACScan analyzer (Franklin Lakes, NJ). Each experiment
was done in triplicate.

Cell Receptor Binding Assay

The binding affinities of free RGDfK peptide and
HPMA copolymer conjugates were assessed using a compet-
itive binding assay to αvβ3 integrin expressed on PC-3 and
HUVEC cells with 125I-echistatin (36–38). PC-3 and HUVEC
cells 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%
BSA) and seeded in 96-well Multiscreen HV 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 copolymers
or free RGDfK (0–500 μM), and final volume adjusted to
200 μL all in binding buffer. Following incubation, the plates
were filtered using a Multiscreen vacuum manifold
(Millipore) and washed twice with cold binding buffer.
Filters were harvested and radioactivity determined by γ-

Fig. 1. Structure of HPMA copolymer–RGDfK–AH-GDM (P1) conjugates. Select copoly-
mers contained the monocyclized RGDfK peptide targeting moiety to target the
geldanamycin derivative AH-GDM to the αvβ3 integrin.
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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.).

In Vitro Growth Inhibition

Growth inhibition effect and GI50 dose of free drug and
copolymers was evaluated on PC-3, DU145 and HUVEC cell
lines using a modified MTT procedure (39). 7,500 PC-3, 4,000
DU145 or 8,000 HUVEC cells per well were seeded in 96-
well microtiter plates and plated for 24 h. On day 0 cells were
treated with drug and copolymer solutions in complete media
lasting for 72 h. Following treatments, MTT solution (0.2 mg/ml
final concentration) was added for 4 h, media gently aspirated,
formazan crystals dissolved in DMSO and absorption measured
at 550 nmwith blank well correction. Cell growth inhibition was
determined by subtracting the cell viability at day 0 from the cell
viability after 72 h treatment and expressed as % cell viability
compared to untreated cells. Experiments were routinely
conducted in the exponential growth phase. GI50 values were
determined by nonlinear regression analysis using GraphPad
Prism software.

Dose Range Finding and Toxicity Evaluation in Mice

Initial evaluation of tolerability and toxicity of AH-GDM
and HPMA copolymer–AH-GDM–RGDfK conjugates (P1)
was conducted in 7–8 week old female athymic NCr-nu/nu
mice (Animal Production Facility at NCI Frederick, MD)
according to previously described methods for HPMA
copolymer conjugates (40). Mice were injected intravenously
(i.v.) via the tail vein with sterile solutions of AH-GDM
hydrochloride (20, 30 and 40 mg/kg) and P1 (40, 60 and
80 mg/kg drug equivalent) in saline. Control mice were
injected with equal volumes of saline. Mice were monitored
for 14 days post-injection for visual signs of toxicity, and body
weight was recorded. On day 14, necropsies were performed
to assess liver, kidney and spleen organ weights. Each organ
was then fixed in 10% neutral buffered formalin, embedded
in paraffin, cut and mounted in 5 μm sections, hematoxylin
and eosin stained and histological evaluation for organ
specific indicators of toxicity performed (Mass Histology
Service, Worcester, MA). Blood was collected post mortem
from the axillary vessels into heparinized tubes and analyzed

with the Abaxis VetScan® Classic (Abaxis, Union City, CA)
serum chemistry analyzer for hepatic and renal toxicity
indicators. Three mice were treated per group except in the
cases where acute morbidity was expected (e.g. free drug),
then only two mice were evaluated in order to limit animal
suffering and use. All studies were conducted under an
approved protocol of the University of Maryland Baltimore
Institutional Animal Care and Use Committee (IACUC).

Statistical Analysis

Differences in drug release, αvβ3 integrin expression,
drug-free polymer cytotoxicity, mouse body weight and organ
weight were analyzed using one-way ANOVA. Where differ-
ences were detected, Tukey’s test was used to test for
pairwise differences between the groups.

RESULTS

Characteristics of HPMA Copolymer Conjugates

Drug derivative AH-GDM and drug comonomer MA-
GFLG-AH-GDM were synthesized and characterized, and
retained identical structural properties as previously reported
(23). The characteristics of HPMA copolymers containing
AH-GDM and RGDfK are summarized in Table I. Drug
containing copolymers with (P1) and without (P2) RGDfK
peptide targeting moiety were synthesized with an estimated
molecular weight of 25.0 kDa and polydispersity 1.6 (for
precursor) with 10.8% (w/w) drug content. Copolymers were
also synthesized containing the degradable peptide sequence
Gly-Phe-Leu-Gly without drug attached (P3, P4) with estimat-
ed molecular weight of 47.0 kDa (for precursor), and
additionally conjugated with RGDfK (P3). RGDfK content
in conjugates P1, P3, and P5 were relatively similar with 0.242,
0.233 and 0.165 mmol peptide per gram polymer, respectively.

Cathepsin B Catalyzed Drug Release from HPMA
Copolymer–AH-GDM Conjugates

Extent of drug release from HPMA copolymer products
was evaluated at 15, 60 and 180 min (Table II). Predominant
drug release products resulting from CPB catalyzed release
were identified and quantified by RP-HPLC. Extraction
efficiency was calculated to be 96%. Incubation with CPB
resulted in the generation of AH-GDM and Gly-AH-GDM
release products. Total drug release from P2 (no RGDfK in

Table II. Cathepsin B Catalyzed Drug Release from Polymer-drug Conjugates

Molecule releaseda Polymer number

Time (min)

15 60 180

AH-GDM (%) P1 6.06±0.12 11.0±0.30 15.0±0.16
P2 7.50±0.09 15.8±0.29 22.5±0.25

Gly-AH-GDM (%) P1 10.1±0.24 19.1±0.81 21.8±0.36
P2 12.8±0.22 25.2±0.88 27.9±0.75

Total (%) P1 16.2±0.36 30.1±1.10 36.9±0.50
P2 20.3±0.32 41.0±1.15 50.4±0.92

For sample characteristics see Table I. Data represent mean ± SD (n=3)
aAs detected by RP-HPLC
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backbone) was significantly (p<0.001) greater than drug release
for P1 at all time points. The difference in drug release between
the two copolymers was also significant (p<0.001) for AH-
GDM and Gly-AH-GDM products. Additionally, for each
copolymer at each time point, Gly-AH-GDM release was
significantly (p<0.001) greater than the release of AH-GDM.

Expression of αvβ3 Integrin and Competitive Binding

All cell lines tested expressed the αvβ3 integrin as
detected by immunofluorescence staining and fluorescence
activated cell sorting (Fig. 2). Highest levels of the integrins

were observed for HUVECs with 76.2±1.4% of cells
expressing the receptor as compared to isotype control. This
is a significantly (p<0.001) higher expression as compared to
DU145 (46.1±1.7% of cells as compared to isotype control)
and PC-3 (38.5±3.3% of cells as compared to isotype control)
cell lines. Additionally, DU145 cells had significantly (p<
0.05) higher expression as compared to PC-3.

Competitive binding studies with HUVEC and PC-3 cells
showed active binding of RGDfK peptide and copolymer–
peptide conjugate (P1) to the αvβ3 integrin (Fig. 3). IC50

values (nM peptide) as determined by non-linear regression
for binding to PC-3 cells were 2,033±1.09 and 3,971±1.24 for
RGDfK and P1, respectively. IC50 values (nM peptide) for
binding to HUVECs were 334.5±1.14 and 594.6±1.22 for
RGDfK and P1, respectively. At equivalent peptide concen-
tration, free RGDfK peptide shows greater displacement and
binding affinity as compared to polymeric conjugates.
Copolymers without RGDfK peptide did not show active
binding.

In Vitro Growth Inhibition

Antiproliferative activity of drug and copolymer–drug
conjugates in PC-3, DU145 and HUVEC cells are shown in
Fig. 4. GI50 values for all treatments were determined by non-
linear regression and are given in Table III. Results for GDM
and AH-GDM drug treatments show that substitution of
GDM at position 17 decreases its efficacy and is consistent
with previous reports (22). However, attachment of AH-
GDM to HPMA copolymer–RGDfK conjugates does not
greatly affect GI50. P1 copolymer with drug and peptide
attached demonstrated greater efficacy as measured by GI50
compared to non-targeted copolymer P2.

PC-3, DU145 and HUVEC cells were additionally treated
with drug-free control polymers P3-P5 at equivalent polymer
concentrations corresponding to those used for drug-containing
copolymer experiments (Fig. 5). Growth inhibition studies
showed an effect on cell viability at high concentrations of the
copolymers. No significant change in cell viability was observed
for drug- and peptide-free copolymer P4 except in the case of

Fig. 2. Relative expression of αvβ3 integrin. PC-3, DU145 and
HUVEC cell lines were evaluated by FACS analysis following
incubation with monoclonal antibody against αvβ3 and compared to
control treatments.

Fig. 3. Competitive binding of HPMA copolymer conjugates and free RGDfK peptide. Competitive
binding of HPMA copolymer conjugates with and without RGDfK was compared to free peptide using (A)
PC-3 and (B) HUVEC cells. Open circles RGDfK; open squares P1; closed triangles P2; closed diamonds P4.
Results are expressed as means of triplicate±SD.
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HUVEC cells (at high concentration) as compared to untreated
cells. The presence of RGDfK on the copolymer backbone for
P3 and P5 had a moderate effect on cell viability, and more so
for HUVEC cells. However, drug-containing copolymers P1
and P2 had consistently greater toxic effect compared to drug-
free copolymers at 1.2 mg/ml equivalent polymer concentration
for all cell lines (p<0.001).

Tolerability and Toxicity of HPMA
Copolymer–AH-GDM–RGDfK Conjugates

Initial tolerability and toxicity studies of single i.v. doses
of AH-GDM hydrochloride and HPMA copolymer–AH-
GDM–RGDfK conjugate (P1) was assessed in nude mice
(Table IV). The maximum tolerated dose of AH-GDM in this
study was shown to be 30 mg/kg. At 40 mg/kg AH-GDM,
mice showed signs of acute toxicity and became moribund in
less than 1 min, necessitating euthanasia. In contrast, doses of
P1 were tolerated at 80 mg/kg drug equivalent. Further dose
increases for P1 were not studied due to limitations in
viscosity of polymer formulation for mouse i.v. administra-
tion. Toxicity in mice following treatment was monitored by
body weight loss for 14 days (Fig. 6a). No decrease in body
weight was observed for any treatments as compared to
control. Additionally, liver, kidney and spleen organ weights
were measured on day 14 following necropsy (Fig. 6b) and
showed no significant difference compared to control mice.

Serum chemistry analysis was performed to further assess
possible toxic effects of intravenously administered AH-GDM
and P1 in mice compared to vehicle and untreated control
animals. Data for select serum chemistry parameters indicative
of liver or kidney toxicity when elevated are reported in
Table V. Overall, the serum data indicates no signs of toxicity
on day 14 with all values within the normal range of control
mice. Additionally, histological analysis of liver, kidney and
spleen sections showed healthy tissue and revealed no signs of
toxicity or tissue damage (data not shown).

DISCUSSION

This study has evaluated the synthesis, characterization,
in vitro binding and growth inhibition, and in vivo tolerability
and toxicity of a new HPMA copolymer–RGDfK–amino-
hexylgeldanamycin conjugate. Research from our laboratory
has previously described HPMA copolymer–RGD peptide
conjugates with enhanced accumulation in solid tumors
(13,14). This is the first report of using HPMA copolymer–
RGD conjugates for delivery of chemotherapeutic agents.
Previously studied was the anti-cancer effect of delivery of
therapeutic radionuclides with a similar polymer platform
(15). These copolymer conjugates can be used to actively
deliver therapeutic agents to a broad spectrum of angiogenic
tumors. This work has focused on the targeted delivery of
geldanamycin to prostate cancer in order to maximize local
delivery of the agent while altering biodistribution to reduce
dose-limiting toxicity. HSP90 inhibitors such as geldanamycin

Fig. 4. Growth inhibition effect on prostate and endothelial cell lines.
(A) PC-3, (B) DU145 and (C) HUVEC cells treated for 72 h with
drug and copolymer–drug conjugates show a loss of activity following
derivatization of native GDM. Further decrease in activity not shown
upon incorporation into copolymer side chains. Squares GDM;
triangles AH-GDM; circles P1; diamonds P2. Results are mean±SD
(n=4). For sample characteristics see Table I.

Table III. Growth Inhibition (GI50) Values for Free Drug and
Copolymer–Drug Conjugates in Model Cell Lines

Treatment

Cell line

PC-3 DU145 HUVEC

GDM (μM) 0.046±0.0016 0.034±0.0011 0.049±0.0012
AH-GDM (μM) 5.01±1.40 6.46±1.37 44.7±2.34
P1 (μM) 6.92±1.13 3.89±1.33 55.0±1.19
P2 (μM) 20.9±2.25 18.6±1.32 85.1±1.63

For sample characteristics see Table I
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are promising therapies for treatment of prostate cancer (4).
Two derivatives of geldanamycin, 17-AAG and 17-DMAG,
are currently in phase I and II clinical investigations for
treatment of urologic malignancies, however dose-limiting
toxicities remain an issue (4,7,10,41,42).

HPMA copolymers were successfully synthesized and
characterized containing RGDfK and AH-GDM. Derivatiz-
ing geldanamycin is necessary to create a reactive molecule
capable of polymer incorporation. The geldanamycin deriva-
tive AH-GDM was used in this study because of its favorable
stability in PBS at 37°C and greater in vitro efficacy in the
polymer-bound state as compared to other amino-alkyl
geldanamycin derivatives (23). The monocyclic RGDfK was
chosen for targeting to αvβ3 integrins. This peptide has a
higher affinity than linear RGD sequences and greater
solution stability than other doubly cyclized or linear peptide
versions (43–45). The RGDfK peptide ligand actively targets
the αvβ3 integrin and can enhance the cellular entry of
HPMA copolymer conjugates through receptor-mediated
internalization of conjugates bound to the αvβ3 integrin
(46). This should result in drug release from the copolymers
that occurs via enzymatic degradation of GFLG peptide
sequences in the lysosomal compartment.

Drug release from the conjugates was evaluated in vitro
with the model lysosomal enzyme CPB to understand the
extent of, and differences in, release profiles of copolymers
with and without RGDfK. RP-HPLC was employed to
accurately identify and quantify the release products of the
drug delivery system. The experimental time frame was
limited to 3 h because further incubation in acetate buffer
(pH=5.5) at 37°C resulted in degradation of released
products (data not shown). In the absence of the RGDfK
targeting moiety, enzymatically catalyzed drug release was
enhanced (see Table II). This may be due to the limited
accessibility of degradable peptide sequences to the active site
of CPB when HPMA copolymer backbones contain the bulky
RGDfK. Initial drug release studies were used to optimize
detection of release products using RP-HPLC following
method development for AH-GDM standards. Results of
these studies revealed that CPB-catalyzed drug release was
generating native AH-GDM and a second unknown release
product. Mass spectroscopic analysis of release mixtures,
chemical synthesis of Gly-AH-GDM and HPLC analysis of
standard compounds confirmed the second release product as
Gly-AH-GDM.

Prior to in vitro testing, establishing the presence and
relative expression of the αvβ3 integrin on our PC-3, DU145
and HUVEC cell lines was necessary to correlate with

Fig. 5. Growth inhibition effect of drug-free copolymers. (A) PC-3, (B)
DU145 and (C) HUVEC cells treated with drug-free copolymers at
polymer concentrations used in drug-containing experiments show
cytotoxic effect of RGDfK-containing copolymers at high concentra-
tions. Black bars P4; gray bars P3; white bars P5. Results are mean±SD
(n=4). Significant differences noted as compared to untreated cells for
each polymer (*p<0.05; **p<0.01; ***p<0.001).

Table IV. Maximum Tolerated Dose-Finding Study in Mice Following Single Intravenous Injection

Treatment Dose (mg/kg)a N Survivors Day of death Observations following injection

AH-GDM 20 3 3 – Initial reaction to doseb

AH-GDM 30 3 3 – Initial reaction to doseb

AH-GDM 40 2 0 1, 1 Death <1 min p.i.
P1 40 3 3 – Well toleratedc

P1 60 3 3 – Well toleratedc

P1 80 3 3 – Well toleratedc

aEquivalent dose of aminohexyl-geldanamycin (AH-GDM)
b Initial dose reaction included flush skin, decreased activity and response to touch. Normal activity resumed after 5–10 min
cWell tolerated dose observed by no changes in normal activity or skin color
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binding and growth inhibition studies. This was accomplished
through incubation with an αvβ3 integrin-specific antibody
and subsequent secondary fluorescent antibody staining and
FACS. Results were as predicted with the highest integrin
expression on HUVEC cells (See Fig. 2). It can be assumed
that the endothelial nature of these cells explains the higher
presence of integrin necessary for attachment to basement
membranes and cellular migration during angiogenesis (16).
Also encouraging to find was the presence of the integrin on
the prostate cancer cell lines, necessary for tumor cell
invasion and migration (17). Competitive binding results
showed active binding of RGDfK and P1 conjugate (See
Fig. 3), with RGDfK binding affinity on HUVECs similar to
what has previously been shown (38). Most importantly, these
studies showed that the affinity of copolymer conjugates is
similar to that of free peptide, even when incubated at
equivalent concentration of peptide. Additionally, incubation
with drug containing copolymer P2 had no effect on radio-
ligand displacement. Previous studies (19) by our laboratory
have confirmed that control RGD peptide (namely RGE4C)
does not bind to the integrin on HUVEC cells and thus its use
has not been incorporated into the current studies.

Consistent with previous reports, cytotoxic effect of
GDM is diminished when derivatized to an amino-alkyl form
(in our case AH-GDM) (22). Growth inhibition results
showed that HPMA copolymer–AH-GDM–RGDfK conju-
gates affected cell proliferation comparable with that of free
drug (see Table III). This is despite previous reports that a
decrease in activity of the free drug was observed upon
copolymer incorporation (22,23). This difference may be due
to the presence of the RGDfK on the copolymer side chains
either: (1) causing an increased amount of intracellular
accumulation of the conjugates due to receptor mediated
uptake, or (2) a toxic effect on cells from the RGDfK itself.
The experiments presented here cannot fully explain this
effect, however HPMA copolymers bearing only RGDfK
show growth inhibition properties (see Fig. 5). It has been
shown previously that RGD peptides alone can induce
apoptosis in breast cancer cell lines (47), and that sensitivity
of tumor cells to chemotherapeutics may be enhanced by
concomitant administration with RGD peptides (48). This
may explain our observed phenomena of in vitro cytotoxicity
from HPMA copolymer–RGDfK conjugates. Most impor-
tantly when considering the case for in vivo efficacy, the

Fig. 6. Effect of drug and polymer–drug treatments on mouse body and organ weight. Mice treated with
equivalent drug dose of AH-GDM and P1 show no decrease in (A) body or (B) organ weight 14 days
following a single i.v. injection. Results are expressed as means of treatment groups (n=3 mice)±SD. For
sample characteristics see Table I.

Table V. Clinical Chemistry Parameters at Day 14 in Athymic NCr-nu/nu Mice Following Single i.v. Dose

Treatment

Parameter

ALTa ALPb ALBc TPd TBILIe BUNf

Untreated 33.2±5.07 47.2±11.5 2.98±0.16 4.62±0.29 0.30±0.0 20.8±6.14
Saline 30.8±9.50 41.5±12.9 2.88±0.15 4.85±0.24 0.30±0.0 15.0±2.45
P1 40 mg/kg 39.3±4.16 31.3±6.66 3.03±0.15 4.93±0.23 0.33±0.1 16.7±0.58
P1 60 mg/kg 38.7±6.66 35.0±7.81 3.23±0.12 5.03±0.15 0.30±0.0 18.0±2.00
P1 80 mg/kg 37.7±2.31 37.7±10.4 3.10±0.20 4.87±0.23 0.30±0.0 15.0±1.73
AH-GDM 20 mg/kg 28.5±7.78 38.0±2.83 2.85±0.35 4.83±0.38 0.30±0.0 16.3±2.08
AH-GDM 30 mg/kg 24.7±1.53 45.7±24.4 2.63±0.25 4.70±0.26 0.67±0.6 18.0±1.00

aAlanine aminotransferase (u/l)
bAlkaline phosphatase (u/l)
cAlbumin (g/dl)
dTotal Protein (g/dl)
eTotal Bilirubin (mg/dl)
fBlood urea nitrogen (mg/dl)
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possible effect of RGDfK on the side chains causing growth
inhibition can be beneficial in the treatment of solid tumors.

Growth inhibition results show lower susceptibility of
HUVEC cells compared to prostate cell lines for drug-
containing copolymer P1 (Fig. 4 and Table III) whereas
greater effect is observed on HUVEC cells with HPMA
copolymer–RGDfK conjugates not containing drug as com-
pared to PC-3 and DU145 (Fig. 5). This indicates that
HUVECs may be less susceptible to AH-GDM delivered on
HPMA copolymers as the prostate cancer cells, especially
when considering HUVECs demonstrated the highest
amount of αvβ3 integrin expression.

It is well known that the following three critical steps are
required for cytotoxic activity of targeted polymer–drug
conjugates: (1) cellular recognition of the polymer, (2) release
of free drug from the polymer and (3) sensitivity of the cell
toward the drug. The relative contribution of each of these
factors towards in vitro cytotoxicity is not clear. The current
study demonstrates that sensitivity of the therapeutic agent
(AH-GDM) towards cancer cell lines overrides targeting
efficiency of the HPMA copolymers. For all cell lines studied
a consistent decrease in IC50 values for targeted conjugates
compared to non-targeted systems demonstrates the impor-
tance of the targeting peptide. However no correlation was
observed for cytotoxicity and αvβ3 receptor expression or
binding affinity of targeted copolymer for different cell lines.
Thus, P1 showed much more cytotoxicity towards PC-3 in
spite of showing higher binding affinity towards HUVECs.
These results can be explained based on the variation in
sensitivity of different cell lines towards AH-GDM. The rank
order for sensitivity of cancer cell lines towards AH-GDM
was found to be DU145>PC-3>HUVEC. This rank order
was retained in targeted delivery systems, thus P1 showing
1.77 and 14-fold more cytotoxicity towards DU145 compared
to PC-3 and HUVECs respectively. Overall these studies
demonstrate that the presence of receptors on cell surface is
important, but level of receptor expression has much less
contribution towards cytotoxicity. Drug release from copoly-
mers follows internalization and higher quantities of released
drug in tumor should impart the best efficacy. In spite of
lower drug release, targeted HPMA copolymer (P1) showed
higher cytotoxicity compared to its non-targeted counterpart
(P2). Other investigators (49,50) have also found a lack of
correlation between drug release and cytotoxicity and sug-
gested that although intracellular drug release is important, it
is not the only factor affecting cytotoxicity. Both conjugates
evaluated in the current study showed modest amount of drug
release within a short period of time.

The hydrochloride salt version of AH-GDM was synthe-
sized for its water-solubility and used for in vivo studies to
accurately compare tolerated doses following i.v. injection.
This proved to be beneficial because both parent drug AH-
GDM and copolymer–drug conjugate P1 were readily soluble
in saline for parenteral administration. A dose of 40 mg/kg
AH-GDM caused acute toxicity while mice treated with 30mg/
kg AH-GDM survived. This indicates the maximum tolerated
dose (MTD) lies within that range, and is similar to the
previously reported MTD for intravenously administered
GDM (3). On the other hand, P1 was administered success-
fully at 80 mg/kg with no signs of toxicity. That dose reaches
the upper limit of achievable formulation in saline before the

solution becomes too viscous. Thus, in the case for copolymer
administration the maximum dose is not limited by tolerance
rather by formulation properties. Despite the acute toxicity
seen in the highest dose of free drug, no longer-term toxicity was
observed for remaining groups. Body weight and organ weights
were all increased or not significantly different than untreated
controls (Fig. 6). This was further confirmed by histology
examination of liver, kidney and spleen organ sections showing
healthy tissue. Serum chemistry analysis was also used to detect
liver damage by increased levels of alanine aminotransferase,
alkaline phosphatase, total bilirubin, or decreased albumin and
total protein (51). Additionally, renal function was evaluated via
blood urea nitrogen levels that would be increased if kidney
function was impaired (51). All results showed normal levels of
these analytes. Overall, the tolerance of HPMA copolymer–
AH-GDM–RGDfK conjugates in vivo and the in vitro activity
of the conjugates against prostate cancer cell lines offer
significant advantages for targeted delivery of geldanamycin to
solid tumors with a high therapeutic window. The high polymer-
drug doses that can be administered inmice and the anticipation
based on prior experience of increased accumulation of the
delivery system at the tumor site (13) suggest that efficacious
drug concentrations can be achieved. Thus, further preclinical
tumor uptake and efficacy studies are warranted.

CONCLUSIONS

HPMA copolymer–AH-GDM–RGDfK conjugates
showed growth inhibition activity in vitro against prostate
and endothelial cell lines. Active binding to the αvβ3 integrin
was demonstrated suggesting that these conjugates have the
ability to target solid prostate tumors in vivo. In vitro results,
along with favorable tolerability of these conjugates in vivo
compared to free drug make them a promising drug delivery
strategy to improve water solubility, reduce toxicity and
increase efficacy of geldanamycins.
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