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Purpose. To evaluate the tumor targeting potential of N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer-gadolinium(Gd)-RGDfK conjugates by magnetic resonance (MR) T1-mapping.

Methods. HPMA copolymers with and without RGDfK were synthesized to incorporate side chains for
Gd chelation. The conjugates were characterized by their side-chain contents and r; relaxivity. In vitro
integrin-binding affinities of polymeric conjugates were assessed via competitive cell binding assays on
HUVEC endothelial cells and MDA-MB-231 breast cancer cells. In vivo MR imaging was performed on
MDA-MB-231 tumor-bearing SCID mice at different time points using non-targetable and targetable
polymers. The specificity of avp3 targeting was assessed by using non-paramagnetic targetable polymer
to block avp3 integrins followed by injection of paramagnetic targetable polymers after 2 h.

Results. The polymer conjugates showed relaxivities higher than Gd-DOTA. Endothelial cell binding
studies showed that 1Cs, values for the copolymer with RGDfK binding to avp3 integrin-positive
HUVEC and MDA-MB-231 cells were similar to that of free peptide. Significantly lower T1 values were
observed at the tumor site after 2 h using targetable conjugate (p<0.012). In vivo blocking study showed
significantly higher T1 values (p<0.045) compared to targetable conjugate.

Conclusion. These results demonstrate the potential of this conjugate as an effective targetable MR

contrast agent for tumor imaging and therapy monitoring.

KEY WORDS: contrast agents; HPMA copolymers; MRI; targeted delivery; tumor targeting.

INTRODUCTION

The ultimate goal of targeted imaging is to achieve a
large contrast enhancement at the diseased site. The use of
targetable radioligands has provided a means of generating
tumor-specific contrast enhancement in nuclear scintigraphy
(1). Due to lower sensitivity of conventional gadolinium
enhanced magnetic resonance imaging (MRI), higher con-
centration of targeting moieties will be needed to specifically
localize the contrast agent around the tumor and significantly
reduce the local proton relaxation times (2,3). One strategy to
solve this problem is to use polymers that are capable of
carrying a large number of chelating agents and targeting
moieties. This approach has been successfully applied in
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several in vivo MR imaging studies using monoclonal anti-
bodies (4,5). However, targeting to tumors by antibodies
remains a challenge because of relatively fewer antigen-
binding sites on tumor cells and potential for immunogenicity.

The avp; integrin is over expressed on both endothe-
lial and tumor cells (6). This over expression correlates

ABBREVIATIONS: AIBN, Azobisisobutyronitrile; APMA, N-(3-
Aminopropyl)methacrylamide hydrochloride; APMA-DOTA,
N-methacryloylaminopropyl-2-(4-isothiourea-benzyl)-1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid; ATCC, American type
culture collection; ., Flip angle; DMF, N, N-dimethylformamide; DMSO,
Dimethyl sulfoxide; DOTA, 1,4,7,10-tetra-azacylcododecane-N,N',N'"’,
N'""-tetraacetic acid; EDTA, Ethylenediaminetetraacetic acid; FOV,
Field of view; FPLC, Fast protein liquid chromatography; Gd,
Gadolinium; GdCl;.6H,0, Gadolinium chloride; HPLC, High pressure
liquid chromatography; HPMA, N-(2-hydroxypropyl)methacrylamide;
HUVEC, Human umbilical vein endothelial cell; ICP-OES, Inductively
coupled plasma optical emission spectroscopy; IDL, Interactive data
language; kDa, Kilo dalton; MA-GG-ONp, N-methacryloylglycylglycyl-
p-nitrophenyl ester; MA-GG-RGDfK, N-methacryloylglycylglycyl-
RGDI{K; MR, Magnetic resonance; MRI, Magnetic resonance imaging;
M,, Molecular weight; M,,CO, Molecular weight cut off; PBS,
Phosphate buffered saline; RGD, Arg-Gly-Asp; RGD4C, Lys-Ala-Cys-
Asp-Cys-Arg-Gly-Asp-Cys-Phe-Cys-Gly; RGDfK, Arg-Gly-Asp-D-
Phe-Lys; r;, Longitudinal relaxivity; ROI, Region of interest; S, Signal
intensity; SCID, Severe combined immunodeficient; SEC, Size exclusion
chromatography; T1, Longitudinal relaxation time; TE, Echo time; TEF,
Trifluoroacetic acid; TR, Repetition time.
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Fig. 1. Structure of HPMA copolymer—(Gd-DOTA)-RGDfK conjugates. (HPMA N-(2-hydroxypropyl)methacrylamide,
APMA-benzyl-DOTA aminopropylmethacrylamide-benzyl-1,4,7,10 tetraazacyclododecane-1,4,7,10-tetraacetic acid, Gd

gadolinium, MA-GG-RGDfK N-methacryloylglycylglycyl-RGDfK).

well with tumor progression and invasiveness (7-11).
Studies in our laboratory with radiolabeled N-(2-hydroxy-
propyl)methacrylamide (HPMA) copolymers containing
cyclized Arg-Gly-Asp (RGD) motifs in the side chains that
target the ayP; integrins show enhanced tumor accumula-
tion compared to non-targeted copolymers (12-14). At-
tachment of cyclic RGDA4C in the side chains of HPMA
copolymers resulted in a four to fivefold enhancement of
accumulation in prostate tumors compared to the copoly-
mers without the targeting peptide (12). Both monocyclic
RGDfK and bicyclic RGD4C when attached to the
copolymers showed similar accumulation patterns in Lewis
lung carcinoma (15). Compared to peptides, copolymer—
peptide conjugates showed lower accumulation in non-
target background organs such as liver and spleen (13).
The binding affinity of the conjugates and their biodistri-
bution were controlled by varying the molecular weight,
peptide content and charge of the conjugates (16). These
conjugates show potential in targeted delivery of bioactive
agents to solid tumors (14).

The molar relaxivity of MR contrast agents increases
when attached to HPMA copolymers by reducing rotational
correlation motion (17-21). HPMA copolymer-Gd chelates
are nontoxic in a panel of cell lines (21). Conjugates of
HPMA copolymer-Gd with doxorubicin exhibited 1.6 times
higher relaxivity than the polymeric complex without Dox
(21). These conjugates are stable under a range of pH.
HPMA copolymers are in clinical trials for the treatment of
several malignancies (22). Determining the fate of these
systems by MRI allows monitoring the localization of the
conjugates in solid tumors and can lead to the development of
a new generation of MR contrast agents with HPMA
copolymers.

In this study, we evaluated the targeting potential of
HPMA copolymer-RGDfK-Gd conjugates (Fig. 1) using
magnetic resonance (MR) T1-mapping of breast tumors in
mice. T1-mapping is a quantitative MRI technique that allows
measurement of the T1 values of water protons of different
tissues. The synthesis, characterization, in vitro cell binding,
and in vivo MR T1-mapping of HPMA copolymer—-RGDfK~-
Gd conjugates are reported.

MATERIALS AND METHODS
Chemicals and Reagents

125_echistatin (2000 Ci/mmol) was purchased from GE
Healthcare (Piscataway, NJ). RGDfK (MW 604.5) was
obtained from AnaSpec Inc. (San Jose, CA). N, N’-
azobisisobutyronitrile (AIBN) and gadolinium (III) chloride
hexahydrate (GdCI3.6H20) were obtained from Aldrich
(Milwaukee, WI, USA). N-(3-aminopropylmethacrylamide
(APMA) was obtained from Polysciences, Inc. (Warrington,
PA, USA). p-isothiocyanatobenzyl-1, 4, 7, 10 tetraazacyclodo-
decane-1, 4, 7, 10 tetraacetic acid (p-SCN-Bz-DOTA) was
obtained from Macrocyclics (Dallas, TX, USA). N, N, N’, N'-
ethylenediaminetetraacetic acid (EDTA) disodium salt dihy-
drate was obtained from USB Corporation (Cleveland. OH,
USA). All other chemicals were purchased from Sigma (St.
Louis, MO, USA) and were of reagent grade.

Cell Lines

Human breast cancer cell line MDA-MB-231 (ATCC,
Manassas, VA) was cultured in RPMI-1640 (ATCC, Mana-
ssas, VA) medium supplemented with 10% Fetal Bovine
Serum (Quality Biological) and 1% Penicillin-Streptomycin
(Mediatech, Manassas, VA) in a 37°C incubator. All cells
were grown to 80-90% confluency before trypsinization and
formulation in HBSS (Mediatech, Manassas, VA) for implan-
tation into mice. Human Umbilical Vein Endothelial Cells
(HUVECs) were cultured in endothelial cell growth media-2
(EGM-2: Lonza, Walkersville, MD) in a humidified atmo-
sphere of 5% CO2 (v/v) at 37°C. For binding studies,
confluent cells (MDA-MB-231& HUVECs) were harvested
with 0.05% trypsin/0.02% EDTA in PBS.

Synthesis and Characterization of Comonomers

N-(2-hydroxypropyl)methacrylamide (HPMA) (23), N-
methacryloylglycylglycyl-p-nitrophenyl ester (MA-GG-ONp)
(24), and gadolinium(Gd) chelating comonomer aminopro-
pylmethacrylamide-benzyl-1,4,7,10 tetraazacyclododecane-



Integrin Targeted Macromolecular MR Contrast Agent

1,4,7,10 tetraacetic acid (APMA-benzyl-DOTA) (20) were
synthesized and characterized by previously described meth-
ods. N-methacryloylglycylglycyl-RGDfK (MA-GG-RGDIfK,
MW 786.9) was synthesized via p-nitrophenyl ester aminolysis
of MA-GG-ONp in dry DMF in the presence of pyridine for
48 h. Resulting product was purified using preparatory HPLC
(Varian Prostar, Palo Alto, CA) with a Microsorb 100 C-18
reversed phase column (250x10 mm) using a gradient
mixture of water with 0.1% trifluoroacetic acid (TFA) and
acetonitrile with 0.1% TFA at 2 ml/min. The product was
monitored by UV spectrophotometry (A=220 nm), and
elution peaks pooled and lyophilized.

Synthesis and Characterization of Copolymers

HPMA copolymer precursors were synthesized by free
radical precipitation copolymerization. First the polymers
were synthesized using monomers of HPMA, APMA-ben-
zyl-DOTA, and MA-GG-RGDfK in predetermined molar
compositions (Table I). All polymerizations were carried out
in 100% of DMSO using AIBN as the initiator and 3-
mercaptopropionic acid (0.015 mol%) as a chain transfer
agent to control the molecular weight of the copolymers. The
ratio of monomers: initiator: solvent in the feed were kept
constant at 12.5: 0.6: 86.9 (wt.%), respectively. The comono-
mer mixtures were sealed in an ampoule under nitrogen and
stirred at 50°C for 24 h. DMSO was evaporated and the
copolymers were dissolved in deionized water and dialyzed
(MWCO=3500) against deionized water for 48 h followed by
lyophilization. The DOTA content was assessed using UV
spectrophotometry (N=274 nm). The peptide (RGDfK)
content of the side chains was determined by amino acid
analysis (Commonwealth Biotechnologies, Richmond, VA).
In the second step, polymeric conjugates were chelated to Gd.
Gadolinium (IIT) chloride hexahydrate (GdCI3.6H20) (1.5:1
molar equivalents relative to the DOTA content of the feed)
were dissolved in de-ionized water (for nontargetable poly-
mer) or acetate buffer (for targetable polymer). The pH of
the solution was maintained at 5-5.5 overnight. Excess of Gd
was removed using EDTA disodium salt dehydrate (EDTA:
Gd, 1:1). Afterwards, the solutions were purified on a PD10
size exclusion column (GE Healthcare, NJ, USA). The
polymer conjugates were dialyzed for 48 h and lyophilized.
Copolymer Gd contents were determined using Inductively
Coupled Plasma Optical Emission Spectroscopy (ICP-OES)
(Galbraith, Knoxville, TN). The weight average molecular
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weight and molecular weight distribution of the polymeric
conjugates were estimated by size exclusion chromatography
(SEC) on a Superose 12 HR 10/30 column (GE Healthcare,
Piscataway, NJ) using a Fast Protein Liquid Chromatogra-
phy (FPLC) system (GE Healthcare) and HPMA homo-
polymer fractions of known molecular weight as calibration
standards.

Relaxivity Measurements

Nontargetable HPMA copolymer—(Gd-DOTA) and tar-
getable HPMA copolymer—(Gd-DOTA)-RGDf{K conjugates
were prepared in four different concentrations (from 0.1 to
0.015 mM). T1 of these solutions and deionized water were
determined on a 1.5 T MR system (Eclipse, Philips Medical
System, Cleveland, OH). T1 was measured by an inversion
recovery fast spin echo imaging sequence using inversion
times of 50, 100, 200, 400, 700, 1400, 2000, and 2800 ms, an
echo time (TE) of 12 ms, and an echo train length of 8 at a
repeat time (TR) of 6000 ms. All images were obtained from
a single axial slice with a 20x15 cm field of view (FOV), 3 mm
slice thickness, 256x192 matrix and one excitation. T1 for
each solution and deionized water were calculated using
MATLAB (The Mathworks, Inc., Natick, MA). The relax-
ivity (r1) value was calculated from the slope of the plot of (1/
T1, solution —1/T1, water) versus equivalent concentration of
Gd, where T1, solution is the T1 of each dilution of the
contrast agent and T1, water is the T1 of water without
contrast agent.

Binding Assay

In vitro integrin binding affinities of free RGDI{K peptide
and HPMA copolymer-RGD{K conjugates were assessed via
a competitive cell binding assay using '*’I-echistatin as o3
integrin-specific radioligand (25,26) on HUVECs and MDA-
MB-231 as previously described (16). Briefly, cells were
harvested, washed with PBS, resuspended in binding buffer
containing 20 mmol/L Tris, 150 mmol/L NaCl, 2 mmol/L
CaCl,, 1 mmol/LL MgCl,, 1 mmol/LL MnCl,, 0.1% bovine
serum albumin, pH 7.4, and seeded at 50,000 cells per well in
96-well Multiscreen HV filter plates (0.45 um; Millipore).
Cells were co-incubated with '*I-echistatin (0.05 nM) and
increasing peptide equivalent concentrations of polymers or
free RGDfK (0-100 pM) for 2 h with gentle agitation at 4°C.
The final volume was adjusted to 200 uL in binding buffer. In

Table I. Physicochemical Characteristics of HPMA Copolymer—Contrast Agent Conjugates

Feed comonomer Side chain contents M Relaxivity
composition (mol%) (mmol/g polymer) (g/mol) n¢ (s ' mM'Gd)
RGDfK
Samples” HPMA DOTA RGDfK content Gd content
P-Gd 90 10 - - 0.41 45,000 1.5 19.8
P-RGDfK-Gd 70 10 20 0.428 0.14 43,000 1.5 20.6

“For structures of polymer-contrast agent conjugates see Fig. 1
b Weight average molecular weight of polymer precursor
¢ Polydispersity index
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the next step, the plates were filtered using a Multiscreen
vacuum manifold (Millipore, Billerica, MA) and washed
twice with cold binding buffer. Filters were removed and
counted by gamma scintillation (Perkin Elmer Wizard, 1470
Automatic Gamma Counter). Nonspecific binding was
measured in the presence of 200-fold molar excess of cold
echistatin. The ICsy values were determined by nonlinear
regression analysis using GraphPad Prism (GraphPad
Software, Inc.). Each data point represents the average of
values of triplicate wells.

Animal Tumor Model

The animal studies were carried out at Johns Hopkins
University School of Medicine Molecular Imaging Center.
Female SCID mice (4-6 weeks old) were purchased from the
National Cancer Institute (Frederick, MD). The mice were
cared for according to the guidelines of the Institutional
Animal Care and Use Committee of Johns Hopkins Univer-
sity and all studies were carried out in full compliance with
institutional guidelines related to the conduct of animal
experiments. 1x10° to 5x10° MDA-MB-231 cells formulated
in 100 ul HBSS were implanted into the right mammary fat
pad of female SCID mice. MRI experiments were carried out
when the tumor size reached 0.3-0.5 cc.

MR Imaging and T1-Mapping

Each anesthetized mouse was immobilized in the probe
and maintained under gas anesthesia (1% isoflurane mixed
with air at 1 I/min). The polymer conjugates were injected
intravenously via the lateral tail vein at a dose of 0.03 mmol-
Gd/kg. Each contrast agent was studied in a group of four
mice. Blocking studies were performed in a group of three
mice. In these studies first mice were injected with targetable
conjugate without Gd and after 2 h with Gd-chelated
targetable conjugate. MR studies were performed on a 9.4
tesla Bruker Biospec spectrometer with a 35 mm volume coil
before and at various time points after injection. Quantitative
T1 MR images were obtained by a saturation-recovery
multislice spin-echo pulse sequence using the following
equation:

S=[So (1-f) sin(a)]/[1-f cos(a)], where f=exp(-TR/T1), S
is signal intensity, Sy is a constant describing the imager gain
and proton attenuation and o is the flip angle. Saturation-
recovery T1 axial images of the tumor section (slice thickness
of 2 mm, 3 or 4 slices for each tumor) were acquired with six
relaxation delays of 250 ms, 500 ms, 1 s, 2 s, 4 s, and 8 s with
an in-plane spatial resolution of 0.250 mm (128x64 matrix
zero filled to 128 x128, field of view=32 mm, number of scans=
8). Quantitative T1 relaxation maps were reconstructed from
datasets for six different relaxation times using the IDL
(Interactive Data Language, Boulder, CO). The color values
were assigned using ImageJ software (National Institute of
Health, MD). Multislice T1 weighted coronal images of the
mice body were also acquired with a relaxation delay of 1 sec
with a final matrix size of 256x128 (field of view 48x28x
28 mm).

Regions of interest (ROI) were defined along the tumor
rim from which T1-values were obtained before and after
injection of contrast agents.
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Statistical Analysis

Statistical analyses were performed using two-tailed
unpaired student r-test (GraphPad Prism, GraphPad software,
San Diego, CA). Difference was considered significant when
p<0.05.

RESULTS
Physicochemical Characteristics of the Conjugates

The molecular weight, molecular weight distribution and
side chain content of the copolymers with or without peptide
are reported in Table I. The incorporation of MA-GG-
RGDfK was 70% of the feed content. The copolymers
contained on average approximately 17 RGDfK per polymer
backbone. The incorporation of APMA-DOTA in targetable
and nontargetable polymers was 70% and 94% respectively
of the feed content. Gd chelation to the DOTA side chains of
the conjugates resulted in Gd incorporation efficiency of 70%
and 87% of the DOTA molecules per polymer backbone with
and without RGDfK respectively. The number of Gd per
polymer chain for targetable and nontargetable polymers
were approximately 6 and 18 respectively. Both conjugates
showed higher relaxivities (r;) than the commercially avail-
able Gd-DOTA contrast agent (Dotarem®) (27).

In Vitro Binding of the Conjugates

The binding affinity of HPMA copolymer—-RGDfK
conjugate in the presence of radiolabeled echistatin was
evaluated using integrin a,P3-positive HUVECs and MDA-
MB-231 cell lines. Both cyclic RGDfK peptide and HPMA
copolymer—-RGDfK conjugate inhibited the binding of '*°I-
echistatin to cell lines. The percent bound '*I-echistatin
(Fig. 2) was decreased with an increase in copolymer
concentration. ICsy values (nM peptide) for polymeric
conjugate and free peptide were 1503+1.62 and 1311+1.6
for HUVECs and 4764+1.85 and 3984+1.14 for MDA-MB-
231 respectively. The results show that peptides attached to
polymeric backbones remain effective for targeting o,Ps
integrins.

MRI Enhancement of Polymeric Conjugates

The time dependent biodistribution of polymer—peptide—
gadolinium conjugates at the tumor site was evaluated using
MR T1 mapping. Fig. 3 shows the coronal T1-weighted
MR images of tumor bearing mice before and at 10 min,
30 min, 1, 2, 6, 24 h after injection of polymeric contrast
agents. Both targetable and non-targetable conjugates
resulted in signal enhancement in kidney up to 24 h. Fig. 4A
and B show the axial color coded T1 maps of tumor bearing
mice pre- and at 10 min, 30 min, 1, 2, 6, 24 h post-injection of
contrast agents. The calibration bar indicates T1 values related
to each color. White color (top) and blue color (bottom) show
the highest and the lowest T1 values respectively. The mean T1
values for targetable and nontargetable contrast agent are (pre:
2435+236.8 ms and 2 h: 1950+189.8 ms) and (pre: 2423+
175.5 ms and 2 h: 2127144 ms) respectively. At this time point
the targeted conjugate showed significant decrease in T1 values
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Fig. 2. Competitive binding of HPMA copolymer-(DOTA-Gd)-RGDfK conjugates (filled triangle) and
free peptide (filled square) to: A HUVECs and B MDA-MB-231 cells. Results are expressed as means of

triplicate +SD.

at the tumor site compared to non-targeted conjugate (p<0.012)
(Fig. 5). There was no significant difference between targetable
and non-targetable contrast agents at other time points.
Fig. 4C shows the involvement of o,f3 integrins in changes in
T1 values at the tumor site. Blocking the integrins with
targetable conjugate (without Gd) resulted in significant in-
crease in T1 values compared to Gd chelated targetable
conjugate (p<0.045).

DISCUSSION

Recent progress in molecular targeting and cancer
therapeutics has added a new dimension to the imaging
sciences. MRI with macromolecular contrast agents, which
are capable of carrying large number of gadolinium and
targeting moieties, may offer some assistance in more specific
and probably more accurate tumor characterization. In this
study HPMA copolymer-RGDI{K conjugates were labeled
with gadolinium to explore the MR imaging of these systems
in solid tumors. This strategy has several advantages that are
desirable for targeted delivery and imaging applications. First,
the conjugates are known to localize in solid tumors. Second,
the copolymer architecture can be manipulated with relative
ease to allow control over binding, localization and excretion.
Third, the multivalency of the targeting moieties and contrast

agents in the polymeric conjugates would result in better
targeting properties and imaging effect (15).

The effective dose of macromolecular contrast agents for
tumor imaging is between 0.03-0.1 mmol-Gd/kg (28). In this
study a lower dose (0.03 mmolGd/Kg) was used in order to
avoid a strong background signal in combination with a
higher magnetic field strength of 9.4 Tesla for improved signal
to noise ratio (29). High field MR systems can expand the
ability to fully characterize neoplastic lesions as well as
monitoring the effects of therapy.

The average molecular size of the conjugates (~43-
45 kDa) was around the glomerular filtration threshold
(45 kDa) for HPMA copolymers (30). This is the optimal
size for effective clearance of the polymer from the body over
time. Biodistribution studies of HPMA-based contrast agents
showed that HPMA copolymer—Gd conjugates with high
molecular weight had a prolonged blood circulation time and
high passive tumor targeting efficiency (19). Non-biodegrad-
able HPMA copolymer-Gd conjugates with molecular
weights higher than the threshold of renal filtration demon-
strated higher efficiency for tumor drug delivery than
biodegradable poly(L-glutamic acid) conjugates (19). We
have previously observed that HPMA copolymer—-RGDfK
conjugates with side chains terminated in negatively charged
chelating agents preferentially accumulate in the kidney (16).
For the present polymers the kinetics of kidney accumulation

Fig. 3. T1-weighted contrast enhanced coronal MR images of SCID mice bearing human breast cancer cell line (MDA-MB-
231) xenografts before and after injection of HPMA copolymer-(DOTA-Gd) (A) and HPMA copolymer-(DOTA-Gd)-

RGDIK (B) conjugates. The arrow shows the kidney.



B. Zarabi et al.

24h

Fig. 4. T1-maps of contrast enhanced axial MR images of SCID mice bearing human breast cancer cell line (MDA-MB-231) xenografts before
and after injection of HPMA copolymer—(DOTA-Gd) conjugate (A), HPMA copolymer—(DOTA-Gd)-RGDIfK conjugate (B), and HPMA
copolymer—(DOTA)-RGDfK conjugate followed by injection of HPMA copolymer—(DOTA-Gd)-RGDf{K conjugate after 2 h (C). The arrow
shows the tumor. The color scale shown is reflective of T1-values. The arrival of the contrast reduces the T1-value of the tumor as seen by the
color differences and begins to normalize back to its original value after about 6 h.

and potential Gd-induced nephrotoxicity of the conjugates
need to be investigated. The relaxivity of HPMA copolymer
contrast agent conjugates were improved over commercially
available contrast agent Gd-DOTA (Table I). This has been
observed for several macromolecular contrast agents includ-
ing HPMA copolymer based contrast agents (31-34).
Relatively high concentration of peptide (~17 peptides)
was incorporated in the RGDfK containing HPMA-(Gd-
DOTA) conjugate to achieve better tumor targeting. The in
vitro binding studies demonstrated that RGDfK containing
copolymer remained effective for targeting o, integrins.

The binding affinity of polymer-RGDfK conjugate is lower
than free RGDfK on both HUVECs and MDA-MB-231
human breast cancer cell line probably due to steric
hindrance of the polymers. This finding is in agreement with
previous studies (16). The binding of HPMA copolymer—
RGDfK conjugates to MDA-MB-231 cell lines as well as
HUVECs demonstrates that such conjugates may be used
for the delivery of both anti-angiogenic and antitumor
drugs.

Previously, the effectiveness of RGD containing HPMA
copolymers for targeting o3 integrins was evaluated by
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scintigraphy (12,13,15). One of the advantages of MRI
compared to scintigraphy is its high spatial resolution.
Correlation of drug localization in the target tissue with the
local pathologic features, such as changes in tumor type, size
and stage, may help optimize the structure of the drug
delivery systems for personalized medicine. One of the
limitations of conventional MRI with the currently available
contrast agents is its relatively low sensitivity in targeting and
staging tumors. MR T1-mapping technique provides a quan-
titative means (35) to assess changes in the relaxation time
(T1 values) after administration of magnetic resonance
contrast agents. The Gd concentration is proportional to the
longitudinal relaxation rate. In this study, T1 values at tumor
periphery decreased significantly during the initial period
after injection for all conjugates (Fig. 4). However, after 2 h
(Fig. 5), a significant difference (p<0.012) between the mean
T1 values at the tumor site using HPMA copolymer—(Gd-
DOTA) was found with and without the peptide. After 6 h,
increase in mean T1 values was observed within the tumor
suggesting washout of the contrast from the tumor. This
observation could be due to the presence of negative charges
in the side chains and therefore high renal excretion of the
polymers (16). At 24 h, post-injection, T1 values almost
returned to the pre-injection level at the tumor site. Kidney
images indicate rapid initial renal accumulation of the
conjugates (Fig. 3). Sustained kidney activity over time
suggests that these conjugates are entrapped and also
eliminated through the kidney. Non-targetable HPMA copol-
ymer-Gd conjugates (19) and HPMA copolymer—-RGDfK
conjugates with molecular weight under the glomerular
filtration threshold (45 kDa) (15) are known to accumulate
and be excreted via the kidney over a period of few days.

The effectiveness of RGD containing HPMA copoly-
mer—(Gd-DOTA) conjugate for targeting o3 integrins was
also evaluated in vivo by a blocking study using MR T1-
mapping. The targetable polymer without Gd probably
occupied the large number of ayPs; integrins, therefore
subsequent administration of targetable polymer with Gd
resulted in higher T1 values (Fig. 5). There is significant
difference at all time points between the targetable
polymer and T1 values observed in the blocking study
(p<0.045).

Profiling each patient for stage of the disease, presence
of cancer targets before initiation of therapy and the ability to
follow the fate of drug delivery systems such as HPMA
copolymer—drug conjugates in individual patients can im-
prove efficacy of therapy while reducing side effects. The
present study is a step towards that goal by developing a MR
contrast agent targetable to o,z integrins. To make this
approach clinically viable the future immediate steps are to:
(1) Optimize Gd content in the targetable polymer for better
enhancement of images; (2) Use higher molecular weight
conjugates for higher accumulation and better enhancement
at the tumor site, and (3) Use higher concentrations of
contrast agents to further improve the In vivo contrast
enhancement. Development of imaging technologies for
targeted drug delivery systems can have a major impact in
cancer therapy, where images are used to define target
volumes for therapy, dose optimization, guiding surgical
intervention, monitoring response to therapy and establishing
individualized patient treatment strategies (36).

1127

25
20 -
g 15 -
—
=
© 10 1
o
—
S s
=
-
~ 0
-5 4 . .
Time points
-10 - BP-RGDK-Gd O P-Gd (P-RGDfK-Gd)+(p-RGDfK)
) a
70 ( )
60
350
c
@ 40
=]
g 30
T 20 :
10 i e
0 . — B "
500 1000 1500 2000 2500 3000
T1(ms)
b
14 ( )
120
§100
S 80
60
o
i 40
20
0 . . — ; . :
500 1000 1500 2000 2500 3000 3500 4000
T1(ms)
C
- (c)
30 1
325
G 20
> ‘ \
315 ) ’r "I \"k i
T 10 4 L
- .y | Jh{v\f'“"t“"
0 ' b,,,mvﬂ«ri{\mz‘w:v'Vl"' : s
500 1000 1500 2000 2500 3000 3500 4000
T1(ms)
—pre 30min  —2hr —24hr
——10min 1hr ——6hr

Fig. 5. Top panel A Comparison of mean T1 values at tumor site at
different time points. Data is expressed as mean+SD. Number of
mice/group is four for P-RGDfK-Gd and P-Gd groups and three for
P-RGDfK-Gd+P-RGDfK group. Bottom panel B T1 histograms of
MDA-MB-231 tumors at different time points after injection of (a)
HPMA copolymer-(DOTA-Gd)-RGDIfK, (b) HPMA copolymer—
(DOTA-Gd), and (¢) HPMA copolymer-(DOTA)-RGDfK conju-
gate followed by injection of HPMA copolymer—(DOTA-Gd)-
RGDfK conjugate after 2 h.

CONCLUSION

In conclusion, the HPMA copolymer—(Gd-DOTA)-cy-
clic RGD conjugate was effective for noninvasive o,p3
integrin imaging of MDA-MB-231 breast tumors using
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quantitative MR T1-mapping. These results show the poten-
tial of these targetable conjugates as effective MR contrast
agents for tumor imaging and evaluating the fate of targetable
HPMA copolymer drug delivery systems.
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