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Abstract

This study sought to evaluate K(HYNIC), (K = lysine and HYNIC = 6-hydrazinonicotinyl) as a
bifunctional chelator for #9MTc-labeling of biomolecule. In this study, four K(HYNIC),—
conjugated cyclic RGD peptides, K(HYNIC),-RGD, (RGD5 = E[c(RGDfK)],), K(HYNIC),-3G-
RGD5 (3G-RGD; = Gly-Gly-Gly-E[Gly-Gly-Gly-c(RGDfK)],), K(HYNIC),-2P-RGD, (2P-
RGD; = E[PEG4-c(RGDfK)],, and PEG,4 = 15-amino-4,7,10,13-tetraoxapentadecanoic acid), and
K(HYNIC),-3P-RGD; (3P-RGD, = PEG4-E[PEG,4-c(RGDfK)],) were prepared, and evaluated
for their integrin a.,B3 binding affinity. 1C5q values were determined to be 47 £ 2,35+ 2, 37 £ 2,
85+ 2 and 422 + 15 nM for K(HYNIC),-2P-RGD,, K(HYNIC),-3P-RGD5, K(HYNIC),-3G-
RGD,, K(HYNIC),-RGD; and c(RGDyK), respectively, against 12%I-echistatin bound to US7MG
cells. Macrocyclic complexes [99MTc(K(HYNIC),-RGD,)(tricine)] (1), [99MTc(K(HYNIC),-3G-
RGDy)(tricine)] (2), [**MTc(K(HYNIC),-2P-RGD,)(tricine)] (3), and [**™Tc(K(HYNIC),-3P-
RGDy)(tricine)] (4) were prepared, and evaluated in athymic nude mice bearing U87MG glioma
xenografts for their tumor targeting capability and biodistribution. It was found that 1 — 4 all had
high solution stability and more than two isomers, as evidenced by the presence of multiple
radiometric peaks in their radio-HPLC chromatograms. The tumor uptake of 1 — 4 was 3.78 +
0.81, 7.46 + 1.68, 9.74 + 1.65 and 8.59 + 1.52 %ID/g, respectively, which was completely
consistent with trend of integrin a.,f3 binding affinity for cyclic RGD peptides. Replacing
[9°MTc(HYNIC)(tricine)(TPPTS)] (TPPTS = trisodium triphenylphosphine-3,3",3” -trisulfonate)
with [99MTc(K(HYNIC),)(tricine)] had little impact on radiotracer tumor uptake; but it had
significant effect on the uptake of radiotracer in kidneys, lungs and spleen. The tumor was clearly
visualized by SPECT/CT with excellent contrast in a glioma-bearing mouse administered with 4.
K(HYNIC), would be particularly useful for ®™Tc-labeling of small biomolecules with one or
more disulfide linkages.
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INTRODUCTION

Since 6-hydrazinonicotinamide (HYNIC) was first reported as a bifunctional coupling agent
(BFC) for 9¥MTc-labeling of polyclonal 1gG,12 it has been widely used to label antibodies
and other biomolecules (BM) with 99™Tc.3-18 \We have been using a ternary ligand system
(Figure LA: HYNIC, tricine and TPPTS (trisodium triphenylphosphine-3,3",3” -
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trisulfonate)) to prepare 99™Tc-labeled chemotactic peptides and leukotriene B4 (LTB,)
receptor antagonists for imaging infection and inflammation, 1920 glycoprotein I1b/111a
receptor antagonists for thrombosis imaging,2! and integrin a3 receptor antagonists for
tumor imaging.22-2% Ternary ligand complexes [**™MTc(HYNIC-BM)(tricine)(TPPTS)]
(Figure LA: BM = peptide and non-peptide receptor ligands) were prepared with high
specific activity, and had very high solution stability.1%-2% Their composition has been
determined to be 1:1:1:1 for Tc:HYNIC:tricine: TPPTS through a series of mixed ligand
experiments,2% and further confirmed by LC-MS at the tracer (°*™Tc) and macroscopic
(99Tc) levels.2” The utility of HYNIC has been reviewed extensively,28-30

Previously, we reported HYNIC-K(NIC) (w-nicotinyl-2-(6-hydrazinonicotinyl)lysine) as a
BFC for 9°*™Tc-labeling of biomolecules, and found that HYNIC-K(NIC) was able to form a
macrocyclic chelate [¥MTc(HYNIC-K(NIC))(tricine)] (Figure 18) with high solution
stability.31 We also found that replacing [2°™Tc(HYNIC)(tricine)(TPPTS)] with
[2°*™Tc(HYNIC-K(NIC))(tricine)] resulted in less uptake in kidneys and lungs for 99MT¢
radiotracers.32 These promising results inspired us to evaluate K(HYNIC)2 as a BFC

for 99MTc-labeling of cyclic RGD peptides. We reasoned that K(HYNIC), and HYNIC-
K(NIC) would form macrocyclic %MTc complexes with a similar structure except that one
of two HYNIC groups in K(HYNIC), might be bidentate (Figure 1C). Since SnCl,, is used
to reduce °™TcO,4, there is no need for TPPTS as the reducing agent for 2°™TcO,~ and a
coligand to stabilize the 2*™Tc-HYNIC core. This is particularly important for 29MTc-
labeling of small biomolecules with one or more disulfide linkages, which could be readily
reduced by TPPTS at elevated temperatures.

As a continuation of our interest in radiolabeled cyclic RGD peptides as integrin a.,f3-
targeted radiotracers for tumor imaging,32-41 we have prepared four K(HYNIC),-conjugated
cyclic RGD peptides: K(HYNIC),-RGD, (RGD5 = E[c(RGDfK)],), K(HYNIC),-3G-RGD,
(3G-RGD; = Gly-Gly-Gly-E[Gly-Gly-Gly-c(RGDfK)]5), K(HYNIC),-2P-RGD> (2P-RGD,
= E[PEG4-c(RGDfK)],, and PEG,4 = 15-amino-4,7,10,13-tetraoxapentadecanoic acid), and
K(HYNIC),-3P-RGD; (3P-RGDy = PEG4-E[PEG4-c(RGDfK)]2). An in vitro whole-cell
assay was used to determine their integrin a,B3 binding affinity against 12%I-echistatin
bound to U87MG human glioma cells. We also prepared macrocyclic complexes
[#9MTc(K(HYNIC),-RGD))(tricine)] (1), [®*™Tc(K(HYNIC),-3G-RGD,)(tricine)] (2),
[#°*™Tc(K(HYNIC),-2P-RGDy)(tricine)] (3) and [**MTc(K(HYNIC),-3P-RGD,)(tricine)]
(4), and evaluated them in the athymic nude mice bearing U87MG glioma xenografts for
their tumor-targeting capability and biodistribution characteristics. The objective of this
study is to explore the potential of K(HYNIC), as a BFC, and compare the three chelating
systems (Figure 1: A — C) with respect to the isomerism and biodistribution of the 99MTc-
labeled of cyclic RGD peptides (Figure 1: 1 - 6).

EXPERIMENTAL SECTION

Materials and Instruments

Chemicals and solvents were purchased from Sigma-Aldrich (St. Louis, MO). Cyclic
peptides, E[c(RGDfK)], (RGD;), G3-E[G3-c(RGDfK)], (3G-RGD>), E[PEG4-c(RGDfK)],»
(2P-RGDy) and PEG4-E[PEG,4-c(RGDfK)], (3P-RGD>) were obtained from the Peptides
International, Inc. (Louisville, KY). Sodium succinimidyl 6-(2-(2-
sulfonatobenzaldehyde)hydrazono)nicotinate (HYNIC-OSu) was prepared according to
literature method.*2 [¥MT¢(HYNIC-3P-RGD,)(tricine)(TPPTS)] (5) [*°™Tc(HYNIC-
K(NIC)-3P-RGD;)(tricine)] (6) were prepared using the procedures described in our
previous reports.32:33 Na?¥MTcO, was obtained from Cardinal HealthCare® (Chicago, IL).
Electrospray ionization (ESI) mass spectra were collected on a Finnigan LCQ mass
spectrometer, School of Pharmacy, Purdue University.
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HPLC Methods

The semi-prep HPLC method (Method 1) used a LabAlliance HPLC system (Scientific
Systems, Inc., State College, PA) equipped with a UV/vis detector (A=254 nm) and Zorbax
C1g column (9.4 mm x 250 mm, 100 A pore size; Agilent Technologies, Santa Clara, CA).
The flow rate was 2.5 mL/min with a gradient mobile phase going from 90% A (0.1% TFA
in water) and 10% B (0.1% TFA in acetonitrile) at 0 min to 30% B at 5 min, and 50% B at
18 min. The radio-HPLC (Method 2) used the LabAlliance HPLC system equipped with a -
ram IN/US detector (Tampa, FL) and Zorbax Cqg column (4.6 mm x 250 mm, 300 A pore
size; Agilent Technologies, Santa Clara, CA). The flow rate was 1 mL/min. The gradient
mobile phase started with 90% A (25 mM NH4OAc, pH = 6.8) and 10% B (acetonitrile) to
85% A and 15% B at 5 min, followed by a gradient mobile phase going from 15% B at 5
min to 20% B at 20 min and to 60% B at 25 min.

Lys(Boc),-E[c(RGDfK)]» (K(Boc),-RGD2)—K(Boc),-OSu (8.8 mg, 20 mol) and
RGD> (13.2 mg, 10 umol) were dissolved in DMF (2 mL). After addition of DIEA (50
pmol), the reaction mixture was stirred at room temperature for 5 h. The reaction was
terminated by adding 2 mL of NH,OAc buffer (100 mM, pH = 7.0), the product was
separated by semi-prep HPLC (Method 1). The fractions at 15.3 min were collected.
Lyophilization of the collected fractions afforded K(Boc),-RGD5. The yield was 11 mg
(~67%). ESI-MS: m/z=1646.5 for [M + H]* (M = 1645.86 calcd. for [C75H115N21051]).

Lys-E[c(RGDfK)], (K-RGD2)—K(Boc)2-RGD> (3.3 mg, 2 umol) was dissolved in
anhydrous trifluoroacetic acid (TFA, 1 mL). After stirring at room temperature for 5 — 10
min, excess TFA was removed on a rotary evaporator. The residue was dissolved in 2 mL of
water. The product was isolated by semi-prep HPLC (Method 1). Fractions at 11.4 min were
collected and combined. Lyophilization of the resulting solution afforded the expected
product K-RGD, as its TFA salt. The yield was 2.1 mg (~62%). ESI-MS: m/z = 1446.8 for
[M + H]Jr (M = 1445.75 calcd. for [C65H99N21017]).

Lys(HYNIC),-E[c(RGDfK)], (K(HYNIC),-RGD5,)—HYNIC-OSu (4.6 mg, 10 pmol) and
K-RGD; (2.9 mg, 2.0 pwmol) were dissolved in DMF (1 mL). After addition of excess DIEA
(40 wmol), the reaction mixture was stirred at room temperature for 7 days. Upon addition
of 2 mL ammonium acetate buffer (100 mM, pH = 7.0) to terminate the reaction, the product
was separated by semi-prep HPLC method (Method 1). The fractions at 17.8 min were
collected. Lyophilization of the collected fractions afforded K(HYNIC),-RGD». The yield
was 1.5 mg (~37%). ESI-MS: m/z= 2053.3 for [M + H]* and 1027.5 for [M + H]2* (M =
2051.82 calcd. for [C91H117N27025SZ]).

Lys(Boc)y-G3-E[G3-c(RGDfK)]» (K(Boc)2-3G3-RGD2)—K(Boc),-OSu (13.2 mg, 30
pmol) and 3G-RGD>, (18.3 mg, 10 pmol) were dissolved in DMF (2 mL). After adding
excess DIEA (50 wmol), the reaction mixture was stirred at room temperature for 5 h. After
addition of 2 mL water, the pH was then adjusted to 4.0 with TFA. The product was isolated
from the mixture using the same HPLC method used for K(Boc),-RGD». The fractions at
14.5 min were collected. Lyophilization of the collected fractions afforded K(Boc),-3G3-
RGD>. The yield was 10.4 mg (48%). ESI-MS: m/z=2159.9 for [M + H]* (M = 2159.05
calcd. for [C93H142N30030]).

Lys-G3-E[G3-c(RGDfK)], (K-3G3-RGDy)—K(Boc),-3G3-RGD; (4.3 mg, 2 pmol) was
dissolved in anhydrous trifluoroacetic acid (TFA, 1 mL). After stirring at room temperature
for 5— 10 min, excess TFA was removed on a rotary evaporator. The residue was dissolved
in 2 mL of water. The product was isolated by semi-prep HPLC (Method 1). The fractions at
9.5 min were collected and combined. Lyophilization of the combined fractions afforded the
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expected product K-3G3-RGD» as its TFA salt. The yield was 3.5 mg (~89%). ESI-MS: m/z
=2160.6 for [M + H]Jr (M =1958.95 calcd. for [CgzH126N30026]).

Lys(HYNIC),-G3-E[G3-c(RGDfK)], (K(HYNIC),-3G3-RGD2)—HYNIC-OSu (4.6 mg,
10 pmol) and K-3G3-RGD> (1.96 mg, 1.0 umol) were dissolved in anhydrous DMF (1 mL).
After addition of excess (50 pmol), the reaction mixture was stirred at room temperature for
7 days. Upon addition of 2 mL NH4OAc buffer (100 mM, pH = 7.0), the product was
separated from the mixture using the same HPLC method for K(HYNIC),-RGD,. The
fractions at 15.6 min were collected and combined. Lyophilization of the resulting solution
afforded K(HYNIC),-3G3-RGD,. The yield was 1.2 mg (47%). ESI-MS: m/z = 2567.8 for
[M + H]* and 1582.2 for [M + H]2* (M = 2565.01 calcd. for [C199H144N3603452]).

Lys(Boc),-E[PEG4-c(RGDfK)], (K(Boc),-2P-RGD3,)—K(Boc),-OSu (13.2 mg, 30
pmol) and 2P-RGD,, (18.3 mg, 10 pmol) were dissolved in DMF (2 mL). After addition of
excess DIEA (50 wmol), the reaction mixture was stirred at room temperature for 5 h. Upon
addition of 2 mL NH4OAc buffer (100 mM, pH = 7.0), the product was separated using the
same method for K(Boc),-RGD». The fractions at 14.7 min were collected. Lyophilization
of collected fractions afforded K(Boc),-2P-RGD,. The yield was 13.4 mg (~63%). ESI-MS:
m/z=2141.0 for [M + H]+ (M =2140.14 calcd. for [Cg7H157N23031]).

Lys-E[PEG4-c(RGDfK)], (K-2P-RGD»)—K(Boc),-2P-RGD; (2.14 mg, 1 pmol) was
dissolved in anhydrous trifluoroacetic acid (TFA, 1 mL). After stirring at room temperature
for 5— 10 min, excess TFA was removed on a rotary evaporator. The residue was dissolved
in 2 mL of water. The product was isolated by semi-prep HPLC (Method 1). Fractions at
11.3 min were collected. Lyophilization of the collected fractions afforded the expected
product K-2P-RGD». ESI-MS: m/z= 2188.5 for [M + H]* (M = 2187.18 calcd. for

[CogH162N24032]).

Lys(HYNIC),E[PEG4-c(RGDfK)], (K(HYNIC),-2P-RGD»)—HYNIC-OSu (4.6 mg, 10
pwmol) and K-2P-RGD3 (2.2 mg, 1.0 umol) were dissolved in DMF (1 mL). After addition
of DIEA (50 wmol), the reaction mixture was stirred at room temperature for 7 days. The
reaction was terminated by adding 2 mL of NH4OAc buffer (100 mM, pH = 7.0), the
product was separated using the same HPLC method for K(HYNIC),-RGD,. The fractions
at 20.4 min were collected. Lyophilization of the collected fractions afforded the expected
product K(HYNIC),-2P-RGD». The yield was 1.7 mg (~61%). ESI-MS: m/z = 2546.9 for
M+ H]Jr and 1274.4 for [M + H]2+ (M =2546.10 calcd. for [C113H159N29035S5]).

Lys(Boc)»-PEG4-E[PEG4-c(RGDfK)], (K(Boc),-3P-RGD,)—K(Boc),-OSu (13.2 mg,
30 pmol) and 3P-RGD3, (18.3 mg, 10 pumol) were dissolved in DMF (2 mL). After addition
of excess DIEA (50 mol), the reaction mixture was stirred at room temperature for 5 h. The
product was separated using the same HPLC method for K(Boc),-RGD». The fractions at
15.5 min were collected. Lyophilization of collected fractions afforded K(Boc),-3P-RGD,
The yield was 14.6 mg (~61%). ESI-MS: m/z=2388.2 for [M + H]* (M = 2387.28 calcd. for

[C108H178N24036]).

Lys-PEG4-E[PEG4-c(RGDfK)], (K-3P-RGD,)—K(Boc),-3P-RGD; (2.4 mg, 1 wmol)
was dissolved in TFA (1 mL). After stirring at room temperature for 5 — 10 min, excess TFA
was removed under reduced pressure. The residue was dissolved in 2 mL of water. The
product was isolated by semi-prep HPLC (Method 1). The fractions at 12.5 min were
collected and combined. Lyophilization of the combined fractions afforded the expected
product K-3P-RGD>, as its TFA salt. The yield was 1.7 mg (~78%). ESI-MS: m/z=2188.5
for [M + H]Jr (M =2187.18 calcd. for [C93H162N24032]).

Bioconjug Chem. Author manuscript; available in PMC 2014 April 17.
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Lys(HYNIC),-PEG4-E[PEG4-c(RGDfK)], (K(HYNIC),-3P-RGD2)—HYNIC-OSu (4.6
mg, 10 pmol) and K-3P-RGD; (2.2 mg, 1.0 wmol) were dissolved in DMF (1 mL). After
addition of excess DIEA (50 wmol), the mixture was stirred at room temperature for 7 days.
Upon addition of 2 mL water, the pH was adjusted to 4 — 4.5 using TFA. The product was
separated from the mixture using the same HPLC method for K(HYNIC),-RGD,. The
fractions at 20.8 min were collected. Lyophilization of the collected fractions afforded
K(HYNIC),-3P-RGD5. The yield was 1.2 mg (~43%). ESI-MS: m/z=2794.9 for [M + H]*
and 1398.0 for [M + H]2+ (M =2793.24 calcd. for [C124H180N3004052]).

99mMTc-Labeling

To aclean 5 cc vial were added the K(HYNIC),-peptide conjugate solution (25 g in 25uL
water), 0.4 mL of 0.25 M succinate buffer (pH = 4.8), and 0.4 mL of tricine solution (20 —
40 mg/mL in 0.25 M succinate buffer). After addition of 0.5 mL of 9MTcO,~ (740 - 1110
MBq in saline) and 25 pL of SnCl, (1.0 mg/mL in 0.1 N HCI), the vial was heated at 100 °C
for 20 — 30 min in a boiling water bath. The vial was then allowed to stand at room
temperature for ~5 min. A sample of the resulting solution was analyzed by radio-HPLC
(Method 2).

Dose Preparation

For biodistribution studies, 99MTc radiotracers were purified by HPLC. Volatiles in the
mobile phase were removed completely under vacuum (<10 mmHg). Doses were prepared
by dissolving the residual in saline to ~1 MBg/mL. For imaging studies, doses were
prepared by dissolving the radiotracer in saline to ~370 MBg/mL. In the blocking
experiment, RGD, was dissolved in the dose solution to a concentration of 3.5 mg/mL. The
resulting solution was filtered with a 0.20 wm Millex-LG filter before being injected into
animals. Each animal was injected with ~0.1 mL of the dose solution.

In Vitro Whole-Cell Integrin a3 Binding Assay

The integrin binding affinity of cyclic RGD peptides were assessed via a cellular
competitive displacement assay using 122I-echistatin (Perkin Elmer, Branford, CT) as the
radioligand.33 US7MG cell line was obtained from ATCC (American Type Culture
Collection, Manassas, VA). Briefly, U87MG cells were grown in Eagle’s Minimum
Essential Medium (EMEM) supplemented with 10% fetal bovine serum (FBS, ATCC), 100
IU/ml penicillin and 100 pg/ml streptomycin (Invitrogen Co, Carlsbad, CA), at 37 °C in
humidified atmosphere containing 5% CO,. Filter multiscreen DV plates (Millipore,
Billerica, MA) were seeded with 1x10° glioma cells in binding buffer (20 mM Tris, 150
mM NaCl, 2 mM CaCl,, 1 mM MnCl,, 1 mM MgCly, 0.1% (wt/vol) bovine serum albumin;
and pH 7.4) and 125-echistatin (0.7 — 1.0 kBq) in the presence of increasing amounts of
RGD peptide, incubated for 2 h at room temperature. After removing the unbound 1251-
echistatin, and being washed 3x with binding buffer, hydrophilic PVDF filters were
collected. The radioactivity was determined using a Perkin Elmer Wizard — 1480 y-counter
(Shelton, CT). All experiments were carried out twice in triplicates. ICgq values were
calculated by fitting the experimental data with the nonlinear regression using GraphPad
Prism™ (GraphPad Software, Inc., San Diego, CA), and reported as an average of six
samples plus/minus the standard deviation. Comparison between two cyclic RGD peptides
was made using the one-way ANOVA test. The level of significance was set at p< 0.05.

Animal Model

Biodistribution and SPECT/CT imaging studies were performed in compliance with the NIH
animal experimentation guidelines (Principles of Laboratory Animal Care, NIH Publication
No. 86-23, revised 1985). The protocol was approved by the Purdue University Animal Care

Bioconjug Chem. Author manuscript; available in PMC 2014 April 17.
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and Use Committee (PACUC). Female athymic nu/nu mice were purchased from Harlan
(Indianapolis, IN) at 4 — 5 weeks of age, and were implanted with 5 x 106 US7MG cells in
the shoulder flank. All procedures were performed in a laminar flow cabinet using aseptic
techniques. Four weeks after inoculation, the tumor size was 0.1 — 0.5 g, and animals were
used for biodistribution and imaging studies.

Biodistribution

The tumor-bearing athymic nude mice (20 — 25 g) were randomly selected. Each animal was
administered with ~0.1 MBq of the 9MTc radiotracer by the tail-vein injection. The animals
(n =4 - 6) were sacrificed by sodium pentobarbital overdose (~200 mg/kg) at 60 min post-
injection (p.i.). Blood was withdrawn from the heart. Tumors and normal organs (brain,
eyes, heart, intestine, kidneys, liver, lungs, muscle and spleen) were harvested immediately
after death, washed with saline, dried with absorbent paper, weighed, and counted to
determine the radioactivity accumulation using a Perkin Elmer Wizard — 1480 y-counter
(Shelton, CT). The organ uptake was calculated as the percentage of injected dose per gram
of organ mass (%1D/g). Biodistribution data and tumor-to-background (T/B) ratios are
reported as an average plus/minus the standard deviation from four tumor-bearing mice.
Comparison of different radiotracers was made using one-way ANOVA followed by pair-
wise Tukey’s post-hoc test. The level of significance was set at p < 0.05.

SPECT/CT Imaging

Metabolism

SPECT/CT images were obtained using a u-SPECT-II/CT scanner (Milabs, Utrecht, The
Netherlands) equipped with a 0.6 mm multi-pinhole collimator. The glioma-bearing mouse
was injected with ~37 MBq of 4 in 0.1 mL saline via the tail vein. At 60 min p.i., the animal
was placed into a shielded chamber connected to an isoflurane anesthesia unit (Univentor,
Zejtun, Malta). Anesthesia was induced using an air flow rate of 350 mL/min and ~3.0%
isoflurane. After induction of anesthesia, the animal was placed supine on the scanning bed.
The air flow rate was then reduced to ~250 mL/min with ~2.0% isoflurane. Rectangular scan
in regions of the interest (ROIs) from both SPECT and CT were selected on the basis of
orthogonal optical images provided by the integrated webcams. After SPECT acquisition
(75 projections over 30 min per frame, 2 frames), the animal was then translated into the
attached CT scanner and imaged using the ‘normal’ acquisition settings (2 degree intervals)
at 45 kV and 500 pA. After CT acquisition, the animal was allowed to recover in a lead-
shielded cage. SPECT reconstruction, data processing and quantification of organ uptake
were performed according to the methods described in our previous reports.#344 The
reconstructed images were visualized as both orthogonal slices and maximum intensity
projections.

Normal athymic nude mice (n = 3) were used for metabolism study. Each animal was
administered with ~100 p.Ci of 4 via tail vein. Urine samples were collected at 30 min and
120 min p.i. by manual void, and were mixed with equal volume of 50% acetonitrile
aqueous solution. The mixture was centrifuged at 8,000 rpm. The supernatant was collected
and filtered with the 0.20 um syringe-driven Millex-LG filter unit to remove foreign
particles. The filtrate was analyzed by radio-HPLC. Feces samples were collected at 120
min p.i. and suspended in 25% acetonitrile aqueous solution. The resulting mixture was
vortexed for ~5 min. After centrifuging at 8,000 rpm, the supernatant was collected and
filtered with the 0.20 wm syringe-driven Millex-LG filter unit to remove foreign particles.
The filtrate was analyzed by radio-HPLC.

Bioconjug Chem. Author manuscript; available in PMC 2014 April 17.
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HYNIC-Conjugate Synthesis

Chart I shows the synthetic scheme for K(HYNIC),-conjugated cyclic RGD peptide dimers.
First, the peptide reacted with K(Boc),-OSu in the presence of DIEA afforded K(Boc),-BM
(BM = RGD», 3G-RGD,, 2P-RGD, and 3P-RGD,). Deprotection of Boc-protecting groups
in neat TFA gave the intermediate: K-RGD», K-3G-RGD,, K-2P-RGD; and K-3P-RGD»>,
respectively, which were then allowed to react with excess HYNIC-OSu in the presence of
DIEA to afford the final product: K(HYNIC)2-RGD2, K(HYNIC),-3G-RGDo,
K(HYNIC),-2P-RGD, and K(HYNIC),-3P-RGD», respectively. All new cyclic RGD
peptide conjugates were purified by semi-prep HPLC (Method 1) and characterized by ESI-
MS. The mass spectral data were completely consistent with the proposed composition.
Their HPLC purities were > 95% before being used for the integrin a3 binding assay

and 9MTc-labeling.

Integrin ayB3 Binding Affinity

Figure 2 shows the displacement curves of 1251-echistatin bound to U87MG cells in the
presence of cyclic RGD peptides. For comparison purpose, ¢(RGDfK) was also evaluated in
the same assay. 1Cgq values were calculated to be 47+2, 35+2, 37+2, 85+2 and 422+15 nM
for K(HYNIC),-2P-RGD,, K(HYNIC),-3P-RGD;, K(HYNIC),-3G-RGDy, K(HYNIC),-
RGD, and c(RGDyK), respectively. The integrin a,f3 binding affinity follows the order of
K(HYNIC),-3G-RGD; ~ K(HYNIC),-2P-RGD; ~ K(HYNIC),-3P-RGD;, > K(HYNIC),-
RGD, > ¢(RGDfK) (Figure 2), which was very similar to the trend reported for HYNIC and
DOTA-conjugated cyclic RGD peptide dimers in our previous communications.33:40

Radiochemistry

Isomerism

Macrocyclic 99MTc complexes 1 — 4 were prepared (Chart 1) from the reaction of respective
K(HYNIC),-conjugated peptide with 9MTcO,4~ in the presence of excess tricine and
stannous chloride. 9MTc-Labeling was completed by heating the reaction mixture at 100 °C
for 10 — 20 min. Complexes 1 — 4 had high radiochemical purity (Table 1: RCP >95%) and
high specific activity (~150 GBg/umol) without chromatographic purification. They also
had high solution stability in the kit matrix at room temperature (Figure SI1). Excess tricine
(10 — 50 mg/vial) was required to prevent formation of [*™Tc]colloid. If the tricine
concentration was <10 mg/vial, [99™Tc]colloid formation might become significant. If the
tricine concentration was >60 mg/vial, the radiolabeling yield was also low (<90%)

for 99MTc radiotracers. Since tricine has the buffering capacity at pH = 4 — 5, there was no
need for extra buffering agent. We tried to replace tricine with N-(2-hydroxyethyl)glycine
and ethylenediamine-N,N’-diacetic acid, but the RCP for their 9°™Tc complexes was low
(<70%). Tricine remains the best with respect to RCP of 99MT¢ complexes.

Figure 3 shows radio-HPLC chromatograms of 1 — 4. Due to the asymmetric nature of
K(HYNIC), in bonding to Tc, there are several possible isomers (Figure 3: A — H). Isomers
A - D and E - H are in distinguishable in aqueous solution since the proton can be on N or
O atom. Both tricine and its Tc chelate are chiral once [*™Tc(K(HYNIC),-BM)(tricine)] is
formed. The combination of A — H with chiral centers in [*™Tc(K(HYNIC),)(tricine)] will
result in many isomers. It was not surprising that more than two radiometric peaks (Figure 3:
top) were observed in the radio-HPLC chromatograms of 1 and 2. Attempts to separate these
peaks using various chromatographic conditions (different columns, flow rates and ionic
strength) were unsuccessful. Complexes 3 and 4 always show one single radiometric peak in
their radio-HPLC chromatograms, most likely due to the much larger size of the cyclic RGD
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peptide (>2,000 Daltons) than that of [¥*™Tc(K(HYNIC),)(tricine)] (~670 Daltons). It is
important to note that one radiometric peak doesn’t necessarily mean only one isomer or one
species.

We also prepared K(HYNIC),-RGD, as the unprotected free hydrazine (Figure 4: top). The
purpose was to determine if the two hydrazone-protecting groups in K(HYNIC),-RGD,
were removed during %MTc-labeling. We found that the same macrocyclic 99MTc complex
was prepared from the free-hydrazine or hydrazone-protected K(HYNIC),-RGD», as
evidenced by their almost identical radio-HPLC profiles (Figure 4: bottom) under identical
chromatographic conditions. We believe that both hydrazone-protecting groups in
K(HYNIC), were removed during 99™Tc chelation. If the hydrazone-protecting groups in
K(HYNIC),-RGD, were not removed during 2°™Tc-labeling, macrocyclic 2°™Tc complexes
prepared from the hydrazone-protected K(HYNIC),-RGD, would have had completely
different radio-HPLC profiles (retention times and patterns) from those from the free-
hydrazine.

Biodistribution

Table 1 lists the selected biodistribution data of 1 — 5. Complex 5 was evaluated in the same
model for comparison purposes. The 60-min data were used since the blood radioactivity
was relatively low. Among the five radiotracers evaluated in this study, 1 had lowest tumor
uptake (3.78 + 0.81%ID/g) and the poorest tumor/background ratios (Table 2). The tumor
uptake of 2 — 5 was comparable within the experimental errors, which was completely
consistent with similar integrin a3 binding affinity of the corresponding cyclic RGD
peptides (Figure 2). The uptake of 2 — 4 in the kidneys, lungs and spleen was lower than that
of 5 (Table 2). These data suggest that the targeting biomolecule has significant impact on
the radiotracer uptake in both tumors and normal organs. Figure 54 compares the 60-min
biodistribution data of 4 — 6. Biodistribution data for 6 were from our previous report.32 It
was quite obvious that replacing [?*™Tc(HYNIC)(tricine)(TPPTS)] with
[#°™Tc(K(HYNIC),)(tricine)] had little impact on the radiotracer tumor uptake, but it
significantly influenced the uptake of 99MTc radiotracers in the intestines, kidneys, lungs and
spleen. Since K(HYNIC) is structurally similar to HYNIC-K(NIC), we were not surprised
that 4 and 6 shared very similar biodistribution properties in the tumor and normal organs
(Figure 5A).

Integrin ayB3 Specificity

Figure 58 compares the organ uptake (%1D/g) of 4 in the absence/presence of excess RGD,
at 60 min p.i. Co-injection of excess RGD> significantly blocked its tumor uptake (1.81 +
0.56 %1D/g with RGD> vs 8.59 £ 1.52 %ID/g without RGD,). The uptake of 4 in the
intestine was 10.30 + 5.01 %ID/g without RGD5 and 4.41 + 2.07 %ID/g in the presence of
excess RGD,. These data suggest that intestine is integrin a,p3—positive. The blood
radioactivity level was higher in animals administered with excess RGD, than that without
excess RGDo, probably due to the reduced uptake in the integrin a.,B3—positive organs.
Similar results were reported for other integrin a,Bs—targeted radiotracers. 32-40

SPECT/CT Imaging

We obtained SPECT/CT images of an athymic nude mouse bearing U87MG glioma
xenografts. Figure 6 shows the 3D and transverse views of SPECT/CT image of a glioma-
bearing mouse. The tumor (~0.2 cm?3) was clearly visualized by SPECT/CT with excellent
contrast. The tumor uptake was ~7.5 %ID/cm3 on the basis of SPECT quantification. The
tumor/muscle ratio was >10:1. The uptake of 4 in the kidneys, liver, lungs, and muscle was
relatively low. Its high intestine uptake was supported by the biodistribution data (Table 2).
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The SPECT/CT data clearly showed that 4 is an excellent radiotracer for noninvasive
imaging of U87MG gliomas with high integrin ayB3 expression on both tumor cells and the
tumor neovasculature.32:39

We examined the metabolic stability of 4 using normal mice (n = 3). The radioactivity
recovery from the urine and feces samples was > 95%. Figure 7 shows radio-HPLC
chromatograms of 4 in saline before injection (top) and in urine at 30 min p.i. (middle) and
120 min p.i. (bottom). There was very little metabolism in the urine samples at 30 and 120
min p.i. Attempts were made to isolate sufficient radioactivity from feces for HPLC; but
they were unsuccessful because > 90% of collected radioactivity was found in the urine. We
believe that 4 had a high metabolic stability during its excretion in athymic nude mice. Its
metabolic stability was similar to that reported for 6,32 most likely due to their structural
similarity (Figure 1: B and C).

DISCUSSION

In this study, we evaluated K(HYNIC), as a BFC for 99MTc-labeling of cyclic RGD peptides
and compared three chelating systems (Figure 1: A — C) with respect to the biodistribution
of their 99MT¢ radiotracers. We found that K(HYNIC),-conjugated RGD peptides had the
integrin a. B3 binding affinity comparable to that of their HYNIC analogs.34:3% A major
advantage of K(HYNIC), over the ternary ligand system (HYNIC, tricine and TPPTS) is the
use of SnCl, as a reducing agent. This is very important for #™MTc-labeling of small
biomolecules with one or more disulfide linkages, which are vital to maintain their structural
rigidity and receptor binding affinity. The use of TPPTS at elevated temperatures may
destroy the S-S disulfide bonds. The disadvantage of K(HYNIC), is that
[9°™Tc(K(HYNIC),)(tricine)] has more than 2 isomers, which were not separable under
chromatographic conditions used in this study. Similar results were also obtained for
macrocyclic complexes [#°™Tc(HYNIC-K(NIC)-BM)(tricine)].3! Future research will be
directed towards developing symmetrical bis-HYNIC analogs that form macrocyclic 9°™Tc
chelates with two or less isomers.

[#°™Tc(K(HYNIC),)(tricine)] (Molecular Weight: ~670 Daltons) has an overall neutral
charge, and is smaller than [**™Tc(HYNIC)(tricine)(TPPTS)] (Molecular Weight: ~970
Daltons). However, replacing [®*™Tc(HYNIC)(tricine)(TPPTS)] with [**MTc(K(HYNIC),)
(tricine)] had little impact on the tumor uptake of 99MTc radiotracers (Figure 5A4), suggesting
that changing 9°™Tc chelates had no adverse effect on their integrin a,,B3 binding affinity.
We also found that 4 had significantly less uptake than 5 in kidneys, lungs and spleen
(Figure 5A: p<0.05), strongly suggesting that 99MTc chelates had significant impact on
biodistribution of their 99MTc radiotracers. The metabolic stability of 4 was similar to that of
5 and 6.32:33 Our previous studies showed that the metabolic instability of 6 during
hepatobiliary excretion had little impact on its %1D/g tumor uptake and the linear
relationship between the tumor uptake of 6 and integrin a,B3 expression levels.33

Since the same macrocyclic 2°™Tc complex was prepared from K(HYNIC)»-RGD in its
unprotected and hydrazone-protected forms, we believe that the two hydrazone-protecting
groups in K(HYNIC), were removed during %MTc-labeling. Thus, [**™Tc(K(HYNIC),)
(tricine)] (Figure 1C) has a structure similar to that of [?™Tc(HYNIC-K(NIC))(tricine)]
(Figure 1B), the composition of which was confirmed by LC-MS data.3! However, it
remains unclear about the exact structure of [?™Tc(K(HYNIC),)(tricine)]. It is quite
possible that one HYNIC is monodentate and the other is bidentate in [®*MTc(K(HYNIC),)
(tricine)] (Figure 1C). Anionic monodentate pyridyldiazenido (Figure 3: A and E), neutral
bidentate pyridyldiazene (Figure 3: B and F), anionic bidentate pyridyldiazenido (Figure 3:
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C and G), and monodentate pyridiniumdiazenido (Figure 3: D and H) have been found in
many Tc(111) and Re(111) complexes,*®-51 such as [TcCl3(HN=NCsH4N)(N=NCsH4NH)]
and [ReCl,)(PPh3)(N=NCsH4N)(HN=NCsH4N)], both of which were characterized by X-
ray crystallography.#6-47 Because of bidentate HYNIC, the backbone rotations in
[#9MTc(K(HYNIC),)(tricine)] will be limited, preventing interconversion of conformational
isomers. It is not surprising that >2 radiometric peaks were observed in HPLC
chromatograms of 1 and 2 (Figure 3: A and B). However, in the absence of solid-state
structure and NMR studies, this explanation remains largely a speculation. Structure studies
of macrocyclic 29Tc complexes will help us understand the coordination chemistry of bis-
HYNIC chelators in their macrocyclic 2°™Tc complexes.

CONCLUSION

This study show that K(HYNIC), is useful as a BFC for 99MTc-labeling of small
biomolecules, such as cyclic RGD peptides. Replacing [**MTc(HYNIC)(tricine)(TPPTS)]
with [99MTc(K(HYNIC),)(tricine)] had little impact on the tumor uptake of radiotracers; but
it significantly affected the radiotracer uptake in kidneys, lungs and spleen. Since
[9°MTc(K(HYNIC),)(tricine)] exists in solution as several isomers, future research should be
directed towards developing symmetrical bis-HYNIC analogs that form macrocyclic %°™Tc
complexes with two or less isomers.
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Figure 1.

Structure of cyclic RGD peptide dimers and their 9°™Tc complexes. Structure A represents
the ternary ligand system, in which tricine and TPPTS are used as coligands to stabilize

the 99MTc-HYNIC core. Structure B represents the HYNIC-K(NIC) chelating system with
tricine as coligand to complete the octahedral coordination sphere of technetium. In this
way, the highly charged TPPTS is eliminated. Structure C represents the (HYNIC),K
chelating system, in which one HYNIC is monodentate and the other is bidentate while
tricine is tridentate. The biomolecule (BM) is a cyclic RGD peptide or non-peptide receptor
ligand. The small letter “f” in cyclic peptides represents D-phenylalanine.
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The competitive inhibition curves of 1251-echistatin bound to U87MG glioma cells in the

presence of increasing concentrations of cyclic RGD peptide. Their 1Csq values were
calculated to be 4742, 35+2, 37+2, 85+1 and 422+15 nM for K(HYNIC),-2P-RGD»,
K(HYNIC),-3P-RGD,, K(HYNIC)»-3G-RGD,, K(HYNIC),-RGD; and c(RGDyK),

respectively. The integrin a3 binding affinity follows the order: K(HYNIC),-3G-RGD, ~

K(HYNIC),-2P-RGD, ~ K(HYNIC),-3P-RGD, > K(HYNIC),-RGD; > c(RGDfK).
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Figure 3.

Top: Radio-HPLC chromatograms of 1 — 4. Bottom: Structures of possible isomers (A — H)
in macrocyclic 2MTc complexes [**MTc(tricine)((HYNIC),K-BM)] (BM = RGD, 3G-
RGD,, 2P-RGD; and 3P-RGDy).
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Representative radio-HPLC chromatograms of 1 prepared from free hydrazine (left) and
hydrazone (right). The macrocyclic 9MTc complex prepared from free-hydrazine or
hydrazone-protected K(HYNIC),-RGD» had identical radio-HPLC profiles under the same
chromatographic conditions, suggesting that both hydrazone-protecting groups in
K(HYNIC),-RGD, were removed during 2°™Tc chelation.
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A: Comparison of 60-min biodistribution data for [**MTc((HYNIC),K-3P-RGD,)(tricine)]
(4: n = 6), [99MTc(HYNIC-3P-RGD,)(tricine)] (5: n = 6) and [**MTc((HYNIC)K(NIC)-3P-
RGDy)(tricine)] (6: n = 4) in athymic nude mice bearing U87MG glioma xenografts to show
the impact of 99MT¢ chelate on biodistribution properties of 9MTc radiotracers. B:
Comparison of the selected 60-min biodistribution data of 4 in athymic nude mice (n = 6)

bearing U87MG glioma xenografts in the absence/presence of excess E[c(RGDfK)]»

(RGD,: 350 pg/mouse or 14 mg/kg) to demonstrate its specificity in binding to integrin

aP3.
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Figure®6.

The 3D and transverse views of SPECT/CT image of an athymic nude mouse bearing U87M
human glioma xenografts (~0.2 cm3). The animal was administered with ~50 MBq of 4.
There was no significant radioactivity accumulation in kidneys, liver, lungs, and muscle.
However, there was significant radioactivity accumulation in the intestines, which is
consistent with the biodistribution data (Table 2).
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Figure7.
Representative radio-HPLC chromatograms for radiotracer 4 in the saline before injection,
and in the urine at 30 min and 120 min p.i.
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Chart I.
Synthetic scheme for preparation of (HYNIC),K-conjugated cyclic RGD peptide dimers and
their macrocyclic 99MTc complexes.
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Table 1

Radiochemical purity (RCP) and HPLC retention time for 9™Tc-radiotracers.

Radiotracer | RCP (%) | HPLC Retention (min)
1 >90 145
2 >95 13.8
3 >95 14.8
4 >95 15.2
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