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Abstract 

Synthesis and In Vivo Biological 

Evaluation of 99mTc(I) Tri-carbonyl 

Based Radiopharmaceuticals for 

SPECT Imaging 

Nadeem Ahmed Lodhi 

Department of Nuclear Medicine 

College of Medicine 

The Graduate School 

Seoul National University College of Medicine 

 

 

Technetium-99m (99mTc) is extensively used radionuclide in routine nuclear medicine 

diagnostic procedures due to its optimal nuclear characteristics. Over the years many 

99mTc-based radiopharmaceuticals have been developed to improve the specificity 

and selectivity to target site without delivering unnecessary dose to non-targeted 
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tissues. Specifically, 99mTc-tricarbonyl ([99mTc][Tc(CO)3(H2O)3]+) based 

radiopharmaceuticals exhibits increased stability and efficacy due to its small size 

and kinetic inertness, and became the choice for the labeling of biomolecules. In 

addition, [99mTc][Tc(CO)3(H2O)3]+ based radiopharmaceuticals can easily be 

characterized by non-radioactive isoelectronic [Re(CO)3(H2O)3]+
 to access the safety 

and structure characteristics of 99mTc counterpart. In this dissertation we have 

described and evaluated the [99mTc][Tc(CO)3(H2O)3]+ based radiopharmaceuticals in 

vitro in cells and for SPECT imaging in vivo.  

Prostate-specific membrane antigen (PSMA) is an active biomarker 

expressed on the surface of prostate cancer (PCa) cells. In an effort to improve the 

detection and treatment of PCa, the small urea-based PSMA inhibitors have been 

studied extensively. In this view we have developed 99mTc-tricabonyl labeled urea-

based PSMA conjugates ([99mTc]Tc-15 and [99mTc]Tc-16) containing isocyanide 

(CN-R) coordinating ligand at elevated temperature. Both PSMA conjugates were 

obtained in high radiochemical efficiency (≥98.5%). High binding affinities were 

observed for [99mTc]Tc-15 and [99mTc]Tc-16 ( Kd = 5.5 and 0.2 respectively) in PSMA 

positive-expressing 22Rv1 cells in vitro. The ex vivo tissue distribution in 22Rv1 

tumor xenografts exhibited rapid accumulation of [99mTc]Tc-16 (1.87 ± 0.11% ID/g) 

at 1 h post-injection, which subsequently increased to (2.83 ± 0.26% ID/g) at 4 h post-

injection. Whereas [99mTc]Tc-15 showed moderate tumor uptake (1.48 ± 0.18% ID/g), 

which decreased at 4 h post-injection (0.81 ± 0.09% ID/g). [99mTc]Tc-16 excreted 

from non-targeted tissues with high tumor-to-blood (17:1) and tumor-to-muscle ratio 

(41:1) at 4 h, and Ca. 4 times higher compared to [99mTc]Tc-15. PSMA expressing-
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tumor and tissues significantly blocked by co-injection of 2-PMPA, warrants the 

specific accumulation of [99mTc]Tc-15 (P < 0.001) and [99mTc]Tc-16 (P < 0.001 ) 

mediated by PSMA. The whole-body single photon emission computed tomography 

images of [99mTc]Tc-16 verified the ex vivo biodistribution results and demonstrated 

clear visualization of tumor/tissue expressing PSMA compared to [99mTc]Tc-15. In 

conclusion, [99mTc]Tc-16 may be the best choice due to relatively high tumor uptake 

and retention compared to [99mTc]Tc-15 for SPECT imaging of PSMA. 

Folate receptor is frequently overexpressed in a wide variety of human cancer 

and can be used to deliver diagnostic and therapeutic agents selectively to tumor cells 

expressing FR. The aim of this study was to develop trivalent [99mTc]Tc-6 folate 

radio-conjugate containing isocyanide as coordinating ligand (CN-R), allowing folate 

receptor targeting imaging. The [99mTc]Tc-6 was purified by HPLC (>99% 

radiochemical purity) and evaluated in vitro and in vivo as a potential imaging agent 

expressing folate-receptor. It is a hydrophilic compound (LogP = -2.90) and showed 

high folate receptor binding affinity (Kd = 0.04 nM) in-vitro in KB cells. In-vivo, high 

accumulation and retention of [99mTc]Tc-6 was found in KB tumor bearing mice (5.32% 

ID/g) at 4 h post-injection. The tumor uptake was inhibited by co-injection of free 

folic acid, justify the [99mTc]Tc-6 (P = 0.001 ) uptake in tumor was mediated by folate 

receptors. [99mTc]Tc-6 was further evaluated in vivo by performing SPECT images at 

1 and 4 h post-injection. The SPECT image results obtained are in accordance with 

biodistribution data at all-time points. Based on these observations, trivalent folate 

radiotracer [99mTc]Tc-6 is expected to be a promising candidate for folate receptor 

targeting imaging. 
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Technetium-99m labeled human serum albumin (99mTc-HSA) has been 

utilized as a blood pool imaging agent in the clinic for several decades. However, 

99mTc-HSA has a short circulation time, which is a critical shortcoming for a blood 

pool imaging agent. Herein, we developed a novel 99mTc-labeled HSA with a long 

circulation time using click chemistry and a bifunctional chelator, 2,2′-dipicolylamine 

(DPA), ([99mTc]Tc-DPA-HSA). Specifically, we examined the feasibility of copper-

free strain-promoted alkyne-azide cycloaddition (SPAAC) for the incorporation of 

HSA to [99mTc][Tc (CO)3(H2O)3]+ system by adopting chelate-then click approach. In 

this strategy, a potent chelate system, azide-functionalized DPA, was first complexed 

with [99mTc][Tc(CO)3(H2O)3]+, followed by the SPAAC click reaction with 

azadibenzocyclooctyne-functionalized HSA (ADIBO‒HSA) under biocompatible 

conditions. Radiolabeling efficiency of azide-functionalized DPA ([99mTc]Tc-DPA) 

was >98%. The click conjugation efficiency of [99mTc]Tc-DPA with ADIBO‒HSA 

was between 76 and 99% depending upon the number of ADIBO moieties attached 

to HSA. In whole-body in vivo SPECT images, the blood pool uptakes of [99mTc]Tc-

DPA-HSA were significantly enhanced compared to those of 99mTc-HSA at 10 min, 

2, 6 h after the injection (P < 0.001, 0.025, and 0.003, respectively). Furthermore, the 

blood activities of [99mTc]Tc-DPA-HSA were 8 times higher at 30 min and 10 times 

higher at 3 h after the injection compared to those of conventional 99mTc-HSA in ex 

vivo biodistribution experiment. The results exhibit the potential of [99mTc]Tc-DPA-

HSA as a blood pool imaging agent and further illustrate the promise of the pre-

labeling SPAAC approach for conjugation of heat-sensitive biological targeting 

vectors with [99mTc][Tc(CO)3(H2O)3]+. 
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In conclusion 99mTc(I)-tricarbonyl core offer versatile platform for the 

synthesis of radiopharmaceuticals due to its small size and kinetic inertness with 

mono-, bi- and tridentate ligands and showed excellent stability in vitro and in vivo. 

In this dissertation 99mTc(I)-tricarbonyl based radiopharmaceuticals were successfully 

synthesized with mono- (Isocyanide) and tridentate ligands (dipicolylamine) systems 

attached to targeting vectors (PSMA, folate and HSA) and evaluated in vivo as 

potential SPECT imaging agents.   
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1. Introduction  

1.1 Technetium-99m radionuclide 

Technetium belongs to the 43rd element in transient metals group in the periodic table, 

and first synthesized by Pierre and Segre in 1937 [1]. They showed that radioactive 

isotope of element 43rd could be produced by neutron or deuteron bombardment of 

molybdenum [2]. All technetium isotopes are radioactive and technetium-99m 

(99mTc), which is isomeric transient isotope, continuous to be most versatile 

radioisotope in medical imaging due to its ideal nuclear characteristic (t1/2 = 6 h, E = 

140 keV) (Figure 1). It can be obtained conveniently from 99Mo/99mTc generator at 

low cost in the form of tetraoxo pertechnetate anion [99mTcO4]−. The generator is 

reliable and efficient source of carrier added 99mTc in high specific activity [3]. 

1.2 99mTc coordination chemistry  

The electronic configuration of 99mTc, 4d5 5S2, provides diverse complex formation 

due to its unique oxidation state from 1- to 7+ depending upon the chelator structure, 

reducing agent nature and reaction conditions [4]. Since the anion [99mTcO4]‒ being 

the most stable and unreactive electron rich anion, and there is no effective way that 

can be used to attached chelator with [99mTcO4]‒ anion [5]. Therefore, [99mTcO4]‒ must 

be reduce to lower oxidation state, typically [99mTc=O]+3, by mild reducing agent like 

sodium borohydride (NaBH4) and stannous chloride (SnCl2) , later being the most 

commonly employed reducing agent capable of producing efficient labeling of 99mTc 

with biomolecule in high radiochemical yield. 
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The 99mTc radiopharmaceuticals account for nearly 80% of diagnostic studies in 

nuclear medicine. These 99mTc radiopharmaceuticals are available for imaging almost 

all the important organs of the body, and are routinely used worldwide (Table 1).  

 

 

 

 

Figure 1. Decay scheme of 99mTc, 99Mo decay to 99mTc with a half-life of 65.98 h 
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1.2.1 99mTc Cores 

The variety of 99mTc core which have been used for the labeling of biomolecule 

including antibodies, peptides, and small molecules due to its diverse oxidation state 

(Figure 2). The one of the most important is 99mTc-oxo ([99mTc=O]3+) core which 

form stable complex in the presence of strong tetradentate N,S,O chelating agent in 

different combinations [6]. 99mTc-dioxo ([O=Tc=O]+) core forms octahedral 

complexes with polydentate ligands such as bidentate phosphine ligand [7]. The 

99mTc-nitrido ([99mTc≡N]2+) core forms between technetium(V) and N3‒-nitrido 

nitrogen atom, complexes with a variety of bidentate chelators. The [99mTc]HYNIC 

([99mTc]=N‒NH‒C5H5N) core used for the labeling of peptides and protein attached 

to monodentate ligand (2-hydrazino-nicotinic acid) in the presence of coligand such 

as tricine required to complete the coordination sphere of 99mTc [8].  

1.2.2 99mTc(I)–Tricarbonyl core  

Most recently the 99mTc(I)–Tricarbonyl core ([99mTc][Tc(CO)3(H2O)3]+) core 

attained much attention as a precursor for 99mTc radiopharmaceuticals due to versatile 

chelation chemistry [9-11]. The [99mTc][Tc(H2O)3(CO)3]+ core possesses a low 

oxidation state Tc(I) center and produced complexes that are kinetically inert and 

thermodynamically stable due to its small size [12]. In addition, in 

[99mTc][Tc(CO)3(H2O)3]+ core, water molecules can be easily substituted by suitable 

ligands (mono-, bi- or tridentate) in aqueous solution [13]. 

The conventional method for the synthesis of [99mTc][Tc(CO)3(H2O)3]+ core is based 

on reacting carbon monoxide (CO) with [99mTcO4]‒ in the presence of NaBH4 and vial 
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was heated to 75‒100 ºC for 30 min [14] (Figure 3). Since conventional method 

employed gaseous CO for the preparation of [99mTc][Tc(CO)3(H2O)3]+ which is 

unsuitable for use in clinic. Therefore, kit formulation for the production of 

[99mTc][Tc(CO)3(H2O)3]+ have been developed (commercially available as IsoLinkTM 

kit). The potassium boronaocarbonates K2[H3BCO2] in the kit act as source of CO at 

elevated temperature and also behave as reducing agent to reduced 99mTc(VII) to 

99mTc(I) (Figure 4) [15]. 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

 

 

 

 

Table 1. Characterization of 99mTc complexes used in clinic as diagnostic agents 

 

 

 

 

  

Compound Coordination 

No 

Oxidation 

state 

Electric 

Charge 

Organ/ Tissue 

Imaging 

99mTc-MAG3 5 +5 -1 Kidney 

99mTc-HMPAO 5 +5 0 Brain, white 

blood cells  

99mTc-MIBI 6 +1 +1 Myocardium  

99mTc-DTPA 6 +4 - Kidney 

99mTc-HIDA 

derivatives 

7 +5 -1 Hepatobiliary 

system 

99mTc-Phosphonates  - +4 -1 Bones 
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Figure 2. The various types of 99mTc core for the complex formation with different 

ligand attached to biomolecules [16] 
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Figure 3. Conventional method for the synthesis of 99mTc-tricarbonyl core by using 

CO and NaBH4 as reducing agent 

 

 

 

Figure 4. Kit formulation for the synthesis of 99mTc-tricarbonyl core using 

potassium boronaocarbonates as a source of CO and reducing agent  
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1.2.2.1 Ligand for [99mTc][Tc(CO)3(H2O)3]+ core 

[99mTc][Tc(CO)3(H2O)3]+ core contains three strongly coordinated CO ligand and 

three labile water molecules in the coordination sphere of 99mTc [12]. The three water 

molecules can easily be substituted in aqueous medium by suitable mono-, bi-, and 

tridentate ligand at elevated temperature (90 °C) to afford kinetic stable complexes 

against transchelation due to d6 low spin configuration of [99mTc][Tc(CO)3(H2O)3]+ 

[17, 18] (Figure 5). A wide variety of suitable tridentate ligand have been 

investigated consisting of aliphatic or aromatic amine N, a thioether S and a 

carboxylate O donor atoms in various combination to produced stable 

hexacoordinated organometallic species for in vivo applications. The single chain 

amino acid tridentate chelator (SAACs) have conjugated with small molecules and 

peptide for the labeling and showed promising results [19-21]. Alternatively, the 

completion of coordination sphere of [99mTc][Tc(CO)3(H2O)3]+ can also achieved by 

combination of bidentate ligand such as dithiocarbamate SS, and neutral one mono-

dentate ligand (phosphine, isocyanide) to form 2+1 mixed ligand complexes. The 

mixed ligand 2+1 combination is a versatile system to synthesis radiopharmaceutical 

to achieve desired properties such as high labeling yield, specificity to target tissue 

and in vivo pharmacokinetic behavior [22, 23]. 

Monodentate ligand such as isocyanide, thioesters, aromatic amine and phosphines 

coordinate with soft [99mTc][Tc(CO)3(H2O)3]+ core in metal to ligand ratio of 1:3 in 

high stability in aqueous solution, therefore allowing more than one biomolecule 

attached to 99mTc. Especially monodentate ligand isocyanide offer advantage of easy 

conjugation to biomolecules and efficiently coordinated with 99mTc [24-27].  
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Figure 5. A model Mono-, bi- and tridentate ligands for 99mTc-tricarbonyl core  
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Chapter 1. Synthesis and Evaluation of 99mTc-Labeled 

Isocyanide Conjugates for Prostate-Specific 

Membrane Antigen (PSMA) Imaging 

 

1. Background 

Prostate cancer (PCa) is the most frequently diagnosed disease and the second leading 

cause of cancer death in the United States. In, 2018, approximately 164,690 men 

diagnosed with PCa, leading to estimated death of 29,430 men [28]. Prostate 

membrane antigen (PSMA), also known as glutamate carboxypeptidase II (GCPII) or 

N-acetyl-L-aspartyl-L-glutamate peptidase I (NAALADase I), consists of 44–750 

amino acids and is a type II integral transmembrane glycoprotein (100–120 kDa) 

(Figure 6). PSMA is virtually expressed in all PCa [29] and its expression is further 

extend in metastatic, poorly differentiated, androgen independent and hormone 

refractory carcinoma [30-32]. In addition, PSMA expression levels coordinate with 

the progression, stage and the risk of disease [33, 34]. Therefore, PSMA potentially 

considered to be a promising, reliable and efficient biomarker for PCa imaging and 

therapeutic applications.  

PSMA was originally targeted with FDA-approved 111In-labeled monoclonal 

antibody (111In-capromab pendetide, ProstaScint®) for PCa imaging [35-38]. 

However, it bind to intracellular site of PSMA, and accessible to necrotic tumors and 
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cannot be used to target viable tumor cells [39, 40]. Therefore it fails to gain wide 

acceptance in the field of nuclear medicine. Consequently, humanized monoclonal 

antibody J591 that target the extracellular domain of PSMA was evaluated preclinical 

for SPECT imaging as well as radioimmunotherapeutic agent [41-44]. Despite 

improved target efficiency reported the slow pharmacokinetic and clearance of the 

antibody from non-target tissue makes it incompatible for diagnostic applications. 

Therefore, low molecular weight various scaffolds, mainly urea-based small 

molecule showed the promise to image PSMA-expressing prostate tumor xenografts 

and rapidly cleared from the non-target tissue, leading to images with striking higher 

tumor-to-background ratio [45, 46] (Figure 7). 

Over the past years, numerous urea based PSMA inhibitors have been developed as 

SPECT and positron emission tomography (PET) diagnostic agents to improve 

PSMA affinity, specificity and targeting efficacy [21, 47-55]. Several of which have 

been tested in preclinical and clinical stages for the visualization of primary, 

metastatic bone and soft tissue lesion due to PCa [56-59].  

99mTc-labeled methoxyisobutylisonitrile, 99mTc-sestamibi (99mTc-MIBI) which is a 

lipophilic complex frequently used as myocardial perfusion SPECT imaging agent in 

clinical field [60, 61]. In 99mTc-MIBI complex, 99mTc in unusual low oxidation state 

+1 and isocyanide group possesses a non-paired electron coordinated with 99mTc(I) in 

octahedral geometry. 99mTc(I) is surrounded by six individual isocyanide ligand in 

hexavalent fashion at elevated temperature to form stable octahedral complex [62] 

(Figure 8). The metal center in [99mTc][Tc(CO)3(H2O)3]+ core also possesses low 
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oxidation state +1 and isocyanide ligand can strongly coordinated with soft ligand 

with metal to ligand ratio 3:1 as demonstrated previously [24-26]. Further recently 

[99mTc][Tc(CO)3(H2O)3]+ labeled RGD peptide and nitroimidazole isocyanide 

conjugates have been reported and evaluated in vivo to display the promising of 

isocyanide as coordinating ligand for the construction of multivalent radio-conjugates 

[17, 63]. 

Herein, we have synthesized two asymmetrical urea based PSMA-inhibitors with 

different spacer containing isocyanide as coordinating ligand (15, 16) (Scheme 1, 2, 

3). The two PSMA conjugates were labeled with [99mTc][Tc(CO)3(H2O)3]+ in trivalent 

fashion (Scheme 3). 99mTc-labeled PSMA conjugates ([99mTc]Tc-15, [99mTc]Tc-16) 

were then tested in vitro for its specific PSMA uptake as well as evaluated the efficacy 

in 22Rv1 tumor xenograft as potential PSMA imaging agent in vivo. To the best of 

our knowledge, there is no previous report on the synthesis of [99mTc]Tc-15 and 

[99mTc]Tc-16. 
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Figure 6. Schematic presentation of structure of prostate-membrane antigen (PSMA) 

consisting of intracellular domain, transmembrane and extracellular region [64]. 
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Figure 7. Various PSMA inhibitor, 2-phosphonomethyl pentanedioic acid (2-PMPA) 

(1) Phosphonate (2) Urea based PSMA inhibitor (3, 4) 
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Figure 8. Structure of 99mTc-hexvalent MIBI and 99mTc-trivalent MIBI complexes 

used for myocardial perfusion studies in clinics 
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2. Method and materials 

2.1 General   

All commercially available chemicals were of analytical grade and used without 

further purification. Anhydrous dichloromethane (DCM), triethylamine (TEA), 

anhydrous methanol, triphosgene, 10% palladium on activated carbon (10% Pd/C), 

9-Fluorenylmethoxycarbonyl chloride (Fmoc-Cl), N,N-diisopropylethylamine 

(DIPEA), N,N,N′,N′-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTU), pepridine, N,N-dimethylformamide (DMF), formic 

acid, acetic anhydride, N,N-dicyclohexyalcarodiimide (DCC), trifluoroacetic acid 

(TFA), 2-(Phosphonomethyl)-pentandioic acid (2-PMPA) were purchased from 

Sigma-Aldrich, Korea. L-glutamic acid di-tert-butyl ester hydrochloride, N-ε-Cbz-L-

lysine tert-butyl ester, 6-aminiohexanoic acid, N-(9-Fluorenylmethoxycarbonyl)-L-

phenylalanine (Fmoc-Phe-OH), 2,3,5,6-tetrafluorophenol (TFP) obtained from 

Tokyo Chemical Industry CO., Ltd. Korea. 6-(Fmoc-amino)hexanoic acid (Fmoc-6-

Ahx-OH), Boc-6-aminohexanoic acid (Boc-6-Ahx-OH) were prepared according to 

method reported previously [65, 66]. 22Rv1 cells (human prostate carcinoma 

epithelial cell line) was obtained American Type Culture Collection (ATCC). 

Na[99mTcO4] was eluted from a 99Mo/99mTc generator using saline obtained from 

Unitech, Korea. The radioactive precursor [99mTc][Tc(H2O)3(CO)3]+ was prepared 

using an IsoLink kit (Paul Scherrer Institute, Villigen, Switzerland). Radio-thin layer 

chromatography (TLC) was performed with silica plates (Silica gel 60 F254, Merck 

Ltd., Korea) and counted using Bio-Scan AR-2000 system scanner (Bioscan, USA). 
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The Sep-Pak C18 cartridge (130 mg, 55–105 µm) was obtained from Waters, Ireland. 

RP-HPLC was performed with a Gilson, equipped with a 506C system interface, a 

155 UV-vis detector and 321 pumps. The operation of Gilson HPLC system is 

controlled by Trilution® software. Purification of intermediate and final compounds 

were carried out by semi-preparative XTerra RP18 10 µm (10 mm × 250 mm) column 

(Waters Co., U.S.A). The mobile phase consist of 0.1%TFA/water (solvent A), 

acetonitrile (solvent B) with a gradient method, 0–40 min, 0%–100 % B at flow rate 

5 mL/min (method1) or 0–5 min, 0% B; 5–30 min, 0%–100% B at flow rate of 3 

mL/min (method 2) or 0–35 min, 0%–100% B at flow rate 5 mL/min (method 3) or 

0–40 min, 0%–100%B at flow rate 5 mL/min (method 4) or water (solvent A), 

acetonitrile (solvent B) with a gradient method of 0–5 min, 0%B; 5–40 min, 0%–

100%B at a flow rate of 3 mL/min (method 5) or 0–30 min, 10–100% B at flow rate 

of 5 mL/min (method 6). The purification of radioactive precursor was performed 

using a Gilson HPLC system, equipped with a 506C system interface, a 155 UV-vis 

detector, and 321 pumps and radioactive detector. Purification of [99mTc]Tc-15 and 

[99mTc]Tc-16  were carried out using a semi-preparative XTerra RP18 10µm (10 mm 

× 250 mm) column (Waters Co., U.S.A). The mobile phase consisted of 0.1%TFA 

water (solvent A), 0.1%TFA methanol (solvent B) with a gradient of; 0–20 min, 0–

100%B (method 7) or 0–20 min,15–100% B; 20–25 min, 100% B (method 8) at a 

flow rate of 5 mL/min. Analytical RP-HPLC was performed on analytical XTerra 

RP18 10 µm (10 mm × 250 mm) column (Waters Co., U.S.A). The mobile phase 

consisted of 0.1% TFA water (solvent A), 0.1% TFA methanol (solvent B) with a 

gradient of; 0–20 min, 0–100% B; 20–25 min, 100% B (method 9) at a flow rate of 1 
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mL/min. Mass spectra (ESI/MS) were recorded on Thermofisher LTQ Velos 

instrument in positive ionization mode. H NMR spectra were recorded on Avance-

500 NMR spectrometer (500 MHz for 1H; Bruker, Germany) and AL 300 FT NMR 

spectrometer (300 MHz for 1H; Jeol, Tokyo, Japan). The chemical shifts are reported 

in parts per million (ppm). The following abbreviations are used for the description 

of 1H-NMR spectra: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), 

doublet of doublets (dd), triplet of doublet (td), doublet of triplet (dt), triplet of triplet 

(tt), doublet of quartets (dq), doublet of doublet of double (ddd), triplet of double of 

doublet (tdd), doublet of triplet of triplet (dtt). Micro-SPECT/CT imaging studies 

were performed on a NanoSPECT/CT plus device (Mediso, Budapest, Hungary).  

2.2 Cell culture and tumor model 

The 22Rv1 cells were cultured as monolayers in RPMI-1640 medium at 37 °C in a 

humidified atmosphere containing 5% CO2. RPMI was supplemented with 10 % fetal 

bovine serum, 4.5 g/L D-glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 1.5 

g/L sodium bicarbonate. 22Rv1 tumor xenograft were established with male BALB/c 

nude mice (3–4 week old). Briefly, approximately, 5 × 106 cultured 22Rv1 cells were 

suspended in RPMI-640 media and subcutaneously implanted (100 µL) into the upper 

right flank of mice. Growth of tumor was monitored every week and once the tumor 

reached between 100‒400 mm3 in volume (3–4 weeks), ex vivo biodistribution and 

imaging studies were performed. All animal experiments were performed in 

compliance with the Seoul National University Hospital, Seoul, Korea, which is fully 
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accredited by Association for Assessment and Accreditation of Laboratory Animal 

Care International (AAALAC, 2007). 

2.3 Chemistry 

2.3.1 Tri-tert-butyl(13S)-3,11-dioxo-1-phenyl-2-oxa-4,10,12 

triazapentadecane-9,13,15-tricarboxylate (1) 

To a solution of L-glutamic acid di-tert-butyl ester hydrochloride (2.3 g, 7.88 mmol) 

in anhydrous DCM (60 mL) was added TEA (2.6 mL, 25.7 mmol) at -78 °C and 

stirred for 30 min under nitrogen atmosphere. Triphosgene (0.8 g, 2.6 mmol) was 

added dropwise over a period of 1 h and allowed to stirred at room temperature (rt) 

for 1 h followed by addition of N-ε-Cbz-L-lysine tert-butyl ester (1.6 g, 4.7 mmol) 

containing TEA (0.4 mL, 4.7 mmol) in DCM (20 mL). The mixture was allowed to 

react overnight (18 h) and after the completion of reaction the organic layer was 

washed with saturated solution of NaHCO3 (1 × 50 mL),water (2 × 50 mL) and finally 

with brine (1 × 30 mL). Separated organic layer was dried over anhydrous sodium 

sulfate, concentrated under reduce pressure and purified by silica gel column 

chromatography using DCM and Methanol (95:5, v/v) to yield colorless oil (1.9 g, 

66%). H NMR (500 MHz, CDCl3) δ 7.37–7.27 (m, 5H), 5.13–5.07 (m, 2H), 4.32 (td, 

J = 8.4, 4.8 Hz, 2H), 3.23–3.10 (m, 2H), 2.33–2.23 (m, 2H), 1.90–1.70 (m, 2H), 1.66–

1.46 (m, 4H), 1.46 – 1.26 (m, 31H). ESI-MS, (m/z): [M+H]+, 622. 



20 

 

2.3.2 Di-tert-butyl((6-amino-1-(tert-butoxy)-1-oxohexan-2-yl)carbamoyl)-L-

glutamate (2) 

To a solution of 1 (1.5 g, 2.4 mmol) in methanol (20 mL) was added 10% Pd/C (100 

mg). The suspension was stirred for 18 h under hydrogen atmosphere. After the 

completion of reaction, Pd/C was removed by passing it though celite®. The filtrate 

obtained was concentrated under reduced pressure to obtained colorless oil 

(quantitative yield), which solidified on standing over a period of time and proceeded 

to next step without further purification. H NMR (500 MHz, CDCl3) δ 4.31–4.22 (m, 

2H), 2.34–2.30 (m, 2H), 1.89–1.77 (m, 2H), 1.77–1.62 (m, 4H), 1.58–1.47 (m, 2H), 

1.46–1.28 (m, 29H). ESI-MS, (m/z): [M+H]+, 488. 

2.3.3 tri-tert-butyl (20S)-1-(9H-fluoren-9-yl)-3,10,18-trioxo-2-oxa-4,11,17,19-

tetraazadocosane-16,20,22-tricarboxylate (3) 

To a solution of 2 (500 mg, 1.0 mmol), Fmoc-6-Ahx-OH (505 mg, 1.43 mmol) in 

DMF (15 mL) was added DIPEA (1 mL, 3.5 mmol) and stirred at 0 °C for 10 min 

under inert atmosphere. The solution of HBTU (585 mg, 1.5 mmol) in DMF (5 mL) 

was added dropwise and reaction mixture stirred for 18 h. After the completion of 

reaction ethyl acetate (50 mL) was added and organic layer washed with water (3 × 

30 mL), dried over Na2SO4, concentrated under reduce pressure. The product 

obtained was purified by silica gel column chromatography using DCM/methanol 

(97:3, v/v) to afford white solid (494 mg, 60 %). H NMR (500 MHz, CDCl3) δ 7.78–

7.74 (m, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.42–7.37 (m, 2H), 7.31 (td, J = 7.5, 1.2 Hz, 

2H), 4.39 (dt, J = 10.1, 5.2 Hz, 2H), 4.36–4.26 (m, 2H), 4.25–4.18 (m, 1H), 3.38–

3.06 (m, 4H), 2.32 (tdd, J = 13.4, 9.3, 6.3 Hz, 2H), 2.19 (dd, J = 13.8, 6.6 Hz, 2H), 
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2.11–2.03 (m, 2H), 1.88–1.75 (m, 2H), 1.58–1.33 (m, 37H). ESI-MS, (m/z): [M+H]+, 

823. 

 

 

 

 

Scheme 1. Reagents and conditons (a) Cbz-Lys-Ot-Bu, triphosgene, -78 °C‒rt, 18 h 

(b)10% Pd/C, methanol, 18 h (c) Fmoc-6-Ahx-OH, HBTU, DIPEA, 0 °C‒rt, 

overnight (d) 20% pepridine/DMF, 1 h (e) TFA:DCM (1 mL, 1:1, v/v), 18 h 
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Scheme 2. Reagents and conditions (a) Fmoc-Phe-OH, HBTU, DIPEA, 0 °C‒rt 

overnight (b) 20% pepridine/DMF, 1 h (c) Fmoc-Phe-OH, HBTU, DIPEA, 0 °C‒rt 

overnight (d) 20% pepridine/DMF, 1 h (e) Boc-6-Ahx-OH, HBTU, DIPEA, 0 °C‒RT 

overnight (f) TFA:DCM (1:1, v/v) 
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2.3.4 Di-tert-butyl ((6-(6-aminohexanamido)-1-(tert-butoxy)-1-oxohexan-2-

yl)carbamoyl)-L-glutamate (4)  

Compound 3 (500 mg, 0.6 mmol) dissolved in 20% pepridine/DMF (1 mL) and 

stirred for 1 h. The solvent was removed under vacuum and purified by HPLC 

(method 1) to afford white solid (306 mg, 80%). H NMR (500 MHz, CDCl3) δ 4.18 

(p, J = 5.0 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 2.28–2.22 (m, 2H), 2.09–1.85 (m, 2H), 

1.69 (ddd, J = 24.0, 18.3, 11.1 Hz, 6H), 1.58–1.23 (m, 37H). ESI-MS, (m/z): 

[M+H]+,601. 

2.3.5  ((5-(6-aminohexanamido)-1-carboxypentyl)carbamoyl)-L-glutamic 

acid (5) 

The compound 4 (200 mg, 0.33 mmol) dissolved in a mixture of TFA and DCM (2 

mL, 1:1 v/v) and stirred overnight. After completion of reaction, solvent was removed 

by reduce pressure and residue was purified by HPLC (method 2) to obtained white 

solid (114, 80 %) after freeze drying. H NMR (500 MHz, Methanol-d4) δ 4.27 (ddd, 

J = 31.1, 8.6, 5.0 Hz, 2H), 3.17 (t, J = 6.8 Hz, 2H), 2.91 (t, J = 7.6 Hz, 2H), 2.40 (ddd, 

J = 8.5, 6.8, 4.2 Hz, 2H), 2.20 (t, J = 7.3 Hz, 2H), 1.71–1.60 (m, 10H), 1.45–1.35 (m, 

4H).( ESI-MS, (m/z): [M+H]+ , 433. 

2.3.6 tri-tert-butyl (23S)-5-benzyl-1-(9H-fluoren-9-yl)-3,6,13,21-tetraoxo-2-

oxa-4,7,14,20,22-pentaazapentacosane-19,23,25-tricarboxylate (6)  

The compound 4 (800 mg, 1.33 mmol), Fmoc-Phe-OH (515 mg, 1.33) and DIPEA 

(0.8 mL, 4.65 mmol) dissolved in DMF (6 mL). The mixture was cooled to 0 °C and 

stirred for 10 min. HBTU (1 g, 2.7 mmol) in DMF (2 mL) was added dropwise and 
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reaction mixture was allowed to stir for 18 h. After the completion of reaction ethyl 

acetate (20 mL) was added and organic layer was washed with water (3 × 40 mL), 

dried over Na2SO4, concentrated under reduce pressure. The product obtained was 

purified by silica gel column chromatography using DCM and methanol (96:4, v/v) 

to afford white solid (839 mg, 65 %). 1H NMR (500 MHz, CDCl3) δ 7.75 (dt, J = 7.6, 

0.9 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.30–7.20 (m, 9H), 4.52–4.34 (m, 4H), 4.30 (t, 

J = 9.1 Hz, 1H), 4.18 (t, J = 7.1 Hz, 1H), 3.17 (d, J = 6.4 Hz, 2H), 3.06 (d, J = 7.2 Hz, 

2H), 2.37–2.27 (m, 2H), 2.26–2.01 (m, 4H), 1.89–1.74 (m, 2H), 1.68–1.56 (m, 2H), 

1.55–1.22 (m, 37H).ESI-MS, (m/z): [M+H]+ , 971. 

2.3.7 tri-tert-butyl (3S)-21-amino-5,13,20-trioxo-22-phenyl-4,6,12,19-

tetraazadocosane-1,3,7-tricarboxylate (7) 

A solution of 6 (300 mg, 0.3 mmol) in 20% pepridine/DMF (1 mL) was allowed to 

stirred for 1 h. The solvent was removed by under vacuum and purified by HPLC 

(method 3) to afford white solid (179 mg, 80%). H NMR (500 MHz, CDCl3) δ 7.28 

(d, J = 1.8 Hz, 1H), 7.26–7.20 (m, 4H), 4.33 (t, J = 7.3 Hz, 1H), 4.24 (dt, J = 8.7, 5.3 

Hz, 2H), 3.35–3.08 (m, 6H), 2.31 (td, J = 7.4, 6.6, 1.7 Hz, 2H), 2.16 (t, J = 6.9 Hz, 

2H), 1.66–1.50 (m, 4H), 1.49–1.28 (m, 37H). ESI-MS, (m/z):  [M+H]+,748. 

2.3.8 tri-tert-butyl (8R,26S)-5,8-dibenzyl-1-(9H-fluoren-9-yl)-3,6,9,16,24-

pentaoxo-2-oxa-4,7,10,17,23,25-hexaazaoctacosane-22,26,28-

tricarboxylate (8) 

A solution of 7 (526 mg, 0.7 mmol), Fmoc-Phe-OH (299 mg, 0.7 mmol) and DIPEA 

(0.43 mL, 4.65 mmol) in DMF (3 mL) was cooled to 0 °C and stirred for 10 min. 



25 

 

HBTU (530 mg, 1.4 mmol) in DMF (2 mL) was added dropwise over a period of 10-

min. After stirring the reaction mixture for 18 h, ethyl acetate (30 mL) was added and 

organic layer washed with water (3 × 40 mL), dried over Na2SO4, concentrated under 

reduce pressure. The product was purified by silica gel column chromatography using 

DCM and methanol (96:3, v/v) to afford white solid (531 mg, 68 %). H NMR (500 

MHz, CDCl3) δ 7.51–7.46 (m, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.30–7.11 (m, 14H), 4.68 

(d, J = 7.7 Hz, 1H), 4.51–4.29 (m, 4H), 4.21 (t, J = 8.9 Hz, 1H), 4.14 (t, J = 7.2 Hz, 

1H), 3.29–2.80 (m, 8H), 2.37–2.21 (m, 4H), 2.10–2.01 (m, 2H), 1.89–1.74 (m, 2H), 

1.62–1.26 (m, 37H). ESI-MS, (m/z): [M+H]+, 1118. 

2.3.9 tri-tert-butyl (3S,21R)-24-amino-21-benzyl-5,13,20,23-tetraoxo-25-

phenyl-4,6,12,19,22-pentaazapentacosane-1,3,7-tricarboxylate (9) 

The compound 8 (300 mg, 0.3 mmol) dissolved in 20% pepridine/DMF solution (1 

mL) and stirred for 1 h. The solvent was removed by under vacuum and purified by 

HPLC (method 4) to afford white solid (215 mg, 90%). H NMR (500 MHz, CDCl3) 

δ 7.25–7.09 (m, 10H), 4.58 (q, J = 7.6 Hz, 1H), 4.30 (d, J = 10.3 Hz, 2H), 3.30 (dd, J 

= 13.5, 6.9 Hz, 1H), 3.21–3.00 (m, 6H), 2.93–2.83 (m, 1H), 2.36–2.22 (m, 2H), 2.10 

(dtt, J = 35.8, 14.2, 7.6 Hz, 4H), 1.86–1.67 (m, 2H), 1.49–1.14 (m, 37H). ESI-MS, 

(m/z): [M+H]+, 896. 
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2.3.10 tri-tert-butyl (16R,34S)-13,16-dibenzyl-2,2-dimethyl-4,11,14,17,24,32-

hexaoxo-3-oxa-5,12,15,18,25,31,33-heptaazahexatriacontane-30,34,36-

tricarboxylate (10) 

 To a solution of 9 (150 mg, 0.2 mmol), Boc-6-Ahx-OH (42 mg, 0.2 mmol) and 

DIPEA (0.1 mL, 0.6 mmol) in DMF (2 mL) was cooled to 0 °C. HBTU (127 mg, 1.4 

mmol) in DMF (1mL) was added dropwise. After stirring the reaction mixture for 18 

h, ethyl acetate (15 mL) was added and organic layer washed with water (3 × 20 mL), 

dried over Na2SO4, concentrated under reduce pressure. The mixture was purified by 

silica gel column chromatography using DCM and MeOH (96:3, v/v) to afford white 

solid (155mg, 70%). H NMR (500 MHz, CDCl3) δ 7.26–7.10 (m, 10H), 4.74–4.58 

(m, 3H), 4.45 (q, J = 6.5 Hz, 2H), 3.25–2.82 (m, 9H), 2.39–2.15 (m, 5H), 2.09 (dt, J 

= 13.0, 6.5 Hz, 4H), 1.92–1.71 (m, 2H), 1.68–1.30 (m, 52H). ESI-MS, (m/z): [M+H]+, 

1109. 

2.3.11 (3S,21R)-31-amino-21,24-dibenzyl-5,13,20,23,26-pentaoxo-

4,6,12,19,22,25-hexaazahentriacontane-1,3,7-tricarboxylic acid (11) 

The compound 10 (50 mg, 0.05) dissolved in a mixture of TFA and DCM (2 mL, 1:1, 

v/v) and stirred overnight. After completion of reaction, solvent was removed by 

reduce pressure and residue was purified by RP-HPLC (method 4). Freezing drying 

resulted in final product as white solid (34 mg, 90%). H NMR (500 MHz, Methanol-

d4) δ 7.34–7.11 (m, 10H), 4.69–4.47 (m, 2H), 4.30 (ddd, J = 14.8, 8.4, 4.9 Hz, 2H), 

3.21–3.13 (m, 2H), 3.08 (ddt, J = 13.4, 6.8, 2.9 Hz, 4H), 2.99–2.74 (m, 4H), 2.41 

(ddd, J = 8.2, 6.9, 1.9 Hz, 2H), 2.21–2.08 (m, 4H), 1.96–1.77 (m, 2H), 1.61 (s, 2H), 

1.58–1.12 (m, 16H). ESI-MS, (m/z): [M+H]+, 841. 
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2.3.12 3-formamidopropanoic acid (12)   

-Alanine (5 g, 48.5 mmol) dissolved in formic acid (40 mL) and acetic anhydride 

(25 mL) was added dropwise. The mixture was refluxed for 3 h and solvent was 

removed in vacuum to obtained oily residue which solidified by adding cooled diethyl 

ether (30 mL). Purification was achieved by silica gel chromatography (DCM: 

methanol, 4:1, v/v) to afford compound 12 as white solid (3 g, 55%). H NMR (300 

MHz, DMSO-d6) δ 7.98 (s, 1H), 3.26 (t, J, 6.8, 2H), 2.39 (t, J = 6.8 Hz, 2H). 

2.3.13 2,3,5,6-tetrafluorophenyl 3-formamidopropanoate (13) 

A solution of 12 (500 mg, 4.27 mmol) and TFP (780 mg, 4.7 mmol) in anhydrous 

DMF (10 mL) was cooled to 0 °C and DCC in DMF (3 mL) was added dropwise over 

a period of 10 min. The reaction mixture stirred in an ice bath for 10 min followed by 

stirring at RT for 24 h. Resulting N,N-dicyclohexylurea was removed by filtration, 

and ethyl acetate (50 mL) was added to filtrate. The organic layer washed with water 

(40 mL × 3), dried over Na2SO4 and concentrated under vacuum which was  purified 

by silica gel chromatography (ethyl acetate: hexane, 3:2, v/v) to give 13 as white solid 

(680 mg, 60%). H NMR (300 MHz, CDCl3) δ 8.21 (s, 1H), 7.09 – 6.95 (m, 1H), 3.72 

(t, 5.9, 2H), 2.99 (t, J = 5.9 Hz, 2H). 

2.3.14 2,3,5,6-tetrafluorophenyl 3-isocyanopropanoate (14) 

To an ice-cooled solution of 13 (2 g, 7.7 mmol) in anhydrous DCM (50 mL) was 

added TEA (2.7 mL, 19.25 mmol) and stirred for 10 min under nitrogen atmosphere. 

Triphosgene (913 mg, 3.1 mmol) was added dropwise over a period of 30 min. The 

mixture was stirred for 1.5 h at 0 °C. After completion of the reaction, DCM (20 mL) 
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was added and the organic layer was washed with saturated NaHCO3 (50 mL × 1), 

water (50 mL × 2) and finally with brine (20 mL × 1). The separated organic was 

dried over Na2SO4, concentrated under reduced pressure. Purification by silica gel 

column chromatography by Hexane and ethyl acetate (4:1, v/v) give 14 as light 

yellow solid (1.2 g, 60%). H NMR (300 MHz, Chloroform-d) δ 6.98 (m, 1H), 3.77 (t, 

J = 6.8 Hz, 2H), 3.07 (t, J = 6.8 Hz, 2H).  

2.3.15 (3S)-22-isocyano-5,13,20-trioxo-4,6,12,19-tetraazadocosane-1,3,7-

tricarboxylic acid (15) 

The compound 5 (90 mg, 0.2 mmol) and DIPEA (88 µL, 0.5 mmol) dissolved in 

anhydrous methanol (2 mL), and stirred for 10 min at rt. The compound 14 (77 mg, 

0.3 mmol) in anhydrous methanol (1 mL) was added dropwise and stirred under 

nitrogen atmosphere for 5 h. The solvent was removed by rotary evaporator and 

product was purified by RP-HPLC (method 5), and lyophilized to obtain title 

compound as oil (35 mg, 34%). H NMR (500 MHz, Methanol-d4) δ 4.23 (ddd, J = 

18.8, 8.6, 4.9 Hz, 2H), 3.13 (t, J = 6.7 Hz, 2H), 2.87 (t, J = 7.7 Hz, 2H), 2.40–2.31 

(m, 2H), 2.16 (t, J = 7.3 Hz, 2H), 1.90–1.72 (m, 2H), 1.66–1.27 (m, 14H). ESI-MS, 

(m/z): [M+H]+, 514. 

2.3.16 (3S,21R)-21,24-dibenzyl-35-isocyano-5,13,20,23,26,33-hexaoxo-

4,6,12,19,22,25,32-heptaazapentatriacontane-1,3,7-tricarboxylic acid 

(16) 

To a solution of 11 (35 mg, 0.039 mmol) in anhydrous methanol (1 mL) was added 

DIPEA (17.32 µl, 0.1 mmol) and stirred at rt for 10 min. To stirred solution was added 
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14 (14 mg, 0.05 mmol) in methanol (1 mL) and continue to stirred for 5 h. After 

completion of reaction, solvent was removed by rotary evaporator and purified by 

HPLC (method 6) to give white solid (14 mg, 40%). H NMR (500 MHz, Methanol-

d4) δ 7.22 (dq, J = 14.6, 7.0 Hz, 10H), 4.56 (ddd, J = 14.1, 8.9, 6.0 Hz, 2H), 4.24 (td, 

J = 7.7, 4.8 Hz, 2H), 3.25–2.88 (m, 12H), 2.54 (s, 2H), 2.38 (ddd, J = 8.7, 6.6, 2.7 Hz, 

2H), 2.17–2.06 (m, 4H), 1.59 (ddd, J = 30.6, 14.5, 7.2 Hz, 4H), 1.46–1.14 (m, 

16H).ESI-MS, (m/z): [M+H]+, 921. 

2.3.17 Syntheses of Re-15 and Re-16 complexes  

The cold rhenium precursor [Re(CO)3(H2O)3]Br was synthesized according to a 

previously reported method with modification [67]. Briefly, 

bromopentacarbonylrhenium(I) (100 mg, 0.25 mmol) was refluxed for 24 h in 

deionized water (5 mL) to afford [Re(CO)3(H2O)3]Br at final concentration of 2 

mg/mL. For synthesis of Re-15, to a solution of precursor 15 (11 mg, 0.02 mmol) in 

water (2 mL) was added [Re(CO)3(H2O)3]Br (400µL, 1 µmol) and heated for 4 h at 

100 °C. For synthesis of Re-16, to a solution of 16 (10 mg, 0.01mmol) in mixture of 

acetonitrile and water (3 mL, 1:1 v/v) was added [Re(CO)3(H2O)3]Br (400µL, 1 µmol) 

and heated at 100 °C for 3 h. The resulted mixture was concentrated in a rotary 

evaporator and injected in to RP-HPLC (method 7 or method 8). 
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Scheme 3. Reagents and conditons (a) fomic acid, acetic anhydride, refluxed, 3 h (b) 

2,3,5,6-tetrafluorophenol, DCC, DMF, RT, 24 h (c) triphosgene, DCM, TEA, 0 °C, 

1.5 h (d) 5, DIPEA, rt, 5 h (e) 10, DIPEA, rt, 5 h (f) [Re(CO)3(H2O)3]Br (g) 

[99mTc]Tc(H2O)3(CO)3]+ 
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2.4 Radiolabeling  

2.4.1 Preparation of [99mTc]Tc-15 and [99mTc]Tc-16 

 [99mTc][Tc(H2O)3(CO)3] precursor was prepared using IsoLink kit. A kit containing 

sodium tetraborate decahydrate (2.9 mg), sodium carbonate (7.8 mg), potassium 

sodium tartrate tetrahdyrate (9.0 mg) and disodium boranocarbonate (4.5 mg) was 

added [99mTcO4]‒ (1 mL, 555–740 MBq). The vial was heated on heating block at 

100 °C for 30 min and equilibrated at rt for 10 min. The pH (6−6.5) was adjusted by 

addition of 1 N HCl (200 µL). The radiochemical purity was determined by radio-

HPLC (method 7 or 8). A freshly prepared solution of [99mTc][Tc(H2O)3(CO)3]+ (500 

µL, 370 MBq) was added to a vial containing 15 or 16 in a mixture of methanol and 

water (100 µg, 200µL, 3:1 v/v). The vial was heated for 30 min at 100 °C followed 

by purification by radio-HPLC (method 7 or 8). The eluted fraction containing 99mTc-

labeled conjugates were collected and diluted with water (20 mL) and passed through 

Sep-Pak C18 cartridge which was preconditioned with ethanol (12 mL) and water (12 

mL). After washing Sep-Pak C18 cartridge with water (5 mL) the 99mTc-labeled 

conjugate eluted with ethanol (1 mL) and diluted with saline for further in vitro and 

imaging studies.  

2.5 In vitro stability studies in serum 

In vitro stability of 99mTc-labeled conjugates were tested in human serum. In brief, 

[99mTc]Tc-15 or 16 (25.9 MBq, 200µL) was incubated with human serum (500 µL) 

in an incubator at 37 °C with gentle shaking. After 1, 3 and 6 h an aliquot of the 



32 

 

solution (50µL) was added to methanol (100µL). The resulting supernatant was 

centrifuged and radiochemical purity was determined by radio-TLC and radio-HPLC.  

2.6 Determination of distribution coefficient (LogD value) 

The distribution coefficient (LogD value) of the 99mTc-labeled conjugates were 

determined by measuring the activity that partitioned between the 1-octanol and PBS 

(50 mM, pH 7.4) under equilibrium conditions. Briefly, [99mTc]Tc-15 or [99mTc]Tc-

16 were purified by radio-HPLC and solvent was removed by rotary evaporator and 

residue obtained was dissolved in 3 mL PBS (50 mM, pH 7.4) to a concentration of 

2.5 MBq/mL in a triplicate. Anhydrous 1-octanol was added (3 mL) of and the 

mixture was vortexed for 5 min. The mixture was then then centrifuged at 3300 r/min 

for 5 min to separate the layers. The counts in samples of both organic and inorganic 

layers (100 µL) was determined by automatic -counter. The LogD was calculated 

using the following equation LogD = Log (cpm in octanol-cpm in background)/(cpm 

in buffer-cpm in background) 
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Figure 9. Radio-HPLC profile (A) [99mTc]Tc(H2O)3(CO)3]+ (B) [99mTc]Tc-15 by 

gradient method 5, radiochemical purity > 98.5% 

 

Figure 10. Radio-HPLC profile (A) [99mTc]Tc(H2O)3(CO)3]+ (B) [99mTc]Tc-16 , 

gradient elution method 6 
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2.7 In vitro binding affinity (Kd) 

To evaluate the binding affinity of [99mTc]Tc-15 and [99mTc]Tc-16, Kd was 

investigated by saturation binding assay. The 22Rv1 cells (1 ×105 cells/well, 1 mL) 

were plated into a 24-well flat-bottom plate and allowed to form adherent monolayers 

for 24 h before the binding experiment. The medium in each well was then replaced 

with HBSS supplemented with 1% BSA, containing increasing concentrations of 

[99mTc]Tc-15 or [99mTc]Tc-16 in serial dilution. The cell were incubated for 1 h at 

37 °C with shaking. After 1 h, the media were aspirated and the cells were washed 

with HBSS (3 mL × 2) to remove unbound activity. Cells were lysate by adding 

sodium dodecyl sulfate (0.5 % in PBS, 500 µL) to each well and mixed to gently 

dissolve cells and transferred to plastic tubes (4 mL). The radioactivity of each sample 

was counted by -counter (Cobra II automated -counter), along with reference 

samples which contained the total amount of original added radioactivity. Non-

specific binding was determined in the presence of 2-PMPA (250 µM). Specific 

binding was calculated by subtracting the non-specific bound radioactivity from that 

of the total binding. The Kd was calculated by non-linear regression using GraphPad 

Prism 7 (GraphPad Software Inc., San Diego, CA, USA) using one site binding 

equation. 

2.8 Ex vivo biodistribution study  

The ex vivo biodistribution of [99mTc]Tc-15 or [99mTc]Tc-16 were evaluated in 22Rv1 

tumor-bearing male nude mice (22‒25 g). [99mTc]Tc-15 or [99mTc]Tc-16 (74 kBq, 100 
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µL) was administered via a lateral tail vein in each mice. The mice were sacrificed at 

1 and 4 h post-injection. The interested tissues and organs were excised and collected. 

The collected tissues and organs were washed with saline, dry, weighed and counted 

using automatic -counter. In order to confirm the specific uptake of, mice were co-

injected 2-PMPA (100 µg). The uptake in each tissues and organ was expressed as 

the percentage of the injected dose per gram (% ID/g). The standard solution was also 

prepared to estimate the total dose injected per mice. Values were expressed as mean 

± standard deviation (SD) for four animals.  

2.9 SPECT/CT imaging  

The SPECT/CT images were performed at 1 and 3 h for [99mTc]Tc-15 (7.4 MBq/ 200 

µL) and for [99mTc]Tc-16 (7‒6 MBq/ 200 µL) images were acquired at 1 and 4 h after 

the administration of 99mTc-labeled conjugate to 22Rv1 tumor-bearing BALB/c male 

nude mice through the tail vein. For blocking experiment, mice were co-injected with 

potent inhibitor 2-PMPA (100 µg) to confirm uptake in the tumor was PSMA 

mediated. For SPECT/CT image mice was anesthetized with isoflurane and scanned 

with NanoSPECT/CT device. The scanning parameters for each imaging modality 

employed a -ray energy window of 140 keV ± 10%, a matrix size of 256 × 256, an 

acquisition time of 5 sec per angular step of 18° and a reconstruction algorithm of 

ordered subset expectation maximization with 9 iterations. For integrated CT, a tube 

voltage of 45 kVp, an exposure time of 1.5 sec per projection, and a reconstruction 

algorithm of cone-beam filtered back-projection was used. Image were prepared 

using Invivoscope post-processing software. A Gauss reconstruction filter was 
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applied to the SPECT images. The SPECT/CT images are presented with the scale 

adjusted to allow visualization of the most important organs and tissues. 

2.10 Statistical Analysis  

Statistical analysis was performed by student’s t-test using prims software. The 

difference was considered statistically significant when the p value ≤ 0.05 
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3. Results 

3.1 Chemistry  

Asymmetrical urea 1 was synthesized by reacting L-glutamic acid di-tert-butyl ester 

hydrochloride with triphosgene in the presence of TEA at -78 °C to give intermediate 

isocyanate, which subsequently treated with N-ε-Cbz-L-lysine tert-butyl ester to 

provide 1 after purification by silica gel chromatography. The carbobenzoxy (Cbz) 

protecting group was removed by catalytic hydrogenation to give 2 in quantitative 

yield and reacted with Fmoc-6-Ahx-OH in the presence of coupling agent (HBTU) 

and DIPEA to yield 3. After selective removal of Fmoc group with 20% 

pepridine/DMF to give 4. The tert-butyl group was removed for the synthesis of 15 

PSMA conjugate to afford 5. For synthesis of 16 PSMA conjugated 4 was coupled 

with Fmoc-Phe-OH using HBTU and DIPEA to yield compound 6. This followed by 

selective deprotection of Fmoc group (20% pepridine/DMF) to give 7. The compound 

7 was subjected to another coupling of Fmoc-Phe-OH group by treating it with HBTU 

in the presence of base (DIPEA) to provide 8, followed by removal of Fmoc group to 

give 9. This compound was then treating with 6-Boc-aminohexanoic acid in the 

presence of coupling agent (HBTU) and DIPEA to yield 10 followed by simultaneous 

remove of Boc and tert-butyl groups using a solution of TFA/DCM (1:1 v/v) to afford 

compound 11. 

The synthesis of TPF-activated isocyanide and conjugation with 5 or 11 was 

accomplished in four steps (Scheme 3). First, formylation of -alanine was achieved 

by refluxing it in a mixture of formic acid and acetic anhydride to give 12. The 
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carboxylic acid group was activated with TFP to provide formyl TFP-activated ester 

13. Formyl group is converted to isocyanide by dehydrating agent (triphosgene) to 

give 14. Finally, isocyanide was conjugated to 5 or 11 in the presence of DIPEA to 

yield final PSMA conjugates 15 and 16 after purification by RP-HPLC. The identity 

of Intermediate compounds and final precursor were confirmed by H NMR and 

ESI/MS. 

3.2  Radiolabeling  

[99mTc][Tc(I)(OH2)3(CO)3]+ precursor was prepared in ≥98.5% radiochemical 

efficiency. The [99mTc]Tc-15 and [99mTc]Tc-16 consistently produced in high 

radiochemical efficiency (≥98.5%) which was subsequently purified by radio-HPLC 

to give [99mTc]Tc-15 or [99mTc]Tc-16 in ≥ 99.5% radiochemical purity (Figure 9, 10).  

3.3 In vitro serum stability and distribution coefficient (LogD value)  

In vitro stability of [99mTc]Tc-15 or [99mTc]Tc-16 were tested in human serum at 37 °C.  

99mTc-labeled conjugates showed high stability in serum over a time period of 6 h 

(Figure 11A, B). The radiochemical purity remained almost unchanged and ≥98.5% 

99mTc remain intact with precursor. Distribution coefficient (LogD) were determined 

by partitioning [99mTc]Tc-15 or [99mTc]Tc-16 between 1-octanol and PBS (pH 7.4) 

under equilibrium condition. The measured LogD value of [99mTc]Tc-15 and 

[99mTc]Tc-16 were found to be -3.72 ± 0.05 and -2.10 ± 0.03 respectively (Table 2). 
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Figure 11. In vitro stability of (A) [99mTc]Tc-15 (B) [99mTc]Tc-16 in human serum at 

1, 3 and 6 h incubation at 37 °C determined by radio-TLC/SG developed with 

methanol and HCl (99:1, v/v) and radio-HPLC 
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Figure 12. Saturation binding curve (A) [99mTc]Tc-15 (B) [99mTc]Tc-16. The 22Rv1 

(1 × 105) cells were incubated at 37 °C for 1 h by increasing concentration of 

radiotracers. Kd value were determined by non-linear regression 
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3.4 In vitro binding affinity (Kd) 

The saturation binding analysis was conducted to determine the binding affinity of 

[99mTc]Tc-15 or [99mTc]Tc-16 using 22Rv1 cells (Figure 12 A, B). The specific 

binding is determined by subtracting total binding from non-specific binding by 

blocking it with 2-PMPA (250 M). The binding affinity Kd of [99mTc]Tc-15 and 

[99mTc]Tc-16 value determined by nonlinear regression were 5.5 ± 0.99 and 0.2 ± 

0.01 nM respectively (Table 2). 

3.5 Ex vivo biodistribution 

The ex vivo biodistribution study of [99mTc]Tc-15 and [99mTc]Tc-16 were performed 

in 22Rv1 tumor bearing xenograft at 1 and 4 h post-injection (Table 3, 4). Both 

radiotracers [99mTc]Tc-15 and [99mTc]Tc-16 showed significant uptake in tumor (1.48 

± 0.18 %ID/g) and (1.87 ± 0.11% ID/g) at 1 h post-injection respectively. At 4 h post-

injection, decreased tumor uptake was observed for [99mTc]Tc-15 (0.81 ± 0.09) 

whereas [99mTc]Tc-16 showed significantly increased in tumor uptake (2.83 ± 0.26% 

ID/g). 

Table 2. Properties of [99mTc]Tc-15 and [99mTc]Tc-16, partition coefficient and 

binding affinity 

99mTc-labeled conjugates LogD 
PSMA binding affinity 

(Kd) 

[99mTc]Tc-15 -3.72 ± 0.05 5.5 ± 0.99 

[99mTc]Tc-16 -2.10 ± 0.03 0.2 ± 0.01 
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Table 3. Biodistribution and uptake ratios of [99mTc]Tc-15 PSMA-targeted 22Rv1 

tumor bearing BALB/c male nude mice at 1 and 4 h 

Tissues  1 h 4 h 1 h Blockade 4 h Blockade 

Blood 0.60 ± 0.02 0.31 ± 0.02 0.52 ± 0.09 0.31 ±  0.01 

Muscle 0.17 ± 0.07 0.08 ± 0.01 0.11 ± 0.02 0.08± 0.01 

Tumor 1.48± 0.18 0.81 ± 0.09 0.38 ± 0.12*** 0.20± 0.04*** 

Heart 0.22 ± 0.02 0.12 ± 0.01 0.16 ± 0.03 0.10 ± 0.01 

Lung 0.64 ± 0.02 0.30 ± 0.04 0.61 ± 0.20 0.30 ± 0.05 

Liver 0.94 ± 0.05 0.85 ± 0.05 0.84 ± 0.12 0.84 ± 0.03 

Spleen 0.90 ± 0.14 0.26 ± 0.06 0.15 ± 0.03 0.16 ± 0.01 

Stomach 0.31 ± 0.07 0.15 ± 0.02 0.17 ± 0.04 0.14 ± 0.01 

Intestine 0.78 ± 0.07 0.81 ± 0.19 0.55 ± 0.13 0.97 ± 0.20 

Kidney 59.59± 8.45 13.72 ± 5.45 4.22 ± 1.30*** 1.44 ± 0.09* 

Bone 0.34 ± 0.02 0.16 ± 0.03 0.26 ± 0.07 0.20 ± 0.03 

Tumor/blood 2.5 ± 0.18  2.6 ± 0.13 0.73 ± 0.18 0.65 ± 0.13 

Tumor/muscle  8.5 ± 2.80 10.4 ± 0.77  3.5 ± 0.50 2.71 ± 0.78 

Tumor/liver  1.57 ± 0.15 0.96 ± 0.13  0.45 ± 0.10 0.24 ± 0.04 

Tumor/kidney 0.02 ± 0.00 0.06 ± 0.02  0.09 ± 0.02 0.14 ± 0.03 

Results are expressed as %ID/g (mean ± SD for n = 3). The blocked studied were 

performed by co-injection of 2-PMPA (100 µg). P value between groups are ***P < 

0.001, **P < 0.01, *P < 0.05, P value are between targeted and blockade groups.  

 

 

 



43 

 

 

 

 

Table 4. Biodistribution and uptake ratios of [99mTc]Tc-16 PSMA-targeted 22Rv1 

tumor bearing BALB/c male nude mice at 1 and 4 h 

 

Results are expressed as % ID/g (mean ± SD for n = 4). The blockade studied were 

performed by co-injection of 2-PMPA (100 µg). The significance differences 

between groups was ***P < 0.001, **P < 0.01, P value are between targeted and 

blockade groups.  

Tissues  1 h 4 h  1 h Blockade 4 h Blockade 

Blood 0.42 ± 0.01 0.17 ± 0.03 0.75 ± 0.08 0.15 ± 0.01 

Muscle 0.13 ± 0.02 0.07 ± 0.01 0.22 ± 0.06 0.05 ± 0.01 

Tumor 1.87 ± 0.11 2.83 ± 0.26 0.45 ± 0.02*** 0.39 ± 0.03*** 

Heart 0.36 ± 0.01 0.25 ± 0.05 0.48 ± 0.05 0.11 ± 0.01 

Lung 0.52 ± 0.05 0.36 ± 0.04 1.63 ± 0.10 0.45 ± 0.04 

Liver 1.17 ± 0.04 0.69 ± 0.11 1.95 ± 0.07 1.33 ± 0.15 

Spleen 3.40 ± 0.93 3.44 ± 0.23 0.40 ± 0.03 0.20 ± 0.04 

Stomach 0.85 ± 0.23 0.42 ± 0.04 1.04 ± 0.26 0.23 ± 0.04 

Intestine 0.47 ± 0.06 1.48 ± 0.18 0.85 ± 0.07 1.26 ± 0.14 

Kidney 24.66 ± 2.17 39.65 ± 6.86 5.66 ± 0.63** 3.59 ± 0.52*** 

Bone 0.63 ± 0.03 1.04 ± 0.15 1.16 ± 0.08 0.47 ± 0.12 

Tail 0.49 ± 0.10 0.48 ± 0.12 1.18 ± 0.14 0.53 ± 0.06 

Tumor/blood 4.43  ± 0.39 16.70 ± 1.36 0.61 ± 0.07 2.67 ± 0.25 

Tumor/muscle 14.05 ± 1.78 40.43 ± 3.97 2.16 ± 0.43 8.44 ± 1.52 

Tumor/liver 1.60 ± 0.13 4.17 ± 0.36 0.23 ± 0.02 0.30 ± 0.04 

Tumor/kidney 0.08 ± 0.01 0.07 ± 0.01 0.08 ± 0.01  0.11 ± 0.01 
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As expected, highest accumulation of activity for 99mTc-labeled conjugates were 

observed in kidney (59.59 ± 8.45% ID/g for [99mTc]Tc-15 and 24.66 ± 2.17% ID/g 

for [99mTc]Tc-16) at 1 h post-injection. However, at 4 h post-injection the kidney 

uptake for [99mTc]Tc-15 decreased (13.72 ± 5.45% ID/g), in contrast [99mTc]Tc-16 

showed increased in kidney uptake (39.65 ± 6.86% ID/g). Furthermore, [99mTc]Tc-15 

showed lower splenic uptake take at all-time point compared to [99mTc]Tc-16. In 

blockade study the tumor uptake value were significantly reduced to background 

level by co-injection of 2-PMPA (0.38 ± 0.12 and 0.20 ± 0.04 for [99mTc]Tc-15) and 

(0.45 ± 0.02% ID/g and 0.39 ± 0.03% ID/g for [99mTc]Tc-16) at 1 h and 4 h post-

injection. In addition, kidney uptake is almost cleared (4.22 ± 1.30% ID/g and 1.44 ± 

0.09% ID/g for [99mTc]Tc-15)and (5.66 ± 0.63% ID/g and 3.59 ± 0.52% ID/g for 

[99mTc]Tc-16) 1 and 4 h post-injection respectively. The uptake in the liver was 

relatively low for both 99mTc-labeled conjugates which was further decreased at 4 h 

post-injection. 

3.6 SPECT Imaging 

In order to further validate the capability of [99mTc]Tc-15 and [99mTc]Tc-16 to target 

PSMA in vivo was evaluated by whole-body SPECT/CT image in 22Rv1 tumor-

bearing BALB/c male nude mice (Figure 13A, 14A). [99mTc]Tc-15 and [99mTc]Tc-16 

were rapidly cleared via renal pathway and [99mTc]Tc-16 enabled the visualization of 

PSMA-expressing 22Rv1 tumor with excellent tumor to background contrast. 

However, [99mTc]Tc-15 failed to visualized tumor. The tumor uptake was completely 

blocked by co-injection of 2-PMPA (Figure 13B, 14B). 
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Figure 13. Whole-body SPECT/CT image of [99mTc]Tc-15 in PSMA-targeted 22Rv1 

tumor bearing mice at 1 and 3 h post-injection (A) [99mTc]Tc-15 alone (B) Blockade 

by co-injection of 2-PMPA (100 µg). The arrow indicate the PSMA expressing tumor 

site. 
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Figure 14. Whole-body SPECT/CT image of [99mTc]Tc-16 in PSMA-targeted 

22Rv1 tumor bearing mice at 1 and 4 h post-injection (A) [99mTc]Tc-16 alone (B) 

Blockade study by co-injection of 2-PMPA (100 µg). The arrow indicate the PSMA 

expressing tumor site. 
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4. Discussion 

Prostate membrane antigen (PSA) is a useful serum biomarker used for the detection 

of PCa with elevated PSA [68]. However, PSA level does not provide information 

about stage, progression and severity of disease [69]. PSMA which expressed on wide 

variety of PCa and its expression correlated with disease stage’ and plays an 

important role in early detection of PSMA-positive lesion in patients. It have been 

reported, the glutamate moiety on urea-based PSMA inhibitor interacts with S1′ 

binding pocket and lipophilic spacer interacts with the S1 binding pocket of PSMA, 

which is funnel-shaped tunnel with a depth of approximately 20 Å and width of 8‒9 

Å [70-72]. The synergetic effect of glutamate motif and lipophilic spacer determined 

the internalization potency of PSMA inhibitor. Therefore, many efforts have been 

made to improve the affinity and pharmacokinetic properties by introducing various 

spacers into the PSMA targeting molecule [73-75].  

Considering the important of hydrophobic motif in a targeting molecule, in this study 

we have synthesized asmymmertical glutamate-urea-lysine based PSMA inhibitor 

containing aromatic ring (Phe-Phe) in the linker (10) and compared it to PSMA 

inhibitor containing straight alkyl chain (5). Isocyanide ligand was incorporated to 

PSMA inhibitors (10, 5) to obtained 15 and 16 which was labeled with 

[99mTc][Tc(OH2)3(CO)3]+  core in 3:1 ligand to metal ratio. The isocyanide 

coordinated with [99mTc][Tc(OH2)3(CO)3]+  in high radiochemical efficiency. Under 

optimized radiolabeling condition, [99mTc]Tc-15 and [99mTc]Tc-16 were obtained in 

≥ 98.5% radiochemical efficiency, which was subsequently purified by radio-HPLC 
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in high radiochemical purity (≥ 99.5%) with no carrier added product (Figure 9,10). 

In order to validate the structure of [99mTc]Tc-15 and [99mTc]Tc-16 complexes 

macroscale reaction was carried out with cold [Re(CO)3(H2O)3]+, a 99mTc analogues 

having similar chemistry, for standard chemical characterization. The comparative 

HPLC profile of Re-15 and Re-16 are correlated well with the respective radioactive 

analogues [99mTc]Tc-15 and [99mTc]Tc-16 complexes suggesting that [99mTc]Tc-15 

and [99mTc]Tc-16 possessed the proposed trivalent structure.  

It is very important to investigate the stability of 99mTc-labeled conjugates in view of 

future clinical applications. [99mTc]Tc-15 and [99mTc]Tc-16 demonstrated high 

stability in serum up to 6 h with no sign of decomposition of complex due to well-

known fact that isocyanide complexes are highly stable and inert under physiological 

condition. The hydrophilicity usually reported in LogD which is an important 

predictor to determine the pharmacokinetics of radiopharmaceutical and usually 

measured by partitioning radiotracer between 1-octanol and PBS buffer (pH 7.4) 

under strict equilibrium condition. The low LogD value of [99mTc]Tc-15 (-3.72 ± 0.05) 

compared to [99mTc]Tc-16 (-2.10 ± 0.03) suggests [99mTc]Tc-15 more hydrophilic, 

however the presence of two phenyl amino acid group in the spacer has little influence 

on LogD value as the measured LogD value is in the range reported by others [76, 

77].  

The binding affinity (Kd) of [99mTc]Tc-15 and [99mTc]Tc-16 were evaluated in 

androgen independent 22Rv1 cell lines, expressing moderate PSMA expression [78, 

79]. The [99mTc]Tc-16 showed higher binding affinity (0.2 nM) compared to 
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[99mTc]Tc-15 (5.5 nM) due to high internalization efficacy, and comparable to 99mTc-

MIP-1404 an highly potent PSMA targeting probe [20]. Another reason for the high 

binding affinity is decreased rate of dissociation of [99mTc]Tc-16 on the cell surface 

because of lipophilic linker and multimerization effect as reported previously [45, 80].  

The tissue distribution of [99mTc]Tc-15 and [99mTc]Tc-16 were evaluated in 22Rv1 

tumor bearing BALB/c nude mice at 1 and 4 h (Table 3 and 4). Clearly, [99mTc]Tc-

16 showed rapid accumulation at tumor site (1 h post-injection) and tumor uptake 

was retained throughout the course of experiment (4 h post-injection). On the other 

hand, [99mTc]Tc-15 showed moderate uptake in tumor which subsequently decreased 

at 4 h post-injection. The tumor uptake value was significantly reduced by co-

injection of 2-PMPA, demonstrating the uptake in tumor is PSMA specific for both 

99mTc-labeled conjugates. [99mTc]Tc-16 rapidly cleared from blood and showed ca. 2 

times higher tumor-to-blood and tumor-to-muscle ratio compared to [99mTc]Tc-15 at 

1 h post-injection which subsequently increased ca. 10 times at 4 h post-injection 

resulting in high tumor to background contrast. Furthermore, [99mTc]Tc-15 

demonstrated high accumulation of radioactivity in kidney (ca. 3 times) compared to 

[99mTc]Tc-16 at 1 h post-injection. The uptake in kidney and spleen was inhibited by 

co-injection of 2-PMPA, indicating that the uptake in these organ was mainly 

medicated by binding to PSMA in nude mice. As similar results have been showed 

by other PSMA targeting agents [81-85]. The other possible reason for high kidney 

uptake is hydrophilic nature of [99mTc]Tc-15 and [99mTc]Tc-16 which makes the 

kidney as primary excretion pathway. With regard to clinical translation, however the 
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expression of PSMA in the kidney of nude mice is higher than expression levels in 

human kidney [31, 86].  

The Figures 13A, 14A showed the ability of [99mTc]Tc-15 and [99mTc]Tc-16 to target 

the PSMA by performing SPECT/CT in 22Rv1 tumor bearing BALB/c mice. 

[99mTc]Tc-16 clearly demonstrate the visualization of tumor after 1 h post-injection 

and showed prolonged retention of activity until 4 h during course of experiment. 

[99mTc]Tc-16 cleared from non-targeted tissue (4 h post-injection) give image with 

high tumor- to-background contrast. In case of [99mTc]Tc-15 most of the activity 

rapidly excreted from the blood and poor tumor-to-background contrast was achieved. 

In order to validate the uptake in the tumor was PSMA specific, blocking experiment 

with 2-PMPA (Figure 13B, 14B) attesting the binding specificity of [99mTc]Tc-15 

and [99mTc]Tc-16.  
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5. Conclusion 

We successfully synthesized [99mTc]Tc-15 and [99mTc]Tc-16 PSMA targeting radio-

conjugates and evaluated their targeting efficacy in vivo in 22Rv1 tumor bearing 

BALB/c nude mice. The in vitro [99mTc]Tc-16 showed higher binding affinity 

compared to [99mTc]Tc-15 possible due to interaction with S1 hydrophobic pocket 

and multimerization. The ex vivo biodistribution results of [99mTc]Tc-16 showed 

higher tumor uptake values and retention compared to [99mTc]Tc-15 at all-time points. 

The tumor uptake in both radio-conjugates was completely blocked by co-injection 

of 2-PMPA, suggesting the uptake was PSMA medicated. Finally, whole-body 

SPECT/CT image showed the promising of [99mTc]Tc-16 to target PSMA efficiently 

with higher tumor-to-background ratio. However, [99mTc]Tc-15 failed to visualized 

tumor and poor tumor-to-background ratio obtained. In conclusion, [99mTc]Tc-16 

would be better choice for SPECT imaging compared to [99mTc]Tc-15. 
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Chapter 2 Synthesis and Evaluation of 99mTc-Labeled 

Folate Isocyanide Conjugate for Folate Receptor 

Imaging 

 

1. Background 

The folate receptor (FR) is a membrane-associated glycoprotein which overexpressed 

on the surface of variety of cancers (e.g., ovarian, breast, colorectal, endometrial, and 

renal carcinomas) [87, 88]. FR shows the high binding affinity (Kd ~ 10-9 M) to folic 

acid and its derivatives [89, 90] (Figure 15). Folic acid (FA) is small (Mw = 441Da), 

inexpensive, non-immunogenic, and compatible with aqueous and organic solvents. 

Moreover, it is stable over a broad range of temperature and pH values, and allows 

easy synthetic conjugation protocols [91, 92]. FA and its derivatives are internalized 

into cells by receptor-mediated endocytosis pathway [93] (Figure 16). All of these 

features makes FA an excellent candidate to deliver diagnostic and therapeutic agents 

selectively to tumor cells expressing FR. 

Over the past decades, many folate-conjugates have been labeled with 68Ga,18F, 64Cu, 

111In, and 99mTc as PET and SPECT imaging agents [87, 89, 94-98]. Among them, 

99mTc is the most suitable and widely used radionuclide for imaging owing to its ideal 

physical characteristics (t1/2 = 6 h, Eγ = 140 keV) and easy availability [3, 99]. 
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Various methodology have been reported to benefit the multivalent scaffolds for the 

construction of molecular probes [80, 100]. Recently, multimeric 99mTc-labeled 

Polyamidoamino (PAMAM) dendrimer folate-based conjugates utilizing 2-

hydrazionnicotinic acid (HYNIC) as a bifunctional chelator have been reported [100-

102]. The multivalent ligand bind to receptor with high avidity and affinity, thereby 

serving as powerful inhibitors. However, these approaches required multistep 

synthesis and a time-consuming purification process, which are not suitable for large-

scale production as needed for clinical application. Moreover, the slow clearance of 

radioactivity from non-target tissues yields undesired tumor-to-background contrast 

[103, 104]. 

Encouraged by the complexation of isocyanide with 99mTc in monodentate 

fashion, and subsequently production of multermeric radiotracer. In this study, we 

synthesized isocyanide functionalized FA (Scheme 4, 5) and labeled with 

[99mTc][Tc(OH2)3(CO)3]+ to afford trivalent 99mTc-labeled folate conjugate 

[99mTc][Tc(CO)3(CN-FA)3]+ ([99mTc]Tc-6) in metal to ligand ratio of 1:3 for FR 

targeting (Scheme 5). Although a number of multimeric 99mTc-labeled folate-based 

conjugates have been reported in the literature, to the best of our knowledge, there is 

no previous report on the synthesis of [99mTc]Tc-6 for SPECT imaging of FR-

expressing tumor targeting. 
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Figure 15. Folic acid and antifolate drugs which showed high binding affinity to FR 
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Figure 16. Receptor-mediated endocytosis of folate conjugate, internalization, 

acidification, FA and receptor release and folate receptor can be recycled and 

returned to the surface of cell   
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2. Methods and Materials 

2.1 General 

All commercially available chemicals were of analytical grade and were used without 

further purification. FA, N-Boc-ethylenediamine, N,N-dicyclohexylcarbodiimide 

(DCC), anhydrous dimethyl sulfoxide (DMSO), trimethylamine (TEA), formic acid, 

acetic anhydride, N,N-dimethylformamide (DMF), trifluoroacetic acid (TFA) were 

purchased from Sigma-Aldrich, Korea. 2,3,5,6-tetrafluorophenol and triphosgene 

were purchased from Tokyo Chemical Industry CO., Ltd. Korea. FR-positive KB 

cells (cervical carcinoma cell line, subclone of HeLA cells [105, 106]) was obtained 

from the Korean Cell Line Bank (Seoul, Korea). Na[99mTc]TcO4 was obtained from 

a 99Mo/99mTc generator (Unitech, Korea) eluted with normal saline. The radioactive 

precursor [99mTc][Tc(I)(H2O)3(CO)3]+ was prepared using an IsoLink kit obtained 

from Center for Radiopharmaceutical Science, Paul Scherrer Institute (Villigen, 

Switzerland). Thin layer chromatography (TLC) was performed with silica plates 

(Silica gel 60 F254, Merck Ltd., Korea), developed with methanol and 1 N HCl (99:1 

v/v). Preparative and analytical HPLC were performed with Gilson equipped with a 

506C system interface, a 155 Uv-vis detector and 321 pumps. For analytical HPLC, 

XTerra RP18 10 µm (10 mm × 250 mm) (Waters Co., U.S.A) column was used. 

Purification of precursors were carried out using a semi-preparative XTerra RP18 10 

µm (10 mm × 250 mm) column (Waters Co., U.S.A). Bio-Scan AR-2000 System 

imaging scanner (Bioscan, WI, USA) was used for radio-TLC counting. Mass spectra 

were recorded on Thermofisher LTQ Velos Instrument using the positive ionization 
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mode. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) was 

performed using Voyager DE-STR (Applied Biosystems, U.S.A.). H NMR spectra 

were recorded on an AL 300 FT NMR spectrometer (300 MHz for 1H; Jeol, Tokyo, 

Japan) with the corresponding solvent signals as an internal standard. Chemical shifts 

are reported in parts per million (ppm) relative to solvent as residual peak, the 

following abbreviations are used in the experimental section for the description of 

1H-NMR spectra: singlet (s), doublet (d), triplet (t), quartet (q), multiplet (m), doublet 

of doublets (dd), and broad singlet (bs). Micro-SPECT/CT imaging was performed 

with NanoSPECT/CT device.  

2.2 Animal model: 

All animal experiments were performed at the Seoul National University Hospital, 

Seoul, Korea, which is fully accredited by AAALAC International (2007, Association 

for Assessment and Accreditation of Laboratory Animal Care International). KB 

tumor bearing mice models were established with BALB/c nude mice. 

Approximately 1×106 cultured KB cells were suspended in PBS and subcutaneously 

implanted in the right thigh of mice. Mice were maintained on a folate-free diet (3‒4 

weeks) before ex vivo biodistribution and imaging studies.  
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Scheme 4. Reagents and conditions (a) N-Boc-ethyelenediamine , DCC, DMSO, 24 

h, rt (b) TFA, 3 h, rt 
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Scheme 5. Reagent and condition (a) Formic acid, acetic anhydride, 3 h, 95 °C (b) 

2,3,5,6-tetrafluorophenol, DCC, DMF, 0 °C‒rt, 24 h (c) Triphosgene, DCM, 

triethylamine, 0 °C, 1.5 h (d) 5, TEA, DMSO, rt, 1.5 h (e) [Re(CO)3(H2O)3]+, 100 °C, 

4 h (f) [99mTc][Tc(CO)3(H2O)3]+, 100 °C, 30 min 
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2.3 Chemical synthesis  

2.3.1 N-Boc(2-aminoethyl)-FA (1) 

To a solution of folic acid (500 mg, 1.1 mmol) in anhydrous DMSO (20 mL) were 

added N-Boc-ethylenediamine (181 mg, 1.1 mmol,) and DCC (374 mg, 1.8 mmol) (5 

mL, DMSO). The mixture was stirred vigorously for 24 h under a nitrogen 

atmosphere at rt. After the completion of reaction N,N-dicyclohexylurea was filtered 

off and the filtrate was poured into cold diethyl ether (50 mL) and stirred vigorously. 

The yellow precipitate filtered and washed 3 times with diethyl ether to obtain 

compound 1 (350 mg, 54%) as yellow solid. 1H NMR (300 MHz, DMSO-d6) δ 8.65 

(s, 1H), 7.67 (d, J = 8.8 Hz, 2H), 6.63 (dd, J = 8.8, 1.7 Hz, 2H), 4.49 (s, 2H), 3.12–

2.90 (m, 4H), 2.31–1.78 (m, 4H), 1.35 (s, 9H). ESI-MS (m/z) [M+H]+ 584. 

2.3.2 N-(2-aminoethyl)-FA (2) 

Anhydrous TFA (1 mL) was added to 1 (175 mg, 0.47 mmol) and stirred for 3h at rt. 

TFA was removed in vacuo and the residue was washed washed with cold diethyl 

ether three times to afford compound 2 as yellow solid (quantitatively)  ESI-MS (m/z) 

[M+H]+ 484. 

2.3.3 3-formamidopropanoic acid (3)   

-alanine (5 g, 48.5 mmol) dissolved in formic acid (40 mL) and acetic anhydride (25 

mL) was added dropwise. The mixture was refluxed for 3 h at 95 °C. The solvent was 

removed in vacuum and the oily residue was solidified by adding cooled diethyl ether 

(30 mL). Purification was achieved by silica gel chromatography (CH2Cl2: methanol, 
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4:1, v/v) to afford compound 3 as white solid (3 g, 55%). H NMR (300 MHz, D2O): 

δ 7.98 (s, 1H), 3.28 (t, 2H), 2.39 (t, 2H). 

2.3.4 2,3,5,6-tetrafluorophenyl 3-formamidopropanoate (4)  

Solution of 3 (500 mg, 4.27 mmol) and 2,3,5,6-tetrafluorophenol (780 mg, 4.7 mmol) 

in anhydrous DMF (10 mL) was cooled to 0 °C, and DCC in DMF (3 mL) was added 

dropwise over a period of 10 min. The reaction mixture stirred in an ice bath for 10 

min followed by stirring for 24 h at rt. Resulting N,N-dicyclohexylurea was removed 

by filtration, and the filtrate was concentrated under vacuum and purified by silica 

gel chromatography (ethyl acetate: hexane, 3:2, v/v) to obtain title compound 4 as 

white solid (680 mg, 60%). H NMR (300 MHz, CDCl3): δ 8.17 (s, 1H), 6.25 (br, 1H), 

7.04 (m, 1H), 3.68 (q, 2H), 2.95 (t, 2H). 

2.3.5 2,3,5,6-tetrafluorophenyl 3-isocyanopropanoate (5) 

To an ice-cooled solution of 4 (2 g, 7.7 mmol) in anhydrous DCM (50 mL) was added 

TEA (2.7 mL, 19.3 mmol) and stirred for 10 min under nitrogen atmosphere. 

Triphosgene (913 mg, 3.1 mmol) was added dropwise over a period of 30 min. The 

mixture was stirred for 1.5 h at 0 °C. After completion of the reaction, DCM (20 mL) 

was added and the organic layer was washed with saturated NaHCO3 (50 mL × 1), 

water (50 mL × 2) and finally with brine (20 mL×1). The separated organic was dried 

over Na2SO4, concentrated under reduced pressure. Purification by silica gel column 

chromatography by hexane and ethyl acetate (4:1, v/v) give 5 as light yellow solid 

(1.2 g, 60%). H NMR (300 MHz, CDCl3): δ 6.99 (m, 1H), 3.77 (t, 2H), 3.07 (t, 2H).  
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2.3.6 Synthesis of isocyanide-N-(2-aminoethyl) folate conjugate (6) 

A solution of 2 (40 mg, 83 mol) and TEA (207 µmol, 37µL) in anhydrous DMSO 

(1 mL) was stirred at rt for 10 min. Compound 5 (23 mg, 83µmol) was added 

dropwise and stirred for 1.5 h at rt in inert atmosphere. After completion of reaction 

the product was precipitated by addition of cooled diethyl ether (5 mL). Purification 

was achieved by HPLC by using water (solvent A) and acetonitrile (solvent B) by 

gradient method; 0‒30 min, 100‒0% A, 30‒35 min, 100% B at a flow rate of 5 

mL/min to afford precursor 6 as yellow solid (14 mg, 30%). H NMR (300 MHz, 

DMSO-d6) δ 8.63 (s, 1H), 7.60 (m, 2H), 6.92–6.87 (m, 2H), 4.46 (s, 2H), 4.24 (t, 2H), 

4.12 (t, 1H), 3.66–3.60 (m, 4H), 2.22 (t, 2H), 2.14–2.08 (m, 2H), 1.87 (td, 2H). ESI-

MS (m/z) [M+H]+ 565.  

2.3.7 Synthesis of Re-6 

The cold rhenium compound [Re(CO)3(H2O)3]OTf was synthesized according to a 

previous reported method [107]. Precursor 6 (11 mg, 19 µmol) dissolved in deionized 

water (3 mL) and 0.1 M solution of [Re(CO)3(H2O)3]OTf (20 µL, 1.6 µmol) was 

added. The reaction mixture was heated at 100 °C for 4 h. The resulted mixture was 

concentrated in a rotary evaporator and purified by HPLC  to afford compound Re-6 

as yellow solid (11 mg, 30% ).MALDI/TOf-MS (m/z) [M]+ 1963.  

2.4 Radiolabeling  

2.4.1 Preparation of [99mTc]Tc-6 

[99mTc][Tc(OH2)3(CO)3]+ was prepared according to a reported method with slight 

modification. Briefly, a kit containing sodium tetraborate decahydrate (2.9 mg), 
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sodium carbonate (7.8 mg), potassium sodium tartrate tetrahydrate (9.0 mg) and 

disodium boranocarbonate (4.5 mg) was added of 99mTcO4‾ (1 mL, 370 MBq) to a 

sealed vial. The vial was heated at 100 °C on heating block for 30 min, and the pH 

was adjusted to 6.5 by adding (200 µL) of phosphate buffer (1 mol/L, pH 7.2) and 

HCl (1 mol/L) in 1:3 (v/v). A freshly prepared solution of [99mTc][Tc(I)(OH2)3(CO)3]+ 

(500 µL, 37 MBq) was added to a vial containing of solution 6 distilled water (100 

µg/500 µL). The vial was then heated at 100 °C on a heating block for 30 min. The 

radiochemical purity was determined by radio-HPLC using 0.1% TFA/water (solvent 

A), 0.1% TFA/methanol (solvent B) with a gradient of; 0‒20 min, 0‒100% B; 20‒21 

min, 100‒0 % B (system B) at a flow rate of 1 mL/min. and radio-TLC. 

2.5 Stability studies in serum 

The in vitro stability of the [99mTc]Tc-6 was tested in human serum. In brief, purified 

[99mTc]Tc-6, 310 µCi (50 µL, 11.4 MBq) was incubated with human serum (250 µL) 

in triplicate at 37 °C in an incubator with gentle shaking. After 1, 3, and 6 h an aliquot 

of the solution was taken and radiochemical purity was determined by radio-TLC.  

2.6 Partition coefficient  

The partition coefficient of the [99mTc]Tc-6 was determined by measuring the activity 

that partitioned between the 1-octanol and PBS (0.05 mol/L, pH7.4) under strict 

equilibrium conditions. Briefly, [99mTc]Tc-6 was purified by radio-HPLC and solvent 

was removed by rotary evaporator and residue obtained was dissolved in phosphate 

buffer (50 mM, pH 7.4) to a concentration of 370 kBq/mL. [99mTc]Tc-6 solution (100 

µL) was diluted with phosphate buffer (2.9 mL) and 1-octanol (3 mL) was added. 
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The mixture was vortexed for 5 min followed by centrifugation at 3300 r/min for 5 

min to separate the layers. The counts in both organic and inorganic layers (200 µL) 

were determined by automatic -counter. The measurement was repeated 3 times. The 

partition coefficient (P) was calculated using the following equation P = (cpm in 

octanol-cpm in background)/(cpm in buffer-cpm in background) 

2.7 In vitro binding affinity  

The FR-positive KB cells were cultured as monolayers in folate-free culture medium 

RPMI-1640 (FFRPMI) at 37 °C in a humidified atmosphere containing 5% CO2. 

FFRPMI was supplemented with fetal bovine serum (10 %), D-glucose (4.5 g/L), L-

glutamine (2 mM), sodium pyruvate (1 mM), sodium bicarbonate (1.5 g/L). The KB 

cells (1 ×105 cells/well in 1 mL) were plated onto a 24-well flat-bottom plate and 

allowed to form adherent monolayers for 24 h before the experiment. The medium in 

each well was then replaced with fresh medium containing increasing concentrations 

of [99mTc]Tc-6 in serial dilution and incubated for 1 h at 37 °C. After 1 h, the media 

were aspirated and the cells were washed twice by dispersal in fresh assay medium 

(3 mL). Sodium dodecyl sulfate (500 µL) was added to each well and gently mixed 

to dissolve cells and transferred to plastic tubes (4 mL). The radioactivity of each 

sample was counted by -counter (Cobra II automated -counter), together with 

reference samples which contained the total amount of original added radioactivity. 

Non-specific binding was determined in the presence of an excess of free folic acid 

(250 µM). Specific binding was calculated by subtracting the non-specific bound 

radioactivity from that of the total binding. The binding affinity (Kd) was calculated 
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by non-linear regression using GraphPad Prism 7 (GraphPad Software Inc., San 

Diego, CA, USA) using one site binding equation. 

2.8 Biodistribution study  

The biodistribution of [99mTc]Tc-6 was evaluated in KB tumor-bearing BALB/c nude 

mice (22‒25 g). All mice were maintained on a folate-free diet before biodistribution 

study. [99mTc]Tc-6 (37 kBq/ 100 µL) was administered via a lateral tail vein in each 

mice. The mice (n = 4) were sacrificed after 2 and 4 h post-injection respectively. The 

interested tissues and organs were excised, weighed and counted in -counter. In 

order to confirm the specific uptake of [99mTc]Tc-6, mice were co-injected with free 

folic acid (100 µg/ mice) as a blocking agent. The percentage of the injected dose per 

gram (%ID/g) was calculated by counting all tissues in -counter together with 

solution containing injected activity to estimate the total dose injected per mice. 

Values were expressed as mean ± standard deviation (SD).  

2.9 SPECT/CT imaging study 

The SPECT images were taken 2 and 4 h after the administration of [99mTc]Tc-6 (10 

MBq/ 100 µL) into KB tumor-bearing BALB/c nude mice via tail vein. Mice were 

anesthetized with isoflurane and scanned with nanoScan-SPECT/CT. The scanning 

parameters for each imaging modality employed a -ray energy window of 140 keV 

± 10%, a matrix size of 256 × 256, an acquisition time of 5-15 sec per angular step of 

18° and a reconstruction algorithm of ordered subset expectation maximization with 

9 iterations. For integrated CT, a tube voltage of 45 kVp, an exposure time of 1.5 sec 

per projection, and a reconstruction algorithm of cone-beam filtered back-projection 
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were used. To test the specific uptake of [99mTc]Tc-6, blocking study was performed 

by co-injection of free FA (100 µg) 

 

 

 

Figure 17. Radio-HPLC profile. Radio-HPLC was performed by using Xterra 

column (A solvent = 0.1% TFA water, B Solvent = 0.1% TFA methanol, flow rate 1 

mL/min (A) [99mTc][Tc(I)(CO)3(OH2)3 (B) [99mTc]Tc-6 
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3. Results  

3.1 Synthesis 

A detail description of the chemical synthesis of an isocyanide folate conjugate (6) is 

outlined in scheme 4, 5. N-(2-aminoethyl) folic acid (2) was synthesized according 

to a method reported [108]. Briefly, folic acid was reacted with N-Boc-

ethylenediamine in the presence of DCC to obtained 1. The Boc protecting group was 

removed by TFA to give 2. The ligand 6 was prepared by reacting 2 and 5 in the 

presence of TEA base. Purification by HPLC gave final compound 6 (>98% purity). 

Compounds 3‒5 were characterized by H-NMR and ligand 6 was characterized by 

H-NMR and ESI-MS. 

3.2 Radiolabeling  

[99mTc][Tc(OH2)3(CO)3]+ core was prepared in >99% radiochemical purity using 

Isolink kit. [99mTc]Tc-6 was prepared in high labeling efficiency and stability. Both 

the labeling efficiency and radiochemical purity were >99% determined by radio-

HPLC (Figure 17) & radio-TLC. The retention time for [99mTc][Tc(OH2)3(CO)3]+ and 

[99mTc]Tc-6 were 4.7 min and 14.5 min, respectively.  

3.3 In vitro serum stability and partitioned coefficient  

[99mTc]Tc-6 showed shows high stability in serum (Figure 18) and there is no sign of 

decomposition of the 99mTc-labeled folate conjugate over a time period of 6 h. A 

partition coefficient (log P) of [99mTc]Tc-6 determined was -2.90 ± 0.13. 
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Figure 18. Stability test of [99mTc]Tc-6 in human serum at 37 °C up to 6 h determined 

by radio-TLC, solvent system (methanol:HCl, 99:1( v/v))  

 

 

Figure 19. The saturation binding curve of radiotracer [99mTc]Tc-6 for the calculation 

of Kd value determined by non-linear regression  
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3.4 Radioactive saturation binding studies:  

Saturation binding analysis was conducted to determine the binding affinity of 

[99mTc]Tc-6 using FR-positive KB cells (Figure 19). Non-specific binding was 

determined by blocking cells with free FA (250 µM), which showed almost complete 

blocking of [99mTc]Tc-6 to cells. The binding affinity Kd value determined by 

nonlinear regression using Prism software was 0.04 ± 0.002 nM.  

3.5 Ex vivo Biodistribution 

The ex vivo biodistribution results of [99mTc]Tc-6 performed in KB tumor bearing 

BALB/c nude mice after intravenous injection through the tail vein (Table 5). 

[99mTc]Tc-6 showed significant uptake in the tumor. The tumor uptake after 2 h post-

injection was 4.02 ± 0.80% ID/g, which subsequently increased to 5.32 ± 2.99% ID/g 

at 4 h post-injection. The tumor uptake value was reduced almost 85% by co-injection 

of free FA (0.61 ± 0.03 and 0.55 ± 0.21% ID/g at 2 and 4 h post-injection, 

respectively). The highest accumulation of [99mTc]Tc-6 was observed in kidney (64.7 

± 0.99% ID/g) at 2 h post-injection, which was significantly reduced by co-

administration of free FA to % ID/g (P < 0.001). The [99mTc]Tc-6 showed high uptake 

in the intestine and liver.  

3.6 SPECT/CT Imaging 

The SPECT/CT images of [99mTc]Tc-6 in KB tumor-bearing BALB/c nude mice 

showed high uptake in the tumor at all-time points (Figure 20). The co-injection of 

free FA (100 µg) showed decreased tumor uptake to background level.  
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Table 5. Biodistribution of [99mTc]Tc-6 in KB tumor bearing mice at 2 and 4 h post-

injection 

Tissues 
[99mTc] Tc-6 Blockade  

2 h 4 h 2 h 4 h 

Blood 0.29 ± 0.04 0.15 ± 0.02 0.22 ± 0.02 0.07 ± 0.04 

Muscle 1.31 ± 0.20 1.06 ± 0.07 0.10 ± 0.01 0.08 ± 0.05 

Tumor 4.02 ± 0.80 5.32 ± 2.99 0.61 ± 0.03*** 0.55 ± 0.21* 

Heart 2.07 ± 0.30 1.73 ± 0.11 0.09 ± 0.01 0.06 ± 0.02 

Lung 1.24 ± 0.06 0.86 ± 0.16 0.33 ± 0.05 0.13 ± 0.04 

Liver 5.14 ± 1.79 4.26 ± 0.84 2.79 ± 0.58 2.39 ± 0.00 

Spleen 0.33 ± 0.07 0.30 ± 0.04 0.13 ± 0.01 0.08 ± 0.01 

Stomach 7.94 ± 7.80 2.70 ± 1.76 1.99 ± 0.85 1.17 ± 0.68 

Intestine 19.87 ± 8.46 20.51 ± 7.66 21.99 ± 0.85 25.94 ± 1.28 

Kidney 49.54 ± 4.13 64.67 ± 0.99 3.34 ± 1.16*** 8.75 ± 9.32*** 

Bone 0.72 ± 0.05 0.68 ± 0.07 0.28 ± 0.09 0.18 ± 0.04 

Thyroid 2.30 ± 0.21 1.97 ± 0.21 0.29 ± 0.02 0.17 ± 0.07 

The results are expressed as percentage of injected dose per gram (% ID/g) ± SD (n= 

4), *P < 0.05, ***P <0.001, P value are between targeted and blockade group.  
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Figure 20. SPECT/CT imaging of KB-tumor BALB/c nude mice at 2 and 4 h post-

injection (A) Tumor bearing mice received [99mTc]Tc-6 (B) Blockade study of 

[99mTc]Tc-6 with co-injection of folic acid (100 µg). The image were processed 

using Invivoscope processing software. A Gauss reconstruction filter was used 

to the SPECT images and scale is adjusted to allow visualization of organs and 

tissues of interest. Arrow indicate the FR expressing tumor site. 
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Table 6. Comparison of different radio-folate conjugates with that of present study  

 

  

 

Radio-folate conjugates 

% ID/g at 4 h p.i. 

Blood Muscle Tumor Kidney Liver Ref. 

99mTc(CO)3-DTPA-folate 0.37 ± 0.02 2.40 ± 0.10 3.3 ± 0.2 47.0 ± 5.0 7.60 ± 0.50 [109] 

99mTc–PAMA folate 0.04 ± 0.00 0.54 ± 0.05 2.33 ± 0.36 18.48 ± 0.72 2.37 ± 2.85 [110] 
99mTc-Click-folate 0.12 ± 0.04 0.82 ± 0.16 4.84 ± 0.88 27.33 ± 3.61 2.95 ± 1.02 [111] 

99mTc-DTPA-folate 0.19 ± 0.05 0.70 ± 0.14 2.9 ± 0.8 21.0 ± 3.0 1.05 ± 0.30 [112] 
111In-DTPA-folate 0.03 ± 0.02 0.71 ± 0.26 2.9 ± 0.9 25.0 ± 6.0 0.64 ± 0.23 [112] 

99mTc-HYNIC-D1-FA2 0.66 ± 0.19 0.69 ± 0.04 10.16 ± 1.16 56.69 ± 3.12 1.01 ± 0.11 [102] 

99mTc-HYNIC-D2-FA4 0.87 ± 0.21 0.42 ± 0.07 8.44 ± 2.01 90.05 ± 5.18 1.44 ± 0.18 [101] 

Present study 0.15 ± 0.02 1.06 ± 0.07 5.32 ± 2.99 64.67 ± 0.99 5.14 ± 1.79  
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4. Discussion 

FR targeting plays a very important role in tumor detection with the assistance of 

nuclear medicine imaging. Radiolabeled low molecular weight folate conjugate offer 

advantage of high tumor-to-background contrast and faster blood clearance. Despite 

a number of folate based radiotracers were developed, only a few are evaluated in 

clinical [97, 113].  

The multimeric approach on a targeting molecule increase the binding affinity and 

targeting efficiency compared to monomer analogue by order of several magnitude 

[102, 114]. Compared with other radioisotopes, excellent nuclear characteristic and 

easy availability of 99mTc makes it a suitable candidate for SPECT imaging. Keeping 

in view the above mentioned points, we have successfully synthesized trivalent 

[99mTc]Tc-6, without significantly influencing the pharmacokinetics of targeting 

molecule. Based on this design, we are envisaged that three FA entities will bind to 

FR on the cell surface and in this case, weak ligand-receptor interactions would be 

enhanced. If simultaneous three FA binding on FR is difficult, then the FA 

concentration is still locally enriched in the vicinity of neighboring FR. In both the 

cases we are expecting the high binding affinity of [99mTc]Tc-6 to FR. The trivalent 

[99mTc]Tc-6 displayed an order of magnitude 10-fold higher binding affinity than 

those reported by Muller et al., [115]. This demonstrate the multivalency on a 

targeting scaffold increase the binding efficiency than the monomer.  

The stability of the complex is of critical important in the design of 

radiopharmaceutical. In vitro stability of [99mTc]Tc-6 was tested in human serum over 
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a period of 6 h and there was no sign of decomposition, suggesting that the trivalent 

99mTc-labeled folate conjugate is highly stable and chemically inert against human 

serum. The high stability is attributed to stable complexation of isocyanide (CN-R) 

ligand with low valent 99mTc (I) [26]. 

To verify the structure of [99mTc]Tc-6 complex macroscale reaction was carried out 

with cold [Re(CO)3(H2O)3]+, a 99mTc analogues, for standard chemical 

characterization. The comparative HPLC profile of Re-6 and [99mTc]Tc-6 complexes 

are similar indicating in situ trivalency of targeting vector.  

After successfully testing the [99mTc]Tc-6 in vitro, a biodistribution and imaging 

studies were conducted at 2 and 4 h post-injection. In many studies of folate-

radiotracers, these time points are determined as the most favorable time point, which 

allowed us to compare our results with other folate radiotracers (Table 6). In vivo 

experiment revealed significant uptake and prolonged retention in the KB tumor 

tissue (5.32% ID/g at 4 h post-injection) compared with other reported monomeric 

99mTc-labeled folate radiotracers [109, 112, 115]. [99mTc]Tc-6 rapidly cleared from 

the blood and showed high tumor to blood ratio (Ca. 35 at 4 h post-injection). 

Furthermore, high accumulation of radioactivity was observed in kidney, which is 

common feature of folate-based radiotracer due to the overexpression of FR in the 

proximal tubule [116]. In blocking experiment, complete inhibition of radiotracer 

uptake in the tumor was observed by co-injection of free FA, supporting specific 

binding of [99mTc]Tc-6. Surprisingly, significant portion of radioactivity was 

accumulated in the intestine, which might be attributed to hepatobiliary excretion 
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route of [99mTc]Tc-6. In vivo SPECT imaging studies was also conducted to further 

evaluate the [99mTc]Tc-6 in KB tumor bearing BALB/c nude mice at 2 and 4 h post-

injection. The [99mTc]Tc-6 showed high tumor uptake and prolonged retention. The 

SPECT image were accordance with biodistribution results. 
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5. Conclusion  

In this study we reported FR-targeting short chain CN-FA conjugate labeled with 

[99mTc][Tc(I)(OH2)3(CO)3]+ as potential SPECT imaging agent. In vitro results 

showed, [99mTc]Tc-6 undergoes folate receptor mediated uptake in KB cells. In vivo 

studies in mice-bearing KB cell tumor xenografts showed the radiotracer selectively 

accumulated in tissues containing high level of folate receptors. The folate receptor 

targeted trivalent [99mTc]Tc-6 showed higher accumulation and retention compared 

to monomeric radiofolate reported in the literature.  
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Chapter 3. Development of 99mTc-Labeled Human 

Serum Albumin with Prolonged Circulation by 

Chelate-then-Click Approach: A Potential Blood Pool 

Imaging Agent 

1. Background  

Blood pool imaging by PET and SPECT plays an important role in the detection of 

infection [117], to evaluate cardiac function,[118, 119] gastrointestinal bleeding,[120] 

and assessing vascular permeability in cancerous tissues.[121] At present, 

technetium-99m-labeled red blood cells (99mTc-RBCs) and technetium-99m-labeled 

human serum albumin (99mTc-HSA) are the two main tracers in clinical nuclear 

medicine for the blood pool imaging. However, 99mTc-RBCs has the complicated 

labeling procedures and a potential risk of cross-contamination.  

Albumin which is the most abundant, and constitutes roughly 50% of the total 

protein content in blood plasma (3.5–5 g/dl). It is a 66.5 kDa globular protein with a 

primary sequence made up of 585 amino acid residues [122-124]. Traditionally, the 

direct 99mTc-labeling of albumin (conventional 99mTc-HSA) as blood pool imaging is 

the simplest procedure, the resulting complex is relatively weak and unstable in vivo 

when injected in to a living system, consequently leading to uptake in non-target 

tissues [118]. The labeling method of [99mTc]Tc-HSA is convenient however, 99mTc-

HSA has a short circulation half-life (32 min), which is a critical limitation for the 
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purpose [125]. Therefore, lots of efforts have been put forward to develop an 

appropriate radiotracer by conjugation of a bifunctional chelator agent which remains 

within the intravascular space for a long duration. However, the slow reaction kinetics 

and unfavorable pharmacokinetics of albumin-based radiotracers suggests that the 

albumin structure might be alternated during the conjugation and labeling procedure 

[118, 126]. 

More recently, a chelator based tracer, 99mTc-human serum albumin-

diethylenetriaminepentaacetic acid (99mTc-HSA-DTPA), has been developed [127]. 

However, generally HSA should be exposed to a low pH of 4‒5 for the direct chelator 

conjugation and the circulation half-life of 99mTc-HSA-DTPA has not been well 

evaluated. 

The long circulation time of HSA (serum half-life of 19–22 days) is the basis for 

using HSA as a blood pool agent. However, the circulation half-life of HSA can be 

easily compromised according to the radiolabeling methods. The conventional 

radiolabeling method of 99mTc-HSA is performed in low pH of 2–4 and includes the 

addition of reducing agent (stannous solution) to cleave disulfide bonds of HSA [125]. 

We hypothesized that these harsh conditions of radiolabeling are the reasons for the 

short circulation half-life based on previous studies that 1) higher amount of stannous 

solution resulted in shorter circulation time [125] and 2) chelator-based methods 

without stannous solution showed longer circulation times [128] while high pH 

conditions during conjugation resulted in a shorter circulation time [129]. Also, even 

in chelator-based method, HSA should be exposed to low pH of 4‒5 [126, 128]. 
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Therefore, we adopted a chelate-then-click approach which separates the chelation 

and conjugation process so that HSA is not exposed to any harsh conditions during 

the radiolabeling procedure. 

Click chemistry refers to a group of reactions that have a fast reaction rate and 

good orthogonality [130]. Click chemistry can be performed in biocompatible 

aqueous condition, which is a huge advantage for the preservation of soft biological 

nanomaterials including HSA during the radiolabeling [131]. Furthermore, click 

chemistry has good orthogonality which enables the separation of chelation process 

from the conjugation process and also precise control of the degree of 

functionalization (DOF) [132]. Most recently, biocompatible copper-free stain-

promoted alkyne-azide cycloaddition (SPAAC) has been widely used for the 

conjugation of soft biological materials [133]. 

Herein, we utilized the chelate-then-click copper-free SPAAC approach to 

radiolabel HSA using the [99mTc][Tc(CO)3(H2O)3]+ core under biocompatible 

conditions to develop a novel 99mTc-labeled blood pool imaging agent. For chelation, 

2,2′-dipicolylamine (DPA) was selected as a bifunctional chelator for the 

[99mTc][Tc(CO)3(H2O)3]+ core due to its favorable complexation and kinetic inertness 

[134-136].  
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2. Experimental section  

2.1 General 

All commercially available chemicals were of analytical grade and were used without 

purification. Bis(2-pyridylmethyl)amine, 4-(Boc-amino)butyl bromide, anhydrous 

potassium carbonate, N,N-dimehtylformamide (DMF), anhydrous dichloromethane 

(DCM), trifluoroacetic acid (TFA), and N,N-diisopropylethylamine (DIPEA) were 

purchased from Sigma-Aldrich, Korea. Succinimidyl-4-azidobutyrate and 

azadibenzocyclooctyne-N-hydroxysuccinimidyl ester (ADIBO-NHS) were 

purchased from Futurechem. Co., Ltd (Korea). HSA was purchased from MP 

biomedicals (China). The commercially available HSA kit containing reduced HSA 

(1 mg), gluconate (300 µg), SnCl2 (60 µg) was provided by CellBion. Co., Ltd 

(Korea). The Na[99mTcO4] was eluted from a 99Mo/99mTc generator using saline 

obtained from Unitech Korea. [99mTc(H2O)3(CO)3]+ was prepared using an IsoLink 

kit (Center for Radiopharmaceutical Science, Paul Scherrer Institute, Villigen, 

Switzerland). Thin layer chromatography (TLC-SG) was performed with silica plates 

(Silica gel 60 F254, Merck Ltd., Korea), developed by system 1 (methanol : HCl 

(99:1, v/v), and instant thin layer chromatography silica gel (ITLC-SG) was 

purchased from Agilent Technologies, Inc. (CA, USA), developed by system 2 

(methanol:0.1 M citric acid (1:4, v/v). Radio-TLC was scanned using a BioScan AR-

2000 system imaging scanner (Bioscan, WI, USA). High performance liquid 

chromatography (HPLC) was performed with a Gilson, equipped with a 506C system 

interface, a 155 UV-Vis detector, and 321 pumps. HPLC conditions: method A; 
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Column: XTerra RP18 10 µm (10 mm ×250 mm) (Waters Co. Milford, MA, U.S.A.), 

mobile phase: A: water (0.1% TFA); B: acetonitrile. Gradient: 0–3 min, 100% A; 3–

30 min, 0% A; 30–35 min, 0%A; 35–36min, 100% A; flow rate of 5 mL/min.  

Electrospray ionization mass spectrometry (ESI-MS) were recorded with 

Thermofisher LTQ Velos Instrument using the positive ionization mode. H NMR 

spectra were recorded on an AL 300 FT NMR spectrometer (300 MHz for 1H; Jeol, 

Tokyo, Japan). Chemical shifts are expressed as δ values (parts per million). The 

coupling constant (J) are reported in Hertz (Hz); the following abbreviations are used 

for the description of 1H-NMR spectra in the experimental section: singlet (s), doublet 

(d), triplet (t), quartet (q), multiplet (m), doublet of doublets (dd), triplet of doublets 

(td), doublet of doublet of doublets (ddd), doublet of triplets (dt). Matrix-assisted laser 

desorption ionization time-of-flight (MALDI-TOF) was performed using Voyager 

DE-STR (Applied Biosystems) in linear mode. Micro-SPECT/CT imaging was 

performed using a NanoSPECT/CT device. All animal studies were performed in 

accordance with the guideline of the Association for the Assessment and 

Accreditation of Laboratory Animal Care International (AAALAC International, 

2007) at the Seoul National University Hospital, Seoul, Korea. 

2.2 Statistical Analysis 

Quantitative data were shown as the mean ± standard deviation (SD). Means were 

compared using Student t-test. Data were considered statistically significant when P 

values were < 0.05. 
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Scheme 6. Synthesis of precursors DPA and ADIBO-HSA, Reagents and condition 

for A (a) 4-(Boc-amino)butyl bromide, anhydrous K2CO3, DMF (b) TFA:DCM (1:1), 

(c) Succinimidyl-4-azidobutyrate, DIPEA, DCM; B: (a) PBS (pH 7) 
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Scheme 7. Chelate then click labeling strategy: Reagents and conditions (a) 

[99mTc][Tc(CO)3(H2O)3]+
 , 100 °C, 30 min (b) ADIBO-HSA, pH 7, 37 °C, 30 min 
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2.3 Chemistry  

2.3.1 tert-Butyl (4-(Bis(pyridin-2-ylmethyl)amino)butyl)carbamate (1). 

Bis(2-pyridylmethyl)amine (157.8 mg, 0.79 mmol) and anhydrous potassium 

carbonate (141.94 mg, 1.02 mmol) was suspended in DMF (2 mL). 4-(Boc-

amino)butyl bromide(319 mg, 0.87 mmol) dissolved in DMF (1 mL) was added 

dropwise to the reaction mixture. After mixing the solution for 18 h at room 

temperature (rt) in an inert atmosphere, the reaction mixture was filtered to remove 

K2CO3 and the filtrate was evaporated in vacuo. The residue was purified by column 

chromatography on silica gel eluted with mixture of DCM:methanol (97:3 (v/v)) to 

obtain compound 1 (175 mg, 60%) as yellowish oil. 1H NMR (300 MHz, CDCl3): δ 

ppm 8.81 (dd, 2H, J = 5.7, 1.6 Hz), 8.21 (td, 2H, J = 7.8, 1.7 Hz), 7.89 (d, 2H, J = 8.0 

Hz), 7.68 (ddd, 2H, J = 7.1, 5.5, 1.2 Hz), 4.38 (s, 4H), 3.03 (t, 2H, J = 6.7 Hz), 2.88 

– 2.77 (m, 2H), 1.62 (m, 2H, J = 6.4, 5.2 Hz), 1.44 (t, J = 7.0 Hz, 2H), 1.41 (s, 9H). 

ESI-MS m/z [M+H]+ 371. 

2.3.2 N1,N1-Bis(pyridin-2-ylmethyl)butane-1,4-diamine (2). 

Anhydrous trifluoroacetic acid (1 mL) was added to the solution of 1 (150 mg, 0.40 

mmol) in dichloromethane (1 mL). The reaction mixture was stirred overnight (18 h) 

at rt. After removing the solvent under vacuum, the residue was washed several times 

with methanol to remove the traces of TFA to afford compound 2 as a yellowish oil 

(quant). Proceed to next step without further purification. 1H NMR (300 MHz, 

CD3OD ): δ ppm 8.71–8.65 (m, 2H), 8.01 (td, 2H, J = 7.7, 1.8 Hz), 7.64 – 7.49 (m, 
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4H), 4.53 (s, 4H), 3.22 (t, 2H, J = 8.0 Hz), 2.99 – 2.88 (m, 2H), 1.87 (d, 2H, J = 6.5 

Hz), 1.69 (q, 2H, J = 8.1 Hz). ESI-MS m/z [M+H]+ 271. 

2.3.3 5-azido-N-(3-(bis(pyridin-2-ylmethyl)amino)propyl)pentanamide (3). 

To a solution of 2 (27 mg, 0.10 mmol) in anhydrous DCM (2 mL) was added DIPEA 

(39 µL, 0.23 mmol) and stirred for 10 min in an inert atmosphere. Succinimidyl-4-

azidobutyrate (34 mg, 0.10 mmol) dissolved in DCM (1 mL) was added slowly to the 

mixture and stirred at rt for 1 h. After completion of the reaction, solvent was removed 

in vacuum, the residue was purified by HPLC (method A). After removing the solvent 

by lyophilization compound 3 was afforded as light yellow oil compound (34 mg, 

yield = 90%). 1H NMR (300 MHz, CDCl3) δ ppm 8.66 (ddd, 2H, J = 5.0, 1.8, 0.9 Hz), 

7.84 (td, 2H, J = 7.7, 1.8 Hz), 7.62 (dt, 2H, J = 7.8, 1.1 Hz), 7.40 (ddd, 2H, J = 7.6, 

5.0, 1.1 Hz), 5.79 (s, 2H), 4.48 (s, 4H), 3.31 (t, 2H, J = 6.8 Hz), 3.24–3.17 (m, 4H), 

3.13 (qd, 2H, J = 7.3, 4.2 Hz), 2.26 (t, 2H, J = 7.3 Hz), 1.93–1.83 (m, 4H), 1.54 – 

1.46 (m, 4H), 1.32 (t, 2H, J = 7.3 Hz). ESI-MS m/z [M+H]+ 382. 

2.3.4 Synthesis of ADIBO-functionalized HSA (ADIBO–HSA) 

For the preparation of ADIBO–HSA, three samples of HSA (5 mg/mL, 73.5 nmol 

each) were treated with different equivalent of NHS-ADIBO (5, 10, 20 equiv) 

dissolved in 2% dimethyl sulfoxide in phosphate buffer saline (PBS, pH 7.4, 500 μL). 

The mixtures were vortexed and allowed to conjugate for 2 h. The unreacted ligand 

was removed by size exclusion chromatography (PD-10 column) using PBS (pH 7.4) 

as eluent. The molecular weight of products was determined by MALDI-TOF. The 
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ADBIO incorporation and degree of conjugation of HSA were also determined using 

MALDI-TOF and UV–vis spectrophotometer (NanoDrop, Thermo Fisher). 

 

 

 

 

Figure 21. Characterization of albumin and modified albumin (A) MALDI-TOF 

mass spectrum of HSA and ADIBO functionalized-HSA by reacting 5, 10, 20 

equivalent of NHS-ADIBO with HSA resulting in average 4.8 ± 0.01, 8.4 ± 0.02 and 

16.4 ± 0.05 molecule of DBCO incorporated with HSA (n = 3) (B) UV-vis 

spectrometer absorption spectra of HSA-ADIBO, unfunctionalized HS, and ADIBO-

NHS. The absorbance peaks were found at 280 nm in albumin (blue), and at 280, 309 

(red) in albumin-ADIBO. 
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2.4 Radiochemistry  

2.4.1 Preparation of [99mTc]Tc-DPA 

The precursor [99mTc][Tc(H2O)3(CO)3]+ was prepared according to a reported method 

with slight modification [137]. In brief, to an IsoLink kit containing sodium 

tetraborate decahydrated (2.9 mg), sodium carbonate (7.8 mg), potassium sodium 

tartrate tetrahydrate (9.0 mg) and disodium boranocarbonate (4.5 mg) was added 

99mTcO4¯
 (500–700 μL, 370–740 MBq) in a sealed vial. The vial was heated for 30 

minutes at 100 ºC. The reaction mixture cooled to ambient temperature and 

subsequently neutralized to pH ~7.0 using 1 N HCl (200 μL). The radiochemical 

purity was determined by radio-TLC using system 1. A freshly prepared solution of 

[99mTc][Tc(H2O)3(CO)3]+ (500–700 μL, 370–740 MBq) was added to a vial 

containing precursor 3 in methanol (100 μL, 200 nmol). The vial was heated for 30 

min at 100 ºC. The radiochemical purity was determined by radio-TLC using system 

2.  

2.4.2 Preparation of [99mTc]Tc-DPA-HSA (Click Method) 

[99mTc]Tc-DPA (500 μL, 185 MBq) was added to a vials containing a solution of 

ADIBO–HSA (DOF = 4.8, 8.4, 16.4, 1 mL, 30 nmol, each) in PBS (pH 7.4). The 

vails were kept at 37 ºC for 30 min in an incubator with gentle shaking. The 

radiotracer was purified by PD-10 column once using PBS as the eluent. Radio-TLC 

using system 2 was used to determine the radiolabeling efficiency. 
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Figure 22. (A) Radio-TLC chromatogram. Na[99mTcO4] (red line), TLC-SG, 

methanol:HCl (99:1 (v/v)); [99mTc][Tc(H2O)3(CO)3]+ (orange line), TLC-SG,  

methanol:HCl (99:1 (v/v)); [99mTc]Tc-DPA (green line), ITLC-SG, Methanol:0.1 M 

citric acid (1:4 (v/v)); PD-10 column purified [99mTc]Tc-DPA-HSA (black line), 

ITLC-SG, Methanol: 0.1 M citric acid (1:4 (v/v)). (B) Click reaction conjugation 

efficiency of [99mTc]Tc-DPA with ADIBO-HSA (DOF = 4.8, 8.4, 16.4). 
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2.5 Serum Stability 

The in vitro stability was tested in human serum. In brief, PD-10 column-purified 

[99mTc]Tc-DPA-HSA (50 µL, 11.4 MBq) was added to human serum (250 μL) and 

kept up to 6 h at 37 ºC. An aliquot of the solution (2 μL) was taken after 1, 3, and 6 h 

and radiochemical purity were determined by radio-TLC using system 2.  

2.6 In vivo SPECT Imaging 

The SPECT/CT images were taken after the administration of [99mTc]Tc-DPA-HSA 

(DOF = 4.8, 8.4, 16.4, 100 μL, 9‒14 MBq) into the lateral tail vein of normal mice. 

Mice were anesthetized with isoflurane and scanned with nanoscan-SPECT/CT 

(Mediso Medical Imaging System, Hungary). The scanning parameters are as follows: 

a -ray energy window of 140 keV ± 10%, a matrix size of 256 x 256, an acquisition 

time of 5‒15 sec per angular step of 18° and a reconstruction algorithm of ordered 

subset expectation maximization with nine iterations. CT scans are performed with a 

tube voltage of 45 kVp, an exposure time of 1.5 s per projection, and a reconstruction 

algorithm of cone-beam filtered back-projection. 

2.7 Ex vivo biodistribution 

The biodistribution of [99mTc]Tc-DPA-HSA (DOF = 4.8, 8.4, 16.4) and commercially 

available conventional 99mTc-HSA was evaluated in normal mice (22‒25 g, n = 4). A 

volume of 100 μL purified [99mTc]Tc-DPA-HSA (37 kBq) and conventional 99mTc-

HSA was administered via a lateral tail vein in each mice. The mice (n = 4) were 

sacrificed after 30 min and 3 h post-injection. The blood and interested tissues and 
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organs were excised, weighed, and the percentage of the injected dose per gram (% 

ID/g) was calculated by counting all tissues in -counter (Packard Cobra II automated 

-counter). The standard solution was also prepared to estimate the total dose injected 

per mice. Values were expressed as mean ± standard deviation (SD) for four animals. 
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3. Results 

3.1 Study Scheme 

The clickable, 2,2′-dipicolylamine (DPA) bifunctional chelator, was synthesized with 

a linker containing the terminal azide moiety (Scheme 6A). The ADIBO-

functionalized HSA (ADIBO-HSA) was synthesized after the introduction of varying 

a number of ADIBO side-chains by reacting HSA with azadibenzocyclooctyne-N-

hydroxysuccinimidyl ester (ADIBO-NHS) at various molar excess (Scheme 6B). The 

radiolabeling procedure involved the chelation of the [99mTc][Tc(H2O)3(CO)3]+ core 

with DPA-linked azide, followed by the click reaction with ADIBO‒HSA (Scheme 

7). Purification by size exclusion chromatography using PD-10 column yield the final 

99mTc-labeled albumin, which was then evaluated in vivo in healthy mice. The results 

thus obtained, were compared with commercially available 99mTc-HSA. 

3.2 Synthesis of DPA and ADIBO‒HSA 

The synthesis of DPA, which served as a chelator was accomplished in three steps 

(Scheme 6A). The first step involves the reaction of bis(2-pyridylmethyl)amine 1 and 

4-(Boc-amino)butyl bromide in the presence of potassium carbonate to afford 

intermediate 2 in 60% yield after purification by silica gel column chromatography. 

The Boc group was deprotected with TFA and DCM (2 mL, 1:1 (v/v)) at rt to yield 

dipicolylamine 2 (quant.). Conjugation of compound 2 with succinimidyl-4-

azidobutyrate in the presence of DIPEA base produced the final product DPA in 90% 

yield, which was purified by HPLC in chemical purity (>99%). ADIBO‒HSA with 
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variable DOF was synthesized by mixing HSA with various equivalents of ADIBO-

NHS (5, 10, 20 equiv). Purification was achieved by PD-10 to afford ADIBO‒HSA 

in >98 ± 2% chemical purity. The number of ADIBO moieties per molecule, the 

degree of functionalization (DOF), of HSA was calculated from MALDI-TOF data 

using a simple formula as follows; DOF = (Molecular weight of modified HSA – 

molecular weight of unmodified HSA)/molecular weight of ADIBO group. The 

average DOF calculated was 4.8± 0.01, 8.4 ± 0.02, and 16.4 ± 0.03, respectively 

(Figure 21A). UV-vis spectrophotometer was used to further confirm the successful 

conjugation of ADBIO to HSA (Figure 21B). Also, we obtained very good 

reproducibility in preparing ADIBO–HSA confirmed by MALDI-TOF. For example, 

coefficient of variation (CV) of measured molecular weight of modified HSA (n = 3) 

from one batch (1st batch) was extremely low (0.004–0.025%). Moreover, the CV of 

the scaled-up batch (200–400mg in one time, 2nd batch) was also very low (0.012–

0.043%). Furthermore, the agreement of the measurements between 1st and 2nd batch 

was excellent with an intraclass correlation coefficient of 0.998 (confidence interval 

= 0.691–0.999). 
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Figure 23. Maximal projection intensity (MIP) SPECT/CT images at 5 minutes, and 

3 hours after the injection of (A) [99mTc]Tc-DPA-HSA, (DOF = 4.8), (B) [99mTc]Tc-

DPA‒HSA, (DOF = 8.4), (C) [99mTc]Tc-DPA-HSA, (DOF = 16.4), and (D) 

Conventional 99mTc-HSA. 
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Figure 24. In vivo SPECT images and quantification. (A) Higher blood pool uptake 

and lower liver uptake were seen in the [99mTc]Tc-DPA-HSA (n = 3) compared to 

99mTc-HSA (n = 3). Quantified uptakes in the blood pool (B) and liver (C). *: P <0.05, 

**: P < 0.01, ***: P < 0.001 
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Figure 25. Ex vivo biodistribution studies of [99mTc]Tc-DPA-HSA (DOF = 4.8, 8.4, 

16.4) and conventional 99mTc-HSA (A) 30 min post-injection, (B) 3 h post-injection. 
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3.3 Radiolabeling and in vitro stability 

The radiolabeling and SPAAC ligand conjugation reaction are presented in Scheme 

7. First, [99mTc]Tc-DPA was prepared by heating the DPA chelator (100 μL, 200 nmol) 

with [99mTc][Tc(H2O)3(CO)3]+ at pH 7. These conditions consistently provide high 

radiochemical yield (> 98 ± 2%). Second, the pairing of [99mTc]Tc-DPA with 

ADIBO–HSA (DOF = 4.8, 8.4, 16.4) was conducted at physiological pH and 

temperature for 30 min. Labeled albumin ([99mTc]Tc-DPA-HSA) was purified by size 

exclusion chromatography using PD-10 column, eluted with PBS (pH 7.4). The size 

exclusion chromatography completely removed the unreacted [99mTc]Tc-DPA from 

the final product ([99mTc]Tc-DPA-HSA). Radio-TLC showed successful 

radiolabeling at each step (Figure 22A). Also, it has been observed that higher DOF, 

incubation time, and temperature enhances the click reaction conjugation efficiency 

(at 30 min, 76, 98, 99% for DOF = 4.8, 8.4, 16.4, respectively) (Figure 22B). 

Moreover, [99mTc]Tc-DPA-HSA showed high stability in serum and there is no sign 

of decomposition of the radiotracer over a time period of 6 h. 

 

3.4 In vivo SPECT image 

To investigate the in vivo pharmacokinetics of [99mTc]Tc-DPA-HSA (DOF = 4.8, 8.4, 

16.4), whole-body SPECT/CT images was performed for all conjugates in healthy 

BALB/C mice at 5 min and 2 h post-injection. For comparison purpose, we also 

performed SPECT images of conventional 99mTc-HSA at same time points. 

[99mTc]Tc-DPA-HSA SPECT images demonstrated that the majority of the 
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radioactivity was observed in the blood pool and liver. The heart and both carotid 

arteries were clearly visualized not only at 5 min, but also at 2 h after the injection. 

The blood pool uptake was decreased according to the increase of DOF (Figure 23A‒

C). In contrast, conventional 99mTc-HSA showed very limited uptake in the blood 

pool and intense uptake in the liver (Figure 23D). Another set of SPECT imaging 

experiment was done for the quantitative comparison between [99mTc]Tc-DPA-HSA 

(DOF = 4.8) (n = 3) and 99mTc-HSA (n = 3) at 5 min, 2 and 6 h after the injection. 

[99mTc]Tc-DPA-HSA (DOF = 4.8) showed significantly higher uptake in the blood 

pool than 99mTc-HSA (P = 0.0001, 0.025, and 0.003, respectively). The liver uptake 

was significantly lower in [99mTc]Tc-DPA-HSA (DOF = 4.8) than in 99mTc-HSA (P 

= 0.001, 0.0009, and 0.002) (Figure 24). 

3.5 Ex vivo Biodistribution 

The biodistribution results of [99mTc]Tc-DPA-HSA (DOF = 4.8, 8.4, 16.4) and 

conventional 99mTc-HSA are given in Figure 25. The blood pool had highest activity 

for all the conjugates having DOF = 4.8, 8.4, 16.4 (57.52 ± 0.69, 33.04 ± 3.69, and 

22.73 ± 2.53% ID/g, respectively) at 30 min post-injection, which was subsequently 

decreased (42.92 ± 1.52, 29.64 ± 2.75, and 15.35 ± 1.16% ID/g, respectively) at 3 

hours post-injection. The blood pool uptakes of 99mTc-HSA were 7.22 ± 0.79 and 4.13 

± 0.25% ID/g at 30 min and 3 h after the injection. Thus, the blood pool uptakes of 

[99mTc]Tc-DPA-HSA (DOF = 4.8) were 8 times higher at 30 min post-injection and 

even 10 times higher at 3 h post-injection than those of 99mTc-HSA. [99mTc]Tc-DPA-

HSA had the second highest activity in the liver (20.86 ± 0.45, 19.01 ± 1.66, and 
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31.93 ± 1.56% ID/g, respectively). At 3 h post-injection, a slight increase in the 

activity was observed in the liver as well as in the intestine showing that the 

radiotracers are predominantly cleared from the system through the hepatobiliary 

pathway. The conventional 99mTc-HSA exhibited the highest activity in the liver 

(57.77 ± 1.47, and 58.11 ± 2.83% ID/g at 30 min and 3 h post-injection).  
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4. Discussion 

We developed a novel 99mTc-labeled HSA, [99mTc]Tc-DPA-HSA, which has an 

enhanced blood pool imaging ability using a chelate-then-click strategy. The chelate-

then-click strategy consisted of two steps. First, 99mTc was chelated to azide-

functionalized DPA ([99mTc]Tc-DPA), and HSA was functionalized using ADIBO 

for click reaction. Then [99mTc]Tc-DPA and HSA were conjugated using the SPAAC 

click reaction in a biocompatible conditions. Our [99mTc]Tc-DPA-HSA showed 

enhanced blood pool uptake with an order of magnitude at 3 h after the injection 

compared to conventional 99mTc-HSA. 

For imaging purpose, HSA has been also labeled with several radioisotopes 

including 68Ga [138, 139], 18F [140-143], 125I [144], and 99mTc [127] through diverse 

bifunctional chelators. Compared with other radioisotopes, 99mTc is widely used in 

nuclear medicine because of its optimum photon energy [3]. Also, 99mTc can be used 

safely because of its low in vivo toxicity [145].  

The complexation between radiometal (99mTc < 1 μM) and ligand required high 

temperatures (>90 ºC) and a large amount of ligand to attain high radiochemical yields 

in short reaction times even with promising tridentate ligand systems [146, 147]. 

Radiolabeling under these harsh conditions would normally denature the 

temperature-sensitive biomolecules (e.g., protein, peptide, and antibodies). 

To circumvent the problem, several new labeling strategies have been developed, 

chelate-then-click approach, where the bifunctional chelator is first complexed with 
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[99mTc][Tc(H2O)3(CO)3]+ followed by the copper(I)-catalyzed azide-alkyne 

cycloaddition (CuAAC) click reaction with the targeting moiety. As the CuAAC click 

reaction occurred at physiological temperature and pH, this radiolabeling strategy 

permits the conjugation of sensitive biomolecules that require harsh radiolabeling 

conditions [148, 149]. The main disadvantage of the CuAAC reaction is 

contamination of the product with copper ion and its coordination to targeting 

biomolecules [150]. Additionally, the use of Cu(I) ions as catalysts hindered their 

utility in clinical nuclear medicine due to strict current good manufacturing practice 

[151]. Therefore, other biorthogonal reactions that do not require copper catalysts, 

have been proposed [152-156]. However, the lack of ideal selectivity, slow reaction 

kinetics, moderate to mild stability under aqueous conditions and reversible 

substitution in vivo are potential drawbacks of these reactions [157-160]. Most 

recently, biocompatible copper-free stain-promoted alkyne-azide cycloaddition 

(SPAAC) has attracted lot of interest due to the rapid rate of the reaction and excellent 

biorthogonal properties which makes it an excellent candidate for radiolabeling of 

heat-sensitive targeting molecules [133, 161]. Several 18F-labeled 

dibenzocyclooctyne (ADIBO) prosthetic groups have been reported in the literature 

for in vitro labeling as well as in vivo pre-targeting of peptides for tumor imaging 

[151, 162-164]. Therefore, we adopted chelate-then-click strategy with the SPAAC 

click reaction. 

For clinical translation of 99mTc-labeled HSA, standardization and optimization of 

the radiolabeling procedure are essential. Therefore we optimized the radiolabeling 

procedure to achieve high radiolabeling efficiency and stability. The conjugation 



101 

 

efficiency of [99mTc]Tc-DPA and ADIBO–HSA under optimized conditions was high 

(between 76% and 99%) depending on the number of ADIBO moiety attached to 

HSA. The high conjugation efficiency is attributed to the stability of ADIBO and the 

azide group in aqueous solution. For the development of a kit formulation, 

radiolabeling efficiency of over 95% is favorable. However, our [99mTc]Tc-DPA-

HSA with DOF 4.8 showed 76% of radiolabeling efficiency. This needs to be further 

enhanced for the development of kit formulation that could be used in the clinic. We 

are currently testing another cyclooctyne clickable moiety (ODIBO) to increase the 

radiolabeling efficiency [151]. Meanwhile, the blood pool uptakes were decreased in 

higher DOFs. The reason for diminished circulation properties in higher DOF seems 

to be higher interaction with serum proteins caused by a higher degree of surface 

chemistry alteration including the charge [165]. 

We also determine the nonspecific binding of 99mTc with HSA, for this purpose, 

[99mTc]Tc-DPA and 99mTc were incubated with unmodified HSA under the same 

condition separately. The results showed that HSA does not bind with 99mTc and 

[99mTc]Tc-DPA and thus there is no nonspecific interaction with HSA. Therefore, the 

present labeling method enable the conjugation of HSA with the ligand under 

relatively mild radiolabeling conditions to afford the desired product with outstanding 

efficiency. Moreover, the pre-labeling strategy also avoids nonspecific, low-affinity 

binding of 99mTc with HSA. 

After successful conjugation, [99mTc]Tc-DPA-HSA was tested in vivo. High 

retention and slow clearance of radiotracer is one of the most important characteristics 
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to be an ideal blood pool imaging tracer [139]. The biodistribution of [99mTc]Tc-DPA 

-HSA was evaluated in healthy mice and compared with commercially available 

conventional 99mTc-HSA. As expected, most of the radioactivity was retained in the 

vascular system, showing the promising radiotracer as a blood pool imaging agent. 

Even after 3 h, more than 40% ID/g was retained in the blood for HSA with DOF of 

4.8. It has been reported previously  that higher DOF of HSA with a bifunctional 

chelator may alter the intrinsic properties of the HSA molecule resulting in higher 

accumulation in the liver [138]. Our results also showed the higher accumulation of 

activity in the liver compared to blood with an increase in DOF. Additionally, 

conventional 99mTc-HSA showed low whole blood activity and high liver uptake. The 

SPECT images are in accordance with the biodistribution results, which further 

validated the effectiveness of the developed HSA conjugate as a blood pool imaging 

agent. Finally, we demonstrate the application of click chemistry for labeling of HSA, 

which showed an obvious advantage over conventional 99mTc-HSA. This implies that 

the current, chelate-then-click SPAAC method for labeling of HSA can be applied to 

label other heat-sensitive molecules to the [99mTc][Tc(H2O)3(CO)3]+ system.  

There are several limitations to this study. We have not evaluated the performance 

as a blood pool agent in any disease model. The mechanism of hepatobiliary excretion 

of the tracer has not been elucidated yet. It is warranted to evaluate the advantages of 

the [99mTc]Tc-DPA-HSA over conventional 99mTc-HSA in the clinical setting.  
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5. Conclusion 

We developed and optimized a simplified chelate-then-click SPAAC strategy to 

radiolabel HSA with 99mTc to make a blood pool imaging agent. This approach 

enables the pairing of 99mTc and HSA under mild reaction conditions in excellent 

radiochemical yield. The number of ADIBO moieties on HSA has a dramatic effect 

on click reaction conjugation efficiency. [99mTc]Tc-DPA-HSA showed high stability 

in vivo, resulting in higher blood retention and visualization of vasculatures in healthy 

mice up to 3 h compared with commercially available conventional 99mTc-HSA. We 

concluded that the present radiolabeling method could be applicable to other sensitive 

biomolecules.  
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1. H-NMR spectra 
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2. ESI-Mass Spectra 
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3. HPLC chromatogram  

 

 

Comparative HPLC profile of (A) [99mTc]Tc-15 (B) Re-15 
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Comparative HPLC profile of (A) [99mTc]Tc-16 (B) Re- 16 
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Comparative HPLC profile of (A) Re-6 (B) [99mTc]Tc-6  
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4. Korean Abstract 

SPECT 영상화를 위한 99mTc(I) Tri-carbonyl 기반 

방사성의약품의 합성 및 생체 내 생물학적 평가 

 

나딤 아메드 

서울대학교 의과대학 

핵의학 

 

 

테크네튬-99m (99mTc)은 최적 물리적 특성으로 핵의학 진단에 가장 널리 

사용하는 핵종이다. 목표 부위에 대한 특이성과 선택성을 향상시키기 위해 

99mTc 기반의 많은 방사성 의약품이 오랫 동안 개발되어 왔다. 특히, 

[99mTc][Tc(CO)3(H2O)3]
+은 크기가 작고 안정성이 높아 생체 분자의 

표지에 널리 사용되었다. 또한 [99mTc][Tc(CO)3(H2O)3]
+ 기반 

방사성의약품은 비방사성 동일 전하량의 [Re(CO)3(H2O)3]
+을 이용해 

99mTc 표지물의 안정성과 구조적 특성을 간접적으로 파악할 수 있다. 특히 이 

연구에서 이소니트릴 (CN-R) 배위자를 포함하는 리간드는 3 개가 

[99mTc][Tc(CO)3(H2O)3]
+와 결합하여 안정된 화합물을 형성하는 것을 

밝혀 새로운 방사성의약품 개발의 중요 착화합물을 개발하였다. 

전립선특이막항원 (PSMA)은 전립선암 (prostate cancer, PCa) 표면에서 
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발현되는 바이오마커이다. PCa 의 검출 및 치료를 개선하기 위한 노력의 

일환으로, 저분자 urea 계열 PSMA 억제제가 광범위하게 연구되어왔다. 

우리는 이소니트릴 배위자를 포함하는 99mTc-트리카보닐 기반 PSMA 

접합체 ([99mTc]Tc-15 및 [99mTc] Tc-16)를 개발했다. 이 두 PSMA 

복합체는 높은 방사화학적 효율 (98.5% 이상)로 얻어졌다. PSMA 양성 

22Rv1 세포를 이용한 시험관내 실험에서 [99mTc] Tc-15 및 [99mTc]Tc-

16 (각각 Kd = 5.5 , 0.2) 모두 높은 결합 친화력이 관찰되었다. 22Rv1 종양 

이종 이식 누드마우스에서 생체내조직 분포 실험결과 주사 후 1 시간에 

[99mTc] Tc-16 (1.87 ± 0.11 % ID / g)의 급속한 축적을 보였고, 4 시간 

뒤에는 (2.83 ± 0.26% ID/g) 로 증가하였다. 반면 [99mTc] Tc-15 는 

중등도의 종양 섭취량 (1.48 ± 0.18% ID/g)을 보였으며 주사 후 4 시간에 

감소했다 (0.81 ± 0.09% ID/g). 4 시간에서 종양 대 혈액 (17:1)과 종양 

대 근육 비 (41:1)는 [99mTc] Tc-16 가 [99mTc]Tc-15에 비해 4 배나 

높았다. 2-PMPA 동시 주사시 PSMA 발현 종양에 현저히 섭취가 차단되는 

것으로 보아 [99mTc]Tc-15 (P ≤ 0.001) 와 [99mTc] Tc-16 (P ≤ 

0.001)의 섭취는 특이적임을 알 수 있다. [99mTc]Tc-16의 전신 SPECT 

이미지는 [99mTc]Tc-15 에 비해 PSMA 를 발현하는 종양 / 조직의 더 

뛰어난 영상을 입증했다. 결론적으로, [99mTc]Tc-16 은 [99mTc]Tc-

15보다 높은 종양 섭취 및 보유를 보여 주었다. 
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엽산 수용체(FR)는 다양한 인간 암에서 종종 과발현되므로, FR을 발현하는 

종양 세포에 선택적으로 진단 및 치료제를 전달하는데 사용할 수 있다. 이 

연구의 목적은 이소니트릴을 배위 결합 리간드 (CN-R)로 포함하는 3 가 

[99mTc]Tc-6 folate 방사성-복합체를 개발하여 엽산 수용체 영상을 하는 

것이다. [99mTc]Tc-6 은 HPLC (방사화학적 순도>99%)로 정제하여, 

시험관내 실험을 한 결과친수성 화합물 (LogP = -2.90)이며 시험관 내에서 

KB 세포에서 높은 엽산 수용체 결합 친화력을 보임을 밝혔다 (Kd = 

0.04nM). 생체 내분포실험에서, [99mTc]Tc-6는 주사 후 4 시간 후에 KB 

종양에서 5.32 % ID/g 이 관찰되었다. 종양 흡수는 유리 엽산의 동시 주사에 

의해 백그라운드 수준으로 억제되는 것으로 보아 [99mTc]Tc-6 의 섭취는 

FR 에 대한 특이적 섭취임을 알 수 있었다. [99mTc]Tc-6 을 주사 후 1 시간 

및 4 시간에 얻은 SPECT 영상 결과 [99mTc]Tc-6 는 엽산 수용체 표적화 

영상화에 유망한 후보가 될 것으로 기대된다. 

테크네튬-99m 이 표지된 인간 혈청 알부민 (99mTc-HSA)은 수십 년 동안 

임상에서 혈액 풀 영상용으로 이용되어왔다. 그러나 99mTc-HSA 는 순환 

시간이 짧은 것이중대한 결점이다. 이 연구에서는 클릭 화학과 이중 작용기 

킬레이트제인 2,2'-dipicolylamine (DPA)를 결합한 (99mTc) Tc-DPA-

HSA 를 사용하여 순환 시간이 긴 새로운 99mTc 이 표지된 HSA 를 개발했다. 

특히 chelate-then click 방식을 채택하여 [99mTc][Tc(CO)3(H2O)3]
+ 

계에 HSA 를 도입 할 때 구리가 없는 변형 촉진 알킨-아지드 고리화 첨가 



156 

 

(SPAAC)의 가능성을 조사했다. 이 전략에서 azadibenzocyclooctyne-

functionalized HSA (ADIBO-HSA)를 이용한 SPAAC 클릭 반응과 함께 

[99mTc][Tc(CO)3(H2O)3]
+ 와 아자이드-생체 적합 조건 하에서 아지드-

활성화된 DPA ([99mTc]Tc-DPA)의 방사성동위원소 표지 효율은 98% 

이상이었다. [99mTc]Tc-DPA 와 ADIBO-HSA 의 클릭 접합 효율은 

HSA에 결합된 ADIBO 잔기의 수에 따라 76‒99 %이었다. SPECT 영상에서 

[99mTc]Tc-DPA-HSA 의 혈액 풀 섭취량은 주사 후 10 분, 2, 6 시간에 

99mTc-HSA 보다 유의하게 향상되었다 (P < 0.001, 0.025 및 0.003). 또한, 

[99mTc]Tc-DPA-HSA 의 혈액 중 양은 생체내분포 실험에서 전통적인 

99mTc-HSA 보다 주사 후 30 분에서 8 배, 3 시간에 10 배 더 높았다. 이 

결과는 혈액 풀 영상 조영제로서 [99mTc]Tc-DPA-HSA 의 가능성을 보여 

주며, 또한 열에 민감한 생물학적 표적 벡터를 

[99mTc][Tc(CO)3(H2O)]으로 사전 표지하는 SPAAC 접근법의 가능성도 

보여준다. 

결론적으로 99mTc(I)-트리카보닐기는 작은 크기, 단일, 이중 및 삼중 

리간드와의 동적안정성으로 인하여 방사성의약품의 합성을 위한 다양한 

플랫폼을 제공하며 시험관 내 및 생체 내에서 우수한 안정성을 보였다. 이 

논문에서는 PSMA, 엽산 또는 HSA 등의 추적벡터를 도입한 단일-

이소시아니드 및 삼중-다이피콜릴아민 리간드시스템의 99mTc(I)-
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트리카르보닐 기반 방사성의약품을 성공적으로 합성하였으며, SPECT 

영상용 의약품으로서의 가능성을 평가하였다. 

 

Key words: 테크네튬-99m, 99mTc(I)-트리카보닐기, 3 가 
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