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INTRODUCTION

As the lifestyles of most contemporary people involve sitting for 
a long time and a lack of exercise, a diet high in fat and calories 
promotes the prevalence of vascular diseases, such as Coronary 

Artery Disease (CAD), vascular calcification, and hypertension. 
These diseases are strongly related to atherosclerosis and arteries 
blocked by lipid accumulation in the tunica intima. Atherosclerosis 
is a chronic and progressive arterial disease, it is asymptomatic 
until there is a severe event, at which point it is too late to 
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ABSTRACT

Macrophage expression C-X-C motif chemokine receptor 4 (CXCR4) plays important role in inflammation and 
induces atherosclerosis. Two novel similar small molecular CXCR4 antagonists with aminomethylpyridinyl and 
macrocyclic tetraazadodecanyl groups, known as APD and APO, were designed and synthesized and then used 
as radio-imaging agents (after chelating with radio isotope of gallium ion) for atherosclerosis diagnosis using an  
ApoE-/- mouse model. By PET/CT scanning, the imaging performance of 68Ga-APD on atherosclerotic animal 
model surpasses over 68Ga-APO. The structures of the complexes of the ligands with gallium, impurities in APD and 
metabolites of APD in serum were analyzed using High-Performance Liquid Chromatography (HPLC) and tandem 
mass spectrometry. The HPLC method based on a C-18 column (25 cm × 4.6 mm and 5 µm) and mobile phase made 
of programed gradient aqueous acetonitrile spiked with 0.05% trifluoroacetic acid at a flow rate of 0.8 mL min-1. 
According to tandem mass spectra and fragmented patterns, both complexes of APD and APO with Ga3+ undergo 
ligand chelation with a metal ion, releasing two protons from the tetraazacyclododecane of APD and the acetyl acid 
of APO, respectively. The impurities in APD ligand are its partially degraded products with MW values of 256, 349 
and 411. Three metabolites of APD in serum were identified after incubation for up to 2 h. The metabolic reaction 
of APD results in the degradation and release of tetraazacyclododecane, oxidative deamination, and hydroxylation 
products. The results of the characterization of APD-like ligands used for vascular disease diagnosis base on radio 
imaging and biostability are satisfactory.
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Atherosclerosis radio-imaging agent; CXCR4
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recover [1]. Severe atherosclerosis causes cardio/cerebro-vascular 
problems with high fatality rate, including ischemic stroke and 
myocardial infarction [1,2], so the medical cost of treating patients 
is considerable. Following kidney disease, adiposity, and diabetes 
mellitus, the age levels of patients with cardio/cerebro-vascular 
diseases are declining, while the population ratio is increasing. 
The associated causes are excess lipids, glucose, and Low-Density 
Lipoprotein (LDL) cholesterol in the patient’s blood [2], which 
induce pro-inflammatory immune cells accumulation at the 
focal arterial wall [3]. Unheralded erosion and rupture plaques 
of chronic arterial inflammation result in thrombus formation, 
lumen occlusion at cardio- or cerebro-vascular parts and sudden 
death [1,4]. 

Molecular imaging agents target specific biomolecule and visualize 
the pathological lesions noninvasively. Imaging methodologies 
provide quantitative and specific information on an anatomic 
basis in clinical and preclinical studies to guide treatment 
strategies and predict fatal risks in patients [4,5]. A few Positron 
Emission Tomography (PET) imaging agents have been used 
to target biomarkers of atherosclerosis based on increasing 
glucose metabolism using inflammatory cells (18F-FDG) [6], and 
detecting micro-calcifications around the arterial wall (18F-NaF) 
[5,7]. However, both methods are only suitable for patients with 
advanced vascular blocked.

The CXC chemokine ligand 12 (CXCL12) and its CXC chemokine 
receptor 4 (CXCR4) play an important role in cell homeostasis, 
including mediating the recruitment of pro-inflammatory 
leukocytes to injured endothelial cells [8], and their accumulation 
in CXCR4-positive cells (such as differentiated macrophages and T 
cells), and subsequent plaque formation in atherosclerosis [9,10]. 
Therefore, CXCR4 is an attractive target for the development of 
molecular imaging agents to evaluate atherosclerosis or the level 
of vascular blockage in the early phase and then treat the related 
symptoms positively. Recently, the most promising PET agent for 
targeting CXCR4-related atherosclerosis has been the radioisotope 
68Ga3+-labeled pentixafor (68Ga-pentixafor) [1,8,9]. Pentixafor is a 
peptide that targets CXCR4 while also chelating transition metals 
ion (Ga3+, In3+ and so on) via the triacetyltetraazacyclododecane 
(DOTA) group. However, the low Target-to-Background Ratio 
(TBR) of these tracers limited their application on clinical. Other 
polyazamacrocyclic based on CXCR4 antagonists (AMD3100 [11], 
AMD3465) [12], that chelate 64Cu2+ have also been developed and 
used to treat CXCR4-related diseases, including breast cancer and 
pulmonary granuloma, respectively. Since a few of groups develop 
novel imaging ligands for detection of CXCR4.

Two new, similar ligands, namely, N-((6-(aminomethyl)pyridin-
2-yl)methyl)-3-(1,4,7,10-tetraazacyclododecan-1-yl)-N-(pyridin-
2-ylmethyl)propan-1-amine (APD), and 2,2‘,2’‘-(10-(2-(bis((6-
(aminomethyl)pyridin-2-yl)methyl)amino)-2-oxoethyl)-1,4,7,10-
tetraazacyclododecane-1,4,7-triyl)triacetic acid (APO) (Figure 1), 
have been designed through computer simulation and screened 
by binding energy with CXCR4, on the basis of TIQ15 structural 
template. The activity center of the TIQ15-derived CXCR4 
antagonists is tetrahydroqulinolin tertiary amine [13-15]. The 
computer simulation binding energy data for TIQ15 was -80 Kcal 
mol-1, however APD was -300.3 (in-house and unpublished data). 
Both ligands have been synthesized and patented [16], by National 
Atomic Research Institute (NARI) and are currently been tested 
to compare their performance with that of 68Ga-pentixafor on 
an apolipoprotein E-dificient mouse (ApoE-/-) model [17] for the 

detection of the atherosclerosis phase [3]. The two ligands comprise 
three parts: The phamacophore (aminomethylene-pyridinyl 
moiety), which recognizes the target (CXCR4); the chelator 
(tetraazamacrocyclic moiety), which chelates radio-transitional 
metal ions and carries traceability; and the linker, which connects 
the other two parts, provides space between pharmacophore and 
chelator, and provides various flexibilities. The main structural 
differences between APD and APO are as follows. First, APO has 
one aminomethylene (NH

2
CH

2-
, H-bond donor) on each of two 

pyridinyl (H-bond acceptor) groups, whereas APD has only one 
pyridinyl group with an aminomethylene group but the other 
pyridinyl group nothing. Second, APO has tri-acetyl acid and an 
amido groups on tetraazacyclododecane (DOTA), whereas APD 
comprises simple amines of tetraazacyclic dodecane (cyclen). The 
main difference between their linkers is that APD uses -(CH

2
)
3-
 and 

APO uses acetoamide. Theoretically, APO should be able to bind to 
CXCR4 with greater affinity because of more H-bonds to CXCR4 
and a stronger chelating ability with Ga3+ than APD. DOTA is a 
more common chelator of Ga3+ [18,19], than tetraazamacrocyclic 
molecule [11]. The complexation constant (log K) of Ga3+-DOTA 
is 26.05 [18].

Figure 1: The structures of APD and APO ligands are been tested in 
the study.

In this study, the structural characteristics of the APD and APO 
ligands are investigated by Electrospray Ionization tandem Mass 
Spectrometry (ESI-MS/MS), including structural fragmented 
patterns and complexation status with Ga3+ ion. The identities 
and content of impurities and metabolites of APD in serum are 
also determined using High Performance Liquid Chromatography 
(HPLC) and tandem MS. The results of the characterization of 
APD and its analog APO are critical for its employ it proper use as 
an atherosclerosis imaging ligand.

MATERIALS AND METHODS

Materials 

The APD and APO ligands were contracted and synthesized at 
RDD Lab INC., Taiwan. Both compounds were quality assayed 
by HLPC (Waters-2695 with UV detectors and purity over 96%), 
nuclear magnetic resonance (JNM-ECZ500R/S1, JOEL, USA) 
and MS (4000QTRAP®, AB Sciex, Canda) before delivery. APD 
is an off-white semiviscous solid (MW: 440) and APO (MW: 643) 
is powdered. The non-radioactive complexes of Ga-APD/Ga-APO 
were prepared using the following procedures [3]: APD (0.1 mg) 
or APO (0.15 mg) ligands were dissolved in a 1-mL acetate buffer 
(pH 5.0–6.0), and an aqueous solution of non-radioactive gallium 
chloride (40 µg in 10 µL, 23 mM) was added to the buffer in a 1:1 
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triple quadrupole linear ion trap in positive ion scanning mode 
operated by Analyst software 1.6.2). Here, N

2
 gas obtained from 

a nitrogen generator (PEAK Scientific, Scotland, UK) was the 
gas used for mass spectrometry analysis, including the nebulizer, 
curtain, and collision gases.

Experimental

For the APD metabolism study of the serum, 20 µL of 0.5-M 
potassium phosphate solution (pH 7.4, PBS), 180 µL of deionized 
water, 20 µL of NADPH A, 4 µL of NADPH B, and 10 µL of APD 
(1500 µg mL-1) were mixed with 0.5 mL of serum for up to 2 h in a 
2-mL Eppendorf tube before incubation in a preheated 37°C water 
bath [20]. Following this, the APD/serum solution was incubated 
in a 37°C thermostat bath while shaking (at 120 rpm) for 0, 10, 30, 
60, 90 and 120 min before 100 µL of the incubated solution was 
dispensed into other tubes with the addition of 150-µL acetonitrile. 
The tubes were then vortexed and placed in an iced bath to stop 
the reaction. The six tubes were then centrifuged at 12,000 rpm 
for 10 min before the supernatant from the reacted solutions was 
filtered through a 0.2- µm disk filter (PVDF) into HPLC vials and 
stored at -20°C prior to HPLC and MS/MS operations, no more 
than a week to keep from deteriorating of APD and its derivatives.

mole ratio for at least 20 min at 65 ± 5°C. If the pH of complexation 
solution lower than 5, APD was protonated and unfavorable to 
chelate with Ga3+, and higher than pH 6, Ga3+ formed gallium 
hydroxide (Ga(OH)

3
) colloid. After completing all other animal 

tests, blood was drawn from a contrast-controlled mouse group 
and separated the serum by centrifuging, then stored at -70°C until 
metabolism study (no more than a month) to reserve activity of 
enzymes.

Instrument

The solutions of APD were analyzed by HPLC (Agilent 1200, Palo 
Alto, CA, USA) with a degasser, a thermostat (10°C) autosampler 
(5 µL of sample solution), a binary pump, a column oven at 22°C, 
and diode array detector (at 260 nm) operated by Chem Station 
software (Rev. B 0304) to determine of purity and amount of 
derivatives. HPLC analysis of APD on a C18 column (Fortis, 
length 25 cm, i.d. 4.6 mm, particle size of 5 µm) and mobile 
phase composed of deionized water (A phase) and acetonitrile (B 
phase) in the programmed gradient (Table 1). Both the A and B 
phases were modified with Trifluoroacetic Acid (TFA) 0.05% as 
the ion pairing agent of APD. The impurities and metabolites 
in the serum matrix were identified using a 4000QTRAP® mass 
spectrometry instrument (equipped with electrospray ionization 

HPLC

Stationary phase Fortis-C18, 250 mm × 4.6 mm, 5 mm

Injection volume 5 μL

Detector DAD at 260 nm

Mobile phase
A: 0.05% TFA/DI water

B: 0.05% TFA/acetonitrile

Gradient program
0~3 min 5% B, isocratical; 3-10 min ramp to 15% B and 10-12 min to 

30% B; with A+B=100%; isocratical till 15.0 min then down to 5% B to 
re-condition of column

Flow rate 0.8 mL min-1

Mass spectrometry

Source temperature (°C) 400°C

Detector polarity Positive ion

Scanning mass range 150–800 at 1000 Da sec-1

Resolution, Q1 and Q3 Unit 

Curtain gas (p.s.i.) 40 p.s.i.

Ion source gas 1 and 2 (p.s.i.) 20 p.s.i.

Collision gas Medium or High for EMS and EPI modes, respectivelya

Ion spray voltage (V) 5200 V, positive

Declustering potential (V) 60 V

Collision energy (V) Ramping scan 10-45 V 

Collision energy spread (V) 10 V

Flow rate 
Coupled with LC via splitter (1:10); 

Infusion directly by syringe pump (MS2 mode) at 10 mL min-1 

Note: a EMS=Enhanced Mass Spectrometry; EPI=Enhanced Product Ion; DAD: Diode Array Detector; TFI=Trifluoroacetic acid; DI=Deionized water; 
V=Voltage; p.s.i.=pounds per square inch.

Table 1: Parameters of HPLC and mass spectrometry analysis for APD, APO ligands and gallium complexes.
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Mice and PET/CT acquisition

Male ApoE-/- mice (provided from National Laboratory Animal 
Center) (aged>8 weeks) housed in controlled room (22 ± 2°C and 
50 ± 5% relative humidity) with normal light-and-dark cycle and 
feed for 2 months high-fat diet for accelerating atherosclerotic 
plaque. PET/CT imaging was performed by Bioscan NanoPET/
CT scanner (Washington DC, USA). The mice were anesthetized 
during imaging after intravenous administration of 11.1 MBq (0.3 
mCi) of [68Ga]‐APD. TBR was calculated by placing a circular 2 
mm volume of atherosclerotic plaque divided by blood pool.

RESULTS AND DISCUSSION

Tandem mass spectra and fragmentation patterns of APD, 
APO and Ga3+ complexes

To determine of the identities of the unknown derivatives related 
to the tested ligands using ESI-MS/MS, the standard mass spectra 
of both APD and APO were first plotted. The relevant parameters 
of MS were tuned by direct infusion of the ligands solutions in 
aqueous acetonitrile (1:1) buffered with both of 0.05% formic acid, 
as outlined in Table 1. For APD, the exact mass is 440.3. Based 
on the positive ion mode Enhance Product Ion (EPI) scanning of 
molecular ion, the [APD+H]+ (m/z 441.3 dalton, Da) fragmentation 
mass spectra and corresponding structures are plotted in Figures 2a 

and 2b. The broken bonds occur at the macrocyclic moiety and 
are partially recyclized, and the propylene linker moiety (indicated 
by the red dotted line). For the other ligand, the [APO+H]+ 
(m/z 644.3 Da) fragmentation mass spectra and corresponding 
structures are plotted in Figures 3a and 3b. The broken bonds 
occur at the carboxyl and acetyl acid of polyazamacrocycle, and 
acetoamide linker. However, the polyazamacrocycle part of APO 
dose not decompose as dose APD.

As the top two relative intensive of fragmented ions for APD 
are 269.3 and 312.3 Da, the appropriate Multiple Reaction 
Monitoring (MRM) ion pairs for the quantification of APD by 
liquid chromatography tandem MS (LC-MS) set at m/z 441.3 → 
269.1 and 312.3. For the APO ligand, the appropriate MRM ion 
pairs are 644.2 → 258.2 and 298.2 Da.

It is imperative to confirm the state of a complex used as an 
imaging agent to diagnose of diseases. In order to make sure 
sufficient gallium-ligand complexes for mass spectrometry analysis, 
complexes of both ligands, APD and APO with gallium (Ga-APD 
and Ga-APO), were prepared in an aqueous acetate buffer solution 
in a 1:1 molar ratio for the non-radioactive version (69,71Ga3+) even 
though the PET imaging agent version for in vivo animal model 
reaction under a 105:1 ligand to 68Ga3+ molar ratio (0.1 mg: 10 mCi) 
[3]. 

Figure 2: (a) Fragmentation mass spectra of molecular ion [APD+H]+ m/z 441 and the broken bonds; (b) corresponding fragmented structures 
of APD

(a) (b)

Figure 3: (a) Fragmentation mass spectra of molecular ion [APO+H]+ m/z 644 and the broken bonds; (b) corresponding fragmented structures 
of APO.
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(68Ga3+ less than 0.4 mCi per mouse, around 9.5 pg) [3].

Although the imaging agent 68Ga3+-APD is available, we attempted 
to design another ligand to improve the performance of APD. One 
approach involves the enhancement of hydrogen bond interactions 
with the target protein by adding more a methylene-amine to the 
other pyridinyl group. Another approach involves intensifying the 
complexation ability of gallium by substituting cyclen with DOTA. 
After releasing two protons from the acetyl acid groups, the APO2- 
ligand provides hexadentate (tetraaza and two carboxylates) to Ga3+ 
and saturates its coordination orbitals to form [69,71Ga3+-APO2-]+, 
MW: 710, 712. The Enhanced resolution (ER) spectra show that 
the peak height of m/z 710 and 712 is 3:2. The fragmented mass 
spectra of m/z 710 and corresponding structures are plotted in 
Figures 5a and 5b. The broken bonds occurred at the linker (shown 
in red dotted line). The fragmented patterns of the Ga-APD, Ga-
APO complexes are partially similar to those of the ligands. The 
LC-MS detection (extracted ion count mode, XIC) chromatograms 
of the Ga-APD labeled solution showed that the m/z 441 peak is 
large (much of APD remained in solution); however, the peak of 
Ga-APO labeled solution at m/z 644 was insignificantly (almost all 
of APO chelated with Ga3+).

The most stable aqueous state of gallium ion in is Ga3+ with six 
coordination numbers, and its chemical character is similar to that 
of Fe3+ ion [21]. The high resolution mass spectra (matrix-assisted 
laser desorption/ionization-time of flight mass spectrometry, 
MALDI-TOF, Ultraflex III, BRUKER) of the Ga-APD complex 
show its molecular ion m/z at 507.3, 508.3, 509.3 and 510.3 (Figure 
4a); moreover, the peak height ratio of 507:509 is to 3:2 (isotope 
abundance ratio of 69Ga:71Ga=60:40). Therefore, the m/z 507 ion 
is a complex of Ga3+ with +1 charge. The fragmented mass spectra 
(using 4000QTRAP) of m/z 507 (Figure 4b), and corresponding 
fragmented structures support the hypothesis that APD releases two 
protons from three secondary amines of cyclen (APD2-) and then 
chelates Ga3+ to form a tetradentate complex of [69,71Ga3+-APD2−]+ 
(MW: 507 or 509). Except in strong base reactions, it is difficult for 
a secondary amine to lose a proton. Therefore, the reason accounts 
for the equilibrium constant and concentration unfavorable [Ga3+-
APD2−]+ complexation. However, when labeling radioactive Ga3+, 
APD was more dominant than gallium ion, and according to 
LeChatelier’s principle, all 68Ga3+ was chelated by APD, and no free 
68Ga3+ remained in the 68Ga3+-APD solution after inspection using 
a radiodetector coupled with thin layer chromatography and HPLC 
[3]. For PET imaging, a trace amount of 68Ga3+-APD is sufficient 

Figure 4: (a) High resolution MALDI-ToF mass spectra of [Ga3+-APD2-]+ complex; (b) Fragmented mass spectra at m/z 507.2 and corresponding 
fragmented structures of [Ga3+-APD2-]+.

Figure 5: (a) ER mass spectra, structure, and fragmentation mass spectra of [Ga3+-APO2-]+ complex at m/z 710; (b) corresponding fragmented 
structures of [Ga3+-APO2-]+.
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Identification of impurities in APD by HPLC and tandem 
mass spectrometry 

The APD ligand is an alkaline and polar molecule with pyridinyl, 1°, 
2°, and 3° amino groups and multi-hydrogen bonds with proteins to 
recognize biomolecules and is highly dissolved in water. In aqueous 
solution, APD is protonated into positive charges ion and without 
any retention effect on reverse phase column, for example C18, 
C8 and amino group modified (normal phase) column. All HPLC 
analytical trials were failed (coeluted with system peak) except for 
the mobile phase is is spiked with TFA as the ion pairing agent with 
APD on C18 column (25 cm). According to the chromatogram 
(Figure 7), of APD at 9.07 ± 0.1 min with chromatographic purity 
of 97.0%, a theoretical plate number of 68000, a dynamic range of 
16.8–1680 ppm with a calibration equation A=3.81 × conc. (ppm)–
73.8, a coefficient of 0.9995, a Limit Of Quantification (LOQ) of 
4.5 ppm, and a Limit Of Detection (LOD) of 1.7 ppm. There were 
four impurity peaks at retention time (tR) of 9.4, 9.66, 9.82, and 
10.65 min, with peak area of 0.22%, 1.15%, 0.63%, and 0.85%, 
respectively. According to the LC-MS (XIC) and ER scanning 
mode, the m/z values of the four impurities were 257, 350, 412, 
and 455 sequentially.

PET/CT studies on ApoE-/- atherosclerotic mice

For comparing the TBR between [68Ga]-APD and [68Ga]-APO, 
tracers were injected from the tail vein with the same radioactivity 
(0.3 mCi) to 2 months age high-fat diet ApoE-/- mice. The results 
demonstrate that the TBR of [68Ga]-APD and [68Ga]-APO was 9.02 ± 
0.86 and 3.32 ± 0.71 (n=3), respectively. Based on PET/CT graphs, 
the performance of 68Ga-APD and 68Ga-APO administrated to 
ApoE-/- mice were compared. The results show the biodistribution 
of 68Ga-APD in the aorta and its PET/CT graphs of 68Ga-APD 
specifically binding at atherosclerotic site (Figure 6a). However, the 
performance of 68Ga-APO was negative (Figure 6b). Although APO 
chelates Ga3+ better than APD, it didn’t specifically and efficiently 
attach to CXCR4. One plausible explanation is that the linker or 
space between the pharmacophore and macrocycle is too close or 
less flexible, resulting in more steric hindrance interference from 
binding to the receptor (DOTA is larger than cyclen). Another 
possible reason is that the second aminomethylene (-CH

2
NH

2
, 

H-bond donor) hinders pyridinyl from accepting H-bond from 
CXCR4. Therefore, the subsequent discussion on the identification 
of impurities and metabolites focuses on APD.

Figure 6: PET/CT graphs of atherosclerotic ApoE-/- mice after administrated with [68Ga]-APD (a) and [68Ga]-APO (b).

Figure 7: Chromatogram of APD with impurities.
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Figure 8. Fragmented mass spectra and structures of impurities in APD. m/z: 257 (a); 350 (b); 412 (c); and 
455 (d). 
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The identities of impurities in APD were determined by 
fragmenting the molecular ions m/z to obtain structural details. 
The fragmented mass spectra and corresponding structures of the 
four impurities are shown in Figures 8a-8d with MW 256, 349, 411 
and 455. The identities of the first three impurities are constituents 
of APD. The last one is suspected and has yet to be determined.

Determination of metabolites of APD in serum

The 68Ga-APD complex solution was administered intravenously 
to the animal, which was circulated throughout the body through 
the vascular system, before attaching CXCR4 at inflamed tissue 
or atherosclerotic sites. During this period, 68Ga-APD/APD ligand 
coexists with blood and may be biotransformed by enzymes in 
plasma. The biostability of an imaging agent affects the effectineness 
and resolution of a portrait. To profile the characteristics of imaging 
agents in biosystems, it is necessary to investigate reaction trends 
and determine metabolites after incubation in serum for up to 2 h 
via LC and tandem mass spectra [22,23]. Because the APD ligand 
is much surplus over the 68Ga-APD complex, the metabolism study 
focus on APD.

The chromatograms of APD solution after incubation with 
serum for 0, 10, 30, 60, 90, and 120 min (Figure 9a) show the 
chromatographic peaks of the metabolites at tR 5.27 (M1) and 8.44 
min. The peak at 8.44 min is an unresolved multicomponent peak 
(M2 and M3). The declining tendency of the APD peak area is 

plotted in Figure 9b, showing that more than 70% of APD remains 
in the incubation solution for 1 h. The biostability of APD in 
serum was acceptable for using as an imaging agent. It takes less 
than 1 h for the mouse. Because the half-life of 68Ga is 68 min, the 
period of PET imaging suggests less than 1 h.

According to the LC-MS (XIC mode) and chromatography of the 
incubation solutions for 60–120 min, the m/z values of metabolites 
were suspected to be 273 (t

R
=5.27 min, M1) and 442, 457 (t

R
=8.44 

min, M2 and M3, unresolved multipeak). The fragmented mass 
spectra and corresponding structures of the APD metabolites 
are shown in Figures 10a–10c. The M1 metabolite (MW 272) is 
a decomposed/hydroxylated product at the APD linker that has 
lost cyclen, resulting in the loss of Ga3+ and traceability. The M2 
metabolite (MW 441, +1 than APD) is an oxidative deamination 
reaction (+OH, -NH

2
) at methylene amine. The M3 metabolite 

of the tertiary amine, (CH
2
)
3
N [24]. The three metabolites are phase 

I oxidization. Despite the three metabolites being determined 
in vitro with serum for 2 h in small amounts, the PET imaging 
of the Ga-APD agent in an animal model [3], for less than 1 h 
showed that the agent was mostly distributed in the kidney and 
bladder. This indicates that the Ga-APD complex is highly soluble 
in aqueous solutions and is quickly eliminated through the urinary 
system before metabolized. The metabolism of APD in serum is 
summarized in Figure 11. 

Figure 8: Fragmented mass spectra and structures of impurities in APD. (a): m/z: (b): 257; (c): 350; 412; (d): 455.
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Figure 9: Chromatograms of APD incubated in serum for various periods (0 - 120 min) (a) and declining tendency of APD peak integrated area (b).

Figure 10: Fragmented mass spectra and structures of APD metabolites in serum. (a): m/z: 273; (b): 442; and (c):457. 

Figure 11: Metabolic scheme of APD in serum.

   
 

 

          (a)                                          (b)  
Figure 9. Chromatograms of APD incubated in serum for various periods (0 - 120 min) (a) and declining 
tendency of APD peak integrated area (b). 
 

               (a)                       (b)                        (c) 
Figure 10. Fragmented mass spectra and structures of APD metabolites in serum. m/z: 273 (a); 442 (b); and 
457 (c).    
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CONCLUSION 

This study presents an overview of the results of HPLC and tandem 
mass spectra for APD and its analog APO, both of which complex 
with Ga3+ to form [Ga3+-APD2-]+ and [Ga3+-APO2-]+, tetradentate and 
hexadentate complexes, respectively, even though the equilibrium 
constant of [Ga3+-APD2-]+ is unfavorable for complexation with 
gallium. Tandem mass spectra confirmed the release of two 
protons from the aza amine of cyclen and the acetyl acid of DOTA, 
forming APD2- and APO2-, respectively, and then chelating Ga3+. 
The tandem mass spectra and corresponding fragmented structures 
support the identification of APD-related impurities and unknown 
metabolites. The metabolism type of APD in serum is phase I 
oxidation. Because the half-life of positron emission 68Ga3+ is 68 
min, the PET imaging time is less than 1 h. APD biostability in 
blood has a negligible impact on atherosclerotic diagnosis. The 
atherosclerotic imaging performance of 68Ga-APD is much excellent 
than that of 68Ga-APO and deserves more application research.
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