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ABSTRACT: A series of water-soluble chiral cyclen-based che-
lators with chemical handles for selective targeting have been 
synthesized (cyclen = 1,4,7,10-Tetraazacyclododecane). Opti-
cal studies, relaxivity measurements, and competitive titra-
tions were performed to show the versatility of these chiral 
chelators. The complexations of L3, L4 and L5 with Lu3+, Y3+, 
Sc3+ and Cu2+ were successfully demonstrated in around 90% 
to 100% yields. Efficient and rapid radiolabeling of L5 with 
177Lu was achieved under mild conditions with 96% yield. The 
chelators exhibit near quantitative labeling efficiencies with a 
wide range of radio-metal ions, which are promising for the de-
velopment of targeting specific radiopharmaceutical and mo-
lecular magnetic resonance imaging contrast agents. 

Introduction 

Macrocyclic DOTA (1,4,7,10-tetraazacyclododecane-N,N’,N”,N’”-
tetraacetic acid)  is one of the most widely used metal chelators 
applied for diagnostic and therapeutic applications.1-3 It has 
been shown to form very stable complexes with numerous 
kinds of metal ions and acts as a “gold standard” chelator for 
gadolinium as magnetic resonance imaging (MRI) contrast 
agent and a number of radiometals for positron emission 
tomography (PET) and single-photon emission computed 
tomography (SPECT) imaging.1,4 For instance, GdDOTA and 
68Ga/177Lu-labeled DOTA-TATE have been approved by the U.S. 
Food and Drug Administration (FDA) for use in human 
diagnostics.5-7 Despite robust thermodynamic stability and 
kinetic inertness over some acyclic complexes, the 
radiolabeling kinetics of DOTA has always been slow and 
heating is required for this process, typically under acidic 
conditions.1 This is problematic when applying it to 
temperature-sensitive molecules, such as antibodies. Therefore, 
the development of new chelators that enable labeling of metal 
ions under mild conditions with a chemical handle for targeting 
specificity is essential especially for use in therapeutics and 
radiolabeling of antibodies.  

In one of our recent publications, we introduced four chiral 
substituents around the macrocyclic ring of DOTA to form our 
chiral DOTAs, we found the pre-organized cavities of the result-
ing chelators are favorable for fast complexation and slow 
metal decomplexation.2 The chiral GdDOTAs have shown as 
promising and safer MRI contrast agents, while the radiolabel-
ing of chiral DOTAs with 64Cu and 177Lu was shown to be more 
efficient than their parent DOTA by affording labeling at even 
milder conditions. However, ligands for diagnostic and thera-
peutic applications should ideally be bifunctional chelators 
(BFCs) to afford specific targeting, especially for the increasing 
demand in personalized and precision medicine which benefits 
from improved sensitivity and decreased side effects. Examples 
of complexes with vectors such as peptides and antibodies have 
been reported in literature, but these designs are generally lim-
ited to the DOTA system in order to not compromise the stabil-
ity, hence bounded to harsher labeling conditions.8-11 Herein, 
we developed three derivatives based on the ligand (L1) which 
has a pre-organized cavity that can assist metal complexation. 

The new chelators look at different design strategies that allow 
a chemical handle to be incorporated for targeting with small 
molecules for diagnostic specificity. These designs are shown in 
L3-L5 (Figure 1), ligand L3 was conjugated with a cyclic 
arginine-glycine-aspartic acid (RGD) peptide, which exists in 
many biological and pathological processes where the RGD 
sequence is found to have molecular interactions with integrins 
receptors.12-14 Another two DO3A-like chelators (DO3A = 
1,4,7,10-tetraazacyclododecane-N,N’,N”-1,4,7-triacetate acid) 
with conjugatable functional groups are designed to be BFCs 
(L4 & L5). The tosyl group introduced in L3 showed 
interactions with Human Serum Albumin (HSA) protein 
without effects arising from pH changes, whereas the 
nonadentate chelator arm design, L5,15 demonstrated efficient 
radiolabeling with 177Lu. These BFCs showed near quantitative 
labeling efficiency with various metal ions at mild labeling 
conditions, demonstrating potential as radiometal chelators for 
use with peptides and antibodies. 
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Figure 1 Structures of chelators L1 – L5 in this study. 

Experimental 

Materials and methods. Unless otherwise noted, all chemicals 
were reagent-grade and were purchased from Sigma-Aldrich or 
Acros Organics and used without further purification. 1H 
and 13C NMR spectra were recorded on a Bruker Ultrashield 
400 Plus NMR spectrometer (at 400 MHz and 100 MHz, 
respectively). Chemical shifts δ  were expressed in parts per 
million (ppm) based on the residual solvent signal in D2O 
( δ  4.79 ppm), chloroform-d ( δ  7.26 ppm) and coupling 
constants J are given in Hz. High-resolution mass spectrometry 
was performed on an Agilent 1260 Infinity Series apparatus 
with Agilent 6540 UHD Accurate-Mass Q-TOF LC/MS with 
detection range of 100–3200, while the low-resolution mass 
spectrometry and LCMS was obtained on a Waters ACQUITY 
UPLC H-Class-QDa mass spectrometer with detection range of 
50-1250. Reverse-phase semi-preparative purification was 
performed on the Waters HPLC system with UV detection from 
220 to 350 nm using a Waters T3 Column (250 × 19 mm). The 
analytical UPLC was performed on the Waters UPLC system 
with UV detection from 220 to 350 nm with XBridge Shield RP 
18, 2.5 m, 2.1×50 mm column. Two methods were used: 
Method A: mobile phase A was water with 0.05% to 0.1% TFA, 
mobile phase B was acetonitrile. Method B: the mobile phase A 
was water with 10 mM ammonium formate; mobile phase B 
was 90% acetonitrile/10% 10 mM ammonium formate in water. 
Gradient: starting from 90% A/10% B, the fraction of B 
increased to 90% over 8 mins, then re-equilibrated at 10% B 
for 4 min, the flow rate was 8 mL/min for semi-preparative 
HPLC; and fraction of B increased to 60% within 8 mins and 
then back to 10% with a flow rate of 0.2 mL/min for analytical 
UPLC. 
UV-Vis absorption spectra of complexes were measured with an 
HP UV–8453 spectrophotometer (Santa Clara, CA, USA). Steady-
state room temperature photoluminescence measurements 
were performed with an Edinburgh Instrument (Livingston, UK) 
FLSP920 spectrophotometer equipped with a Xe900 
continuous xenon lamp, mF920 microsecond flash lamp and a 
single photon counting photomultiplier tube. Spectra were 
corrected with the bundled F900 software. Solution-state 
measurements were conducted using Type 23 quartz cuvettes 
with 10 mm path length from Starna Scientific (London, UK). 
Emission spectra were recorded in the range of 380-750 nm 
with 1 nm spectral intervals and 0.3 s integration time. Lifetime 
measurements were recorded base on the highest intensity 
emission peak of each complex and were done in triplicates. All 
lifetime plots were monoexponential decay.  
Inductively coupled plasma - optical emission spectrometry 
(ICP-OES) was performed on an Agilent 700 Series system 

(USA), with 7 points standards (0.5 – 30 ppm) of Gd in 2% of 

HNO3 for the determination of Gd metal content.  
Syntheses. All the compounds were fully characterized. 
Experimental details and characterizations are given in 
Supplementary Information (NMR spectra, high-resolution 
ESI-MS of complexes and HPLC traces are shown in the SI). 
Photophysical studies. To perform the batch titrations 
between lanthanide complexes (TbL4, EuL5) and the 
diethylenetriaminepentaacetic acid (DTPA), stock solutions of 
TbL4, EuL5 and DTPA were prepared in 0.1 M HEPES buffer 
with pH 7.3.16 The complex solutions were diluted to identical 
volumes in five different vessels, then DTPA solution was added 
to each vessel with various complex to DTPA ratio ranged from 
1:0 to 1:100. The resulting solutions were placed on a shaker at 
room temperature for better mixing and to equilibrate. The 
luminescence intensities of TbL4 and EuL5 with different 
concentrations of DTPA were monitored by a 
spectrophotometer after 24 h and up to 7 days.  
HSA protein titration was conducted with TbL4 in 0.1 M HEPES 
buffer with pH 7.3. Lyophilized HSA (10 mg, 0.67 % w/v) was 
directly added to the solution of TbL4 until fully saturated and 
the changes in luminescence intensity were recorded. 
T1 Relaxivity measurements. Relaxivity measurements were 
performed on a Bruker mq60 Minispec (Germany) with 1.4 T at 
37°C. Longitudinal (T1) relaxation times were measured using 

an inversion recovery experiment with 10 inversion times of 
duration ranging between 0.05 × T1 and 5 × T1. T1 Relaxivity (r1) 

was determined from the slope of a plot of 1/T1 vs [GdL] at 5 
different concentrations. HSA binding tests were performed by 
adding 4.5% w/v lyophilized HSA to different concentrations of 
Gd3+ complex solutions and incubated for 30 mins at 37 °C, 

followed by T1 measurements. The stability test for Gd3+ 
complexes were conducted at four different conditions, which 
were under 0.1 M HCl, 1 M HCl, 1 equivalent of Zn2+ ion and 10 
equivalents of Zn2+ ion, respectively.2,17 
X-ray crystallographic determination. The crystal data 
reported in the manuscript were collected on a Bruker D8-
Venture Diffractometer System with a micro-focus Mo-K α 
radiation. The data were collected at room temperature. Multi-
scan absorption correction was applied by SADABS program,18 
and the SAINT program utilized for the integration of the 
diffraction profiles.19 The structures were solved by direct 
method and were refined by a full-matrix least-squares 
treatment on F2 using the SHELXLE program system.20 The 
crystallographic data for the structural analyses have been 
deposited on the Cambridge Crystallographic Data Centre, 
CCDC No. 1901065, and the data can be obtained free of charge 
via www.ccdc.cam.ac.uk/data_request/cif. 

Results and discussion 

Syntheses of ligands and complexation studies. The ligand 
L3 was synthesized from the lithium salt of 2S,5S,8S,11S-
2,5,8,11-tetraethyl-1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid (L1).2 One side of the carboxylates was first 
activated with sulfo-NHS and EDCI at room temperature 
(Scheme 1), then the water solution of peptide c(RGDyK) was 
added. The mixture was reacted at room temperature for 2 h 
and purified by semi-preparative HPLC to obtain the ligand L3. 
L4 was synthesized from the starting material  2S,5S,8S,11S-
2,5,8,11-tetraethyl-1,4,7,10-tetraazacyclododecane 
(compound 1) (Scheme 2) and reacted with tosylaziridine in 
acetonitrile at 60°C overnight to get the compound 2. This was 
then reacted with tert-butyl 2-bromoacetate in the presence of 
potassium carbonate in acetonitrile for 16 h, resulting in 
compound 3. TFA deprotection resulted in ligand L4. 

http://www.ccdc.cam.ac.uk/data_request/cif


 

In L5 synthesis, the chromophore, methyl 4-((4-(4-methoxy-4-
oxobutanamido)phenyl)ethynyl)-6-(((methylsulfonyl)oxy)me-
thyl) picolinate was first dissolved in DMSO and was added 
dropwise into the solution mixture of the compound 1 and 
NaHCO3 in acetonitrile at 50°C over a period of 5 h.  After  

Scheme1 Synthesis of ligand L3 

 
Scheme 2 Synthesis of ligand L4 

 
Scheme 3 Synthesis of ligand L5 

 

reacting for a further 8 h, methyl 4-((4-(4-methoxy-4-
oxobutanamido)phenyl)ethynyl)-6-(((2S,5S,8S,11S)-2,5,8,11-
tetraethyl-1,4,7,10-tetraazacyclododecan-1-yl)methyl)-
picolinate (compound 4) was purified by semi-preparative 
HPLC. The purified product was then reacted with K2CO3 and 
ethyl 2-bromoacetate in acetonitrile at 50°C for 16 h, followed 
by the deprotection with LiOH to form L5 (Scheme 3).15  
After successfully obtaining the ligands L3, L4 and L5, the 
complexation properties were tested with metal to ligand ratio 
in 1.05 and 2.00 in 0.1 M Tris buffer (pH 7.01). The Gd3+, Eu3+ 
and Tb3+ solutions were prepared from lanthanide chloride 
hexahydrate salts and added to the aqueous solution of 
L3/L4/L5 with metal to ligand ratio around 1:10, the pH was 
adjusted to 7.0 by adding 0.1 M NaOH solution. The reaction 
mixtures were refluxed for 2 hours and purified by semi-
preparative HPLC to obtain the pure complexes.  
For metals typically used in diagnostic radiolabeling, their 
complexation conditions were further explored and optimised 
(Table 1). Similar to its parent chiral DOTA ligands, L1 and the 

 

 
Figure 2 a) Crystal structures of CuL2 (O, red; C, grey; N, purple; 
Cu, orange, Hydrogen atoms are omitted for clearance). View 
from top (left), bottom (center) and side (right). b) Polyhedral 
representation of the coordination geometries of the central 
copper cation in CuDOTA; c) the same representation for CuL2.

Table 1. Complexation results of L3, L4 and L5 in 0.1 M Tris buffer, pH 7.01.  

 Cu2+ Y3+ Lu3+ In3+ Sc3+ 

M/L3  
ratio 

M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) 

Temp. 
(°C) 

60 80 60 80 60 80 60 80 60 80 

Time 
(min) 

3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 

Yield  
(%) 

90.5 
(96.4) 

100 100 100 
93.1 

(93.6) 
94.9 

(100) 
82.7 

(91.9) 
83.6 

(96.6) 
94.0 

(94.4) 
97.0 

(97.9) 
87.9 

(96.7) 
96.7 

0.0 
(0.0) 

10.2 
(10.3) 

28.5 
(57.7) 

93.6 
(98.9) 

61.5 80.9 
65.4 

(92.7) 
96.3 

(98.6) 

M/L4    
ratio 

M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) 

Temp. 
(°C) 

40 60 40 60 40 60 40 60 40 60 

Time 
(min) 

3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 

Yield  
(%) 

100 100 100 100 
56.7 

(69.5) 
89.4 

(100) 
94.2 

(100) 
100 100 100 100 100 

0.0 
(0.0) 

29.2 
(30.1) 

23.0 73.9 
(80.1) 

60.7 
90.2 

(92.7) 
64.3 

(94.0) 
100 

M/L5    
ratio 

M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) M = 1.05 (2.00) 

a) 

b) c) 



 

Temp. 
(°C) 

40 60 40 60 40 60 40 60 40 60 

Time 
(min) 

3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 3 60 

Yield  
(%) 

89.4 
(94.2) 

90.8 
(94.7) 

90.3 
(95.1) 

93.3 
(95.8) 

97.5 98.9 
98.4 

(98.8) 
97.5 

(99.4) 
97.1 

(100) 
97.0 98.4 98.5 

18.0 
(37.0) 

89.0 
(97.0) 

40.0 
(63.5) 

92.0 
(95.2) 

67.9 
(94.2) 

98.9 
(99.0) 

89.3 
(99.5) 

98.5 
(99.5) 

Optimal ratio of M/L, where the yield obtained at M = 2.00 is represented with ( ).

DOTA-TATE,  with a cyclic peptide on one of the pendant arms, 
L3 also required a relatively high complexation temperature. 
The complexations of L3 with Lu3+, Y3+, Sc3+ and Cu2+ resulted 
in very high (~100%) complexation yields, either under 80°C 
for 1 h (Table 1) or 100°C for 3 mins (Table S3).2, 21 L4 formed 

complexes under milder conditions (≤ 60°C) with Lu3+, Y3+, Sc3+ 

and Cu2+ with yields over 92.7%. For In3+, it was notable that 
longer reaction time and higher temperature were required for 
the complexation of L4. While L4 quantitatively formed 
complexes with Cu2+ and Lu3+ at 40°C within 3 min. From the 

chemical structure, we hypothesize that the lack of one side of 
the pendant arm allowed a more opened cavity in L4, while 
after the metal ions are sequestered, the extra carboxylate near 
the tosyl group could turn back to coordinate with the metal 
ions. This phenomenon was also found in similar chelators 3p-
C-DEPA and 5p-C-NETA.22, 23 Complexations of L5 with Lu3+, Y3+, 
Sc3+ and Cu2+ were performed according to similar procedures 
and achieved almost instantaneous complex formations within 
3 min  at 40°C , though slightly better yield of over 95.8% was 

achieved at ~60°C, especially for Sc3+. The exception here, again 

is the In3+, which required and benefited from a longer reaction 
time rather than a higher temperature, with yields of 89% at 40
°C and 92% at 60°C (Table 1 & S6-7).15,29   

Analysis of X-ray structural data. In our attempt to elucidate 
the coordination geometries of our copper complexes with L1, 
crystallization of CuL1 was performed. Despite putting huge 
amount of effort to grow the crystal of the CuL1, neither the two 
isolated isomers nor their solution mixtures produced high-
quality crystal for single X-ray diffraction. Hence, to elucidate 
the coordination geometry of the copper chelate, we resorted 
to employ L2 where the phenyl rings induce a better packing in 
the crystallization process. The ligand L2 was synthesized as 
previously described.2 The complexation of Cu2+ with L2 
resulted in crystal of CuL2 which was obtained in a mixture of 
methanol and water after slow evaporation. The coordination 
of CuL2 is similar to the literature reported CuDOTA (Figure 
2).24 In both complexes, the Cu-O bond lengths are observed to 
be similar (avg. 1.95 Å in CuL2, and 1.96 Å in CuDOTA). The 
same two-long-two-short pattern of Cu-N bond lengths can also 
be found in both complexes, albeit Cu-N bonds are longer in the 
CuL2 (avg. 2.434 Å and 2.229 Å vs 2.318 Å and 2.107 Å in 
CuDOTA). The lengthened Cu-N bonds have a knocked-on effect 
on the dihedral angles between opposing N-Cu-N planes (avg. 
72.66 °  in CuL2 and 77.94 °  in CuDOTA), as well as their 

coordination geometries. This is a major difference between 
the two complexes, with CuDOTA resembling a distorted 
octahedral (Figure 2b), while CuL2 appearing closer to the 
trigonal prismatic (Figure 2c). With similar coordination 
geometries, the extra chiral substituents on CuL2 create 
additional steric hindrance on the opposite side of the 
carboxylic arms.  
q value measurement of TbL4. To further confirm the 
coordination of complexes of L4, TbL4 was synthesized and its 
photophysical properties were used to determine the hydration 
number (q value). EuL4 was non-emissive due to the 
mismatching of the triplet state and thus was not used. The 

maximum excitation peak of TbL4 is at 253 nm (λem = 543 nm), 
and upon excitation with this wavelength, characteristic 
trivalent terbium emission was observed (Figure 3). The q 
value of TbL4 was calculated according to the lifetimes in H2O 
(1.83 ms) and D2O (3.36 ms), which was determined to be 0.94 
(calculated from Parker’s equation).25 This indicates that there 
is one water molecule coordinated on the first sphere of the 
metal ion, representing that the carboxylate on the side arm is 
involved in the coordination. In this versatile conjugatable 
design of L4, the methyl group on the tosyl group can be further 
replaced by a nitro group and subsequently reduced to give an 
amino group that can be transformed into an isocyanate group 
for amine coupling or a textbook diazo synthesis. 
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Figure 3 UV-vis absorption (blue, solid), emission (green, solid) 
and excitation (at 543 nm, black, dash) spectra of TbL4 at RT 
with pH 7.0 in water.   

Competition based stability tests for TbL4 and EuL5 from 
Luminescent Properties. Stabilities of complexes are of 
immense concern in biological applications. For example, In 
MRI applications, gadolinium-based contrast agents (GBCAs) 
are commonly used. However, the decomplexation of GBCAs 
can lead to nephrogenic systemic fibrosis (NSF), which is 
associated with free Gd3+ ions in the body. Thus, ensuring the 
stabilities of metal complexes is vital in designing novel 
imaging and therapeutic agents. Due to the similar ionic radius 
of Ln3+, the emissive analogs of Tb3+ and Eu3+ complexes can be 
used as surrogates to the Gd3+ complex to reflect the complex 
stability by competitive batch titrations with DTPA via steady 
state photoluminescence measurements. For this reason, 
competitive batch titrations with DTPA were performed with 
TbL4 and EuL5 (the emissive analog of our ligand series) which 
exhibit luminescent properties due to the presence of a suitable 
chromophore. L3 was not looked at, as there is no chromophore 
in the chleator design to afford sensitization to the Ln3+ ions. 
For TbL4 and EuL5, the luminescent intensities of both 
complexes were monitored up to 7 days to assess their 
stabilities. The effect of decomplexation will be shown by signs 
of a drop in luminescent intensity as neither free Tb3+/ Eu3+ nor  
their complexes formed with DTPA is emissive. In the batch 



 

titration of TbL4 (Figure 4a), there was no obvious change in 
the intensity during the first 3 days, and only a slight drop in 
the 1:50 batch on the 7th day. For EuL5 (Figure 4b), the 
luminescent intensity remained steady within this 7-day period. 
The results obtained indicated that L4 and L5  are stable for 
complexation in biological studies. 
Relaxivity measurements and potentiometric titrations. 
Due to the lack of an efficient sensitizing moiety in L3, 
luminescence competitive batch titration cannot be conducted. 
Instead, T1 relaxivity measurements were used to demonstrate 
the complex stability with the Gd3+ ion. For these studies, the 
Gd3+ complexes of all three ligands were studied and compared 
to DOTAREM (GdDOTA) as a benchmark. Upon monitoring 
GdL3-5 in 0.1 N or 1 N HCl, no obvious change in the relaxivities 
of GdL3-4 were noted (Figure 5 & S65) and only a slight 
decrease was shown for GdL5 (evident after ~20 h), showing 
improved stabilities compared to the GdDOTA. In the presence 
of physiological competing cation like Zn2+, GdL3-5 all showed 
comparable stabilities to that of GdDOTA. (Figure S66-67) 
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Figure 4. Relative emission intensity of a) TbL4 with different 
concentrations of DTPA in the batch titrations, λex at 255 nm, 
from 380-750 nm within 7 days; b) EuL5 with different concen-
trations of DTPA in the batch titrations, λex at 350 nm, from 
380-750 nm within 7 days. 

Table 2. Protonation Constants of L4, L5, DOTA and 
DO3A-B (I = 1.0 M KCl, 25°C) 

log KiH L4 L5 DOTA26 DO3A-B27 

log K1 10.48±0.35 10.64±0.34 11.14 11.27 

log K2H 10.14±0.30 6.50±0.03 9.69 9.19 

log K3H 8.74±0.09 4.49±0.12 4.85 4.09 

log K4H 5.10±0.03 3.40±0.08 3.95 3.07 

∑log KiH 34.86 25.03 29.62 27.62 
 

To further assess the stabilities of our chiral macrocycles, we 
also examined their protonation constants (Table 2). The 
protonation constants of L3 was not conducted due to 
numerous hydrogen-containing functional groups in the RGD 
peptide. The protonation constants of L4 and L5 were 
determined by potentiometric titration, along with DOTA and 
DO3A-B for comparative purposes. From the observed results, 
it indicated that the protonation constants of L4 are higher than 
for the achiral DOTA and DO3A-B ligand, whilst for L5, they are 
relatively similar. The similar protonation constant to the DOTA 
ligand  is our benchmark and guideline to elucidate the stability 
of the complexes with DOTA complexes.27  

From the prior work with the achiral version of L3 and also 
shown by the hydration number of TbL4,8 we infer that both 
GdL3 and GdL4 have one water molecule coordinated to the 
metal ion. The inner sphere water molecule on the Gd3+ ions 
would induce the fast relaxation of the solution, making these 
chelators suitable as the MRI contrast agents. Hence we further 
examined the T1 relaxivities of GdL3 and GdL4 (Table 3) in 
water and in 4.5% w/v HSA  which were found to be very close 
to the literature values of the two isomers of GdL1.2 This also 
validates their similar coordination environment. 

Table 3 Summary of relaxivity (mM-1s-1) of GdL3, GdL4 
and GdDOTA in water and 4.5% w/v HSA at 37°C,  1.4 
T (60 MHz). a 

 

Complex Water (pH 6.5) 4.5% w/v HSA 

GdL3 4.3 5.0 

GdL4 4.2 (4.6)b 9.6 (9.7)b 

GdDOTAc 3.2 4.1 

a: GdL5 is fully coordinated with no water coordination, hence  the value is not included in the 

table; b: Measured in 0.1 M citrate buffer (pH 3.0); c: Data from ref. 2. 
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Figure 5. Evolution of T1 relaxation time, T1(t)/T1(0), as a func-
tion of time for GdDOTA, GdL3-5 under 1 N HCl at 37C, 1.4T. 

Here, the slightly higher relaxivity of GdL3 (M.W. = 1272.5217) 
arises from the relatively higher molecular weight due to the 
attached RGD peptide. Comparing to GdL3, GdL4 have a similar 
relaxivity in water, but a much higher relaxivity in HSA solution. 
This is observed due to the aromatic nature of the tosyl group, 
which binds with the HSA protein, hence the prolonged 
rotational correlation time of the bound complex induced the 
enhanced relaxivity. The binding is also supported by the 
photoluminescence measurements of TbL4, which in the 
presence of HSA gives a turn-off phenomenon in the emission 
spectrum (Figure 6). It should be noted that the relaxivities of 
some similar complexes with tosyl groups are pH-sensitive.28 
The proton on the sulfamide, however, is substituted in our 
complex of GdL4, so the pH-sensitively parameter is eliminated 
and is not apparent in our complex. 
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Figure 6 Emission spectra of TbL4 without adding HSA (green) 
and with 10 mg HSA added (blue) in 0.1 M HEPES, pH 7.3, ex-
cited at 255 nm. 

Radiolabeling. In order to show the versatility of our BFCs and 
their potential for therapeutics, we further studied the 
radiolabeling with selected radiometals that are suitable for 
PET with our BFCs. From the complexation results, although L3 
and L4 were rather suitable for 64Cu labeling, L3 was selected 
for further radiolabeling studies as it is conjugated with a RGD 
peptide and can be used to investigate the robustness of 
peptides in radiolabeling conditions. 
Similar to the complexation with Cu2+, L3 was successfully 
radiolabeled with 64Cu2+ in 0.5 M NH4OAc buffer (pH 6.05) after 
heating at 40°C for 30 min. The radiolabeling yield was >99% 

with negligible free 64Cu2+ remaining (Figure S58).  
We then examined the nonadentate chelator L5 to test out the 
radiolabeling efficiency with 177Lu3+. Nonadentate chelators are 
generally more suitable for f-block elements as a saturated 
coordination sphere improves the stabilities of the complexes 
formed while assisting in the chelating efficiency as well. This 
had also been shown in our previous studies of compounds 
with a chiral DO3A backbone and a bidentate chromophore.29,30 
In our radiolabeling studies, L5 gave a very effective 
radiolabeling with 177Lu3+, with 96% yield obtained after 
reacting at 45°C within 15 mins (pH 6.0) (Figure S59). This 

labeling efficiency was still maintained when the pH was 
increased to the physiological pH 7.0 (94% yield, at 45°C, 15 

mins) (Figure S60). Such mild reaction conditions enable L5 to 
be a potential chelator for radiolabeling of sensitive 
biomolecules, such as antibodies and peptides. We believe the 
design of L5 as a radiometal chelator will provide a new 
strategy for using nonadentate macrocyclic chelator for 
radiopharmaceutical applications. 

Conclusions 

In conclusion, we showed that by strategic design, tailored 
chelators based on our chiral cyclen designs can give rise to a 
series of ligands that are versatile for different metals. Our 
chiral DOTAs and their derivatives possess significant potential 
as radiolabeling chelators for PET/SPECT, as well as in the 
development of improved diagnostic agents such as for MRI 
and radioimmunoassay applications. Further biological studies 
of these compounds are on going in our laboratory to further 
maximize the potential for use in theranostics and imaging.  
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Chiral conjugatable macrocyclic ligand designs for encapsulating different radioactive metals 
were synthesized, which possess advantages such as rapid complexation, and ability for conjuga-
tion to targeting vectors compared to the clinical approved radiolabeled DOTA. These chiral mac-
rocyclic ligands serve as a new platform for novel ligand design as well as shows potential to be 
radiometal chelator for imaging modalities such as PET and SPECT. 

 




