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Abstract 

Metals are essential in medicine for both therapy and diagnosis. We recently created the first 
metal-chelating nanogel imaging agent, which employed versatile, reproducible chemistry that 
maximizes chelation stability. Here we demonstrate that our metal chelating crosslinked nanogel 
technology is a powerful platform by incorporating 64Cu to obtain PET radiotracers. Polyacryla-
mide-based nanogels were crosslinked with three different polydentate ligands (DTPA, DOTA, 
NOTA). NOTA-based nanogels stably retained 64Cu in mouse serum and accumulated in tumors 
in vivo as detected by PET/CT imaging. Measurement of radioactivity in major organs ex vivo con-
firmed this pattern, revealing a high accumulation (12.3% ID/g and 16.6% ID/g) in tumors at 24 and 
48 h following administration, with lower accumulation in the liver (8.5% ID/g at 24 h) and spleen 
(5.5% ID/g). Nanogels accumulated even more efficiently in metastases (29.9% and 30.4% ID/g at 24 
and 48 h). These metal-chelating nanogels hold great promise for future application as bimodal 
PET/MRI agents; chelation of β-emitting radionuclides could enable radiation therapy. 

Key words: Nanogels, metal-chelating crosslinkers, copper 64, PET, NOTA, preclinical imaging, 
metastases. 

Introduction 
Metal complexes have an important role in 

medicine and are used clinically in various imaging 
modalities[1] such as magnetic resonance imaging 
(MRI),[2, 3] positron emission tomography (PET)[4, 5] 
and X-ray imaging.[6] A system enabling incorpora-
tion of various metals would serve as a versatile 
platform for the development of multifunctional 
agents combining imaging modalities and radiother-
apy. For this purpose, we decided to incorporate 
metal chelators into hydrogel nanoparticles, or nano-

gels. These nanoscale systems have high stability in 
aqueous media,[7, 8] high loading capacity for small 
molecules[9, 10] and larger biomolecules[11, 12] and 
allow facile access of water throughout the particle, 
which is a key feature in the development of MRI 
contrast agents. In our previous study, met-
al-chelating crosslinkers were chelated with Gd3+ to 
yield MRI contrast agent nanogels with improved 
safety relative to other Gd-chelated nanoscale 
agents.[13] In addition to chelating with paramagnetic 
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Gd3+, this strategy allows us to formulate metal-free 
nanogels containing crosslinkers that can be readily 
chelated with radiometals prior to biological studies, 
which avoids additional decay before clinical use. 
Another advantage of having metal chelates within 
particles is that the nanogel surface stays available for 
further functionalization with molecularly targeted 
ligands. To demonstrate the versatility of our plat-
form and take advantage of another capability of 
metals in medicine, here we incorporate 64Cu to access 
PET imaging.  

Because nanoparticles allow longer circulation 
time, passive accumulation in tumors and inflamed 
tissues and active targeting of specific cell types via 
conjugation of surface ligands, nanoscale PET imag-
ing agents have attracted much attention in recent 
years.[14-28] Copper-64 is a promising isotope for 
PET because of its suitable half-life (12.7 hours) and 
unique decay characteristics (β+ (656 keV, 17.4%) and 
β- (573 keV, 38.5%)). Nanoscale PET agents incorpo-
rating 64Cu into gold nanoparticles without the use of 
chelators have recently been reported by Liu and 
coworkers;[26] however, their preparation is not 
likely to be compatible with clinical translation be-
cause they incorporate 64Cu by alloying with gold, so 
surface chemistry for immune evasion and targeting 
would have to be performed post-labeling, shortening 
the time frame for imaging studies. 64Cu-doped 
quantum dots, recently introduced by Chen and 
coworkers,[27] face the same limitation, in addition to 
the questionable biocompatibility of CdSe.[29] Such 
strategies are not easily adapted to the incorporation 
of other metals or to encapsulate drugs, limiting their 
utility to PET. 

The simple yet elegant platform described here 
enables incorporation of a variety of metals in addi-
tion to 64Cu, including Gd for MRI and 177Lu for 
therapy to yield multimodal or theranostic agents. 
This chelator-crosslinked strategy not only is amena-
ble to most chelation system, but enables straight-
forward functionalization with PEG or targeting 
moieties prior to radiolabeling. Moreover it has been 
reported that the stability of copper chelates is en-
hanced upon incorporation within a nanostructure, 
thus limiting the risk of toxicity.[21, 22] Welch, 
Wooley and coworkers, for example, reported the 
radiolabeling of their shell-crosslinked nanoparticles 
(SCKs) with various 64Cu-chelating agents.[14, 15, 22] 
Even more promising is the demonstration by 
Hawker and coworkers that a natriuretic peptide re-
ceptor-targeted polymeric nanoparticle radiolabeled 
with 64Cu-DOTA detects prostate cancer with high 
sensitivity and good pharmacokinetics;[24] this agent 
is now being translated for imaging patients with 
cardiovascular disease. 

Only one other example of radiolabeled chemi-
cally crosslinked nanogels for PET imaging has been 
reported;[30] however, their size (290 ± 50 nm) may 
not provide optimal circulation time and tumor up-
take.[31] More importantly, radiolabel stability and in 
vivo PET/CT imaging of radiolabeled nanogels have 
not yet been examined. 

Here we report the first 64Cu-labeled chelator 
crosslinked nanogels for tumor imaging by passive 
accumulation through the enhanced permeation and 
retention (EPR) mechanism. Three metal-chelating 
crosslinkers were screened to identify the chelation 
platform that most stably retains 64Cu. It was shown 
by Meares et al. in the mid 1980’s that macrocyclic 
chelators are required for stable retention of copper 
radionuclides in vivo,[32] as acyclic chelators such as 
DTPA release copper radionuclides within minutes 
after i.v. injection.[33] To determine whether the 
nanogels would enhance stability of Cu(II) chelates, 
we initially investigated a DTPA-based crosslinker. 
Additionally we evaluated a previously reported 
crosslinker based on DOTA, as well as a novel 
NOTA-based structure. Nanogels crosslinked with these 
polydentate ligands were chelated with 64Cu and their 
complexation stability was evaluated in mouse serum. 
The most stable PET imaging agents were then eval-
uated by PET/CT imaging in BALB/c mice with 
subcutaneous 4T1 tumors or metastases induced by 
intravenous injection of 4T1 cells.  

Results and Discussion 
Three metal-chelating crosslinkers, 1, 2, and 3, 

based on diethylenetriaminepentaacetic acid (DTPA), 
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic 
acid (DOTA) and 1,4,7-triazacyclononane-1,4,7- 
triacetic acid (NOTA), respectively (Figure 1) were 
investigated. 

The DTPA-based crosslinker 1 was synthesized 
in three steps (Figure 2), beginning with acrylation of 
the N-Boc-1,3-propanediamine under Schot-
ten-Baumann conditions (two-phase solvent system), 
followed by deprotection of the Boc protecting group 
to give 5. Finally, DTPA dianhydride was reacted 
with 5 to give the DTPA-based crosslinker 1. The 
C-substituted protected DOTA derivative 6 was ob-
tained in 4 steps following the literature procedure 
(Figure 2).[34] In parallel, the bisacrylamide deriva-
tive 7 was synthesized in one step from the commer-
cial 3,5-diaminobenzoic acid under the same condi-
tions used for the preparation of 4. The synthesis of 
the DOTA-based crosslinker 2 was reported previ-
ously.[13] The C-substituted NOTA crosslinker de-
rivative was synthesized in five steps (Figure 2). The 
first step of this synthesis was protection of 
3,5-dinitroaniline with Fmoc-chloride. The two nitro 
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functions of the resulting protected aniline 9 were 
then reduced in the presence of tin chloride dihydrate 
in quantitative yield. The diamino compound 10 was 
acrylated under the same conditions used for the 
preparation of 4 and 7, and the bisacrylamide com-
pound 11 was deprotected in the presence of piperi-

dine. The target NOTA crosslinker 3 was finally ob-
tained via an isothiocyanate-amine coupling between 
the bisacrylamide compound 12 and the commercially 
available NOTA macrocycle p-benzyl isothiocyanate 
derivative. 

 

 
Figure 1. Chemical structures of the three metal-chelating crosslinkers. 

 

 
Figure 2. Synthesis of the metal-chelating crosslinkers 1, 2, and 3. a) Acryloyl chloride, K2CO3, EtOAc/H2O, 0 °C to r.t., 16 h, 100%; b) TFA/DCM, r.t., 30 min, 100%; 
c) DTPA dianhydride, Et3N, r.t., 50%; d) acryloyl chloride, K2CO3, EtOAc/H2O, 0 °C to r.t., 100 min, 84%; e) DCC, DMAP, DCM, 0 °C to r.t., 48 h, 59%; f) TFA/DCM 
1:1, r.t., 16 h, 100%; g) Fmoc-Cl, THF-10%AcOH 1:1, r.t., 20 h, 39%; h) SnCl2.(H2O)2, EtOH, 70 °C, 18 h, 100%; i) Acryloyl chloride, K2CO3, EtOAc/H2O, 0 °C to r.t., 
30 min, 100%; j) piperidine, DMF, r.t., 4 h, 52%; k) Et3N, MeOH, r.t., 48 h, 59%. 
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The metal-chelating crosslinkers 1, 2, and 3 were 
then used to prepare polyacrylamide (PAA) nanogels. 
PAA was selected to constitute the nanogel backbone 
because it is non-toxic and stable.[35-37] Though PAA 
is not biodegradable, the hydrogel nanoparticle will 
degrade over time through enzymatic hydrolysis of 
the crosslinker amide bonds, allowing clearance of 
metal chelates; the remaining polyacrylamide would 
be slowly metabolized.[38] Polyacrylamide-based 
nanocarriers have also been shown to enhance tumor 
uptake of imaging probes.[39] Polyacrylamide-based 
nanogels PAA/1, PAA/2 and PAA/3 were prepared 
by inverse emulsion polymerization of acrylamide 
with crosslinker 1, 2, or 3 using ammonium persulfate 
(APS) as the initiator and adding tetramethyleth-
ylenediamine (TMEDA) to control the radical 
polymerization rate (Figure 3). Using dynamic light 
scattering (DLS), nanogels PAA/1, PAA/2 and 
PAA/3 were found to have hydrodynamic diameters 
of 65 nm, 56 nm, and 63 nm with PDI of 0.37, 0.22 and 
0.43 and ζ-potentials of -15.8, -7.2, and -8.9 mV, re-
spectively, were measured (Supplementary Material: 
Figure S1). Following nanogel formulation, incorpo-
rated crosslinkers were chelated with 37 MBq (1 mCi) 
64Cu per 100 μg of nanogels at 70 °C for 2 h in PBS (pH 
7.4). Excess 64Cu was removed using a centrifugal 
concentrator with a 3000 Da cutoff. 

 

 
Figure 3. Preparation of nanogels through inverse emulsion process and 64Cu 
labeling of the crosslinkers. 

 
To translate these imaging platforms into clinical 

practice, radiolabeled nanogels must stably chelate 
64Cu to prevent any leakage of radionuclide, which 
would be retained in the blood and liver. Stability of 
64Cu-labeled nanogels toward transchelation was 
evaluated in PBS in the absence or presence of EDTA 
(ethylenediaminetetraacetic acid) (Supplementary 
Material: Figure S2). To identify the best candidate for 
in vivo imaging, stability experiments were also per-
formed in mouse serum (Figure 4). The three nanogels 
were added to the corresponding solutions, incubated 
at 37 °C and monitored via radio-TLC at different 
time points using MeOH:NH4OAc (75:25) as the run-
ning solution to measure the Relative amounts of ra-
dioactive copper in 64Cu-chelated nanogels and 
64Cu-EDTA. In the presence of EDTA and serum, 

DTPA-based nanogels retained 64Cu poorly, with only 
11% of the 64Cu remaining chelated to PAA/1 after 1 
h. DOTA-based nanogels (PAA/2) chelated copper 
more stably in mouse serum, retaining 87% at 1 h and 
69% at 48 h (Figure 4). Cu-DOTA complexes are gen-
erally unstable for longer periods of time in vivo;[40] 
however, placing DOTA chelators within a 
nanostructure increases the stability of the 
64Cu-DOTA complex.[21, 22] This explains the relative 
stability of PAA/2(64Cu) in mouse serum. As ex-
pected, the NOTA-based nanogel PAA/3(64Cu) was 
the most stable, retaining 94% of chelated 64Cu at 1 h 
and 91% at 24 and 48 h in mouse serum (Figure 4). As 
Cu2+ can be trapped in polyacrylamide-based nano-
gels,[41] the 9% loss of copper from NOTA nanogels 
may represent the portion trapped in the network that 
was not chelated by the crosslinkers. To evaluate the 
amount of copper trapped in the polyacrylamide 
backbone, polyacrylamide nanogels lacking met-
al-chelating crosslinkers were labeled with 64Cu; these 
nanogels retained only 5% as much 64Cu as that in 
nanogels containing metal-chelating crosslinkers (da-
ta not shown).  

  

 
Figure 4. Stability of 64Cu-labeled PAA/2(64Cu) and PAA/3(64Cu) nanogels in 
mouse serum. PAA/1(64Cu) retained only 11% of the chelated 64Cu and 
therefore was not included. 

 
Due to the instability of DTPA-based 

PAA/1(64Cu) nanogels in mouse serum (11% 64Cu 
retention at 1 h), only the 64Cu-chelated DOTA- and 
NOTA-based nanogels PAA/2(64Cu) and 
PAA/3(64Cu) were selected for in vivo imaging. As 
tumors are known to contain leaky vasculature, al-
lowing accumulation of nanoparticles between 10 and 
400 nm in diameter, we expected passive tumor ac-
cumulation even without addition of targeting moie-
ties.[5, 8, 19] BALB/c mice containing subcutaneous 
4T1 murine mammary carcinoma tumors were in-
jected with ~6.6 MBq (180 μCi) of PAA/2(64Cu) or 
PAA/3(64Cu) via the tail vein (Figure 5). Though tu-
mor cells were implanted subcutaneously in both 
cases, there is a small chance that differing locations 
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might have affected uptake. After 4 h, accumulation 
of PAA/3(64Cu) was visible in the heart, liver, and 
blood vessels in the neck, while a moderate amount of 
signal was visualized in the tumor. PAA/2(64Cu) 
showed a similar pattern of uptake at 4 h, but with 
higher accumulation in the liver. After 24 h, uptake of 
PAA/3(64Cu) in the tumor increased to 5.5% ID/g 
(percent injected dose per gram) and continued to 
increase to 6.95% ID/g at 48 h. PAA/2(64Cu) showed a 
similar trend, however, the uptake of 4 %ID/g and 
4.3% ID/g at 24 and 48 h, respectively, were lower 
than PAA/3(64Cu).  

 

 
Figure 5. PET/CT images comparing uptake of PAA/2(64Cu) and PAA/3(64Cu) 
nanogels to free 64Cu in mice containing subcutaneous 4T1 murine mammary 
carcinoma tumors (n = 3 for PAA/2(64Cu), n = 2 for PAA/3(64Cu), and n = 5 for 
free 64Cu). Mice were injected with ~6.6 MBq of nanogel or ~6.4 MBq of free 
64Cu and imaged at 4 h, 24 h, and 48 h post injection. White arrows indicate 
tumors. Images are scaled in nCi/cc and windowed based on both the injected 
dose and the decay of 64Cu to adequately depict uptake of injected material into 
tumors over time.  

 
As free copper can be taken up by tumors via 

copper transporters,[42] we compared tumor uptake 
of PAA/2(64Cu) and PAA/3(64Cu) to that of 

64Cu-acetate. While tumor uptake of free 64Cu (~6.4 
MBq (175 μCi)) at 4 h was comparable to that of both 
nanogel systems, it remained unchanged at 24 and 48 
h (Figure 5). The difference in uptake patterns be-
tween nanogels and free copper suggest that 64Cu 
uptake following nanogel administration does not 
result from free copper uptake via copper transport-
ers. 

Uptake of PAA/2(64Cu), PAA/3(64Cu) and free 
copper was quantified by region-of-interest (ROI) 
analysis using % ID/g tumor as a measure of probe 
uptake (Figure 6). Tumor accumulation of 
PAA/3(64Cu) increased from 2.9 % ID/g at 4 h to 6.95 
at 48 h while that of PAA/2(64Cu) tumors increased 
from 2.9 at 4 h to 4.27 at 48 h (Supplementary Materi-
al: Table S1). Conversely, free copper within tumors 
remained steady at ~3% ID/g throughout the exper-
iment. In addition, heart uptake of PAA/2(64Cu) and 
PAA/3(64Cu) was higher than that of free copper at all 
time points and decreased over time at a rate similar 
to that of tumor accumulation, suggesting removal of 
the nanogels from circulation. The greater heart up-
take of PAA/3(64Cu) than PAA/2(64Cu) is further 
evidence of the greater stability of NOTA-based 
nanogel systems. To normalize for variance between 
animals, tumor-to-muscle (T/M) ratios were com-
pared among cohorts. While T/M ratios for 
PAA/2(64Cu) and PAA/3(64Cu) at 4 h were only 
slightly greater than those of free copper, they were 
significantly greater at both later time points. The 
T/M ratio of PAA/3(64Cu) was significantly higher 
than that of PAA/2(64Cu) (p ≤ 0.01) at 48 h.  

 
Figure 6. ROI analysis comparing tumor uptake over time of PAA/2(64Cu) and 
PAA/3(64Cu) to free 64Cu in BALB/c mice containing 4T1 tumors (n = 3 for 
PAA/2(64Cu), n = 2 for PAA/3(64Cu), and n = 5 for free 64Cu). % ID/g values of 
tumor and muscle tissue were used to calculate ratios, with error bars indi-
cating standard error of the mean. Significance was tested using 2-way ANOVA 
with a Bonferroni post-test.  

 
To test the nanogels’ imaging performance in a 

more biologically relevant system, we injected 100,000 
4T1-luc cells directly into the bloodstream of BALB/c 
mice. This serves as a model of metastasis without 
having to grow and remove a primary tumor, while 
retaining the primary tumor’s genetic profile.[43] The 
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injected cells were stably transfected with firefly lu-
ciferase to enable monitoring by bioluminescence 
imaging. Metastases formed on the shoulders of both 
mice and in the left popliteal lymph node of one 
mouse. Both mice were injected with PAA/3(64Cu), 
and PET imaging was performed 24 and 48 h after 
injection, as these time points showed highest uptake 
in subcutaneous tumor imaging. At both 24 and 48 h, 
PAA/3(64Cu) co-localized with bioluminescent signal 
(Figure 7). Although PAA/3(64Cu) performed in a 
very similar manner as in the subcutaneous tumor 
imaging studies, the nanogels accumulated to a 
greater degree in metastases than in subcutaneous 
tumors (29.9 and 26.1% ID/g at 24 h, and 30.6 and 
30.4% ID/g at 48 h in shoulder metastases and 17.1 
and 20.5% ID/g at 24 and 48 h in the lymph node le-
sion). Remaining uptake of PAA/3(64Cu) was in the 
liver, heart, and main blood vessels in the neck, indi-
cating similar pharmacodynamics as in the subcuta-
neous tumor model. The difference in uptake between 
primary tumors and metastases is likely attributable 
to necrosis in primary tumors. Uptake of nanogels 
was only visualized in the periphery, while it was 
more uniform in smaller metastatic tumors, likely due 
to greater vascularity and less necrosis. As re-
gion-of-interest analysis includes all tumor tissue, the 
lack of uptake in necrotic regions of the tumor would 
account for differences in uptake.  

To obtain more detailed data on pharmacoki-
netics and nanogel stability, biodistribution of DOTA- 
and NOTA-crosslinked nanogels was assessed by 
measuring radioactivity of various organs (Figure 8). 
We hypothesized that the in vitro stability of 
PAA/3(64Cu) against EDTA and mouse serum would 
correlate with lower 64Cu uptake in the liver com-
pared to PAA/2(64Cu). At 4 h post-injection, ~15% 
ID/g of both 64Cu-labeled nanogels was detected 
within the blood, indicating resistance to immediate 
uptake by clearance organs (Figure 8A). While tumor 
accumulation of the nanogels at 4 h did not differ, 
accumulation of PAA/3(64Cu) in the liver was signif-
icantly lower than that of PAA/2(64Cu) (8.18% ID/g 
vs. 12.4% ID/g; p ≤ 0.01), indicating greater stability 
against transchelation as early as 4 h post injection. 
Tumor uptake did not differ between the two nano-
gels at 24 h post-injection; the increase relative to 4 h 
agrees with the PET imaging data (Figure 8B). In-
creased tumor accumulation correlated with de-
creased blood activity (T/B ratio of 2.2 for 
PAA/2(64Cu) and 1.5 for PAA/3(64Cu) at 24 h vs. 0.25 
at 4 h). Liver uptake of PAA/3(64Cu) remained con-
stant from 4 to 24 h, whereas that of PAA/2(64Cu) 
increased, further indicating enhanced stability of 
NOTA-containing nanogel systems in vivo (p ≤ 0.01 
between PAA/2(64Cu) and PAA/3(64Cu)). 

 

 
Figure 7. Bioluminescence and PAA/3(64Cu) PET images of a mouse bearing 4T1-luc tumors in the shoulder and popliteal lymph node of the leg. Mice were injected 
with ~9.25 MBq of nanogel and imaged at 24 h and 48 h post-injection. White arrows show tumors in PET/CT image and black arrows indicate tumors in the 
bioluminescence image. PET/CT images are scaled and windowed to %ID/g as indicated on the calibration bar (n = 2). 

 
Figure 8. Biodistribution analysis of nanogel systems PAA/2(64Cu) [red bars] and PAA/3(64Cu) [blue bars] in BALB/c mice containing subcutaneous 4T1 murine 
mammary carcinoma tumors. Nanogel uptake was evaluated by harvesting organs at [A] 4 h, [B] 24 h, and [C] 48 h post injection and assaying the 64Cu radioactivity 
in a gamma counter. n = 5 for each nanogel type at each time point. Error bars indicate standard error of the mean. Statistical analysis employed a two-tailed t-test. 
* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001. 
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At 48 h, both 64Cu-labeled nanogels cleared from 
the blood, with a corresponding increase in the tu-
mor/blood ratio (3.5 for PAA/2(64Cu) and 2.5 for 
PAA/3(64Cu)) (Figure 9). Tumor uptake of 
PAA/3(64Cu) increased to 16.6% ID/g while that of 
PAA/2(64Cu) decreased to 12.9% ID/g (Figure 8C); 
this difference was not statistically significant. Liver 
uptake of PAA/3(64Cu) was significantly lower than 
that of PAA/2(64Cu) (p ≤ 0.05), as was that in the 
spleen (p ≤ 0.01) (Figure 8 and 9B).  

 

 
Figure 9. Pharmacokinetic curves from biodistribution of PAA/2(64Cu) and 
PAA/3(64Cu). [A] Curves evaluating tumor uptake and blood clearance of 
nanogel systems. [B] Curves showing uptake of nanogels inside the liver and 
spleen. [C] Tumor-to-blood and tumor-to-liver ratios of respective nanogel 
systems calculated from %ID/g values. Nanogel uptake was evaluated by har-
vesting organs at 4 h, 24 h, and 48 h post injection and assaying the 64Cu 
radioactivity in a gamma counter. n = 5 for each nanogel type at each time point. 
Error bars are indicative of standard error of the mean. 

 
Although DOTA will stably complex many +3 

radiometals, including Ga(III) and Lu(III), it is not 
ideal for Cu(II), which dissociates in vivo and readily 
binds to proteins such as superoxide dismutase, 
ceruloplasmin, and metallothionein.[44] It is because 
of this lability of Cu(II) compared to +3 metals that 
thermodynamic stability is not as relevant as kinetic 
stability, and therefore in vivo stability is the criterion 
used to judge effective chelating agents for copper 

radionuclides.[45] When conjugated to proteins and 
nanoparticles, the tertiary structure has been shown to 
protect the Cu(II)-DOTA complex, yielding greater in 
vivo stability.[21, 46] The lower stability of 
64Cu-DOTA vs 64Cu-NOTA nanogels (PAA/2 and 
PAA/3, respectively) suggests that exposed DOTA 
chelators on the nanogel surface are subject to 
transchelation. The NOTA chelator stably complexes 
64Cu(II), and 64Cu-labeled bioconjugates with NOTA 
analogs have been reported to have favorable target 
tissue uptake and rapid clearance. [47, 48] Our data 
confirm the superior in vivo stability of NOTA vs. 
DOTA chelators, and indicate that PAA/3 is an at-
tractive platform for delivery of copper radionuclides 
for PET (64Cu) or targeted radiotherapy (67Cu) of can-
cer and other diseases.  

The data presented here describe a novel type of 
hydrogel nanoparticle with considerable potential as a 
scaffold for metals in imaging or drug delivery, espe-
cially within oncology. [26, 49] Tumor uptake of our 
nanogels (12-14% ID/g in a subcutaneous tumor at 24 
h post-injection and 26.1 to 30.6 %ID/g for metasta-
ses) are very comparable to that of PEGylated gold 
nanoparticles directly incorporating 64CuCl2 into the 
particle core as reported by Zhao et al. (~13% 
ID/g),26 and greater than that of PEGylated gold na-
norods synthesized by Wang et al. incorporated 
DOTA chelating groups for 64Cu scaffolding onto the 
particle periphery via direct attachment onto PEG 
functional groups (~8% ID/g).[49] Notably, both of 
these nanoparticle systems showed greater accumu-
lation in clearance organs (~30% ID/g liver, 40 and 
20% ID/g spleen) than our highly stable PAA/3(64Cu) 
system (8.5% ID/g liver and 5.5% ID/g spleen). The 
nanogel systems described here also show similar 
passive tumor uptake to 64Cu-doped quantum dot 
systems designed for multimodal imaging (12.7% 
ID/g).[27] Interestingly, tumor uptake of our nano-
gels is also greater than that of a recently published 
PEGylated methacrylate-based 64Cu-DOTA- 
complexed polymeric nanoparticle targeted with 
C-type atrial natriuretic factor peptide to CWR22 
prostate tumors (~10% ID/g).[16, 24] Though tumor 
uptake values (% ID/g) differ depending on the tu-
mor cell line and mouse model, tumor uptake of our 
nanogels appears to compare favorably with that of 
related systems; receptor-specific targeted nanogel 
systems may show even greater tumor uptake. Fur-
ther, their 3-4 fold lower accumulation within the liver 
and spleen compared with other systems is another 
critical advantage. Additionally, it should be noted 
that both PAA/2(64Cu) and PAA/3(64Cu) were sig-
nificantly retained in the blood through 48 h (Figures 
8 and 9A; 3.6 and 6.6% ID/g, respectively). More im-
pressively, this blood retention occurred without 
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conjugation of PEG to the nanogels, which is routinely 
performed to increase blood circulation time in vivo. 
[16, 24, 49-52]  

Conclusion 
Here we demonstrate the versatility of nanogels 

incorporating metal-chelating crosslinkers by apply-
ing our platform to PET imaging of primary tumors 
and metastases. To this end, we screened the chelation 
stability of nanogels incorporating three crosslinkers 
based on DTPA, DOTA and NOTA. Experiments in 
mouse serum indicated that NOTA-based nanogels 
retained 64Cu most stably; therefore, they were used 
along with DOTA-based nanogels for in vivo PET/CT 
imaging of tumor-bearing mice. 64Cu-NOTA- 
crosslinked nanogels led to better accumulation in 
tumors, most likely via the enhanced permeability 
and retention (EPR) effect, as well as lower signal in 
the liver compared to 64Cu-DOTA-crosslinked nano-
gels, further confirming their better chelation stability. 
Biodistribution studies also demonstrate greater ac-
cumulation of 64Cu in tumors upon administration of 
NOTA compared to DOTA nanogels (16.6% vs. 12.9% 
injected dose per gram at 48 h). In addition, we have 
shown that 64Cu-NOTA-crosslinked nanogels can also 
detect metastases, in some cases with higher uptake 
than in subcutaneous tumors. 

These promising results suggest that this plat-
form could be expanded for bimodal MRI/PET im-
aging by using both the 64Cu-NOTA crosslinkers re-
ported here and the previously reported Gd3+-DOTA 
crosslinkers, which would combine the high sensitiv-
ity of PET with the high resolution of MRI.[3, 13, 
53-55] We are currently developing a means of for-
mulating these nanogels from a biodegradable poly-
mer that would be more attractive for clinical transla-
tion. We also plan to examine whether functionaliza-
tion with targeting ligands improves their pharmaco-
kinetics and tumor localization. These nanogels’ high 
chelation stability, high passive tumor uptake, long 
blood circulation time, and relatively low uptake in 
the liver and spleen suggest that they represent a 
promising platform for molecular imaging and drug 
delivery. 

Experimental Procedures 
Materials and methods: Unless otherwise noted, all 

chemicals were obtained from commercial sources 
and were used without further purification. All reac-
tions were in oven-dried glassware unless otherwise 
noted. Flash column chromatography purification 
was performed using a Teledyne Isco Combiflash 
Companion with RediSep Rf prepacked silica or C18 
columns. Thin layer chromatography was performed 
with EMD TLC Silica gel 60 F254 glass plates. 1H NMR 

spectra were acquired using a Varian 600 MHz in-
strument. Mass determination was performed with a 
HPLC-MS Agilent 160 Infinity (binary pump, UV-vis 
1260 DAD, 6120 Quadrupole LC/MS ESI source) with 
a RP-18 column. HR-MS measurements were done 
with an Agilent 6230 ESI-TOF MS. Dynamic light 
scattering (DLS) and ζ-potential measurements were 
performed with a Malvern Zetasizer. Radio TLC scans 
were performed on a Bioscan AR-4000 radio-TLC 
scanner. PET/CT images were acquired on a Siemens 
Inveon Preclinical PET/CT system. 

Synthesis of 4. N-Boc-1,3-propanediamine (1.02 g, 
5.82 mmol) was dissolved in EtOAc (20 mL), and a 
solution of K2CO3 (12 g, 86.7 mmol) in water (20 mL) 
was added. The resulting mixture was vigorously 
stirred at 0 °C and acryloyl chloride (1.76 mL, 21.7 
mmol) was then carefully added and the resulting 
solution was then allowed to reach room temperature 
and stirred overnight. Brine and EtOAc were then 
added and the product was extracted. The organic 
layers were then dried with Na2SO4, filtered, and 
evaporated to give 4 (1.33 g, 100 %). 1H NMR 
(600 MHz, CDCl3, δ): 6.456 (bs, 1H), 6.285 (d, 1H, 
J=17.1 Hz), 6.129 (dd, 1H, J=17.1 Hz, 10.1 Hz), 5.637 (d, 
1H, J=10.1 Hz), 4.896 (bs, 1H), 3.373 (m, 2H), 3.190 (m, 
2H), 1.657 (m, 2H), 1.440 (s, 9H).  

Synthesis of 5. N-Boc-protected propane acryla-
mide 4 (1.33 g, 5.82 mmol) was dissolved in DCM (5 
mL), and TFA (5 mL) was slowly added under argon. 
The resulting mixture was vigorously stirred at room 
temperature. After 30 minutes, deprotection was 
complete (as confirmed by TLC). After this time, DCM 
and TFA were evaporated to give 5 as a TFA salt (1.4 
g, 100 %). 1H 1H NMR (600 MHz, D2O, δ): 6.212 (dd, 
1H, J=17.1 Hz, 10.1 Hz), 6.144 (d, 1H, J=17.1 Hz), 5.719 
(d, 1H, J=10.1 Hz), 3.327 (t, 2H, J=6.6 Hz), 2.973 (t, 2H, 
J=7.5 Hz), 1.864 (qt, 2H, J=7.5 Hz, 6.6 Hz).  

Synthesis of DTPA crosslinker 1. N-(3-amino-
propyl)acrylamide 5 (1.4 g, 5.82 mmol) and 
DTPA-bisanhydride (945 mg, 2.65 mmol) were dis-
solved in DMF (15 ml) under argon. Triethylamine 
(8.1 ml, 58.2 mmol) was then added dropwise and the 
resulting mixture was stirred overnight at room tem-
perature. under argon. After this time, solvents were 
concentrated and the crude material was purified by 
reverse phase flash chromatography on C18 with 
water and methanol as eluents (100:0 to 80:20) to give 
1 as a white solid (805 mg, 50 %). 1H NMR (600 MHz, 
D2O, δ): 6.207 (dd, 2H, J=17.1 Hz, 10.1 Hz), 6.120 (d, 
2H, J=17.1 Hz), 5.696 (d, 2H, J=10.1 Hz), 3.826 (s, 4H), 
3.695 (s, 4H), 3.668 (s, 2H), 3.336 (t, 4H, J=6.6 Hz), 3.242 
(m, 12H), 1.724 (qt, 4H, J=6.6 Hz). HRMS (ESI) m/z: 
[M + Na]+ calcd for C26H43N7O10Na, 636.2964; found 
636.2967. 

Synthesis of 6. Hydroxy-(tBu)4DOTA derivative 5 
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was synthesized in 4 steps according to the literature, 
with a global yield of 10 %.[34] 

Synthesis of 7. 2,4-Diaminobenzoic acid (3.54 g, 
23.2 mmol) was dispersed in EtOAc (140 mL) and a 
solution of K2CO3 (64.3 g, 465 mmol) in water (140 
mL) was added. The resulting mixture was vigorously 
stirred at 0 °C and acryloyl chloride (7.6 mL, 93.1 
mmol) was then carefully added, resulting in the 
formation of a light brown precipitate. The reaction 
mixture was then allowed to reach room temperature, 
leading to the dissolution of the precipitate. After 1 h 
40 min, the reaction was complete (as confirmed by 
LC-MS). The organic layer was then discarded and the 
aqueous layer was acidified with HCl 10 %, making a 
precipitate appear at pH < 4. EtOAc was then added 
and the product was extracted. The organic layers 
were then dried with MgSO4, filtered, and evapo-
rated. The solid residue was then suspended in water, 
filtered, and washed thoroughly with diethyl ether to 
give 7 as a gray powder (5.05 g, 84 %). 1H NMR (600 
MHz, dmso-d6, δ): 9.296 (s, 1H), 8.944 (s, 2H), 7.371 
(dd, 2H, J=17 Hz, 10.5 Hz), 7.222 (d, 2H, J=17 Hz), 
6.712 (d, 2H, J=10.5 Hz). ES-MS m/z: [M + H]+ calcd 
for C13H12N2O4, 261.09; found 261.0. 

Synthesis of DOTA crosslinker 2. Synthesis of 
crosslinker 2 was done in 2 steps from 6 and 7 and has 
been previously reported.[13] 1H NMR (600 MHz, 
D2O, δ): 7.967 (s, 1H), 7.912 (s, 2H), 6.431 (dd, 2H, 
J=17.1 Hz, 10.1 Hz), 6.365 (t, 2H, J=17.1 Hz), 5.911 (d, 
2H, J=10.1 Hz), 4.605 (m, 2H), 4.25-2.96 (m, 23H). 
HRMS (ESI) m/z: [M + H]+ calcd for C30H40N6O12, 
677.2777; found 677.2774. 

Synthesis of 9. 3,5-dinitroaniline (2.55 g, 13.9 
mmol) was dissolved in a 10% acetic acid aqueous 
solution (150 mL) and a solution of Fmoc chloride 
(3.78 g, 14.6 mmol) in THF (150 mL) was added under 
argon. The resulting mixture was stirred at room 
temperature overnight. After this time, THF was 
evaporated and water and EtOAc were added and the 
product was extracted. The organic layers were then 
dried with MgSO4, filtered, and evaporated. The solid 
residue was taken up in a mixture of EtOAc and 
hexanes and the resulting yellow suspension was fil-
tered, and washed thoroughly with EtOAc/hexanes 
to give 9 as a yellow powder (2.2 g, 39 %). 1H NMR 
(600 MHz, dmso-d6, δ): 10.657 (s, 1H), 8.726 (bs, 2H), 
8.453 (t, 1H, J=2.2 Hz), 7.926 (d, 2H, J=7.5 Hz), 7.762 (d, 
2H, J=7.5 Hz), 7.443 (t, 2H, J=7.5 Hz), 7.372 (t, 2H, 
J=7.5 Hz), 4.635 (d, 2H, J=6.6 Hz), 4.369 (t, 1H, J=6.6 
Hz). HRMS (ESI) m/z: [M + Na]+ calcd for 
C21H15N3O6Na, 428.0853; found 428.0850.  

Synthesis of 10. Fmoc-protected dinitro aniline 9 
(203 mg, 0.5 mmol) and tin chloride dihydrate (678 
mg, 3 mmol) were placed under argon and EtOH (5 
mL) was added. The resulting mixture was stirred at 

70 °C for 3h30. After this time, an aqueous solution of 
NaHCO3 was added to neutralize HCl until the pH 
reaches 7-8. H2O and EtOAc were then added to the 
mixture and the product was extracted. The organic 
layers were then dried with MgSO4, filtered, and 
evaporated to give 10 as a crispy grey solid (172 mg, 
100 %). 1H NMR (600 MHz, CDCl3, δ): 7.729 (d, 2H, 
J=7.5 Hz), 7.552 (d, 2H, J=7.5 Hz), 7.355 (t, 2H, J=7.5 
Hz), 7.268 (t, 2H, J=7.5 Hz), 6.985 (bs, 1H), 6.004 (bs, 
2H), 5.492 (s, 1H), 4.501 (d, 2H, J=5.7 Hz), 4.175 (t, 1H, 
J=5.7 Hz), 3.395 (bs, 4H). HRMS (ESI) m/z: [M + Na]+ 
calcd for C21H19N3O2Na, 368.1369; found 368.1364. 

Synthesis of 11. Fmoc-protected diamino aniline 
10 (172 mg, 0.5 mmol) was dissolved in EtOAc (5 mL) 
and a solution of K2CO3 (1.4 g, 10 mmol) in water (5 
mL) was added. The resulting mixture was vigorously 
stirred at 0 °C for 10 min and acryloyl chloride (0.16 
mL, 2 mmol) was then carefully added and the re-
sulting mixture was stirred for 10 min at 0 °C. After 
this time, the reaction mixture was allowed to reach 
room temperature. After 30 min at room temperature, 
the reaction was complete (as confirmed by LC-MS), 
H2O and EtOAc were added to the mixture and the 
product was extracted. The organic layers were then 
dried with MgSO4, filtered, and evaporated to give 11 
as a pale yellow solid (236 mg, 100 %). 1H NMR (600 
MHz, dmso-d6, δ): 10.149 (s, 2H), 9.849 (1, 2H), 7.912 
(d, 2H, J=7.5 Hz), 7.818 (bs, 1H), 7.778 (d, 2H, J=7.5 
Hz), 7.633 (bs, 2H), 7.433 (t, 2H, J=7.5 Hz), 7.356 (t, 2H, 
J=7.5 Hz), 6.46 (dd, 2H, J=17.1 Hz, 10.1 Hz), 6.246 (dd, 
2H, J=17.1 Hz, 1.8 Hz), 5.732 (dd, 2H, J=10.1 Hz, 1.8 
Hz), 4.415 (d, 2H, J=7.0 Hz), 4.307 (t, 1H, J=7.0 Hz). 
HRMS (ESI) m/z: [M + Na]+ calcd for C27H23N3O4Na, 
476.1581; found 476.1575.  

Synthesis of 12. Fmoc-protected bisacrylamide 
aniline 11 (236 mg, 0.5 mmol) was dissolved in dry 
DMF (1 mL) and a solution of piperidine (50 µL, 0.5 
mmol) in dry DMF (0.8 mL) was added. The resulting 
mixture was stirred at room temperature under argon 
for one hour. After this time, more piperidine (12.5 µL, 
0.125 mmol) in DMF (0.2 mL) was added. After one 
additional hour of stirring, the solvents were evapo-
rated under vacuum and the solid residue was puri-
fied by Combiflash, by using a 12 g SiO2 column and 
DCM/MeOH as the eluent mixture (100:0 to 85:15) to 
give 12 as a pale yellow solid (60 mg, 52%). 1H NMR 
(600 MHz, dmso-d6, δ): 9.826 (s, 2H), 7.165 (s, 1H), 
6.725 (s, 2H), 6.431 (dd, 2H, J=17.1 Hz, 10.1 Hz), 6.202 
(dd, 2H, J=17.1 Hz, 1.8 Hz), 5.688 (dd, 2H, J=10.1 Hz, 
1.8 Hz), 5.138 (s, 2H). HRMS (ESI) m/z: [M + H]+ calcd 
for C12H13N3O2, 254.0896; found 254.0900. 

Synthesis of NOTA crosslinker 3. 3,5-bisacrylamide 
aniline 12 (10.3 mg, 0.045 mmol) and p-benzyl isothi-
ocyanate NOTA (25 mg, 0.045 mmol) were dissolved 
in dry MeOH (4 mL) and dry Et3N (62 µL, 0.45 mmol) 
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was added. The resulting mixture was stirred at room 
temperature under argon for 48 hours. After this time, 
solvents were evaporated under vacuum and the 
solid residue was purified by Reverse Phase Com-
biflash, by using a High Performance 5.5 g C18 col-
umn and H2O as the eluent. The product 3 was ob-
tained after lyophilization as a fluffy white solid (18 
mg, 59%). 1H NMR (600 MHz, D2O, δ): 7.621 (bd, 1H), 
7.322 (m, 4H), 7.269 (d, 2H), 6.406 (dd, 2H, J=16.7 Hz, 
10.1 Hz), 6.338 (d, 2H, J=16.7 Hz), 5.88 (d, 2H, J=10.1 
Hz, 1.8 Hz), 3.754-2.679 ppm (m, 19H). HRMS (ESI) 
m/z: [M + H]+ calcd for C32H39N7O8S, 704.2473; found 
704.2466.  

Nanogel preparation. Nanogels at 1.2% crosslink-
ing density were formed by dissolving 6.9, 6.8, or 6.8 
mg (10.0 µmol) of 1, 2 or 3, respectively, together with 
61.3 mg of acrylamide in 250 µL of 10 mM Tris-HCl 
(pH 8), which was then added into 11 ml of 9 % AOT 
in hexane. After vortexing for 1 min, 32 µL of 50 % 
APS in 10 mM Tris-HCl (pH 8) was added. The reac-
tion mixture was vortexed for 1 min, and then filtered 
through a 0.1 µm PVDF filter three times. After por-
tionwise addition of 500 µL of 5 % TMEDA in hexane 
(10 µL x 50), the particle solution was left on a shaker 
at 60 rpm for 30 min, followed by removal of hexane 
by rotary evaporation at 40 °C. Nanogels were 
washed with acetone (10 mL x 3) and collected each 
time by centrifugation at 5,000 rpm for 5 min. The 
white precipitate was then resuspended in 2 mL of 1X 
PBS buffer, pH 7.4.  

Dynamic light scattering (DLS) measurements. 20 
µL of gel particle solution was added to 200 µL of 1X 
PBS (pH 7.4) for DLS measurement using a Malvern 
Zetasizer. 

Zeta-potential measurements. For unchelated 
nanogels, 20 µL of gel particle solution was added to 
200 µL of H2O + 0.01% Et3N (pH 8) for ζ-potential 
measurement using a Malvern Zetasizer. For 
Cu2+-chelated nanogels, Cu2SO4 (1.5 eq.) was added to 
a solution of PAA nanogels (100 µg) in H2O + 0.01% 
Et3N (pH 8) at a nanogel concentration of 1 mg/mL 
and allowed to incubate at 70 °C for 2 h. Following the 
incubation, nanogels were diluted 1:10 in H2O + 0.01% 
Et3N and placed inside an Amicon Ultra-centrifugal 
filtration unit (100 KDa MW cutoff) and centrifuged at 
14000 x g for 10 min at 20 °C. The nanogels were then 
washed twice with fresh sterile PBS and centrifuged 
with the before-mentioned parameters. The 
ζ-potentials of the resulting Cu2+-chelated nanogels 
were then measured. 

Nanogel labeling/stability studies. PAA nanogels 
(100 µg) was combined with 37 MBq (1 mCi) of 64Cu in 
sterile PBS (pH 7.4) at a nanogel concentration of 1 
mg/mL and allowed to incubate at 70 °C for 2 h. Fol-
lowing the incubation, nanogels were diluted 10x in 

sterile PBS and placed inside a Amicon Ultra centrif-
ugal filtration unit (3000 Da MW cutoff) and centri-
fuged at 4000 x g for 30 min at 4 °C. The nanogels 
were then washed twice with fresh sterile PBS and 
centrifuged with the before mentioned parameters. 
Gels were then added to 100x equivalents of EDTA in 
PBS based on crosslinker concentration in solution 
(1.2 molar %) and incubated for varying times at 37 
°C. Aliquots (2 µL) were analyzed by TLC using 
ITLC-SG glass microfiber silica impregnated chro-
matography paper, with 75:25 MeOH:NH4OAc as the 
mobile phase. The TLC strips were analyzed for ra-
dioactivity on a Bioscan AR-2000, and the concentra-
tions of 64Cu-EDTA and 64Cu-nanogel were quantified 
by Winscan software (Bioscan). 

Animal studies. All animal studies were per-
formed in compliance with guidelines that were ap-
proved by the University of Pittsburgh Institutional 
Animal Care and Use Committee. For primary tumor 
imaging and biodistribution studies, BALB/c mice 
were injected with 5 x 105 4T1 mouse mammary car-
cinoma cells in the right flank using a 29 gauge sy-
ringe while under isoflurane anesthesia (2.5%; flow 
rate 2 L/min). Tumors were allowed to grow for three 
weeks before experiments were conducted. For me-
tastasis imaging studies, BALB/c mice were injected 
with 1 x 105 4T1-luc mouse mammary carcinoma cells 
via the tail vein. Metastasis formation was monitored 
via bioluminescence imaging (1 min acquisitions un-
der 2% isoflurane anesthesia with an oxygen flow rate 
of 2 L/min). PET imaging was performed 26 days 
after cell injection. 

Small animal PET/CT Imaging. Mice were anes-
thetized under a heat lamp using 2.5% isoflurane 
under oxygen with at a flow rate of 2 L/min. 
PAA/2(64Cu), PAA/3(64Cu) or free 64Cu ((~160-190 
µCi; diluted in 100 µL sterile PBS; pH 7.4) was injected 
via the tail vein using a 29 gauge insulin syringe. Im-
ages of anesthetized mice (2-2.5% isoflurane) were 
acquired on a Siemens Inveon Preclinical PET/CT at 
4, 24, and 48 h post probe injection. Excreted 64Cu was 
not taken into consideration. PET images were ac-
quired for 900 seconds and reconstructed using the 
2DFBP algorithm with scatter correction for image 
analysis and the OSEM3D algorithm for image dis-
play. The CT images consisted of 120 images (140 ms 
with 4 x 4 binning and low magnification) over a 220 
degree imaging arc. Cobra Reconstruction software 
was applied with a downsample factor of 4. ROI 
analyses of PET images were performed by overlay-
ing the PET and CT images using the Inveon Research 
Workplace (IRW) software. ROIs were drawn on the 
tumor (transaxial slices) and muscle (coronal slices) 
using the CT images as a guide. The ROI was con-
verted to a volume-of-interest (VOI) using the “in-
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terpolation” tool and values from the PET image were 
reported as average SUV over the VOI. ROI values 
were plotted and two-way ANOVA tests were per-
formed using Prism 5 (GraphPad). For image display, 
maximum intensity projections (MIPs) of the PET/CT 
overlay were produced using IRW, PET images were 
windowed to remove background signal, and win-
dowing was also changed over time relative to the 
half-life of the 64Cu isotope (nCi/cc units). CT images 
were windowed to eliminate all soft tissue from the 
image.  

Biodistribution. Mice were anesthetized under a 
heat lamp using 2.5% isoflurane under oxygen with at 
a flow rate of 2 L/min. PAA/2(64Cu) or PAA/3(64Cu) 
(~50 µCi; diluted in 100 µL sterile PBS; pH 7.4) was 
injected via the tail vein using a 29 gauge insulin sy-
ringe. Mice were euthanized via cervical dislocation 
under isoflurane anesthesia at 4, 24, and 48 h 
post-injection (n = 5 for each group and time cohort). 
Organs (blood, heart, lungs, liver, spleen, pancreas, 
small intestine, large intestine, muscle, brain, and 
tumor) were collected, weighed, and counted on a 
Wizard2 gamma counter (Perkin Elmer). Standards 
were prepared, weighed, and counted along with the 
samples in order to calculate % ID/g values. 

Supplementary Material 
Size distribution of PAA/1, PAA/2 and PAA/3 as 
measured by DLS (Figure S1). Stability measurements 
of the 64Cu-chelated nanogels in PBS, mouse serum 
and in presence of EDTA (Figure S2). Average %ID/g 
values obtained through ROI analysis (Table S1). 
http://www.thno.org/v05p0277s1.pdf 
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