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Abstract

Macrocyclic chelators have been widely employed in the realm of nanoparticle-based positron 

emission tomography (PET) imaging, whereas its accuracy remains questionable. Here, we found 

that 64Cu can be intrinsically labeled onto nanographene based on interactions between Cu and the 

π electrons of graphene without the need of chelator conjugation, providing a promising 

alternative radiolabeling approach that maintains the native in vivo pharmacokinetics of the 

nanoparticles. Due to abundant π bonds, reduced graphene oxide (RGO) exhibited significantly 

higher labeling efficiency in comparison with graphene oxide (GO) and exhibited excellent 

radiostability in vivo. More importantly, nonspecific attachment of 1,4,7-triazacyclononane-1,4,7-

triacetic acid (NOTA) on nanographene was observed, which revealed that chelator-mediated 

nanoparticle-based PET imaging has its inherent drawbacks and can possibly lead to erroneous 

imaging results in vivo.

Graphical abstract

Chelator-free radiolabeling based on interactions between Cu and the π electrons of 

nanographene was shown, which can potentially substitute chelator-assisted labeling. The 

reliability of in vivo positron emission tomography imaging is enhanced while bypassing the 

inherent drawbacks of conventional chelator-based labeling.
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Macrocyclic chelators, such as DOTA (1,4,7,10-tetraazacy-clododecane-1,4,7,10-tetraacetic 

acid) or NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid), have been routinely employed 

for small molecule and antibody-based positron emission tomography (PET), offering 

sensitive, quantitative and non-invasive functional detection of diseases at cellular or 

molecular levels.[1] In the past decade, with the explosive advances in nanotheranostic 

research, chelator conjugation has been expanded to the realm of nanoparticle-based PET 

imaging,[2] which has assisted in the evaluation of new nanoparticles by better 

understanding their in vivo biodistribution. Owing to the numerous reports of successful 

nanoparticle-based PET imaging employing macrocyclics-aided radiometal chelation,[3] it is 

now considered as the gold standard in PET-based evaluation of nanoparticle kinetics. 

However, chelator-based radiolabeling and PET imaging have their inevitable challenges. 

The incorporation of chelators might alter the size, surface charge, and hydrophilicity of the 

tracers, which may eventually lead to completely different imaging consequences.[4] In 

addition, due to their macrocyclic structure and relatively hydrophobic nature,[5] chelators 

might also interact with nanoparticles, influencing the overall imaging results. Therefore, 

although chelators have been widely employed in PET imaging of nanomaterials in the past 

decade, it is still questionable whether such a practice is precise enough to depict their real 

biodistribution.

To better understand the in vivo behavior of the nanoparticles and avoid the influence of the 

chelators, a novel chelator-free radiolabeling approach can be employed, whereby 

radiometals can directly label onto the nanoparticles through certain surface interactions.[6] 

Intrinsically radiolabeled nanoparticles would potentially maintain their native 

biodistribution and pharmacokinetics, thereby accurately reflecting the real in vivo behavior 

of the nanoparticles.[7]

In this study, nanographene, one of the most attractive nanomaterials in the research 

community, was employed for chelator-free 64Cu-radiolabeling and PET imaging. Two 

subtypes of graphene nanomaterials, reduced graphene oxide (RGO) and graphene oxide 

(GO), were labeled with 64Cu by transition metal–π electron interaction based on the 

electron transfer between 64Cu2+ cation and π bond on the surface of graphene nanosheets. 

The chelator-free radiolabeling was achieved by simply mixing RGO and GO with 64Cu in 

0.1M sodium acetate buffer (Figure 1a). Theoretically, 64Cu2+ ions (3d9) need one electron 

to form a stable electronic configuration; π bonds of nanographene are able to provide the 

additional electron to stably incorporate the 64Cu2+ acceptor ions onto the surface of 

graphene.[8] Therefore, the amount of π bonds on the graphene nanomaterials becomes an 

essential factor influencing the labeling efficiency and radiostability.

To validate our hypothesis regarding the mechanism of chelator-free labeling, we 

performed 64Cu labeling on both PEG-modified RGO (RGO-PEG, 22.3 ± 4.5 nm, zeta-

potential −9.68 ± 0.86 mV; Figure 1b,c) and GO-PEG (21.5 ± 5.5 nm, zeta-potential −0.85 

± 0.27 mV; Figure 1d,e) at different concentrations (0.05, 0.2 and 0.5 mgmL−1) and 
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temperatures (37 and 75°C). Due to more abundant π bonds on RGO-PEG, we observed that 

it has a significantly higher labeling yield than that of GO-PEG under each labeling 

condition (Figure 2, Figures S1–S6, and Table S1 in the Supporting Information), 

confirming our hypothesis that the chelator-free labeling is highly π bond-dependent. The 

chelator-free radiolabeling is also influenced by temperature and concentration (Figure 2g, 

and Table S1). With 0.5 mgmL−1 at 75°C, the labeling yield of RGO-PEG reached as high 

as 75.5 ± 1.7% after 60 minutes incubation. Such rapid and high radiolabeling yields are 

comparable to that achieved with NOTA, the most efficient commercially available 64Cu 

chelator,[9] suggesting the promising potential of chelator-free 64Cu radiolabeling of RGO-

PEG for in vivo PET imaging applications. To confirm that chelator-free radiolabeling 

indeed took place on RGO and GO rather than PEG chains, RGO and GO without 

PEGylation were labeled under the same condition (Figure S7). Higher labeling yields were 

achieved, since more π bonds are accessible to 64Cu without PEG coating.

To further confirm the mechanism behind the chelator-free radiolabeling of RGO, Fourier 

transform infrared spectroscopy (FTIR) was conducted on both RGO and Cu-RGO. As 

shown in Figure 2h, two new peaks were observed at 1350 cm−1 and 3000 cm−1 from Cu-

RGO, which resembled the peak of C–H bonds, representing the newly formed electron 

interactions between Cu and C. In addition, a red shift was observed for Cu-RGO bond from 

1600 cm−1 to 1750 cm−1, indicating that C–C bond is lengthened by incorporation of Cu 

into the graphene carbon structures. The radiolabeling specificity by transition metal–π 
electron interactions was subsequently examined by directly mixing the nanosheets 

with 89Zr4+ (4p6), which does not have π electrons in the outermost atomic orbital. With 0.2 

mgmL−1 at 37°C, both RGO-PEG and GO-PEG exhibited minimal labeling yields (Figure 

S8), demonstrating the important role of transition metal–π electron interactions in intrinsic 

radiolabeling.

Conventional chelator-based radiolabeling was also conducted after NOTA conjugation to 

RGO by reaction with amino groups on PEG, as a comparison to chelator-free radiolabeling. 

As expected, excellent labeling yields were achieved even at low nanoparticle concentration 

(Figure 3a, Figure S9a, and Table S2). Interestingly we found that NOTA itself could also be 

nonspecifically loaded onto the RGO nanosheets (loading efficiency =28.9%) without the 

need of covalent linkage, when we accidentally used RGO-PEG without amino groups 

(unable to react with NOTA). The loading may be attributed to the hydrophobic interactions 

or the interaction between benzene structures in p-SCN-Bn-NOTA and π bonds of RGO, 

which is relatively weak as almost half of NOTA released from RGO within one hour 

(Figure S10). Surprisingly NOTA-loaded RGO-PEG (denoted as (NOTA)RGO-PEG) also 

exhibited excellent labeling yield (Figure 3b, Figure S9b, Table S2), almost similar to that 

with NOTA-conjugated RGO (NOTA-PEG-RGO).

In vitro labeling stability was investigated before in vivo applications, since PET imaging 

can only detect the signal from the isotopes regardless the real biodistribution of the 

nanoparticles.[10] After incubation in PBS and complete mouse serum for 24 h, both 

chelator-free labeled and chelator-based labeled RGO showed excellent in vitro stability 

(Figure 3c,d), however the radiostability of chelator-free labeled GO was relatively low, 

indicating that the amount of π bonds not only affects the labeling efficiency but also the 
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stability of the incorporated isotope. In addition, although (64Cu-NOTA)RGO-PEG had 

excellent labeling efficiency, the labeling stability was relatively low, suggesting that 

possible NOTA loading may lead to decreased radiostability and therefore reduced imaging 

accuracy by conventional chelator-based imaging with graphene nanoparticles.

Serial PET imaging was performed with 64Cu-RGO-PEG after tail vein injection in 4T1 

tumor-bearing mice. Due to their suitable size and optimized PEGylation, prolonged blood 

circulation of 64Cu-RGO-PEG was observed, which induced a prompt and persistent tumor 

uptake (n =6; Figure 4a, Figure S11, and Table S3) by an enhanced permeation and retention 

(EPR) effect. The prolonged blood circulation and superb tumor uptake also showed the 

excellent in vivo radiostability of 64Cu-RGO-PEG with minimal 64Cu detachment. The 

accuracy of PET imaging was validated by ex vivo biodistribution studies (Figure 4b, Table 

S4), which corroborated well with the region-of-interest (ROI) data from the PET images. 

As a control 64Cu-NOTA-PEG-RGO was also tested, showing slightly shorter blood 

circulation and lower tumor uptake (n =3; Figure 4a, Figure S11, and Table S3). Slight 

bladder uptake could be observed in mice injected with 64Cu-NOTA-PEG-RGO, stemming 

from the detachment of adsorbed 64Cu-NOTA from RGO nanosheets.

Accordingly, although (64Cu-NOTA)RGO-PEG had the same labeling efficiency as that 

of 64Cu-NOTA-PEG-RGO, the in vivo stability results were completely different, as 

evidenced by the PET imaging of mice injected with (64Cu-NOTA)RGO-PEG under similar 

conditions. The radioactive signal from (64Cu-NOTA)RGO-PEG was strongly depressed as 

early as 0.5 h post injection and most activity could only be detected in the bladder by 3 h 

post injection (n =3; Figure 4a, Figure S11, and Table S3), indicating that 64Cu-NOTA 

detached from RGO-PEG immediately after entering the blood circulation and was excreted 

in the urine using the renal clearance pathway. These interesting results indicate that the 

decade-old gold-standard NOTA conjugated nanoparticles might not be the most accurate 

approach for PET imaging, since we cannot assure the purity of NOTA-conjugated RGO 

without any nonspecific loading. Taken together, PET imaging clearly illustrated that 

intrinsically radiolabeled RGO possesses higher in vivo radiostability and hence allows for 

more reliable evaluation of graphene biodistribution.

Taking advantage of the strong light absorbance of graphene nanomaterials,[11] 

photoacoustic imaging was performed in RGO-PEG injected mice to further confirm 

successful tumor retention, and test the multimodality imaging ability of our nanoconstructs. 

As expected, significantly enhanced signal was observed in tumors injected with RGO-PEG 

than that from the blank control (Figure 4c), further corroborating the accuracy of the PET 

imaging results.

In conclusion, we report successful intrinsic radiolabeling of nanographene with 64Cu based 

on transition metal–π electron interactions without the need of chelator conjugation. This 

post-synthesis chelator-free radiolabeling can be conducted very simply under mild 

conditions and achieve excellent labeling efficiency and in vivo radiostability, thereby 

exhibiting great clinical translation potential. By investigating the mechanism of chelator-

free radiolabeling of graphene, we broke the stereotype that NOTA or DOTA conjugation is 

a necessary for 64Cu-based in vivo PET imaging. Our study provides important guidelines 
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for future research on radio-chemistry and in vivo applications of nanomaterials: 1) 

Interaction between Cu and π electrons are widely applicable to 64Cu labeling with 

graphene, but not limited to it. Other π-bond-rich nanomaterials can be also used as 

promising candidates for chelator-free radiolabeling of 64Cu. 2) Scientists have frequently 

overlooked the possible nonspecific interactions between the chelators and the nanoparticles, 

which may significantly influence the PET results. For example, NOTA/DOTA conjugation 

may not be suitable for hydrophobic and aromatic nanoparticles. As such, thorough 

investigation of the chelator-conjugated nanoparticles is warranted, both in terms of their 

physicochemical properties as well as radiostability. 3) It is beneficial to try chelator-free 

labeling before conventional chelator-based labeling, which may uncover a novel labeling 

mechanism providing better labeling efficiency and stability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
a) Schematic illustration of 64Cu chelator-free radiolabeling on RGO nanoparticles. The blue 

and orange chains represent the hydrophilic and hydrophobic parts of the PEG. The sizes of 

RGO-PEG and GO-PEG were characterized by AFM (b and d) and DLS (c and e).
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Figure 2. 
a) Autoradiographic images of TLC plates and labeling yields of RGO-PEG and GO-PEG at 

different time points were acquired at 37°C with concentrations of a) 0.05 mgmL−1, b) 0.2 

mgmL−1, and c) 0.5 mgmL−1. The same reactions were conducted at 75°C, with 

concentrations of d) 0.05 mgmL−1, e) 0.2 mgmL−1, and f) 0.5 mgmL−1. g) Comparison of 

the labeling yields of RGO-PEG and GO-PEG at different concentrations after 60 minutes 

incubation at 37 and 75°C. h) FTIR spectra of RGO and Cu chelator-free labeled RGO.
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Figure 3. 
Autoradiographic images of TLC plates and labeling yields at different time points were 

acquired after incubation 64Cu with a) NOTA-conjugated RGO-PEG and b) NOTA-loaded 

RGO-PEG at concentrations of 0.2 mgmL−1 at 37°C. The labeling stability of them was 

tested in both c) PBS and d) complete mouse serum during 24 h incubation (n =3).
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Figure 4. 
a) Serial coronal PET images at different time points post injection of 64Cu-RGO-

PEG, 64Cu-NOTA-PEG-RGO and (64Cu-NOTA)-RGO-PEG were acquired in 4T1 tumor-

bearing mice. b) Ex vivo biodistribution of them at 24 h post injection. c) Ultrasound and 

photo-acoustic imaging upon intravenous injection of RGO-PEG (200 μL, 0.2 mgmL−1) and 

the same volume of PBS in a 4T1 tumor-bearing mouse.
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