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Study on technetium-99m labeling of graphene oxide nanosheets through
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Graphene oxide (GO) nanosheets possess several advantages, such as a large surface, outstanding biocompatibility, and straightforward chemical modification capability. They also have great potential as a drugcarrier. In this article, we radiolabeled GO nanosheets with 99mTc, which satisfies the potential needs of microSPECT imaging probes in pre-clinical and clinical research. GO nanosheets were synthesized through the
modified Hummers’ method, then GO nanosheets with azide group covalently functionalized in two steps were
conjugated to DOTA (1,4,7,10-tetraazacyclododecane-N ,N 0 ,N 00 ,N 000 -tetraacetic acid) and functionalized with
an alkynyl group by means of click chemistry. Then through the addition and reduction of technetium-99m, the
99m
Tc-DOTA-GO were attained. DOTA-conjugated GOs with lateral dimensions of 500–600 nm were synthesized. Both atomic force microscopy (AFM) and FT-IR were performed to characterize the GO-DOTA. Labeling
efficiency of GO-DOTA with 99mTc was > 90% and radiochemical purities were > 96% with purification. We
successfully synthesized graphene oxide derivatives, DOTA-conjugated GOs, via Click Chemistry, and it was
labeled with 99mTc for SPECT imaging. High radiolabeling efficiency makes GO nanosheets suitable platforms
for future molecular imaging research.
Keywords: Graphene oxide nanosheets,

99mTc

labeling, Click chemistry

DOI: 10.13538/j.1001-8042/nst.26.040301

I.

INTRODUCTION

Carbon-based nanomaterials, such as graphene, singlewalled carbon nanotubes (SWCNs), multi-walled carbon
nanoparticles (MWCNs), and so on, have shown great potential in the field of electronics, nanocomposites, nanocarriers,
and energy sources for their excellent physical properties [1–
3]. Among them, graphene oxide (GO), which is an oxygenrich, two-dimensional sp2 -bonded carbon sheet [4–7] with a
large surface, outstanding bio-compatibility, and straightforward chemical modification capability [8–10], has attracted
more interest in research fields.
Several groups have reported that GO nanosheets
could serve as nanocarriers to deliver drugs [11] or
biomolecules [12] into cells for imaging, bio-sensing, and
therapeutic purposes [13, 14]. Pegylated nano-graphene oxide is not only soluble in buffers and serum without agglomeration, but also found to be photoluminescent in the nearinfrared with little background. The π-stacking could be
used to load doxorubicin for selectively killing cancer cells in
vitro [15]. A multi-functional graphene oxide-iron oxide hybrid nanocomposite (GO-IONP) was derived with PEG and
loaded with doxorubicin, which could enable magnetically
targeted drug delivery and could be utilized for localized photothermal annihilation of cancer cells guided by the magnetic
field [16].
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Due to the advantages of the GO nanosheets mentioned
above, we hypothesized that labeling of GO nanosheets with
radioactive isotopes could provide more in vivo information concerning biodistribution and imaging results in animal models. Currently, GO nanomaterials have been radiolabeled with 64 Cu [14], 66 Ga [17], and 198,199Au [18].
In these articles [18], the authors believed that the radiolabeled GO nanostructure could be nominated as one of the
most promising nanomaterials in upcoming nanotechnologybased cancer diagnosis and therapy. However, GO nanosheets
have not been utilized in SPECT imaging yet. As a result,
we would like to label GO nanosheets with single-photon
emitting radioisotopes–technetium-99m ( 99mTc) to provide a
SPECT radiotracer. We believe that the radiolabeling of GO
nanosheets with 99mTc would satisfy the potential need of
micro-SPECT imaging probes in preclinical and clinical research [19–21].
In order to obtain the radiotracer based on GO nanosheets
using a straightforward and easy method, we have designed
and functionalized organic polydentate ligands on the basis
that 1,4,7,10-tetraazacyclododecane tetraacetic acid (DOTA).
DOTA [22], as a common chelator, could provide stable
and facile complexes with radioactive metals (such as 64 Cu
and 99mTc). The conjugation of the DOTA chelator and
GO nanosheets was obtained through the copper(I)-catalyzed
azide-alkyne cyclo-addition (CuAAC) reaction, known as
“click chemistry” with high efficiency and specificity. After the addition and reduction of Technetium-99m, 99mTcDOTA-GO could be readily attained with high efficiency.
In this article, we have prepared GO nanosheets and conjugated GO nanosheets with DOTA chelators by click chemistry, then labeled DOTA-GO nanosheets with 99mTc. Finally,
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we obtained 99mTc-DOTA-GO with high labeling efficiency.
We believe that this method could be readily used in the labeling of other GO nanomaterials in the future.

II.

General

Graphite (powder, < 20 µm) was purchased from SigmaAldrich Co. LLC (St. Louis, MO, USA). Sodium azide
was purchased from Jingyan Chemicals Co., Ltd. (Shanghai, CHINA). Sodium pertechnetate was purchased from
Shanghai Atom Kexing Pharmaceuticals Co., Ltd. (Shanghai, CHINA). DO3A, trifluoroacetic acid, and propargyl bromide were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, CHINA). Other chemical reagents
(K2 S2 O8 , P2 O5 , CuSO4 , sodium ascorbate, H2 O2 , H2 SO4 ,
HCl, CH2 Cl2 , DMF, DMSO, ethyl acetate) were obtained
from Sinopharm Chemical Reagent Co., Ltd., and were used
as received. Unless otherwise specified, all chemicals were
of analytic grade and commercially available. All aqueous
solutions were prepared with water from a Millipore Milli-Q
system (Millipore Corporation, Billerica, MA, USA).

B.

Preparation of Pre-GO

In a typical experiment [23], graphite powder (4 g) was
added to a mixture of concentrated H2 SO4 (12 mL), K2 S2 O8
(2.5 g), and P2 O5 (2.5 g). After being stirred at 80 ◦C for 6 h,
the resultant dark blue mixture was slowly cooled to room
temperature over about 6 h. The cooled mixture was diluted
with 500 mL of water and then filtered with a 0.22 µm filter
membrane (Generay Biotech Co., Ltd., Shanghai, China).
The filtered pre-oxidized graphene oxide (pre-GO) was dried
overnight in a vacuum at 50 ◦C.

C.

Preparation of 2-chloroethyl isocyanate-conjugated
graphite oxides (Cl-GO)

GO (100 mg) and anhydrous DMF (10 mL) were added
to a round-bottom flask to create an inhomogeneous suspension [25]. Then, 2-chloroethyl isocyanate (4 mmol) was
added. The mixture was allowed to stir under nitrogen for
24 h. The reaction was terminated by the adding methylene
chloride (50 mL) to coagulate the product. The product was
washed with methylene chloride 3 times.

MATERIALS AND METHODS
A.

D.

E.

Preparation of azide-functionalized GO (N3 -GO)

To prepare the azide-functionalized GO [26], 6 mmol of
sodium azide was mixed with Cl-GO (50 mg), which was
dissolved in 10 mL of DMSO. The mixture was stirred and
refluxed for 48 h at 50 ◦C, and followed by extraction with
ethyl acetate to eliminate any residual DMSO. The black
product was filtered and dried with a vacuum.

F. Synthesis of (4,
7-bis-tert-butoxycarbonylmethyl-10-prop-2-ynyl-1, 4, 7, 10
tetraaza-cyclododec-1-yl)-acetic acid t-butyl ester
(Alkynyl-DO3A)

Alkyne-DO3A was prepared according to Fig. 1 [27].
Potassium carbonate (0.134 g) was added under nitrogen to
a solution of 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7-tris
(t-butyl acetate) (DO3A, 50 mg) in acetonitrile (5 mL). The
reaction temperature was raised to 70 ◦C following the addition of propargyl bromide (23.1 mg). The reaction was stirred
at 70 ◦C and monitored by a thin layer of chromatography
(TLC). When completed, the reaction mixture was cooled to
room temperature and filtered. The filter liquor was evaporated under reduced pressure to obtain the crude product. It
was purified by column chromatography through a silica gel
(eluent: dichloromethane/methanol: 9/1, v/v) to afford the
desired product as a brown oil (80%).

Preparation of GO

The pre-GO (2 g) was added to 92 mL of cold H2 SO4
(0 ◦C), and 12 g of KMnO4 was gradually added with mild
stirring in the ice bath [24]. After stirring for 20 min at 5 ◦C,
the mixture was further stirred at 35 ◦C for 8 h, then water
(750 mL) and H2 O2 (30 wt.%, 30 mL) were slowly added to
terminate the reaction. After standing overnight, the obtained
precipitation was washed by diluted hydrochloride acid (1:10,
v/v) and water 3 times. For purification, the GO product was
resuspended in water to form a brown dispersion, which was
subjected to dialysis to remove residual metal ions and acids.
The purified product was dried in a vacuum at 50 ◦C overnight
and was then ready to be used in further experiments.

Fig. 1. Schematic display of synthesis of Alkyne-DO3A.

G.

Click chemistry between N3 -GO and alkynyl-DO3A

The N3 -GO (1 mg/mL) and alkynyl-DO3A (2 µmol/L) solution were prepared in a mixed solvent (water/tert-butyl
alcohol: 5/3, v/v), then copper sulfate (2 µmol/L) and
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sodium ascorbate (10 µmol/L) were added to the solution and
stirred for 24 h at room temperature to obtain the DO3Afunctionalized GO (DO3A-GO).
H.

at room temperature. Standard safety procedures were employed during the radiolabeling process.

J.

Preparation of DOTA-GO

Synthesis of DOTA-GO was conducted via Cu(I) catalyzed click chemistry, according to Fig. 2 Trifluoroacetic
acid (5 mL) was added to a solution of DO3A-GO in water
and the reaction was stirred for 24 h at room temperature. The
solvent was evaporated to dryness under reduced pressure to
obtain the crude product, then the product was washed well
with chloroform (50 mL × 3 times) and quantitatively set to
the concentration of 1 mg/mL.

Radiochemical purity of the

99m

Tc-DOTA-GO conjugate

When the radiolabeling procedure was finished, the 99mTcDOTA-GO was washed with 0.9% saline 3 times to remove
the free 99mTc and colloid. The radiolabeling efficiency was
determined by TLC on ITLC-SG using 100% acetone as the
mobile phase. Each TLC was cut into 1 cm fragments and
counts of each segment were taken. As a results, the percentage of 99mTc-DOTA-GO could be calculated.

III.

RESULTS

Pre-GO and GO nanosheets were prepared by the Modified
Hummers’ method with a yield of about 80%. The lateral morphology of GO nanosheets was investigated by atom
force microscopy (AFM). AFM images of GO nanosheets
were shown in Fig. 3. The lateral sizes of GO nanosheets
mainly ranged from 500 to 600 nm, and the thickness of the
GO sheets ranged from 0.8 to 1 nm.

Fig. 2. Schematic display of preparation of DOTA-GO via Cu(I)
catalyzed click chemistry.

I.

Fig. 3. (Color online) AFM images of GO (0.1 mg/mL) in water.
(a) Taping-mode AFM image of GO; (b) 3D AFM image of GO; (c)
Height changes between the two red arrows show that as-prepared
GO nanosheets were under a single-layer state.

Radiolabeling of DOTA-GO

50 µL of sodium pertechnetate (∼ 37 MBq) and 1–2 µL of
stannous chloride solution (1 mg/mL) in HCl were added to a
200 µL DOTA-GO solution (1 mg/mL). The pH of the solution was adjusted to 7–7.5 using 0.1 M of sodium bicarbonate solution. The mixture was allowed to stand for 30 min

Then Cl-GO was prepared as seen in Fig. 2, and the
products were analyzed by Fourier Transform Infrared Spectoscopy (FT-IR). As shown in Fig. 4, the most characteristic features of Cl-GO in the FT-IR spectrum are the C−O
stretching vibration at 1703 cm−1 that could be assigned to
the carbamate esters of the surface hydroxyls, the stretch at
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1646 cm−1 should be the contribution of the amide carbonylstretching, and the absorption at 1111 cm−1 could be assigned
to the Cl−C stretching. Upon treatment of sodium azide, the
most obvious feature of N3 -GO in the FT-IR spectrum was
the new band at 2040 cm−1 , which could be due to the contribution of the azide functional groups.

the radiolabeling efficiency of DOTA-GO was investigated by
a radio thin layer chromatography (Radio-TLC) using 100%
acetone as the mobile phase. The Rf value of free pertechnetate ions ranged from 0.8 to 0.9, while the Rf value of radiolabeled DOTA-GO was 0–0.1. The radiolabeling efficiency
of 99mTc-DOTA-GO was higher than 90%, as shown in Fig. 6.

Fig. 6. (Color online) Radiolabeling efficiency of DOTA-GO. 
represents the radio-TLC images of radiolabeled DOTA-GO, N represents the un-reduced sodium pertechnetate.

IV.

Fig. 4. Infrared spectra of Cl-GO (a) and N3 -GO (b).

The alkyne-DO3A was attained according to Fig. 1 and
the final product was characterized by 1 H and MS. 1 H NMR
(CDCl3 , 400 MHz) δ ppm: 1.40(s, 27H), 2.70–2.82(m, 16 H),
2.15(s, 1 H) 3.31(s, 6 H), 3.46(s, 2 H); MS(ESI+): m/z =
553[M+H]+, which is shown in Fig. 5.

Fig. 5. The Mass spectrum characterization result of alkyne-DO3A.

The DOTA-GO was attained according to Fig. 2. Then,

DISCUSSION

Graphene Oxide nanosheets contain hydroxyl, epoxyl,
and carboxyl functional groups as the positions for chemical modification. The GO nanosheets were first dissolved
in DMF and functionalized with 2-chloroethyl isocyanate,
which could lead to the derivatization of the edge carboxyl
functional groups via the formation of amides or carbamate esters. Cl-GO nanosheets dissolve well in DMSO or
DMF, but not in water or other conventional polar protic solvents because of the carbon-chloride bonds. Then, sodium
azide was added to substitute the chloride atoms in Cl-GO,
and a different size of azide functionalized graphene oxide
nanosheets was formed. The chemical nature of Cl-GO and
N3 -GO was investigated by FT-IR spectroscopy. The characteristic features in the FT-IR spectrum of GO are the absorption at 1733 cm−1 and 1039 cm−1 (C−O carbonyl stretching
and C−OH stretching in COOH groups). The absorption at
1620 cm−1 could be assigned to the skeletal vibrations of unoxidized graphitic domains.
N3 -GO prepared (Fig. 2) could be well dispersed in water
as a result of azide functional groups, however, the alkyneDO3A should be dissolved in tert-butyl alcohol to ensure
the proceeding of the click reaction. After blending of N3 GO nanosheets with alkyne-DO3A, the copper sulfate solution and excessive sodium ascorbate solution were added
in proper order. After the reaction, the resultant DO3AGO nanosheets were deprotectionized with the addition of
trifluoroacetic acid. The attained DOTA-GO could be investigated by the FT-IR spectrums. From the FT-IR spectrums, we
confirm the disappearance of azide functional groups through
the missing peak at 2040 cm−1 .
The radiolabeling process of GO nanosheets were handy
and time-saving, the whole procedure takes about 30 min.
Radiolabeled products could be used for in vitro analysis or in
vivo evaluation, and no purification process should be oper-
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ated after the labeling reaction. However, recent reports have
addressed the safety concerns of PEGlated GO when used for
cellular investigation, thus when applied to SPECT/CT imaging, further safety examination would be necessary.

GO nanosheets have great potential in the field of molecular imaging and drug delivery. When applied with GO

nanosheets, it would be possible to achieve diverse application in vitro and in vivo. In this paper, we successfully prepared GO nanosheets and conjugated these GO nanosheets
with DOTA chelators through click chemistry. Finally, we
successfully radiolabeled GO nanosheets with 99mTc. Overall, we have successfully prepared DOTA-chelator conjugated
GO nanosheets and we believe that the as-prepared DOTAGO nanosheets could not only be labeled with 99mTc, but with
other radioactive metals (such as 64 Cu or 68 Ga) for use in
molecular imaging.

[1] Jariwala D, Sangwan V K, Lauhon L J, et al. Carbon
nanomaterials for electronics, optoelectronics, photovoltaics,
and sensing. Chem Soc Rev, 2013, 42: 2824–2860. DOI:
10.1039/C2CS35335K
[2] Vashist S K and Luong J H. Recent advances in electrochemical biosensing schemes using graphene and graphenebased nanocomposites. Carbon, 2015, 84: 519–550. DOI:
10.1016/j.carbon.2014.12.052
[3] Bianco A, Kostarelos K and Prato M. Applications of carbon
nanotubes in drug delivery. Curr Opin Chem Boil, 2005, 9:
674–679. DOI: 10.1016/j.cbpa.2005.10.005
[4] Geim A K and Novoselov K S. The rise of graphene. Nat Mater,
2007, 6: 183–191. DOI: 10.1038/nmat1849
[5] Li D, Muller M B, Gilje S, et al. Processable aqueous dispersions of graphene nanosheets. Nat Nanotechnol, 2008, 3: 101–
105. DOI: 10.1038/nnano.2007.451
[6] Lee C, Wei X, Kysar J W, et al. Measurement of the Elastic
Properties and Intrinsic Strength of Monolayer Graphene. Science, 2008, 321: 385–388. DOI: 10.1126/science.1157996
[7] Allen M J, Tung V C and Kaner R B. Honeycomb carbon:
a review of graphene. Chem Rev, 2010, 110: 132–145. DOI:
10.1021/cr900070d
[8] Duch M C, Budinger G R, Liang Y T, et al. Minimizing oxidation and stable nanoscale dispersion improves the biocompatibility of graphene in the lung. Nano Lett, 2011, 11: 5201–5207.
DOI: 10.1021/nl202515a
[9] Liu Y, Yu D, Zeng C, et al. Biocompatible graphene oxidebased glucose biosensors. Langmuir, 2010, 26: 6158–6160.
DOI: 10.1021/la100886x
[10] Singh S K, Singh M K, Kulkarni P P, et al. Amine-modified
graphene: thrombo-protective safer alternative to graphene oxide for biomedical applications. ACS Nano, 2012, 6: 2731–
2740. DOI: 10.1021/nn300172t
[11] Liu Z, Robinson J T, Sun X, et al. PEGylated nanographene
oxide for delivery of water-insoluble cancer drugs. J Am Chem
Soc, 2008, 130: 10876–10877. DOI: 10.1021/ja803688x
[12] Feng L, Zhang S and Liu Z. Graphene based gene transfection.
Nanoscale, 2011, 3: 1252-1257. DOI: 10.1039/c0nr00680g
[13] Peng C, Hu W, Zhou Y, et al. Intracellular imaging with a
graphene-based fluorescent probe. Small, 2010, 6: 1686–1692.
DOI: 10.1002/smll.201000560
[14] Hong H, Yang K, Zhang Y, et al. In vivo targeting and
imaging of tumor vasculature with radiolabeled, antibodyconjugated nanographene. ACS Nano, 2012, 6: 2361–2370.
DOI: 10.1021/nn204625e
[15] Sun X, Liu Z, Welsher K, et al. Nano-graphene oxide for cellular imaging and drug delivery. Nano Res, 2008, 1: 203–212.
DOI: 10.1007/s12274-008-8021-8

[16] Ma X, Tao H, Yang K, et al. A functionalized graphene oxideiron oxide nanocomposite for magnetically targeted drug delivery, photothermal therapy, and magnetic resonance imaging.
Nano Res, 2012, 5: 199–212. DOI: 10.1007/s12274-012-0200y
[17] Hong H, Zhang Y, Engle J W, et al. In vivo targeting and
positron emission tomography imaging of tumor vasculature
with (66)Ga-labeled nano-graphene. Biomaterials, 2012, 33:
4147–4156. DOI: 10.1016/j.biomaterials.2012.02.031
[18] Fazaeli Y, Akhavan O, Rahighi R, et al. In vivo SPECT imaging
of tumors by 198,199Au-labeled graphene oxide nanostructures.
Mater Sci Eng C Mater Biol Appl, 2014, 45:196–204. DOI:
10.1016/j.msec.2014.09.019
[19] Tae-Eun K, Siwan N, Sol J, et al. Calculation of the
intake retention fraction and dose coefficients in 99mTclabelled compound for internal exposure for medical workers.
Nucl Sci Tech, 2014, 25: S010302. DOI: 10.13538/j.10018042/nst.25.S010302
[20] Gao S, Ma Q, Wen Q, et al. 99mTc-3P4-RGD2 radiotracers
for SPECT/CT of esophageal tumor. Nucl Sci Tech, 2013, 24:
040302. DOI: 10.13538/j.1001-8042/nst.24.040302
[21] Zhou X, Kong Y, Zou M, et al. Preparation of 99mTc-PQQE
and preliminary biological evaluation for the NMDA receptor.
Nuc Sci Tech, 2013, 24: 030303. DOI: 10.13538 / j.1001-8042
/ nst.24.030303
[22] Heppeler A, Froidevaux S, Eberle A N, et al. Receptor targeting for tumor localisation and therapy with radiopeptides. Curr Med Chem, 2000, 7: 971–994. DOI:
10.2174/0929867003374516
[23] Hummers W S and Offeman R E. Preparation of graphitic
oxide. J Am Chem Soc, 1958, 80: 1339–1339. DOI:
10.1021/ja01539a017
[24] Kovtyukhova N I, Ollivier P J, Martin B R, et al. Layer-bylayer assembly of ultrathin composite films from micron-sized
graphite oxide sheets and polycations. Chem Mater, 1999, 11:
771–778. DOI: 10.1021/cm981085u
[25] Stankovich S, Piner R D, Nguyen S T, et al. Synthesis and exfoliation of isocyanate-treated graphene oxide nanoplatelets. Carbon, 2006, 44: 3342–3347. DOI:
10.1016/j.carbon.2006.06.004
[26] Wang Z, Ge Z, Zheng X, et al. Polyvalent DNA-graphene
nanosheets “click” conjugates. Nanoscale, 2012, 4: 394–399.
DOI: 10.1039/c1nr11174d
[27] Uppal J K, Varshney R, Hazari P P, et al. Biological
evaluation of avidin-based tumor pretargeting with DOTATriazole-Biotin constructed via versatile Cu(I) catalyzed
click chemistry. J Drug Target, 2011, 19: 418–426. DOI:
10.3109/1061186X.2010.504269

V.

CONCLUSION

040301-5

