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Introduction: Positron emission tomography (PET) tracers has the potential to revolutionize 

cancer imaging and diagnosis. PET tracers offer non-invasive quantitative imaging in biotech-

nology and biomedical applications, but it requires radioisotopes as radioactive imaging tracers 

or radiopharmaceuticals. 

Method: This paper reports the synthesis of 18F-nGO-PEG by covalently functionalizing PEG 

with nano-graphene oxide, and its excellent stability in physiological solutions. Using a green 

synthesis route, nGO is then functionalized with a biocompatible PEG polymer to acquire high 

stability in PBS and DMEM. 

Results and discussion: The radiochemical safety of 18F-nGO-PEG was measured by a 

reactive oxygen species and cell viability test. The biodistribution of 18F-nGO-PEG could be 

observed easily by PET, which suggested the significantly high sensitivity tumor uptake of  
18F-nGO-PEG and in a tumor bearing CT-26 mouse compared to the control. 18F-nGO-PEG was 

applied successfully as an efficient radiotracer or drug agent in vivo using PET imaging. This 

article is expected to assist many researchers in the fabrication of 18F-labeled graphene-based 

bio-conjugates with high reproducibility for applications in the biomedicine field.

Keywords: graphene oxide, nanocomposite, imaging, radiotracer

Introduction
Cancer is a leading cause of death and remains a great challenge to global health care.1 

Mortality, however, has decreased, owing to a better understanding of cancer biology, 

improved diagnostic methods, and early detection of cancer through screening based 

on imaging.2 Cancer imaging forms an essential part of cancer clinical protocols and 

can provide morphological, structural, metabolic, and functional information. The 

imaging of specific tumor targets that are associated with cancer should allow earlier 

diagnosis and better management of oncology patients.3

Positron-emission tomography (PET) is a highly sensitive noninvasive technol-

ogy that is ideally suited for preclinical and clinical imaging of cancer biology, in 

contrast to anatomical approaches. The technique is a noninvasive quantitative imaging 

technology that can monitor presymptomatic biochemical events early in the course 

of a disease3–5 and improve disease detection, therapeutic monitoring, and treatment 

efficacy.6 The high sensitivity of the PET technique also makes it suitable for address-

ing questions fundamental to drug development for oncology, cardiology, neurosci-

ences, and inflammatory diseases.7 PET is a powerful clinical imaging technique that 

is widely used for diagnostic applications in clinical oncology, owing to its unrivalled 

sensitivity and quantitative accuracy.3

PET radiotracers have been used to quantify biochemical processes in cancer 

patients and to fabricate bioactive molecules tagged with short-lived positron-emitting 
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radionuclides, such as 18F (half-life [t
½
] 110 minutes), 11C 

(t
½
 20 minutes), and 64Cu (t

½
 12.7 hours).4,8,9 However, the 

limited t
½
 of such radiotracers (typically only a few hours) 

necessitates dose-on-demand production at manufacturing 

sites in close proximity to the PET scanners. Therefore, the 

synthesis of PET radiotracers does not fit the typical drug-

manufacturing paradigm. To address this, regulations specifi-

cally governing the current good manufacturing practice of 

PET radiotracers have been developed in recent years.10–12 

To achieve the best contrast for PET imaging, several key 

issues need to be taken into consideration, such as how to 

choose the appropriate isotopes as positron emitters and 

nanoparticles as radiotracers, what chemical reactions can 

be utilized to improve the labeling efficiency, and how to 

functionalize the nanoparticles.13

Nanomaterials have unique properties, and have attracted 

considerable interest in biomedical applications. Nanomateri-

als with diameters of 10–100 nm can be extravasated through 

the endothelial cell layers and interact with cell structures 

of various tissues, due to the enhanced permeability and 

retention (EPR) effect.13 General features of tumors include 

leaky blood vessels and poor lymphatic drainage. While 

imaging tracers may diffuse non-specifically, a radiotracer 

can extravagate into tumor tissue via the leaky vessels by 

the EPR effect.14,15 The size of the nanomaterials suggests 

that the threshold vesicle size for extravasation into tumors 

is ~400 nm.16 Many researchers have shown that particles 

with diameters ,200 nm are more effective.16–18 In addition, 

the large surface area:volume ratio renders nanoparticles with 

the ability to be readily loaded with a variety of diagnostic 

and/or therapeutic agents as theranostics for disease detec-

tion and treatment.14

Traditional chelation methods have been used to incor-

porate various radionuclides on a radiotracer, but these 

methods are compromised by the potential for the loss of 

the radionuclide, due to cleavage of the linker between the 

particle and the chelator, decomplexation of the metal, and 

possible altered pharmacokinetics of the nanomaterials. This 

methodology, however, creates some concerns for in vivo 

diagnostic imaging. First, the radiometal chelator attached 

to nanomaterials might alter the physicochemical properties 

of the nanomaterials. Second, the radiometal chelator moiety 

may dissociate from the surface of the nanomaterials through 

either dissociation of the ligand from the metal core or tran-

schelation of the metal into biological fluids, which could 

cause a mismatch in location between radionuclides and 

nanomaterials. Third, conjugation is challenging when the 

original surface is not conjugation-friendly. These strategies 

suffer from either a lack of operational simplicity or broad 

applicability, which has hampered translational studies and 

the rapid progress of PET imaging.

Functionalized graphene oxide (GO; 2-D)-based nano-

composites have attracted attention in biomedical applica-

tions in recent years, because of their unique and highly 

enriched physical and chemical properties,19–25 such as 

excellent biocompatibility, ready cellular uptake, flexible 

chemical modifications, unique optical properties, and ther-

mal and electrical conductivity. In recent years, graphene-

based nanomaterials have also attracted significant interest 

in biological fields, such as biomedicine, biosensors, drug 

delivery and bioimaging.

This paper describes the straightforward synthesis of 

intrinsically radioactive fluorinated labeled nano-GO (18F-

nGO–polyethylene glycol [PEG]) by directly incorporating 
18F into an nGO-PEG nanostructure with nGO-PEG as the 

precursor. 18F-nGO-PEG was simply synthesized by mix-

ing GO with 18F ions to form intrinsically radiolabeled GO 

without the assistance of any chelators. Due to its versatile 

surface functionalization and high surface area, nGO can be 

easily functionalized by small molecules, nanoparticles, or 

drugs to obtain graphene-based nanomaterials for bioimaging 

applications. Therefore, it is important to develop reliable, 

chelator-free, intrinsically radioactive 18F-nGO-PEG for in 

vivo imaging. The functionalized nanomaterial can also be 

used for potential drug-delivery applications. 18F-nGO-PEG 

has solved the problems of aggregation of particles and loss 

of radioactivity previously encountered with graphene-based 

nanomaterials kept in physiological buffer or inserted into 

animals. This study demonstrates that PEGylated nGO can 

act as an excellent biocompatible radiotracer for loading 

imaging molecules, and may become a great platform to real-

ize the imaging of tumor cells. 18F-nGO-PEG was injected 

subcutaneously into living animals, and excellent detection 

sensitivity and multicolor capability were achieved. These 

results offer an innovative development in ultrasensitive 

detection of 18F-nGO-PEG tumor uptake and the tumor 

imaging of biomarkers involved in cancer.

Materials and methods
Nanosized graphite powder (Nano G-400) was obtained 

from Graphene Supermarket (Calverton, NY, USA). PEG 

(six-armed PEG-NH
2
, 10 kDa) was obtained from Sun-

Bio (Gunpo, Republic of Korea). Potassium persulfate, 

phosphorous pentoxide, potassium permanganate, ferrous 

sulfate, potassium ferrocyanide, sulfuric acid, hydrochloric 

acid, hydrofluoric acid, trifluoroacetic acid (TFA), sodium 
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hydroxide, 2′7′-dichlorofluorescein diacetate (DCF-DA), and 

ethyl(dimethylaminopropyl) carbodiimide (EDC) were pur-

chased from Sigma-Aldrich (St Louis, MO, USA). 1-Chloro-

2,2,2-trifluoroethyl difluoromethyl ether (isoflurane) was 

supplied by Terrell.

Characterization of nGO, nGO-PEG, and 
F-nGO-PEG
Field-emission transmission electron microscopy (TEM; 

JEM-2100F; JEOL, Tokyo, Japan) was performed at an 

accelerating voltage of 300 kV. Ultraviolet (UV)-visible 

spectra were recorded on a Jasco V-770. Fourier-transform 

infrared (FT-IR) spectra were recorded using a Jasco 

FT/IR-6600. X-ray diffraction (XRD; D/Max-2500; Rigaku, 

Tokyo, Japan) patterns were collected using CuKα radiation. 

X-ray photoelectron spectroscopy (K-Alpha; Thermo Fisher 

Scientific, Waltham, MA, USA) was performed using an 

Al X-ray source. Thin-layer chromatography (TLC) was 

performed on silica-gel 60 F
254

 glass plates purchased from 

Merck Millipore (Billerica, MA, USA). PET images were 

taken using micro-PET (Genesys4; Sofie Biosciences, Culver 

City, CA, USA).

Synthesis and functionalization of nGO, 
nGO-PEG, and F-nGO-PEG
Chemical exfoliation of nGO was achieved using the modi-

fied Hummers method. Chemical exfoliated nGO (10 mg) 

was dispersed in 1 mL water. Subsequently, 1.8 g NaOH was 

added to the nGO solution and the mixture heated at 55°C for 

4 hours. A 37% (v:v) HCl solution (4 mL) was then added to 

the solution to neutralize the NaOH. The product was washed 

four times with deionized (DI) water to remove the salt. 

The as-obtained product was washed using centrifugation 

at 13,000 rpm for 10 minutes. PEG-NH
2
 (50 mg) was added 

to the base-treated nGO solution (10 mg/mL and 5 mL) in 

a 25 mL vial. The suspension was sonicated vigorously in a 

water bath at room temperature for 15 minutes, and 10 mg 

EDC was added as a catalyst. The solution was sonicated for 

30 minutes at room temperature, and another 10 mg EDC was 

then added. Subsequently, the mixture solution was stirred 

overnight at room temperature. The final mixture solution 

was washed five or six times by repeating the centrifuging and 

water-addition steps, to completely remove the excess PEG 

and EDC in the obtained nGO-PEG solution. The 10 mg/mL 

nGO-PEG suspension (1 mL) was treated in a glass vial on a 

hotplate at 80°C for 1 hour. A 100 µL solution of hydrofluoric 

acid was also added to make acidic conditions. The resulting 

mixture was left to stand at 80°C for 1 hour. The mixture 

was rinsed with DI water. F-nGO-PEG was obtained for 

further analysis.

Toxicity assays
ROS test
To make the reactive oxygen species (ROS) test solution, 

in the DCFH assay 100 μL of DCFH-DA was hydrolyzed 

chemically to DCFH with 4 mL 0.01 N NaOH for 30 minutes 

in a darkroom. After adding 20 mL PBS for neutralization, 

100 µL nGO and nGO-PEG each were placed separately 

into 100 μL HRP (2.9 unit/mL) and 100 μL of neutralized 

DCF-DA. The mixtures were then incubated for 15 minutes in 

a darkroom. The samples were then centrifuged at 13,000 rpm 

for 15 minutes. The supernatant fraction was dispensed in 

200 μL per well of 96 wells. Absorbance was measured at 

485 nm using a microplate reader.26 A blank (no nanomaterial 

added) and a positive control (H
2
O

2
) were used in the assay, 

both in triplicate. The fluorescence values obtained for the 

nanomaterial were converted to H
2
O

2
 equivalents against a 

calibration curve of H
2
O

2
 in the range of 0–9 μM of H

2
O

2
, 

with r2=0.98. The conversion of arbitrary fluorescence units 

to a biologically meaningful ROS value is desirable, and one 

approach used for the nanomaterial was converted to H
2
O

2
 

equivalents. Because H
2
O

2
 cannot oxidize DCFH indepen-

dently, the enzyme HRP was added to catalyze the generation 

of OH radicals. Therefore, HRP was added only when H
2
O

2
 

was used as a positive control and for the standards.

Cell lines
Human breast cancer MCF7 cells were cultured in RPMI 

1640 medium supplemented with 10% FBS and l-glutamine. 

Mouse colon cancer CT26 cells were cultured in DMEM 

with 10% FBS, 4 mM l-glutamine, 4,500 mg/L glucose, and 

sodium pyruvate. All cancer cell lines were obtained from 

the Korean Cell Line Bank (Seoul, Republic of Korea) and 

maintained at 37°C in a humidified atmosphere containing 

5% CO
2
.

In vitro cytotoxicity assay
The MCF7 cell suspension (2 mL) was dispensed in a 24-well 

plate (3.98×104 cells/well). Subsequently, 200 μL of different 

concentrations (0, 1, 10, 20, 50 µg/mL) of nGO and nGO-

PEG was added to 1,800 μL of the cell-culture media and 

incubated for 24 hours in a humidified incubator (at 37°C, 

5% CO
2
). Following the nGO and nGO-PEG treatments, 

the cells were washed with PBS and treated with 10 μL of a 

CCK-8 solution and 2 mL of cell-culture media in each well 

of the plate. Cells were incubated for 3 hours in an incubator 
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(at 37°C, 5% CO
2
). The supernatant fraction was dispensed at 

200 μL per well in a 96-well plate. Absorbance was measured 

at 450 nm using a microplate reader.

Cell-uptake test
Levels of 18F-nGO-PEG expression in two different human 

cancer cell lines (MCF7) and a mouse cancer cell line 

(CT26) were determined. Briefly, 18F-nGO-PEG uptake 

was measured by incubating the cells with approximately 

5 μCi 18F-nGO-PEG in 2 mL serum-free medium at 37°C for 

15–120 minutes. After incubation, cells were quickly washed 

twice with 2 mL cold PBS. Cells were detached with 200 µL 

of 1% sodium dodecyl sulfate and radioactivity measured 

using a γ-counter. 18F-nGO-PEG uptake was expressed as 

percentage injected dose.27

Radiolabeling of nGO-PEG with 18F
nGO-PEG was labeled with the 18F radionuclide (obtained 

RFT-30 MeV Cyclotron facility at the Korea Atomic Energy 

Research Institute, Jeongeup, Republic of Korea using a 

standard chloramine-T oxidation method. In recent years, 

the 18O(p,n)18F reaction on highly enriched 18O targets (both 

gaseous and H
2

18O) has been used extensively.28 The 18F 

radioisotope (t
½
 109.7 minutes; Iβ+ 97%; Eβ+ 0.63 MeV) is 

produced in a cyclotron via the 18O(p,n)18F nuclear reaction by 

bombarding 18O water with a high-energy proton beam, which 

is then delivered to the radiochemistry laboratory in a solution 

of 18O water to conduct the radiochemical reactions. Briefly, 

100 μCi 18F and 0.1 mL trifluoroacetic acid were added to a 

solution of nGO-PEG (1 mg/mL, 1 mL). The mixture was 

then reacted in a pH 5.5 trifluoroacetic acid solution (10%) 

for 1 hour at 80°C to make an acidic condition. Excess 18F 

was removed by centrifugation filtration through the filters 

(0.2 µm) washing several times with a saline solution until 

there was no detectable radioactivity in the filtration solution. 

For the radiolabeling stability assay, 1 mL obtained 18F-nGO-

PEG (1 mg/mL) was taken. The leftover 18F-nGO-PEG after 

washing was collected for γ-counting to measure the amount 

of 18F retained on the nGO-PEG nanoparticles.

Preparation for in vivo experiment and 
PET imaging
Immediately before transfection, the serum-containing 

medium was removed and replaced with PBS. The CT26 

tumors were grown in the right thighs of nude mice (20–25 g) 

by injecting 107 tumor cells suspended in 100 μL PBS sub-

cutaneously. When the tumors had grown to 10–15 mm 

in diameter (Figure S1), the tumor-bearing mice were 

injected intravenously with 100 μL 18F-nGO-PEG or 18F 

solution .100 μCi for PET scanning, and X-ray imaging 

was performed at different time points postinjection. 

All animal studies were conducted in compliance with 

animal experimental guidelines, and ethics approval was 

obtained from the Korea Atomic Energy Research Institute 

(IACUC-2015-004).

Results and discussion
Radiolabeling of nGO-PEG with 18F
Figure 1 shows a homogeneous dispersion of nGO-PEG in 

a solution synthesized directly from nGO using a polymeric 

surfactant (PEG). In this study, nGO was functionalized 

with PEG to improve the dispersion and their physiological 

stability.29,30 Carboxyl functional groups on nGO were con-

jugated covalently with amine-terminated PEG (10 kDa) and 

N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) 

hydrochloride. This is the most commonly used approach 

in our group to prepare small PEGylated nGO (50–100 nm) 

(Figure 1A and B).30 Compared to GO, nGO-PEG was 

much smaller, owing to ultrasonication involved during the 

PEG-conjugation step, which greatly breaks down the nano-

sheets. The GO surface contains oxygen functional groups 

(carboxyl and hydroxyl groups) bound to the radiohalide 

via a chemical reaction without a chelator, which was to be 

used as an excellent radiotracer (Figure S2). The resulting 

nGO-PEG exhibited excellent stability in various physiologi-

cal solutions, including DI water, PBS, and cell medium. In 

this labeling method, 18F atoms were anchored to the defect 

sites or edges of the nGO-PEG sheet (Figure 1C). 18F was 

introduced to nGO-PEG, which can oxidize fluorine ions to 

F atoms to attack oxygen groups on the graphene surface via 

a chemical reaction. 18F has been applied widely in the PET 

imaging of in vivo tumor cells, because it is a γ-ray emitter. 

The 18F-labeled nGO-PEG exhibited a high radiolabeling 

yield, as well as great radiolabeling stability in an aqueous 

solution at room temperature. As such, the radionuclide 18F 

was introduced to label nGO-PEG via chemical reaction with 

both high efficiency and stability.

Studying the reaction of nGO with PEG
TEM was used to reveal the morphological characteristics of 

nGO and nGO-PEG. From the TEM image (Figure 2), nGO 

exhibited the wrinkled paper-like structure of graphene sheets 

with diameters of ~50–100 nm (Figure 2A and B). On the 

other hand, nGO-PEG revealed uniform disk morphology 
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with a mean diameter of ~100 nm (Figure 2C and D). The 

as-obtained nGO-PEG showed amine-terminated PEG 

adsorbed on the surface of nGO.

nGO-PEG fabricated from nGO was used to measure 

surface-charge changes using ζ-potential. Initially, the nGO 

ζ-potential change was -70 mV. This suggests that nGO has 

a negative charge on the surface, because nGO has a number 

of oxygen functional groups on the surface. After PEGylation 

on the nGO surface, the charge was -48 mV, which shows 

that the amine-terminated nGO had shifted to the positively 

charged direction on the final product surface (Figure 2E). 

The more positively charged nGO-PEG might be favorable 

as an anionic growth factor in bioimaging and drug carriers 

for delivery applications. The phase and crystal structure of 

nGO-PEG were characterized by XRD. The XRD pattern of 

nGO prepared revealed a broad reflection at 11.521°, which 

can be assigned to the (002) reflection of nGO (Figure 2F). 

The broad XRD peaks of PEG on the nGO sheet suggested 

that the (002)-diffraction peak shifted to a lower angle with 

PEG on the surface of the nGO sheets. These results suggest 

that the interlayer spacing becomes larger with the addition 

of PEG decorated on the nGO sheets. These results strongly 

suggest successful conjugation of PEG onto nGO.

Stability studies in physiological media 
and viability assay
The radiochemical stability of nGO and nGO-PEG was 

studied in various media, including PBS (pH 7.4) and cell-

culture media. nGO-PEG was soluble in DI water, while 

nGO was not dispersed in PBS or DMEM.31 Therefore, nGO 

aggregated and precipitated in the presence of salts in the bot-

tom of the DI water, PBS, and DMEM (Figure 3A). On the 

other hand, the biocompatibility of the amine-functionalized 

nGO-PEG was utilized. Hydrophilic PEG chains can improve 

nanomaterial stability in many biological solutions. This 

might be because amine-terminated PEG shows covalent 

binding to carboxylic acid groups on nGO, due to PEG being 

soluble in DI water, PBS, and DMEM. Among the different 

°

Figure 1 Illustration of 18F-nGO-PEG.
Notes: (A) Chemical structure of nGO. nGO has an oxygen group at the basal plane and edge of graphene. (B) PEGylation of nGO, as well as nGO-PEG, which is conjugated 
six-armed PEG. (C) Chemical structure of 18F-nGO-PEG induced by the cyclotron equipment.
Abbreviations: nGO, nano-graphene oxide; PEG, polyethylene glycol; EDC, ethyl(dimethylaminopropyl) carbodiimide; TFA, trifluoroacetic acid.
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solvents tested, nGO in the presence of PEG was the best 

nanomaterial for use in PET imaging (Figure 3B). UV-visible 

spectra of nGO and nGO-PEG in DMEM were measured to 

confirm stability. The black lines indicated the initial state, 

and red lines were shown after centrifuge. This stability 

clearly suggests that nGO-PEG can be dispersed in biologi-

cal environments (Figure 3C). This study is expected to help 

scientists in this field assemble nGO-PEG nanomaterials with 

ζ θ °

Figure 2 TEM images of (A, B) nGO and (C, D) nGO-PEG; (E) ζ-potential peak; (F) XRD patterns of nGO and nGO-PEG.
Abbreviations: nGO, nano-graphene oxide; PEG, polyethylene glycol; TEM, transmission electron microscopy; XRD, X-ray diffraction.
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high reproducibility for numerous applications in biomedi-

cine and biotechnology.

Toxicity of nGO-PEG in vitro
This study investigated the ability of nGO-PEG to induce the 

formation of intracellular ROS by monitoring the increasing 

fluorescence of DCF-DA. Figure 3D shows ROS levels after 

exposure to nGO and nGO-PEG for 2 hours relative to the 

untreated control. nGO showed a 2.6-fold increase in ROS 

relative to the controls. nGO-PEG did not induce detectable 

ROS formation compared to the untreated control.

The cytotoxicity of the nGO and nGO-PEG on breast 

cancer cells (MCF7) was examined by MTT (CCK-8). The 

MCF7 cells were incubated with nGO and nGO-PEG in a CO
2
 

incubator for 24 hours. nGO-PEG significantly suppressed 

the proliferation of breast cancer cells, while no cytotoxicity 

was detected at high concentrations of nGO and nGO-PEG 

(Figure 3E). Interestingly, no obvious cytotoxicity appeared 

after 24 hours of exposure of the animal cells to a high con-

centration (50 µg/mL) of nGO-PEG in CCK-8. Interestingly, 

these results showed that nGO has higher cytotoxicity than 

nGO-PEG. Finally, nGO-PEG was used as a drug carrier to 

test cellular biocompatibility.

Measurements of F concentration on 
nGO-PEG
The chemical structure of the interactions between F and 

nGO-PEG surfaces was monitored by FT-IR spectroscopy 

(Figure 4A). The FT-IR spectrum of nGO showed peaks 

for hydroxy stretching (O-H, 3,429 cm−1), C=O stretching 

(carbonyl or carboxyl, 1,705 cm−1), aromatic C=C stretching 

(1,624 cm−1), carboxy C–O stretching (1,397 cm−1), epoxy 

C-O stretching (1,192 cm−1), and alkoxy C-O stretch-

ing (1,058 cm−1) as shown in black. In the red curve, the 
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Figure 3 Characterization of nGO and nGO-PEG.
Notes: (A, B) The photographs show nGO and nGO-PEG in different solutions: DI water, PBS buffer, and DMEM solution. Photos taken after 10,000 rpm for 5 minutes 
of nGO (A) and nGO-PEG (B). (C) Ultraviolet-visible spectra of nGO and nGO-PEG in DMEM. Black lines indicate initial state, red lines after centrifugation. (D) ROS test 
of nGO and nGO-PEG compared with PBS as a control sample. The inset show standard curve of H2O2 concentration vs DCF fluorescence intensity to measure H2O2 
concentration. (E) Cell-viability study. MCF7 cancer cells after incubation with nGO or nGO-PEG.
Abbreviations: DCF, dichlorofluorescein; DI, deionized; nGO, nano-graphene oxide; PEG, polyethylene glycol; ROS, reactive oxygen species.
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much-smaller peak at 3,429 cm-1 was because of the absence 

of O-H bonds after F substitution; the new peak at 2,850 cm-1 

may have been due to amine bonds related to PEG-NH
2
. The 

characteristic absorption peak at 1,093 cm-1 was assigned 

to the vibrations of the C-F band of the F functional group 

bound to the edge of the nGO-PEG surface (Figure 4B). 

Finally, this study confirmed that before-and-after F function-

alization of the nGO-PEG successfully made up the effective 

attached F on the surface of nGO-PEG radiotracers.

The chemical composition of fluorinated nGO and 

nGO-PEG materials was examined by X-ray photoelectron 

spectroscopy (Figure 5). The full-scan survey spectrum 

of F-nGO-PEG contained fluorine (F
1s

), carbon (C
1s

), and 

oxygen (O
1s

). The F
1s

 peak intensity diminished gradually 

in nGO, while the C
1s

 peak intensity increased considerably. 

These results show chemical exfoliation of graphite to nGO, 

and that the amount of fluorine diminished. The F-nGO-

PEG radiotracers showed an F
1s

 peak at approximately 

725 eV, indicating the chemical content of fluorine on the 

radiotracer surface.

Radio-TLC to measure radioactivity 
of radiolabeled nGO-PEG
The labeling reaction was monitored by radio-TLC (EtOAc: 

n-hexane 1:1). The radiolabeling yield of 18F-nGO-PEG was 

then determined at different time intervals using radio-TLC, 

where 18F-nGO-PEG (R
F
=0 mm) could be distinguished 

easily from free 18F (R
F
≈90 mm). The radiolabeling yield 

of 18F-nGO-PEG was .96.06% after 1 hour’s incubation, 

confirming the successful labeling of 18F to nGO-PEG 

(Figure 6A).

Cell-uptake studies
To investigate in vitro cell-uptake behavior of 18F-nGO-

PEG, MCF7 and CT26 cancer cells were incubated in the 

presence of nGO-PEG. After cells had been incubated with 
18F-nGO-PEG for 120 minutes, remarkably increased cell 

uptake was observed (Figure 6B). For cancer cells, such as 

MCF7 and CT26, similar uptake behavior was observed. 

This demonstrated that the uptake seemed to be cancer-cell 

type-independent.

PET-imaging studies
Here, 18F-nGO-PEG (100 μCi per mouse) was administered 

intravenously into the mice and bioimaging performed using 

the micro-PET system (Genesys4). The free 18F-treated 

mice and 18F-nGO-treated mice were used as the control 

(Figures S3 and S4). It seemed that free 18F and 18F-nGO 

show PET signal in vivo biodistribution profile, with high 

uptake in the bladder, blood, lungs, and main vessels. No 

signal was observed in tumor cells under in vivo conditions. 
18F-nGO-PEG was then injected intravenously into the female 

Figure 4 Characterization of nGO and F-nGO-PEG. (A) FT-IR; (B) magnified FT-IR spectra.
Abbreviations: FT-IR, Fourier-transform infrared; nGO, nano-graphene oxide; PEG, polyethylene glycol.
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mice, and the image was monitored at various time points (15, 

30, and 60 minutes) (Figure S5). After 15 minutes, an intact 
18F-nGO-PEG tumor and bioimaging of the tumor cell were 

monitored (Figure 7). 18F-nGO-PEG accumulated passively 

in the tumor via the enhanced cell-EPR effect (Figure 7A). 
18F-nGO-PEG was taken up rapidly into the early endosomes 

and lysosomes of CT26 tumor cells. Subsequently, 18F-

nGO-PEG was injected into the tail veins of the mice and 

rapidly accumulated in endolysosomal compartments in vivo. 

Micro-PET imaging studies (Figure 7B) showed tumor-

imaging signals in an in vivo biodistribution profile, with high 

uptake in tumor cells in the right thighs of the nude mice.  

Figure 5 Survey X-ray photoelectron spectra.
Notes: (A) As-prepared nGO. (B) C1s and (C) F1s spectra of nGO. (D) As-prepared F-nGO-PEG. (E) C1s and (F) F1s spectrum of F-nGO-PEG.
Abbreviations: nGO, nano-graphene oxide; PEG, polyethylene glycol.

Figure 6 Radio-labeling efficiency and cell uptake studies of 18F-nGO-PEG.
Notes: (A) Radio-thin-layer chromatography of 18F-nGO-PEG and free 18F. (B) Measurement of 18F-nGO-PEG activity in MCF7 and CT26 cells was determined by cellular 
uptake of 18F-nGO-PEG according to incubation time. All data expressed as means of triplicate experiments.
Abbreviations: nGO, nano-graphene oxide; PEG, polyethylene glycol; ID, injected dose.
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Table 1 SUV measurements in the tumors: statistical analysis 
of differences and correlations among free 18F, 18F-nGO, and 18F-
nGO-PEG

Time (minutes) Free 18F 18F-nGO 18F-PEG-nGO

15 0 0.1227 0.2125
30 0 0.1507 0.2731
60 0 0.0912 0.2109

Abbreviations: nGO, nano-graphene oxide; PEG, polyethylene glycol; SUV, 
standardized uptake value.

Figure 7 Illustration and bioapplications of 18F-nGO-PEG.
Notes: (A) Representation of different mechanisms by which imaging agents can be delivered to tumors. 18F-nGO-PEG is shown as a representative radiotracer. Passive 
tissue targeting is achieved by the extravasation of nanoparticles through the increased permeability of the tumor vasculature (EPR effect). (B) Representative whole-body 
PET image of a CT26 tumor-bearing mice at 15 minutes after an intravenous injection. The letter “T” indicates the location of the tumor.
Abbreviations: EPR, enhanced permeability and retention; nGO, nano-graphene oxide; PEG, polyethylene glycol; PET, positron-emission tomography.

A strong PET signal was observed at the tumor site, indicat-

ing efficient formation of 18F-nGO-PEG. The clear tumor 

image appeared within 15 minutes postinjection, suggesting 

that 18F-nGO-PEG accumulated rapidly in tumors through 

the EPR effect. Commonly, a nanomaterial (10–100 nm) can 

extravasate through the endothelial cell layers and interact 

with the cell structures of various tissues due to the EPR 

effect. The as-prepared 18F-nGO-PEG offers a large surface 

area, which can be loaded easily with a large amount of 

drugs with a variety of diagnostic and/or therapeutic agents 

as theranostics for disease detection and treatment. 18F-nGO-

PEG accumulated specifically in CT26 tumor-bearing mice 

via the EPR effect.

An index commonly used in clinical practice is the 

standardized uptake value (SUV), a normalized measure 

of radioactivity concentration. The SUV is now probably 

the most widely used method for the quantification of PET 

studies. The SUV represents the 18F-nGO-PEG uptake within 

a tumor. SUV is defined in the equation:

	

SUV

Average value of  tracer concentration within the targe

=
tt ROI

Injection dose ( Ci)/Body weight (g)µ

where the radioactivity concentration is taken from a region 

of interest (tissue) on the PET image. SUVs obtained by 

tracers were calculated (Table 1). SUVs were obtained 

from tumor regions in PET images of free 18F, 18F-nGO, 

and 18F-nGO-PEG. 18F-nGO-PEG SUVs were significantly 

higher than Free 18F or 18F-nGO. Also, SUVs of free 18F and 
18F-nGO decreased over time. However, our material (18F-

nGO-PEG) showed no change in tumor uptake over time. 

Validation of SUVs obtained from 18F-nGO-PEG against 

those from free 18F and 18F-nGO provide evidence that PET 

imaging of 18F-nGO-PEG may also be helpful. This technol-

ogy is expected to be useful for many scientists in improving 

their understanding or detection of early stages of tumors in 

the biomedical field.

Conclusion
This paper described a green approach for the fabrication 

of nGO-PEG by mixing nGO with PEG under basic pH 

conditions. The as-obtained PEGylated nGO radiotracer has 

excellent stability in PBS and cell medium because of its bio-

compatibility and outstanding membrane-forming capability 

of PEG. The cytotoxicity assay showed that nGO-PEG has 

excellent biocompatibility in animal cell lines. Based on the 

results, 18F-nGO-PEG is believed to be a potential radiophar-
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maceutical for detecting CT26 tumors and imaging tumors. 

The radiolabeled 18F is easily attached to the nGO-PEG sur-

face, because it has a unique chemical structure and stability. 

The biocompatibility of nGO-PEG shows no obvious toxic 

effects on the cell. Based on this concept, radiolabeled 18F-

nGO-PEG is a promising radiotracer for use in the effective 

detection of CT26 tumors and tracking of tumor cells through 

imaging. The as-assembled 18F-nGO-PEG suggests the pos-

sibility of accurate quantification, operational simplicity, 

lower-cost, rapid screening that is currently unachievable 

by PET imaging. For this approach, radiolabeling nGO-PEG 

could be a potential tool for the early detection of tumors and 

could be used extensively in drug-delivery, bioimaging, and 

biomedical applications.
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Supplementary materials

Figure S2 Conjugation chemistry between nGO and 18F-.
Notes: The 18F- is connected to the nGO. The hydrogen atoms bonding on the organic macromolecules (C−H and O−H) are easily substituted by fluorine atoms.
Abbreviation: nGO, nano-graphene oxide.

Figure S1 CT26-bearing nude mice.
Note: Tumors were grown in the right thighs of the nude mice (20–25 g) by injecting tumor cells.
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Figure S3 18F was injected intravenously into the female mice and images monitored at different times.
Note: PET images of tumor-bearing mice at (A) 15, (B) 30, (C) 60, and (D) 120 min after intravenous injection. No signal was observed in tumor cells under in vivo conditions.
Abbreviation: SUV, standardized uptake value.
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Figure S4 18F-nGO was injected intravenously into the female mice and images monitored at different times.
Note: PET images of tumor-bearing mice at (A) 15, (B) 30, (C) 60, and (D) 120 min after intravenous injection. No signal was observed in tumor cells under in vivo conditions.
Abbreviation: SUV, standardized uptake value.

Figure S5 18F-nGO-PEG was injected intravenously into the female mice and images monitored at different times (15, 30, and 60 minutes).
Notes: An intact 18F-nGO-PEG tumor and bioimaging of tumor cell were monitored. PET images of tumor-bearing mice at (A) 15, (B) 30, and (C) 60 after intravenous 
injection. CT26 was taken up rapidly into the early endosomes and lysosomes of CT26 tumor cells within 15 minutes.
Abbreviations: nGO, nano-graphene oxide; PEG, polyethylene glycol.
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