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Abstract: Radiopharmaceuticals (RPC) used for diagnostic and therapeutic purposes in nuclear
medicine may contaminate surface areas due to spillage during its preparation or accident during
RPC transfer from laboratory to the treatment room. Fluorine-18 Fluorodeoxyglucose (18F-FDG)
is the most common RPC for positron emission tomography (PET) scan in nuclear medicine due
to its ideal annihilation converted energy at 511 keV and short half-life at 109.8 min. Ineffective
medical waste management of 18F-FDG may pose a risk to the environment or cause unnecessary
radiation doses to the personnel and public. Depending on the incident rate of these events, simple
decontamination methods such as the use of chemicals and swabs might not be cost-effective and
sustainable in the environment. This study aims to propose an alternative method to decontaminate
18F-FDG by using graphene oxide (GO). GO was synthesised using the Hummers method while the
physical morphology was analysed using a field emission scanning electron microscope (FESEM).
18F-FDG adsorption efficiency rate using GO nanolayers was analysed based on the kinetic study
of the GO:18F-FDG mixtures. The chemical adsorbability of the material was analysed via UV–vis
spectrophotometer to interlink the microstructures of GO with the sorption affinity interaction.
Resultantly, the adsorption rate was effective at a slow decay rate and the optical adsorption of
GO with 18F-FDG was dominated by the π → π∗ plasmon peak, which was near 230 nm. By
elucidating the underlining GO special features, an alternative technique to isolate 18F-FDG for the
decontamination process was successfully proven.

Keywords: radiopharmaceutical; radioactive spillage; decontamination; radioactivity; adsorption;
nuclear medicine

1. Introduction

Radiopharmaceutical (RPC) resources are essential for nuclear imaging and thera-
peutic purposes in nuclear medicine. Fluorine-18 Fluorodeoxyglucose (18F-FDG) is the
most ideal RPC for positron emission tomography (PET) scans due to its ideal half-life
and versatile molecular structure [1,2]. Fluorine is considered a favourable atom in drug
development due to its physical properties, including a small van der Waals radius (1.47 Å),

Sustainability 2022, 14, 4492. https://doi.org/10.3390/su14084492 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14084492
https://doi.org/10.3390/su14084492
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-5788-8176
https://orcid.org/0000-0001-7420-2228
https://doi.org/10.3390/su14084492
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14084492?type=check_update&version=1


Sustainability 2022, 14, 4492 2 of 14

high electronegativity, and ability to form a strong bond with carbon (C-F energy bond
of 112 kcal/mol) [3]. In comparison with a carbon-hydrogen bond (C-H energy bond of
98 kcal/mol), 18F-FDG is more thermally stable and oxidation resistant [3]. Unexpected
radioactive contamination might occur in a nuclear medicine department either from
source handling, such as breakage of a radionuclide vial, or may originate from the patient
either by sneezing, vomiting, or urinating [4]. The hazard associated with radioactive
contamination and waste depends on the concentration and nature of the activity of the
radionuclide [5]. 18F-FDG, an unstable radioisotope, will decay in the human metabolic
process and produce positrons, thereby leading to an annihilation process with electrons
and producing pairs of 511 keV gamma-ray photons in 180◦ directions [6]. This energy is
quite high and exposes the personnel, patient, and public to unnecessary radiation doses.

The high demand for PET scans requires mass production of 18F-FDG using cyclotron,
which indirectly leads to an increase in the incident rate of radionuclide spillage contamina-
tions. Meanwhile, the usage of a large volume of simple decontamination chemical agents
might not be sustainable in the environment [7], and is not cost-effective as its periodic
purchase is met with limited production. Thus, alternative decontamination agents must
be considered by ensuring the application of a competent material for radionuclide decon-
tamination, which is more efficient, environmentally friendly, and economical in terms of
long-term usage of the resources [8].

Graphene oxide (GO) is a nanolayer material that has a carbon compound and is rich
in oxygenated functional groups, which makes it a fitting adsorbent for various molecules
either in aqueous or dispersed in a polymeric solution [9]. GO also has several desirable
properties, such as high surface area, high mechanical strength, electrical conductivity,
large pore volume structure, and high solubility due to abundant oxygen-based functional
groups [9]. GO is a two-dimensional (2D), carbon-based material that has a single-atom-thin
full sp2 hybridised carbon structure with minimal defects, which makes it a well-known
adsorbent [10]. Due to its uniquely tuneable physicochemical characteristics [11] and
biocompatibility [12], GO has been use in many applications such as the removal of metal
ions [13], biomedical [14], electrochemical energy [15], catalysis [16], sensing [17], polymers
composite [18], removal of heavy metals [19], wastewater treatment [20] and antibacterial
agents [21].

The availability of various functional groups such as carboxyl, hydroxyl, epoxy and
keto groups on its nano surface [22] give advantages to GO as a super adsorbent carbon
material to efficiently interact with any hazardous and toxic liquid, gas or solid contami-
nants [23]. Practically, radioactive waste has been decontaminated using special chemical
agents which might chemically produce other chemical by-products [24] due to chemical
interactions with unstable energetic radionuclide.

Application of GO nanosheets in trapping radionuclides has been conducted on
238U [25], 137Cs [26], 131I [27], 232Th, 95Am, 94Pu, 63Eu, 38Sr and 99mTc [28]. However,
adsorption and chemical adsorption characterization of short-live radionuclides such as
the 18F radionuclide by using GO has not been comprehensively reported. Herewith, we
conduct experiments to prove the efficiency of 18F-FDG decontamination by using GO,
which is a stable carbon-based material with minimal production of chemical by-products.
The interactions between these compound mixtures with different concentration of GO
and activities for energy variations were characterize by using UV–vis spectrometer for
complex adsorption capabilities.

2. Materials and Methods

Graphite powder, a naturally occurring form of crystalline carbon along with inorganic
compound potassium permanganate (KMnO4) and corrosive substances, sulphuric acid
(H2SO4) and phosphoric acid (H3PO4), were used to make up the GO mixture. Hydrogen
peroxide (H2O2, 30%) and ice cubes were used to initiate and phase out the oxidation
process. Consequently, hydrochloric acid (HCl) and distilled water were used for the
centrifuge process. 18F-FDG was obtained at the Nuclear Medicine & Molecular Imaging
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Department, Chancellor Tuanku Muhriz Hospital, Universiti Kebangsaan Malaysia. A dose
calibrator (Capintec CRC-25R, Capintec Inc., Florham Park, NJ, USA) was used to monitor
and record the activity of the radionuclides. The characterisation of the synthesised GO
was performed using FESEM (FEI QuantaTM 450 FEG, FEI Company, Hillsboro, OR, USA)
at SEM Laboratory, School of Health Sciences, Universiti Sains Malaysia. Furthermore, a
morphological analysis of the nanolayers and their porosity was conducted. Meanwhile,
the chemical adsorbability affinity of the GO:18F-FDG was analysed using a UV–vis spec-
trometer (CARY 100 Bio, Agilent Technologies Inc., Santa Clara, CA, USA) at the Analytical
Laboratory, School of Health Sciences, Universiti Sains Malaysia.

2.1. Synthesis of Graphene Oxide

The Graphene oxide was synthesised by the widely used Hummer’s method [29–31].
About 3 g of graphite and 18 g of KMnO4 were added to the 320 mL of H2SO4 and 80 mL of
H3PO4 in a ratio of 4:1, respectively. The mouth of the beaker was closed with an aluminium
foil and stirred for three days continuously before transferring the reagent into a 500 mL ice
cube along with 27 mL of H2O2 (30%) to stop the oxidation and cooling process. The dark
brown mixture formed was known as graphite oxide, which was then washed with HCl to
separate the GO from the chemical by-products and unexfoliated graphite. About 15 mL of
the mixture and 15 mL of HCL were mixed and centrifuged at 5000 g/rpm for 10 min. This
washing process was repeated thrice before washing with distilled water several times and
centrifuged with the same setting until a pH of 5 was achieved.

2.2. Isolation of 18F-FDG

The GO concentrations were varied into 1 mg/mL, 2 mg/mL, and 3 mg/mL, which
were obtained by applying Equation (1), where M1 is the initial concentration of the solution,
V1 is the volume of the solution, M2 is the concentration of the diluted solution after adding
more solvent, and V2 is the volume of the diluted solution.

M1V1 = M2V2 (1)

The FDG dispenser (NUCLEMED 317R3, NUCLEMED BV, Roeselare, Belgium) was
used to accurately prepare the 37 MBq, 74 MBq, and 111 MBq of 18F-FDG, and three
different concentrations of GO were added into each glass serum vial as shown in Figure 1a.
The mixture of GO:18F-FDG was then poured on a filter paper, and the sediment was
obtained as depicted in Figure 1b. The radioactivity of the sediment along with the filter
paper and the filtrate (if available) were obtained using the dose calibrator ionisation
chamber over the function of time (Ao = initial activity, Ao/4 = 54.9 min, Ao/2 = 109.8 min,
Ao3/4 = 164.7 min, and Ao/16 = 219.6 min). The radioactivity of each activity with different
concentrations was compared to the natural decay of 18F-FDG by plotting the decay graph.
A Geiger–Muller survey meter (Model Fluke 451B, Fluke Corporation, Everett, WA, USA)
was used during the experiment to measure the radiation exposure, ensuring there was no
leakage or spillage of the radionuclide source on any surfaces in the laboratory.
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Figure 1. (a) GO solution with 1 mg/mL, 2 mg/mL and 3 mg/mL mixed with 18F-FDG of 1mCi (~37 
MBq) in glass serum vials. (b) GO:18F-FDG mixture poured into filter papers. 
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layer’ with hollow structures (red arrows in Figure 2a) and a continuous vast layer-by-
layer surface area with random size of GO flakes (numbering layers in Figure 2b). This 
feature is advantageous to the GO in terms of ‘wrapping’ or entrapping other materials 
with various chemical bonds by the numerous carbon functional groups existing at the 
molecular structure level [32]. It also shows that the ‘wax tissue layer’ [33,34], which re-
sembles the GO sheet, reflects that the deformation of the graphene layers was due to the 
oxidation process in the synthesised GO. Hence, the carbon lattice became distorted fol-
lowing the addition of oxygen lattice into the structures [35]. The generated hollow pores 
as shown in Figure 2a could be formed via the hydrothermal method by crumpling gra-
phene sheets together, which results in the formation of voids between the sheets [32]. 
These features in the GO appear to be advantageous in terms of the hydrophilicity and 
dispersion into various media, including aqueous and organic solvents. 
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Figure 1. (a) GO solution with 1 mg/mL, 2 mg/mL and 3 mg/mL mixed with 18F-FDG of 1mCi
(~37 MBq) in glass serum vials. (b) GO:18F-FDG mixture poured into filter papers.

3. Results and Discussions
3.1. Characterisation of GO Nanolayers

Graphene oxide (GO) images obtained from the FESEM were well defined and in-
terlinked two-dimensional (2D) graphene sheets. Figure 2a,b show random sophisticated
2D structures with different magnifications. The surface appears as a wrinkly ‘wax tissue
layer’ with hollow structures (red arrows in Figure 2a) and a continuous vast layer-by-layer
surface area with random size of GO flakes (numbering layers in Figure 2b). This feature is
advantageous to the GO in terms of ‘wrapping’ or entrapping other materials with vari-
ous chemical bonds by the numerous carbon functional groups existing at the molecular
structure level [32]. It also shows that the ‘wax tissue layer’ [33,34], which resembles the
GO sheet, reflects that the deformation of the graphene layers was due to the oxidation
process in the synthesised GO. Hence, the carbon lattice became distorted following the
addition of oxygen lattice into the structures [35]. The generated hollow pores as shown in
Figure 2a could be formed via the hydrothermal method by crumpling graphene sheets
together, which results in the formation of voids between the sheets [32]. These features
in the GO appear to be advantageous in terms of the hydrophilicity and dispersion into
various media, including aqueous and organic solvents.
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Figure 2. GO flake 2D structures with random ‘wax-tissue’ layers and complex hollow structures.
(a) Complex hollow structures with wrinkles and exfoliated tissue layers, (b) wrinkles and exfoliated
stacked structures with random small flakes.
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Stacked GO structures can be clearly seen in Figure 3a,b for 250×, and 500× mag-
nification. The stacking structures enhance the continuous interaction probabilities with
other compounds, where the large substrate surface area will participate in the molecular
interactions [33]. The interactions probabilities are continuously increased with stacking
layers by layers of GO and might be trapped within the compound with increasing depth
via complex interactions.
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Figure 3. GO substrate surface stacked nanostructures. (a) Random stacks of small-flake GO nano-
layers, (b) flat surface of large-flake GO nano-layers.

Meanwhile, a single substrate of GO nanolayers can be seen in a close-up micrograph
in Figure 4a,b. The micrograph enhances the size of the nano substrate surface for molecular
interactions to trap the 18F-FDG and other compounds. Some contaminants on the GO
surface can be seen in Figure 4a, which might be due to the incomplete washing of some
foreign particles (red arrows). However, Figure 4b shows a significant structure of single
wax tissue layers of GO with wrinkles and exfoliated networking lines on the surface
(arrows), ready for the adsorption process via the molecular interaction of many available
functional groups.
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In additions, the complex structures of GO nanolayers have been focused within
smaller scales as those shown in Figure 5a,b. The agglomerated ‘wax tissue’ nanolayers
with non-uniform structures are shown in Figure 5a. The complex wrinkles and exfoliated
structures can be seen via the red arrows, whereas the agglomerated long strand ‘wax-
tissue’ nanolayers can be seen on another site. On the other hand, Figure 5b shows the
multiple stacking layers that can still be identified from the agglomerated wax tissue layers.
These structures demonstrate that the continuous multiplex nanolayers randomly existed
for fine focused micrograph and widely spread on the GO substrates.
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Moreover, agglomerated wrinkle and exfoliated structures have been further charac-
terized with smaller scales to show a close up image of the 2D single nanolayers of the
‘wax-tissue’ GO structures as shown in Figure 6a,b. It can be seen that the small spherical
agglomerated GO nanostructures are randomly attached on the upper site as shown in
Figure 6a and the lower site as shown in Figure 6b of the single nanolayers. This phe-
nomenon proves the complex random structures of agglomerated GO nanolayers existed
along the stacking surfaces and promote high interactions with any materials via molecular
interactions [36]. However, agglomerated unattached spherical nano structures are also
randomly seen in Figure 6a, which leads to random complex interactions efficiency during
the adsorption process [37].

In Figure 7a, a stacking wrinkles and exfoliated GO nanolayers has been selected for
characterization by using X-ray diffraction technique (XRD) (Bruker D2, Bruker Corpora-
tion, Billerica, MA, USA) and UV–vis spectrometer. XRD spectrum of the GO is similar to
the GO reported in other previous published works. It can be seen in Figure 7b that the
characteristic peak of GO centred at 10.0◦, which was assigned to the (0,0,1) reflection of
GO. The UV–visible adsorption spectra of GO are shown in the Figure 7c. As revealed by
the spectrum, two characteristic peaks of GO were observed at 227 and 229 nm, which were
π→ π* transition of aromatic C-C bond and the n→ π* of C=O group, respectively. This is
in agreement with the results published elsewhere [38].
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3.2. Kinetic Study

The kinetic study of the isolation of GO:18F-FDG mixtures for different concentrations of
GO concentrations and RPC activities was extrapolated using the radioactive decay equation
as shown in Equation (2), where A is the radionuclide activity, Ao is the initial radionuclide
activity, λ is the decay constant, and t is the decay time. Each of the activities (37 MBq, 74 MBq
and 111 MBq) that were mixed with different GO concentrations (1, 2, 3 mg/mL) and trapped
by using a filter paper were measured using a dose calibrator within specific periods (54.9 min,
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109.8 min, 164.7 min, and 219.6 min). The activities were differentiated in order to investigate the
influence of the positrons and gamma-ray photons’ production rate on the molecular adsorption
process. Three graphs to study the kinetics of the 18F-FDG isolated by GO based on activity
over time were plotted for different values of A0 as shown in Figures 8–10.

ln (A/Ao) = −λt (2)

Figures 8–10 depict the exponentially plotted graph of GO:18F-FDG activities versus
time for three different concentrations (1, 2, and 3 mg/ mL). From these graphs, the activity
of GO:18F-FDG was exponentially decreased to half from their approximate initial activities
within 109.8 min, which is the natural half-life of 18F [39]. From the graph, the first term
half-life for three different activities (37 MBq, 74 MBq and 111 MBq) are sharply reduced due
to their active decay processes with respect to its initial activities (high activity), becoming
stagnant for the second term of its half-life and approximately close to zero for total decay
(219.6 min). The decay process depends on the activities of the radionuclide, where higher
activities promote active interactions with random decay processes in the nucleus. In this
study, the existence of different concentrations of GO with RPC influenced the nuclear
decay process within the unstable 18F nucleus, where there are different activities has been
measured for different concentrations in a specific natural half-life. This phenomenon
might be due to the adsorption of GO at the molecular level which is mostly via van der
walls and ionic interactions [40], causing some inter-molecular changes of weak nuclear
and electromagnetic forces in 18F during its decay process. Influence of the weak nuclear
forces that control the nuclear activities for any radioisotope decay [41], might cause some
changes in the decay rate of the materials during complex molecular interactions.

Generally, 1 mg/mL concentration of GO can trap the 18F-FDG effectively, where the
activity is always higher in each measured time as shown in Figures 8–10. This might be due
to random nuclear interaction activities in the 18F nucleus, where vast numbers of electrons
for higher concentrations might fluctuate or slow the molecular interactions. Fluctuation at
the initial activity due to a high decay rate may be attributed to the reactivity of the orbital
electrons of fluorine, which actively tend to be stabilised via complex interaction [42].

The adsorption interactions might also be influenced by the physical volume of the
RPC that coagulate with certain GO concentrations, where the insoluble process might
occur due to saturated solutions. It also shows that a higher concentration of GO could
reduce the activity of 18F-FDG due to the interactions occurring at molecular levels. High
activities of 18F-FDG (111 MBq and 74 Mbq) actively produce positron, which originates
from the nucleus and leads to an annihilation process rather than adsorption interaction
with the GO. Figures 9 and 10 show the undifferentiation for low and high concentrations of
GO and their influence on the activity decay of 18F-FDG, where the line is almost redundant
with each other. However, the slower decay process provides a likelihood for adsorption
interactions, where the line is seen to be identical at 50 min onwards in Figure 6, as well
as the whole measurable activity in Figure 8. This might be due to the availability of
free electron clouds in 18F-FDG, which have more chance to be interacted with and form
functional groups in the GO chemical structures at low activity.
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3.3. UV–Vis Spectrometry and Chemical Analysis

The study of absorbability of the graphene oxide and the radionuclide using the UV–
vis spectrophotometer provided detailed information about the peak of the wavelength
based on the Beer–Lambert law [43]. The GO and 18F-FDG UV–visible adsorption spectra
were obtained as shown in Figure 11. A single band GO adsorption peak can be observed,
which was centred at 220 nm as depicted by the dashed red line. This band value indicates
the π→ π∗, the transition of aromatic C-C bonds, which have numerous sp2 bonds into the
molecular mixtures [44]. The molecule absorbs the UV–vis light starting at the wavelength
of 200 nm and begins to decline before attaining the peak at 220 nm. Thereafter, the molecule
continues to decline to show that the functional group of GO has partially decreased as
it passes a higher value of wavelength. The optical adsorption of GO is dominated by
the π → π∗ plasmon peak, which is near 230 nm [45]. This occurrence depends on two
conjugative effects: clusters of nanometer-scale sp2 and the chromophore unit, such as C=C,
C=O and C-O bonds [45].

The chemical structure of 18F is 1s22s22p5 and has a single free orbital electron. It is able
to produce high energetic photons with 511 keV which activate the orbital electrons of the
functional groups and delocalize on to the GO nano sheets via continuous π→ π∗ stacking
interactions due to the stacked nanolayers of GO structures. The 511 keV photons energy might
eject the orbital electrons at available functional groups to provide free molecular vacancy to
be filled in by unstable 18F atoms. The electrons might interact with epoxy bridges, hydroxyl
groups, and pairwise carboxyl groups in GO nanolayers [45] and might be influenced by excess
energies received during the internal nuclear decay, leading to the annihilation process as shown
in Figure 12.

The peak obtained at 220 nm was probably due to the aggregation of chromophore
effects that were affected by the mixture of GO:18F-FDG for different GO concentrations [46].
The 1 mg/mL showed the highest peak and the highest adsorbability compared to 2 mg/mL
and 3 mg/mL of GO concentrations. This result is in line with the kinetic study illustrated
in Figure 8, where a slow decay rate of low 18F-FDG activity provided the chances for
the molecular adsorption rate to occur. Higher concentrations might yield a complex
saturated phase between the molecular mixtures to interact within a short time, whereas
higher activities will generate excess energy to the particles for the annihilation process or
eject the electrons from orbitals without interactions. The mixture probably modified the
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oxygen-containing functional groups, thereby causing the mixture to absorb a slightly lower
range of UV–vis wavelength. The wavelength of adsorption also depends on the energy
difference between the bonding or antibonding and non-bonding orbital concerned [47].
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4. Conclusions

Conclusively, GO has demonstrated high sorption affinity towards the radionuclide
of a pure radiopharmaceutical. The high sorption capacity and the ability to coagulate
with any reactive elements at molecular structures, such as 18F-FDG, makes it a prime
option for alternative radionuclides decontamination. The ‘wax tissue’ nanolayers and vast
surface area have been shown to help GO wrap and adsorb radionuclides effectively. The
adsorption rate was effective at a slow decay rate of 18F-FDG, where more available free
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electrons are ready for the adsorption interaction with GO functional groups. Fluctuation
of electron interactions and the active annihilation process occurred at high activity, thereby
reducing the coagulation process within a short time due to the energetic nuclear process.
The optical adsorption of GO with 18F-FDG is dominated by the π → π∗ plasmon peak,
which is near 230 nm.
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