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Abstract
The application and fabrication of grapheme-based nanomaterials have, caught great attention in the
�eld of sensors in recent years. In this study, a graphene oxide (GO)-based heavy metals nanosensor was
prepared via the surface reversible addition-fragmentation chain transfer (RAFT) method. First, GO was
prepared from graphene and was modi�ed with L-phenylalanine (LP). Then a RAFT agent was attached
chemically into the surface of GO-LP. Next, GO-LP/polymethacrylamide (GO-LP/PMAM) was prepared via
the polymerization of methacrylamide (MAM) monomers on the surface of the GO. The surface
morphology and chemical properties of the prepared materials were examined by FT-IR, SEM, TGA, UV
and PL techniques. The results of PL indicated that the PL intensity of GO-LP/PMAM compared to GO
and GO-LP spectra in the water was stronger. Finally, the modi�ed GO was employed as an excellent
nanosensor for the selective detection of Cu (II) ions in the range of 0.25-2 mM (correlation coe�cient R2

0.9903). Absence any obvious alteration in the �uorescence intensity after the addition of other metal
ions indicated the great selectivity for Cu (II). Based on the experimental results, the surface-
functionalized GO with RAFT strategy could be successfully employed as a promising nanosensor for
selective detecting of Cu (II) ions.

1. Introduction
Toxic heavy metal ions in the environment are detrimental hazards to aquatic ecosystems and human
life. Among such metal ions, the Cu2 + is a particularly important divalent cation that plays a critical role
as a catalytic cofactor for a variety of metalloenzymes, including superoxide dismutase, cytochrome c
oxidase, tyrosinase and nuclease [21]. However, under overloading conditions, copper exhibits toxicity
and can cause oxidative stress and disorders associated with neurodegenerative diseases (e.g.
Alzheimer’s and Wilson’s diseases) [15]. Hence, designing and developing innovative materials for simple,
sensitive and rapid monitoring and sensing of heavy metals is necessary, even in trace amounts [6, 7, 24].
In this respect, enormous efforts have been dedicated to develop analytical methods for the detection of
heavy metal ions [24, 9]. Yet, the most common techniques, e.g., atomic emission spectrometry, atomic
absorption spectrometry and X-ray �uorescence spectrometry are still suffering from the time-consuming
process, expensive instruments, and intensive labor. To overcome these problems, different means of
colorimetric, optical, and electrochemical platforms have been broadly investigated for the installation of
simple, sensitive, selective, and cost-effective approaches [22, 16]. More attempts have been particularly
dedicated to the progress of smart and innovative �uorophores for heavy metal ions detection. Despite
these efforts, there are still plenty of challenges with fabricating and developing a cost-effective and
highly selective and sensitive chemo-sensor for monitoring heavy metal ions. The optical methods based
on graphene-based nanosensors have recently been proposed as one of the promising methods for the
detection of heavy metal ions owing to their potential bene�ts of easy design and sensitive recognition of
metal ions [4].

The graphene oxide presents a unique feature such as easy functionalization, high electronic
conductivity, large speci�c surface area, exclusive optical properties, chemical stability, and mechanical
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and photonic properties that deliver a talented platform for the construction and design of innovative
nanomaterials. In addition, graphenes as rapidly developing nanomaterials have attracted great attention
owing to their possible applications in clinical medicine, biomedical �eld, and in sensors particularly in
electrochemical sensors and �uorescence sensors.

Graphen usually does not have �urocence property but through surface modi�cation by some materials
itcan cause �uorescence [28, 2].Typically, these methods can be categorized into “grafting from” and
“grafting to” strategy. “Grafting from” methods are talented to grow polymers on the surface of the
support with adjustable grafting dimension and controlled functionality [9, 23, 18, 14]. In this regard, a
diversity of methods, for instance, coupling reaction [26], surface-initiated controlled radical
polymerization (SI-CRP) such as atom transfer radical polymerization (ATRP) and RAFT polymerization
[1, 25] have been developed to functionalize GO.

Some recent studies[10, 20, 19] have reported heavy metal characterization through quenching the
intensity of �orescence. For instance, Hua et al [11] for determination of mercury in river utilized sio2
modi�ed by graphene quantum dot CdTe.

The major objectives of the present study are to develop effective chelating groups on the surface of the
GO for the sensing of heavy metal ions from the aqueous media. For this purpose, the design strategy of
the nanosensor was motivated based on “grafting from” method through surface modi�cation of GO with
PMAM via RAFT polymerization strategy (Scheme 1). This polymeric material with amide functional
groups on the surface of GO could be employed as an agent to complex and chelate heavy metal ions
from the aqueous media [13]. Therefore, the potentiality of prepared GOLP/PMAM-hydrogel as an
effective nanosensor for the detecting of heavy metal ions from aqueous media was investigated.

2. Experimental

2.1. Materials
Graphene (Merck, 99%), L-phenylalanine (LP, Sigma), methacrylamide (MAM, Sigma, 99%),
Azoisobutyronitrile (AIBN, Aldrich, 98%), and 4-Cyano-4-(phenylcarbonothioylthio) pentanoic acid (Sigma)
were used as received. All other materials were obtained from Sigma and used without any puri�cation.

2.2. Characterization
An FT-IR spectrophotometer (Tensor 27, Bruker) was used to record the spectra by KBr pellets. UV–Vis
absorption spectra were performed on a Shimadzu 1700 Model UV–Vis spectrophotometer. To determine
the morphology of samples, the scanning electron microscopy (SEM) (MIRA3 FEG-SEM Tescan, Czech)
was used. The dynamic light scattering (DLS) was achieved with a DLS-ZP/Particle Sizer (Malvern model
Nanotrac Wave (Microtrace) with 658 nm diode laser). Thermo-gravimetric analysis (TGA) was obtained
on a thermal analyzer (Polymer Laboratories, TGA 1750) with a 10°C/min heating rate from 25 to 800 oC
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under argon atmosphere. The photoluminescence (PL) spectra were recorded by a spectro�uorometric
FP-750, Jasco, Japan.

2.3. Synthesis of GO
According to the reported procedure, GO was prepared by some modi�cation [12]. Brie�y, 1.0 g of
graphene powder was added in a solution of 120 mL H2SO4 (98%) and 20 mL HNO3 (65%) in an ice bath.
Then, 6 g KMnO4 was added and stirred at 50°C for 12 h. After cooling the reaction mixture to room
temperature, 130 mL ice and 1 mL H2O2 (30%) were added. By centrifuging at 6000 rpm, the solid product
was separated and washed with distilled water HCl (37%) and EtOH several times and was dried at 50°C.

2.4. Functionalization of GO with LP
In GO powder dispersion solution (1 g GO in 100 mL distilled water) was added 100 mL distilled water
containing 3 g LP and 0.018 g NaOH and stirred for 24 h at 25°C. After treating the colloidal dispersion
with ethanol, the resulting precipitate was washed thoroughly with H2O/EtOH mixture and dried at 50°C.

2.5. Functionalization of GO-LP with RAFT agent
GO-LP (300 mg) was dispersed in 12 mL dichloromethane (DCM) under a nitrogen atmosphere and was
stirred with an excess amount of thionyl chloride (12 ml) for 24 h at 80 oC. The GO-LP-COCl was washed
with distilled tetrahydrofuran (THF) to prevent the hydrolysis of the -COCl functional groups. Then 300
mg of dried GO-PL-COCl was dispersed in the 100 DCM containing 20 mg RAFT agent, 4-Cyano-4-
(phenylcarbonothioylthio) pentanoic acid, and an equimolar amount of triethylamine and then was stirred
under a nitrogen atmosphere for 12h. Finally, the product was washed several times with DCM and THF
and dried at 50°C.

2.6. Synthesis of GO-LP/PMAM
The GO-LP/PMAM was prepared via RAFT polymerization method through the growing polymer on the
GO surface. Brie�y, GO-LP-RAFT agent (200 mg) was ultrasonically dispersed for 10 min in 25 mL of THF,
followed by the addition of MAM (400 mg, 4.7 mmol), and AIBN (30 mg, 1.8 mmol) as initiators. After
three freeze-pump-thaw cycles, the polymerization was completed at 70°C (~ 8 h). The resultant was
precipitated by adding water and after that was washed with water and dried at 50°C.

2.7. The process for the determination of heavy metal ions
The test solution contained 1700 µl deionized water, 100 µl solutions of nanosensor (3 mg/ml) and 200
µl of each metal ion solution (10 mM) was treated under excitation at 280 nm to �uorescence
achievement.

3. Results And Discussion

3.1. FT-IR analysis
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To study the banding interactions in GO before and after functionalization procedures, FT-IR
measurement was employed. In the GO spectrum (Fig. 1A), owing to the presence of oxide functional
groups during the oxidation process, the characteristic peak related to different types of functionalities in
GO such as C-O, O–H, C–H, C = O bands of hydroxyl and carboxylic acid moieties respectively appeared at
1047, 3431, 3010, 1626 and 1710 cm− 1, which prove the oxidation process. In LP functionalized GO
spectra, the peaks that approve the covalent functionalization of the GO by LP molecules are the
presence of C = O stretching groups of amides, carboxylate salts, and stretching groups of OH and NH at
the range of 1639, 1693 and 3431 cm− 1, respectively. The appearance of acyl halide absorption peaks at
1835 cm− 1 in the functionalized GO-LP FT-IR spectrum and also decreasing the OH stretching group
con�rmed a successful acylation process. The FT-IR spectrum of GO-RAFT agent indicates the stretching
vibrations of C-S, C = S, and C-O at the range of 599, 1008 and 1148 cm− 1, respectively. The presence of
these characteristics in the GO-RAFT agent spectrum con�rmed the successful preparation of the RAFT
agent. In the FT-IR spectrum of GO-LP/PMAM, the stretching vibrations of C = O amide, -CH and NH
groups in the polymer chain were observed at 1667, 2910 and 3291 cm− 1, respectively. These notable
bands revealed the successful formation of PMAM onto the surface of GO backbones.

3.2. Morphological study
The morphology of prepared materials was studied through SEM microscopic method. The related
images of GO and GO-LP/PMAM are shown in Fig. 2. The SEM image of GO presented crispy two-
dimensional layers with roughness and wrinkles on the surface, which may be due to the functional
groups (carboxyl, epoxy, ketone, and hydroxyl) created during the oxidation process (Fig. 2A). In the SEM
image of GO-LP/PMAM, the existence of crustal layers indicates that the main structure of GO is retained
during the polymerization process (Fig. 2B). After the polymerization of MAM, due to the linkage of the
polymeric chains onto the GO, the uniformity of roughness was obtained at the surface of GO. This layer
linkage structure of prepared GO-LP/PMAM makes it potentially useable as a nanosensor for detecting
various ions.

3.3. DLS analysis
By using DLS measurement, the size of GO and GO-LP/PMAM were determined in aqueous solution. The
average size of GO and GO-LP/PMAM were respectively found to be 134.8 and 153.7 nm (Fig. 2C and
2D). The increase in particle size is another evidence that the RAFT polymerization process successfully
occurred onto the GO.

3.4. Thermal analysis
TGA analysis was used to investigate the thermal stability and quantity of the surface-functionalized GO.
From room temperature to 800 ºC under argon, GO-LP-RAFT and GO-LP/PMAM samples showed three
distinct stages (Fig. 3a). First, a weight-loss below 150 ºC related to the removal of water is due to the
formation of the intra- and inter-molecular anhydride bonds and releasing of CO2 by the decarboxylation
process. The �rst weight loss observed for GO-RAFT and GO-LP/PMAM was 21% and 16% respectively. In
the second stage (from 155 to 700 ºC), the weight loss observed for GO-RAFT and GO-LP/PMAM was
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about 30% and 40 % respectively, being due to the heat decomposition of RAFT and PMAM carboxyl and
amid groups [27]. In addition, the loss of 16.1 and 8.4 % respectively for GO-RAFT and GO-LP/PMAM in
the range from 700 to 900 ºC is attributed to the breakage of a PMAM chain and the dehydroxylation of
GO upon thermal treatment [5, 8]. Results from the TGA data indicated that the quantity of the
polymerization of MAM (PMAM) onto the GO surface was about 10%.

3.5. UV-Vis study
UV-Vis study was performed in dispersion state to detect the modi�cation of GO. Typical peaks of GO
observed at the 233 and 310 nm are respectively related to the π–π* transitions of aromatic C = C and C 
= O bonds [3] (Fig. 3b). In the spectrum of the GO-LP and GO-LP/PMAM, a redshift can be seen from 233
to 248 and 265 nm, respectively. This phenomenon could be attributed to the functionalization process
onto the GO. Moreover, due to the reaction of the lone pair of GO through functionalization, the shoulder
peak in the 310 nm was not observed in the spectrum of GO-LP and GO-LP/PMAM.

3.6. PL study
Figure 4 shows the PL spectra for GO, GO-LP, and GO-LP/PMAM with 4 mg/mL concentration in deionized
water, which was used to study the quantitative properties of the synthesized materials. In the PL spectra,
GO, GO-LP, and GO-LP/PMAM illustrate a narrow emission at 420 nm, when excited at 280 nm. By
comparing the results, it could be concluded that the PL spectrum of GO-LP/PMAM compared to GO and
GO-LP spectra in water become stronger which is mainly due to the formation and ampli�cation of
phenomenon such as internal and external transformations and intersystem transitions through the
modi�cation of GO. This higher PL property of prepared GO-LP/PMAM makes it potentially usable as a
nanosensor for detecting various ions.

3.7. Fluorescence selectivity and competition experiments
Fluorescence selectivity experiments were designed and carried out in deionized water to investigate the
�uorescence selectivity of nanosensor against various metal ions (Ag (II), Zn (II), Cd (II), Pb (II), Hg (II), Fe
(II), Mn (II), Ni (II), Co (II), Cu (II)). As seen in Fig. 5, titration of different metal ions could not signi�cantly
change the �uorescence signal; however, Cu (II) ledto a high quenching in the �uorescence signal. The
�uorescence testing demonstrated that an interaction existed between metal ions and nanosensor that
quenched the �uorescence behavior of nanosensor dependent on metal ions [17] (Scheme 2). Also, the
�uorescence manner showed that the GO-LP/PMAM nanosensor could act as a selective �uorescent
detector for Cu (II).

Competitive metal ion addition was performed to study the selectivity of GO-LP/MAM to sense Cu (II) in
the presence of various metal ions via titration of an equimolar amount of Cu (II) to a solution of GO-
LP/MAM and each metal ion. As shown by Fig. 6A, Ag (II) and Pb (II) led to a dramatic increase in the
�uorescence intensity. However, absence of any obvious alteration in the �uorescence intensity after the
addition of other metal ions indicated the great selectivity for Cu (II). The sensitivity of GO-LP/MAM
toward Cu (II) was achieved by titration of GO-LP/MAM solution with various amounts of Cu (II).
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Emissions of nanosensor were linearly decreased by increasing the Cu (II) concentration (Fig. 6B), which
showed the capability of this manner for the detection of Cu (II) in the 0.25-2 mM range in aqueous
media. Therefore, GO-LP/MAM could be potentially used as a nanosensor for the detection of Cu (II)
through the presence of emission at 420 nm.

4. Conclusions
A novel nanosensor based on the modi�cation of GO was synthesized via RAFT polymerization of MAM
monomers onto the surface of GO. The proposed mechanism was presented for the modi�cation of GO.
The prepared nanosensor was con�rmed by FT-IR, SEM, DLS, TGA, UV-Vis, and PL techniques. The
�uorescence manner showed that the modi�ed GO, GO-LP/PMAM nanosensor could act as a selective
�uorescent detector for Cu (II) in the range of 0.25-2 mM (correlation coe�cient R2 0.9903). Results
revealed that the modi�ed GO via RAFT polymerization strategy could be employed for the sensing of Cu
(II) ions from aqueous media as an effective nanosensor.
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Figures

Figure 1

FT-IR spectra of the GO (A), GO-LP (B), GO-LP-COCl (C), GO-LP-RAFT (D), and GO-LP/PMAM (E).
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Figure 2

SEM images of the GO (A), GO-LP/PMAM (B), and DLS spectra for GO (C) and GO-LP/PMAM (D).
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Figure 3

a) TGA curves of GO-LP-RAFT (A) and GO-LP/PMAM (B). b) UV-Vis absorption of GO (A), GO-LP (B) and
GO-LP/PMAM (C)
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Figure 4

PL spectra for GO (A), GO-LP (B), and GO-LP/PMAM (C) with 4 mg/mL concentration 3.7. Fluorescence
selectivity and competition experiments
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Figure 5

PL spectra of GO-LP/PMAM (exited at 280 nm) in the presence of metal ions
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Figure 6

Calibration PL spectra of GO-LP/PMAM against titration with different Cu (II) concentration (A);
Fluorescence intensity changes (I-I0/I0) of the nanosensor in the presence of the equimolar amount of
each metal ion; Inset: the enlarged area (B)
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