
Luminescent properties of graphene quantum dots (GQDs) 
functionalized with LCysteine

Ali Moeini, Hossein Anabestani, Hamid Reza Madaah Hosseini*, Adrine Malek Khachatourian*

 Department of Materials Science and Engineering, Sharif University of Technology, Azadi Avenue, P.O. Box 
11155-9466, Tehran, Iran.

Recieved: 2 June 2023;    Accepted: 28 June 2023

*Corresponding author email: madaah@sharif.edu, khachatourian@sharif.edu

ABSTRAC T

Journal of Ultrafine Grained and Nanostructured Materials
https://jufgnsm.ut.ac.ir
Vol. 56, No.1, June 2023, pp. 121-128
Print ISSN: 2423-6845     Online ISSN: 2423-6837
DOI: 10.22059/jufgnsm.2023.01.12

1. Introduction
Among the various complicated and lethal 

illnesses that are still usually treatable, cancer is 
one of the major causes of mortality. When cancer 
cells have not gone far in the body, surgery can 
successfully treat the disease in its early stages. 
However, because of its invasive nature, surgery 
is often not recommended in the latter stages of 
cancer [1], [2]. Early detection of the disease in 
its early stages can slow its progression and boost 
the probability of treatment. Accordingly, many 
different types of materials have been developed in 
order to improve the contrast in a variety of imaging 
methods, such as magnetic resonance imaging 
(MRI) [3]–[5], fluorescence imaging (FI) [6]–[8], 
or in dual/multi-imaging methods [9]–[11].

Graphene quantum dots (GQDs) have 
attracted magnificent research interest due to their 
particular aspects, such as photoluminescence (PL) 

properties, low cytotoxicity, easy modification, and 
resistance to photobleaching, which are directly 
associated with quantum confinement and chemical 
functionalization [12]. Because of these properties, 
they are suitable for bioimaging, sensors, catalysis, 
and photovoltaic devices [13], [14].

GQDs synthesis methods are mainly classified 
into two main strategies: top-down and bottom-up. 
In top-down methods, GQDs are prepared from 
a large carbon structure by several processes such 
as acid oxidation, electrochemical, oxidation, and 
thermal decomposition. In top-down methods, 
carbonaceous materials are dismantled by 
physical, chemical, or electrochemical techniques 
to produce GQDs. These materials include 
carbon nanotubes (CNT), graphene oxide (GO), 
graphene, and graphite powder. However, in 
bottom-up approaches, such as solution chemistry, 
solvothermal synthesis, and microwave-assisted 
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approaches, GQDs are fabricated from molecular 
precursors under particular reaction conditions 
[12]. In order to carburize small organic molecules, 
bottom-up techniques involve the field of chemical 
synthesis. This includes employing pyrolysis in 
addition to specific chemical processes. In order to 
start the process, these approaches require the use 
of severe conditions, such as combustion, thermal 
treatment, chemical carbonization, and alkali- or 
acid-assisted oxidation processes [15].

The PL spectrum of GQD is the most interesting 
property of this material. In relation to the synthesis 
techniques, various particle sizes will create unique 
colors [16], such as blue, green, yellow, and red, 
when they are excited by UV light [17]. These 
colors will be produced regardless of the method 
of synthesis. The luminescent properties of GQDs 
are mainly driven by the quantum size effect, zig-
zag sites, and defect effect [18]. Generally, quantum 
confinement effects and zig-zag sites are classified 
as intrinsic scattering sites, while structural 
defects are categorized as defect state emissions. 
Furthermore, intrinsic sites can be induced by the 
recombination of electron-hole pairs [19]. Different 
factors can affect the luminescent properties of 
GQDs in distinct synthesis methods. These factors 
mainly include particle size [16], the wavelength of 
excitation [20], pH [21], the polarization of solvent 
[22], surface oxidation degree [23], doping atoms 
[24], and functionalized molecules [25].

The PL mechanism of GQD is ascribed to both 
intrinsic, defect, and extrinsic emission states. From 
the point of view of intrinsic states, chemical doping 
could be an efficient method for tuning electronic 
properties [26]. For example, H. Tetsuka et al. 
[24] investigated the effect of direct nitrogen (N) 
substitution in the GQDs lattice. They showed that 
because of the high electronic affinity of N atoms, 
this substitution would induce the modulation of 
chemical and electronic characteristics of GQDs 
and thus alter the GQDs to indicate a blue shift in 
the PL emission. However, heteroatom doping into 
the graphene lattice would disrupt the hybridization 
of basal C atoms, and there is no control over how it 
would impact the optical properties [27].

Another way to tune the luminescent properties 
of GQDs is to use molecules with strong electron-
donating or accepting abilities to modify the surface 
of GQDs chemically. For instance, primary amines 
could significantly affect the electronic properties 
of GQDs via the selective and quantitative 
functionalization of amines onto the surface of 

tunable GQDs [24]. To explain the mechanism of 
PL in the functionalized GQDs, the importance of 
strong orbital interactions between primary amines 
should be noted. A degenerate highest occupied 
molecular orbital (HOMO) orbital was raised to a 
higher energy level, narrowing the band gap [28].

The surface modification not only enhances the 
quantum yield and luminescent efficiency of GQDs 
but also provides an important intermediate for 
the resultant functionalization [29]. LCysteine, a semi-
essential amino acid biosynthesized by organisms 
with the formula [HO2CCH(NH2)CH2SH], has 
three active functional groups, including thiol 
(-SH), carboxylic (-COOH), and amino (-NH2), is 
biocompatible and inexpensive [30], [31]. Hence, 
LCysteine with appropriate binding capacities could 
prevent MNPs from oxidizing, transform them into 
significantly soluble and stable particles in organic 
solutions, and improve the goods’ biocompatibility 
[3], [32]. Also, LCysteine significantly reduces 
the toxicity of metal nanoparticles in clinical 
applications [33].

In this research, GQDs were fabricated through 
the pyrolysis of citric acid until their color turned 
orange. Then they were functionalized with LCysteine 
via reflux. Here, the role of LCysteine is to design 
a graphene structure with a novel modification 
method and tune its electronic features by 
introducing primary amines onto the surface 
of GQDs. Moreover, this modification could 
be applied to modify the PL and luminescent 
characteristics of GQDs to be appropriate for 
biomedical applications.

2. Materials and methods
2.1. Materials

All chemical reactants and reagents used in 
this research were of analytical grade and were 
used as received without further purification. 
Sodium hydroxide (NaOH, Merck, CAS number: 
1310-73-2), hydrochloric acid (HCl, Merck, CAS 
number: 7647-01-0), ammonia solution 25% 
(NH4OH, Merck, CAS number: 7664-41-7), citric 
acid (C6H8O7, Merck, CAS number: 77-92-9), and 
LCysteine (C3H7NO2S, BioChem, CAS number: 52-90-
4) were used as the synthesizing reagents.

2.2. Synthesis of GQDs
GQDs were fabricated by heating citric acid at 

200 °C [10]. In this method (Fig. 1a), 2 g of citric 
acid (CA) was added to the container and then 
heated for 30 minutes on the heater. Meanwhile, 
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100 g NaOH in 100 ml of deionized (DI) water 
was added to this mixture. The pH of the prepared 
solution was 12, then a few drops of 37% HCl were 
added to the solution to change the pH to 7. Finally, 
the GQDs were poured into a dark bottle and stored 
in the refrigerator to protect them from sunlight.

2.3. Synthesis of GQDs-LCysteine 
In this regard, 10 ml of the as-synthesized GQDs 

were poured into the balloon. Afterward, 0.1, 
0.2, 0.3, 0.4, and 0.5 wt.% of LCysteine powder were 
solved in 50 ml of DI water, then mixed with GQD 
solution at room temperature (25 °C). Next, each 
balloon was refluxed at 80 °C for 24 h.  Obtained 
solutions were checked under the UV lamp for 
their luminescent measurement. The schematic of 
the synthesis method is illustrated in Fig. 1b.

2.4. Materials characterizations
The FT-IR spectra were acquired in transmission 

mode with a Thermo Nicolet AVATAR 360 FT-IR 
spectrometer in the 1000-4000 cm-1 spectral range 
at ambient temperature. Prior to fabricating  the 
KBr particle for the FT-IR analysis, the samples 
were dried out at 50 °C. Using a JENWAY 6705 UV-
Vis spectrophotometer, the optical characteristics 
of synthesized particles were measured. Using a 
Raman spectrometer (Teksan company, Takram 
P50COR10, laser wavelength=532 nm), particulate 
Raman spectra were recorded. In addition, the 
Cary Eclipse photoluminescence spectrometer was 
utilized to measure the PL spectra of samples.

3. Results and Discussion
GQDs were successfully synthesized through 

facile CA carbonization to convert them to dots 
with different functional groups on their basal plane 
and edges. To verify the synthesis of GQDs, based 
on the literature [34], during the CA pyrolysis, 
the color of the solution should turn orange, 
which means the degree of CA carbonization is 
in the range and proves incomplete carbonization 
and GQDs fabrication. In addition, high oxygen-
containing functional groups and active chemical 
groups modify the surface chemistry of GQDs and 
tune their optical properties. LCysteine is an organic 
molecule with nitrogen-containing functionalities 
that can affect the abovementioned features. In 
order to confirm the functionalization of LCysteine 
onto GQDs and also evaluate the luminescent 
properties of GQDs and modified GQDs, different 
characterization methods were used.

3.1. FTIR analysis
Fig. 2 represents the FT-IR spectra of GQD and 

GQD-LCysteine, which were applied to investigate the 
functional groups on the GQDs. In this spectrum, 
a wide absorptive band of 3253 cm-1 referred to 
stretching vibrations of O-H groups. The bands 
in 1530 cm-1 and 1336 cm-1 are, respectively, proofs 
for the presence of C=C and C-O groups on GQDs 
[35].

During the synthesis of GQD-LCysteine with 
different ratios of 1, 2, 3, and 4 wt.% LCysteine in the 
reflux stage, in situ, chemical bonding between 

Fig. 1- Schematic illustration of the synthetic process of a) GQDs by hydrothermal method and b) LCysteine 
functionalized GQDs nanocomposites. This figure was created using BioRender (https://biorender.com).
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carboxyl groups and fresh amine functions 
occurred adequately. The bands in 1693 cm-1 and 
1194 cm-1 are associated with the presence of C=O 
and C-N groups on the GQDs. The absorptive 
band in 3123 cm-1 is related to the stretching 
vibrations of N-H, which strongly validates the 
presence of nitrogen-containing groups on GQDs. 
Also, the band of 2722 cm-1 could be dependent 
on the stretching vibrations of S-H as a sign of the 
remaining S-H group during functionalization and 
proof for the fact that the procedure of connection 
merely happened via -NH2 groups [36]. While with 
increasing amounts of LCysteine (0.1 to 0.4 wt.%), 
picks of N-H and S-H became sharper.

3.2. UV-Vis spectroscopy
Fig. 3 represents the UV-Vis absorption 

spectrum of the pristine GQD and the compounds 
with 0.1, 0.2, 0.3, and 0.4 wt.% LCysteine. GQDs 
exhibit a peak at 321 nm, and a shoulder at 452 nm 
due to the electron transitions from π to π* of C=C 
and n to π* of C=O bonds. It has been shown that 
the degree of carbonization strongly affects the size, 
quality, and luminescent properties of the resultant 
species. Furthermore, CA only shows a UV 
absorption peak below 250 nm, but the absorption 
peak of GQDs is a distinct band at 362 nm with 
narrow full width at half maximum of 66 nm. This 
confirms that the sp2 clusters included in GQDs 

Fig. 2- FTIR spectra of x wt.% LCysteine-GQDs nanocomposites (x=0.1, 0.2, 0.3, and 0.4).

Fig. 3- UV–Vis absorption spectra of x wt.% LCysteine-GQDs nanocomposites (x=0.1, 0.2, 0.3, and 0.4).
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should be uniform in size.
On the one hand, the UV-Vis spectrum of 

GQDs with different amounts of LCysteine indicates 
an obvious shift of the two peaks to 331 nm and 503 
nm after the functionalization of GQDs with LCysteine. 
The absorption peak position decreased in the 
200-700 nm region compared to GQDs. This issue 
reveals that electronic conjugation was disrupted 
because of the presence of the LCysteine molecules on 
the surface of GQDs [37]. The noteworthy point is 
that with the increase in the amount of LCysteine (0.1 
to 0.4 wt.%), the absorption peak moves to lower 
wavelengths.

3.3. PL spectroscopy
Fig. 4 depicts the PL spectrum of the GQDs at 

room temperature and excited at 325 nm. As was 
expected, a strong blue emission band can be seen 
at 460 nm in the abovementioned conditions. As 
known, graphene is a zero-band gap material, and 
observing its optical properties is strongly unlikely. 
However, GQDs contain many sp2 structures 
and oxygen groups that play important roles in 
fluorescent emissions [38].

In the comparison between the PL spectrum 
of GQDs and GQDs functionalized with different 
ratios of LCysteine, it has been found that by increasing 
the percentage of LCysteine from 0.1 to 0.4 wt.%, the 
emission band also shifts from 460 nm to 501 
nm, respectively, to reach higher wavelengths and 
experience a redshift. This implication shows the 

functionalization of GQDs with LCysteine, confirming 
the point that GQDs reveal blue fluorescence while 
GQD-LCysteine emits green light under a UV lamp. 
The redshift of the PL peak has been seen in GQDs 
functionalized with NH3 and PEG-diamine and 
is ascribed to the electron transfer from amino 
groups to the GQDs, narrowing the band gap. 
Another justification for this change could be the 
higher interaction between the amine groups and 
the π- π systems on the basal domains, leading to a 
lift of functionalized GQDs’ degenerative HOMO 
orbitals to higher energy [39]. The other fact that 
could be mentioned is that because of the shift in 
the PL intensity peak, the GQDs-LCysteine has a much 
more powerful PL for each λex longer than 450 
nm with the corresponding emission wavelength 
longer than 600 nm. On the other hand, GQDs-
LCysteine has a stronger PL than pristine species, as 
they are excited by most parts of the visible light. 
Thus, this luminescent property is truly suitable for 
bio-imaging applications due to the sensitivity of 
bio-species to damage from the intense excitation 
of the blue section of the visible light region.

3.4. Raman spectroscopy
Raman spectroscopy is used to specify 

more details about the structure of GQDs. The 
investigation of spectra shows that there are two 
main peaks, especially related to carbon-based 
materials, the D band and the G band, which 
appear as characteristics for GQDs. The D band is 

Fig. 4- PL spectra of x wt.% LCysteine-GQDs nanocomposites (x=0.1, 0.2, 0.3, and 0.4).
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a demonstrator for the site of defects and disorders, 
mostly at the edges, which illustrates the structural 
defects in the lattice. On the other side, the G band 
is generally associated with the sp2 carbon atoms 
in the hexagonal lattice of 2D clusters of graphene 
[40], [41]. As shown in Fig. 5, the typical D and G 
bands of GO, located at 1301 cm-1 and 1591 cm-1, 
respectively, were detected. 

On the basis of the study that has been done on 
the spectra of each compound and considering Fig. 
5 and Table. 1, it is evident that by increasing the 
amount of LCysteine, the intensity of ID/IG grows. 
This phenomenon could be related to the decrease 
in the mean size of basal sp2 nanographene 
crystallites. Also, this might result in an increase 
in disorder in the graphene layers. This means that 
LCysteine gradually enhances the disordered structure 
of the GQDs. Considering both pristine GQDs and 
GQDs-LCysteine, there was a redshift observed for 
both G and D peaks. These shifts could be attributed 
to the functionalization of LCysteine on the surface of 
the GQDs [36]. Moreover, the ID/IG amount is 
higher than GQDs for GQDs-LCysteine, indicating the 
high crystallinity for both groups.

4. Conclusion
In conclusion, the synthesis of Lcysteine-GQDs 

by a straightforward and uncomplicated process 
was demonstrated. This process involves the 
carbonization of CA and the functionalization 
of Lcysteine via a hydrothermal reaction. Their 
luminescent properties were studied through 
different types of prevalent spectroscopies in this 
field. In this regard, Raman, FTIR, UV-Vis, and PL 
spectroscopy were applied to evaluate them. One 
of the notable results is the appearance of a red 
shift in the PL characterization with an increase 
in the value of LCysteine on GQDs. These Lcysteine-
GQD nanocomposites display good potential for 
biomedical applications via their luminescent 
properties, such as bio-imaging and bio-labeling.
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