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We report on the synthesis of edge-controlled and highly fluorescent few-layer graphene quantum dots
(GQDs) using different solvents and explore their application in the confocal imaging of cancer cells. TEM
and AFM imaging analysis reveal that GQDs of sizes in the range 5–8 nm and few-layer (1–4) thickness
were grown using DMF, DMSO, and water as solvents. Micro-Raman analysis reveals that GQDs grown
with DMF possess primarily the armchair edges, while that grown with water contains primarily the zig-
zag edges. The nature of oxygen functional groups on the edge/in-plane sites of carbon atoms was eluci-
dated through thermogravimetric and FTIR analyses. The GQDs containing high density of armchair edges
and oxygen functional group defects exhibited high photoluminescence (PL) quantum yield (�32%). The
time-resolved PL measurements suggest the charge transfer from the GQDs to the surrounding dielectric
medium. Further, we explore the high PL quantum yield of GQDs in bio-imaging of A-375 and HeLa can-
cer cells. The cell viability of GQDs on A-375 cells was found to be considerably higher than that of HeLa
cells at a GQD concentration of 44.4 mg/mL, which is very significant. Our results indicate the GQD edge
site dependent cell viability, for the first time. These results will be useful for the development of highly
fluorescent GQDs with specific edge structure and their exploration in the field of bio-imaging, bio-
sensing, and drug delivery applications.
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1. Introduction

Graphene quantum dots (GQDs) represent an emerging class of
zero-dimensional material and it has drawn massive attention due
to their bright visible photoluminescence (PL) emission, low toxic-
ity, excellent biocompatibility, and high resistance to photobleach-
ing etc. [1–4]. The tunable and strong PL emission of GQDs is more
advantageous than the semiconductor QDs due to its low toxicity
and eco-friendly nature [5]. GQDs have been considered as a versa-
tile material and the research on GQDs is exploring to focus on var-
ious applications in the fields ranging from optoelectronic, sensors,
environmental, supercapacitors to bio-imaging [5–10]. In particu-
lar, the bright visible PL emission of GQDs is appealing in applica-
tions based on GQD-based sensors, such as immuno-sensors, metal
ion catchers, and humidity detectors [11,12], bio-sensing and bio-
imaging [8,13]. Top-down methods of synthesis of GQDs include
the cutting of carbon materials such as graphene sheets [14,15],
carbon fibers [3], multiwalled carbon nanotubes [16], electrolysis
of the graphite rod [17], chemical exfoliation of graphite [1], reflux-
ing the XC-72 carbon black in concentrated HNO3 [18] and acti-
vated carbon [19]. However, the PL quantum yields (QY) of the
GQDs is often low. The low PL QY limits their further practical
applications, in particular in the bio-imaging of cancer cells. The
PL emission of GQDs arises mainly from the size effect, edge sites
and oxygenated functional group defects in GQDs and mechanism
of PL is often explained on the basis of intrinsic states that include
the size, edge defects, while the extrinsic defect states correspond
to the attachment of functional groups [3,20–23]. Considering the
present understanding on the origin of PL of GQDs and its ensuing
applications, the effect of solvent on the synthesis and understand-
ing the PL mechanism in different solvents are important for opto-
electronic, drug delivery and bio-imaging applications. It is well
known that the GQDs are well dispersed in many solvents includ-
ing water due to the presence of oxygenated functional groups. The
solvent dependent PL of GQDs has been reported in the literature
[20,24,25]. However, the origin of changes in PL in different liquid
media has not been addressed. Note that GQDs are ultra-small
fragments of graphene, thus nano-sized GQDs are dominated by
edge defects and functional groups around the periphery. It’s note-
worthy that GQDs offer a particular advantage over the other car-
bon nanomaterials due to its plenty of edge sites and oxygen
functional groups [21,26–29]. Wu et al. [30] studied the compar-
ison of in vitro toxicity of graphene oxide (GO) and GQDs on
MGC-803 (human gastric cancer) and MCF-7 cells (human breast
cancer). It was reported that GO has much higher cytotoxicity than
GQDs. In another report, Wang et al. [31] studied the cytotoxicity
of GO and nitrogen doped GQDs for red blood cells (RBCs). GO
causes apparent cytotoxicity on RBCs than the nitrogen-doped
GQDs [31]. Thus, GQDs show excellent bio-compatibility as com-
pared to the GO due to their ultrafine size. In addition, GQDs have
been studied in bio-imaging of HeLa [32], A-549 [1], and T47D [3]
cell lines. Peng et al. [3] evaluated the cytotoxicity of blue and
green fluorescent GQDs using two different human breast cancer
cell lines MDAMB-321 and T47D for GQDs concentration up to
50 lg/mL. Although the bio-imaging application of GQDs has been
explored, to the best of our knowledge, the bio-imaging on A-375
cells using GQDs has not been studied in the literature.

Herein, we report on the synthesis of edge-controlled and
highly fluorescent few-layer (1–4) GQDs using different solvents.
In particular, we study the origin of solvent dependent PL spectra
of GQDs and its application in the confocal imaging of cancer cells.
High-resolution TEM imaging along with the selected area electron
diffraction pattern allows us to study the crystal structure of GQDs
prepared with different solvents. Raman intensity pattern of GQDs
suggests that the nature of edge sites and functional groups in the
GQDs are dependent on the nature of solvents used during the syn-
thesis of GQDs. Thermogravimetry analysis is exploited to assess
the various oxygenated edge functional groups in GQDs, which is
corroborated by the matrix-assisted laser desorption/ionization-
time of flight (MALDI-TOF) and FTIR analyses. Our PL studies in liq-
uid media displayed a strong dependence of PL spectra on the sol-
vents, suggesting the definite contribution of surface defect states
to the PL spectrum of GQDs. Further, the carrier recombination
dynamics was probed by time resolved PL analysis for a better
understanding of the PL emission. We report a high 32% PL QY from
the GQDs, which is very promising for bio-imaging application.
Confocal laser scanning microscopy imaging reveals bright blue
luminescence from cancer cells (A-375 and HeLa) and thus confirm
the uptake of GQDs by the cancer cells. The concentration depen-
dence of GQDs on bio-compatibility of the cell lines is also assessed
and discussed.
2. Experimental details

2.1. Materials and reagents

Expandable graphite flakes were received from the Asbury car-
bons and NaNO3, KMnO4, PEG (molecular weight 1500N), quinine
sulfate were procured from the Sigma-Aldrich. H2SO4, HNO3,

H2O2, dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
tetrahydrofuran (THF) chemicals were received from Merck. The
cancer cell lines A-375 and HeLa are obtained from National Chem-
ical Laboratory, Pune and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) dye was received from the HiMedia.
In all the chemical reactions, deionized (DI) water used.

2.2. Synthesis of GQDs and its cell culture

For the synthesis of GQDs, oxidized graphene oxide (OGO) is
used as precursor material and DMF, DMSO, and water are used
as different solvents. The details of size reduction of GO and syn-
thesis of GQDs are provided in the Supporting Information (Sec-
tion S1 (a-b)). GQDs synthesized using solvents DMF, DMSO and
water are denoted as GQD1, GQD2, GQD3, respectively. GQD3
functionalized with polyethylene glycol (PEG) is labeled as
GQD3-F. The cancer cell lines, such as A-375 (human malignant
melanoma cells) and HeLa (human cervical carcinoma) were cul-
tured in Dulbecco’s modified Eagle’s medium supplemented with

L-glutamine (4 mM), 10,000 units penicillin, streptomycin
(10 mg/mL), and 10% (v/v) fetal bovine serum (obtained from
PAA Laboratories, Austria). The cells were incubated in 5% CO2

humidified incubator at 37 �C.

2.3. Cell viability test

The viability effects of different GQDs on cancer cells lines
were assessed by using a MTT dye assay. For this study,
5 � 103 of A-375 cells/well were seeded in a 96-well microtiter
plate. Further, these cells were allowed to grow overnight by
maintaining the same medium and conditions as discussed in
the previous section. Then, GQDs at different concentrations
were added in each well in triplicates and incubated for 24 h.
Afterwards, MTT dye was added in each well to find out the
number of viable cells. The viable cells reduce the yellow tetra-
zolium MTT by the action of dehydrogenase enzymes, to an
insoluble, colored (dark purple) formazan product. The resulting
intracellular purple formazan crystals are solubilized in DMSO.
The solution has an absorbance (A) peak at 570 nm. A similar
procedure was followed for MTT assay studies of HeLa cell lines
using different GQDs samples. The % of cell viability was deter-
mined by using the following equation.
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% of cell viability ¼ A570- A655ð Þ sample
A570- A655ð Þ control x100 ð1Þ

where the control data was obtained in the absence of GQDs and
sample data was obtained in the presence of GQDs. Each experi-
ment was performed three times and the average value is pre-
sented. The procedures for preparation of cell lines and GQDs for
confocal microscopy imaging and the PL QY measurements are pro-
vided in Section S2 and S3 (Supporting Information), respectively.

2.4. Characterization techniques

The morphological features of the GQDs were assessed by high-
resolution transmission electron microscopy (HRTEM, JEOL 2100)
and selected area electron diffraction (SAED) pattern, operated at
200 kV. The crystalline quality and hexagonal structure of GQDs
was studied from X-ray diffraction (XRD) pattern. XRD pattern
was recorded with a Rigaku RINT 2500 TTRAX-III using the Cu Ka
radiation. The micro-Raman spectroscopy measurements were
performed using a high-resolution Raman spectrometer (Horiba,
LabRam HR) with an excitation wavelength of 488 nm. The excita-
tion source was focused with the 100� objective lens giving a spa-
tial resolution of �1 lm and 1 mW of laser power was used to
avoid laser heating and damage to the sample. The Raman signal
was collected by a CCD in a backscattering geometry sent through
a multimode fiber grating of 1800 grooves/mm. The UV–visible
absorption spectroscopy measurement was performed with a com-
mercial spectrophotometer (Shimadzu, UV3101PC). PL measure-
ments on GQDs were carried out at room temperature with a
commercial fluorimeter (Fluromax-4, Horiba) with a Xenon lamp
source and the samples were excited at 350 nm wavelength.
Atomic force microscopy (AFM, Agilent, Model 5500) images were
recorded in a non-contact operation mode. Thermogravimetric
analysis (TGA) data were obtained with STA7200 HITACHI (Ther-
mal analyzer) with a heating rate of 5 �C/min by purging the high
purity O2 gas. MALDI-TOF spectrum of GQDs was obtained with a
BRUKER instrument (Model: Autoflex speed). Fourier transform
infrared (FTIR) spectroscopy measurement was performed with a
commercial spectrometer (Perkin Elmer, Spectrum BX). For FTIR
measurement, GQDs with KBr powder was mixed and thin circular
pellets were prepared by using KBr pellet machine. The confocal
microscopy imaging of the cell lines was observed with the com-
mercial fluorescence microscopy (Zeiss LSM 880) with the
405 nm laser excitation. The MTT based assay measurements were
performed with a commercial microplate reader (TECAN, Infinite
M200 PRO).

3. Results and discussion

3.1. Morphological and structural analysis

The morphological and structural characteristics of the samples
were analyzed by TEM including HRTEM, AFM and XRD analyses.
In Fig. 1, the first row (a–c) corresponds to the TEM, HRTEM and
AFM images of GQD1, respectively; similarly, the second row (d–
f) corresponds to GQD2 and the last row (g–i) refers to that of
GQD3. The size distribution of GQD1, GQD2, and GQD3 are shown
in the insets of Fig. 1(a, d, g), respectively. The mean size of the
GQDs grown by using DMF, DMSO and water solvents are
5.3 ± 0.1, 8.3 ± 0.1 and 5.7 ± 0.1 nm, respectively. These results sug-
gest that the sizes of the GQDs are dependent to some extent on
the solvents used during the GQD synthesis. Note that in case of
DMF and water solvents the GQDs were synthesized inside a high
pressure autoclave at 200 �C, while for DMSO the GQDs were syn-
thesized without the autoclave i.e. in an open container. This is due
to the higher vapor pressure of DMSO, which did not allow to per-
form the reaction inside an autoclave. The higher average size of
GQDs in case of DMSO may be due to the lower/atmospheric pres-
sure during the reaction. The dotted circles in the middle column in
Fig. 1 represents the HRTEM lattice images of the GQDs. The calcu-
lated lattice spacing values are 0.29, 0.27 and 0.33 nm for GQD1,
GQD2, and GQD3, respectively. The first two values corresponding
to the (1120) plane and 0.33 nm confirms the (0 0 2) planes of sp2

carbon [4]. Further, the SAED patterns for GQD1, GQD2, and GQD3
shown in the inset of Fig. 1(b, e, h), respectively, suggest the sp2

arrangement of carbon atoms in GQDs. Fig. 1(c, f, i) shows the
AFM images of the GQD1, GQD2, and GQD3, respectively. Each line
segment in AFM images and its corresponding height profiles are
shown at bottom of the AFM image. AFM height profile analysis
suggests that GQD1, GQD2, and GQD3 consists of 1–3, 1–4 and
1–4 layers of graphene, respectively. These results suggest that
synthesized GQDs consist of few (1–4) layers of graphene and
are good candidates for emerging applications, in particular, the
bio-imaging. In addition, to support the sp2 graphitic frame of
the GQDs, we recorded the XRD pattern and the results are shown
in Fig. S1 (Supporting Information). Fig. S1(a) shows the XRD pat-
tern of GQD2 and GQD3 in the range 2h = 23–34�. It is evident from
the figure that both the samples exhibited the (0 0 2) reflection
peak, which is a signature of the hexagonal lattice structure of
the graphitic material. The (0 0 2) XRD peak is a piece of strong evi-
dence for the graphitic structure. The (0 0 2) peak center for GQD2
and GQD3 are at 2h = 26.34, 26.08� and their corresponding inter-
layer distance (d) are calculated as 3.38 and 3.41 Å, respectively.
The interlayer distance in the present case is slightly different from
the graphite value 3.40 Å [1], which is possibly due to the strain. In
addition, the weak reflection peaks at 2h � 43� and �45� shown in
Fig. S1(b) correspond to the (1 0 0) and (1 1 0) planes, which con-
firms the in-plane disorder structure in GQDs [33]. The in-plane
disorder includes the crystalline defects and oxygen functional
groups in the basal plane and these are created/attached during
the growth of the GQDs. These results are further confirmed from
the micro-Raman analysis, as discussed below.

3.2. Micro-Raman analysis

In order to assess the solvent dependent structural features in
GQDs, the micro-Raman measurements on GQDs samples were
performed with 488 nm laser excitation. All the GQDs samples
show the characteristic Raman bands of graphene, such as G, D,
and D’. The Raman G band originates from the in-plane vibrations
(E2g mode) of sp2 carbon [34]. The D band is known to be the dis-
ordered band and it signifies the disordered structure of GQDs that
is composed of edge sites, crystalline defects, and functional
groups. Edge is a kind of the disorder in GQDs, which can be ana-
lyzed from its Raman spectra. Note that the D band intensity is
very sensitive to the graphene edges [35,36] and it is high for arm-
chair edges and low for zigzag edges [35–37] The other disorder
band, known as D’, which is attributed to the vacancies and/or pen-
tagonal and octagonal defects, usually referred to as zigzag 5–7
defects in GQDs [38,39]. In order to get an insight into the nature
of edges in the present case, we deconvoluted the Raman spectra
of GQDs into D, G, and D0 bands. Fig. 2 depicts the deconvoluted
Raman spectra of GQD1, GQD2, GQD3, and GQD3-F. We estimate
the relative intensities (I) of Raman D and G bands for all the sam-
ples. GQD1 synthesized by DMF solvent shows the Raman ID/IG
ratio of 1.15, while the GQD2 synthesized by DMSO solvent shows
a ratio of 0.87 (see Table S1, Supporting Information). Note that the
D band intensity is expected to be high for the armchair edges in
GQDs. Thus, our results imply that the GQD1 contains a higher
density of armchair edges as compared to that of GQD2. The Raman
ID/IG ratio for GQD3 is 0.37, which signifies the dominance of zigzag
edge sites in GQD3 as mentioned in Table 1. Thus, the edge sites of



Fig. 1. TEM and AFM imaging analysis of GQDs. TEM, HRTEM and AFM images of GQD1 (a–c), GQD2 (d–f), GQD3 (g–i), respectively. Histograms in (a, d, g) signify the size
distribution of GQD1, GQD2, and GQD3, respectively. Average diameter hDi is mentioned in each case. The HRTEM lattice image of each GQD sample is indicated by dotted
circles in the middle column. The measured lattice spacing is indicated in each case. Inset in (b, e, h) represents the SAED pattern for the GQDs and it signifies the hexagonal
structure of few-layered graphene. A line segment in AFM image and its corresponding height profile are shown at the bottom of the (c, f, i). The GQDs consist of a few (1–4)
layers of graphene.
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GQDs can be controlled by the solvent chosen for the solvothermal/
hydrothermal synthesis. Interestingly, after in-situ functionaliza-
tion of GQD3, the Raman ID/IG ratio is increased to 0.53 (GQD3-
F). This is because of some of the zigzag edge sites are passivated
by the PEG and result in the reduction of zigzag edges. It implies
that the chemical functionalization induces the structural changes
in GQDs and the GQDs have distinct edge configuration based on
preparation conditions. Note that the D’ band shown in Fig. 2 is
due to the presence of vacancies and/or pentagonal and octagonal
defects, usually referred as zigzag 5–7 defects on the basal plane of
GQDs [19–21]. The relative intensity ratio of ID’/IG values for GQD1,
GQD2, GQD3, and GQD3-F are 0.58, 0.38, 0.22 and 0.29, respec-
tively. The Raman ID/IG values of the samples are provided in
Table S1 (Supporting Information). These results imply a higher
density of carbon vacancies and/or pentagonal and octagonal
defects in the GQD1. Thus, the edge and in-plane defects in the
GQDs can be manipulated by using different solvents during the
preparation. Our previous report on similar GQDs showed that
the broad D band could be fitted to 3 additional sidebands, ascribed
to the sp2–sp3 carbon, COOH/CAOH and C@O/CAO edge oxygen
functional groups, respectively [37].

3.3. MALDI-TOF and TGA studies

In order to assess the mass distribution of the synthesized pro-
duct, we carried out the ion mass spectrum characterization. Fig. 3
(a) shows the MALDI-TOF spectrum of GQD1 and it confirms the
fragments of graphene nanostructures [40,41]. The multiple m/z
values in the spectrum are significant implying the presence of
edges and functional groups in the six-membered poly ring struc-
ture of the non-uniform sized GQDs, which is consistent with our
conclusion from the Raman results and the literature reports
[40–42]. Note that the molecular weight of GQD1 is found to be
�30,000, which signifies the presence of additional species, such
as oxygen functional groups in GQD1. Further, the structural
changes of the GQDs due to the attachment of different oxygen



Fig. 2. Deconvoluted Raman spectra of GQD1, GQD2, GQD3, and GQD3-F. The
characteristic Raman bands D, G, and D0 are labeled in the figure.
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functional groups are analyzed by TGA/DTG profiles. Fig. 3(b)–(d)
show the TGA/DTG profiles of GQD1, GQD3, and GQD3-F, respec-
tively. In the case of GQD1, the multiple DTG peaks arise due to
the loss of different oxygenated functional groups and different
Table 1
Summary of edge types (inferred from the Raman analysis) and functional groups and dif

Sample Code Solvent during growth Dominan

GQD1 DMF

Armchair

GQD3 Water

Zigzag

GQD3-F Water, PEG functionalization Armchair
forms of carbon in GQD. First, the low-temperature DTG peaks at
193 and 239, 265 �C suggest the loss of hydroxyl/in-plane epoxy
and CAO ether functional groups, respectively, from GQDs [37].
The DTG peaks centered at 276 and 297 �C are due to the loss of
COOH related functional groups from GQDs [37]. The other DTG
peaks at 352, 466 and 646 �C are due to the loss of C@O related
functional groups, sp3, and sp2 carbon, respectively [37,43]. Thus,
the GQD1 shows the presence of hydroxyl/in-plane epoxy, CAO
ether, COOH and C@O related functional groups in addition to
the hexagonal carbon. Fig. 3(c) shows the TGA/DTG profile of
GQD3 and here the number of DTG peaks is found to be lesser than
that of GQD1. In particular, the low-temperature DTG peak at
193 �C is absent in this case, implying the absence of hydroxyl/
CAO epoxy groups in GQD3. The DTG peak at 258 �C is due to
the loss of epoxy/CAO (ether) functional group in GQD3. The other
two peaks at 319 and 360 �C arise from the edge oxygen functional
groups, such as COOH and C@O [37,43]. The DTG peaks at 476 and
715 �C signify the loss of sp3 and sp2 carbon domains in GQD3,
respectively. Furthermore, to monitor the structural changes dur-
ing the in-situ chemical functionalization of GQDs, we measured
the TGA/DTG profiles of GQD3-F and the results are shown in
Fig. 3(d). Interestingly, the TGA/DTG profile of GQD3-F exhibited
more DTG peaks than those found in GQD3 due to the PEG func-
tionalization. Here, the DTG peaks are slightly modified from
GQD3, indicating the attachment of functional groups at a different
position of carbon atom in GQDs. The DTG peak at 234 �C is due to
the loss of epoxy/CAO (ether) functional group. This suggests that
the epoxy/ether functional groups are reduced in GQD3-F as com-
pare to the GQD3. In addition, however, there are major changes in
the C@O related functional groups after PEG functionalization. The
DTG peak at 324 �C is due to the COOH functional groups as dis-
cussed above [37,43]. The additional DTG peaks in the region
340–393 �C are due to the loss of different form of highly stable
C@O bonds in quinone, lactone and pyrone groups [44–46]. Note
that the quinone, lactone, and pyrone groups are attached at the
edges of GQDs. The other two DTG peaks at 488 and 722 �C are
attributed to the sp3 and sp2 carbon, respectively [37,43]. Note that
our MALDI-TOF spectrum of GQD1 suggesting that GQDs consist of
edge sites and various oxygen functional groups. A similar observa-
tion is expected from the other GQD samples. Note that our Raman
analysis in addition to the FTIR and the present TGA results provide
strong evidence for the edge sites and oxygen functional groups in
GQDs. A summary of the different oxygenated functional groups
and different forms of carbon found from the DTG results are
shown in Table 1. The difference in the functional groups and edge
ferent forms of carbon identified from the TGA/DTG profiles of GQDs.

t edge type DTG peak (�C) Identity

193 Hydroxyl/CAO epoxy
239, 265 CAO ether
276, 297 COOH
352 C@O related
466 sp3 carbon
646 sp2 carbon

258 CAO ether
319 COOH
360 C@O related
476 sp3 carbon
715 sp2 carbon

/Zigzag 234 CAO ether
324 COOH
340, 350 C@O related
393 Quinone/Lactone
488 sp3 carbon
722 sp2 carbon



Fig. 3. (a) MALDI-TOF spectrum of GQD1 showing high mass content. (b–d) TGA/DTG profiles of GQD1, GQD3, and GQD3-F, respectively. DTG peak positions (�C) are marked
in each case.
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sites in GQDs prepared with different solvents plays a significant
role in the intriguing PL emission from GQDs and bio-imaging of
cancer cells, as discussed later.
3.4. FTIR analysis

In order to understand various oxygen functional groups and
their attachment at the in-plane and edge sites of GQD, we carried
out the FTIR measurement. Fig. 4 shows the characteristic FTIR
spectra of GQDs samples. It is evident that various oxygenated
functional groups are an attachment and sp2 carbon network of
Fig. 4. FTIR spectra of solvent dependent growth of GQDs and their characteristic
vibrational modes that are significant for the sp2 carbon (C@C) and in-plane, edge
oxygenated functional groups of GQDs.
GQDs can be distinguished from the FTIR spectra. The vibrational
modes centered at �1024 and �1106 cm�1 are related to the
CAO stretching vibrations [3]. The other vibrational bands at
�1350 and �1380 cm�1 are due to the CAO epoxy that is attached
to the sp3 carbon of GQDs [43]. These results are in agreement with
TGA/DTG analysis. The strong vibrational mode identified at
�1580 cm�1 arises due to the in-plane stretching vibrations of
sp2 hybridized carbon atoms (C@C) [37,43]. On the other hand,
the vibration modes of double bonded oxygen functional groups
attached to the edge sites of GQDs, in particularly carboxylic,
ketones, lactones, and quninones are evidenced from the FTIR
spectra. The vibrational modes at �770 and �3669 cm�1 suggest
the lactone functional groups [46]. The peak at �1650 cm�1 in all
GQDs is due to the COOH oxygen functional groups [37,43]. The
broad peak in the region �3000–3800 cm�1 signifies the CAOH/
OH functional group on the in-plane and edge sites of GQDs [46].
Note that the �3669 cm�1 lactone peak is submerged in the above
region. Other vibrational modes identified at �1233 and
1474 cm�1 are attributed to the edge oxygen functional groups,
such as quinone/ketone and quinone, respectively [46]. Further,
some weak bands centered at �2358 and �2810 cm�1 are ascribed
to the stretching vibrations of O@C@O and CAH modes, respec-
tively [43,46]. Interestingly, the intensity of oxygen functional
groups drastically increased in PEG functionalized GQD3-F indicat-
ing the effect of in-situ chemical functionalization (see Fig. 4).
These results are in good agreement with the TGA/DTG analysis
discussed in the above section. In addition, the vibrational modes
at 1067, 1104, 1122, 1159, 1237 and 1296 cm�1 originate from
the single- or bi- vacancies of carbon atom [46]. These defects
are formed during the formation of GQDs grown with different sol-
vents. The relative intensity ratio of Raman ID’/IG suggested some
crystal defects (vacancy and SW) in the GQDs samples, as dis-
cussed earlier. These results are consistent with TGA/DTG dis-
cussed in the above section. Based on the above results of
different GQD samples grown using OGO as the precursor and dif-
ferent solvents such as DMF, DMSO, water and in-situ PEG func-
tionalization, the growth process for different GQDs is



Fig. 5. A schematic illustration of the growth of different types of GQDs from OGO sheets using solvents DMF, DMSO, water and PEG with water. Magenta dots and olive
colour bonds refer to the zig-zag and armchair edge sites, respectively. For GQD1, GQD3 and GQD3-F synthesis, reactions were performed inside an autoclave and for GQD2 it
was at atmosphere pressure keeping the reaction temperate identical (200 �C) for all the cases. Note that GQD1 contains primarily the armchair edge sites, while GQD3
contains mainly the zig-zag edge sites.
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summarized with the help of a schematic diagram, as shown in
Fig. 5.

3.5. Optical absorption, PL and time-resolved PL studies

The UV–Vis absorption spectrum of GQD1, GQD2, GQD3, and
GQD3-F are shown in Fig. S2 (Supporting Information). All the
GQDs samples show the p-p* transition (below 300 nm), which is
attributed to the sp2 C@C skeletal framework of carbon domains
[4,37,47]. The absorption tail extending from UV (above 300 nm)
to visible region signifies the attachment of oxygen functional
groups in GQDs and this band is known to be associated with n-
p* transition [4,37,47]. Fig. 6 represents PL spectra of four different
GQD samples measured in aqueous water. All the GQD samples
display the bright blue PL emission. The inset in Fig. 6(a) shows
the digital photograph of the GQD aqueous solution excited with
312 nm (Biostep UV transilluminator). All the samples clearly
show the PL emission in the blue-green regions. It is clear from
the asymmetry of the PL spectrum that multiple peaks contribute
to the strong PL emission from the GQDs. To understand the evolu-
tion of PL spectra of GQDs synthesized using different solvents, we
deconvoluted each of the PL spectra by the Gaussian peak fitting.
Note that each spectrum is fitted with four Gaussians peaks (P1,
P2, P3, P4) and different samples show different intensities of these
peaks based on the synthesis process. Fig. 6(a–d) depicts the Gaus-
sian peak fitting for GQD1, GQD2, GQD3, and GQD3-F, respectively.
Typically, the blue and green emissions from GQDs have been
assigned to size confinement, edge defects and functional groups
of GQDs [14,20–23,48,49]. Our previous study indicated that the
intense PL from GQD thin films primarily originates from the edge
sites and oxygen functional groups [37]. The parameters extracted
from the fitted Gaussian peaks are tabulated in Table S1 (Support-
ing Information). Considering the difference in nature of nature of
edges in GQD1 and GQD3 as revealed from the Raman analysis, the
PL peaks marked at �405 nm (P1), �440 nm (P2) are attributed to
the zigzag and armchair edge defects in GQDs, respectively [21,37].
On the other hand, the green PL emission bands centered at
�490 nm (P3) and �530 nm (P4) originate from the COOH and
C@O related oxygen functional group defects in GQDs [22,37]. Con-
sidering the case of GQD1, the PL intensity as well as the FWHM of
peak P2 is much higher than that of peak P1, indicating the domi-
nance of armchair edge sites in GQD1 (see Table S1). The other two



Fig. 6. Comparison of the PL characteristics of different GQD samples. Gaussian
fitting of the PL peaks (solid lines) for (a) GQD1, (b) GQD2, (c) GQD3 and (d) GQD3-
F. Four peaks (P1-P4) are fitted in each case. Peaks P1 and P2 are assigned to zig-zag
and armchair edges, respectively, in GQDs (see text). The inset in (a) shows the
digital photograph of the GQDs in water solution under UV light illumination.
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peaks, P3 and P4, have lower intensity than that of P2 (see
Table S1), implying less dominant role of oxygen functional groups
in GQD1. Further, the relative intensity of peak P1 with respect to
peak P2 is much higher (�5 times) in GQD3 than that of GQD1 (see
Table S1), which is consistent with the high concentration of zigzag
edge sites in GQD3. These results are fully consistent with the
Raman analysis, which shows nearly 3 times lower intensity of D
band in GQD3 (see Table S1, Supporting Information) due to low
density of armchair edges in it. Similarly, the P3 and P4 are related
to the oxygen functional groups defects in GQD2. Next, we com-
pare the fitting parameters of peaks P1-P4 for GQD3 before and
after functionalization. There are significant changes in PL intensity
in GQD3 before and after functionalization (GQD3-F). For GQD3,
the intensity of peak P1 is relatively high compared to other sam-
ples, implying the dominance of the zigzag edge sites in GQD3.
However, after functionalization, the intensity of peak P1 is
reduced, while that of P2 is increased (see Fig. 6(c, d) and
Table S1). This is due to the fact that functionalization reduces
the zig-zag edge sites in GQD3-F by passivating the sites and thus
the peak P1 intensity is reduced. The functionalization may also
induce conversion of edge type from zig-zag to arm chair type
and as a result the peak P2 intensity is increased in GQD3-F. Thus
the interpretation of our PL results is fully consistent with Raman
analysis and functionalization experiment. To evaluate the ambi-
ent stability of the highly fluorescent GQDs, we measured the PL
spectra of GQDs stored in ambient condition after several months.
Fig. S3 (Supporting Information) shows the comparative PL spectra
of as-grown GQD1 and that after seven months. The data clearly
shows that the synthesized GQDs are quite stable under ambient
condition for a prolonged duration. Our results clearly reveal that
the edge sites and functional groups defects in GQDs can be tuned
through the solvent dependent synthesis and in-situ
functionalization.

The origin of PL from GQDs is reported to be due to the size con-
finement, edge sites and functional group defects [14,20–23,48,49].
Despite sustainable efforts in understanding the origin of PL from
GQDs, the exact mechanism remains unclear. Our previous study
indicated that the intense PL from GQD thin films primarily origi-
nates from the edge sites and oxygen functional groups [37]. The
present study provides further evidence for surface state depen-
dent PL from GQDs. In order to prove the surface state dependent
PL emission from GQDs, we performed the PL measurements in dif-
ferent solvents having different dielectric constants (e). Fig. 7(a)
shows a comparison of the normalized PL spectra of GQD3 in
water, DMSO and THF solvents. Interestingly, the spectral blue
shift is noticeable for the GQD3 dispersed in DMSO, thus confirm-
ing its dependence on the dispersing media. This is possibly due to
the reactive sites in GQDs; edges and oxygen functional groups of
GQD initiates the interaction with the solvent. Note that the edge
sites and oxygen functional groups have the free electrons at the
carbon edges and they influence the recombination dynamics.
The line width of the PL in the solvent can be explained on the
basis of dielectric media of the solvent. In the case of the THF, it
has a dielectric constant value of e = 7.58, smaller than that of
water (e = 80) and DMSO (e = 47). The lower line width of the PL
spectra in THF could be due to efficient charge transfer from GQDs
to solvent. Since THF has low dielectric constant and GQDs are
enriched with edge sites and functional groups, the solvation pro-
cess is faster than the fluorescence [50]. This result is consistent
with the TRPL analysis (discussed below). The shift of the PL peak
of GQDs in different solvents indicates that the surface states of
GQDs strongly contribute to the visible PL emission.

In order to ascertain the charge transfer process of GQDs in sol-
vents, we measured the lifetime of carriers in GQDs using the TRPL
measurements. Fig. 7(b) shows the TRPL spectra of GQD3 in DMSO
and THF. The TRPL spectra are well fitted with the tri-exponential
decay equation [7]. The carrier lifetimes and their amplitudes are
summarised in Table S2 (Supporting Information). The three differ-
ent lifetimes can be attributed to the recombination of electrons
from the edge sites and functional groups defects in GQDs
[7,17,51]. The average lifetime of the carrier in GQD3 dispersed
in DMSO is 6.74 ns, while it reduces to 3.84 ns in case of THF. As
discussed above, since the THF has lower dielectric constant than
the DMSO, during the light irradiation the charge from enriched
edges and functional groups of GQDs is transferred to the THF
through the solvation process [50]. This shorter lifetime of carriers



Fig. 7. (a) Comparison of the PL spectra of GQD3 measured in different solvents. (b) Comparison of the TRPL decay profiles of GQD3 measured in DMSO and THF.
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in THF solvent indicates the efficient charge transfer from GQDs to
THF.

For a quantitative assessment of PL emission of GQDs, the QY of
GQDs is measured by using the quinine sulfate (QS) as a standard
dye, having QY of 0.54. The PL QY for the GQD1, GQD2, GQD3, and
GQD3-F are found as 32%, 27%, 15%, and 21%, respectively. The
details absorbance, PL integrated intensity and the QY of different
GQDs are presented in Table 2. Among all the GQDs, the GQD1
shows highest PL QY of 32%, which can be attributed due to the
enriched armchair edges and additional oxygen functional groups.
Note that the in-situ chemical functionalization showed improved
PL QY (in GQD3-F) as compared to the bare GQD3. The reported PL
QY of GQDs synthesis by DMF solvent and GO precursor is �17.4%
[23,24,52]. Thus, we achieved nearly double PL QY than the
reported value for our GQD sample. A summary of the reported
PL QY of the GQDs synthesized by different top-down methods
and precursor materials is listed in Table S3 (Supporting Informa-
tion). To the best of our knowledge, we report here the highest PL
QY of GQDs made using the DMF solvent starting with the oxidized
GO as a precursor material. Note that we adopted an optimum
reaction temperature and pressure (inside autoclave) based on
the TGA/DTG results to form the GQDs with high PL QY. Our results
showed that in addition to the armchair edge defects (in GQD1),
oxygen functional groups are also responsible for the improved
PL QY. High QY implies higher radiative recombination and lower
non-radiative recombination channels in the GQDs, consistent
with the TRPL analysis.
3.6. Cell viability and bio-imaging studies

The bright blue PL emission of GQDs was exploited in studying
the confocal imaging of cancer cells at high spatial resolution. Prior
to the confocal imaging of cells using GQDs as fluorescent markers,
the viability of A-375 and HeLa cells was analyzed in presence of
different GQDs with the help of MTT assay. The cell viability of
GQD1, GQD2, GQD3, and GQD3-F was evaluated with varied
Table 2
Summary of absorbance, integrated PL intensity and PL QY of different GQD samples.

Sample
Code

Absorbance
(at 350 nm)

Integrated PL
intensity (106 counts)

PL QY (%)

QS 0.013 19.64 54.0 ± 0.2 (Standard)
GQD1 0.023 20.60 32.0 ± 0.2
GQD2 0.015 11.34 27.0 ± 0.2
GQD3 0.010 4.19 15.0 ± 0.2
GQD3-F 0.030 17.64 21.0 ± 0.2
concentration from 0 to 44.4 lg/mL on A-375 and HeLa for 24 h.
The cell viability results of the four GQDs samples on these cell
lines are portrayed in Fig. 8(a–d). Fig. 8(a) shows the comparison
of cell viability with the GQD1 on A-375 and HeLa cells after
24 h of treatment with the GQD concentration in the range 0–
44.4 lg/. The cell viabilities of A-375 and HeLa cells with GQD1
are found to be 92% and 78%, respectively, at a concentration of
44.4 lg/mL, indicating that the GQD1 has considerably higher cell
viability in A-375 cells. Fig. 8(b) shows the comparison of cell via-
bility of the GQD2 for the concentration of 0–44.4 lg/mL on the A-
375 and HeLa cells and respective cell viabilities are 90% and 80%.
Further, the cell viability of GQD3 and GQD3-F on A-375 and HeLa
is shown in Fig. 8(c) and (d), respectively. The GQD3 treated cells,
79% of cells are viable for both A-375 and HeLa cells. On the other
hand, at 26.64 lg/mL concentration, GQD-F shows 92% cell viabil-
ity on HeLa cells, whereas 85% of A-375 cells were viable and with
further increasing its concentration up to 44.4 lg/mL both the cell
lines shows 81% of viability. These results indicate that edge sites
and selective functionalization of GQDs could tune the bio-
compatibility of GQDs over the cancer cell lines. Our results sug-
gest that the highly photoluminescent GQDs shows good bio-
compatibility on cancer cells. In particular, the high viability of
GQD1 for A-375 cell (92%) is very significant and reported here
for the first time. Note that despite their similar sizes, the nature
of edge states in GQD1 (armchair) and GQD3 (zigzag) are very dif-
ferent and the content of the functional group is higher in GQD1
than that in GQD3. Since GQD1 shows higher cell viability than
GQD3, we believe that the armchair edges and the oxygenated
functional groups both help in having higher cell viability in A-
375 cell. Thus, one can tune the cell viability of GQDs by tuning
its size, edge structure, and functional groups defects. These results
are very significant for future application of GQDs in in-vitro imag-
ing of cancer cells. Finally, our results indicate that the as-prepared
GQDs are nontoxic to both the cell lines up to 44.4 lg/mL concen-
tration and thus useful for high-resolution imaging of cancer cells.

Considering the excellent bio-compatibility of GQDs on A-375
and HeLa cells, we carried out the confocal imaging of the cells
using GQDs as a labeling agent. For this, confocal imaging was car-
ried out for different GQDs samples on HeLa and A-375 cells. Fig. 9
shows bright field and fluorescence images of the A-375 and HeLa
cell lines by using GQD1 and GQD2. Fig. 8(a, b) and (e, f) shows the
confocal images of A-375 and HeLa cell lines, respectively, when
GQD1 is used as the biomarker. Similarly, Fig. 9(c, d) and (g, h)
shows the confocal images of A-375 and HeLa cell lines, respec-
tively, when GQD2 is used as the labeling agent. The first and third
columns represent the bright field images, while the second and
fourth columns represent the fluorescence images. Confocal micro-
scopy images of A-375 cells and HeLa cells with GQD3 and GQD3-F



Fig. 8. Comparison of cell viability of A-375 and HeLa cell lines with GQDs samples; (a) GQD1, (b) GQD2, (c) GQD3 and (d) GQD3-F. For A-375 cell, GQD1 shows the highest
cell viability (92%), while GQD3 shows the lowest (79%).

Fig. 9. Laser confocal microscopy images of GQDs inside the cancer cells. A-375 cells imaging by (a, b) GQD1 and (c-d) GQD2; HeLa cells imaging by (e, f) GQD1 and (g, h)
GQD2. The 1st and 3rd columns correspond to the bright field images and the 2nd and 4th columns correspond to fluorescence images of the cells.
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are provided in Fig. S4 (Supporting Information). In each case, the
bright blue luminescence is observed inside the cells, indicating
that the GQDs have been internalized by the A-375 and HeLa cells
and are mainly localized in the cytoplasm region (see Fig. 9 and
Fig. S4). To confirm its internalization, the cells were treated with
GQDs for 4 h and we recorded the confocal Z-stack images, as
depicted in Fig. S5 (Supporting Information). Fig. S5(a) shows the
confocal Z-stack image of A-375 cell lines by GQD1, while Fig. S5
(b) shows the Z-stack image for the same cell lines using GQD3.
It is evident from Fig. S5 that GQDs are internalized inside cell
lines, however, GQD1 is more up taken in A-375 cell lines as com-
pared to the GQD3. This result is consistent with the cytotoxicity of
GQD1 and GQD3 in A-375 cell line (see Fig. 8(a, c)). The confocal
imaging of HeLa cell lines (control sample) without any addition
of GQDs is shown in Fig. S6. The uptake mechanism of GQDs in
both the cell lines is believed to occur by GQDs entering through
the endocytosis process [53,54]. Due to the small sizes, the uptake
is high, particularly for GQD1. Further studies may be needed to
pinpoint the understanding on the endocytosis internalization of
GQDs in the cell lines. These results prove that the strong blue PL
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emission, with low cytotoxicity, and ease of labeling of cells with
GQDs enables its promising applications for biological imaging,
disease diagnosis, and bio-sensing.

3.7. Conclusions

In conclusion, the present study focused on the solvent depen-
dent synthesis of edge controlled and highly fluorescent few layer
GQDs. The high PL yield of GQDs was employed to study the bio-
imaging of cancer cells. Our studies suggested that the edge sites
and functional groups of the GQDs can be tuned by using different
solvents during the top-down synthesis of GQDs. TGA/DTG analy-
ses reveal the various oxygenated edge functional groups in GQDs
and these results along with FTIR analysis allowed us to distinguish
and assign the various oxygenated functional groups in GQDs. We
elucidated the origin of tuneable PL emission from GQDs in differ-
ent liquid media and it is shown that the strong PL emission of
GQDs arises from the distinct edge sites and functional groups
attached to GQDs. We achieved a high 32% PL QY from the GQDs
synthesized using DMF solvent, which is believed to result from
the enriched edge sites and oxygen functional groups defects in
GQDs. The efficiency of PL emission from GQDs in the solvent med-
ium depends on its dielectric constant and we probed the charge
transfer process from the TRPL analysis. Bio-imaging of cancer cell
lines by the GQDs revealed bright blue PL emission inside the can-
cer cell lines, indicating that GQDs are an excellent candidate for
bio-imaging applications. Cell viability studies indicate very high
biocompatibility of as-prepared GQDs with A-375 cells as com-
pared to that of HeLa cells. These results are significant for the
manipulation of the edge sites and oxygen functional groups
defects of GQDs and its applications in bio-imaging, sensing and
drug delivery to specific sites.
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