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ace charge of graphene quantum
dots on their uptake and clearance in melanoma
cells†

Lakshmi Narashimhan Ramana,*a Le N. M. Dinhb and Vipul Agarwal *b

Graphene quantum dots (GQDs) continue to draw interest in biomedical applications. However, their

efficacy gets compromised due to their rapid clearance from the body. On one hand, rapid clearance is

desired and considered advantageous in terms of their cytocompatibility, but on the other hand, it is

a major limitation for their prolonged use as imaging and therapeutic probes. The uptake and clearance

of GQDs have been described in vivo, however, their clearance in vitro is still not understood, one of the

main reasons being that their uptake and clearance are a cell type-dependent phenomena. Studies on

other types of quantum dots revealed the importance of surface charge in their uptake and retention in

different cell types. However, the role of surface chemistry in GQD uptake and clearance has not been

described previously. Here, we studied the influence of surface charge on GQDs (anionic and cationic)

on their uptake and clearance in melanoma cells. Both cationic and anionic GQDs were synthesized

using a hydrothermal method to have a relatively consistent size with an aim to study the role of surface

charge in their uptake and clearance in isolation by avoiding size-dependent uptake bias. Both GQDs

exhibited excellent biocompatibility with cell viability over 90% even at a high concentration of 200 mg

mL�1. Using confocal microscopy and flow cytometry, we observed significantly faster and higher uptake

of cationic GQDs compared to anionic GQDs. Consequently, relatively rapid clearance was observed in

cells treated with anionic GQDs compared to those treated with cationic GQDs, highlighting the role of

surface charge on GQDs in their uptake and clearance. Raman analysis of the cleared exocytosed GQDs

revealed no sign of biodegradation of either type.
Introduction

Carbon allotropes have been attracting signicant research
attention due to their tunable and exciting physicochemical,
mechanical and electronic properties. This has motivated more
than a decade of research in these materials with applications
spanning across various elds including (bio)sensing, elec-
tronics, EMI shielding, and biomedical engineering, including
drug delivery and diagnostic imaging.1–5 Despite the numerous
studies, biological efficacy of most explored carbon allotropes
(i.e. graphene (oxide) and carbon nanotubes (CNTs)) is not
entirely clear, with conicting evidence presented in the liter-
ature.6–11 The perceived toxicity of graphene (oxide) and CNTs
has been attributed to their accumulation in main organs with
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low to no specic clearance pathway, similar to other types of
two dimensional layered materials.12–15

To circumvent the potential toxicity of graphene (oxide),
ultra-small graphene derivatives have been developed, known
as graphene quantum dots (GQDs). In the last ve years, there
has been a considerable drive to determine the cytocompati-
bility and uptake of GQDs.16–19 Despite the conicting reports
regarding the biocompatibility of GQDs, the major consensus
draws toward their superior biocompatibility when compared to
graphene oxide (GO) or graphene.20 The biocompatibility of
GQDs has been shown to be dependent on various factors
including synthesis method, size, morphology, surface chem-
istry and chemical doping.21 More recently, surface chemistry in
terms of functional groups has emerged as an important
parameter governing the uptake and toxicity of GQDs.21–23

It has been shown that carboxylic acid functionalized
(anionic) GQDs (aGQDs, obtained using glucose as a precursor)
exhibit greater cytocompatibility (>80% cell viability) against
human umbilical vein endothelial cells (HUVEC) compared to
unfunctionalised GQDs at relatively high concentrations ($300
mg mL�1).24 At 300 mg mL�1, HUVEC and red blood cells (RBCs)
treated with unfunctionalised GQDs were signicantly stressed
and exhibited altered or damagedmorphology. Similar aberrant
Nanoscale Adv., 2021, 3, 3513–3521 | 3513

http://crossmark.crossref.org/dialog/?doi=10.1039/d0na00935k&domain=pdf&date_stamp=2021-06-11
http://orcid.org/0000-0002-6239-5410
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0na00935k
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA003012


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

pr
il 

20
21

. D
ow

nl
oa

de
d 

on
 3

/1
0/

20
26

 5
:5

1:
27

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
morphology was reported by Wang et al.25 in the case of RBCs
treated with nitrogen-doped graphene quantum dots (N-GQDs).
N-GQD-induced morphological damage was attributed to their
interference with cell membrane lipids, causing disturbance in
their order and secondary conformation.25 However, no hemo-
lysis or ATP release was observed when RBCs were treated with
N-GQDs, both of which are indicative of cell damage. Recently,
cGQDs have been shown to induce nuclear membrane damage
in rat alveolar macrophages (NR8383) at a concentration of 200
mgmL�1.16 This could be attributed to relatively longer retention
of these GQDs in the cytoplasm and nucleus of NR8383 cells
even aer 48 h clearance period at a concentration of 200 mg
mL�1. Overall, in all these studies, no toxicity was observed at
lower concentrations of GQDs, irrespective of the specic
surface functional groups.

In order to discern the role of functional groups in GQD
biocompatibility, Yuan et al. studied the cytotoxic effect of
GQDs with different functional groups (NH2, COOH, and CO–
N(CH3)2) on human A549 lung carcinoma cells and human
neural glioma C6 cells.26 They observed good biocompatibility
at high concentration of 200 mg mL�1 regardless of the surface
functional groups on GQDs. In addition, they observed random
distribution of GQDs (independent of surface functional
groups) in the cytoplasm of both cell types with no diffusion in
the nucleus.26 However, this study did not explore the uptake
and clearance of these functionalized GQDs.

Lately, considerable attention has been focused on clearance
mechanism of different kinds of quantum dots primarily driven
by the low retention of quantum dots within cells.22,23,27,28 This
has been a major limitation behind the clinical translation of
quantum dots as imaging and therapeutic (photothermal,
photodynamic) probes. The surface chemistry of quantum dots
(mainly inorganic quantum dots) has been shown to exhibit
different clearance kinetics in different cell types including
cancer cells.22,23 For example, positively charged CdSe quantum
dots exhibited relatively quicker uptake and slower clearance
when compared to zwitterionic and anionic quantum dots in
human embryonic kidney (Hek293) cells and human hepato-
cellular carcinoma (HepG2) cells.23 However, the role of surface
chemistry of GQDs in their cellular clearance has not been
explored.

Although greater understanding of the clearancemechanism
of GQDs (from major organs) has been established in vivo,20,29

their elimination from specic cells is still not entirely under-
stood. Considering that there are marked differences between
the clearance mechanism in vivo and in vitro, where the in vivo
clearance of GQDs is executed through two primary pathways
(urinary excretion and hepatobiliary and fecal excretion)30 and
in vitro clearance occurs primarily via exocytosis, it is important
to develop further understanding of the clearance of GQDs in
different cell types, particularly, in cancer cells where the effi-
cacy of GQDs has been well-established as an imaging and
therapeutic probe.

In this present work, we fabricated two types of GQDs
(anionic and cationic) to study the role of surface chemistry in
the clearance of these GQDs in vitro. By combining confocal
microscopy and ow cytometry, we studied the uorescence of
3514 | Nanoscale Adv., 2021, 3, 3513–3521
the internalized GQDs over time to estimate the extent of their
clearance from the cells. The cleared GQDs were subsequently
characterized using Raman spectroscopy to determine their
potential for biodegradation. We observed the role of surface
chemistry in the internalization and clearance of GQDs, which
agrees with the widely accepted notion that the surface charge
of nanoparticles and bioscaffolds regulates cellular behaviour
and biochemical machinery.

Materials and methods
Materials

Trypsin–EDTA solution, phosphate buffer saline, MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide),
DMEM (Dulbecco's modied Eagle's medium), L-arginine, and
fetal bovine serum were purchased from Sigma Aldrich.

Synthesis of cationic GQDs (cGQDs)

cGQDs were prepared by hydrothermal treatment using L-argi-
nine as the source. L-Arginine (100 mL, 1% solution in water)
was autoclaved at 90 �C for 1 h. The solution turned brown in
color, which was then centrifuged at 1000 rpm to remove large
particles. The supernatant was further puried by dialysis using
a dialysis membrane (1 kDa cutoff) and DI water to remove
impurities. The dialyzed solution was lyophilized to obtain the
slightly brown color powder of cGQDs.

Synthesis of anionic GQDs (aGQDs)

aGQDs were prepared by hydrothermal treatment according to
the protocol previously reported by us.31,32 Briey, sulfuric acid
was added to an aqueous solution of dextrose (1 wt%), which
was subsequently hydrothermally treated for 6 h in an autoclave
at 200 �C. The pH of the obtained solution was neutralised
using NaOH (0.1 M), dialysed (1 kDa cutoff) against DI water,
and lyophilised to obtain puried aGQD powder.

Physicochemical characterization of graphene quantum dots

Both aGQDs and cGQDs were thoroughly characterized using
various physicochemical characterization techniques. The
surface morphology of the GQDs was determined by dispersing
the respective dots in DI water, dropcasting them on a copper
grid, which was then dried under ambient conditions and
analysed using a high-resolution transmission electron micro-
scope (HRTEM, FEI Tecnai F30 S-TWIN, Netherland). DLS and
zeta potential measurements were conducted on a Malvern
particle size analyser by dispersing the GQDs in DI water.
Raman analysis of the GQDs was conducted using a LabRAM
HR (Horiba) equipped with an argon laser. The samples were
excited at a wavelength of 532 nm. The obtained data were
subjected to further analysis using the Origin soware where
peak analysis was conducted by tting the obtained spectra with
Lorentzian function to obtain the ID/IG ratios. Photo-
luminescence (PL) analysis was conducted on a Perkin Elmer
Luminescence spectrometer (LS-55, USA) aer dispersing the
dots (50 mg mL�1) in DI water. UV/vis analysis was conducted
using a UV visible spectrophotometer (Nano drop, ND1000,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Thermo Scientic, Wilmington, DE, USA) under the same
concentration of dots as that used in PL analysis. The specic
functional groups of GQDs were characterized using a Fourier
transform infrared spectrometer (FTIR, Bruker, Germany) with
an average of 32 scans and a wavelength ranging from 400 to
4000 cm�1 at a resolution of 4 cm�1. XPS was conducted with
monochromatic Al X-rays (1486.6 eV) at 225 W (15 kV, 15 mA)
using a Kratos Axis ULTRA XPS under the operating conditions
reported by us previously.33–35

Photostability of GQDs

GQDs (20 mg mL�1) in water were exposed to normal sunlight
for different time intervals (1, 2, 4, 8, 12, 16 and 24 h). At
a stipulated time point, GQD solution was analysed using PL
spectroscopy at 488 nm excitation wavelength and 505 nm
emission wavelength.

In vitro studies

Melanoma cell lines SK-Mel-2 (ATCC @ HTB-67) were cultured
in DMEM with 10% fetal calf serum and 1% antibiotic peni-
cillin/streptomycin at 37 �C under 5% CO2 in a humidied
incubator and were used for further experiments. Trypsin–
EDTA was used for the subculture experiments.

In vitro cytotoxicity of graphene quantum dots

Cell toxicity studies were conducted using the MTT assay as per
the manufacturer's protocol and reported by us previously.36

Melanoma SK-Mel-2 cells were seeded at a density of 1 � 104

cells per well in a 96-well plate and incubated with different
concentrations of both cationic and anionic GQDs (50, 100, 150,
200 and 250 mg mL�1) for 1 h in a humidied incubator at 37 �C
and under 5% CO2 to promote internalization of the quantum
dots. The cells were then washed with PBS and were subse-
quently incubated for 24 h in a humidied incubator and then
subjected to the MTT assay. Untreated cells were used as the
control group to determine the cytotoxicity of the quantum
dots. Data are presented as mean � standard deviation (n ¼ 5).

Cellular uptake analysis using confocal microscopy

The cellular uptake of both aGQDs and cGQDs was analysed
using a confocal microscope LSM 710 (Carl Zeiss Micro imaging
Inc., Thornwood, USA). Melanoma SK-Mel-2 cells (5 � 105 cells
per well) were seeded on the coverslips in the 24-well plate and
incubated with either cGQDs or aGQDs at a concentration of
100 mg mL�1 (in PBS) for 1 h. The cells were subsequently
washed with 3� PBS to remove the excess and surface adsorbed
quantum dots. The washed cells were further incubated at
various time intervals of 2, 4, 8, 12, 16 and 24 h in a growth
medium (DMEM with FCS (10%) and antibiotic (1%)) at 37 �C
under 5% carbon dioxide in a humidied incubator. At a stip-
ulated time point, cells were washed with 3� PBS, xed with 4%
paraformaldehyde for 5 min and imaged using the confocal
microscope at an excitation wavelength of 405 nm with the
associated emission peak at 488 nm. All experiments were
conducted in duplicate.
© 2021 The Author(s). Published by the Royal Society of Chemistry
Cellular uptake analysis using a ow cytometer

Melanoma SK-Mel-2 cells were seeded at a density of 1 � 104

cells per well in a 96-well plate and were incubated with
different concentrations of cGQDs and aGQDs (50, 100 mg
mL�1) for 1 h in a humidied incubator at 37 �C and under 5%
CO2 to allow internationalization of the GQDs. The GQD treated
cells were washed with PBS to remove excess non-internalized
GQDs. The washed cells were further incubated for different
time intervals (2, 4, 8, 12, 16 and 24 h) in a humidied incubator
at 37 �C and under 5% CO2. Untreated cells were used as the
control group. At the specied time points, GQD internalized
cells were subjected to ow cytometry. The uorescence inten-
sity of GQD internalized cells was measured at an excitation
wavelength of 495 nm and with an emission peak at 520 nm.
The uorescence of the treated samples and control group were
subtracted to obtain the amount of uorescence inside the cells.
Data are presented as mean � standard deviation (n ¼ 3).
Raman spectra of excreted GQDs

To determine the state of the excreted GQDs, the cell culture
growth media from the confocal study (experimental details
mentioned above) using the cells exposed to 100 mg mL�1 of
GQDs for 16 h were subjected to centrifugation at 20 000 rpm
followed by dialysis of the supernatant using a dialysis
membrane (1 kDa cut-off) against water. The solution outside
the dialysis membrane was collected and lyophilized to obtain
puried excreted GQDs which were subjected to Raman
analysis.
Results and discussion

Positively charged cGQDs (GQD-NH2) and negatively charged
aGQDs (GQD-COOH) were hydrothermally synthesised using L-
arginine and dextrose, respectively as precursors. Transmission
electron microscopy (TEM) analysis illustrated their spherical
morphology with particle size around 3.8 � 0.7 nm (average �
standard deviation, n ¼ 44) for aGQDs and 4.9 � 1.1 nm in
diameter for cGQDs (Fig. 1a and b, and ESI, Fig. S1†). The z-
average hydrodynamic diameter of cGQDs as determined from
DLS was 7 � 2 nm which is in agreement with TEM data. In the
case of aGQDs, the z-average hydrodynamic diameter was 5 � 2
nm. As expected cGQDs were positively charged (amine func-
tional groups) with a zeta potential value of 26 � 5 mV while
a value of �32 � 4 mV was obtained for aGQDs due to the
presence of carboxylic acid functional groups on the surface.
UV/vis analysis of cGQDs (Fig. 1c) exhibited two prominent
peaks at 241 and 289 nm, characteristic of p–p* transition and
n–p* transition, respectively, while aGQDs exhibited the
respective peaks at 224 and 282 nm, respectively, indicating
a marginal blue shi in the peak positions.37,38 Photo-
luminescence (PL) analysis shown in Fig. 1d and e showed the
excitation-dependent emission of the dots that was similar to
that in other reports due to different surface emissive traps and
heterogeneous size distribution.39 Raman analysis revealed the
characteristic D and G bands at 1351 and 1606 cm�1 for cGQDs,
and 1354 and 1573 cm�1 for aGQDs, respectively (Fig. 2a). The
Nanoscale Adv., 2021, 3, 3513–3521 | 3515
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Fig. 1 Characterisation of synthesised GQDs. TEM image of (a) aGQDs (scale bar ¼ 10 nm), (b) cGQDs (scale bar ¼ 20 nm); (c) UV/vis spectra of
both GQDs showcasing the two characteristic peaks; photoluminescence analysis at different excitation wavelengths (390 to 540 nm) of (d)
aGQDs, (e) cGQDs.
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ID/IG ratio was 1.14 and 1.27 for cGQDs and aGQDs, respectively.
XPS analysis of cGQDs conrmed the presence of nitrogen, as
can be observed from the survey spectrum (Fig. 2b). Further
Fig. 2 Characterisation of as-synthesised GQDs. (a) Raman analysis s
showcasing the presence of key elements, in particular, the presence
indicating the presence of N–H functionality; (d) FTIR spectra.

3516 | Nanoscale Adv., 2021, 3, 3513–3521
analysis of the N 1s spectrum conrmed the presence of a single
peak which was attributed to N–H (399.7 eV, 26.83 at%). The
presence of the oxygen peak in the cGQD survey spectrum can
howcasing the characteristic D and G peaks; (b) XPS survey spectra
of nitrogen in cGQDs; (c) high resolution N 1s spectrum of cGQDs

© 2021 The Author(s). Published by the Royal Society of Chemistry
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be attributed to the presence of oxygen functionality remaining
from the L-arginine precursor (Fig. 2c).

FTIR analysis of dried cGQDs, the results of which are shown
in Fig. 2d, exhibited a peak at 3464 cm�1 corresponding to N–H
stretching vibrations,40,41 a peak at 3294 cm�1 for O–H stretch-
ing vibrations, a medium peak at 2937 cm�1 for C–H stretching
vibrations,42 a strong peak at 1645 cm�1 for C]O/C–N, 1524
cm�1 for C]C stretching vibrations,39,43–45 a strong peak at 1223
cm�1 for epoxy (C–O–C) and a peak at 1076 cm�1 corresponding
to alkoxy (–C–O) stretching vibrations, respectively.46,47 Similar
analysis of aGQDs revealed characteristic peaks at 3250 cm�1

due to O–H stretching vibrations, 2850 cm�1 for C–H stretching,
1650 cm�1 for C]O, and 1040 cm�1 for C–O stretching
vibrations.

Next the cytocompatibility of the two GQDs were evaluated
on themelanoma SK-Mel-2 cells at various concentrations. Both
c- and aGQDs exhibited good biocompatibility up to a concen-
tration of 200 mg mL�1 aer 24 h incubation (Fig. 3). This was in
line with the results of the previously published reports.18,26

Further increase in the concentration of dots to 250 mg mL�1

induced a reduction in cell viability in the case of cGQDs, which
was lower than what was observed for aGQDs. However, this
difference in cell viability (at 250 mg mL�1) between the two
GQDs was not signicant. This relatively lower cell viability
observed for cGQDs (250 mg mL�1) was postulated to be caused
by the loss of cell membrane integrity.48

The cellular uptake of GQDs was evaluated in the melanoma
SK-Mel-2 cells at various time points (1, 2, 4, 8, 12 and 24 h). We
employed confocal microscopy and ow cytometry to estimate
cellular intake of GQDs both qualitatively and quantitatively,
respectively. At 1 h aer incubation with GQDs, confocal images
revealed higher uptake of cGQDs in cells compared to aGQDs
(Fig. 4 and ESI, Fig. S2†). The higher uptake of cGQDs can be
ascribed to electrostatic interaction between quantum dots and
negatively charged plasmamembrane lipids. At 2 h and 4 h aer
Fig. 3 Cell viability assay showing percentage cell viability in the
culture post incubation with both GQDs. Data are presented as
average � standard deviation (n ¼ 5).

© 2021 The Author(s). Published by the Royal Society of Chemistry
incubation, greater uptake was observed, along with uniform
distribution within the cytoplasm of the cells, for both types of
GQDs.26,49 However, higher uorescence was observed in the
case of cGQDs as compared to aGQDs. Such differential differ-
ence between the two GQDs can be attributed to the charge
difference or the functional groups present on the surface of
these quantum dots. Moreover, the observed uptake differences
could be due to the different internalisation mechanisms
regulating these GQDs. In the case of cGQDs the mechanism of
uptake is mainly dominated by the micropinocytosis,50–52 while
aGQDs mediate through caveolae mediated and clathrin
mediated endocytosis.53 Aer 8 h of incubation, cGQDs were
homogenously distributed within the cytoplasm of the cells
along with a few cells showing dots in their nuclei.16 Contrarily,
relatively lower overall uorescence intensity was observed in
the case of aGQD treated cells aer 8 h incubation. The longer
incubation time (12, 16 and 24 h) exhibited further reduction in
the uorescence intensity relative to the increasing incubation
time for both GQDs, primarily due to the clearance or exocytosis
(ESI, Fig. S2†). Furthermore, it can be observed from confocal
images that cGQDs were retained for longer time with consid-
erable uorescence observed even aer 24 h incubation
compared to aGQDs. It can be deduced from the confocal study
that clearance of GQDs is dependent on the surface chemistry of
the quantum dots, which is in agreement with a previously
published report on CdSe QDs.23 The longer retention of cGQDs
is in accordance with a published report where a low level of
positive surface charge on carbon quantum dots (cCQDs, +4.12
mV) was sufficient to increase the stability of cCQDs in human
umbilical cord derived mesenchymal stem cells (hUCMSCs)
compared to negatively charged CQDs.22

Next, we conducted ow cytometry to study the kinetics of
GQD (at two different concentrations – 50 and 100 mg mL�1)
uptake and retention by melanoma cells. Fig. 5 and S3 (ESI†)
show the ow cytometry data. It can be seen from Fig. 5 that
cGQDs exhibited time-dependent uptake which signicantly
increased with incubation time, reaching the maximum at 8 h,
as observed from the increasing uorescence intensity, which
reduced gradually with increasing incubation time. As expected
relatively higher uorescence intensity was observed in the case
of the higher concentration of cGQDs (100 mg mL�1) compared
to 50 mg mL�1 (Fig. 5, and ESI, Fig. S3†), although changes in
uorescence intensity followed a similar trend at both concen-
trations. The reduction in the uorescence intensity in ow
cytometry corroborated with the trend observed in confocal
analysis. Notably, a signicant proportion of cGQDs were
retained within the cells even aer 24 h incubation. However,
the reduction in uorescence for cGQDs was more gradual
(�15% reduction at 24 h compared to maximum uorescence
measured at 8 h) compared to aGQDs (�35% reduction at 24 h
compared to maximum uorescence measured at 4 h) (Fig. 5,
and ESI, Fig. S3†).

In order to ascertain that the observed reduction in uo-
rescence intensity is not due to photobleaching of the GQDs, we
conducted control experiments by exposing both types of GQDs
to sunlight over a period of 24 h (keeping the time points
consistent with those of confocal and ow cytometry studies)
Nanoscale Adv., 2021, 3, 3513–3521 | 3517
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Fig. 4 Confocal fluorescence images of SK-Mel-2 cells showcasing the uptake of both types of GQDs (a- and c-GQDs) at different time points
(all different time points including those mentioned in this figure are shown in Fig. S2† for clarity). Control cells represent the untreated group.
The fluorescence observed in the blue and green channels indicate excitation-dependent emission of both types of GQDs. The first column
shows a phase contrast image, second shows blue channel, third shows green channel and fouth column shows merged image.
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Fig. 5 Flow cytometry data showing the fluorescence intensity of SK-
Mel-2 cells treated with GQDs (100 mg mL�1) at different incubation
times measured at 520 nm. Data are presented as average � standard
deviations (n ¼ 3). Maximum intensity was observed after 8 h of
incubation with cGQDs compared to 4 h for aGQDs.

Fig. 7 Raman analysis of exocytosed GQDs showcasing the charac-
teristic D and G peaks and associated ID/IG values.
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and analysing them using PL spectroscopy. Fig. 6 shows the
stability of both c- and aGQDs over the period of 24 h under
sunlight. We observed no change in the PL signal for either of
the two GQDs at any of the time points studied, conrming their
stability over time. Based on the photostability of the GQDs, it
can be concluded that the loss of uorescence intensity in
confocal and ow cytometry analysis is indeed caused by
exocytosis of GQDs and not a consequence of degradation or
photobleaching of the GQDs.

Next, we analysed exocytosed GQDs obtained aer 16 h of
incubation with cells using Raman spectroscopy. Raman
Fig. 6 Photoluminescence intensity (excitation wavelength of 488 nm
with an emission peak at 505 nm) obtained after exposing GQDs to
direct sunlight over a period of 24 h (time points kept consistent with
those of confocal and flow studies).

© 2021 The Author(s). Published by the Royal Society of Chemistry
analysis of exocytosed GQDs yielded two characteristic peaks at
1354 cm�1 (D band) and 1597 cm�1 (G band) for cGQDs and at
1347 and 1593 cm�1 for aGQDs, with a ID/IG ratio of 1.05 and
1.36, respectively (Fig. 7). The similarity in the peak positions
and ID/IG ratios between pure and exocytosed c- and aGQDs
supports the notion that both of these – (i) are resistant to
extracellular and intracellular degradation, and (ii) get exocy-
tosed without biodegradation. However, zeta potential (z)
measurements on excreted GQDs revealed zeta potential values
of 21 � 1.6 mV and �15 � 4 mV for cGQDs and aGQDs,
respectively. Comparison between the zeta potential values of
pure GQDs and excreted GQDs revealed a considerable change
in the zeta values (Dzx�17 mV) of aGQDs, while no noticeable
change was observed for cGQDs. The signicant Dz value for
aGQDs is presumed to have been caused by the surface
adsorption of (serum) proteins and components from intracel-
lular compartments, which could be the reason behind their
relatively faster clearance compared to cGQDs as observed from
confocal analysis.
Conclusions

In summary, we synthesized two types of GQDs with similar
sizes (�5–8 nm) but carrying different surface charges (cationic
and anionic) using the hydrothermal method. Both GQDs
exhibited relatively high biocompatibility in melanoma SK-Mel-
2 cells even at high concentrations ($200 mg mL�1). Confocal
microscopy and ow cytometry revealed time-dependent uptake
of both types of GQDs reaching the maximum level at �8 h for
Nanoscale Adv., 2021, 3, 3513–3521 | 3519
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cGQDs and �4 h for aGQDs independent of the concentration
of GQDs used. Moreover, these studies also exhibited slow
clearance for cGQDs over time compared to relatively rapid
clearance observed for aGQDs. The reduction in uorescence
observed via confocal and ow cytometry studies was due to the
clearance (exocytosis) of the GQDs rather than their intracel-
lular degradation. Raman studies on both types of exocytosed
GQDs revealed no sign of any degradation with ID/IG values
similar to pure GQDs. The observations from this study high-
light the potential of surface chemistry in manipulating the
retention and clearance of GQDs in cancer cells with a profound
impact on their application as imaging and therapeutic probes.
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