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Cancer-Targeting Graphene Quantum Dots: Fluorescence 
Quantum Yields, Stability, and Cell Selectivity

Qing Zhang, Sinan Deng, Jinlin Liu, Xiaoxia Zhong,* Jie He,* Xianfeng Chen,*  
Bowen Feng, Yanfei Chen, and Kostya (Ken) Ostrikov

Folic acid, due to its high affinity toward folate receptors (FR), is recognized 
as one of the most promising cancer targeting vectors. However, the inherent 
defects of low water  solubility (1.6 µg mL−1), high sensitivity toward photo-
bleaching, low fluorescent quantum yields (QYs, <0.5%) seriously limit 
its practical application. Herein, ultrastable, highly luminescent graphene 
quantum dots (GQDs) that selectively target diverse cancer cells are prepared 
and tested. The new GQDs present step changes compared to common folic 
acid through an ≈6250 times increase in water solubility (to ≈10 mg mL−1), 
more than 150 times in QYs (up to ≈77%), while maintaining luminescence 
stability up to 98% when subjected to UV, visible light, and heating over 
360 min. It is shown that the suppression of nonradiative transitions by 
amino groups pyrolyzed from pterin plays a key role in the mechanism of 
high QYs and excellent stability. The functional groups that are likely respon-
sible for the selective targeting of cancer cells with different levels of folate 
receptor expression on the surface are identified. Collectively with these 
promising properties, the new functional graphene quantum dots may open a 
new avenue for cancer diagnosis, drug delivery, and therapies.
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cancer cell surface, to elevate nutrient 
uptake and ensure fast proliferation.[2] 
Specific molecular mechanisms of 
binding to the receptors help deliver flu-
orescent labels and therapeutic drugs, 
leading to targeted imaging and selective 
inactivation of cancer cells.[3] In addition to 
being cancer-specific, such probes should 
satisfy the stringent requirements for 
low biotoxicity, high stability, and strong 
luminescence. During the past decades, 
organic dyes, nanoparticles, semicon-
ductor quantum dots, and other materials 
have been extensively investigated.[4] How-
ever, strong photobleaching and inferior 
thermal stability of conventional organic 
dyes, cytotoxicity of nanoparticles and 
semiconductor quantum dots limit their 
applicability.[5] It is presently extremely 
rare, if possible at all, to satisfy all these 
requirements in one single material.

Carbon quantum dots (CQDs) and gra-
phene quantum dots (GQDs) have recently 

received tremendous attention because of their novel combina-
tion of tunable photoluminescence, excellent photostability, 
biocompatibility, and chemical inertness.[6] These unique 
characteristics provide unprecedented opportunities in optical 
bioimaging.[7] However, the fluorescent quantum yields (QYs) 

Graphene Quantum Dots

1. Introduction

Targeted and selective and cancer cell diagnostics and eradica-
tion is one of the ultimate aims of oncotherapy.[1] Differently 
from normal cells, specific receptors are overexpressed on 
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of CQDs and GQDs are typically quite low (<10%). Recently, it 
was found that nitrogen doping can significantly improve the 
QYs of GQDs emitting at short wavelengths (blue emission).[8] 
Unfortunately, their fluorescence (FL) intensity decreases 
sharply under UV light exposure. Furthermore, most of the 
GQDs are now internalized by cells in a nonspecific way. The 
nonselective cellular uptake limits the applicability of GQDs in 
cancer cells targeting therapies. It is still a challenge to prepare 
stable fluorescent GQDs featuring both high QYs and high-per-
formance biological functionality.

Here, we focus on one of the most promising molecular 
recognition mechanisms based on the folic acid (FA) affinity 
of folate receptors that are overexpressed on the surface 
of cancer cells and are very rare (often absent) on the sur-
faces of normal cells.[1b,9] Due to the high binding affinity 
(Kd  = 0.1–1  × 10−9  m) of FR toward FA, this means of FR 
targeting has been actively studied since its first discovery 
in 1931.[10] Recent discoveries reveal specific functions of 
pterin and glytamyl moieties of folic acid in targeting binding 
with FR for pterin and fluorescence (FL) excitation and car-
rying conjugated drug payload for glytamyl.[3] However, FA 
shows poor solubility (≈1.6 µg mL − 1 at 25  °C), strong UV 
degradation, and low luminescence yield (less than 0.5%).[11] 
When exposed to harsh conditions such as UV exposure, 
broken FA may lead to the loss of glytamyl-bound payload 
even if pterin links to FR.[12]

Here, we present an unconventional and highly prom-
ising form of a graphene quantum dot, named here folate 
receptor targeting graphene quantum dots (FR-GQDs). The 
new FR-GQDs have several clear advantages (see Tables S1 
and S2, Supporting Information) compared to the existing 
state-of-the-art. Our custom-designed synthesis method where 
FA and tris(hydroxymethyl)amino methane are heated under 
pH-neutral conditions (see Scheme 1) made it possible to fully 
retain the selective FR targeting feature of the folic acid, and 
then improve the solubility in near 6250 times (from 1.6 to  
10 000 µg mL−1) by inserting hydroxyl functional group. The 
luminescence QYs increased in more than 150 times (from 

0.5 to 77%) by suppressing nonradiative transitions with the 
newly emerged plentiful amino groups. Importantly, the new 
produced FR-GQDs feature highly photostable (subjected to 
90.81 mW cm−2 photoflux for 360  min) and thermally stable 
(subjected to 0–95  °C temperature variation and heating at  
70, 80, and 90 °C for 360 min).

Moreover, the new FR-GQDs show excellent nontoxicity 
(Table S3, Supporting Information), while the level of lumines-
cence increases proportionately to the density of FR on the sur-
face of the cells, from near zero in normal bone marrow stem 
cells (BMSC) to SKOV3 ovarian cancer cells where the FR are 
significantly overexpressed. These findings make it possible 
to specify the cancer states through the level of FR expression 
and target the cells with specific drugs. Collectively with excel-
lent optical properties and inherent stability, the new FR-GQDs 
are promising for cancer targeted photodynamic and photo-
thermal therapies, as well as super-resolution imaging, leading 
to potentially radically new cancer diagnostics and treatments.

Our studies further reveal the mechanism of high fluores-
cence QYs, photostability, and cancer targeting functionality of 
FR-GQDs. By comparing with the achievements of previous 
reports and vibration spectra between FA and FR-GQDs, we 
find that the amino groups derived from pterin significantly 
suppress the nonradiative transition of the excited FR-GQDs 
and subsequently enhance the FL QYs. The inherent stability 
of graphene nucleus, surface molecular structure, and relative 
low reactive oxygen species (ROS) productivity of FR-GQDs 
lead to stability under high flux light exposure. Furthermore, 
analyses of cell experiments and vibration spectra demon-
strate that new functional moieties, other than pterin, are 
responsible for the cancer targeting functionality while still 
retaining FR targeting functionality. Our results suggest that 
when the pterin moiety of the folic acid is (at least partially) 
destroyed by the appropriate thermal process, the FR targeting 
ability is retained, while a much better QY and stability are 
presented. Our results may thus open generic pathways for 
performance improvement of pterin derivatives in a broader 
range of applications.

Adv. Funct. Mater. 2019, 29, 1805860

Scheme 1.  Preparation, characteristics, and folate receptor binding of FR-GQDs.
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2. Results

2.1. Structure and Composition of FR-GQDs

Transmission electron microscope (TEM) images and cor-
responding particle size distribution (PSD) of the produced 
FR-GQDs are shown in Figure  1a. The GQDs disperse well 
in water solution. Inset picture of size distribution shows the 
FR-GQDs have PSD peak around 1.95  nm and are relatively 
size uniform. High-resolution images, shown in Figure 1b,  
demonstrate the lattice distance in the GQDs is 0.21  nm, 
which belongs to the (1,0,0) plane of graphite. Raman spec-
trum shown in Figure 1c features two peaks at 1407 and 
1597 cm−1, attributed to sp3 (D) and sp2 (G) structure of FR-
GQDs, respectively. Based on the dominated strength of G 
peak, it can be concluded that the as-prepared GQDs have 
predominantly graphitic structure. X-ray photoelectron spec-
troscopy (XPS) measurements were performed to identify the 
chemical composition of the FR-GQDs. Full-scale spectrum in 
Figure S1a (Supporting Information) confirms the existence 
of carbon (70.79%), nitrogen (10.2%), and oxygen (18.71%). 
High-resolution spectrum of C 1s in Figure 1d revealed the 
presence of CC/CC (284.6 eV), CO/CO (285.4 eV), and 
CN/OCO (288.0  eV).[13] High-resolution spectrum of  
N 1s shown in Figure S1b (Supporting Information) reveals 
the presence of two nitrogen species of pyridinic N (398.8 eV) 
and pyrrolic N (399.5 eV) form.[14] High-resolution O 1s spec-
trum shown in Figure S1c (Supporting Information) further 
confirms the existence of CO (531.3  eV), COH/COC 
(532.6 eV), and OCO (535.5 eV).[14a,15]

2.2. High Luminescence Efficiency

UV–vis absorption spectrum of FR-GQDs is shown in Figure 2a. 
It can be observed that FR-GQDs feature two absorption bands 
in which the band at 280  nm resulted from π→π* transition 
and the other band at 320  nm is assigned to n→π* transi-
tion. FL spectrum of FR-GQDs is investigated and depicted in 
Figure 2b. FL emission of FR-GQDs is located at the wavelength 
of 395.5  nm exhibiting an excitation independent behavior at 
excitation wavelength ranging from 300 to 370 nm. The QYs of 
FR-GQDs are measured using slope method in comparison with 
that of quinine sulfate (54%). According to the calculation results 
shown in Figure 2c, QYs of FR-GQDs have reached up to 77%.

2.3. Photostability and Thermal Stability

Photostability of FR-GQDs was tested by subjecting the sam-
ples to continuous 90.81 mW cm−2 mercury lamp exposure for 
360 min. As shown in Figure S2 and Table S4 (Supporting Infor-
mation), the spectra of exposure light include both of ultraviolet 
light (365  nm, 26.9 mWcm−2) and visible light (404–708  nm, 
63.91 mWcm−2). Figure 2d and Table S5 (Supporting Informa-
tion) show the FL intensity of FR-GQDs remained at up to 
91.6% of the initial value after 360 min photobleaching. Thermal 
stability of FR-GQDs is investigated through two-step heating 
tests. They are first heated in a varied temperature range from 
0 to 95 °C, and subsequently fixed at a certain temperature (70, 
80, and 90 °C) for 360 min to further observe the stability. The 
data are shown in Figure 2e,f, Figure S4 and Tables S6 and S7 

Adv. Funct. Mater. 2019, 29, 1805860

Figure 1.  a) TEM images of FR-GQDs (inset: size distribution of FR-GQDs), b) high-resolution TEM images, c) Raman spectrum of FR-GQDs, and  
d) high-resolution C 1s spectrum of FR-GQDs. Scale bar is depicted in white. Full scale XPS spectra, high-resolution N 1s and O 1s spectrum of  
FR-GQDs are shown in Figure S1 (Supporting Information).
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(Supporting Information). As the temperature increased, fluo-
rescence intensity of FR-GQDs decreased smoothly and stabi-
lized at 92.7% at 95 °C. When the temperature was fixed at 70, 
80, and 90 °C, the FL intensity of FR-GQDs is also highly stable 
(retained up to 98%) to the continuous thermal treatment.

2.4. Functionality: Cancer-Specific Targeting through FR 
Associating Cellular Uptake

2.4.1. Selective Binding to Cells with Different FR Expression

To test the selective FR targeting ability of FR-GQDs, cancer 
cells with varied FR expression including SKOV3, MDA-MB-231 
(FR overexpression), MCF7 (FR middle expression), and normal 
bone marrow stem cell (BMSC, FR deficient) are first treated 
with FR-GQDs and imaged using fluorescence microscope.[16] 
Figure  3a–d are the images of BMSC, MCF7, MDA-MB-231, 
and SKOV3 in bright field. Figure 3e–h are the FL images of 
these cell samples under UV excitation. It can be observed, in 
Figure 3e–h, cancer cells of SKOV3, MDA-MB-231, and MCF7 
with folate receptors all exhibit intense blue FL emission under 
UV irradiation. Nevertheless, in the case of normal cell with 
no FR expression, no FL signal is observed. Furthermore, the 
merged images depicted in Figure 3i–l show that the FL emis-
sion of FR-GQDs perfectly matches with cancer cells. These 
evidences confirm that the as-prepared FR-GQDs can selectively 
label cancer cells with different levels of FR expression.

2.4.2. Selective Uptake: FR Expression-Specific Cellular Internalization

To further verify the selectivity of FR-GQDs between cancer 
cells, cell samples treated with FR-GQDs are measured using 

fluorescent quantitative analyses. As shown in Figure 3m, in 
accordance with the results of FL imaging, ovarian cancer cell 
SKOV3 and breast cancer MDA-MB-231 display the most pro-
nounced FL intensity, agreeing with its abundant FR distribu-
tion. The FL intensity of MCF7 cancer cell is in a medium level 
which is much lower than that of SKOV3 and MDA-MB-231,  
while remarkably stronger than the BMSC. The FL of BMSC is 
very weak, can even be ignored. Since the degree of FR expres-
sion follows the sequence that SKOV3 > MDA-MB-231 > MCF7 
> BMSC. As such, the variation of FL intensity of comparative 
analyses is clearly in accordance with the evolution of FR 
expression on the cell surface indicating that the as-prepared 
FR-GQDs may be internalized by cancer cell through the 
cellular uptake associating with FR.

2.4.3. GQD Uptake Suppression: Competitive Effect of FA

To further explore the internalization mechanism of FR-GQDs, 
a competitive advantage experiment is performed. Cells of 
SKOV3 are first pretreated with free folic acid at concentrations 
ranging from 0 to 1000 µg mL−1 before the treatment of FR-
GQDs. After being treated with FR-GQDs for 4 h and washed 
for three times with phosphate buffered saline (PBS), the FL 
intensity of FR-GQDs inside the cells is recorded using the 
automatic microplate reader and compared with the cell groups 
without FA pretreatment. As presented in Figure 3n, the inhib-
iting effect of FA is emerged at the concentration of 50 µg mL−1 
with a decrement of 25% in FL intensity of FR-GQDs. When 
the concentration of FA reached up to 100 µg mL−1, FL inten-
sity of FR-GQDs reduces more than 70%. With the increasing 
concentration of FA, FL intensity of FR-GQDs finally reduced 
more than 85% in this study. Thus, the uptake of FR-GQDs is 
effectively suppressed with free folic acid. Since FA is directly 

Adv. Funct. Mater. 2019, 29, 1805860

Figure 2.  Vibration spectra and FL stability of FR-GQDs. a) UV–vis spectra of FR-GQDs. b) FL spectra of FR-GQDs. c) Measurement of FL QYs of 
FR-GQDs comparing with that of quinine sulfate. d) FL intensity of FR-GQDs samples retained up to 91.6% after subjecting to UV mercury lamp 
(90.81 mW cm−2) illumination for 360 min. e) FL intensity of FR-GQDs samples remains stable at temperatures ranging from 0 to 95 °C and preserved 
92.7% at 95 °C. f) FL intensity of FR-GQDs remains stable when the temperature is fixed at 70, 80, and 90 °C for 360 min.
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internalized into cell through FR binding, the inhibitory effect 
of FA on the cellular uptake of FR-GQDs in this study indicates 
that the FR-GQDs are also internalized into cells through the 
FR associating cellular uptake mechanism, which is in accord-
ance with previous reports.[16b,17]

Collectively, the results of Section 2.4.1 (fluorescence 
imaging), Section 2.4.2 (fluorescent quantitative analysis), and 
Section 2.4.3 (GQD intake suppression by a competitive mecha-
nism) suggest that the produced FR-GQDs target cancer cells 
through the cellular uptake mechanism associating with FR.

2.5. Intracellular Trafficking and Cellular Distribution

Intracellular trafficking, internalization, and distribution of FR-
GQDs within the cells are important for practical applications. 

To study these phenomena, the SKOV3 cancer cells with high 
FR expression are treated with FR-GQDs for 1, 2, 3, 6, and 
18 h and imaged using confocal microscopy (Leica SP8, Ger-
many) at high resolution. The results are shown in Figure  4. 
For better contrast, transmission images are set in green, while 
the FL signal of FR-GQDs is presented in yellow. In the first 
2 h (Figure 4a,b), the FR-GQDs are seen to mostly distribute 
around the cytoplasm. The increasing FL signal of FR-GQDs 
within the cells (shown in Figure 4b) indicates that more GQDs 
are internalized with longer incubation time. After 3 h, the 
image in Figure 4c shows the FR-GQDs gradually accumulate 
on specific organelles of cells. These FL islands may be attrib-
uted to the multivesicular bodies (MVBs) of the endosome 
around the cell nucleus. After 6 and 18 h incubation, the FL 
intensity of GQDs (shown in Figure 4d,e) is enhanced, while 
even more FR-GQDs are found in the MVBs. These results are 

Adv. Funct. Mater. 2019, 29, 1805860

Figure 3.  a–d) Cell images of BMSC, MCF7, MDA-MB-231, and SKOV3 under bright field; e–h) FL image of these samples under excitation of UV 
irradiation; i–l) merged cell images of bright field and UV excitation. m) FL quantitative analysis of FR-GQDs internalized in cell lines of BMSC, 
MCF7, MDA-MB-231, and SKOV3. FL intensity of cell samples shows direct correlation with the evolution of the FR expression on cancer cell surface.  
n) Evolution of FL intensity of FR-GQDs internalized in SKOV3 cells pretreated with varied concentrations of free folic acid. Cellular uptake of  
FR-GQDs is significantly inhibited in the presence of FA which indicates that the FR-GQDs follow a FR associating cellular uptake mechanism.  
(BMSC, FR deficient; MCF7, FR medium expression; MDA-MB-231 and SKOV3, FR overexpression).
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in accordance with the previous studies where quantum dots 
were conjugated with folic acid and then internalized by the 
cells through the FR binding and endocytosis.[17] Therefore, it 
can be concluded that the FR-GQDs prepared in our work are 
primarily distributed around the cell nucleus, and exhibit quite 
similar features of intracellular trafficking and distribution as 
in the previous report where folic acid was used.

2.6. Biocompatibility, Nontoxicity in Vitro

To assess the cytotoxicity of FR-GQDs, cell lines of BMSC, HN-6, 
Cal-27, MCF7, MDA-MB-231, and SKOV3 are incubated with 
FR-GQDs samples at concentrations of 200, 400, 600, 800, and 
1000 µg mL−1 for 24 h. Then a CCK-8 viability assay is carried 
out. The results are shown in Figure 5 and Table S3 (Supporting 
Information). In comparison with the cells untreated with FR-
GDQs, the viability of cancer cell groups of SKOV3, MDA-MB-
231, Cal-27, and HN-6 is higher than 94% up to concentration of 
1000 µg mL−1. Cell groups of MCF7 are slightly more sensitive to 
the concentration of FR-GQDs. It shows decrease in cell viability 
from 94.6 to 85.7%. Viability of normal BMSC cells improves 
during the FR-GQDs treatment. When the drug concentration 
increased from 200 to 1000 µg mL−1, cell viability of normal 
BMSC shows an increase from 105.9 to 119.4%. These data dem-
onstrate that the produced FR-GQDs are nontoxic to cells.

3. Discussion

3.1. Characteristic Vibration Spectra

To understand the mechanisms of the high fluorescence 
quantum yield, photostability, and folate receptor targeting 

ability of the produced FR-GQDs, characteristic vibration spec-
trum (UV–vis, FL, Fourier transform infrared (FTIR), and 13C 
NMR) of the FR-GQDs and FA are both recorded and compared 
in detail. UV–vis absorption spectra of FR-GQDs and FA are 
shown in Figure 6a. FA features two absorption bands in which 
the absorption band at 280 nm resulted from π→π* transition 
of para-aminobenzoic acid and the absorption band at 365 nm 
is assigned to n→π* transition of pertrin.[18] In the case of FR-
GQDs, in comparing with the UV–vis spectra of FA, absorb-
ance at 280  nm is significantly decreased. Absorption band 
of pterin of FA at 365  nm disappeared, new absorption band 
at 330  nm emerged. Absorption  edge  of FA blueshifts from 
411 to 364  nm (see inset of Figure 6a) after thermal process. 

Adv. Funct. Mater. 2019, 29, 1805860

Figure 5.  Cell viability of BMSC, NH-6, Cal-27, MCF7, MDA-MB-231, and 
SKOV3 cell lines treated with FR-GQDs samples for 24 h. No toxicity is 
observed, except for MCF7 cell lines (decreased to 85.7%).

Figure 4.  Confocal images showing the cellular trafficking and internalization of FR-GQDs in SKOV3 cells (high FR expression). Green channel shows 
the transmission images, while the yellow channel shows the fluorescence signal. The results demonstrate that the FR-GQDs prepared in our work 
feature quite similar cellular trafficking mechanism and cellular distribution character compared to folic acid.
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Fluorescence spectra of FA and FR-GQDs are also recorded 
and shown in Figure 6b. It can be observed that the emission 
peak of pterin of FA is located at 445  nm, while the fluores-
cence peak of FR-GQDs is shifted to 395.5 nm.[18]A blueshift of 
61.5 nm in wavelength is obtained.

FTIR spectra are presented in Figure 6c. The absorption 
of FA at 3417 cm−1 is due to hydroxy (OH) stretching vibra-
tion. Absorption peaks at 3538 and 3328 cm−1 correspond to 
stretching vibration of amino groups. Peaks at 1694 cm−1 are 
attributed to the vibration of carbonyl (CO) from carboxylic 
acid group. Peaks at 1606 cm−1 are caused by the bending mode 
of amino group vibration. Stretching vibrations of pterin (C3N3) 
and benzene rings are confirmed by absorption peaks around 
1484 cm−1.[19] In the spectra of FR-GQDs, new absorption peaks 
at 1670 and 1596 cm−1 emerged ascribed to CO and NH2 
stretching modes, respectively.[20] The relative strength of NH2 
stretching is significantly increased. Pterin peaks of FA around 
1484 cm−1 disappeared after thermal processing.

13C NMR results are shown in Figure 6d. In the 13C NMR 
spectrum of FA, chemical shift at ranges of 28.4–34.3 and 
45.3–60.5 ppm is attributed to the methylene carbons vibration 
of CCH2C and CH2NH groups, respectively. Peaks 
between 111.8 and 150.4 ppm are due to the carbon vibration 
of benzene ring. The peaks from 128 to 179  ppm represent 
carbons of pterin ring. Peaks at 169.3, 179.4, and 182.3  ppm 
belong to the carbons of CONH and carboxyl groups 
(COOH), respectively. After thermal processing, chemical 
shifts of FR-GQDs for methylene carbons at 25.3, 29.6, 57.4, 
58.3, and 62.1 ppm are significantly increased. Meanwhile, the 

chemical shifts of benzene ring and pterin ring ranging from 
110 to 170 ppm decrease or disappear. In detail, characteristic 
chemical shift of pterin located at 128.8, 147.0, 147.3, 154.1, 
160.1, and 179.2  ppm disappears.[21] Residual CN, NCO, 
and NCN structures of pterin are thus retained and show 
characteristic vibrations at 129.4, 152.8, and 180.0 ppm. We can 
thus surmise that during the thermal process, the pterin aro-
matic nucleus of the folic acid is (at least partially) destroyed. 
Meanwhile, the new CCH2C, CH2NH, or NH2 
groups emerge on FR-GQDs while other groups still remain 
and are distributed on the FR-GQDs surface. Due to the critical  
roles of pterin in UV–vis absorption and FL emission of FA,[18] 
it can be concluded that the changes in structure led to the 
increment of the bandgap between the lowest unoccupied 
molecular orbital (LUMO) and the highest occupied molecular 
orbital (HOMO) levels which eventually caused the blueshift of 
the absorption spectrum and FL emitting spectrum.

3.2. Mechanism of High Fluorescence Quantum Yields

At present, actual mechanism of the fluorescence of graphene 
quantum dots is still a debate among researchers.[22] A domi-
nant perception is that surface state and quantum confinement 
effects of conjugated π-domains in GQDs are critical in deter-
mining the optical properties. For example, chemical groups of 
both CONHR and CNHR can effectively suppress the non-
radiative process, then further enhance the intrinsic fluores-
cence emission of GQDs (QYs 59.2%).[23] Further, the synergy 

Adv. Funct. Mater. 2019, 29, 1805860

Figure 6.  Characteristic vibration spectra of FR-GQDs in comparison with that of folic acid (FA). a) UV–vis spectra, b) fluorescence  spectra, c) FTIR 
spectra, and d) 13C NMR spectra of FA and FR-GQDs. During the thermal process, pterin aromatic nucleus of folic acid responsible for FR targeting 
is destroyed and converted to new groups featuring CCH2C and CH2NH (or NH2) structures on FR-GQDs.
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effect of graphitic nitrogen and hydroxyl can significantly opti-
mize the ratio of the radiative transition rate and eventually 
lead to ultrahigh QYs (99%) of GQDs.[24] In our case, results 
of XPS show that the content of nitrogen doped in FR-GQDs 
has reached up to 10.2%. High-resolution spectra of N 1s indi-
cate the nitrogen atoms are typically in the form of pyridine-
like (80% of integral area) and pyrrole-like structure. The 
dominating existence of pyridine nitrogen indicates that most 
of the nitrogen atoms are bonded with carbon in five-member 
ring structures and are distributed on the surface of GQDs. In 
accordance with the results of XPS, the spectra of FTIR and 13C 
NMR (shown Figure 6) both demonstrate that the numerous 
chemical groups of CH2NH or CNH2 emerge on FR-
GQDs. Thus, it is reasonable to conclude that the appearance of 
amide groups on carbon dots (C-dots) significantly suppresses 
nonradiative recombination due to localized electron–hole 
pairs, thereby enhancing the intrinsic emission of carbon dots 
and eventually raising the QYs of FR-GQDs up to 77%.

3.3. Mechanism of Photostability

The excited fluorophore resided in the first singlet excited state 
(S1) can further experience an intersystem crossing to a nonra-
diative triplet excited state (T1).[5b] Fluorophore in the T1 state 

will transfer electrons to the oxygen, water, or other biological 
molecules resulting in the formation of certain reactive oxygen 
species (ROS) such as superoxide radical (O2

−), singlet oxygen 
(1O2), and hydroxyl radical (OH•). These active radical species 
degrade the fluorophore leading to photobleaching. In our case, 
FR-GQDs samples for analysis are taken at the beginning and 
after 360  min of the exposure procedure, and their UV–vis, 
FTIR, and 13C NMR vibration spectra are recorded and com-
pared to investigate the impact of ROS on FR-GQDs.

As shown in Figure  7a–c, all the characteristic vibration 
peaks match perfectly showing the excellent stability of FR-
GQDs during photobleaching. In detail, UV–vis spectra exhibit 
no variation. FTIR and 13C NMR spectra show a small decrease 
in the peaks intensity in which vibration at 1589 cm−1 can be 
attributed to NH2 vibration. Furthermore, the ROS production 
of FR-GQDs under UV irradiation is measured and compared 
with that of a common photocatalytic material titanium dioxide 
(TiO2 (P25), Degussa, Germany). It can be observed in Figure 7d  
that the ROS production of FR-GQDs is about 52–56% of the 
titanium dioxide which indicates that the ROS concentration 
is at a relatively low level during photobleaching. Previous 
research indicates that the three hydroxymethyl groups of tris 
can form a corn-like structure around the fluorescent center 
effectively suppressing the diffusion of oxygen and other radical 
species, slowing down the degradation of photobleaching.[25] 
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Figure 7.  Vibration spectra of a) UV–vis, b) FTIR, and c) 13C NMR of FR-GQDs samples at the beginning and after 360 min of light exposure (including 
UV light 26.8 mW cm−2 and visible light 64.01 mW cm−2). d) Reactive oxygen (ROS) production of FR-GQDs under UV excitation (1.475 mW cm−2, 
10 min) at varied concentration and ROS production of titanium dioxide (TiO2 (P25), Degussa, Germany). Vibration peaks of the two intervals match 
perfectly indicating the graphene nucleus and surface molecular structure of FR-GQDs remain excellent stable during photobleaching. The ROS produc-
tion of FR-GQDs is about 52–56% of the TiO2, which indicates that the ROS concentration is at the relative low level during photobleaching. Thus, it 
can be concluded that inherent stability of graphene nucleus, surface molecular structure of FR-GQDs, and relative low ROS productivity lead to high 
stability against photobleaching. (FL intensity of ROS probe is normalized by comparing with the groups of deionized water.)
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Thus, it can be concluded that inherent stability of graphene 
nucleus, surface molecular structure of FR-GQDs, and rela-
tively low ROS levels collectively lead to high stability against 
photobleaching.

3.4. Mechanism of Cancer Targeting

Earlier breakthrough work revealed that pterin group is essen-
tial for folic acid to anchor the binding pocket of folate receptor. 
In other words, without the binding effect of pterin, the FR tar-
geting ability of folic acid is lost. Recently, several works have 
proved that although the FA are fabricated into C-dots, the 
function of FR cancer targeting still exists. However, the detail 
targeting mechanism for these C-dots is not investigated.[26] In 
this study, the analyses of UV–vis, FTIR, and 13C NMR of FR-
GQDs in Figure 6 evidence that the pterin of folic acid (com-
monly considered responsible for FR binding) is destroyed. 
Remarkably, the cancer targeting ability of FR-GQDs through 
binding with FR remains functional, as can be seen in Figure 3.  
Furthermore, the FR-GQDs also feature intracellular traf-
ficking mechanism and intracellular distribution that are quite 
similar to the folic acid. According to the previous report, the 
interactions between the CN, NCO, and NCN groups 
of pterin and amino acid residues of FR through the hydrogen 
and hydrophobic bonds play a decisive role in the process of 
FR binding.[3a] Here, we find that (as shown in Figure 6d) 
during the thermal process, pterin aromatic nucleus of the folic 
acid is (at least partially) destroyed, while the CN, NCO, 
and NCN groups still remain and are distributed on the  
FR-GQDs surface.

This interesting phenomenon may thus be explained as 
follows. The residual chemical groups of CN, NCO, 
and NCN are still able to bond with the FR, leading to 
effective FR-GQDs internalization through the FR endocytosis 
mechanism. However, we emphasize that the results of our 
studies only unambiguously confirm the fact that the FR-GQDs 
are internalized through the FR expressed on the cell surface 
and indicate the functional groups that most likely cause the 
binding between the FR and GQDs. Further studies, especially 
at the atomic level, would shed more light on the possible effec-
tive controls of the interactions between the FR-GQDs and 
FR leading to the practically important selectivity in cellular 
responses.[3a]

4. Conclusion

In this study, graphene quantum dots named as FR-GQDs 
with high QYs (77%) were prepared using a simple one-step 
hydrothermal conversion of folic acid and tris(hydroxymethyl) 
aminomethane at a mild temperature (220  °C). Cell viability 
experiments indicate that this water-soluble GQDs exhibited 
good cancer targeting ability through the folate receptor 
binding without showing any cytotoxicity. Further characteri-
zations evidence that the FR-GQDs are extremely photostable 
(90.81 mWcm−2 for 360 min) and thermally stable (0–95 °C). In 
combination with these excellent properties the FR-GQDs pre-
pared in this study are highly promising for targeting cancer 

diagnosis and therapy. Furthermore, the research also finds 
that even though pterin moiety of folic acid is destroyed, the 
FR targeting ability is retained, while a much better QY and 
stability properties are demonstrated. The mechanism behind 
this interesting phenomenon opens an opportunity for perfor-
mance improvement of pterin derivatives in future research 
and applications.

5. Experimental Section
Synthesis of FR-GQDs: Folic acid (294  mg, 97%, Shanghai, China) 

and tris(hydroxymethyl) aminomethane (40 mg, Shanghai, China) were 
dissolved in 15 mL of deionized water. The mixture solution was treated 
with 5 min ultrasound process. The pH of obtained suspension was 
adjusted to neutral using sodium hydroxide (Shanghai, China) solution 
(0.1 mmol mL−1). Then 15  mL of the transparent yellow solution was 
transferred into polytetrafluoroethylene autoclaves. After heating at 
220 °C for 6 h, dark brown solution was obtained. By centrifuging at 
6000 rpm min−1 for 16 min and filtrating through 22 µm ultrafiltration 
membrane, the sediments were removed. Then the clear brownish 
black solution was dialyzed against the deionized water for 6 h and 
freeze-dried under vacuum condition. For biological application, these 
productions were further dissolved in PBS solution (pH = 7).

Measurements: Morphology structure was characterized using 
transmission electron microscope (JEOL, JEM-2100F, Japan) and 
Raman spectroscopy (Jobin Yvon Lab RAM HR 800 UV micro-Raman 
spectrometer, France). Particle components were analyzed by XPS (AXIS 
ULTRA DLD, Kratos, Japan). Optical vibration spectra were characterized 
by fluorescence spectroscopy (F-2700 Hitachi, Japan), UV–vis absorption 
spectroscopy (Avaspec-2048-2-USB2, Avantes, Netherlands), and Fourier 
transform infrared spectrometer (Nicolet 6700, Thermo Scientific, USA). 
Chemical groups were analyzed using 600  MHz nuclear magnetic 
(Avance III 600  MHz, Germany) and FTIR (Nicolet 6700, Thermo 
Scientific, USA). Cells were imaged in the fluorescence microscope 
(Carl Zeiss, Axio Vert.A1, Germany) and confocal microscopy (Leica 
SP8, Germany). Cytotoxicity assay and fluorescent quantitative analyses 
were conducted by automatic microplate reader (Infinite 200PRO, Tecan, 
Switzerland).

Measurement of QYs: The QYs of the produced FR-GQDs were 
measured by using quinine sulfate (dissolved in 0.1 m H2SO4, 
QYs = 54%) as a reference. The QYs of the obtained FR-GQDs were 
calculated according to the formula

Grad
Gradsm st

sm

st

sm
2

st
2

η
η

Φ = Φ 









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� (1)

where Φ indicates the QYs, Grad indicates the gradient of the linear 
plot from integrated fluorescence intensity versus absorbance, and η 
represents the refractive index (both 1.33) of the measuring solvent. 
Subscript “st” and subscript “sm” are the abbreviations of standard 
(quinine sulfate) and samples of FR-GQDs, respectively. UV–vis 
absorbance of quinine sulfate and FR-GQDs were estimated at 330 nm, 
kept below 0.1 in a 10 mm cuvette. The integrated intensity of FL spectra 
was calculated under the area of FL curve ranging from 340 to 700 nm 
excited under wavelength of 330 nm.

Cell Experiments: Cancer Cell Imaging: Standard Fluorescence Imaging: 
Cell lines (SKOV3, MDA-MB-231, MCF7, BMSC; ATCC) were triply 
seeded in 12-well cell culture plates cultivated for 24 h. FR-GQDs 
solution at a final concentration of 200 µg mL−1 was added to each 
well at pH = 7 (adjusted by PBS). Then the cells were incubated for 
another 4 h and subsequently washed with PBS for three times to 
eliminate the unabsorbed FR-GQDs completely. After fixing with 
formaldehyde solution and washed carefully, the cells were placed under 
fluorescence microscope exciting at the wavelength ranging from 330 to 
400 nm (centered at 360 nm) for fluorescence image observation.
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Confocal Fluorescence Imaging: Cells of SKOV3 were triply seeded in a 
confocal cell culture plate cultivated for 24 h. FR-GQDs solution was added 
to each well at pH = 7 (adjusted by PBS). Then the cells were, respectively, 
incubated for 1, 2, 3, 6, and 18 h and subsequently washed with PBS for 
three times to eliminate the unabsorbed FR-GQDs completely. After fixing 
with formaldehyde solution and washed carefully, the cells were placed 
under confocal microscope for fluorescence image observation.

Fluorescence Quantitative Analyses: Cells (5 × 103 well−1) of SKOV3, 
MDA-MB-231, MCF7, and BMSC were triply seeded in UV–transparent 
96-well (Corning3635, American) cell culture plates cultivating for 24 h.  
FR-GQDs samples at final concentration of 100 and 200 µg mL−1  
were added to each well at pH = 7 and subsequently incubated for 
4 h. After washing with PBS for three times, the treated cells were 
excited at 330 nm and the FL intensity at wavelength of 395.5 nm was 
recorded using an automatic microplate reader (Infinite 200PRO, Tecan, 
Switzerland).

Competitive Effect of Free FA on FR-GQDs Cellular Uptake: Folic acid 
was dissolved in NaHCO3 solution (0.3 wt%) at an initial concentration 
of 4 mg mL−1. Cells (1 × 104 well−1) of SKOV3 were triply seeded in 
UV–transparent 96-well (Corning3635, American) cell culture plates 
cultivated for 24 h. Then cells were pretreated with folic acid for 12 h 
at final concentrations ranging from 50 to 1000 µg mL−1. After washing 
with PBS for three times, FR-GQDs samples at final concentration of  
100 µg mL−1 were added to each well and cultivated for 4 h. 
Subsequently, the cell groups were further washed with PBS for three 
times to remove the unabsorbed FR-GQDs in the culture medium. 
Finally, the FL intensity of FR-GQDs inside the cells was recorded using 
the automatic microplate reader.

Cytotoxicity: Cells (5 × 103 well−1) (MCF7, SKOV3, MDA-MB-231, 
Cal-27, NH6, BMSC; ATCC) were triply cultivated in 96-well plates 
cultivating for 24 h. FR-GQDs samples of different final concentrations 
(0, 200, 400, 600, 800, and 1000 µg mL−1) were added to each well and 
subsequently incubated for another 24 h. After washing with PBS, CCK-8 
solution was added into the cell well for 4 h incubation. The absorbance 
was measured at 560  nm. Cell viability was determined by comparing 
the absorbance value with that of control cells which did not take in any 
FR-GQDs except equal necessary culture medium.
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