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A B S T R A C T

Heteroatom doping can endow graphene quantum dots (GQDs) with various new or improved structural, optical
and physicochemical properties. In contrast to the widely reported oxygen, nitrogen or sulfur doping in GQDs,
simple and scalable synthesis of boron-doped GQDs (B-GQDs) with high yield and quantum yields remains
challenge. In this work, B-GQDs are one-step synthesized and serve as the fluorescence probes for the fabrication
of sensors towards Fe3+ ion or phosphate (Pi) as well as biosensor towards cytochrome C (Cyt C). The B-GQDs
are facile synthesized using one-step bottom-up molecular fusion between 1,3,6-trinitropyrene and borax in
sodium hydroxide under hydrothermal process. The synthesis can be performed using large volume autoclave
(500ml) with a high yield of 71%, indicating possibility for gram-scale production of B-GQDs. The as-prepared
B-GQDs exhibit single or bilayer graphene structure, high crystallinity, uniform size, bright (absolute photo-
luminescence quantum yield of 16.8%) and excitation-independent green fluorescence (maximum excitation
wavelength and emission wavelength of 480 nm and 520 nm, respectively). Successful doping of B atoms in the
lattice of GQDs enables high selectivity towards Fe3+. Based on quenching of fluorescence of B-GQDs by Fe3+

(turn-off model), detection of Fe3+ (with limit of detection-LOD of 31.2 nM) and Fe3+-rich Cyt C (with LOD of
5.9 μg/ml) are demonstrated. As Pi can recover Fe3+-quenched fluorescence of B-GQDs (turn-off-on model),
indirect fluorescent detection of Pi is also achieved with LOD of 340 nM. In addition, detection of Fe3+, Cyt C
and Pi in real samples is achieved.

1. Introduction

Fast, convenient, sensitive and cost-effective detection of physical
and environmental small-molecules and macromolecules is crucial in
biological, clinic, environmental and industrial fields [1–4]. For in-
stance, Fe3+ ion, one of the most essential metals in biological system,
plays indispensable roles in physiological and pathological processes
because it serves as a fundamental structure of hemoglobin, myoglobin,
haemenzymes and co-cofactor of in enzyme [2,5–8]. However, ex-
ceeding concentration of Fe3+ is associated with severe disorders in
hepatitis, hemochromatosis, neurodegenerative diseases and organ
dysfunction. Phosphate (Pi) is also concerns with physiological pro-
cesses including phosphorylation, maintenance of phosphate home-
ostasis, and nutrition balance [9–12]. In addition, Pi is also a con-
venient tracer to control organic pollution in bodies of water. On the
other hand, macromolecules especially proteins are important as
functional components in organism. For example, Cytochrome C (Cyt C)
usually attached to the inner membrane of mitochondria as a redox
heme-protein. As it plays an important role in the oxidative

phosphorylation process, level of Cyt C is applied as an indicator of the
apoptotic process in the cell [13–16]. Comparing to traditional methods
for detecting Fe3+, Cyt C or Pi such as atomic absorption spectroscopy
(AAS) [17,18], surface enhanced Raman scattering (SERS) [19,20],
mass spectrometry [21], fluorescence sensing offers advantages of
simple and rapid operation, possibility for rapid and real-time mon-
itoring, and high sensitivity. In compared with optical sensors based on
mesoporous materials modified by organic probes [22,23], mesoscopic
membrane sensors [24], thick-film or other nanomaterial-based bio-
sensors [25,26], fluorescence sensors using non-toxic fluorescent probe
with facial synthesis, high brightness and good selectivity is simple and
convenient [27–29].

Graphene quantum dots (GQDs) are new emerging members of the
luminescent carbon family [30–33]. As discovered as a class of zero-
dimensional (0D) graphene with one or few layers and tiny lateral size
(< 10 nm), GQDs have recently received tremendous interest due to
their outstanding properties including remarkable quantum confine-
ment and edge effects, excellent water dispersibility, biocompatibility
and high photostability [34–36]. Doping GQDs with heteroatoms
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(oxygen, boron, nitrogen, sulfur, etc.) have been proven to be effective
strategy to modulate their intrinsic electronic, luminescence and re-
active properties [37,38]. In contrast to O, N and S, boron (B) atom is
relatively difficult to be doped into the framework of GQDs. Though it
exhibits comparable atom size to carbon (C) as adjacent neighbor in the
periodic table of elements, B possesses quite different electronegativity
(2.04 for B vs 2.55 for C) [39]. Until now, the established strategies for
the synthesis of B-GQDs (B-GQDs) include carbonization of glucose in
boric acid [40], hydrothermal cutting B-doped graphene via strong
oxidizing acid [41], electrochemical cutting of boracic graphite [42] or
graphite rod (in borax solution) through electrolysis [43–46], high-
temperature microwave digestion of GO in Na2B4O7 solution [47] or
microwave treatment of B-doped graphene rods in organic medium
[48]. As doping of B atoms into GQDs represents hole doping, it would
effectively tune the electronic nature and result in distinctive char-
acteristics. Simple, efficient and scalable synthesis of B-GQDs with high
yield and bright fluorescence is highly desirable.

In this work, simple and efficient bottom-up synthesis of B-doped
GQDs (B-GQDs) was present for the fabrication of sensors (towards
Fe3+ ion or phosphate-Pi) and biosensor (towards Cytochrome C-Cyt
C). As illustrated in Fig. 1, B-GQDs was synthesized through one-step
bottom-up molecular fusion between 1,3,6-trinitropyrene and borax in
sodium hydroxide under hydrothermal condition. The synthesis could
be performed in large autoclave with 500ml volume and B-GQDs were
obtained in large quantity (0.142 g/per autoclave) with high yield
(71%). As B-GQDs exhibit uniform size, bright, excitation-independent
fluorescence and Fe3+-quenched emission, sensitive and turn-off de-
tection of Fe3+ ion or Fe3+-rich cytochrome C as well as turn-off-on
detection of phosphate are demonstrated (Fig. 1).

2. Experimental section

2.1. Materials and reagents

Pyrene, NaOH, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), borax, Cytochrome C (Cyt C), sodium phosphate tribasic do-
decahydrate were obtained from Aladdin Chemistry Co. Ltd. (China).
Aqueous solutions of K+, Na+, Ca2+, Mg2+, Zn2+, Ni2+, Co2+, Cr3+

were prepared from their chloride salts (Aladdin Chemistry Co. Ltd.,
China). Aqueous solutions of Ag+, Cd2+ and Pb2+ were prepared from
their nitrate salts (Shanghai Zhanyun Chemistry Co. Ltd., China). Al3+,
Cu2+ was prepared from sulfate salts (Wuxi Zhangwang Chemical re-
agent, China). Standard Fe3+ and Hg2+ solutions were obtained from

National standard materials center (China). All chemicals were of
analytical grade and used as received. All aqueous solutions were pre-
pared with ultrapure water (18.2MΩ cm, Milli-Q, Millipore).

2.2. One-step synthesis of B-GQDs and characterization

B-GQDs were synthesized through one-step bottom-up molecular
fusion between 1,3,6-trinitropyrene (carbon source) and borax (dopant)
in sodium hydroxide (alkaline medium) under hydrothermal condition
(Fig. 1). Briefly, 1,3,6-Trinitropyrene (2mg/ml) and borax (0.131M)
were dispersed in NaOH solution (0.125M, 100ml) with ultrasonic
treatment for 0.5 h before transferred to the hydrothermal autoclave
(500ml) for hydrothermal reaction. To optimize the preparation con-
ditions, different reaction temperatures (120 °C, 140 °C, 160 °C, 180 °C,
200 °C), reaction time (2 h, 4 h, 6 h, 8 h, 10 h), the concentration of
NaOH (0.05M, 0.125M, 0.25M, 0.375M, 0.5M) or borax (0.026M,
0.052M, 0.078M, 0.104M, 0.131M, 0.156M) were investigated. The
resulting brown solution was dialyzed using dialysis bags with cut-off
molecular weight (Mw) of 500 Da and 3500 Da to remove un-reacted
small molecules and oversized particles, respectively. The saffron-
yellow solution of B-GQDs obtained after dialysis was freeze-dried.

For characterization, fluorescence spectrum of B-GQDs was re-
corded on an RF-5301PC spectrofluorometer (Shimadzu Corporation,
Japan). Fluorescent characteristics of B-GQDs at different pH was in-
vestigated (0.1M acetic acid-sodium acetate buffer for pH 3–5, 0.1M
HEPES buffer for pH 6–8, 0.1M sodium carbonate-sodium bicarbonate
buffer for pH 9–11). To study the size and crystallinity of B-GQDs,
transmission electron microscopy (TEM) was conducted with operating
voltage of 200 kV on a JEM-2100 transmission electron microscope
(JEOL Ltd, Japan). Atomic force microscopic (AFM) images were
measured to evaluate the thickness of B-GQDs using tapping mode on
Bruker Multimode 8 (Bruker. Inc, USA). The B-GQDs sample was de-
posited onto freshly-exfoliated mica. To investigate the chemical
structure of B-GQDs, elemental analysis of the B-GQDs was performed
by X-ray photoelectron spectroscopy (XPS) on a PHI5300 electron
spectrometer using 250W, 14 kV, Mg Ka radiation (PE Ltd, USA).
Dynamic light scattering was measured using ZETASIZER Nano-ZS90
(Malvern, UK) to study the aggregation-induced change of particle size.

2.3. Effect of cations, anions and biological molecules on the fluorescence of
B-GQDs

B-GQDs solution was diluted with HEPES buffer (0.1M, pH=6).

Fig. 1. The illustration of the one-step preparation of B-GQDs for the fabrication of sensors (towards Fe3+ ion and phosphate-Pi) and biosensor (towards Cytochrome
C-Cyt C).
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Solutions of cations (K+, Na+, Ca2+, Mg2+, Zn2+, Fe3+, Al3+, Ni2+,
Cu2+, Co2+, Cr3+, Pb2+, Cd2+, Ag+, Hg2+, respectively) or anions (Cl-

, NO3-, HCO3-, SCN-, CH3COO--AC-, I-, NO2-, S2O32-, S2O82-, SO42-, PO43-,
respectively) or biological molecules (Concanavalin A-Con A, bovine
albumin-BSA, trypsin, lysozyme-LZM, Cyt C, respectively) were also
diluted using the same buffer. After one of cations or anions or biolo-
gical molecules (500 µM) was added into B-GQDs solution (0.92mg/
ml) and incubated for 10min, the fluorescence of B-GQDs was observed
under UV light (365 nm). The fluorescence intensity of B-GQDs before
(F0) and after (F) addition of metal ions was measured. The fluores-
cence intensity ratio (F/F0) was used to evaluate the selectivity.

2.4. Detection of Fe3+ or Cyt C using turn-off mode

Detection of Fe3+ was proceed in HEPES buffer solution (0.1M, pH
= 6.0). Different concentration of Fe3+ (50 nM-420 μM) was added in
B-GQDs aqueous (0.23mg/ml) solution and the resulting solution was
incubated for 3min at room temperature. The fluorescence (FL) in-
tensity of B-GQDs solution in absence and presence of Fe3+ was re-
corded with the excitation wavelength fixed at 480 nm. The relative
fluorescence ratio (F/F0) or fluorescence quenching ratio-(F0-F)/F0
were used to evaluate the Fe3+-induced quenching, where F0 and F
represent the FL intensity of the B-GQDs in absence and presence of
Fe3+, respectively. For the detection of Fe3+ in serum (provided by the
second affiliated hospital of medicine, Zhejiang Univ., China), protein-
bound Fe3+ was firstly released by mixing serum (4ml) with diluted
nitric acid (high-purity, 0.8M, 4ml) and stirring for 2min [37]. After
pH was adjusted to 7.0 using NaOH (4M), the obtained sample was
diluted by a factor of 75 using HEPES buffer solution before fluorescent
detection. All detections were conducted three times in parallel. Flame
atomic absorption spectroscopy (FAAS, PinAAcle 900 T, PE Ltd, USA)
were used as the current golden standard to measure the concentration
of Fe3+ ion in serum [37].

For the detection of Cyt C, similar procedure was adopted with the
change of the concentration range (10 μg/ml to 2000 μg/ml) and in-
cubation time (5min). The relative fluorescence ratio and fluorescence
quenching ratio were also calculated using FL intensity of the B-GQDs
in absence (F0) and presence of Cyt C (F1). For detection of Cyt C in real
sample, serum was directly diluted by a factor of 150 using HEPES
buffer solution (pH 6.0). The detection reliability was evaluated using
standard addition method. A defined amount of Cyt C was added and
the obtained samples with artificial concentrations were determined.

2.5. Detection of Pi using turn-off-on mode

Indirect detection (turn-off-on model) of phosphate was achieved by
releasing Fe3+-GQDs aggregates using sodium phosphate tribasic.
Firstly, B-GQDs (0.23mg/ml) were mixed with 420 μM Fe3+ to quench
the fluorescence. After different concentrations of Pi (3 μM to 40 μM)
were added, the recovered FL intensity of the mixed solution was re-
corded. The relative fluorescence recovery ratio (F2-F)/F2 was used to
evaluate the FL recovery, where F and F2 represent the FL intensity of
the B-GQD-Fe3+ in absence of Pi (F) and in presence of Pi (F2), re-
spectively. The possible interference caused by common anions (Cl-,
HCO3-, NO3-, SCN-, AC-, I-, NO2-, S2O32-, S2O82-, SO42-, respectively) or
amino acids (leucine-Leu, threonine-Thr, alanine-Ala, glutamic-Glu,
glycine-Gly, tryptophan-Trp, tyrosine-Tyr, respectively) were in-
vestigated by adding one of those substrates (60 μM) into B-GQDs-Fe3+

system. Then, the recovered FL intensity of the mixed solution was
recorded. The environmental sample was obtained from the lake in
Zhejiang Sci-Tech University (Xiasha, Hangzhou, China). After filtered
using a 0.22 µm membrane to remove large solids and main impurities,
the river water was diluted by 12 times using HEPES buffer solution
(0.1M, pH 6.0).

3. Results and discussion

3.1. One-step synthesis and characterization of B-GQDs

In present work, B-GQDs were synthesized through one-step
bottom-up molecular fusion between 1,3,6-trinitropyrene and borax in
sodium hydroxide under hydrothermal condition (Fig. 1). As 1,3,6-tri-
nitropyrene possesses parent nucleus structure of graphene, it acts as an
ideal precursor for the construction of high-quantity GQDs through
molecular fusion. In addition, nitro groups will leave in the alkaline
medium during the hydrothermal process and provide potential for the
introduction of functional groups or heteroatom. To obtain B-GQDs
with the highest FL properties, the preparation condition including the
reaction time and temperature of the hydrothermal process, as well as
the concentration of dopant and alkaline medium were optimized (Fig.
S1 in SI). As displayed in Fig. S1A and S1B, the reaction time and
temperature affect the FL signal of the obtained material. The increase
of reaction time (from 2 to 6 h) in the first stage results in an obvious
increase of FL signal due to the accumulation of molecular fusion re-
action. On the other hand, the excessive reaction time (8–10 h) weakens
the FL intensity, that might be ascribed to the formation of large par-
ticles due to possible carbonization. Thus, 6 h was chosen for further
investigation. High temperature results in high FL intensity, indicating
the effectiveness of forming GQDs by molecular fusion at high tem-
peratures. Considering the safe temperature of the most conventional
autoclave, 200 °C was chosen as the optimal reaction temperature (Fig.
S1B in SI). As illustrated in Fig. S2C and D, optimal concentration of
NaOH and borax were set at 0.125M and 0.131M when plateau of FL
intensity appeared (Fig. S1C, D in SI). A large quantity of B-GQDs
(0.142 g/per autoclave) with high yield of 71% was obtained.

Fig. 2A illustrates the transmission electron microscopic (TEM)
images of B-GQDs. Well-distributed B-GQDs with average diameter of
2.0 nm are observed. High-resolution TEM (HRTEM) image (inset of
Fig. 2A) reveals the good crystallinity of the B-GQDs with a lattice
parameter of 0.24 nm, that is related to the (100) lattice of graphene
[35]. As uncovered by atomic force microscopy (AFM) image, B-GQDs
exhibit a thickness of 0.9–1.1 nm (Fig. 2B). That indicates single or
bilayer of graphene. The composition of the as-prepared B-GQDs was
further investigated by X-ray photoelectron spectroscopy (XPS). As
shown in Fig. 2C, the XPS survey spectrum of B-GQDs confirms the
presence of C, O and B with an atomic concentration of 64.5%, 31.3%
and 4.2%, respectively. In the high resolution spectrum of C1s, the
binding energy peak at 284.6 eV displays the sp2 structure of C=C of
graphene. The peaks at 283.9 eV, 284.6 eV, 287.5 eV could be respec-
tively assigned to C-B, C=C and C-O (Fig. 2D) [35,49,50]. The high-
resolution O1s spectrum (Fig. 2E) revealed the presence of –OH
(531.4 eV) [35], B-O groups (532.4 eV) [51], indicating rich oxygen-
containing groups on B-GQDs. The B 1s spectrum of B-GQDs shows
three peaks around at 189.8, 190.6 and 191.3 eV which can be ascribed
to the C-B, BC2O, and BCO2 bands (Fig. 2F) [45], indicating successful
doping of B atoms in the skeleton of graphene quantum dots. The XRD
pattern of the B-GQDs shows a diffraction peak (2θ) at ~25.8° (Fig. S2),
corresponding to the (002) plane of graphite.

Due to the strong quantum effect and edge effect, B-GQDs exhibit
strong fluorescence (Fig. 3A). As shown, B-GQDs aqueous solution
displayed the pale-yellow under visible light and emitted green fluor-
escence under UV light (inset of Fig. 3A). When the excitation wave-
length increased from 400 nm to 485 nm, the FL emission intensity of B-
GQDs increased with unchanged emission center, indicating excitation-
independent emission due to uniform size and structure. The maximum
excitation wavelength and emission wavelength were 480 nm and
520 nm, respectively. Three B-GQDs samples prepared independently
exhibit the same fluorescent spectrum with a relative standard devia-
tion (RSD) of 3.2% in fluorescent intensity (at the maximum emission of
520 nm). The absolute photoluminescence quantum yield (QY) of B-
GQDs was 16.8%. In compared with that of OH-GQDs (23.2%) that
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were synthesized without addition of B dopant, the decrease of QY
might be due to the doping of B because B atom possesses lower elec-
tronegativity and exhibits electron-withdrawing characteristic. The ef-
fect of pH (from 3 to 11) on FL intensity of B-GQDs was investigated
(Fig. 3B). As revealed, B-GQDs had bright fluorescence under alkaline
conditions, whereas, the FL intensity at acidic medium (pH<6) is low,
suggesting the change of electronic state at low pH due to the ionization
of oxygen-containing groups. The lifetime of B-GQDs (Fig. 3C) is 4.2 ns.
As seen from Fig. S3, the FL intensity of B-GQDs remains 90% after
continuous irradiation under UV lamp for 3 h, indicating good anti-
photobleaching property.

The expanding of synthesis scale of GQDs now remains challenge
because the increased heterogeneity in structure and size. Thus, small
autoclave (50ml or 100ml) is commonly applied and thus small
amount of GQDs is obtained. Combination the high yield (0.142 g/
batch synthesis) and excellent characteristics (single or bilayer gra-
phene structure, high crystallinity, uniform size, bright and excitation-
independent fluorescence) of B-GQDs, the developed method for the
synthesis of B-GQDs exhibits potential for gram-scale production.

Fig. 2. (A) TEM image of B-GQDs. The inset is the high-resolution TEM (HRTEM) image with resolved crystalline lattice of B-GQDs. (B) AFM image of B-GQDs. Inset
is the corresponding height profiles along the indicated line. (C) Full-scan XPS spectrum and high-resolution (D) C 1s, (E) O 1s and (F) B 1s spectra of B-GQDs.
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3.2. Fluorescence quenching due to the interaction between B-GQDs and
Fe3+

The potential of B-GQDs for the detection of ions is investigated. In
comparison with other environmentally or physiologically related ca-
tions (including K+, Na+, Ca2+, Mg2+, Zn2+, Fe3+, Al3+, Ni2+, Cu2+,
Co2+, Cr3+, Pb2+, Cd2+, Ag+, Hg2+, Fig. 3D) and anions (including Cl-,
NO3-, HCO3-, SCN-, AC-, I-, NO2-, S2O32-, S2O82-, SO42-, Pi, Fig. S4 in SI),
the fluorescence of B-GQDs could only be obviously quenched by Fe3+,
indicating the potential for detection of Fe3+ ion. The lifetime of B-GQDs
in presence of Fe3+ is determined to investigate the quenching me-
chanism. A life time of 4.2 ns is observed (Fig. 3E), suggesting no transfer
of electron occurs during the quenching. However, the aggregation of B-

GQDs in presence of Fe3+ was revealed by particle size measurement
using dynamic light scattering (Fig. 3F) and TEM characterizations (Fig.
S5 in SI). As GQDs have ultrasmall nanodiamater, they are quite sensitive
to that aggregation and demonstrate fluorescent quenching. It is sup-
posed that Fe3+ can coordinate with abound oxygen groups (hydroxyl or
B-O) on the surface of B-GQDs to bridge neighboring GQDs together and
results in large aggregates, as illustrated in Fig. 1. The non-doping GQDs
was also synthesized using the same procedure except the addition of
dopant. The selectivity of those non-doping GQDs is also given for
comparison. As shown in Fig. S6 (SI), Fe3+-quenched fluorescence is also
observed. However, remarkable quenching is observed for both Al3+ and
Hg2+. Obviously, heteroatom doping changes electronic and structural
properties of GQDs and results in selectivity.

Fig. 3. (A) FL excitation (EX, at emission wavelength of 520 nm) and emission (EM, excitation wavelength increased from 400 to 485 nm with 10 nm increase
between adjacent spectra and excitation wavelength of 485 nm of the top spectrum) spectra of the B-GQDs (0.23mg/ml). Inset represents the photographs of B-GQDs
(0.92mg/ml) under visible (left) and UV (right, 365 nm) lights. (B) The effect of pH on the FL intensity of B-GQDs (0.23mg/ml). Inset represents the photographs of
B-GQDs (0.92mg/ml) at different pH (indicated in the photographs) under UV light (365 nm). (C) FL lifetime spectrum of B-GQDs (0.92mg/ml). (D) Photographs of
B-GQDs solution (0.92mg/ml) in presence of different metal ions (500 µM) under 365 nm UV light. (E) FL lifetime spectrum of B-GQDs (0.92mg/ml) in presence of
Fe3+ (420 µM). (F) The size distribution of the B-GQDs (0.92mg/ml) in the presence of Fe3+ (250 μM).

S. Ge, et al. Talanta 199 (2019) 581–589

585



3.3. Detection of Fe3+ using B-GQDs as fluorescent probe

As B-GQDs exhibit specific recognition for Fe3+, they are applied as
fluorescent probe for sensing of Fe3+. To achieve the highest sensi-
tivity, the detection conditions including pH and incubation time were
optimized. As Fe3+ was easily hydrolyzed to form hydroxides under
alkaline conditions, we only investigated the interaction between B-
GQDs and Fe3+ in acidic or neutral conditions by calculating the re-
lative fluorescence quenching ratio. As shown in Fig. 4A, the highest
fluorescence quenching exist at pH =6. At the same time, fast kinetics
was observed because the plateau of fluorescence quenching appeared
within 3min (Fig. 4B). Under those optimal detection conditions,
fluorescent spectra of B-GQDs towards different concentration of Fe3+

are shown in Fig. 4C. Linear detection of Fe3+ ranged from 50 nM to
220 μM (y= 0.00315 C+ 0.01801, R2 = 0.9984) and 220 μM to
420 μM (y= 0.000878 C + 0.49513, R2 =0.9973) was observed. The
detection limit was calculated to be 31.2 nM at a signal-to-noise ratio of
3(Fig. 4D). The LOD is lower than those obtained using GQDs [52,53]
(N-GQDs) [54,55] and GQDs/polystyrenic anion-exchange resin [56],
amino acid- GQDs [57], and glutathione-doped GQDs [58].

B-GQDs were further applied as a fluorescent probe to detect the
content of Fe3+ in serum. The obtained result (18.10 ± 0.39 μM,
n=3) is in accordance with those obtained (18.54 ± 0.43 μM, n= 3)
using flame atomic absorption spectroscopy (FAAS). As FAAS requires
bulky instrument and high operation skills, our B-doped GQDs is
simple, fast and convenient.

3.4. Fluorescent detection of Cyt C with B-GQDs being fluorescent probe

Though GQDs can offer significant advantages for biosensing due to
good biocompatibility, excellent dispersity in aqueous solution and
stability against photobleaching, GQDs-based biosensors without com-
plex modification GQDs through specific ligands is less reported. We
found that the fluorescence of B-GQDs can be strongly quenched by
cytochrome C (Cyt C), indicating specific interaction between B-GQDs
and Cyt C. On the contrary, the commonly biological macromolecules
including concanavalin A (Con A), bovine serum albumin (BSA),
trypsin, and lysozyme (LZM) do not quench the fluorescence of B-GQDs
(Fig. S7 in SI), illustrating the selectivity of B-GQDs towards Cyt C. The
highest quenching ratio caused by Cyt C (Fig. 5A) appears at pH 6.0
with fast kinetic of 5min. The possible mechanism for the quenching
was investigated. The lifetime of B-GQDs in presence Cyt C is revealed
to be 4.2 ns (Fig. 5B), that agrees well with the lifetime of B-GQDs,
indicating no charge transfer and exciton recombination process of B-
GQDs in the presence of Cyt C. Fig. 5C displayed the ultraviolet (UV)
absorption spectrum of Cyt C. As shown, characteristic adsorption peak
at ~520 nm is observed that is similar with the emission peak of B-
GQDs. Thus, the emitted light by fluorescent emission of B-GQDs can be
adsorbed by Cyt C, that could result in the fluorescent quenching. In
addition, the aggregation of B-GQDs in presence of Cyt C is further
proven by DLS (Fig. 5D). The aggregates also contribute to the fluor-
escent quenching of B-GQDs. Even when trypsin, a hydrolase that can
effectively degrade Cyt C, was added in the mixture of B-GQDs and Cyt
C, no FL recovery is observed. Thus, we hypothesis that B-GQDs interact
with Cyt C through Fe3+ as Cyt C is a Fe3+-rich protein. Hence the

Fig. 4. (A) The effect of pH on FL quenching ration of B-GQDs (0.23mg/ml) in presence of Fe3+ (250 μM). (B) Time-dependent FL response of B-GQDs (0.23mg/ml)
upon the addition of Fe3+. (C) FL spectra of B-GQDs (0.23mg/ml) upon addition of different concentration of Fe3+ in buffered at pH=6 (HEPES). Inset represents
the photographs of B-GQDs (0.92mg/ml) interacted with different concentrations (indicated in the photographs) of Fe3+ under UV light (365 nm). (D) Linear dose
response curve for the detection of Fe3+.
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fluorescent detection of Cyt C using B-GQDs as fluorescent probe is
demonstrated in Fig. 5E. The fluorescence quenching ratio (F0-F)/F0
linearly changed with the concentration of Cyt C ranged from
10–300 μg/ml (y=0.00168 C+ 0.02687, R2 =0.9986) and
300–2000 μg/ml (y= 0.0001806 C+ 0.4654, R2 =0.9987). The de-
tection limit was calculated to be 5.9 μg/ml at a signal-to-noise ratio of
3 (Fig. 5F). Diluted serum samples with artificially spiking in a defined
amount of Cyt C were examined by B-GQDs based fluorescent sensor. As
shown in Table S1, the recovery (agreement between measurements
and the pre-set concentrations) of our sensor is satisfactory (between
95.4% and 97.2%) with low relative standard deviation (RSD, between
1.1% and 2.2%).

3.5. Fluorescent detection of Pi using turn-off-on model

As phosphate is well-known reagent that can coordinate with Fe3+,
we next demonstrate that B-GQDs-Fe3+ complex can be employed to
establish a turn-on FL sensing of Pi. As revealed in Fig. 1, the initial
fluorescence of B-GQDs could de quenched by formation aggregates in
presence of Fe3+. When Pi is added in the mixture of B-GQDs and Fe3+

ion, fluorescent recovery is observed, indicating the dissociation of B-
GQDs from the aggregates and re-dispersion as free phosphor. As de-
monstrated in Fig. 6A, the fluorescence recovery ratio is linearly in-
creased with the concentration of Pi from 3 to 40 μM
(y=0.01503 C+0.0402, R2 =0.9988). The detection limit was calcu-
lated to be 340 nM (s/n=3). The selectivity for Pi-induced FL recovery

Fig. 5. (A) The FL quenching ratio of B-GQDs (0.23mg/ml) at different pH values in presence of Cyt C (700 μg/ml). (B) FL lifetime spectrum of B-GQDs (0.92mg/ml)
in presence of Cyt C (2mg/ml). (C) The ultraviolet (UV) absorption spectrum of Cyt C (1mg/ml). (D) The size distribution of the B-GQDs (0.92mg/ml) in the
presence of Cyt C (2mg/ml). (E) FL spectra of B-GQDs (0.23mg/ml) upon addition of different concentration of Cyt C in buffered at pH=6 (HEPES). Inset represents
the photographs of B-GQDs (0.92mg/ml) interacted with different concentrations (indicated in the photographs) of Cyt C under UV light (365 nm). (F) Linear dose
response curve for the detection of Cyt C.
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was further investigated. The FL recovery by commonly existed anions
or amino acids was given in Fig. 6B. In comparison with Pi that can
strongly recovers the fluorescence of B-GQDs, the tested ions or amino
only exhibit slight effect on FL recovery, indicating good selectivity by
phosphote. In addition, those anions or amino acids (Fig. S8A in SI) or
their binary mixture (Fig. S8B in SI) do not interfere the recovered
fluorescence of B-GQDs by Pi. Lake waters with artificially spiking in a
defined amount of Pi were also detected using B-GQDs based fluor-
escent sensor. As shown in Table S2, the recovery is satisfactory (be-
tween 97.0% and 101.2%) with low RSD (between 1.8% and 3.4%).

4. Conclusion

Boron doped graphene quantum dots (B-GQDs) were simply syn-
thesized using a facile one-step hydrothermal process. B-GQDs exhibit
single or bilayer graphene structure, high crystallinity, uniform size,
bright and excitation-independent fluorescence. Taking the advantages
of high yield and excellent characteristics, the developed strategy for
the synthesis of B-GQDs exhibits potential for gram-scale production.
Successful doping of B atoms enables high selectivity towards Fe3+ ion.
Based on the direct fluorescence quenching (turn-off model), B-GQDs
are employed to sensitive detect Fe3+ or Fe3+-containing protein. In
addition, indirect detection of phosphate is achieved as it can recover
the fluorescence of B-GQDs quenched by Fe3+. Finally, we demonstrate
that this B-GQD sensors can be used for complex samples, suggesting its
potential for practical use.
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