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Abstract The fluorescent and quantum yield (QY) of graphene quantum dots has been improved

in recent years by doped atoms, which have good application prospects in fluorescence sensors and

biological imaging. Here, a one-step hydrothermal synthesis method was used to synthesize man-

ganese ions bonded with boron and nitrogen-doped graphene quantum dots (Mn-BN-GQDs).

Compared with the boron and nitrogen co-doping graphene quantum dots (BN-GQDs), the fluo-

rescence properties and quantum yield of Mn-BN-GQDs are significantly improved. Meanwhile,

Mn-BN-GQDs exhibit low toxicity and good fluorescence imaging in living cells and has high selec-

tivity to Fe3+ ions. Therefore, this experiment design Mn-BN-GQDs as a fluorescence sensor to

detect Fe3+ ions, providing strong evidence for the advanced high sensitivity, selectivity and wide

detection range of the Mn-BN-GQDs as a fluorescence sensor. These results indicate a dual linear

relationship with good linear relationships in the 10–100 lM and 100–800 lM ranges, and limit of

detection are 0.78 lM and 9.08 lM, respectively. Cellular imaging results demonstrate that
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Mn-BN-GQDs can be used as fluorescence sensors in biological imaging. Mn-BN-GQDs can be

used for fluorescence sensing in biological imaging in combination with low toxicity, QY and quan-

tum dot lifetime.

� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Fe (III) ions is one of the indispensable trace elements in our
living organisms. They are found primarily in the hemoglobin
of human blood, responsible for the transport of oxygen and
the removal of carbon dioxide (Shi et al., 2016, Xuan et al.,

2017). However, either iron deficiency or iron overload causes
disease, such as anemia, liver damage, diabetes, Parkinson’s
disease, etc. (Han et al., 2016, Li et al., 2018a, 2018b). Fe

ion concentration in blood was detected and monitored by
numerous feasible methods, including voltammetry, induc-
tively coupled plasma mass spectrometry (ICP-MS), graphene

oxide probe, gold nanoparticle probe, etc. (Zhu et al., 2017,
Pincher et al., 2019, Wang et al., 2020). Nevertheless, such
methods are severely limited in their practical applications
because of their complex synthesis steps, complex structure,

and toxicity. Fluorescence techniques, with their unique
high-sensitivity features, ease of operation, convenience of
monitoring and fast response, provide a better choice for

detecting Fe3+ (Han et al., 2016, Masthoff et al., 2019).
Graphene quantum dots (GQDs), a type of promising

carbon-based luminescent material, have become increasingly

widely used in fluorescence sensors. The zero-dimensional
nanometer material has good chemical inertness, biocompati-
bility, stable photoluminescence properties, low cytotoxicity

and good water solution dispersion (Jia et al., 2020,
Kaewprom et al., 2020, Xu et al., 2020, Zhang et al., 2021).
So, GQDs are widely used in biological imaging, photocataly-
sis, ion detection, electrochemical sensing and other aspects,

and as a fluorescence sensor to detect various substances
(Yang et al., 2014, Li et al., 2018a, 2018b, Kadian and
Manik 2020, Xu et al., 2020, Chen et al., 2021, Wang and

Lu 2022). However, the low quantum yield and nonspecificity
of GQDs limit the mass production and application of GQDs
as fluorescence sensors. Previous work has demonstrated that

doping nonmetallic atoms in GQDs can effectively modify
specific binding, chemical activity, electronic structure and
quantum yield, thereby leading to better photoluminescence

properties of GQDs (Yang et al., 2017, Ru et al., 2020, Ai
et al., 2021, Li et al., 2021a, 2021b). Apart from doping with
non-metallic elements, doping of metallic elements has also
been a concern (Hasan et al., 2020, Nair et al., 2020, Trung

Viet et al., 2021).
Due to the relatively large surface volume of quantum dots,

surface defects have a great influence on the optoelectronic

properties of quantum dots. Doping transition metal ions
can improve the photoluminescence quantum yield of quan-
tum dots. Mn as a doping source is considered as a good pro-

totype to study doping effects (Li et al., 2021a, 2021b). Mn can
create impurity energy levels in the gaps between quantum
dots and provide a new route for the recombination of photo-
generated electrons, thereby reducing surface state-mediated

exciton radiative recombination. This can greatly improve
the optical performance and quantum yield of GQDs
(Pradhan and Peng 2007, Deng et al., 2011). Wang et al.

(Wang et al., 2018) prepared four kinds of Mn doped carbon
quantum dots with different wavelengths, and confirmed that
quantum yield was significantly improved after Mn doping.

Ji et al. (Ji et al., 2018) synthesized Mn-CDs, The synthesized
Mn-CDs has a very small size and has been used for magnetic
resonance/optical dual-mode imaging of tiny gliomas.

In this work, we proposed a new method for the synthesis
of Mn-BN-GQDs based fluorescence sensors by a simple and
efficient one-step hydrothermal reaction. With high sensitivity,
high selectivity and wide detection range for Fe3+, the Mn-

BN-GQDs showed excellent accuracy and efficiency in detec-
tion of Fe3+ ions at 0.1–800 lM. The linear relationship is
good in the range of 10–100 lM and 100–800 lM, with a

wide-range detection limit from 0.78 lM to 9.08 lM. The as-
prepared Mn-B and N-GQDs also showed low cytotoxicity
and clear imaging in the cells, which indicated Mn-BN-

GQDs can be used in fluorescence sensors and biological imag-
ing applications.

2. Experimental section

Material: Urea (AR) was purchased from Hu Shi Chemical
Plant (Shanghai, China). Citric acid (AR, �99.5 % MW =

192.12) and Sodium tetraborate (anhydrous, �99 % MW =
201.22) were purchased from China National Medicines
Group (Beijing, China), Metal cationic aqueous solution of
Mn2+, K+, Co2+, Ni+, Fe3+, Ca2+, Al3+, Zn2+, Cu2+,

Cd2+, Eu2+, Tb2+, Fe2+, Li+, Mg2+ were prepared from
MnCl2�4H2O (AR, 99.0%, MW= 197.91), KCl, CoCl2�6H2O,
NiCl2�6H2O, FeCl3�6H2O, CaCl2, Al(NO3)3�9H2O, Zn(NO3)2-

�6H2O, CuCl2�2H2O, CdCl2, EuCl2, TbCl2, FeCl2�4H2O, LiCl,
MgCl2�6H2O respectively. All reagents are analytical grade
without further purification, and all aqueous solutions are pre-

pared from ultrapure water.
Preparation of BN-GQDs and Mn-BN-GQDs: Mn-BN-

GQDs were prepared as follows: citric acid (1 g), urea
(0.12 g), sodium tetraborate (borax) (0.0662 g) and 0.08 mol

(The fluorescence intensity of different concentrations of man-
ganese chloride tetrahydrate is shown in Figure S1) of man-
ganese chloride tetrahydrate were dissolved in distilled water

and treated with ultrasound for 10 min to make the solution
into a clear aqueous solution. The resulting solution was then
transferred to a 25 mL Teflon-lined autoclave and heated at

180 �C for 8 h. Then, the autoclave was naturally cooled to
room temperature, and the resulting pale yellow clarification
solution was centrifuged at 10,000 rpm for 12 min before the

precipitation was removed. Then, the obtained liquid was dia-
lyzed in a dialysis bag for 48 h (molecular weight cut off,
3500 Da), and finally, after freeze-drying treatment, the
brown-yellow solid powder was obtained for subsequent char-

acterization analysis and application. BN-GQDs were synthe-

http://creativecommons.org/licenses/by/4.0/
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sized using the same procedure without the addition of man-
ganese chloride tetrahydrate.

Characterization: Fluorescence spectra, lifetime and quan-

tum yield were recorded on the Edinburgh FLS1000 steady-
state transient fluorescence spectrometer (Edinburgh Inc., Liv-
ingston, UK) with nanosecond pulse lamp as the excitation.

Transmission electron microscopy (TEM) images were carried
out using a JEM-1200EX transmission electron microscope
(JEOL Ltd, Japan). The X-ray diffraction (XRD) of the sam-

ple with the crystal structure was characterized by X-ray
diffractometer (Rigaku, Japan). High-resolution transmission
electron microscopy (HRTEM) was performed using an FEI
Talos F200i microscope (Thermo Fisher Scientific Inc., Wal-

tham, MA, USA) operating at 20 kV. Fourier-transform infra-
red spectroscopy (FTIR, MAGNA-IR5700, Nicolet, Inc., Palo
Alto, CA, USA) from 4,500 cm�1 to 500 cm�1 was used to

analyze functional groups in the samples. X-ray photoelectron
spectroscopy (XPS) was performed by using a VGESCA scien-
tific theta probe spectrometer in constant analyzer energy

mode with a pass energy of 28 eV and AlKa (1486.6 eV) radi-
ation as the excitation source. Ultraviolet and visible absorp-
tion spectra (UV-Vis) were recorded on a UV-3200

spectrometer (Mapada, China), Confocal laser-scanning
microscopy (CLSM Olympus, Model: FV1200).

Fluorescence detection of Fe3+ ions: In a typical experiment,
200 lL of Fe3+ of various concentrations and 200 lL of Mn-

BN-GQDs solutions were mixed, and then the solution was
mixed into 5 mL of distilled water (pH = 7). After being
stored at room temperature for 10 min, the fluorescence spec-

tra were measured at 345 nm.
Cellular toxicity test: The cytotoxicity of Mn-BN-GQDs

was detected by MTT assay. HeLa cells, purchased from

Shanghai Saibaekang Biology. They were divided into Sample

1 and Sample 2 group. The Sample 1 was added 100 lL into

each well complete medium. Add 100 lL into each well Mn-

BN-GQDs diluent (20 lg/mL, 40 lg/mL, 60 lg/mL, 80 lg/
mL, 100 lg/mL, 200 lg/mL) to Sample group 2, respectively.

Three duplicate wells were set for each concentration. HeLa

cells in logarithmic growth phase were taken, counted, cell

concentration was adjusted, and inoculated into 96-well plates

according to 4 � 104 cells in each well, incubated overnight in

5% CO2 and 37 �C constant temperature incubator. According

to the group treatment above, the culture was conducted for

24 h and remove the medium. Next, the wells were washed

three times with PBS, and 100 lL culture medium containing

0.5 mg/mL MTT was added to each well, and 5% CO2 was

added to the culture box at 37 �C for 4 h. Add 100 lL DMSO

to each well and discard supernatant. The absorbance at

570 nm was measured after shaking gently for 10 min.

Live cell imaging:HeLa cells, purchased from Shanghai Sai-
baekang Biology. The preparation was made according to the

ratio of MEM medium to fetal bovine serum 9:1. 0.0297 g of
solid powder was taken and sterilized under UV irradiation
for 30 min, then 1.485 mL of PBS was added and dissolved
by ultrasound to prepare 10 mg/mL of sample original solu-

tion for use. HeLa cells in logarithmic growth phase were
taken, cell count was carried out, cell concentration was
adjusted, 4 � 104 cells in each well were seeded into confocal

petri dish, then cultured in 5% CO2, 37 �C constant tempera-
ture incubator for 3 h, and then the results were observed by
laser confocal microscope and photographed.
3. Results and discussion

3.1. Characterization analysis of Mn-BN-GQDs

The synthesis strategy of Mn-BN-GQDs is shown in Fig. 1a
(The molecular structural formulas of citric acid, urea, borax,

BN-GQDs and Mn-BN-GQDs are shown in Figure S2). Three
synthetic materials and MnCl2 are dissolved in distilled water
and then the obtained solution is transferred to Teflon-lined

autoclave and heated at 180 �C for 8 h to obtain a kind of
GQDs with photoluminescence properties. On the basis of
this, the transparent electronic microscopy (TEM) was used
to display the morphology and microscopic size of the synthe-

sized doped GQDs. Compared with the TEM images of BN-
GQDs in Fig. 1b, it can be illustrated from Fig. 1c that the syn-
thesized Mn-BN-GQDs have better dispersion and more uni-

form particle size. By randomly sampling the sizes of 150
particles, the corresponding size square distribution map was
obtained, as shown in Figure S3, through square distribution

mathematical calculation, the particle size distribution of
Mn-BN-GQDs is within the range of 1.5 � 6.5 nm., with an
average size of 3.7 nm. It is obvious that the doping of
Mn2+ ions effectively change size of distribution of BN-

GQDs. According to HRTEM image, as shown in Fig. 1 d

and e, it can be seen that the synthesized BN-GQDs and
Mn-BN-GQDs have clear lattice fringes, indicating that they

have high crystallinity. Their lattice spacing is 0.232 nm and
0.272 nm respectively corresponding to the (100) and (020)
planes of GQDs (Li et al., 2012, Ju and Chen 2014) this indi-

cates that they have a good crystal structure, which can also be
investigated by XRD pattern.

As shown in the figure S4a, b and c, we analyzed the X-ray

Scattering (XRD) image of citric acid, urea and borax. By
comparing with the synthesized BN-GQDs and Mn-BN-
GQDs, a clear difference in the (002) of peak from the
XRD image of BN-GQDs and Mn-BN-GQDs integrated the

formation of new substance (Fig. 1f). Moreover, the XRD pat-
tern of the synthesized BN-GQDs and Mn-BN-GQDs have
two peaks at 8.4� (2h) and 24.8� (2h), corresponding to the

plane of (001) and (002) of GQDs, respectively (Bao et al.,
2015). According to the XRD image, the intensities of synthe-
sized Mn-BN-GQDs at 8.4� (2h) and 24.8� (2h) are lower than
those at BN-GQDs, indicating that manganese ions bind
together with the functional groups at the edges of BN-
GQDs, making the graphene sheets divided into smaller sheets.

In order for further analysis on chemical bonds and struc-

ture information of the synthesized BN-GQDs and Mn-BN-
GQDs, the Fourier Transform Infrared Spectrometer (FTIR)
have been applied on the as-prepared samples. As shown in

Fig. 1g, the BN-GQDs and Mn-BN-GQDs show the vibra-
tional absorption of 3182 cm�1 and 2990 cm�1 are related to
O-H, N-H, C-H (unsaturated carbon) equivalent electron

vibrations, indicating the presence of amino and hydroxyl
groups on the GQDs. Besides, the characteristic absorption
band from 1496 cm�1 to 1753 cm�1, and the peak at the

1558 cm�1 were due to the stretching vibration of the
C = O and C = C double bonds in the aromatic ring, respec-
tively. Meanwhile, the relatively small peaks at 1311 cm�1 and
1179 cm�1 proved the hydrogen bonds of B-O and B-O-H

structure, indicating boron was present in GQDs. Notably,
recent works in graphene-based ORR catalysis have revealed



Fig. 1 Preparation and characterization of Mn-BN-GQDs and BN-GQD. a. Schematic illustration of the synthesis of Mn-BN-GQDs as

idealized model. b, d. TEM (scale bar: 50 nm) and HRTEM (scale bar: 2 nm) images of BN-GQDs. c, e. TEM (scale bar: 20 nm) and

HRTEM (scale bar: 2 nm) images of Mn-BN-GQD. f. XRD pattern of the as-prepared BN-GQDs and Mn-BN-GQDs. g. FTIR spectra of

BN-GQDs and Mn-BN-GQDs.
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a strong coordination effect between the Nx molecular and

Mn2+ (Zhou et al., 2014). Therefore, the detection of abnor-
mal abundance of nitrogen bonding structure in the as-
prepared GQDs is able to determine the existence of Mn ions

in the structure reversely. Similarly, we compared the N 1 s of
synthesized Mn-BN-GQDs with BN-GQDs, and found that
the peak position was significantly shifted as shown in

Figure S5, so there is a strong coordination effect between
Nx molecule and Mn2+. According to the FTIR image, the
C-N stretching vibration of Mn-BN-GQDs at 1396 cm�1

increases significantly as a result of the higher density of nitro-

gen elements on Mn-BN-GQDs in comparison to BN-GQDs,
which provides evidence some element doping in BN-GQDs
has an effect on the bond vibration. On the other hand, the

reaction of Mn2+ with the carboxyl group on the residual
citric acid would prevent the condensation reaction. Thereby,
the suppression of carboxyl group from further condensation

can be demonstrated by the significantly enhance of the peak
value of Mn-BN-GQDs at 3000 cm�1, which led to more O-
H bonds retained on Mn-BN-GQDs and proved Mn2+ has
an effect on the bond vibration. We calculate the density of

states of them later and combine the analysis of doping level
with its properties.
Furthermore, we made X-ray Photoelectron Spectroscopy

(XPS) for further analysis of the synthesized Mn-BN-GQDs,
and get the proportion of each element and functional groups
(Table S1). From the full spectrum in Fig. 2a, we can observe

that the synthesized BN-GQDs and Mn-BN-GQDs all contain
C, N, O, and B. As shown in Table S1, the contents of C, N, O,
B and Mn in the synthesized Mn-BN-GQDs were 48.75%,

7.64%, 39.28%, 3.87% and 0.47%, respectively. The contents
of C, N, O and B in the synthesized BN-GQDs were 37.73%,
9.63%, 46.62% and 6.03%, respectively. Fig. 2b shows the
XPS spectra of C 1 s in Mn-BN-GQDs, with four adjacent

peaks of 284.6 eV, 285.2 eV, 285.7 eV and 289.1 eV respec-
tively corresponding to C-C/C = C, C-O, C-N and O-
C = O bonds. Fig. 2c shows the XPS spectra of N 1 s in

Mn-BN-GQDs, with two peaks of 400.9 eV and 401.9 eV
respectively corresponding to N-(C)3 and C-N-C groups. The
groups indicate that the N element has been successfully doped

into the skeleton of GQDs. Fig. 2d shows the spectrum of O
1 s, which contains two peaks of 531.6 eV, 532.6 eV corre-
sponding to C � OH/C � O � C and C = O bonds, respec-
tively. Fig. 2e shows that Mn 2p has a dominant peak at

643.1 eV and a weak peak at 654.5 eV, corresponding to
Mn2+ and Mn3+, respectively. This indicates that Mn exists



Fig. 2 a. XPS survey spectra of Mn-BN-GQDs and BN-GQDs. b. C 1 s, c. N 1 s and d. O 1 s region of Mn-BN-GQDs. XPS high

resolution of e. Mn 2p and f. B 1 s.
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on the surface of GQDs in the form of a mixture of Mn2+ and
Mn3+, and the content of Mn2+ is higher. This indicates that
Mn2+ ions have been successfully doped into the skeleton of

GQDS (Ju and Chen 2014). Fig. 2f shows a spectrograph of
B 1 s, with two peaks of 187.9 eV and 191.8 eV corresponding
to B-O and B-C bonds, respectively. It shows that the B ele-
ment is doped into the skeleton of GQDs. The above charac-

terization analysis indicates the successful synthesis of Mn-
BN-GQDs.

3.2. Characterization of optical properties of Mn-BN-GQDs

The optical properties of the synthesized Mn-BN-GQDs were
analyzed. The Mn-BN-GQDs showed pale yellow solution

under the sunlight and a bright blue light under the irradiation
of the ultraviolet lamp, as shown in Fig. 3a, which indicated
that the Mn-BN-GQDs has the characteristics of photolumi-
nescence in ultraviolet range. The synthesized Mn-BN-GQDs

luminance spectrum is clearly represented in the Figure S6.
Mn-BN-GQDs were dissolved in distilled water and the excita-
tion wavelength, emission wavelength, UV-Vis spectrum of the

synthesized Mn-BN-GQDs were measured at pH = 7. As can
be observed from the UV-Vis spectrum in the Fig. 3a, two
obvious absorption peaks are 216 nm and 326 nm respectively.

The peak value at 216 nm corresponds to the p-p* transition
on the sp2 structure of the aromatic ring, the peak at 326 nm
corresponds to the absorption band of n-p* (Jing et al.,

2015). The excitation and emission peak wavelengths of the
synthesized Mn-BN-GQDs are 345 nm and 434 nm, respec-
tively. Compared with the UV-Vis spectrum, the absorption
band is 326 nm, and the maximum excitation wavelength of

Mn-BN-GQDs is 345 nm, which may be caused by the differ-
ent distribution of GQDs energy traps in different signals (Liu
et al., 2012, Ju and Chen 2014, Miao et al., 2020). As shown in
Fig. 3b, we detected the change of emission wavelength under

different excitation wavelength from 325 nm to 365 nm. When
the excitation wavelength changes, the emission wavelength
does not change at 434 nm, which indicates that the synthe-
sized Mn-BN-GQDs have independent-excitation characteris-

tics (Zhu et al., 2016, Li et al., 2019, Kaewprom et al., 2020).
This is due to the uniform size of the synthesized Mn-BN-
GQDs and the single photoluminescence process of the N

element from n-p* in the aromatic hydrocarbon of
Mn-BN-GQDs. This characteristic is beneficial to the practical
application of Mn-BN-GQDs as fluorescence sensors, and

avoids the phenomenon of automatic discoloration. From
Fig. 3c, d, we compare the effects of doping of different ions
on the fluorescence intensity and quantum yield of BN-
GQDs. It can be clearly seen from the figure that Mn2+

enhances the fluorescence intensity of BN-GQDs better than
other metal ions, and the QY of Mn-BN-GQDs is 30.52%
(BN-GQDs = 20.12%). At the same time, we analyzed the flu-

orescence lifetime of Mn-BN-GQDs and BN-GQDs, As
shown in Fig. 3e, its fluorescence intensity attenuation is fitted
as a single exponential attenuation function and the results

showed that the fluorescence lifetime of Mn-BN-GQDs was
7.444 ns, while that of BN-GQDs was 7.005 ns (Figure S7),
and the fluorescence lifetime was improved. Thus, it can be fur-

ther confirmed that Mn2+ ion is doped into BN-GQDs, and
the optical properties of BN-GQDs are improved.

The principle that manganese ions can enhance the fluores-
cence and QY of BN-GQDs is analyzed. During the synthesis

of BN-GQDs, some carboxyl groups of citric acid will remain
on the surface of BN-GQDs without being carbonized. These



Fig. 3 Optical properties of Mn-B, N-GQD and influence of pH. a. The fluorescence excitation (red), emission (blue) and UV-Vis

(green) absorption spectra of Mn-BN-GQDs. Inset: photographs of the solution of the Mn-BN-GQDs taken under visible light (left) and

365 nm UV light (right). b. Fluorescence emission spectra of the Mn-BN-GQDs with different excitation wavelengths. c. The fluorescence

intensity of BN-GQDs doped with different metal ions and the fluorescence intensity of BN-GQDs. d. The QY of different metal ions

doped with BN-GQDs and the QY of BN-GQDs. e. Fitting curves of time-resolved fluorescence decay curve of Mn-BN-GQDs. f.

Fluorescence intensities of synthesized Mn-BN-GQDs at different pH values at 434 nm (black) and in the presence of Fe3+ (red).

[Fe3+] = 3.7 � 10-4 mol/L [Mn-BN-GQDs] = 0.054 mg/mL.
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carboxyl groups can promote further condensation carboniza-
tion reaction of BN-GQDs, which leads to large irregular

agglomerations of BN-GQDs samples in TEM. However,
manganese ions can combine with the carboxyl group and
other functional groups on the surface of BN-GQDs, thus pre-

venting further condensation reaction of BN-GQDs, and thus
preventing the growth of BN-GQDs particles. Thus, the syn-
thesized Mn-BN-GQDs particles are smaller and more evenly

distributed. Because of the quantum confining effect, the syn-
thesized Mn-BN-GQDs have better optical properties (Li
et al., 2011, Ananthanarayanan et al., 2014).

3.3. Effect of pH on fluorescence Influence

Fig. 3f shows the fluorescence intensity of Mn-BN-GQDs syn-
thesized in the pH range of 2–12 (black) and the quenched flu-

orescence intensity in the presence of Fe3+ (red). From the
difference between the two lines, we can see the fluorescence
quenching effect of Fe3+ on Mn-BN-GQDs at different pH

values. On the whole in the figure, we can see that Fe3+ has
a good quenching effect in the pH range of 2–12. However,
when the pH is 2–4, the fluorescence intensity is obviously

the worst, so the synthesized Mn-BN-GQDs as fluorescence
sensors are not suitable for application under acidic condi-
tions. Secondly, when the pH is 9–12, the fluorescence quench-
ing effect is good, but the quenching effect is not stable.
Therefore, it is not suitable for the practical use of Mn-BN-

GQDs as fluorescence sensors. Finally, the quenching effi-
ciency is the highest and relatively stable when the pH is 6–
8, which is suitable for the use of Mn-BN-GQDs, and the

quenching effect is the best when the pH is 7. Therefore, the
subsequent tests are carried out at pH = 7.

3.4. Mechanism of Mn-BN-GQDs and Fe3+ quenching

Then we studied and analyzed the quenching mechanism of
Mn-BN-GQDs as fluorescence sensors. Generally speaking,

there are three main forms of fluorescence quenching: (1) inter-
nal filtration effect (IFE), (2) electron transfer, and (3) conver-
sion of fluorescent materials to non-fluorescent materials (Lin
et al., 2015, Shi et al., 2020). To know whether the fluorescence

quenching process is dynamic quenching process or static
quenching process, we have carried out the characterization
analysis of fluorescence decay. The fluorescence intensity

attenuation fitting of synthesized Mn-BN-GQDs in the pres-
ence and absence of Fe3+ is a single exponential decay func-
tion, and the fluorescence lifetime was shortened with the

increasing of Fe3+ ions. The average fluorescence lifetime of
Mn-BN-GQDs is 7.444 ns. The average fluorescence lifetime
of Mn-BN-GQDs (in the presence of 10 lM Fe3+) and Mn-



Fig. 4 Mechanism of Mn-BN-GQDs and Fe3+ quenching. a. Fitting curves of time-resolved fluorescence decay curve of the Mn-BN-

GQDs for the 10 lMFe3+ analysis. b. The UV absorption spectra of Mn-BN-GQDs without Fe3+ and in the presence of Fe3+. c.Density

of states for the Mn-BN-GQDs in different doping level.
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BN-GQDs (in the presence of 100 lM Fe3+) are 7.355 ns in

Fig. 4a, and 7.267 ns in Figure S8, as shown in the table S3,
which indicates that the fluorescence quenching between
Fe3+ and Mn-BN-GQDs is a dynamic quenching process. It

is also indicated that the fluorescence resonance electron trans-
fer occurs during the process, because the fluorescence lifetime
of the fluorescent material does not change during the process

of IFE. This may be due to the fact that Fe3+ is a paramag-
netic ion with empty d shells, which can quench the fluores-
cence of the fluorophore by electron transfer, as shown in
Figure S9. At the same time, since Fe3+ ion has three positive

charges, the free amino group can provide electrons to iron
ion, so it can have better coordination ability with the free
amino group (Xu et al., 2015). In order to further explore

the quenching mechanism of Mn-BN-GQDs as fluorescence
sensors, we tested the ultraviolet absorption spectra of Mn-
BN-GQDs in the absence and presence of Fe3+ ions. As

shown in Fig. 4b, the peak value of absorption spectra
decreased in the presence of Fe3+ ions. In addition, the
absorption peak redshifted from 326 nm to 329 nm, indicating
that new chelating substances may be generated to change the

absorption peak. Meanwhile, according to previous literature
reports, oxygen-containing functional groups such as hydroxyl
(–OH) and carboxyl (–COOH) have a good affinity with Fe3+

ions and can chelate and form new complexes (Zhang et al.,
2015, Liu et al., 2017, Zhu et al., 2017). Then, as shown in Fig-

ure S10, we tested the FTIR of Mn-BN-GQDs in the presence

and absence of Fe3+ and it can be seen from the figure that the
O-H vibration and O-H/C-O changes around 3000 cm�1 and
1000 cm�1, but other parts are basically unchanged, indicating

that Fe3+ has a good affinity with hydroxyl carboxyl group.
This indicates that a new non-fluorescent substance may be
formed on the surface of Mn-BN-GQDs to quench the fluores-

cence. Finally, as shown in Figure S11 1 mM-1 M EDTA was
added to the Mn-BN-GQDs solution of Fe3+, and the fluores-
cence intensity recovered was 47.2%. It can be inferred that

Fe3+ chelates with the above functional groups to produce
quenching effect. In summary, Mn-BN-GQDs, as the quench-
ing mechanism of fluorescence sensing, takes place the electron

transfer and conversion process from fluorescent materials to
non-fluorescent materials.

In order to investigate the relation between GQDs electron-
ical properties with the doping level density functional theory

calculations were performed by Vienna ab Initio Simulation
Package with Perdew � Burke � Ernzerhof (PBE) (Fig. 4c).
The graphene quantum dot structure is simplified to 16 aro-

matic rings, which reduce the computational burden without
losing generality to provide qualitative insights and compar-
isons (Jin et al., 2013, Yu et al., 2021). Then we add the doped

nitrogen to the rings, boron and Mn2+ as functional groups,
according to the FTIR we obtained above, as shown from
top to bottom (Yan et al., 2020). The number of functional
groups indicates the expansion of doping level. Compared with

the Ⅳ structure, III structure has only one functional group
with N doped, and the second structure has four functional
groups with N doped, the Ⅰ structure has four functional

groups with N, Mn doped, respectively. The graphene quan-
tum dot benchmark shows a bandgap near 2.50 eV which in
accordance with the previous reports (Jin et al., 2013). Mean-

while the location of Fermi energy from the density of states
shows that GQD is a p-type semiconductor. With the increase
of doping level, structure Ⅱ and structure III show a tendency

of metallization, and Fermi energy level moves to the negative
energy region. Continuous doping with N and B gives a nar-



Fig. 5 Fluorescence quenching of Fe3+ by Mn-BN-GQDs and its application in biological imaging. a. Emission spectra (kex = 345 nm)

of in the presence of different concentrations of Fe3+ (from top to bottom:0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 10, 20, 30, 40, 50, 60, 70, 80, 90,

100, 200, 300, 400, 500, 600, 700, 800 lM). b. The relationship between F/F0 and Fe3+ ions concentrations range from 0 to 800 lM.

(Insert: Linear relationship between F/F0 and Fe3+ concentrations 10 � 100 lM. Linear relationship between F/F0 and Fe3+

concentrations 100 � 800 lM.) c. Fluorescence responses of Mn-BN-GQDs to the different metal ions (pH = 7). The concentration of

each metal ion is 800 lM. F0 and F correspond to the fluorescence intensities of Mn-BN-GQDs at 434 nm with the 345 nm excitation

wavelength in the absence and presence of metal ions, respectively. d. Relative cell viability of HepG2 cells after incubation with Mn-BN-

GQDs (0–200 mg/mL) for 24 h. e. CLSM images bright field of HepG2 cells incubated with Mn-BN-GQDs (40 mg/mL) for 3 h by

excitation at 405 nm. (scale bar: 20 lM magnified 400 times by CLSM). f. Morphology of Mn-BN-GQDs and HepG2 cells cultured

together (scale bar: 20 lM magnified 400 times by CLSM).
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rower band and larger carrier density, which reflected in the
good electronic properties. However, after doping with Mn,

the structure has larger carrier density and lower barrier com-
pared with the Ⅱ structure and the III structure. It donates
electrons that works like a n-type semiconductor which is

easily react with Fe3+ than undoped and unsaturated doped
GQD, which is also proved in our experiment.

3.5. Detection of Fe3+ ions

In order to explore the sensitivity of Mn-BN-GQDs to detec-
tion of Fe3+, we designed Mn-BN-GQDs to detect their emis-

sion wavelengths at different concentrations of Fe3+ (0.1–
800 lM) under the condition of excitation wavelength of
345 nm, as shown in Fig. 5a. With the increase of Fe3+ con-
centration, the fluorescence intensity of Mn-BN-GQDs

decreased gradually, which indicated that Mn-BN-GQDs
had very good sensitivity to Fe3+ ions, and the CIE chromatic-
ity coordinates of the synthesized Mn-BN-GQDs correspond

to the color filtered PL spectrum as shown in the Figure S12.
And Fig. 5b shows the curve of quenching efficiency (F/F0)
and Fe3+ concentration. It can be clearly seen from the figure

that the quenching of Fe3+ by Mn-BN-GQDs shows a bilinear
relationship and a good linear relationship. As shown in the
illustration in Fig. 5b, the linear equation at 10–100 lM is
F=F0 ¼ 0:78598� 0:00466C (R2 = 0.99757, where F0 and F
correspond to the fluorescence intensities of Mn-BN-GQDs

at 434 nm, with the 345 nm excitation wavelength, in the
absence and presence of Fe3+ ions, respectively, and C is the
concentration of Fe3+). Under this experimental condition,

the limit of detection (LOD) is 0.78 lM according to the cal-
culation formula LOD ¼ 3d=K is the standard deviation of
11 blank samples and K is the slope of the linear coordinate

curve). Similarly, as shown in the illustration in Fig. 5b, the lin-
ear equation in the range of 100–800 lM is
F=F0 ¼ 0:36169� 3:9633� 10-4C (R2 = 0.98256), and the
LOD is 9.08 lM. As shown in the table S2, we compared

the detection of Fe3+ by different fluorescence sensors.
In order to further explore the selection characteristics of

the synthesized Mn-BN-GQDs, we added the same concen-

tration of metal ions to the synthesized Mn-BN-GQDs fluo-
rescence sensor to observe the fluorescence quenching effect
of different ions on Mn-BN-GQDs. As shown in Fig. 5c,

Cd2+, Li+, Mg2+, Na+, Zn2+, Fe3+, Al3+, Ca2+, CO2+,
Cu2+, K+ and Fe2+ ions were added into the fluorescence
sensors of Mn-BN-GQDs, and it was found that besides

Fe3+ had obvious quenching effect on the synthesized Mn-
BN-GQDs. After the addition of other ions, the fluorescence
intensity is basically unchanged, which fully demonstrates
that the Mn-BN-GQDs synthesized by us have the charac-
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teristic of specific selection as fluorescence sensors, reflecting
that Mn-BN-GQDs can detect Fe3+ in practical application
as fluorescence sensors, so as to effectively control the pollu-

tion of Fe3+.

3.6. Cellular toxicity

In order to evaluate the application of Mn-BN-GQDs in
bioimaging, we conducted cytotoxicity tests for its biocompat-
ibility. HepG2 cells were cultured with different concentrations

of Mn-BN-GQDs. After 24 h, the survival of HepG2 cells was
calculated by using MTT cell relative viability method. As
shown in the Fig. 5d, after cultured HepG2 cells for 24 h,

the cell viability basically did not change when the concentra-
tion of Mn-BN-GQDs was 0–40 lg/mL, and the cell viability
slightly decreased when the concentration was 60–200 lg/
mL. By comparing the cytotoxicity test of Jiang et al. (Kai

et al., 2015) at 0–50 lg/mL and Li et al. (Li et al., 2015) at
0–200 lg/mL, which indicates that the synthetic Mn-BN-
GQDs have low cytotoxicity.

3.7. Cell fluorescent imaging

Confocal laser scanning microscope (CLSM) was used to

observe the application of Mn-BN-GQDs imaging. Under
the light confocal scanning microscope, we can see the blue
fluorescence in Mn-BN-GQDs co-cultured with HepG2 cells
at a concentration of 40 lg/mL, as shown in Fig. 5e, which

indicates that Mn-BN-GQDs can enter the HepG2 cells and
conduct cell imaging. Moreover, as shown in Fig. 5f, Mn-
BN-GQDs and HepG2 cells were cultured together and

HepG2 cells maintained their normal morphology and
adhered to cell plates, indicating that Mn-BN-GQDs had
good biocompatibility. Therefore, as a kind of low toxicity,

Mn-BN-GQDs also has a good application prospect in the
field of fluorescent biological imaging probes (Li et al.,
2021a, 2021b).

4. Conclusion

In this article, an innovative method for doping Mn, B, N

metallic elements and non-metallic elements into graphene
quantum dots has been developed in simple and rapid one-
step hydrothermal way. Then we calculate the density of states
in combine with the analysis of doping level with its properties

to prove the effect of the common doping of the three elements
on GQDs. Compared with B, N-GQD, Mn-BN-GQDs have
better dispersion, size distribution, smaller diameter and good

water solubility, thus significantly improved fluorescence per-
formance and QY. Then, on the basis of multi-functional char-
acterizations, the article provided strong evidence for the high

sensitivity and selectivity for Fe3+ on synthesized Mn-BN-
GQDs, and showed a two-line relationship and good linear
relationship for the detection of Fe3+. Similarly, the best pH

value of Mn-BN-GQDs were measured, which better enables
Mn-BN-GQDs to be practically applied as fluorescence sen-
sors. Finally, Mn-BN-GQDs were tested to have low cytotox-
icity and good biocompatibility, which demonstrated that the

sensors would perform good fluorescence intensity in living
cells, and indicates a good development prospect in biological
imaging in the future.
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