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Intracellular Fe3+ amount is one of the critical determinants of human health. The development of simple

and effective probes for the quantitative detection of Fe3+ in vivo is of great significance for the early

diagnosis of disease or disorder associated with iron deficiency or overload. In this study, remarkable

carbon dots, which can serve as a biosensor for efficient intracellular Fe3+ detection, were synthesized

by hydrothermal carbonization of Fusobacterium nucleatum, an anaerobic bacterium. The achieved F.

nucleatum-carbon dots (Fn-CDs) possessed the features of strong fluorescence, high stability and

excellent biocompatibility. The obtained Fn-CDs could easily internalize into both plant cells and human

cells with excellent ability for cell tracking and biomedical labeling. The fluorescence of Fn-CDs could

still remain for another 24 hours after penetrating into cells. Furthermore, the fluorescent Fn-CDs were

very sensitive to the presence of Fe3+ ions even in cells, exhibiting great promising applications in in vivo

detection of Fe3+ ions. In addition, the Fn-CDs posed no harm to the mice, being circulated and

excreted within a short time, making the Fn-CDs an excellent candidate for bioimaging and biosensing

in vivo.
1. Introduction

Fluorescent carbon dots (CDs), as a new class of nanomaterials,
have aroused immense scientic interest in the last decade due
to their advantages of nontoxicity and easy fabrication over
conventional semiconductor quantum dots.1 CDs have dis-
played extensive application in drug delivery,2–4 bioimaging,5,6

pollutant and metal ion detection7,8 and so on. Natural sources
have been preferably exploited to synthesize CDs owing to their
low cost, abundance and eco-friendly nature.9 Continuous
efforts have been made to employ a suitable green source to
successfully fabricate CDs. Recently, many natural sources have
been utilized as the carbon source for the preparation of CDs.
Shi et al. prepared uorescent CDs through hydrothermal
treatment of corn stalk with an absolute quantum yield of
7.6%.10 Naik et al. achieved CDs derived from leaves of
Andrographis paniculata, which can serve as a bioimaging agent
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for cancer cells.11 Wei et al. synthesized CDs from Gynostemma,
which can be applied as an antioxidant and a biosensor.9

Soybean-derived CDs were achieved by Wang et al. through
hydrothermal carbonization and laser ablation in NH4OH
solution.12 Huang et al. reported the synthesis of CDs for the
detection of Fe3+ and adenosine triphosphate from Bauhinia
ower.13 Dehvari et al. prepared CDs from crab shells with
improved optical properties under conjugation with folic acid.14

Atchudan et al. synthesized CDs from banana peel waste with
the function of bioimaging in vivo.15 Sun et al. reported the
synthesis of CDs through hydrothermal treatment of sodium
citrate dihydrate and urea on which DOX was conjugated for
drug delivery.16 Kailasa et al. reported that three uorescent
color CDs (blue, green, and yellow) were synthesized from
tomato with H2SO4 and H3PO4 as oxidizing agents.17 Although
the above methods using natural materials as a carbon source
to synthesize CDs are feasible and cost-effective, providing the
resultant CDs with abundant chemical groups on their
surface,18 it can be noticed that these methods suffer disad-
vantages of insufficient quantum yields and limited applica-
tions or involvement of strong acid or alkali.10 On the other
hand, more efforts have been focused on the approaches to
especially achieve CDs with enhanced optical properties for
bioimaging applications.19 As we have reported previously,20

most of the bacteria, including aerobes and anaerobes, playing
a critical part in carbon and nitrogen cycles in the ecosystems,
have not achieved enough attention. Compared with the huge
Anal. Methods, 2021, 13, 1121–1131 | 1121
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number of bacteria, the number that have been applied as
a precursor for the synthesis of CDs is negligible.

As an important element required by all the organisms, iron
is involved in various critical physiological and pathological
processes including cellular metabolism, survival and prolifer-
ation.21 The total amount of iron an adult human contains is
around 3–5 g,22 of which more than 80% exist in red blood cells.
Many chronic diseases and disorders, such as anemia, are
triggered by iron deciency or overload; it has also been re-
ported that iron toxicity leads to cell damage. Therefore,
appropriate intake and storage of iron are critical to the health
of human beings. Most current iron detection approaches,
including the use of organic dyes, have the disadvantages of
high cost, time consumption and low photostability.23,24 Thus,
developing simple and effective probes for the quantitative
detection of Fe3+ in cells is of great importance and urgently
demanded.

Herein, in this work, F. nucleatum, a Gram-negative
anaerobe, was rst employed as a starting material to synthe-
size CDs through a simple hydrothermal approach without
addition of heteroatoms or further surface passivation. The
prepared Fn-CDs were selectively sensitive to the presence of
Fe3+ and could serve as an efficient uorescent probe for the
quantitative determination of Fe3+ with the detection limit of
0.82 mM. Aer penetrating into cells, their FL intensity
remained at least for 48 hours and could be quenched aer the
addition of Fe3+, indicating that Fn-CDs hold the remarkable
promising application as a sensing probe for in vivo detection of
Fe3+. In addition, the cytotoxicity to HeLa cells showed that the
resultant Fn-CDs have negligible cytotoxicity, indicating their
great potential in biomedical applications with low toxicity and
excellent biocompatibility. To our delight, the in vivo bioimag-
ing inmice showed that the achieved Fn-CDs could be carried to
the lung and heart through blood circulation and could be
excreted within 24 hours, demonstrating the potential applica-
bility of Fn-CDs in bioimaging in vivo. Compared with previ-
ously reported CDs, the Fn-CDs exhibited distinct properties
with multiple functions, overcoming the major drawback of
limitation in applications which the CDs normally suffer while
using natural materials as precursors.

F. nucleatum contributes greatly to the pathogenesis of
periodontal disease, also being responsible for the occurrence
of various tumors including oral cancer.25 The method of
synthesis of CDs from F. nucleatum provided an alternative
approach to eliminate the harmfulness of the pathogenic
bacterium and convert it to a useful material. There are a great
number of bacteria on the earth, providing with ample carbon
sources to fabricate CDs. Therefore, the synthesis of carbon dots
from bacteria is easily available and sustainable.

2. Experimental section
2.1 Materials

F. nucleatum cells were provided by Guangdong Microbial
Culture Collection Center (GDMCC, China). Brain heart infu-
sion (BHI) medium was purchased from Solarbio Life Science
(Beijing, China). 2.5 L round bottom vertical anaerobic culture
1122 | Anal. Methods, 2021, 13, 1121–1131
bag and 2.5 L Anaero Packs were obtained from Mitsubishi Gas
Chemical Co., Inc. (Mitsubishi, Japan). All reagents and chem-
icals were of analytical grade and used without further puri-
cation. Reagents FeCl3, FeSO4, PbCl2, CoCl2, BaCl2, NiCl2,
ZnSO4, KCl, MnCl2, LiCl, CaCl2, AlCl3 and CuCl2 were acquired
from Tianjin Fengchuan Chemical Reagent Co., Ltd. (Tianjin,
China). AgNO3 was provided by Shanghai Xunda Fine Chem-
icals (Shanghai, China). All the experiments were carried out at
room temperature with double distilled water (ddH2O) as the
solvent.

2.2 Bacteria preparation and synthesis of CDs

CDs were prepared from F. nucleatum cells as a single precursor
through a one-step hydrothermal method. The bacterium was
incubated on brain heart infusion agar with supplements of 5%
goat blood and 10 mg mL�1 hemin, and then cultured in a 2.5 L
round bottom vertical anaerobic culture bag with the Anaero
Pack for 7–10 days in an incubator at 37 �C. Aer being sus-
pended with 0.85% saline solution, the cell culture was scraped
off from the blood agar plate with a triangular coating rod.
Subsequently, the bacterial cells collected from 10 blood agar
plates were centrifuged with 6000 rpm for 10 min to remove the
culture medium. Aer that, cells were washed with ddH2O three
times through centrifugation at 6000 rpm for 10 minutes each
time, and then the cells were resuspended in 35 mL ddH2O and
transferred into a Teon-lined stainless-steel autoclave (50 mL).
Aer being heated for 24 hours at 180 �C, the light brown
solution was collected and then ltered with a syringe lter
membrane (0.22 mm). The resultant solution was dried through
freeze-drying for 24 hours and the Fn-CDs powder was weighed
for further experiments.

2.3 Characterization of Fn-CDs

A PHI5000 Versa probe-II (Shimadzu Co., Japan) was used for X-
ray photoelectron spectroscopy (XPS) measurements to examine
the elemental components of the prepared Fn-CDs. A Tecnai G2
TF30 S-Twin transmission electron microscope (TEM, FEI
Holland) was utilized to investigate the size and morphology of
Fn-CDs. The ultraviolet-visible absorption spectra were recor-
ded with a UV-5100H (METASH, Shanghai) spectrophotometer.
Both an F-7000 (Hitachi, Japan) uorescence spectrophotom-
eter and Flex Station 3 (Molecular Devices, USA) multi-mode
microplate reader were employed to record the uorescence
spectrum of the obtained Fn-CDs. A Thermo Fisher NICOLET
iS10 FTIR spectrophotometer (USA) was employed to acquire
the Fourier-transform infrared (FTIR) spectra of Fn-CDs.

2.4 Fluorescence detection of Fe3+

To investigate the selective recognition of the resultant Fn-CDs
toward Fe3+ ions, various metal cation solutions, including K+,
Fe2+, Ni2+, Zn2+, Mn2+, Ag+, Cu2+, Ba2+, Li+, Al3+, Ca2+, Pb2+, and
Co2+, were prepared. To 4 mL of ddH2O, 1 mL (0.7 mg mL�1) of
the original solution of Fn-CDs was added and mixed thor-
oughly for the selective detection assays of Fe3+ ions. 50 mL of
each metal ion solution was mixed with the same amount of the
above Fn-CD solution in each well, and the nal concentration
This journal is © The Royal Society of Chemistry 2021
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of Fn-CDs and metal ions is 70 mg L�1 and 1 mM, respectively.
The changes in the PL intensity of Fn-CDs aer the addition of
metal ions were observed using a microplate reader at an exci-
tation wavelength of 360 nm.

Different concentrations of Fe3+ solutions were added to the
Fn-CD solutions to evaluate the effects of Fe3+ ions on the FL
intensity of Fn-CDs under the same experimental conditions
described above. The responses of uorescence intensity to the
mixture were collected with amicroplate reader at the excitation
wavelength of 360 nm. All experiments were conducted at room
temperature.
2.5 Cytotoxicity assay of Fn-CDs

The MTS assay method was applied to evaluate the inuence of
the obtained Fn-CDs on the cell viability of both selected
normal cells and normal cells, HeLa cells (cervical cancer cell
line, adherent cells), and BEAS-2B (lung normal epithelial cells).
The cells were seeded into a 96-well plate at a density of 5000
cells per well in Dulbecco's modied Eagle's medium (DMEM)
with supplementation of 10% fetal bovine serum (FBS) and then
incubated with Fn-CDs in different concentrations of 12.5 mg, 50
mg, 100 mg and 200 mg at 37 �C under a 5% CO2 atmosphere for
48 hours. Taxol, an anticancer agent, was used for positive
control. Aer the addition of 20 mL of MTS reagent and 100 mL of
medium, the cells were cultured for additional 4 hours. The
absorbance of each well was observed at 492 nm on a Multiskan
FC (Thermo Fisher, USA).
2.6 Cell imaging

The in vitro cell imaging assay was carried out on onion
epidermal cells and HeLa cells. Fresh onions were purchased
and peeled, the ne layer was selected and cut into small pieces
with the width and length of 2 cm, and then immersed in Fn-CD
solution for 4 hours. The control was soaked in 0.85% saline.
Aer being washed with ddH2O twice, the inner epidermal skin
of each piece was peeled carefully and placed on the slide, and
then observed under a laser confocal scanning microscope.

1 mL of HeLa cells with a density of 50 000 cells per cm2 was
grown in a glass bottom dish containing DMEM with FBS and
then incubated at 37 �C under 5% CO2 atmosphere for 24 hours.
Then, 70 mL of Fn-CD solution was added to the cells and the
nal concentration of Fn-CDs was 56 mg mL�1. Aer incubation
with Fn-CDs for another 24 hours, one group of cells was
washed three times with phosphate buffered saline (PBS) to
Fig. 1 (a) TEM and (b) HRTEM images of Fn-CDs; (c) size distribution of

This journal is © The Royal Society of Chemistry 2021
remove the culture medium and the excess Fn-CDs. Finally, the
cells in the dish were kept humid in PBS drops and observed
under a laser confocal scanning microscope. The other group of
cells was observed 48 hours aer the addition of Fn-CDs. The
cells incubated without Fn-CDs under the same experimental
conditions were used as the control.
2.7 Intracellular Fe3+ detection

In order to investigate the capacity of Fn-CDs for Fe3+ detection
in living cells, 1 mL of Fe3+ ion stocking solution (100 mmol L�1)
was added to HeLa cells incubated with Fn-CDs. The cells were
incubated at 37 �C with Fn-CDs (56 mg mL�1) and Fe3+ (100 mM)
for 4 hours. Then, the cells were washed as described above and
observed under a laser confocal scanning microscope.
2.8 In vivo uorescence imaging

6 male Kunming mice with similar size and 14 to 16 g weight
were selected to evaluate the feasibility of Fn-CDs for bioimag-
ing in vivo. 5 mice were injected intraperitoneally with 10 mL of
original solution of Fn-CDs (0.7 mg mL�1) per gram of each
mouse. The mouse injected with the same amount of 0.85%
saline was used as negative control. The uorescence images of
mice were obtained through an IVIS Lumina Series III imaging
system (PerkinElmer, USA). All experiments were carried out in
accordance with the relevant laws and institutional guidelines
and approved by the Institutional Animal Care and Use
Committee at Kunming University of Science and Technology.
3. Results and discussion
3.1 Characterization of Pg-CDs

As seen in Fig. 1, Fn-CDs displayed a nearly spherical shape and
a crystalline state. The size distribution of Fn-CDs was within
the scope of 2–6 nm with an average size of 4.06 nm in Fig. 1c.
The interplanar spacing of 0.15 nm was clearly observed by
high-resolution TEM, as shown in Fig. 1b, revealing the
graphitic nature of Fn-CDs. The X-ray powder diffraction (XRD)
investigation was performed to examine the crystallinity of the
solid phase of the resultant Fn-CDs (Fig. 2a). The Fn-CDs
showed a broad diffraction peak centered at around 23�,
exhibiting a similar graphitic structure as bulk graphite.26

The chemical composition and surface structure of the
resultant Fn-CDs were studied by X-ray photoelectron spec-
troscopy (XPS) and Fourier transform infrared (FTIR)
Fn-CDs.

Anal. Methods, 2021, 13, 1121–1131 | 1123
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Fig. 2 (a) XRD spectrum of Fn-CDs. (b) XPS spectrum of Fn-CDs.
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spectroscopy. The XPS spectra of CDs at low-energy resolution
in Fig. 2b revealed four typical peaks at 285.5, 398.1, 532.1 and
160.5 eV, corresponding to O1, N1, C1 and S2p, respectively,
indicating that Fn-CDs were mainly composed of carbon,
nitrogen, oxygen and sulfur with atomic percentages of 68.10%,
10.18%, 21.38% and 0.34%, respectively.

The high-resolution spectra of C1s shown in Fig. 3a were
subdivided into three main peaks approximately at 282.8, 284.0
and 286.0 eV which could be ascribed to C]O, C–H and C–O/C–
N bonds, respectively.26,27 The O1s band in Fig. 3b consisted of
two kinds of oxygen species. The peak of 529.6 eV indicated the
existence of oxide, while the peak located at 531.6 originated
from C]O/OH– groups. Two peaks were seen in the N1s spec-
trum (Fig. 3c). The peak at 397.8 suggested the existence of N–H
groups,28 while the peak at 399.4 eV was ascribed to the C–N
binding group. The S2p spectrum (Fig. 3d) with peaks centered
at 161.8 and 165.8 eV revealed the signal of sp2 sulfur and the
existence of –SOH groups, respectively.

The FTIR spectrum in Fig. 4a conrmed the functional
groups on the surface of the resultant Fn-CDs. The absorption
Fig. 3 High-resolution XPS spectra of (a) C1s, (b) O1s, (c) N1s, and (d) S2

1124 | Anal. Methods, 2021, 13, 1121–1131
peaks around 1168 cm�1, 704 cm�1 and 1633 cm�1 originated
from the C]O group, C–S and C]C stretching vibrations,
respectively.29–32 The peaks around 1049 cm�1 and 1130 cm�1

corresponded to the C]O and C–OH groups, respectively.26,32

The absorption bands between the regions 3052 and 3624 cm�1

arose from the O–H and N–H stretching vibrations.33–35 The
ample chemical groups on the surface may endow the Fn-CDs
with distinct optical properties, promoting their application
in bioimaging in vivo.
3.2 Optical properties of Fn-CDs

The UV-vis absorption spectrum showed a local maximum at
212 nm and a shoulder band at 270 nm, as shown in Fig. 4b,
which could be ascribed to the n–s* absorption of the OH/–NH2

groups and the n–p* transitions of the C]O groups,
respectively.

As seen in the inset in Fig. 4b, the Fn-CDs displayed intense
blue uorescence under 365 nm UV light. As illustrated in
Fig. 4c, the FL intensity of Fn-CDs increased when excited at
p of Fn-CDs.

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) FTIR spectrum of Fn-CDs; (b) UV-visible absorption spectrum of FN-CDs, inset: photograph of the aqueous Fn-CD solution under
irradiation of UV light (right) and daylight (left); (c) emission spectrum of Fn-CDs at different excitation wavelengths; (d) fluorescence decay curve
of Fn-CDs.
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different wavelengths from 300 to 360 nm in 10 nm increments.
The emission peaks showed a clear red shi accompanied by
a signicant uorescence intensity decrease, while the excita-
tion wavelength increased stepwise from 360 to 400 nm. The
emission peak reached the optimum at 360 nm of excitation
Fig. 5 FL spectra of Fn-CDs at various (a) temperatures; (b) NaCl concent
Fe3+ and Fn-CDs + Fe3+.

This journal is © The Royal Society of Chemistry 2021
wavelength. The emission maxima and bandwidth were
distinctly dependent on the excitation wavelength, indicating
various radiative sites on the surface of the resultant Fn-CDs,
which correlated well with previous studies.36
rations; and (c) pH values. (d) UV-visible absorbance spectra of Fn-CDs,

Anal. Methods, 2021, 13, 1121–1131 | 1125
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The absolute quantum yield was measured as 9.99% using
an Edinburgh uorescence spectrometer (FLS920) with an
integrating sphere. The decay curve of Fn-CDs in Fig. 4d
revealed its average lifetime of 4.77 ns, as determined by a bi-
exponential function with lifetimes of 1.44 ns (16.35%) and
5.42 ns (83.65%) at 360 nm excitation.

Good stability is one of the critical parameters for their
application in the biological eld. The uorescence stability of
Fn-CDs was evaluated under different conditions including in
solutions with pH 2–14, solutions with different ionic concen-
trations (0 to 2000 mM) and at various temperatures (20 �C to
100 �C) and the changes in the FL intensity were observed. As
illustrated in Fig. 5a, the temperature range from 20 to 100 �C
did not have a signicant effect on the FL intensity. The Fn-CDs
displayed high resistance to ionic strength, as shown in Fig. 5b;
the FL intensity dropped slightly even in the presence of 2000
mM NaCl. Although the FL intensity declined when pH values
were 2 and 14, it remained almost at the same level when the pH
value changed from 3 to 10. The above observation revealed that
Fn-CDs could maintain their excellent FL performance in
a variety of bioenvironments, suggesting that Fn-CDs were
suitable for bioimaging under physiological conditions.
3.3 Detection of Fe3+

The impact of fourteenmetal ions on the uorescence intensity of
Fn-CDs was recorded to evaluate the feasibility of the probe for
Fe3+ ions. As shown in Fig. 6a, the uorescence intensity of Fn-
CDs dropped remarkably only aer interaction with Fe3+ ions,
indicating that the resultant Fn-CDs could serve as selective
sensor for Fe3+ ions. Aer addition of Fe3+ ions with various
concentrations ranging from 0 mM to 180 mM, the FL intensity of
Fn-CDs decreased gradually (Fig. 6b). Over the range of 20 mM to
180 mM, a good linear relationship between the uorescence
intensity and Fe3+ concentration was observed with a correlation
coefficient R2 of 0.98549 (Fig. 6c). F0 and F were the uorescence
emission peaks before and aer addition of Fe3+, respectively. The
relationship between the quenching effects and the concentration
of Fe3+ was well expressed by the following equation:

y ¼ 0.00236x + 1.00054

The estimated detection limit for Fe3+ is 0.82 mM, according
to the rule of three times the standard deviation (3s/slope).
Fig. 6 (a) Effect of 14 metal ions on the FL intensity peaks of Fn-CDs (
spectrum of Fn-CDs with Fe3+ ions (Fe3+ concentration: 0, 20, 40, 80, 10
relationship between the FL quenching effects and concentration of Fe3

1126 | Anal. Methods, 2021, 13, 1121–1131
Intracellular iron concentration is approximately 0.5 mg mL �1

in blood,37 indicating that Fn-CDs could be used for intracel-
lular Fe3+ detection in vivo.

The uorescence quenching mechanism has been investi-
gated extensively. It has been reported that ion exchange or
energy transfer between the sensor and ions are two main
reasons for uorescence quenching.38,39 Fig. 5d shows that the
UV absorbance of Fn-CDs in the presence of Fe3+ ions increased
obviously, suggesting that static quenching may have possibly
occurred.20,33 The red shi of absorbance lmax aer addition of
Fe3+ to Fn-CDs could be related to the interaction between free
amino groups on the surface of Fn-CDs and the iron ions.20
3.4 Cell cytotoxicity

As seen in Fig. 7a and b, the cell viability of both HeLa cells and
BEAS-2B cells incubated with various concentrations of Fn-CDs
remained over 80%,much higher than that of same cells treated
with Taxol (Fig. 7c and d), the positive control. The prepared Fn-
CDs posed low toxicity toward both cancer cells and normal
cells at different concentrations, indicating that Fn-CDs
possessed excellent biocompatibility and low cytotoxicity.
3.5 Fluorescence bioimaging in vitro

From the uorescence images of onion epidermal cells incu-
bated with Fn-CDs, as shown in Fig. 8a1–a4, we can see that Fn-
CDs have penetrated successfully into onion cells, mainly
accumulated in the nucleus, some around the cell walls and
membranes. Under different excitation light wavelengths of
408, 488 and 555, the onion cells in the presence of Fn-CDs
exhibited bright blue, green, and red uorescence, respec-
tively. No uorescence was detected in control cells incubated
without Fn-CDs (Fig. 8b1–b4).

It has been reported that some CDs could not penetrate into
the cells due to certain functional groups, especially hydrophilic
groups, such as –OH and –COOH groups on the surface which
could conne the CD particles.40 As shown in Fig. 8b1–b4, the
Fn-CDs have crossed the cell membrane successfully and
reached the nucleus of the cells. The nucleus and cytoplasm of
HeLa cells stained with Fn-CDs displayed bright blue and green
light under different excitation wavelengths of 408, 488 and 555,
with green being dominant, suggesting that Fn-CDs could serve
as a uorescent probe in the biomedical eld.
concentration: Fn-CDs of 40 mg mL�1 and metal ion of 1 mM); (b) FL
0, 120, 140, 160, and 180 mM, from top to bottom); (c) linear plot of the
+ (20 to 180 mM).

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 MTS assay results. (a) Effects of Fn-CDs on HeLa cell viability; (b) effects of Fn-CDs on BEAS-2B cell viability; (c) and (d) positive control. (c)
Effects of Taxol on HeLa cell viability. (d) Effects of Taxol on BEAS-2B cells.
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The uorescence could still be observed in the cells aer 48
hours of incubation with Fn-CDs (Fig. 9e1–e4). Although the FL
intensity appeared weaker, the uorescence lasted for more than
the time required for bioimaging in vivo. It was also clearly shown
that the number of cells aer 48 hours of incubation with Fn-CDs
(Fig. 9e1–e4) was more than that observed aer incubating for 24
hours with Fn-CDs (Fig. 9b1–b4), conrming that the Fn-CDs did
not have negative effects on the growth of cells.
Fig. 8 Confocal images of onion epidermal cells incubated with Fn-CD

This journal is © The Royal Society of Chemistry 2021
Compared with the cells incubated with only Fn-CDs
(Fig. 9c1–c4), the FL intensity of HeLa cells cultured with the
addition Fn-CDs and Fe3+ reduced noticeably in Fig. 9d1–d4,
suggesting that the uorescence could be quenched in the
presence of Fe3+ ions in living cells. The concentration of ferric
ions in HeLa cells increased aer the addition of Fe3+. There-
fore, there were extra Fe3+ ions in cells which could interact with
the chelating groups, such as hydroxyl and amine groups on the
s (a1–a4) and without Fn-CDs (b1–b4).
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Fig. 9 Confocal images of HeLa cells incubated with Fn-CDs: (b1–b4), (c1–c4) and (e1–e4); without Fn-CDs (a1–a4); with Fn-CDs + Fe3+

(concentration of Fn-CDs: 56 mg mL�1; Fe3+: 100 mM).
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surface of Fn-CDs, leading to the quenching effects on the
uorescence of Fn-CDs. The above observation demonstrated
that the resultant Fn-CDs could be applied as a uorescent
probe for bioimaging and detection of Fe3+ in vivo.
3.6 Fluorescence bioimaging in vivo

Fig. 10 illustrates the uorescence images of mice taken at
different time points aer the injection of Fn-CDs. 1 hour aer
1128 | Anal. Methods, 2021, 13, 1121–1131
injection, strong uorescent spots were detected around the
injection site and in the stomach. Two hours later, the CDs were
found to have spread, and uorescent signals appeared in the
upper parts of mouse, probably around the location of lungs
and heart. The uorescence was found accumulated on the
lower part of mouse by 5 hours, to the area of small intestine.
Later on, the FL intensity decreased gradually, demonstrating
that the CDs may have entered into the blood circulation and
This journal is © The Royal Society of Chemistry 2021
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Fig. 10 In vivo fluorescence imaging of male Kunming mice at different treated times with Fn-CDs (10 mL g�1, 0.7 mg mL�1).
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carried to other parts of the body. We speculated that the Fn-
CDs could probably have penetrated the blood–brain barrier
(BBB) to the brain. The Fn-CDs could be excreted through
digestion as no signal was detected 24 hours aer injection,
indicating that the Fn-CDs have been cleared out of the body
within a short time.
4. Conclusions

In this study, for the rst time, an anaerobic bacterium F.
nucleatum was utilized to synthesize CDs through a hydro-
thermal method. TEM, XRD, FTIR, XPS, uorescence and UV-vis
absorption spectroscopy were employed to characterize the
properties of the resultant Fn-CDs. The Fn-CDs exhibited high
stability, long-term bioimaging and excellent biocompatibility.
Most signicantly, the prepared Fn-CDs were selectively sensi-
tive to the presence of Fe3+ and could serve as an intracellular
Fe3+ biosensor. In addition, the Fn-CDs also have been
successfully applied for imaging in plant cells, HeLa cells, and
in mice as well, suggesting their great potential applications in
in vitro and in vivo bioimaging. Whether the Fn-CDs can cross
the blood–brain barrier (BBB) and internalize the brain requires
further investigation.
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