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As a type of new carbon-based nanomaterials, carbon dots (CDs) possess exceptional optical properties,
making them highly desirable for use in fluorescent sensors. However, the CDs with deep-red (DR) or
near-infrared (NIR) emission have rarely been reported. In this work, we prepared deep-red emissive
fluorine-doped carbon quantum dots (F-CDs) by introducing a precursor simultaneously containing fluo-
rine and amidogen. The synergistic effect of nitrogen doping and D-w-A pattern production contributed
to the maximum emission of F-CDs at 636 nm with an absolute quantum yield of 36.00% + 0.68%. More-
over, we designed an F-CDs-based fluorescence assay to determine the content of hypochlorite (CIO-),
with a limit of detection (LOD) as low as 15.4nmol/L, indicating the high sensitivity of F-CDs to ClIO~.
In real samples, the F-CDs-based fluorescent sensor exhibited excellent sensitivity and selectivity in the
detection of ClO~, with an error below 2%, suggesting their great potential in daily life. In cancer cell
imaging, the F-CDs not only demonstrated high sensitivity to CIO~ but also exhibited excellent mitochon-
dria targeting, as evidenced by the high Pearson’s correlation coefficient (PCC) of 0.93 in colocalization
analysis. The work presented here suggests the great potential of replacing commercial dyes with F-CDs
for highly specific mitochondria labeling and cell imaging.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon dots (CDs), a new kind of carbon-based nanomaterial
with fluorescent properties, garnering significant attention since
2004 due to their impressive optical performance [1]. CDs pos-
sess a range of desirable attributes, including excellent biocompat-
ibility [2,3], resistance to photobleaching [4], low cytotoxicity [5],
easy functionalization [6], and high photoluminescence quantum
yield (PLQY) [7]. These properties have made CDs highly sought-
after in various applications, including cell imaging [8], bioimag-
ing [9], biosensors [10], cancer therapy [11], and catalysis [6,12]
among others [13,14]. In particular, CDs with deep-red (DR) or
near-infrared (NIR) emission are highly advantageous, as they can
reduce phototoxicity and mitigate the interference of background
fluorescence in organisms or tissues [15,16]. Although, scientists
have developed lots of molecular fluorophores with NIR emission
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[17,18], the preparation of DR or NIR emissive CDs is still a chal-
lenge due to the unclear fluorescence mechanism and the random-
ness of precursors [19,20].

To overcome this challenge, researchers have employed vari-
ous strategies to increase the m-conjugated domain of CDs. For
instances, Bi et al. developed N-CDs-F with NIR emission by em-
ploying a solvothermal method involving critic acid, urea and
NH4F [21]. The doping of fluorine, which has a strong electron-
withdrawing effect, resulted in a favorable donor--acceptor (D-
m-A) configuration structure in N-CDs-F, facilitating the expan-
sion of the conjugated sp? domain and ultimately leading to red-
shifted emission [22]. Similarly, Gao et al. prepared R-CDs210 with
emission at 660nm in the solid state by employing a solvother-
mal treatment of 1,2-diaminobenzene and thiourea, where the
red-shifted phenomenon was attributed to the collaboration of D-
m-A pattern and intramolecular charge-transfer (ICT) effect [23].
Other reports have demonstrated that the introduction of ami-
dogen groups not only promotes the production of the D-w-A
pattern but also increases the electronic cloud density, which is
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beneficial for decreasing the band energy gap in CDs and re-
sulting in long-wavelength emission [24,25]. For example, Rogach
et al. have reported that surface-functionalization with amidogen
induced a red-shifted emission of CDs, which was probably at-
tributed to charge transfer between the amidogen and the car-
bon core. This suggests that the introduction of strong electron-
withdrawing groups and electron-donating groups such as -NH,
can be utilized to prepare CDs with red or NIR emission.

Hypochlorite (CIO~) is a potent source of reactive oxygen
species (ROS), which plays a critical role in numerous biologi-
cal processes [26]. It is noteworthy that hypochlorous acid, when
used at appropriate concentrations, can be employed to eliminate
pathogenic agents. Currently, the disinfection of tap water using
chlorine or chlorine dioxide is a widespread practice worldwide.
However, abnormal levels of CIO~ have been related to some dis-
eases, including scurvy, mental illness [27], rheumatoid arthritis
[28], multiple sclerosis [29], and cancer. Although there contained
numerous techniques for the detection of ClO~, including chemi-
luminescence [30], electrochemistry [31], and chromatographic
methods [32]. These methods still have a number of disadvantages,
such as the need of professional operators, expensive equipment,
lengthy preparation processes. As a result, fluorescence-based as-
says, with their superior optical characteristics and economic oper-
ation [33], seemed the appropriated way to avoid this predicament.

In this work, we have synthesized a novel deep-red fluorine-
doped carbon quantum dots (F-CDs) by introducing fluorine and
amidogen (Scheme 1). The maximum emission wavelength of F-
CDs was located at 636 nm with a maximum excitation wavelength
of 574nm. Additionally, F-CDs exhibited excellent optical proper-
ties, including a high absolute quantum yield (36.00% + 0.68%),
excitation-independent emission, and good photostability. In the
determination of ClO~, the fluorescence intensity of F-CDs was
significantly quenched by the static quenching process, the corre-
sponding limit of detection (LOD) was calculated to be approxi-
mately 15.4 nmol/L. Furthermore, the F-CDs-based fluorescent sen-
sor also showed an error within 2% in the detection of ClIO~ in real
samples, indicating its potential application for accurate determi-
nation of CIO~ content. In cell imaging, F-CDs not only responded
to the exogenous addition of ClIO~ but also showed excellent tar-
geting capability towards the mitochondria in SW-480 cells. The
corresponding Pearson’s correlation coefficient (PCC) in colocaliza-
tion was calculated to be as high as 0.93, suggesting that F-CDs
also have potential capacity to replace commercial dyes for specific
labeling of mitochondria.

The F-CDs were prepared via a one-step solvothermal method
of 3,4-diaminofluorobenzene, N’,N'-bis(pyridin-2-ylmethyl)ethane-
1,2-diamine and diluted hydrochloric acid. Transmission electron
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Scheme 1. Schematic diagram of the preparation of the F-CDs, and the application
for the detection of CIO~ and for the labeling of mitochondria in SW-480 cells.
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microscopy (TEM) and high-resolution TEM (HR-TEM) microscopy
were performed to investigate the morphology of the F-CDs. As
shown in Fig. S1a (Supporting information), the TEM image of the
F-CDs revealed well-dispersed particles with an average diame-
ter of 8.19nm, and the corresponding HR-TEM image of the F-CDs
(Fig. S1b in Supporting information) showed a spheroid morphol-
ogy with a clear crystal lattice. The d-spacing of the F-CDs was
measured to be 0.21 nm which was attributed to the (100) plane
of the graphite facet [34], which was in accord with the result of
the X-ray diffraction (XRD) pattern in Fig. S2 (Supporting infor-
mation) [35]. The corresponding fast Fourier transform (FFT) and
inverse fast Fourier transform (IFFT) patterns were also measured
and shown in Figs. S1c and d (Supporting information), the results
were consistent with the HR-TEM analysis, indicating the presence
of high crystallinity. In addition, the lattice spacing of the F-CDs
was calculated to be approximately 0.207 nm (Fig. S1e in Support-
ing information), which was in agreement with the result of the
HR-TEM image.

The Fourier transform infrared (FTIR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) were performed to further inves-
tigate the functional groups of the F-CDs. As depicted in Fig. 1a, the
FTIR spectrum of the F-CDs exhibited several peaks at 3423, 2925,
1621, 1569, and 1524 cm~!, which were attributed to the stretch-
ing vibration of N-H, C-H, C=0, C=N, C-0, and C=C, respectively
[36]. The bending vibration of alkyl was located at 1478 cm~!. The
stretching vibration of C-N, C-F, and C-O were located at 1316,
1265, and 1235 cm™!, respectively [37]. The total XPS spectrum
in Fig. 1b confirmed the presence of C, N, O, and F elements in
F-CDs. And the corresponding high-resolution XPS spectra of C 1s
(Fig. S3a in Supporting information) exhibited four peaks at 248.8,
285.6, 286.5, and 288.5eV, which were assigned to the C-C/C-N,
C-0, C=0, and C-F structures, respectively. The N 1s XPS spec-
tra (Fig. S3b in Supporting information) suggested the presence
of C-N=C (399.2eV), N-C (400.1eV), and N-H (401.7eV) bonds.
The curve of O 1s XPS spectra (Fig. S3c in Supporting information)
was deconvoluted with three peaks at 531.1, 532.5 and 533.2eV,
which were ascribed to the C=0, C-0, and 0=C-O bonds. And
the F 1s XPS spectra (Fig. S3d in Supporting information) revealed
the presence of semi-ionic C-F (686.6eV) and covalent C-F bonds
(687.1 eV). Therefore, combined with the FTIR and XPS results, we
have demonstrated the successful doping of the fluorine in the F-
CDs.

The ultraviolet-visible (UV-vis) and fluorescence spectropho-
tometer were used to investigate the optical properties of the F-
CDs. The UV-vis absorption spectrum in Fig. 1c exhibited a strong
absorbance peak at 284nm, which was attributed to the m-7*
transition of C=C in the sp? region [38]. In addition, the broad ab-
sorption band in the range of approximately 450-550 nm indicated
the n-7r* transition of C=N and C=0 bonds [39]. Moreover, the flu-
orescence spectra of the F-CDs demonstrated that the F-CDs had a
maximum emission at 636 nm with a maximum excitation wave-
length of 574nm. As shown in Fig. 1d, the fluorescence spectra of
the F-CDs indicated that the emission of the F-CDs was excitation-
independent, and the inset were the images of the F-CDs solution
under daylight and blue light (A = 450nm), indicating that the
F-CDs exhibited bright red emission under excitation. Moreover,
the total luminescence spectra of the F-CDs were measured and
shown in Fig. 1e, the results showed the excitation-independent
emission which was consistent with the fluorescence spectra. And
the corresponding Commission Internationale de I Eclairage (CIE)
coordinate was shown in Fig. 1f, the coordinate (0.706, 0.294)
was obviously located in the red region, further confirming the
excellent optical properties of the F-CDs. Given the DR emission
and excitation-independent properties, F-CDs possessed good anti-
interference performance and could be potentially applied in cell
imaging [40].
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Fig. 1. (a) The FTIR spectrum of the F-CDs. (b) The XPS spectrum of the F-CDs. (c) The UV-vis absorption (black line), excitation (red line), and emission (blue line) spectra
of the F-CDs. (d) Fluorescence spectra of the F-CDs. Inset: Images of F-CDs solution under daylight and blue light (A = 450 nm). (e) Total luminescence spectra (400-800 nm)
of the F-CDs. (f) CIE color coordinate of the F-CDs, the color coordinate is (0.706, 0.294).

The absolute quantum yields (QY), pH stability, and salt toler-
ance of the F-CDs were further explored. As shown in Fig. S4 (Sup-
porting information), the absolute QY of the F-CDs was determined
to be an impressive 36.00% + 0.68% after thrice measurements.
As depicted in Fig. S5a (Supporting information), consistent with
previous reports [41], the intensity of the F-CDs was significantly
enhanced under acidic conditions (pH 1.0-4.0), while the fluores-
cence intensity decreased when the solutions changed to alkaline
conditions (pH 9.0-13.0). This phenomenon is mainly attributed
to the protonation and deprotonation effects of the surface amino
groups [42]. The salt tolerance of the F-CDs was further performed
and shown in Fig. S5b (Supporting information), the results sug-
gested that the intensity of the F-CDs was stable in different con-
centrations of NaCl (0-2 mol/L) solution. Additionally, photostabil-
ity was also investigated and demonstrated in Fig. S5c (Supporting
information), indicating that the intensity of F-CDs remained above
85% when exposed to daylight for a week. Therefore, the prepared
F-CDs possessed both wonderful optical properties and good sta-

bility, which could provide a favorable foundation for subsequent
applications.

Considering the pretty high fluorescence intensity of F-CDs and
the favorable dissociation of hypochlorite in acidic conditions, the
system with pH 1.0 was chosen for the detection of CIO~. As
shown in Fig. 2a, the intensity of the F-CDs gradually decreased
with the different concentration of ClO~ added. Notably, the fluo-
rescence of F-CDs was dramatically quenched when the CIO~ con-
centration reached 30 pmol/L. And we found that the intensity of
F-CDs could be quenched by CIO~ within 1min and be stable in
the next 20 min (Fig. S6 in Supporting information). The inset in
Fig. 2a shows the transition of the F-CDs solution from bright red
emission to colorless. The relationship between the variations in
fluorescence intensity (Fy/F) and the CIO~ concentration was fur-
ther analyzed. As shown in Fig. 2b, the results demonstrated a
good linear relationship (Fp/F=100.21c - 77.22, R? = 0.996). And
LOD was calculated to be approximately 15.4nmol/L. Therefore,
compared to the published work, our prepared F-CDs exhibited
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Fig. 2. (a) Fluorescent spectra of the F-CDs with different concentrations of CIO~ (from top to bottom, 0-30 pmol/L) at an excitation wavelength of 574 nm. Inset: Photographs
of the F-CDs before and after the addition of ClO~. (b) The linear relationship between (Fy — F) and the concentration of ClO~ over the range of 2-30 pmol/L. (c) The
corresponding fluorescence intensities of the F-CDs toward CIO~ (24 pmol/L) and other interfering substances (5 times concentration towards ClO~). Error bars represent the

standard deviation (SD) for n=3.
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a longer emission wavelength or lower LOD (Tables S1 and S2 in
Supporting information).

Furthermore, the selectivity of the assay system for CIO~ was
verified in the coexistence of interfering substances. Similar to
the detection of ClO~, F-CDs were dispersed in a buffer solution
(pH 1.0) followed by the addition of interfering substances, in-
cluding metal cations (AI**, Bazt+, Cd%+, Cu?t, Mg+, Mn?+, Pb2,
Zn2t, Ca%t, K*, and Ni2t), anions (CI-, I=, SO32~, SO42~, CO3%-,
NO,~, NO3~, and HCO3~), small molecules (glutathione, glycine,
lysine, glucose, cysteine, and glutathione (GSH)), and some ox-
idizing agents (H,0,, 10,, tert-butyl hydroperoxide (TBHP), and
-OH). The concentration of CIO~ was fixed at 24 pmol/L, while
the concentration of each interfering substance was 5 folds higher
than CIO~. It is noticeable that the fluorescence intensity of F-CDs
was significantly reduced with the presence of exogenous CIO~
(Fig. 2c). On the contrary, the fluorescence of F-CDs remained
stable when various interfering substances even if H,0,, TBHP
and -OH (formed by Fenton reaction) were added, demonstrating
that F-CDs have superior selectivity and sensitivity for the de-
tection of CIO~ in complex conditions. These results suggest the
great potential of F-CDs-based fluorescent sensor for CIO~ detec-
tion in various applications. Therefore, tap water and commer-
cial bleach were selected as model systems to assess the poten-
tial value of F-CDs in the real samples. As shown in Table S3
(Supporting information), the recoveries of the ClIO~ standards in
tap water and commercial bleach were found to be within the
ranges of 98.85% + 0.05% to 100.88% + 0.22%, and 98.29% + 0.21%
to 100.07% + 0.22%, respectively. The satisfactory recovery and
relative standard deviation (RSD) values obtained in this study
demonstrate the accuracy of F-CDs for detecting ClIO~ in real-world
samples.

To evaluate the quenching mechanism of the F-CDs, the re-
lationship between the intensity of F-CDs and the concentration
of ClIO~ was analyzed using the modified Stern-Volmer equation
(Eq. 1) [43] as follows:

k1, 1
FO*F _fa faKa[Q]

where Fy and F represent the fluorescence intensities of the
20pg/mL of the F-CDs in the absence and presence of ClO~, respec-
tively. K, and f; denote the Stern-Volmer quenching constant and
the fractional maximum fluorescence intensity of F-CDs summed
up, respectively. And [Q] represents the concentration of CIO~.

As illustrated in Fig. 3a, the modified Stern-Volmer
equation of the quenching process was calculated as
Fo/(Fp, — F) = 0.40+32.14/[Q], which suggests that K, is

(1)
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1.244 x 10*L/mol. Additionally, the fluorescence lifetime of
20pg/mL of F-CDs (t) was determined to be 3.27ns using
time-correlated single-photon counting (Fig. 3c). The calcu-
lated quenching rate constant (Kq) value was approximately
3.80x 10"2L mol-! s~!, indicating a static quenching process
since the dynamic quenching rate constant is typically less than
1.0 x 10'°L mol~1 s~ [44,45].

To further verify our speculation, the UV-vis absorption spec-
tra of the F-CDs with or without ClIO~ were analyzed (Fig. 3b).
The results indicated that the characteristic peaks of F-CDs over
the range from 450 nm to 550nm disappeared with the addition
of ClIO~. This phenomenon is most likely caused by the strong oxi-
dizing property of ClIO~, which may destroy the structure of F-CDs
and ultimately result in fluorescence quenching. Additionally, the
lifetime of F-CDs with or without CIO~ were investigated based
on the reported equation [46], with a lifetime of 2.78 and 3.27 ns
(Fig. 3c), respectively. The FTIR spectra of F-CDs with or without
ClO~ were employed and shown in Fig. 3d, which suggested that
the specific stretching vibrations of C=C, C-N, C=N and C-O were
dramatically decreased, indicating that the phenazine ring in F-
CDs was destroyed by the oxidation reaction [42]. Moreover, the
TH nuclear magnetic resonance (NMR) spectra (Figs. 3e and f) of
F-CDs and F-CDs + ClO~ also confirmed the structures of pyridines
and phenazines in F-CDs were destroyed after adding ClO~ [47,48].
Therefore, combined with the above results, the quenching mecha-
nism of the F-CDs in the detection of CIO~ mainly originated from
static quenching.

A cytotoxicity assay (WST-1) was performed to assess the appli-
cability of F-CDs for cell imaging. As depicted in Fig. S7a (Support-
ing information), the viability of SW-480 cells persisted over 90%
upon the addition of varying concentrations of F-CDs (0, 10, 20, 30,
40, 50, 60, 80, and 100pug/mL). And the hemolysis test shown in
Fig. S7b (Supporting information) suggested that F-CDs possessed
negligible effect on red blood cells from BALB/c mice (care and
housing were under the supervision of authorized investigators of
the animal welfare ethics committee at Shenzhen Bay Laboratory
and by the international standards for animal welfare), which indi-
cated their good biocompatibility and potential application in cell
imaging.

The ability of F-CDs for cell imaging was further explored us-
ing Leica TCS-SP5 confocal laser scanning microscopy (CLSM). As
shown in Fig. S8a (Supporting information), SW-480 cells exhib-
ited distinct blue and red emissions in the nucleus and cytoplasm,
which were corresponded to Hoechst and F-CDs, respectively. Upon
addition of exogenous ClIO~ (20 pumol/L), the intensity in the red
channel (A = 633 nm) was significantly decreased (Fig. S8b in Sup-
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Fig. 3. (a) The linear regression procedure based on the modified Stern-Volmer equation. (b) UV-vis absorption spectra of F-CDs (black line) and F-CDs + CIO~ (red line).
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The concentration of F-CDs in incubation was 20 ug/mL. From left to right: blue channel (A = 405nm) or green channel (A =488 nm), red channel (1 =633 nm), and merged

images.

porting information), suggesting that F-CDs could respond to ex-
ogenous ClO~ at cellular level.

The targeting site of F-CDs in SW-480 cells was further explored
by labeling the nucleus, mitochondria, lysosome, and endoplasmic
reticulum, respectively. As shown in Fig. 4, unlike Hoechst (Fig.
4a), Lyso-Tracker Green (Fig. 4c), and ER-Tracker Green (Fig. 4d),
the signal of F-CDs in red channel was significantly overlapped
with Mito-Tracker Green (Fig. 4b). Additionally, by choosing the
region within the rectangular border as the sample, the signal of
the F-CDs exhibited a significant overlap with Mito-Tracker Green,
demonstrating that the targeting site of F-CDs in SW-480 cells was
mitochondria. This conclusion was further verified by colocaliza-
tion analysis, corresponding PCC was calculated at about 0.93 (Fig.
S9 in Supporting information), which is better than reported stud-
ies [49,50].

Because of the wonderful mitochondria targeting of F-CDs, the
impacts of different mitochondria membrane potential (MMP), po-
larity, and viscosity on the biological microenvironment were in-
vestigated. As shown in Figs. S10a and b (Supporting information),
some F-CDs leaked from mitochondria and distributed in the cy-
toplasm when the MMP of SW-480 cells decreased by treating
with carbonyl cyanide 3-chlorophenylhydrazone (CCCP). However,
when SW-480 cells were fixed by 4% paraformaldehyde, partial F-
CDs were shed from the mitochondria and distributed in the cyto-
plasm and nucleolus accompanied by the disappearance of MMP
(Fig. S10c in Supporting information). Thus, we speculated that
the mitochondria targeting of F-CDs relied on lipophilic cations in-
herited from N’,N’-bis(pyridin-2-ylmethyl)ethane-1,2-diamine [51].
Furthermore, the intracellular polarity was regulated by treating
with dimethyl sulfoxide (DMSO) and Hank’s balance salt solution
(HBSS) [52]. As shown in Figs. S11a and b (Supporting informa-
tion), DMSO could rapidly decrease the intracellular polarity and
increase the membrane penetration [53], which eventually caused

the enhancement of fluorescence and a slight signal in the nu-
cleus. However, treatment with HBSS caused weaker fluorescence
because it can increase the intracellular polarity (Fig. S11c in Sup-
porting information). Besides that, to investigate the influence of
viscosity, H,0, and Cu?* (heavy metal ion) were utilized to in-
crease and decrease the viscosity of the microenvironment, respec-
tively. As depicted in Figs. S12a and b (Supporting information),
SW-480 cells treated with H,0, exhibited a stronger fluorescent
signal. Compared to this, the group of incubation with Cu?* (Fig.
S12c in Supporting information) showed a weaker emission. Con-
sidering that H,0, and Cu?* negligibly interfered with F-CDs, the
enhanced intensity should be attributed to the inhibition of molec-
ular rotor rotation [54].

We further investigated the cellular uptake mechanism of the
F-CDs by SW-480 cells and the results were shown in Figs.
S13a and b (Supporting information). Compared to the control
group, SW-480 cells incubated at 4°C or with chlorpromazine
(CPZ), genistein, methyl-B-cyclodextrin (MBCD), and amiloride
made fluorescence intensities of F-CDs decrease by 74.79%, 84.23%,
83.78%, 78.35%, and 85.38%, respectively. Therefore, the endocy-
tosis of SW-480 cells for F-CDs is ATP-dependent and multi-
endocytic pathways mediated, including clathrin-mediated endocy-
tosis, caveolae-mediated endocytosis, lipid raft-mediated endocy-
tosis, and macropinocytosis. Overall, our work indicate that F-CDs
are capable of detecting CIO~ at the intracellular level and have
the potential to replace commercial dyes for labeling mitochondria
in cells.

In conclusion, we have successfully synthesized red-
emissive F-CDs following a solvothermal process with 3,4-
diaminofluorobenzene, N',N’-bis(pyridin-2-ylmethyl)ethane-
1,2-diamine and diluted hydrochloric acid. The F-CDs exhib-
ited excellent optical properties, including high absolute QY
(36.00% + 0.68%), long wavelength emission (A =636 nm) and good
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stability. Further investigation demonstrated that the red emission
of F-CDs was significantly quenched by ClO~ via a static quenching
process. Over the range of 0-30umol/L of ClO~, the intensity dif-
ference of F-CDs exhibited an excellent linear relationship with an
R? of 0.996. The LOD was calculated to be as low as 15.4 nmol/L.
These results suggest the feasibility of selective and sensitive de-
tection of ClO~ using as-prepared F-CDs-based fluorescent sensors.
In real samples, the F-CDs were reported with an error less than
2%, which demonstrates their suitability practical applications in
daily life. In addition, the F-CDs exhibited good responsiveness to
exogenous ClO~ and a high capacity for mitochondria targeting
in SW-480 cells. The corresponding PCC of colocalization analysis
between the commercial dye and F-CDs was up to 0.93. Therefore,
the F-CDs have the capability to determining the content of CIO~
in daily life and replace commercial dyes for labeling mitochondria
in cells.
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