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ABSTRACT: pH-sensitive nitrogen-doped carbon dots (N-CDs) were synthe-
sized using immature seeds of elm trees as a carbon source and ethylenediamine \‘%u
as a coreactant through a facile one-step hydrothermal method. The N-CDs were £
characterized using fluorescence spectroscopy, fluorescence lifetime, ultraviolet— P
visible absorption, X-ray photoelectron spectroscopy, X-ray diffraction, and [* = |
Fourier transform infrared spectroscopy, as well as transmission electron \ (

microscopy. The N-CDs displayed excellent fluorescence properties and Applcation,

responded to pH changes. The N-CDs exhibited low toxicity and good X «/
biocompatibility and had the potential to be used for the biological imaging of \ }
HeLa cells and mung bean sprouts. Utilizing the mechanism of fluorescence ~_
resonance energy transfer, ratiometric fluorescent probes were prepared by

simple mixing of N-CDs and fluorexon in a Britton—Robinson buffer solution.

The ratiometric fluorescent probe was used to detect Cu®* and Fe®". The linear

equations were R¢, = —0.0591[Q] + 3.505 (R* = 0.992) and Ry, = —0.0874[Q] + 3.61 (R* = 0.999). The corresponding limits of
detection were 0.5 and 0.31 uM, respectively. The good results had been obtained in the actual samples detection.

1. INTRODUCTION popularity because of their low cost and avoidance of
interference factors.”” ™'

In this paper, we prepared the distribution of pH-sensitive
nitrogen-doped carbon dots (N-CDs) using immature seeds of
elm trees (ISET) and ethylenediamine (EDA) through a one-
step hydrothermal method. The N-CDs were applied for pH
monitoring, bioimaging of cells and mung bean sprouts, and

Th hods for th . f CDs includ the fabrication of the ratiometric fluorescent probe with
e methods for the preparation o S include are fluorexon because of the high fluorescence intensity, pH-

. 10,11 .12 . S 13
dISCh?rge’ ) lz?ser L 4a bIat}on, eleCt?OChef?icf;l oxidation, sensitive behavior, low cytotoxicity, good biocompatibility, and
chemical oxidation, ™ microwave-assisted, and hydro- high photo stability (Figure 1).

Carbon dots (CDs) are carbon-based nanomaterials that have
excellent optical properties, high chemical stability, good
biocompatibility, and low toxicity; hence, they have broad
application prospects in biological imaging,"” sensing,”> drug
delivery,”” and photocatalysis.”® In this way, CDs have
attracted increasing attention of researchers worldwide."”

thermal®'®'? methods. Among them, the hydrothermal

methold is simple and eco—frlefldly afld does1 1I110t require a 2. MATERIALS AND METHODS

complicated technology or special equipment.” " Eco-friendly

carbon sources (eggs,'’ banana peel,”’ papaya seeds,’’ 2.1. Materials, Apparatus, and Characterization. N-
milk,”** and leaves™) are widely used for the preparation CDs were characterized by transmission electron microscopy

of CDs."” Thus far, the application of CDs mainly in ion (TEM), X-ray photoelectron spectroscopy (XPS), UV-—vis
absorption, and fluorescence spectroscopy. The laser confocal

microscope and small animal living imager were used for
fluorescence imaging. For more information about materials,

sensing and the use of pH-sensitive CDs have been reported
rarely.”

However, nonproportional CDs probes are easily influenced
by external factors, which hinders their practical applicability.*®

Ratiometric fluorescent probes can effectively avoid the Received: June 27, 2023
influence of external factors and improve the determination Accepted: September 13, 2023
accuracy.”’” Ratiometric fluorescent probes based on CDs have Published: September 25, 2023

been prepared,””*® but no studies have assessed the utility of
the ratiometric fluorescent probe to determine Cu®* and Fe>'.
Many kinds of sensors based on heavy metal ions have gained
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Figure 1. Schematic diagram of the synthesis of N-CDs and their application for pH monitoring, bioimaging, and fabrication of the ratiometric

fluorescent probe.
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Figure 2. (A) TEM image of N-CDs. Inset: the high-resolution TEM image of N-CDs. (B) Size distribution of N-CDs.

apparatus, and characterization, please refer to the Supporting
Information.

2.2. Synthesis of N-CDs. Briefly, 0.5 g of ISET powder, 25
uL of EDA, and 30 mL of double-distilled water were mixed
and transferred to a Teflon-lined autoclave. The mixture was
then heated to 180 °C for 15 h. A dark brown solution was
obtained after being naturally cooled to room temperature.
The solution was then centrifuged (12,000 rpm) for 20 min,
and the filtrate was filtered through a 0.22 ym filter membrane

37099

to discard large-sized particles. The supernatant was dried and
prepared into a 7 mg/mL N-CDs aqueous solution.

2.3. Fabrication of the Ratiometric Fluorescent
Probe. The ratiometric fluorescent probe was prepared
using synthesized N-CDs as the reference fluorophore and
fluorexon as the test probe. Briefly, 100 uL of the prepared N-
CDs solution was mixed with 48 uL of fluorexon (1 mM,
dissolved in water) in 652 uL of Britton—Robinson (BR)
buffer solution (pH = 6).
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ACS Omega 2023, 8, 37098—-37107


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04596/suppl_file/ao3c04596_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04596/suppl_file/ao3c04596_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04596?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04596?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
A Ols CIS
le
Ml wWWMWM\
MNMMWM
1200 1000 500 600 400 .‘*“"‘:E‘(‘)““‘*“.W”‘“ﬂ‘o
Binding Energy / eV
§

T T T T T T
396 398 400 402 404 406 408 410

Binding Energy / eV

Counts

Counts

B

Binding Energy / eV

Ols

C-0/C-0-C

T T T T T
529 530 531 532 533 534 536

Binding Energy / eV

Figure 3. (A) XPS spectrum, (B) C 1s spectrum, (C) N 1s spectrum, and (D) O 1s spectrum of the N-CDs.
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Figure 4. (A) X-ray diffraction pattern of N-CDs and (B) FTIR spectrum of N-CDs.

2.4. Analysis of Real-World Samples. CuSO, and FeSO,,
could be used as raw materials to prepare medical drugs and as
feed additives to supplement iron and copper. The raw
materials (CuSO, and FeSO,), feed additives, and drugs were
analyzed individually. After dilution, the amounts of Cu** and
Fe’* in the samples were determined using the probe and
compared with the theoretical values. The determination
accuracy of the results was evaluated by the relative error.
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3. RESULTS AND DISCUSSION

3.1. Characterization. The results shown in Figure 2
confirmed that the prepared N-CDs were nearly spherical with
a good size distribution of approximately 1—-2.5 nm, and the
average diameter was 1.64 nm. The TEM image (insert of
Figure 2A) demonstrates that the lattice spacing of N-CDs was
0.24 nm, which corresponded with the spacing of the (100)
planes of the graphite carbons.”* As shown in Figure 4A, the X-
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Figure 5. (A) UV—visible, excitation, and emission spectra of N-CDs. Inset: N-CDs under sunlight (left) and 365 nm UV light (right). (B)

Fluorescence spectra of the N-CDs at different excitation wavelengths.

8
3

A 35 ——pH=2
——pH=3
——pH=4
——pH=5
——pH=6
—pH=7
——pH=8
——pH=9
——pH=10
——pH=11
——pH=12

Fluorescence Intensity / a.u.

@]

£
S
L

320

300 4

2804

o
Fluoreseence Intensity / a.u.

T T T
450 500 550 600 650 2 4

Wavelength / nm

T T T
8 10 12 2 4 6 8
pH

Figure 6. (A) Fluorescence spectra of the N-CDs at different pH values. (B) Fluorescence intensity of N-CDs at different pH values. (C) Linear

relationship between the fluorescence intensity and pH.

ray diffraction patterns of N-CDs had a broad peak centered at
~23°, which corresponded to the (100) interplanar spacing of
the graphite and was consistent with the TEM results.”

The surface groups on N-CDs were studied from XPS and
Fourier transform infrared (FTIR) spectra. The XPS results
showed that the N-CDs comprised C (68.02%), N (9.83%),
and O (22.15%), indicating the successful synthesis of N-CDs.
The XPS spectra had three peaks of C 1s, N 1s, and O 1s at
306.0, 400.0, and 611.0 eV, respectively (Figure 3A). In the C
1s spectrum, four peaks were observed at 284.6, 285.15, 286.3,
and 288.1 eV, corresponding to C—C/C=C, C-N/C-0,
C=N, and C=0, respectively.'””> According to the N 1s
spectrum, the three peaks at 399.93, 400.81, and 406.5 eV
belonged to C—N, C=N, and N—-H, res.pectively.34 In the O
Is spectrum, two peaks were observed at 531.58 and 532.40
eV, corresponding to C=0O and C-0O/C—-0O-C, respec-
tively.'”*> XPS results showed that the surface of the N-CDs
had an abundance of the —COOH, —NH,, and —OH groups.

As shown in Figure 4B, the broad absorption peak at 3221
cm™! was attributed to the stretching vibrations of O—H and
N—H.*>*° The peaks at 1666 and 1384 cm™' were assigned to
the C=0"" and C=N stretching vibrations, respectively.”*
Moreover, characteristic C—H bending vibrations at 1084
cm™! were observed in the spectrum.'” The FTIR spectrum
suggested the existence of —COOH, —NH,, and —OH groups
on the surface of N-CDs, consistent with the results of XPS.

3.2. Optical Properties of N-CDs. As shown in Figure SA
(black line), the N-CDs had two absorption peaks around 270

37101

and 330 nm, attributed to 7—7z* and n—z* transitions,
respectively.””” N-CDs with cyan emission under 365 nm
ultraviolet (UV) light had an excitation wavelength of 380 nm
and an emission wavelength of 471 nm (Figure SA). N-CDs
exerted an excitation-dependent fluorescence behavior and had
the maximum emission when the excitation wavelength was
380 nm (Figure 5B).*® The excitation-dependent behavior was
caused by the energy trap on the surface of the N-CDs.”” In
addition, the quantum yield of N-CDs was 5.16% when
quinine sulfate was used as the reference, and the lifetime was
544 ns (Figure S1).

The influence of the concentration, ionic strength, metal
ions, and negative ions on the fluorescence intensity of N-CDs
was further studied to gain a better understanding of N-CDs’
fluorescence properties. As shown in Figure S2A, the
fluorescence intensity of N-CDs was the highest at a dose of
0.7 mg/mL, and this concentration was chosen in the
experiment. Ions (50 M) had a minimal effect on N-CDs
(Figures S3C,D). The results showed that the synthesized N-
CDs had good stability. N-CDs had the potential to be used in
biological imaging and ratiometric fluorescent probes.

3.3. Sensitivity of N-CDs for pH Detection. Figure 6A,B
shows the fluorescence spectrum and intensity of N-CDs in BR
buffer over a wide pH range (pH 2—12). When the pH range is
3—12, the fluorescence intensity decreased, and the prepared
N-CDs were pH-sensitive. As shown in Figure 6C, the
fluorescence intensity showed a strong linear relationship with
pH in the pH range of 3—11. The equation was F = —10.92 pH
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+ 388.02, wherein F values represent the N-CDs’ fluorescence
intensity and the R value is 0.996. Therefore, the N-CDs
obtained could be used for pH detection. The pH-sensitivity
property of N-CDs was attributed to the protonation and
deprotonation of —NH, and —COOH on the surface of N-
CDs.*” When the pH value increased from 3 to 11, the degree
of deprotonation of the N-CDs increased, consequently
reducing the fluorescence intensity. The pH-sensitive property
of N-CDs could be exploited for pH monitoring in biological
and biomedical applications.

3.4. Cell Cytotoxicity of N-CDs and Their Bioimaging
Application. Cell cytotoxicity was evaluated by using the
MTT method before the bioimaging experiment. As shown in
Figure S3, cell viability was greater than 84% even when the
concentration of N-CDs reached 2 mg/mL, suggesting that the
N-CDs were weakly toxic and had the potential to be used as a
fluorescent probe for biological imaging applications. There-
fore, N-CDs were exposed to HeLa cells and mung bean
sprouts to assess their biological imaging ability. HeLa cells
and mung bean sprouts were treated with 1 and 2 mg/mL N-
CDs for 12 h and 3 weeks, respectively. As shown in Figure 7B,
HeLa cells emitted bright green fluorescence, which indicated
that N-CDs entered into HeLa cells. As shown in Figure 7C—

Figure 7. Images of HeLa cells at 4., = 405 nm (A) and bright-field
images (B) with N-CDs. The photographs of mung bean sprouts
cultured with double-distilled water (C) and after treatment with 2
mg/mL N-CDs (D) under a UV lamp (4., = 365 nm). The images of
mung bean sprouts cultured with double-distilled water (E) and
treated with 2 mg/mL N-CDs (F) under a live animal imager (4, =
405 nm).

F, compared with mung bean sprouts cultured in double-
distilled water, those cultured in N-CDs emitted bright
fluorescence. The results showed that N-CDs with low
biological toxicity and good biocompatibility could be used
for biological imaging of HeLa cells and mung bean sprouts.

3.5. Fabrication of the Ratiometric Fluorescent
Probe. Using photostable N-CDs and fluorexon as the
reference fluorophore, a ratiometric fluorescent probe was
prepared. To study the interaction between N-CDs and
fluorexon, different amounts of fluorexon were added into the
N-CD solution of a certain concentration, and the fluorescence
intensities of N-CDs and fluorexon were measured. As shown
in Figure 8, the fluorescence intensity of the N-CDs at around
470 nm decreased gradually with the increasing fluorexon
concentration. When the fluorexon concentration reached 10
#M, two obvious emission peaks were observed in the
fluorescence spectra. As shown in Figure 8B, when the
concentration exceeded 60 uM, the change in the fluorescence
intensity of fluorexon became slow. Therefore, a 60 uM
concentration was selected. As shown in Figure 8C, a good
linear relationship was observed between the fluorescence
intensity of N-CDs, and the fluorexon concentration range was
10—40 uM.

The effect of the pH on the system was also investigated
(Figure S4). The ratiometric fluorescence of fluorexon to N-
CDs was the highest at pH 5. However, the fluorescence
spectrum of the system at pH 6 was better than that at pH 5.
Therefore, the pH of solution was set at 6.

3.6. Mechanism of the Ratiometric Fluorescent
Probe. To study the mechanism of the ratiometric fluorescent
probe composed of N-CDs and fluorexon, the fluorescence
spectra of N-CDs, fluorescein, and the system of N-CDs and
fluorescein were measured. As shown in Figure 9A, the
fluorescence intensity of fluorexon in the system was higher
than that of fluorexon alone, which indicated the fluorescence
resonance energy transfer between N-CDs and fluorexon. As
shown in Figure 9B, a great overlap existed between the
emission spectrum of N-CDs and the absorption spectrum of
fluorexon, suggesting a fluorescence resonance energy transfer
between N-CDs and fluorexon.

3.7. Ratiometric Fluorescence Assay of Cu**and Fe?*.
Different metal ions (SO M) were added to study the sensing
ability. The results showed that only Cu** and Fe®* could
change the ratio of the probe (R), which indicated that N-CDs
could be used as a ratiometric fluorescent probe (Figure S5).

As shown in Figure 10A, R decreased with the increase in
the Cu®" concentration. In the range of 0.6—40 uM, a good
linear relationship was observed between R and Cu**
concentration (Q) (Figure 10B). The linear relationship was
R = —0.0591[Q] + 3.505 (R* = 0.992), and the limit of
detection (LOD) was 0.50 yM. Similarly, as shown in Figure
11, a good linear curve could be obtained between R and Fe?*
concentration (Q) in the concentration range of 0.4—8 yM.
The linear relationship and LOD were R = —0.0874[Q] + 3.61
(R* = 0.999) and 0.31 uM, respectively. Compared with the
reported probes, the probe had better linearity and a wider
linear range (Table S1).

3.8. Quenching Mechanism of the Ratiometric
Fluorescence Probe. The UV—vis spectrum and fluores-
cence lifetime were measured to study the quenching
mechanism of ratiometric probes by Cu®" and Fe’'. As
shown in Figure 12A,B, after addition of quenchers (Cu** or
Fe?*), the UV—vis spectrum of the probe + Cu?* (or Fe®")
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system was the sum of the spectra of the probe and the
quencher, and no new absorption peak appeared. As shown in
Figure 12C,D, the fluorescence lifetime of the probe system
did not change significantly after the quenchers were added,
indicating dynamic quenching.

37103

3.9. Determination of Cu?’*and Fe?'in Real-World
Samples. To explore the applicability, we used the ratiometric
probe to determine Cu** and Fe®" in real-world samples. The
concentrations of Cu** and Fe’* in actual samples were
calculated by using the linear equation. As shown in Table 1,
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the probe could be used to detect Cu®* and Fe?* in actual
samples. The measured values were approximate to the
theoretical values, and the relative errors were less than 1%,
which indicated that the established method was reliable for
determination in practical samples.

4. CONCLUSIONS

The hydrothermal method is simple and suitable for the large-
scale synthesis of N-CDs. The pH-sensitive N-CDs with a size
of 1.64 nm, a quantum yield of 5.1%, and a lifetime of 5.44 ns
were obtained by using the simple hydrothermal carbonization
method. Carbon sources of N-CDs (ISET and EDA) were eco-
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friendly. Fortunately, N-CDs have excellent properties such as
high fluorescence intensity, pH sensitivity, low cytotoxicity,
good biocompatibility, and high light stability. Therefore, the
N-CDs can be used for pH monitoring, biological imaging of
cells and mung bean sprouts, and the preparation of
fluorescent probes with the ratiometric fluorescence of Fe*
and Cu®". Specifically, the N-CDs had a good fluorescence
response to pH at a pH range of 2—11 and were used as a
fluorescent sensor for pH monitoring. The N-CDs exhibited
weak toxicity to both plants and cells and have the potential to
be used in the biomedical field. In addition, the ratiometric
fluorescence probe had a simple design, did not need special
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Table 1. Application of Probes in Real-World Samples (n =
3)

measured relative
theoretical content RSD error
actual sample  probe content (mg) (mg) (%) (%)
CuSO, raw Cu** 5.0 5.02 1.00 0.4
material
drugs
CuSO, Cu? 5.0 5.00 0.30 0.0
solution”
CuSO, feed Cu** 5.0 5.01 0.16 0.2
additive
FeSO, raw Fe®* 5.0 4.99 1.50 0.2
material
drugs
FeSO, tablets  Fe®* 5.0 5.03 0.34 0.6
ferrous lactate Fe?* 5.0 4.97 0.88 0.6
tablets

“CuSO, solution is a raw material produced by Zhonglian Chemical
Reagent Co., Ltd. in Tianjin, China, for scientific experiments and the
production of Bordeaux mixtures. “Relative error = Imeasured content
— theoretical content| + theoretical content X 100%.

instruments and harsh conditions, and could avoid more
interference; thus, the ratiometric fluorescent probe was used
to simultaneously detect Cu®* and Fe** with LODs of 0.50 and
0.31 uM, respectively, as it had more advantages than other
sensing methods.
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