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ABSTRACT: Currently, the large-scale application of carbon
quantum dots (CQDs) is usually limited by their low quantum
yield and detection limit. Herein, the abandoned longan nucleus
was used as a carbon source to synthesize cerium—nitrogen-
codoped carbon quantum dots (Ce/N-CQDs) with strong
luminescence intensity. In this work, the fluorescent properties
and fluorescent quantum yield of CQDs may be improved by the
single cerium-doped carbon quantum dots (Ce-CQDs) and the - S
single nitrogen-doped carbon quantum dots (N-CQDs). Never- e X
theless, the Ce/N-CQDs exhibited intense fluorescence with a high

quantum yield. Compared with CQDs, the quantum yield of Ce/
N-CQDs was significantly increased from S to 32% and showed
high photostability and good water solubility. The Ce/N-CQDs
can be used for the direct detection of rifampicin (RFP) in human serum. The concentration demonstrated a good linear
relationship in the range of 1.0 X 1077-9.0 X 107° mol/L, with a detection limit of 9.6 X 10~* mol/L.
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0. INTRODUCTION

Tuberculosis is a chronic infectious disease caused by
Mycobacterium tuberculosis, which mainly infects the lungs.'
Rifampicin (RFP) is one of the most effective drugs widely
used against tuberculosis. It is a bactericidal antibiotic based on
RNA polymerase that can enter cells’ and can be combined
with other antibiotics for the treatment of tuberculosis,
staphylococcal endocarditis, osteomyelitis, and other diseases.’
At present, the methods used to detect RFP include
electrochemical method,” liquid chromatography,” chemilumi-
nescence method,® etc. However, metallic- and nonmetallic-
codoped carbon quantum dots (CQDs) used as fluorescence
sensors for the direct detection of RFP have not been reported.

CQDs are smaller than 10 nm in size with photo-
luminescence properties of nanomaterials,’ and CQDs have
low cost, easy synthesis, adjustable fluorescence, good water
solubility and biocompatibility and other excellent properties.
Therefore, CQDs are widely used in biological sensing,”” drug
testing,10 ion sensing,11 biological imaging,12 and pesticide
detection,"” etc. In the synthesis process of CQDs, a variety of
biomass materials can be used, such as the capsids of viruses
and algae,'* since the biomass itself may contain heteroatoms
such as N, P, and S, which makes biomass CQDs have self-
doping characteristics.'”> Biomass CQDs also have certain
limitations. Most biomass CQDs are synthesized by using
water as a solvent that usually shows strong blue fluorescence.
However, their quantum yield is low, which limits their
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application to some extent. Heteroatom doping and surface
passivation of CQDs are usually used to improve the quantum
yield and fluorescence properties of CQDs. For example, N,
B,"” S, P'’, and other nonmetal doping or metal’® doping of
CQDs can significantly improve the fluorescence quantum
yield of CQDs and can also change the emission of CQDs to
produce unique electronic properties. Nitrogen doping CQDs
can greatly improve the fluorescence intensity and produce
excitation independence properties due to passivated surface
states. Various studies have demonstrated that the doping with
metal ions can contribute to changing the band structure
through chelation and coordination between metal ions and
CQD surface groups as well as improve the fluorescence
quantum yield. Metal ions have more empty orbitals and easily
lose electrons. The carboxyl and amino groups on the surface
of CQDs are also easy to chelate and coordinate with metal
! Therefore, metal doping is an excellent strategy for
improving the fluorescence quantum yield and creating new
optical property.”” For example, Han”’ et al. prepared duplex
metal-codoped CQDs, which confirmed that Ag(I) doping
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Figure 1. Mechanism of RFP detection by Ce/N-CQDs.

enhanced photoluminescence intensity by changing the gap
between the conduction band and valence band. Wang™* et al.
doped the metal element Bi into CQDs, which makes them
metallic and promotes charge transfer. Cerium has both
trivalent and tetravalent states and is considered a good doping
metal element in various materials. The outermost layer of
trivalent cerium contains an unpaired 4f electron, which can
easily coordinate with the carboxyl groups to change the
electron distribution and surface structure.

Based on the above analysis results, cerium—nitrogen-
codoped carbon quantum dots (Ce/N-CQDs) were prepared
by hydrothermal method using longan nucleus powder as the
carbon source, ethylenediamine as the nitrogen source, and
cerium nitrate as the metal source. The binding modes,
structures, morphologies, fluorescence lifetimes, and RFP
quenching mechanisms of Ce/N-CQDs were investigated
systematically. The codoping of Ce and N not only changed
the structure of single CQDs, enriched their surface functional
groups, and improved their fluorescence properties but also
significantly improved the quantum yields of CQDs.
Compared with CQDs, the quantum yield of Ce/N-CQDs
was significantly increased from S to 32%. Ce/N-CQDs were
highly sensitive and selective to drug RFP in serum; their
preparation and response mechanisms are shown in Figure 1.

1. EXPERIMENTAL SECTION

1.1. Materials and Apparatus. Materials. Longans
nucleus was selected from fresh longan in the local market.
Ethylenediamine hydrochloride and cerium nitrate were
acquired from Macklin (Shanghai, China). RFP was purchased
from Beijing Tanmo Quality Inspection Co., Ltd. Tris was
purchased from Shanghai Lanji Biotechnology Co., Ltd. All
reagents used in the experiment, such as hydrochloric acid,
glucose, starch, sucrose, pf-cyclodextrin, lactose, sodium
chloride, ferric chloride, magnesium sulfate, copper sulfate,
calcium chloride, and aluminum chloride, were analytically
pure, and the experimental water was ultrapure.

Apparatus. The fluorescence spectrum was obtained by a
fluorescence spectrophotometer (PerkinElmer LSS5, made in
the U.K.). The absorption spectra of CQDs were tested using a
UV—visible spectrophotometer (UV-2550, made in Japan).
Fourier infrared spectrometry (IR Prestige-21, made in Japan),

transmission electron microscope (JEOL JEM 2800, made in
Japan), Raman spectrum (Horiba Lab RAM HR Evolution,
made in Japan), X-ray powder diffractometer (XRD-7000,
made in Japan), and X-ray photoelectron spectroscopy
(Thermo Scientific ESCALAB Xi+, made in the USA) were
used to characterize the structure of CQDs. The fluorescence
lifetime of the sample was tested by using a steady-state
transient fluorescence spectrometer (FLSP920, made in the
UK.). A thermostatic drying oven (DHG-9145SAF, made in
China) is used for preparing CQDs by the hydrothermal
method.

1.2. Preparation of CQDs. CQDs were synthesized
directly from longans nucleus using a one-step simple
hydrothermal treatment. 1.2 g of longans nucleus and 25 mL
of ultrapure water were added to a beaker, and then the
mixture was sonicated to ensure equal dispersion. The solution
was transferred to a Teflon-lined stainless autoclave, and the
reaction was carried out at 200 °C for 18 h. The solution was
centrifuged at 8000 rpm for 10 min after cooling to room
temperature. A filter membrane (0.22 um) was used to filter
the supernatant, and the filtrate was kept for use at 4 °C.
Finally, the clarified aqueous solution of CQDs with a
yellowish-brown color was dried through a freeze-dryer to
obtain a yellow solid sample.

1.3. Preparation of N-CQDs, Ce-CQDs, and Ce/N-
CQDs. The Ce/N-CQDs were created by using a hydro-
thermal technique. Ultrasound was used to dissolve and
distribute 1.2 g of longan nucleus, 0.4 g of ethylenediamine
hydrochloride, and 0.3 g of cerium nitrate in 25 mL of
ultrapure water. The solution was then transferred to a 50 mL
Teflon-lined stainless steel autoclave, heated at 200 °C for 16
h, and centrifuged to obtain Ce/N-CQDs at room temper-
ature. When not in use, the filtrate was stored at 4 °C. Vacuum
drying was used to create solid samples for characterization.
Ce-CQDs and N-CQDs were synthesized under these ideal
conditions.

1.4. Quantum Yield Determination. The fluorescence
quantum yields at excitation wavelengths of CQDs and Ce/N-
CQDs were calculated using quinine sulfate as a reference
compound. The absorption values and fluorescence peak
integral areas of the CQDs and quinine sulfate were
determined. According to the formula, the fluorescence

https://doi.org/10.1021/acsomega.3c04242
ACS Omega 2023, 8, 3485934867


https://pubs.acs.org/doi/10.1021/acsomega.3c04242?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04242?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04242?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04242?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

(b) = CQDs
Ce/N-CQDs
Ols
Ce3d3 Cls
-~ Ce3ds
3
= Nls
g d
@@ Ao e
5 Ots
=
= Cls
Nls
1200 1000 800 600 400 200 0
Binding Energy (eV)
—— Fitted date
(d) y Tcc
Cc-0
Ce/N-CQDs Cls b 7 c=0
—~ @ Raw date
3 -~
& i
z &
.g ,’;:
& Raw date g
= 2
- =
..
& R
920 910 900 890 880 870 860 292 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)
—— Fitted date — Fitted date
(e) ™ o-H (f) N=C
Ce/N-CQDs Ols —— Py Ce/N-CQDs Nis —
@ Raw date ) \ Nitrate
? ';. @ Raw date
g g
z 2
2 S
= =
— —

538 536 534 532 530 528 526
Binding Energy (eV)

400 398

Binding Energy (eV)

Figure 2. (a) TEM images of Ce/N-CQDs and particle size distribution histograms of Ce/N-CQDs. (b) Full XPS spectra of CQDs and Ce/N-
CQDs. High-resolution spectrum of (c) Ce 3d and high-resolution XPS (d) C 1s, (e) O 1Is, and (f) N 1s spectra of Ce/N-CQDs.

quantum yields of CQDs, Ce-CQDs, N-CQDs, and Ce/N-
CQDs were calculated™ (1). Y stands for the fluorescence
quantum yield, S is the fluorescence peak integral area, and A
in the formula stands for absorbance. 1 and 2 represent the
substance to be measured and the reference substance,
respectively

S 4,

Y =Y——
S, 4 (1

1.5. Study on the Fluorescence Sensing of RFP. To
quantitatively detect RFP, 1.80 mL of Ce/N-CQDs solution
(diluted SO0 times), 1.00 mL of tris-HCl buffer solution (pH
7.4), and an appropriate amount of RFP standard solution
were added to the 10.00 mL system. Then, it was diluted to the
scale with ultrapure water, shaken well, and allowed to stand

34861

for S min before testing. At an excitation wavelength of 325
nm, the fluorescence was measured at emission wavelengths of
395 nm. The slits were fixed at 5 nm for both the excitation
and emission. The fluorescence intensity (AF = F, — F) had a
good linear relationship with the RFP concentration, which
was used to develop a sensor for determining the drug’s RFP
content.

1.6. Applications in Real Samples. Three kinds of RFP
capsules were selected in the market, and the content of RFP
in the capsules was analyzed by the developed method. In
addition, this developed method was also used in serum actual
sample determination. The blood samples were extracted from
normal individuals and promptly centrifuged in a high-speed
centrifuge at 8000 rpm for 15 min. The clarified yellow liquid
in the upper layer was the serum. The serum was diluted 20-
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fold with tris-HCI buffer and used for the spiked recovery assay
of the actual sample RFP.*

2. RESULTS AND DISCUSSION

2.1. Synthesis of CQDs and Ce/N-CQDs. The codoped
Ce/N-CQDs with strong fluorescence performance and high
quantum yield were obtained in the conditions of optimizing
the optimal dosage of longan nucleus, ethylenediamine
hydrochloride, and cerium nitrate, as well as the optimal
reaction temperature and time. The optimization of synthesis
conditions is provided in the Supporting Information in more
detail. These results showed that the fluorescence intensity of
CQDs was the best when the dosage of longan nucleus was 1.2
g (Figure Sla); the reaction temperature and time were 200 °C
(Figure S1d) and 18 h (Figure Sle), respectively. On the basis
of the optimal amount of longan nucleus in CQDs, nitrogen
and cerium were codoped. The results showed that when the
reaction conditions were 200 °C for 16 h (Figure Sld,e), the
optimal dosage of ethylenediamine hydrochloride as the
nitrogen source was 0.4 g (Figure S1b), while the dosage of
cerium nitrate as the metal source was 0.3 g (Figure Slc); the
fluorescence intensity of Ce/N-CQDs prepared was the
strongest. Under the influence of different factors, the
fluorescence performance of CQDs doped with N and Ce
was nearly four times higher than that of single CQDs, which
could be attributed to the changes in morphology,
composition, and structure of the doped CQDs. All of these
factors can lead to different properties of CQDs. It can open a
proper band gap in the electrical structure of CQDs. Ce doping
minimizes the surface defects of CQDs, fills the well state, and
increases the emissivity. Under the optimal synthesis
conditions of Ce/N-CQDs, the fluorescence characteristics
and subsequent detection of Ce/N-CQDs were carried out.

2.2. Characterization of CQDs and Ce/N-CQDs. The
morphology and structure of Ce/N-CQDs were confirmed by
transmission electron microscopy (TEM). The results are
displayed in Figure 2a. The size distribution of the prepared
Ce/N-CQDs was uniform, ranging from 1 to 3.5 nm, and the
average size was reduced to 2.0 nm, which was 1.0 nm lower
than the average size of the CQDs (Figure S2a) before doping.
In addition, the crystal structures of CQDs and Ce/N-CQDs
were further characterized by X-ray diffraction (XRD) (Figure
S2b). The XRD pattern of CQDs showed broad peaks roughly
centered at 28°, corresponding to the characteristic peaks of
graphene (002) planes, which was consistent with reported
results in the literature.”” With the doping of Ce and N, the
XRD peak position of CQDs shifted to the right and the
intensity decreased, which indicated that the successful doping
of CQDs led to the increase of the diffraction angle, the
decrease of the crystal plane spacing, the decrease of grain size,
and the decrease of crystallinity.

The structures of CQDs and Ce/N-CQDs were analyzed by
Raman spectroscopy. As shown in Figure S2c, the ordered G-
band of 1575 cm™" of both CQDs and Ce/N-CQDs is stronger
than the disordered D-band of 1386 cm™!, but the G—D
strength ratio of Ce/N-CQDs is 2.18, while that of the
prepared CQDs is 2.07. The result showed that Ce/N-CQDs
have higher graphitization degree and better crystallinity than
CQDs. Since the D-band in the Raman spectrum is the
common feature of sp* defects in carbon, the G-band provides
plane vibration information on sp*-bonded carbon. The higher
the intensity ratio between G-band and D-band, the higher the

degree of graphitization and the better the crystallinity in
general.”®

The surface functional groups and composition of these
CQDs were investigated using FTIR spectra and an X-ray
photoelectron spectroscopy pattern. As shown in Figure S2d, it
was revealed by FTIR results that CQDs and Ce/N-CQDs
exhibited a broad absorption band of intermolecular
association O—H stretching vibrations at 3413 cm™. The
absorption peak at 2052 cm™' was attributed to the tensile
vibration of the C=N bond. These absorption peaks between
1607 and 1595 cm™' may be caused by the C=0 stretching
vibration of the amide in the associated state and the N—H
bending vibration of the primary amine. The CQDs and Ce/
N-CQD:s exhibited 6(O—H) peaks, and 6(C—0) peaks were
between 1095 and 1000 cm™'. Compared with nondoped
CQDs, Ce/N-CQDs showed an obvious C—H tensile
vibration of unsaturated carbon and saturated carbon at 3010
and 2928 cm™, respectively. The absorption peaks between
1415 and 1335 cm™" were attributed to the tensile vibration of
the C—C and C—N bonds. From these, the surface of Ce/N-
CQDs had rich oxygen- and nitrogen-containing functional
groups, which improved the hydrophilicity and stability of the
Ce/N-CQDs in an aqueous system. Ce/N-CQDs had a large
number of sp”hybridized groups, including hydroxyl and
carboxyl groups, which could be coordinated with cerium to
change the surface of CQDs. Ce/N-CQDs perform better in
terms of fluorescence thanks to the doping of N and Ce
components. The chemical state and surface composition of
CQDs and Ce/N-CQDs were compared and analyzed using
XPS. From Figure 2b, it can be seen that compared with the
XPS measurement spectra of CQDs, the XPS measurement
spectra of Ce/N-CQDs contain not only C 1s (284 eV), N 1s
(400 eV), and O 1s (531 eV), but also Ce 3d (885 and 904
eV), and the content of N 1s (400 eV) was significantly
increased, which fully indicated the successful doping of
cerium and nitrogen. According to the literature,” Ce (IV) has
six characteristic peaks, while Ce (III) has four characteristic
peaks. The electronic states of Ce 3d;/, and Ce 3d;,, are well
separated, with an interval of 18.6 eV (Figure 2c). The peaks at
V, (88136 eV), V (882.77 eV), V' (884.74 eV), and V”
(886.28 eV) are attributed to Ce 3ds),. The characteristic
peaks of Ce 3d;,, are U, (899.78 eV), V" (900.63 V), U
(902.32 eV), U’ (904.29 eV), and U” (907.38 eV). According
to the literature,® the corresponding peaks at U”, U”, V”, and
V" belonging to Ce (IV), U’, U,, V', and V,, respectively, were
the characteristic peaks of Ce (III), and U’ and V' belong to
the photoelectron emission of Ce (III). It was proven that
cerium existed in the form of Ce** and Ce*". The proportions
of Ce (III) and Ce (IV) in Ce/N-CQDs were 55.5% and
44.5%, respectively. The high-resolution spectra of C 1s, N 1s,
and O 1s of CQDs and Ce/N-CQDs were fitted. The C 1s
spectrum of Ce/N-CQDs (Figure 2d) gives the features of C—
C at 284.15 eV, C—O at 285.60 eV, and C=0 at 287.60 €V,
which indicated the existence form of carbon atoms. There
were three obvious peaks at 530.42 S31.5, and 532.83 eV
binding energies in the high-resolution spectra of O 1s (Figure
2e), which corresponded to the = 1s, C—0O, and C=0. The
N 1s spectrum as shown in Figure 2f was described by three
typical peaks at 397.98 399.88, and 401.68 eV, representing the
C=N, C—N, and N—H energy levels of C, respectively, and
nitrate (406.64 eV) also increased slightly. Compared with
CQDs, the content of C—0O, O—H, and C=0 in C Is and O
1s spectra of Ce/N-CQDs decreased steadily (Figure S2e,f). It

https://doi.org/10.1021/acsomega.3c04242
ACS Omega 2023, 8, 3485934867


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c04242/suppl_file/ao3c04242_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c04242?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega http://pubs.acs.org/journal/acsodf
1.0 1200
(@) —con (b) — o
= Ce-CQDs ~ 1000 } 325nm  395nm E, CQDs
0.8 ——N-CQDs 3 E, Ce-CQDs
-~ === Ce/N-CQDs :>: 395nm ——E, Ce-CQDs
; g 800 ——E_ N-CQDs
3 E =—E,, N-CQDs
_§ 3 600 ———E_ Ce/N-CQDs
z § == E,, Ce/N-CQDs
w
i § 400 430nm
=
=
=
200
M L L 0
200 300 400 500 600 300 400 500 600
Wavelength(nm) Wavelength(nm)
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Figure 4. (a) UV—vis and fluorescence spectra of Ce/N-CQDs, Ce/N-CQDs + RFP, and RFP and (b) fluorescence decay curves of Ce/N-CQDs

and Ce/N-CQDs + RFP.

has been demonstrated in the literature that the photo-
luminescence (PL) characteristics of CQDs may be either 4,-
independent when the contents of C—O—C and C—O—H
decline, which was consistent with the spectral characterization
of Ce/N-CQDs.”" As shown in Figure S2g, CQDs contain a
small number of nitrogen atoms. With the addition of
ethylenediamine and cerium nitrate (Figure 2f), the amount
of each nitrogen functional group increased to varying degrees.
Comprehensively considering the above analytical results, it
was concluded that CQDs were successfully doped with Ce
and N elements and Ce/N-CQDs consisted of a carbon core
covered with rich hydrophilic functional groups.

2.3. Optical Properties of CQDs and Ce/N-CQDs. The
optical properties of Ce- and N-codoped CQDs were
investigated by UV—vis and fluorescence spectroscopy. The
UV—vis absorption spectra of Ce/N-CQDs (Figure 3a)
showed a strong absorption band at 336 nm, which was
blue-shifted and enhanced compared to the absorption peak at
356 nm of CQDs, probably due to the derivatization of the
carboxyl groups on the surface of CQDs into amide bonds by
nitrogen doping. The peaks at 253 and 282 nm of CQDs were
attributed to the 7—7z* leap of C=C, but the peak position
was also blue-shifted and the absorption intensity was
significantly weakened after the codoping of Ce and N. This
might be due to the blue shift of the absorption peak because
the doping of Ce with N caused the conjugation system in the
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precursor compound to become smaller, which caused the
structural change or size reduction of CQDs.”” The strong
absorption band of Ce/N-CQDs at 336 nm was close to its
optimal excitation wavelength of 325 nm, which is the
fluorescence emission center of Ce/N-CQDs. From the
fluorescence spectrogram (Figure 3b), it could be seen that
the CQDs produced the maximum emission at 480 nm under
the optimal excitation of 395 nm. When the excitation and
emission peak positions of the CQDs doped with Ce and N,
respectively, showed a blue shift and a significant enhancement
of fluorescence intensity, the fluorescence intensity enhance-
ment of the CQDs codoped with Ce and N was even greater
with a blue shift of the maximum excitation wavelength to 325
nm and a blue shift of the emission wavelength to 395 nm.
This might be caused by the quantum size effect of CQDs or it
might be due to the electronegativity of N being greater than
that of C and the doping of N caused a negative induction
effect’” and also promoted the radiative recombination
luminescence of the electron—hole pairs on the surface of
CQDs.

The fluorescence spectra of CQDs codoped with Ce and N
(Figure S4) showed that the emission of PL was independent
of excitation. As the excitation wavelength of Ce/N-CQDs
increased, its fluorescence intensity reached a maximum at a
325 nm excitation wavelength and then gradually decreased,
but its emission wavelength position at 395 nm did not shift.
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The fluorescence quantum yield of CQDs steadily increased
from 5% to 32% with the doping of Ce and N. And the
fluorescence quantum yield of Ce/N-CQDs was higher than
that of Ce doping and N doping alone; the results are shown in
Table S1.

2.4. Quenching Mechanism of Ce/N-CQDs + RFP.
From the fluorescence spectra in Figure 44, it can be seen that
the drug RFP has a certain fluorescence quenching effect on
Ce/N-CQDs, so the Ce/N-CQD fluorescent probes were
constructed for the direct determination of drug RFP directly.
Here, the fluorescence quenching mechanism of RFP on Ce/
N-CQDs was investigated by UV—vis absorption spectra,
fluorescence spectra, and fluorescence lifetime measurements.
From the UV—vis absorption spectra (Figure 4a), it was seen
that Ce/N-CQDs had absorption peaks at 336 and 276 nm,
and RFP had characteristic absorption peaks at 256, 332, and
473 nm. When RFP was added to the Ce/N-CQD system, the
absorption spectra of Ce/N-CQDs + RFP were the super-
position of the UV absorption spectra of Ce/N-CQDs and
RFP, and the addition of RFP did not change the original
absorption spectra of Ce/N-CQDs, and the absorption spectra
of the bursting agent RFP overlapped with the excitation
spectra and emission spectra of Ce/N-CQDs. According to the
analysis of the fluorescence decay curve in Figure 4b, the
fluorescence lifetimes of Ce/N-CQDs before and after the
addition of the burster RFP were 6.36 and 5.95 ns, respectively
(Table S2), and no significant changes occurred. It was
assumed that the bursting mechanism of RFP on Ce/N-CQDs
was the fluorescence internal filtration effect.**

2.5. Optimization of Experimental Conditions. The
effects of pH, buffer type, and buffer dosage on the detection
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performance of the sensor were investigated. The results
showed that the fluorescence variation tended to be stable in
the pH range of 6.0—12.0 (Figure Sa). Therefore, pH 7.4 was
chosen for subsequent experiments because it is close to the
human pH environment. The effect of different buffer
solutions on the system at pH = 7.4 was demonstrated (Figure
SS). It can be seen that the best detection performance of the
sensor was achieved when 1.00 mL of tris-HCI buffer solution
with pH 7.4 was added (Figure Sb).

In order to obtain the sensor’s most sensitive detection of
RFP, the effects of experimental variables including the amount
of Ce/N-CQDs, reaction time, and temperature were
investigated. 1.00 mL of tris-HCI buffer solution with pH =
7.4 and 1.00 mL of RFP with a concentration of 1.0 X 107*
mol/L were taken, and different amounts of Ce/N-CQDs
diluted 500 times were added to a 10 mL colorimetric tube.
The system fluorescence quenching effect was best when 1.8
mL of Ce/N-CQDs was added to the system (Figure 6a). At
room temperature, the fluorescence intensity of the system
remained constant for at least 3 h (Figure 6b). With the
increase of the reaction temperature, the quenching effect of
the system gradually decreased and the best quenching effect
was achieved at room temperature (Figure 6¢c). The system
was chosen to be measured after S min of reaction at room
temperature.

The interaction of common antituberculosis drugs rifampi-
cin (RFP), isoniazid (INH), pyrazinamide (PZA), and
ethambutol (EMB) on Ce/N-CQDs was investigated under
experimental conditions. It was found that RFP had a
significant fluorescence quenching effect on Ce/N-CQDs
(Figure 7a). The results show that Ce/N-CQDs have good
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selectivity for RFP. In addition, the effects of excipients, which
may exist in RFP and some other ions on the detection of 1.0
X 107® mol/L RFP, were examined (Figure 7b). The results
demonstrate that 500-fold of glucose, sucrose, lactose, Zn*",
1000-fold of starch and f-cyclodextrin, 2-fold of Fe3*, 200-fold
of AP*, 50-fold of Mg*", and 100-fold of Na*, K*, Cu**, and
Ca’" do not alter the signal of the system. It indicated that the
prepared Ce/N-CQDs had good selectivity and anti-interfer-
ence for the determination of RFP.

2.6. Standard Curve. The sensing effect of Ce/N-CQDs
as fluorescent probes was investigated under optimal
conditions. As shown in Figure 8, the fluorescence intensity
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Figure 8. Calibration curve and corresponding fluorescence spectra
for RFP.

at 395 nm decreases gradually with the addition of RFP; a
good linearity between the quenching efficiency of (F, — F)/F,
and the concentrations of RFP was in the range of 1.0 X 1077—
9.0 X 107® mol/L for RFP. The regression equations were (F,
— F)/F, = 0.0042 + 39224.97¢ (R* = 0.9960) and (F, — F)/F,
= 0.0048 + 82013.37c (R* = 0.9977). According to the formula
(¢ = 36/k), the limit of detection is 9.6 X 10~* mol/L.

The obtained linear range and detection limit were
compared with data from other RFP sensors (Table 1). The
results showed that the detection method in this experiment
has a wider linear range and a lower detection limit.

2.7. Real-Sample Analysis. To evaluate the precision and
accuracy of the developed fluorescence probe, the detection of

Table 1. Comparison of the Methods for the Determination
of RFP

detection
detection range limit
detection method (uM) (uM)  literature

micellar liquid chromatography 0.060—5.66 0.04 35
fluorescence method (shell core 10.00—200.00 8.50 36

structure composite)
electrochemical method 0.080—15.00 0.03 37
fluorescence method (carbon 2.40—33.80 0.46 38

quantum dots embedded in

water condensation ball)
voltammetry 0.49—303.79 0.1 39
quantum dots (CdTe/ZnS QDs) 4.05—36.45 0.06 40
carbon quantum dots (CQDs) 0.10—9.00 0.09 this

work

RFP was performed in RFP capsules as well as human blood
serum. Ten RFP capsules were randomly selected from the
same batch for spiked recovery experiments. As summarized
(Table 2), the recovery of RFP ranged from 95.20% to 101.3%.
Compared with other literatures, the method developed in this
study was rapid, environmentally friendly, has a wide linear
range, and inexpensive.

RFP in human serum samples was analyzed by a standard
addition method. The human serum was pretreated with blood
collected from healthy people. The recovery data is shown in
Table 3. These recoveries were 96.16—102.2% with relative
standard deviations less than 5%. It was indicated that the
constructed method can be applied to detect RFP in serum
samples.

3. CONCLUSIONS

Ce/N-CQDs were synthesized by the codoping of Ce and N
using discarded cinnamon nuclei as the carbon source. The
codoping of Ce and N not only changed the structure of single
CQDs, enriched their surface functional groups, and improved
their fluorescence properties but also significantly improved
the quantum yields of CQDs. In addition, Ce/N-CQDs exhibit
excitation-independent PL characteristics in the excitation
wavelength range of 270—350 nm. This study demonstrates
the great potential of metal and nonmetal codoping processes
in controlling the properties of CQDs. The method is sensitive
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Table 2. Capsule Sample Content Determination and Spiked Recovery Test (n = 5)

sample labeled quantity (mg) measured (mg) add (1077 mol/L) add the measured value (1077 mol/L) recovery (%) RSD (%)
1 150.0 150.1 10.00 10.01 100.1 23
150.0 147.3 30.00 29.50 98.33 2.8
150.0 151.9 50.00 50.64 101.3 1.4
2 150.0 142.9 10.00 9.520 95.20 2.7
150.0 149.9 30.00 30.01 1.000 3.3
150.0 144.6 50.00 48.21 96.42 2.5
3 150.0 146.3 10.00 9.750 97.50 1.5
150.0 148.1 30.00 29.66 98.86 1.3
150.0 151.6 50.00 50.56 101.1 2.4
Sample source: 1, Shanghai Xinyi Vientiane; 2, Shenyang Hongqi; and 3, Chengdu Jinhua.
Table 3. Determination of Human Serum Sample Content and Spiked Recovery Rate Test (n = §)
sample original found (10~® mol/L) add (107® mol/L) add the measured value (107 mol/L) recovery (%) RSD (%)
1 0 2.00 2,044 1022 24
2 0 3.00 2923 97.43 3.4
3 0 5.00 4.808 96.16 14

and feasible for the detection of RFP capsules and
determination of RFP in human serum. It also has the
potential to be used for biomedical analysis.
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