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ABSTRACT: Doxorubicin (DOX) is a potent anticancer drug, but it has side
effects on normal tissues, particularly myocardial cells. Therefore, it is crucial to
detect the DOX concentration in body fluids for effective clinical treatment. In
this work, N,Bi-codoped CDs (Bi,N-CDs) were synthesized through a one-step
hydrothermal method to carbonize the raw materials of 2,4-dinitroaniline and
bismuth nitrate. The resulting Bi,N-CDs showed a reduced emission at 490 nm
and an enhanced emission at 590 nm in the presence of DOX. The ratio of
fluorescence (FL) intensity (F590/F490) was found to be a reliable indicator of
DOX concentration, ranging from 0.05 to 30 μM and 40−200 μM, with
detection limits (LOD) of 34 and 24 nM, respectively. A ratiometric
fluorescence nanoprobe was established for highly selective and sensitive
detection of DOX using a specific electrostatic interaction and inner filter effect
between Bi,N-CDs and DOX. Meanwhile, Bi,N-CDs exhibited a distinct color
change ranging from yellow to orange-red when exposed to DOX, allowing for a colorimetric method to measure DOX levels in the
range of 0.05−30 μM, with a detection limit of 169 nM. The probe was triumphantly used to monitor DOX in actual samples via a
dual-mode optical sensing strategy. This study contributes to the development of heteroatom-doped CDs and expands their
potential applications for detecting biological samples.

1. INTRODUCTION
Doxorubicin (DOX) is an effective chemotherapy drug among
anthracycline antibiotics, which promotes cancer treatment
through a variety of mechanisms, for example, by inserting
DNA base pairs and interacting with Topoisomerase II to
destroy DNA replication and repair.1−3 However, Dox in
cancer treatment is limited by two main factors: nonspecific
toxicity and the emergence of tumor resistance. When cancer
cells are inhibited, the function of normal cells is also affected,
leading to irreversible toxic effects on organs, such as, heart,
brain, and kidneys, and can be life-threatening in severe cases.4

Among breast cancer patients treated with DOX, the maximum
plasma concentration range is 3.6−11 μM; after 24 h, the
concentration in plasma generally decreases to a low
nanomolar range.5 The concentration of DOX in the urine
of patients taking DOX is mg L−1. For example, Maliszewska et
al. reported that the DOX concentration in urine collected
from patients after 0−4 h of administration was 9.44−17.87
mg L−1, and the concentration of DOX in urine was almost 95
times that in the patient’s plasma.6 Considering the toxicity of
DOX and personalized treatment for patients, it is imperative
to develop sensitive and reliable methods for detecting DOX
concentration in human serum and urine to achieve the desired
therapeutic effect.7 So far, various technologies, including
chromatography, mass spectrometry, electrochemistry, and

spectroscopy, have been developed to measure DOX.8 It is
worth noting that, compared to other technologies, fluo-
rescence and colorimetry methods have gained attention in
detecting DOX due to their simplicity, high sensitivity,
convenience, and visibility.9−12

Carbon dots (CDs) are a new type of “zero-dimensional”
fluorescent carbon materials, which have received extensive
attention since their accidental discovery in 2004.13 CDs have
broad applications in bioimaging, therapy, LED, catalysis, and
sensing14−18 because of their outstanding properties, including
easy preparation, tunable FL emission, eminent photostability,
and excellent biocompatibility.19,20 The CDs-based sensors
have been used for the detection of ions21,22 and small
moleculars;23,24 however so far, most reported fluorescence
sensors of CDs were based on signal variations to detect
analytes through fluorescence quenching, resulting in poor
reliability, low sensitivity, and false positives. Thus, the
development of a ratiometric fluorescence sensor is extremely
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desirable. Dai et al.25 designed a novel sensing platform
composed of blue and yellow emissive carbon dots that
displayed a ratiometric fluorescence response toward CS2. Li et
al.26 developed iron, cobalt, and nitrogen-codoped CDs as a
dual-signal biosensor to detect uric acid by a fluorescence and
colorimetry method. The ratiometric fluorescence probe has
emerged as a powerful tool for the precise and quantitative
detection of various targets owing to its unique self-calibration
function, which allows it to compensate for environmental and
instrumental factors that could potentially interfere with the
accuracy of the measurements.27−30 In addition, the ratio-
metric fluorescence detection system has the advantage of
multiple fluorescence color changes, making it easy to visualize.
However, there are few reports on ratiometric and colorimetric
dual-mode sensing DOX based on CDs. Zhu et al.31 used
plums as precursors to prepare PCQDs through a one-step
hydrothermal method as a ratio fluorescence nanoprobe for the
determination of DOX. Zhang et al.32 utilized 11-mercaptoun-
decanoic acid-functionalized CDs as a fluorescence and
colorimetric dual-mode sensor for detecting DOX. However,
due to the multistep synthesis, low fluorescence quantum yield,
and low sensitivity of these optical nanoprobes, it require
urgent development of a simple and efficient ratiometric
optical probe for highly sensitive and selective quantitation of
DOX.

The incorporation of metallic elements into CDs offers a
more powerful approach to modify their electronic structures,
thereby enhancing photocatalytic activity and sensing specific-
ity, which makes metallic heteroatoms-doped-CDs promising
materials for various applications, including photocatalysis and
sensing.33,34 Herein, Bi,N-CDs were prepared by one-step
hydrothermal treatment using 2,4-dinitroaniline and bismuth-
(III) nitrate as raw materials, which were used as reversible
ratio fluorescent nanoprobes for the determination of DOX.
The as-prepared Bi,N-CDs exhibit bright green fluorescence at
490 nm. Intriguingly, a unique dual-emission response displays
a ratiometric FL variation (F590/F490) upon the introduction of
DOX, which is ascribed to the electrostatic interaction of Bi3+
on the surface of Bi,N-CDs with DOX. In addition, a
colorimetric probe was also used to detect DOX. Finally, the
dual-read optical nanoprobe was resoundingly applied to the
detection of DOX in artificial urine and human serum,
indicating that the constructed probe has potential application
prospects in bioanalysis. In contrast to the previously reported
FL probes, this work has the following innovative points: (1) a
dual-mode sensor based on Bi,N-CDs was ingeniously
developed by hydrothermal treatment. (2) Bi,N-CDs achieved
visual quantification of DOX with high sensitivity.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. 2,4-dinitroaniline, bismuth-

(III) nitrate, some amino acids (L-cysteine/L-Cys, L-arginine/L-
Arg, DL-homocysteine/DL-Hcy, D-cysteine/D-Cys, DL-cysteine/
DL-Cys), and antibiotics (tetracycline/TC, oxytetracycline/
OTC, chlortetracycline/CTC, ciprofloxacin/CIP, streptomy-
cin/SM, erythromycin/ERY, chloramphenicol/CAP), and
ammonium citrate (AC) were purchased from Energy
Chemical Co., Ltd. (China).
2.2. Fabrication of Bi,N-CDs. In a Teflon-lined stainless

autoclave, 0.2 g of 2,4-dinitroaniline and 0.1 g of bismuth(III)
nitrate in 15 mL of ultrapure water were treated with ultrasonic
waves for 10 min to ensure complete dissolution. Then, the
resulting solution was heated to 200 °C for 10 h. After cooling

to room temperature, the yellow-green solution was purified by
centrifugation (8000 rpm, 10 min) and filtering (0.22 μm filter
membrane). Then the powder of Bi,N-CDs was obtained by
freeze-drying the aqueous solution.
2.3. Assay Procedure of DOX. A certain concentration of

DOX solution (50 μL, in PBS buffer, pH 6) was added into
Bi,N-CDs solution (2.0 mL). Then, the mixture solution was
measured by UV−vis absorption and a fluorescence spectro-
fluorometer. The fluorescence intensities of Bi,N-CDs (F490)
and (F590) and absorbance values (A235) and (A255) were
recorded, and their ratios (F490/F590) and (A235/A255) were
employed to quantify DOX. The selectivity of Bi,N-CDs
toward DOX was investigated in the same way via the addition
of potential interfering substances (amino acids, antibiotics, or
metal salts).
2.4. Analysis of DOX in Real Samples. To explore the

feasibility of nanoprobes for detecting DOX in real samples,
artificial urine was purchased from Phygene Co., Ltd. (China),
and human serum was collected from healthy adult volunteers.
Artificial urine was filtered through a 0.22 μm filter membrane
and diluted 100 times for later use. 7.5 mL of acetonitrile was
mixed with 5 mL of human blood sample and centrifuged at
8000 rpm for 10 min. The mixture solution was evaporated to
remove the solvent, dissolved in ultrapure water, and diluted
50 times. Sample analysis was conducted according to the
above assay procedure.

3. RESULTS AND DISCUSSION
3.1. Characterization of Bi,N-CDs. Transmission electron

microscopy (TEM) scanning image showed that Bi,N-CDs
were spherical and uniform with average sizes of 6.22 ± 0.5 nm
(Figure 1A,B). X-ray photoelectron spectroscopy (XPS) and

FTIR spectra were utilized to verify the compositions and
surface functional groups of Bi,N-CDs. The full spectrum of
XPS clearly shows four peaks at 168.5, 284.8, 400.5, and 532.2
eV, corresponding to Bi 4f, C 1s, N 1s, and O 1s, respectively
(Figure 2A). The atomic ratios of these elements were
calculated to be 0.04% Bi, 59.74% C, 12.88% N, and 27.34% O.
The presence of Bi doping in Bi,N-CDs was verified by the
observation of Bi 4f7/2 and Bi 4f5/2 peaks at 153.2 and 168.6
eV, respectively (Figure 2B).35 The high-resolution spectrum
of C 1s revealed three distinct binding energies at 284.5, 285.9,
and 288.4 eV, which were assigned to C−C/C�C, C−O/C−
N, and C�O bonds, respectively (Figure 2C).36 The N 1s
spectra of Bi,N-CDs could be decomposed into three peaks at
399.6, 401.2, and 406.1 eV (Figure 2D), corresponding to
pyrrolic-N, N−H, and −NO3

− bonds, respectively.37 The O 1s
spectrum indicated the presence of C−O and N−O bonds at
531.7 and 533.0 eV, respectively (Figure S1).38 These findings

Figure 1. (A) TEM of Bi,N-CDs and (B) size distribution of Bi,N-
CDs.
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were further supported by FTIR analysis, which showed
characteristic stretching vibrations of O−H or N−H at 3451
cm−1, −NO3

− at 1335 and 834 cm−1, and C−N at 1335 and
834 cm−1 (Figure S2).39 XPS and FTIR results provided a
comprehensive understanding of the surface composition and
functional groups on Bi,N-CDs (Figure 3).
3.2. Optical Properties of Bi,N-CDs. Figure 2A exhibits

UV−vis absorption spectrum of Bi,N-CDs with two apparent
absorption peaks at around 209 and 349 nm, corresponding to
the π−π* transition of the aromatic C�C and the n−π*
transition of functional groups, respectively.40,41 The emission
peak of Bi,N-CDs at 490 nm appears under an excitation
wavelength of 385 nm with a Stokes shift of 105 nm. The Bi,N-
CDs aqueous solution exhibits a strong green emission with FL
quantum yields of 11.2%, which may be ascribed to the
formation of aromatic π-conjugated structures (carbon core)
or Bi3+ doping.42,43 Bi,N-CDs display excitation-dependent FL
characteristics (Figure 2B). As the excitation wavelength
increased from 325 to 415 nm, the emission peak gradually
shifted from 450 to 510 nm, accompanied by an intensity that
increased first and then decreased, which is attributable to
different sizes and surface state distributions of Bi, N-CDs.44 In
addition, the FL intensity of Bi,N-CDs gradually increases with
the increase of Bi,N-CDs concentration from 0 to 0.037 mg/
mL, indicating that Bi,N-CDs have a concentration-dependent

fluorescence performance, and 0.033 mg/mL was chosen as
the optimal detection concentration (Figure S3).

Photostability plays a crucial role in the sensitivity of
fluorescence detection. Hence, the effects of pH, ionic
strength, xenon lamp irradiation, storage time, and temperature
on the FL intensity were investigated in detail. FL intensity of
Bi,N-CDs remains steady over a wide pH range from 5 to 10
(Figure S4A) or under NaCl concentrations up to 2 M (Figure
S4B), suggesting that Bi,N-CDs have pH stability and ionic
strength resistance. Furthermore, Figure S4C shows that Bi,N-
CDs exhibit minimal attenuation in FL intensity when exposed
to xenon lamp irradiation for 15 min, demonstrating the strong
photobleaching resistance of Bi,N-CDs. After 5 months of
storage at 4 °C, the FL intensity of Bi,N-CDs remains 81.4%,
indicating the excellent photostability of Bi,N-CDs (Figure
S4D). These results collectively demonstrate the excellent
stability of Bi,N-CDs, which lays a solid foundation for their
potential applications in various fields. Figure S5A shows that
the FL intensity gradually decreases as the temperature
increases from 30 to 80 °C. 30 °C is the optimal temperature
in common application environments. Figure S5B reveals that
FL intensity has a good linear relationship with the
temperatures. The corresponding regression equation is y =
−7.23x + 1377 (R2 = 0.991). The variations in FL were
observed during successive heating and cooling cycles between

Figure 2. (A) Full-scan XPS images of Bi,N-CDs, (B) Bi 4f, (C) C 1s, and (D) N 1s.

Figure 3. (A) UV−vis absorption spectra, optimal excitation, and FL emission spectra of Bi,N-CDs (inset: photographs under 365 nm UV light).
(B) FL spectra of Bi,N-CDs with different λex values from 325 to 415 nm.
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30 and 80 °C (Figure S5C). The reversible process can be
readily repeated for up to 5 cycles, and the FL intensity
remains unchanged. The result suggests that Bi,N-CDs have
excellent reversibility and restorability.
3.3. Dual-Read Assay for DOX Quantitation. To

estimate the selectivity of DOX, several common metal cations
(Ag+, Ca2+, Na+, Zn2+, K+, Fe2+, Mg2+, Cu2+, Fe3+, etc.) (Figure
4A) and different amino acids (L-Cys, L-Arg, DL-Hcy, D-Cys,
DL-Cys) and antibiotics (TC, OTC, CTC, CIP, SM, ERY,
CAP) were investigated (Figure 4B). The inset of Figure 4
suggests that DOX and CIP can induce a significant
fluorescence color change from green to orange and blue.
The ratio of the FL intensity (F590/F490) at 590 nm (noted as
F590) and 490 nm (noted as F490) exhibited a pronounced
increase by the addition of DOX, but the influence of other
analytes was negligible, suggesting that Bi,N-CDs have good
selectivity for DOX.

Aiming at the optimal sensing performance of the fabricated
Bi,N-CDs sensor for DOX, some vital parameters such as
different pH values and reaction times of Bi,N-CDs with DOX
were comprehensibly optimized. The effect of pH (3.0−9.0)
on the FL intensity of Bi,N-CDs-DOX systems was
investigated (Figure S6A). The FL intensity ratio (F590/F490)
reached a maximum at pH 6, so this was selected as the
optimum value for DOX detection. In addition, the effect of
the reaction time during the determination of DOX was also
investigated. Figure S6D displays that upon introduction of
DOX into the Bi,N-CDs solution, the F590/F490 value increases
rapidly to reach a plateau within 5 s and remains stable for 1
min. Overall, Bi,N-CDs is an ultrarapid nanoprobe for
monitoring the fluctuation of DOX.

The above optimal conditions were set for the ratiometric
detection of DOX. As shown in Figure 5A, the emission
intensity declined gradually at 490 nm and enhanced
progressively at 590 nm with increasing DOX concentration.
A linear relationship was observed between FL intensity ratios
(F590/F490) and DOX concentrations in the range of 0−200
μM. The linear equations fitted in the range of 0.05−30 and
40−200 μM were F590/F490 = 0.0239CDOX + 0.201 (R2 =
0.996) (Figure 5B) and F590/F490 = 0.0343CDOX − 0.402 (R2 =
0.998) (Figure 5C), respectively. The detection limits were
found to be 34 and 24 nM, respectively. The FL of Bi,N-CDs
under a 365 nm UV lamp altered from green to orange-red
upon introducing DOX, which is compatible with the CIE
titration curve (Figure 5D). Additionally, the colorimetric
signal response to DOX was observed. As depicted in Figure
5E, absorption peaks at 235, 255, and 290 nm and a wide peak
in the range of 350−600 nm appeared with the addition of
DOX and their absorbances increased with increasing DOX

concentration. The color of Bi,N-CDs under daylight changed
from buff to orange. A ratiometric colorimetric probe was
constructed by selecting the main peaks at 235 and 255 nm. A
good linear relation between A235/A255 and DOX concen-
tration was observed (Figure 5F). The linear regression
equation was A235/A255 = 0.00198CDOX + 1.255 (R2 = 0.998)
in the concentration range of 0.05−30 μM with a LOD of 169
nM. Compared to the previously reported CDs-based DOX
sensors, the proposed nanosensor provides faster response
times, wider linear ranges, and much lower LODs (Table

Figure 4. (A) Response of fluorescence intensity of Bi,N-CDs after the addition of DOX (0.5 mM), other different metal ions (0.5 mM), anions
(0.5 mM), and (B) small-molecule substances (0.05 mM). Inset: photographs of the Bi,N-CDs after mixing with analytes under UV light.

Figure 5. (A) Fluorescence spectra of the Bi,N-CDs with different
DOX concentrations from 0.05 to 200 μM under λex of 385 nm.
Linear relationships of F590/F490 versus different concentrations of
DOX are in the ranges of (B) 0.05−30 and (C) 40−200 μM. (D) CIE
chromaticity diagram of the Bi,N-CDs with different concentrations of
DOX (0−200 μM). Inset: photographs of the Bi,N-CDs after mixing
with different concentrations of DOX (5, 10, 20, 30, 40, 50, 75, 100,
and 125 μM) under UV light. (E) UV−vis absorption spectra of the
Bi,N-CDs with different concentrations of DOX (0.05−200 μM).
Inset: photographs of Bi,N-CDs after mixing with different
concentrations of DOX under visible light. (F) Linear relationship
between the absorbance (A235/A255) of the Bi,N-CDs and the
concentration of DOX is in the range of 0.05−30 μM.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c05093
ACS Omega 2023, 8, 41383−41390

41386

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05093/suppl_file/ao3c05093_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05093/suppl_file/ao3c05093_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c05093/suppl_file/ao3c05093_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05093?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


1).31,32,45−47 The distinct color change of Bi,N-CDs with the
gradual addition of DOX can be easily distinguished with the

naked eye under UV light or sunlight. Therefore, N-CDs are
capable of being considered as a highly sensitive nanoprobe for
monitoring DOX using both fluorescence and colorimetry.
3.4. Possible Sensing Mechanism. Subsequently, the

sensing mechanism of DOX is discussed. Figure 6A exhibits
that the absorption curve of the Bi,N-CDs and DOX mixture
completely overlaps with the sum absorption curve (Bi,N-CDs
+ DOX), indicating a weak interaction between N-CDs and
DOX without the formation of new functional groups.
Furthermore, the excitation and emission spectra of Bi,N-
CDs overlap with broad absorption spectra of DOX (Figure
6B), suggesting that Förster resonance energy transfer (FRET)
or inner filter effect (IFE) may occur between Bi,N-CDs and
DOX. To further confirm the quenching mechanism, the
average FL lifetimes of Bi,N-CDs in the presence of DOX were

investigated. As shown in Figure 6C, the FL lifetimes of Bi,N-
CDs remained relatively constant with 4.89, 5.01, 4.88, and
4.89 ns with various concentrations of DOX (0, 50, 100, and
150 μM), indicating the presence of IFE. The zeta potential of
Bi,N-CDs and the mixture of Bi,N-CDs-DOX were −1.05 and
+11.01 mV (Figure S7), respectively, which may be attributed
to the chelation between Bi3+ and hydroxyls or amino of
DOX,48 confirming the successful combination of Bi-CDs and
DOX.
3.5. Reversibility of Bi,N-CDs. Some masking agents,

including S2−, S2O3
2−, SCN−, GSH, EDTA, ammonium citrate

(AC) and I−, were added to the Bi,N-CDs to evaluate the
reversibility of the interaction of DOX with Bi,N-CDs (Figure
7A). The system of Bi,N-CDs/DOX exhibits only a specific
response to Na2S. The FL intensity of Bi,N-CDs/DOX
gradually strengthens at 490 nm and decreases at 590 nm
with increasing concentrations of Na2S (Figure 7B). Moreover,
after the reversible cycle had been repeated four times, the FL
intensity of the assay still measured 90.8% of the initial (F590/
F490) value in the Bi,N-CDs/DOX system (Figure 7C). These
results provide convincing evidence that the binding between
DOX and Bi,N-CDs is a reversible process.
3.6. Application in Serum and Urine. The practical

feasibility of Bi,N-CDs was verified by detecting the DOX
content in human serum and urine using an optical dual-mode
method (Tables 2 and S1). However, the values of DOX could
not be detected in these real samples. The recoveries using the
ratiometric fluorescent method were 92.8−99.1% with relative
standard deviations (RSD) of 0.11−0.78%. Similarly, the
recoveries using the colorimetric method were 91.1−102.9%
with the RSD less than 0.15%. The results suggested that the
nanoprobe has great potential in practical applications.

Table 1. Comparison of Proposed Material with Other
Materials for DOX Detection

material method
linear range

(μM)
LOD
(μM)

response
time (s) ref

PCQDs fluorescence 1−30 0.12 27
30−70

MUA-
CDs

fluorescence 0.25−19.96 0.66 28

colorimetry 50.33−80.88 0.23
2.5−29.8 0.75

PEI-CDs fluorescence 0.1−150 0.075 38
NPCDs fluorescence 0.5−6.5 0.012 600 39
R-CQDs fluorescence 0.8−42.8 0.531 300 40
Bi,N-

CDs
fluorescence 0.05−30 0.36 5 this

work
colorimetry 40−200 0.23

0.05−30 0.58

Figure 6. (A) UV−vis absorption spectrum of Bi,N-CDs, DOX, and Bi,N-CDs + DOX and (B) UV−vis absorption of DOX and fluorescence
excitation and emission spectra of Bi,N-CDs. (C) PL decay profiles of Bi,N-CDs and Bi,N-CDs + DOX (50, 100, 150 μM).
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4. CONCLUSIONS
In summary, A ratiometric fluorescence and colorimetry dual-
read nano-sensor was established based on as-synthesized
Bi,N-CDs for quantitative analysis of DOX according to
specific electrostatic interaction and IFE. The sensor possesses
some advantages of simple fabrication, high photostability, and
ultrarapid quantitative ability. These characteristics endow
them with a good prospect as nanosensors for the highly
selective detection of DOX in real samples. Therefore, this
study provides promising prospects for the development of
multisignal sensing systems in future.
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