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6-mercaptopurine (6-MP), a purine derivative (3,7-dihydro-
purine-6-thione), has been utilized as an effective immunosup-
pressive drug for clinically treating leukemia and other
autoimmune diseases [1]. 6-MP and its corresponding metabolites
can suppress the function of RnaseH, and thus they are cytotoxic and
threaten the human health [2]. Therefore, the accurate quantification
of 6-MP is crucial. To date, researchers continue to expend consid-
erable effort in developing 6-MP detection methods. Fluorescence
analysis eliminates disadvantages, such as toxic solvents, expensive
equipment, and complicated pretreatments, and has the advantages
of high precision and sensitivity. Carbon dots (CDs) are a class of
nanomaterials with a small size (below 10 nm) and excellent fluo-
rescence performance [3]. CDs have been confirmed to have practical
value in pharmaceutical analysis [4], demonstrating that it may be an
effective tool for 6-MP detection. Therefore, in this study, nitrogen,
sulfur, and bromine co-doped CDs (N, S, Br-CDs) are synthesized via a
one-step hydrothermal method using bromophenol blue (BPB) and
polyethyleneimine (PEI) as precursors. The heteroatoms are directly
doped into the product during synthesis. In addition, the N, S, Br-CDs
exhibited favorable fluorescence and is applied to detect 6-MP. The
experimental details are shown in the Supplementary data. The
transmission electron microscope (TEM) image (Fig. 1A) shows that
CDs is a near spherical nanodot with a particle size below 10 nm. The
insets show a lattice fringe with a spacing of 0.24 nm, which is
consistent with the (110) lattice plane of graphene. The dynamic
light scattering (DLS) analysis of the CDs (Fig. 1B) shows that the
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particles size is in the range of 2.33e5.61 nm and the average
diameter is 3.77 nm. Fig. 1C shows the recorded ultraviolet-visible
(UV-vis) absorption spectrum and fluorescence spectra. The CDs
exhibit absorption at 250 and 350 nm, which are assigned to the
p/p* and n/p* electron transitions, respectively, of the
heteroatom-doped conjugated structure. Fig. S1 shows the fluores-
cence emission spectra of the CDs under different excitation and the
three-dimensional (3D) fluorescence spectra is shown in Fig. 1D. The
N, S, Br-CDs exhibited excitation-independent emission and the
fluorescence intensity at 460 nm reached the maximum under 335
nm excitation.

Furthermore, the elemental composition and chemical state of
the CDs were analyzed. The X-ray photoelectron spectroscopy
(XPS) full scan spectrum (Fig. S2A) shows that the CDs contains C, O,
N, S and Br. In particular, the C1s spectrum (Fig. S2B) was divided
into three component peaks at 284.5, 285.6 and 286.2 eV origi-
nating from the C]C, CeN, and CeO bonds, respectively. In the O1s
spectrum (Fig. S2C), two peak at 531.0 and 531.9 eV were detected,
corresponding to the C]O and CeOeC/CeOH bonds, respectively.
Two component peaks were detected at 399.2 and 401.2 eV in the
N1s spectrum (Fig. S2D), which are attribute to the CeN and NeH
bonds, respectively. Two component peaks were observed at 67.8
and 70.1 eV in the Br3d spectrum (Fig. S2E), corresponding to the
Br3d5/2 and Br3d3/2 species, respectively. The S2p spectrum of
(Fig. S2F) exhibits a characteristic peak at 168.2 eV, which
confirmed the presence of RSO3

�.
By exploiting the favorable fluorescence of the N, S, Br-CDs, the

possibility of fluorescence detection of 6-MP was anticipated.
Fig. 2A shows the recorded fluorescence emission spectra of the N,
S, Br-CDs before and after introduction of 6-MP. The fluorescence
intensity declined significantly after 6-MP addition. The clear
decrease in the color of the fluorescence (insets photos) further
demonstrates the fluorescence quenching.

To verify the underlying mechanism of fluorescence quenching,
the fluorescence lifetime of the N, S, Br-CDs with or without 6-MP
was measured. The corresponding fluorescence decay spectra are
shown in Figs. 2B and C, and the fitted lifetime data are listed in
Table S1. The fluorescence lifetime of CDs before and after 6-MP are
4.19 and 4.02 ns, respectively. The relatively unchanged
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Fig. 1. The morphology, size and spectral properties of the N, S, Br-carbon dots (CDs). (A) The transmission electron microscope (TEM) and high-resolution transmission electron
microscope (HRTEM) images of the N, S, Br-CDs. (B) The size distribution of the N, S, Br-CDs. (C) The ultraviolet-visible (UV-vis) absorption (red), fluorescence excitation and
emission (blue) spectra of the N, S, Br-CDs. The insets are photos of N, S, Br-CDs solution under sunlight (i) and UV light illumination (ii). (D) The three-dimensional (3D) fluo-
rescence spectra of the N, S, Br-CDs.
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fluorescence lifetime revealed a static quenching effect (SQE) [5].
Furthermore, the UV-vis absorption spectrum of 6-MP and the
fluorescence excitation spectrum of the N, S, Br-CDs were recorded
and compared (Fig. 2D). A broad spectral overlay (shadow) was
observed between the two spectra. The 335 nm excitation wave-
length of the N, S, Br-CDs was in the absorption range of 6-MP,
which promoted fluorescence quenching via inner filter effect (IFE)
[5]. Therefore, the observed fluorescence quenching is concluded to
be owing to the combination of SQE and IFE.

To achieve the optimal analytical sensitivity, the detection pa-
rameters were evaluated (Fig. S3). The time-dependent fluorescence
intensity of the N, S, Br-CDs and N, S, Br-CDs þ 6-MP were recorded
(Fig. S3A). Considering the photobleachingof the CDs, the difference of
fluorescence intensity (DF) was used to evaluate the quenching effect
and the optimal time of 20 min was selected. In addition, the fluo-
rescencequenching at pHvalues 11 and13were recorded, as shown in
Figs. S4 and S5, respectively, and the pH of the detection system was
investigated (Fig. S3B), demonstrating an optimal pH of 12.

Under these optimal detection conditions, the linear rela-
tionship between the 6-MP concentrations and the fluorescence
quenching degree (F0/F) was fitted (Fig. 2E), exhibiting a linear
range of 8e300 mmol/L. The equation of the calibration curve was
Y ¼ 0.9846 þ 0.00256X (R2 ¼ 0.9954), where X is the 6-MP
concentration (mmol/L) and Y represents F0/F. The limit of
detection (LOD) was 3.52 mmol/L (3s). The fluorescence re-
sponses of potential coexisting compounds and other purines
were evaluated (Figs. S6 and S7). The other species showed no
292
response to the N, S, Br-CDs, demonstrating the excellent selec-
tivity of the method. Furthermore, the developed method was
applied to the analysis of real samples. A 6-MP-containing
pharmaceutical tablet was selected as the real sample and
standard addition method was performed. The detection results
are listed in Table S2. The 6-MP content in the sample is
19.55 mmol/L and the recovery is in the range of 96.53 %e
105.12 %. Compared with other state-of-the-art technologies
(Table S3), this method possesses a wide linear range and
improved detection accurate. According to the sample prepara-
tion process, dilution ratio and mass conversion, the 6-MP con-
tent in the tablet was calculated to be 0.27 mg/mg, which is
similar to the labelled amount (50 mg/200 mg). These satisfac-
tory results conformed the reliability of the method and practi-
cability of the N, S, Br-CDs for 6-MP detection.

In summary, the N, S, Br co-doped CDs were synthesized using a
facile hydrothermal process by direct doping with heteroatoms.
Based on the favorable fluorescence of the as-synthesized N, S, Br-
CDs, a novel fluorescent detection method for 6-MP was estab-
lished. The fluorescence intensity of the N, S, Br-CDs was quenched
by 6-MP via SQE and IFE. Therefore, quantitative analysis of 6-MP
was achieved. In addition, the developed method was further
applied to the analysis of pharmaceutical tablet. Although the LOD
and analysis time require further improvements, the performance
of the method met the requirements for the detection of 6-MP in
real samples. Therefore, the N, S, Br-CDs is a promising tool for
pharmaceutical analysis.



Fig. 2. The fluorescence detection performance and mechanism of the N, S, Br-carbon dots (CDs). (A) The fluorescence spectra of the N, S, Br-CDs in the absence (i, black) and
presence (ii, red) of 6-mercaptopurine (6-MP). Insets: corresponding photos under 254 nm illumination. (B, C) The fluorescence decay of the (B) N, S, Br-CDs and (C) N, S, Br-CDs þ 6-
MP. (D) The spectra overlay of the ultraviolet-visible (UV-vis) absorption spectrum (red) of 6-MP and the fluorescence excitation spectrum (blue) of the N, S, Br-CDs. (E) The linear
calibration curve for 6-MP detection through fluorescent quenching.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jpha.2023.11.001.
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