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Abstract
A sensing platform with both ratiometric fluorescence and colorimetric responses towards  copper(II) ions  (Cu2+) and D-pen-
icillamine (D-pen) was constructed based on carbon dots (CDs). o-Phenylenediamine (OPD) was employed as a chromogenic 
development reagent for reaction with  Cu2+ to generate the oxidation product 2,3-diaminophenazine (oxOPD), which not 
only emits green fluorescence at 555 nm, but also quenches the blue fluorescence of CDs at 443 nm via the inner filter effect 
(IFE) and Förster resonance energy transfer (FRET). Additionally, oxOPD exhibits obvious absorption at 420 nm. Since the 
intense chelation affinity of D-pen to  Cu2+ greatly inhibits the oxidation of OPD, the intensity ratio of fluorescence at 443 nm 
to that at 555 nm (F443/F555) and the absorbance at 420 nm (A420) were conveniently employed as spectral response signals 
to represent the amount of D-pen introduced into the testing system. This dual-signal sensing platform exhibits excellent 
selectivity and sensitivity towards both  Cu2+ and D-pen, with low detection limits of 0.019 μM and 0.092 μM, respectively. 
In addition, the low cytotoxicity of the testing reagents involved in the proposed sensing platform facilitates its application 
for live cell imaging.
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Introduction

D-penicillamine (D-pen) is a common reagent for detoxifica-
tion of heavy metals in organisms. D-pen can form water-sol-
uble complexes with metal ions due to the intense chelation 
affinity of sulfhydryl and amino groups towards metal ions, 
which aids in expelling toxic metal ions such as  Cu2+,  Al3+, 
 Hg2+ and  Zn2+ from the body [1]. D-pen can also be used 
to treat certain autoimmune diseases including rheumatoid 

arthritis, chronic active hepatitis, scleroderma, mouth/eye 
dryness and arthritis symptoms [2–4]. However, excessive 
use of D-pen can cause side effects such as cystinuria and 
thrombocytopenia [5]. Therefore, it is important to quantita-
tively determine the concentration of D-pen in human tissues 
or body fluids during related clinical treatments.

Copper ions  (Cu2+) are essential to the metabolism of liv-
ing organisms and play an important role in intracorporeal 
biological processes, especially in cellular processes of res-
piration, neural transmission and defense against oxidative 
tissue injury or stress [6–8]. Excessive or defective copper 
in the human body may cause adverse effects or neurologi-
cal diseases such as Menkes syndrome and Wilson’s disease 
[9]. Thus, developing novel methods for the sensitive and 
rapid detection of  Cu2+ in live cells is necessary for clinical 
diagnosis.

Fluorescent carbon dots (CDs), as fluorescent nanomate-
rials, have attracted much attention since their discovery in 
2004, due to their unique optical and electronic properties 
[10–12]. Compared with fluorescent semiconductor quantum 
dots (QDs) and metal nanoclusters, CDs display conspicuous 
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features including a facile synthetic process, low toxicity, 
remarkable biocompatibility and water solubility [13–16], 
making them a promising fluorescence indicator for bio-
analysis and clinical diagnosis.

Various analytical methods have been reported for detect-
ing D-pen in organisms, including chemiluminescence [17], 
fluorometry [18], spectrophotometry [19], electrochemistry 
[20], infrared spectrometry [21], and chromatography [22]. 
Although most of these methods provide adequate sensitivity 
for detecting D-pen, the sophisticated and time-consuming 
procedures for sample pretreatment and expensive testing 
instruments or reagents limit their applications. Fluorometry 
based on novel fluorescent nanomaterials such as CDs [23] 
and quantum dots (QDs) [24] has been widely employed 
in clinical diagnosis owing to its sufficient sensitivity, con-
venience, and rapidity, and it also possesses the potential for 
detecting D-pen in biological samples.

In recent years, many strategies have been established 
for detection of  Cu2+, including inductively coupled plasma 
mass spectrometry [25], surface-enhanced Raman scatter-
ing [26], atomic absorption spectroscopy [27], atomic emis-
sion spectroscopy [28], electrochemistry [29], fluorometry 
[30] and photoelectrochemical sensing technology [31]. In 

particular, fluorescence probes based on QDs [32] and CDs 
[33] have been proven effective for detecting  Cu2+ in both 
aqueous and biological samples, due to the simple synthesis 
and the good biocompatibility of fluorescent quantum dots 
as well as the highly sensitive nature of fluorescence.

Ratiometric fluorometry is generally carried out by 
monitoring fluorescence intensities at two emission wave-
lengths, and then using the ratios of these intensities as 
response signals to reduce the noise of the testing environ-
ment and eliminate fluctuations in the fluorophotometer [34, 
35]. Compared with routine fluorometry using fluorescence 
intensities at a single emission wavelength as response sig-
nals, ratiometric fluorometry can generally provide superior 
sensitivity and excellent precision for detection of the same 
target [36]. The key requirement for establishing a ratiomet-
ric fluorescence method is constructing a response system 
with two fluorescence emissions varied in opposite trends 
along the variations of target amount under excitation at 
one wavelength.

We constructed a dual-mode sensing platform 
(Scheme 1) with both ratiometric fluorescence and colori-
metric readouts based on fluorescent CDs and o-phenylen-
ediamine (OPD) for sensitive detection of  Cu2+ and D-pen 

Scheme 1  Schematic diagram for detection of  Cu2+ and D-pen.
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in body fluids. In this sensing platform, OPD was oxidized 
to 2,3-diaminophenazine (oxOPD) by  Cu2+ (Scheme 1b). 
Under excitation at 378 nm, CDs and oxOPD emitted 
fluorescence at 443 nm and 555 nm, respectively. The 
competitive absorption of excitation irradiation induced 
the inner filter effect (IFE) of CDs and oxOPD on each 
other. Moreover, the Förster resonance energy transfer 
(FRET) between CDs and oxOPD in the testing system 
occurred due to the overlap of their respective emission 
and absorption spectra, as well as the appropriate spatial 
distance between them. Both the IFE and the FRET would 
result in the quenching of fluorescence at 443 nm emitted 
from CDs, since the amount of CDs in this sensing plat-
form was set as a constant value. Therefore, intensities 
of fluorescence at 443 nm and 555 nm were both deter-
mined by the amount of oxOPD in this sensing platform. 
After introducing D-pen into this sensing platform, the 
oxidation of OPD was inhibited due to the strong chela-
tion interaction between D-pen and  Cu2+, resulting in both 
limited fluorescence quenching of CDs and constrained 
fluorescence emission of oxOPD, and consequently, an 
increase in the fluorescence intensity ratio F443/F555 was 
observed. Additionally, absorption of oxOPD at 420 nm 
(A420), which was determined by the amount of oxOPD in 
the testing system, provided the colorimetric readout of 
this sensing platform. This sensing platform was applied 
to detect D-pen in human serum and urine samples. Fur-
thermore, the proposed fluorescence response mechanism 
towards D-pen was employed for fluorescence imaging of 
live cells.

Experimental

Instrumentation

Fluorescence spectra were recorded by a F-2700 fluores-
cence spectrophotometer (Hitachi Ltd., Japan). Ultravio-
let-visible (UV-Vis) absorption spectra were collected on 
a Cary 60 spectrometer (Agilent Technologies Inc., USA). 
Morphology features of CDs were characterized by an 
H-8100 transmission electron microscope (TEM, Hitachi 
High-Tech Co., Japan) at an operating voltage of 200 kV. 
X-ray photoelectron spectroscopy (XPS) spectra were 
measured on an ESCALAB 250 spectrometer (Thermo 
Fisher Scientific Inc., USA). A Nicolet iS5 Fourier trans-
form infrared (FT-IR) spectrometer (Thermo Fisher Sci-
entific Inc., USA) was employed to identify functional 
groups on the surface of CDs. Fluorescence lifetime 
measurements were carried out on a FLS920 steady-state 
and transient-state fluorescence spectrometer (Edinburgh 
Instruments Ltd., UK). Fluorescence imaging of live cells 

was performed on an LSM 710 confocal microscope (Carl 
Zeiss Microscopy GmbH, Germany).

Reagents and samples

Tris-(hydroxymethyl)aminomethane and D-pen were pur-
chased from Aladdin Reagent Co., Ltd., China. o-Phe-
nylenediamine (OPD) was purchased from Energy Chemi-
cal Co., Ltd., China. All the metal salts containing nitrate, 
perchlorate, sulfite and thiocyanate anions were purchased 
from Sinopharm Chemical Reagent Co., Ltd., China. Cu 
 (NO3)2·3H2O was dehydrated for preparing standard  Cu2+ 
aqueous solution. Stock aqueous solutions of other metal 
ions including  K+,  Na+,  Ca2+,  Mn2+,  Ag+,  Fe3+, and  Hg2+ 
were prepared from their perchlorate salts. Inorganic ani-
ons including  SO3

2− and  SCN− were prepared using their 
sodium salts. Biological substances including ascorbic acid 
(AA), uric acid (UA), bovine serum albumin (BSA), glu-
cose (Glu), α-lactose (α-Lac), lactose (Lac), tyrosine (Tyr), 
phenprobamate (Phe), valine (Val), histidine (His), argi-
nine (Arg), threonine (Thr), L-methionine (Met), L-lysine 
(Lys) and tryptophan (Trp) were purchased from Shanghai 
Yuanye Bio-Technology Co., Ltd., China. All chemical rea-
gents were of analytical grade and were used as received 
without further purification. Ultrapure water with resistiv-
ity of 18.2 MΩ-cm was prepared using a GBW purification 
system (Beijing Purkinje General Instrument Co, China). 
Three human serum samples and three human urine samples 
from six individual healthy volunteers were provided by the 
First Hospital of Jilin University (Changchun, China). It was 
confirmed that none of the volunteers had ever taken or been 
injected with D-pen. The A549 lung cancer cells used in this 
work were purchased from Procell Life Science & Technol-
ogy Co., Ltd., (Wuhan, China).

Synthesis of fluorescent CDs

The CDs were synthesized according to a reported hydro-
thermal method [37]. Briefly, 0.5  g of citric acid and 
0.25 mL of ethylenediamine were dissolved in 10 mL of 
ultrapure water. Then, the mixture was transferred into a 
30-mL Teflon-lined autoclave, followed by heating at 150 °C 
for 2 h. The final product was diluted 2000-fold in Tris-HCl 
buffer (50 mM, pH = 7.4) and was stored at 4 °C for further 
use.

Detection of D‑pen and  Cu2+

Ten microliters of OPD (100 mM), 10 μL of  Cu2+ (1 mM) 
and 10 μL of diluted sample or D-pen standard solution at 
various concentrations were successively introduced into 
940 μL of Tris-HCl buffer (50 mM, pH = 7.4). The result-
ing solution was incubated at 37 °C for 3 h. Then, 30 μL 
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of CDs was added to the above solution. After subsequent 
incubation for 2 min at room temperature, the solution was 
examined by both ratiometric fluorescence and colorimetric 
modes. The ratio of fluorescence intensity at 443 nm against 
that at 555 nm (F443/F555) and the absorbance at 420 nm 
(A420) were respectively recorded as the response signals of 
the above detection modes for detecting D-pen.

A description of the procedure for detecting  Cu2+ is pro-
vided in the supporting information (SI) document.

Cytotoxicity assay and cell imaging

A549 lung cancer cells used for cytotoxicity assay and flu-
orescence imaging were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) with 10% fetal bovine serum 
albumin (BSA) under conditions of 37 °C, 95% relative 
humidity and 5%  CO2.

The cytotoxicity of CDs was evaluated by standard MTT 
assay (colorimetric procedure). A549 lung cancer cells were 
treated with various volumes of CDs in individual wells of 
an incubation dish, and the dish was then incubated at 37 °C 
for 24 h. Then, 20 μL of MTT solution in DMEM was added 
into each well after the removal of the culture medium. After 
another incubation for 4 h, 150 μL of dimethyl sulfoxide 
(DMSO) was added into each well, followed by gentle shak-
ing for 10 min. Finally, the absorbance of each well was 
recorded at 378 nm with a microplate reader.

A549 lung cancer cells were successively treated with 
10 μL of  Cu2+ (1 mM) and different volumes of D-pen 
(1 mM) followed by incubation at 37 °C for 12 h. After 
washing with Tris-HCl buffer (50  mM, pH = 7.4), the 
cells were further treated with 30 μL of CDs and 10 μL 

of OPD (100 mM), and were then incubated at 37 °C for 
3 h. Finally, the cells were washed with Tris-HCl buffer 
(50 mM, pH = 7.4) for fluorescence imaging on a confocal 
microscope.

Results and discussion

Characterizations of CDs

As displayed in the TEM image in Fig. 1a, the CDs are 
spherical and exhibit good dispersibility. The diameter of 
the CDs varied between 1.0 nm and 3.1 nm, with an average 
value of 2 nm (inset of Fig. 1a).

Identification of surface chemical groups and elemen-
tal analysis of CDs were performed by FT-IR (Fig. 1b) 
and XPS (Fig. 2) spectroscopy. In the FT-IR spectrum, the 
broad absorption band at 3426  cm−1 is associated with O–H 
or N–H stretching vibrations, the bands at 1654  cm−1 and 
1617  cm−1 correspond to the stretching vibrations of C=O 
and C=N groups, respectively, the bands at 1560  cm−1 and 
1383  cm−1 are assigned to the bending vibrations of N–H 
and C–N, and the band at 2916  cm−1 is attributed to C–H 
stretching vibration [37, 38]. The XPS spectra (Fig. 2) fur-
ther reveal the elemental composition of the CDs. Three 
main peaks that emerged at 284.3 eV, 399.5 eV and 532.1 eV 
in the full-scan survey spectrum (Fig. 2a) correspond to C 1s 
(68.4%), N 1s (7.97%) and O 1s (23.63%), respectively [39]. 
In the high-resolution spectra of C 1s (Fig. 2b), four peaks 
appeared at 284.6 eV, 285.0 eV, 286.2 eV and 287.9 eV, 
which are derived from the C–C/C=C, C–N, C–O and C=N/
C=O groups, respectively [40]. The two peaks at 399.8 and 

Fig. 1  a TEM image and particle size distribution of CDs. b FT-IR spectrum of CDs
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401.0 eV in the high-resolution spectrum of N 1s (Fig. 2c) 
can be ascribed to C–N–C and N–H [41]. There are two con-
tributions of O demonstrated in the high-resolution spectrum 
of O 1s (Fig. 2d), corresponding to 531.5 eV for C=O and 
532.1 eV for C–O–C/C–OH. The results of the XPS analysis 
are consistent with those obtained by FT-IR measurement.

Optical properties of CDs

The optical properties of the CDs were studied by UV-Vis 
absorption and fluorescence spectroscopy. As displayed in 
Fig. 3a, two obvious absorption bands emerged at 240 nm 
and 350 nm (dotted line), which correspond to the π–π* tran-
sitions of the alkene group or carbonyl group (C=C/C=O) 
and the π–π* transitions of the amine moiety [42, 43]. Two 
excitation peaks at 242 and 352 nm indicate that there are 
at least two types of excitation energy trapped on the CDs 
(red line), which is consistent with information revealed by 

the above UV-Vis absorption spectrum. Figure 3b shows 
the fluorescence emission spectra of the CDs at different 
excitation wavelengths between 300 nm and 380 nm, demon-
strating a very slight excitation-dependent shift. The fluores-
cence quantum yield (QY) of the CDs was evaluated using 
quinine sulfate (QY = 54.60% in 0.1 M  H2SO4 solution) as 
the standard reference. A relatively high QY (27.08%) of the 
CDs suggests their potential for applications in fluorescence 
imaging and detection systems; the concrete calculation for-
mula is in the supporting information (SI) document.

Fluorescence emission stability of CDs

The effects of environmental pH and ionic strength on the 
fluorescence emission stability of the CDs were explored. As 
depicted in Fig. S1a, the fluorescence emission of the CDs 
was slightly influenced by the environmental pH levels vary-
ing from 4.0 to 8.0. Figure S1b shows that the fluorescence 

Fig. 2  a XPS full-scan survey spectrum of CDs. b–d High-resolution XPS spectra of C 1s, O 1s and N 1s, respectively
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intensity of the CDs exhibits no obvious change under high 
ionic strength (NaCl, 5 M). The results of photobleaching 
experiments (Fig. S1c) reveal the good photobleaching 
resistance of the CDs under ultraviolet irradiation at 378 nm 
for 60 min. These results indicate that the synthesized CDs 
have sufficient fluorescence emission stability for further 
chemical or biological applications.

Optimization of experimental parameters

In order to obtain superior analytical performance, the 
effects of experimental conditions including environmen-
tal pH and incubation time were investigated. According 
to the results shown in Fig. S2a, Tris-HCl buffer (50 mM, 
pH = 7.4) was selected to maintain the environmental pH 
level for the following experiments, since the normal pH of 
human blood pH is 7.4. The incubation time of this sens-
ing platform prior to analysis was also optimized, and the 
results (Fig. S2b) suggest that an incubation time of 3 h is 
sufficient for oxidation and chelation reactions. The excita-
tion wavelength of this sensing platform was set at 378 nm to 
both ensure the fluorescence emission efficiencies and obtain 
comparable fluorescence intensities of CDs and oxOPD at 
443 nm and 555 nm (Fig. S2c), respectively.

Sensing mechanism

The response mechanism of this sensing platform was stud-
ied by fluorescence emission spectroscopy (Fig. 4a), UV-Vis 
absorption spectroscopy (Fig. 4b) and fluorescence decay 
profile (Fig. 4c). As shown in Fig. 4a, the fluorescence emis-
sion of the CDs at 443 nm was influenced very slightly by 
individually adding  Cu2+ or OPD to the testing system. After 
adding both  Cu2+ and OPD to the testing system, however, 
the fluorescence at 443 nm decreased significantly, and a 

new fluorescence emission peak at 555 nm emerged. These 
results were ascribed to the generation of oxOPD, a prod-
uct of the specific oxidation of OPD by  Cu2+. Additionally, 
oxOPD induced an obvious absorption band at 420 nm 
(Fig. 4b). D-pen itself exhibited little fluorescence emis-
sion, but it inhibited the oxidation of OPD by chelating with 
the oxidant  Cu2+, which obviously restricted the absorption 
band of oxOPD at 420 nm (Fig. 4b) and, consequently, 
facilitated the fluorescence emission of the CDs at 443 nm 
(Fig. 4a). Therefore, the intensity ratio of fluorescence emis-
sion at 443 nm against that at 555 nm (F443/F555) and the 
absorbance at 420 nm (A420) are suitable for indicating the 
amount of D-pen in the testing system.

It can be observed that the absorption spectrum of oxOPD 
overlaps with the fluorescence emission spectrum of the CDs 
(Fig. 4d). Moreover, the fluorescence lifetime of the CDs 
decreased after introducing  Cu2+ and OPD into the testing 
system (Fig. 4c). These results suggest the strong possibil-
ity of a FRET process during the fluorescence quenching 
of CDs at 443 nm in the testing system containing  Cu2+ 
and OPD. Therefore, the Forster distance (R0) between the 
donor (CDs) and the acceptor (oxOPD) at which the FRET 
efficiency equals 50% was estimated according to equations 
provided in literature. [[44]

where k2 refers to the statistically relative orientation of the 
transition dipoles of donors and acceptors in space (in fluid 
solution k2 = 2/3 for random orientation); n is the refractive 
index of medium (in this work n = 1.33); Φ is the fluores-
cence quantum yield of the CDs synthesized in this work 
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Fig. 3  a UV-Vis absorption (Abs), fluorescence excitation (Ex) and emission (Em) spectra of CDs. The inset photograph shows the color of CDs 
under UV (365 nm) light. b Fluorescence emission spectra of CDs at different excitation wavelengths
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(27.08%); J refers to the overlap spectral integral between 
the fluorescence emission of the CDs and the extinction 
coefficients of oxOPD within a wavelength range in which 
the emission and absorption spectra overlap efficiently (in 
this work a wavelength range of 400–500 nm was selected); 
ε(λ) is the molar absorption coefficient of oxOPD (the 
maximum value is 2.1 ×  104 L  mol−1  cm−1 at 440 nm [45]) 
at a certain wavelength λ in the above wavelength range. 
The final calculated values of J and R0 for this work are 
6.2 ×  10−14  cm3 L  mol−1 and 3.8 nm, respectively, indicat-
ing the close proximity of donor and acceptor for efficient 
transfer of fluorescence resonance energy. The electrostatic 
interaction between deprotonated carboxyl groups on the 
surface of thr CDs and protonated amino groups of oxOPD 
molecules, and the π–π stacking interaction between the CDs 
and oxOPD molecules may contribute to the formation of 
the FRET system. The difference between the FT-IR spectra 
(Fig. S3) of the testing systems containing various amount 
of CDs, reactants  (Cu2+ and OPD) and inhibitor (D-pen) of 

the oxidation reaction reveals that oxOPD is the product of 
this reaction, while D-pen efficiently inhibits this reaction. 
Based on the above discussion, FRET between the CDs and 
oxOPD was confirmed as one of the fluorescence quenching 
mechanisms of this sensing platform.

Moreover, the obvious overlap between the fluorescence 
excitation spectrum of thr CDs and the spectral absorption 
of oxOPD reveals their competitive nature. This competition 
leads to the typical primary inner filter effect (pIFE or IFE1) 
[46] of oxOPD on the fluorescence emission of CDs.

Selectivity

To evaluate the selectivity of the present sensing platform 
towards D-pen, the influence of common ions and biologi-
cal substances coexisting in human serum or urine on the 
detection results was investigated. The results illustrated 
in Fig. S4 reveal that no obvious interference from the 
above ions or substances was observed, indicating the good 

Fig. 4  Spectra of a fluorescence emission and b UV-Vis absorption 
of the testing system. c Fluorescence emission decay curves of CDs 
in the absence and presence of  Cu2+ and OPD. d Typical spectra of 
absorption of oxOPD, fluorescence excitation of oxOPD and CDs, 
fluorescence emission of CDs. The excitation wavelength for scan-

ning fluorescence emission spectra was 378  nm. The excitation and 
emission wavelengths for fluorescence decay testing were 360 nm and 
450 nm, respectively. Concentrations of testing reagents were as fol-
lows:  Cu2+, 10 μM; OPD, 1 mM; D-pen, 400 μM in (a) and 100 μM 
in (b)
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selectivity of the sensing platform. It is worth noting that 
OPD can also be oxidized by  Ag+, since the oxidizing activ-
ity of  Ag+ is greater than that of  Cu2+. However,  Cl− ions in 
Tris-HCl buffer react with  Ag+ to form precipitated AgCl, 
which efficiently removes  Ag+ from the testing system.

Analytical performance

Figure  5 demonstrates the f luorescence and UV-Vis 
responses of the sensing platform towards D-pen. With the 
increasing concentration of D-pen, the color of the testing 
system changes gradually from yellow to blue under the 
illumination of a 365-nm UV lamp (inset of Fig. 5a), and 

from yellow to colorless under daylight (inset of Fig. 5c). 
As shown in Fig. 5b, a good linear relationship was found 
between the fluorescence ratio F443/F555 and the D-pen 
concentration ranging from 0.5 μM to 50.0 μM. The limit 
of detection (LOD) for D-pen obtained by the fluores-
cence testing mode was calculated as 0.092 μM (S/N = 3). 
The absorbance at 420 nm (A420) also correlates linearly 
with the D-pen concentration in the range of 0.9–40.0 μM 
(Fig. 5d). The LOD for D-pen obtained by the UV-Vis 
absorption mode is 0.848 μM. These results indicate that 
the sensitivity of this sensing platform for D-pen detec-
tion is comparable to or slightly better than many reported 
methods (Table 1).

Fig. 5  a Fluorescence spectra of the sensing system with differ-
ent D-pen concentrations (0.5, 10, 15, 30, 50, 80, 200, 800, and 
1000  μM). The inset photographs show the corresponding color 
changes under UV light. b Plot of fluorescence responses against con-
centrations of D-pen. c UV-Vis absorption spectra of the sensing sys-

tem with different D-pen concentrations (0.9, 10, 30, 35, 40, 80, 100, 
180, and 200  μM). The inset photographs show the corresponding 
color changes under daylight. d Plot of absorbance against concentra-
tion of D-pen
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Detection of D‑pen in real body fluid samples

To estimate the practicability of the present sensing 
platform, it was applied to examine the spiked real 
samples by both ratiometric f luorescence and colori-
metric (UV-Vis absorption) modes. All the blank and 
spiked samples were verified by an HPLC method rec-
ommended in the United States Pharmacopeia, 2008. 
The human serum and urine samples were diluted 100-
fold prior to testing. Results listed in Table 2 show 
that the recoveries for all testing modes and sample 
types were limited in the range of 98.2–102.6%, which 
demonstrates the promising potential of the present 
sensing platform for the determination of D-pen in 
real samples.

Cytotoxicity and cell imaging

The overall cellular cytotoxicity of the reagents employed or 
generated in the sensing platform is dominant for biological 
applications. Results obtained by the MTT assays (Fig. S7) 
show that the viability of A549 lung cancer cells was higher 
than 75% after treatment with CDs,  Cu2+ and OPD, indicat-
ing the low cell toxicity of these testing reagents.

Fluorescence images of cells treated with  Cu2+ or D-pen 
and other testing reagents are shown in Fig. 6. The cor-
responding fluorescence variations of purple and green 
channels of these images, and the relationship between 
the fluorescence intensity ratios of the above channels and 
concentrations of D-pen, are illustrated in Fig. S8. It can 
be observed that the fluorescence intensity of the green 

Table 1  Comparison of 
analytical performance of the 
present sensing platform and 
reported methods for detecting 
D-pen

a Ni3S4/NiS2/MoOx/GC electrode:  Ni3S4/NiS2/MoOx composite-coated glassy carbon electrode;
b MIP-GCE: molecularly imprinted polypyrrole-modified glassy carbon electrode; cCMQT-derivatization: 
2-chloro-1-methylquinolinium tetrafluoroborate derivatization; dVPG-FTIR: online system with vapor 
phase generation and Fourier transform infrared (FTIR) spectrometry;
e AuNCs: gold nanoclusters;
f CdS QDs: CdS quantum dots;
g CDs: carbon dots

Methods Chemosensor Linear range (μM) LOD (μM) Reference

Electrochemistry Ni3S4/NiS2/MoOx/GC
electrodea

5.0–796.0 0.26 [20]

Electrochemistry MIP-GCEb 10.0–480.0 3.5 [47]
Liquid chromatography CMQT-derivatizationc 1.0–200.0 Not given [48]
Infrared spectroscopy VPG-FTIRd 26.8–2546.0 3.4 [21]
Fluorometry AuNCse 20.0–239.0 5.4 [49]
Fluorometry CdS  QDsf 0.67–5.36 0.75 [50]
Ratiometric Fluorometry CDsg 0.5–50.0 0.092 This work
Colorimetry CDs 0.9–40.0 0.848 This work

Table 2  Results for D-pen 
detection in human serum and 
urine samples (n = 3)

Samples Testing mode Spiked (μM) Found (μM) Recovery (%) RSD (%)

Serum Ratiometric fluorometry 10.0 10.08 100.8 0.56
20.0 20.23 101.1 1.15
40.0 39.82 99.6 0.15

Colorimetry 10.0 9.88 98.8 0.68
20.0 20.51 102.6 1.29
40.0 39.28 98.2 2.31

Urine Ratiometric fluorometry 10.0 10.17 101.7 0.91
20.0 20.48 102.4 1.28
40.0 39.82 99.6 0.35

Colorimetry 10.0 10.11 101.1 0.58
20.0 20.07 100.4 0.32
40.0 39.41 98.5 1.41
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channel decreased with the increase in D-pen concentration 
in the testing system, while the purple channel exhibited an 
opposite trend. These results reveal that the testing reagents 
used in the present sensing platform possess good cell mem-
brane permeability, which makes the fluorescence analysis 
of D-pen in cells possible.

Conclusion

In summary, we fabricated a ratiometric fluorescence and 
colorimetric dual-mode sensing platform based on CDs 
and OPD for highly sensitive determination of  Cu2+ and 
D-pen. The facilely synthesized CDs displayed excel-
lent optical properties and good fluorescence emission 

stability. During the analytical procedure, OPD was oxi-
dized by  Cu2+ to generate fluorescent oxOPD, which 
induced absorbance at 420 nm, fluorescence emission at 
555 nm, and quenching of fluorescence emitted from CDs 
at 443 nm via IFE and FRET. Importantly, D-pen inhibited 
the above oxidation reaction because of its strong chela-
tion affinity towards  Cu2+. Therefore, the amount of  Cu2+ 
and D-pen in the testing system correlated with the inten-
sity ratio of fluorescence emission at 443 nm to that at 
555 nm (F443/F555), as well as the absorbance at 420 nm 
(A420). The proposed sensing platform exhibits high reli-
ability, selectivity and sensitivity for determination of 
D-pen in human serum and urine samples, demonstrating 
its promising potential for future applications in the study 
of pharmacodynamics and clinical diagnosis.

Fig. 6  Fluorescence images of live A549 lung cancer cells. a Cells 
treated with CDs; b cells treated successively with  Cu2+, CDs and 
OPD; c–d cells treated successively with  Cu2+, D-pen, CDs and 
OPD. The excitation wavelength was set as 378 nm. The wavelength 

ranges of the purple channel and green channel were 400–500 nm and 
500–600 nm, respectively. The amount of CDs was 30 μL. Concen-
trations of  Cu2+ and OPD were 10 μM and1 mM, respectively
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