
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 275 (2022) 121177
Contents lists available at ScienceDirect

Spectrochimica Acta Part A: Molecular and
Biomolecular Spectroscopy

journal homepage: www.elsevier .com/locate /saa
Phycocyanin - carbon dots nanoprobe for the ratiometric fluorescence
determination of peroxynitrite
https://doi.org/10.1016/j.saa.2022.121177
1386-1425/� 2022 Elsevier B.V. All rights reserved.

⇑ Corresponding author.
E-mail address: linnaibo@xmu.edu.cn (N. Lin).
Junjun Shao a, Shuai Sun a,b, Da Zhan b, Lipeng Pan a, Guangzong Min a, Xiaobao Li a, Kailun Huang a,
Wei Chen a, Likun Yang a, Xiang-Yang Liu c, Naibo Lin a,⇑
a The Higher Educational Key Laboratory for Biomedical Engineering of Fujian Province, Research Center of Biomedical Engineering of Xiamen, Department of Biomaterials, College
of Materials, Xiamen University, 422 Siming Nan Road, Xiamen 361005, People’s Republic of China
b State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, 3888 Dong Nanhu Road, Changchun
130033, People’s Republic of China
c State Key Laboratory of Marine Environmental Science, College of Ocean and Earth Sciences, Xiamen University, 422 Siming Nan Road, Xiamen 361005, People’s Republic of China
h i g h l i g h t s

� A novel ratiometric fluorescent
nanoprobe constructed by Carbon
dots and Phycocyanin for
determination of peroxynitrite.

� The nanoprobe could sensitively
determine peroxynitrite When other
reactive oxygen species and
interfering substances exist.

� The nanoprobe could accurately
determine the content of
peroxynitrite in wide range.

� The nanoprobe has preeminent
performance including selectivity,
wide linear range (0.5–100 lM) and
low cytotoxicity.
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As a kind of reactive oxygen species, peroxynitrite is related to various diseases closely such as cancer and
neurodegenerative diseases. Constructing probes with highly specific ability and a wide linear detection
range for peroxynitrite detection is crucial for understanding the pathogenesis of related diseases and
optimizing treatments. In this work, we developed a novel luminescent ratiometric fluorescence nanop-
robe (PC-CDs) based on carbon dots and phycocyanin. PC-CDs are constructed by amidation reaction
between carbon dots and phycocyanin. The nanoprobe we obtained has a good ability of distinguishing
peroxynitrite from other reactive oxygen species and interfering substances. Moreover, the linear range
of the nanoprobe is 0.5–100 lM and the limit of detection is 0.5 lM when detecting peroxynitrite. In the
spiked recovery experiments under phosphate buffered saline (PBS) environment, our nanoprobe has a
good recovery performance and the recovery is 99% � 104%, which will be beneficial to the further devel-
opment of peroxynitrite testing and the research progress of related diseases. Finally, we discuss the
quenching mechanism of peroxynitrite for nanoprobe, and found that there is the combination of
dynamic and static quenching in the quenching process.
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1. Introduction

Reactive oxygen species (ROS) participate in many biology
activities and play an important role in regulating various physio-
logical functions in living organisms[1]. Among various ROS, per-
oxynitrite (ONOO–) is one of highly active ROS (hROS) with
strong oxidant properties, which can directly oxidize lipids, pro-
teins and nucleic acids and cause many diseases[2]. The formation
of ONOO– in biology is due to the only known rapid reaction
between superoxide anion(O2�-) and nitric oxide (NO)[3]. Under
pathological conditions, the ONOO– content in cells is close to
50–100 � 10-6 M min�1, which is much higher than that in normal
state (<10-6 M min�1) [4]. Besides, due to the very short lifetime of
ONOO–, monitoring the content of ONOO– in vivo is very significant
for treating related diseases[5].

Fluorescence imaging is known for its excellent temporal and
spatial resolution, high sensitivity and non-invasiveness, and has
emerged in the detection of ONOO–[6,7]. The fluorescent probes
based on small molecule have been widely used for detecting
ONOO–, such as boronic ester[8] and methylene blue[9] probes.
Many molecule probes are initially nonfluorescent and their fluo-
rescence will turn on through reaction with ONOO–. However,
most of the small molecule fluorescent probes used for detecting
ONOO– face challenges such as poor stability, complex synthesis
steps and difficulty in resisting environmental changes[10]. Most
importantly, they don’t have the ability to perform quantitative
analysis of ONOO– in a large concentration range.

Recently, nanoprobes have also been used to detect ONOO– and
are usually very sensitive to detect ONOO–, such as carbon dots
(CDs)[11,12], gold nanoclusters[13] and upconversion nanoparti-
cles[14,15]. CDs have emerged in ROS detection because of their
stable fluorescence performance[16], simple preparation[16,17],
and high biocompatibility[18]. Inmany reports, CDs have been used
to perform qualitative analysis of ONOO– and show good selectivity
[11,19]. However, due to the complex and changeable test environ-
ment, accurate quantification of ONOO– is still a challenge [20].

Most reported nanoprobes based on CDs or other quantum dots
used for detecting ONOO– are single-channel probes[6,11,21]. As
we all know, ratiometric fluorescent probes have two fluorescence
peaks to reduce the impacts fromexternal environment and internal
material changes, and canprovidemore accurate detections[10]. For
the ratiometric nanoprobes of ONOO–, there are still unmet chal-
lenges including: small linear range or no linear range[14,22], poor
selectivity and low specific recognition ability when other hROS
exist in organisms[23,24]. Therefore, it is necessary to construct
ratiometric fluorescent probes with high selectivity and wide linear
range to improve the quantitative accuracy of ONOO–.

PC has an excellent antioxidant capacity[25] to keep stable fluo-
rescence intensity during the detection of ONOO–. Moreover, PC is a
bioactive nutrient with excellent water solubility and biocompati-
bility[26], and is also apotential drug in clinical applicationsbecause
of the excellent anti-cancer properties [27]and anti-inflammatory
activities[28]. In this work, CDs and PC were linked by amide bonds
to build the ratiometric fluorescent nanoprobe (PC-CDs). Thenanop-
robe not only has awide linear range (0.5–100lM), but also exhibits
good selectivity for ONOO–. More importantly, we performed
ONOO– quantification experiments in PBS and serum samples and
achieved 99%-104% recoveries in the PBS test environment.
2. Experimental

2.1. Materials and reagents

All chemical agents are analytical grade and used directly with-
out further purification. L-glutathione, glycine, citric acid, monohy-
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drate, NaOH, quinine sulfate, glucose and 1-ethyl3 (3-
(dimethylamino) propyl) carbodiimide hydrochloride (EDC,
98.0%) were purchased from Aladdin Biochemical Technology Co.,
Ltd (Shanghai, China). Phycocyanin (PC, lyophilized powder), poly-
ethyleneimine (PEI, 30%) and N-hydroxysulfosuccinimide sodium
(NHS, 98.0%) were purchased from Macklin Biochemical Co., Ltd
(Shanghai, China). NaClO was purchased from Energy Chemical
Co., Ltd (Shanghai, China). NaNO2 was purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). 30% H2O2 and HCl
were purchased from Xilong Scientific Co., Ltd (Guangdong, China).
Human Serum (9193–50 ml) was purchased from Beijing Lablead
Biotech Co., Ltd (Beijing, China).
2.2. Apparatus

The microscopic images of PC-CDs were taken by a transmission
electron microscope (TEM, Talos F200s). We confirmed that PC was
successfully linked with the CDs by Fourier transform infrared
(FTIR, Nicolet is10) spectroscopy. The UV–Vis absorption spectra
of CDs and PC-CDs were measured by UV–vis spectrophotometer
(UV–Vis, Lambda 750). Fluorescence spectra were determined by
a Fluoromax-4 measurement system (HORIBA, JobinYvon. Inc),
and the slit for excitation and emission was set to 3 nm. Fluores-
cence lifetime of CDs and PC-CDs were determined by a FlS980
measurement system (Edinburgh Instruments, UK) with the exci-
tation source of 365 nm. CDs were prepared by a microwave oven
(Galanz) at medium to high fire potential.
2.3. Preparation of CDs

CDs were synthesized by a rapid and one-step procedure
according to a literature previously reported with some improve-
ments[29]. In short, the CDs were prepared by pyrolyzing citric
acid in presence of PEI using a microwave. 1 g citric acid and
0.5 g PEI were added into 20 ml deionized water and then stirred
for ten minutes (300 r min�1) to make them dissolve completely.
Then, the mixed solution was placed in a microwave and heated
for 5 min at medium to high fire potential (700 W). The obtained
product was cooled at room temperature for 10 min. The residual
impurities were extracted by dialysis cassettes (Solarbio, molecu-
lar weight cut-off 8000) for 3 days with deionized water. Finally,
CDs were stored at the condition of 4 �C.
2.4. Preparation of PC-CDs

Firstly, 230 ll of PC (1 mg ml�1) solution was added into 4 ml of
phosphate buffered saline (PBS, 10 mM, pH = 7.4) buffer, followed
by a 720 ll aqueous solution containing 20 mg NHS and 20 mg
EDC. Secondly, the mixed solution was then incubated at room
temperature for half an hour to activate the carboxyl groups on
the PC. Then, 50 ll of CDs (59 mg ml�1) solution was added to
the above solution and the mixture was incubated for 24 h at
4 �C. After that, the raw product was purified by dialysis in pure
water for 36 h. Finally, PC-CDs were stored at the condition of 4 �C.
2.5. Quantum yield measurements

Quinine sulfate (quantum yield = 0.577) was chosen as a refer-
ence standard. The quantum yield of CDs in water is calculated

as:U ¼ UsðI=IsÞðAs=AÞðn=nsÞ2. Where U is the quantum yield, I is
the measured integrated emission intensity, n is the solvent refrac-
tive index and A is the optical density. The subscript ‘‘s” represents
the known relative reference value of the quantum yield.
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2.6. Generation of different ROS

Hypochlorite (ClO-), H2O2 stock solutions were delivered from
commercial aqueous solutions and the concentrations were deter-
mined by their UV–vis absorbance at 292 nm ðe ¼ 350M�1cm�1)
and at 240 nm (e ¼ 43:6M�1cm�1) respectively. Hydroxyl radicals
(�OH) was generated by a Fenton reaction, FeCl2 was added in
the presence of 10 equiv. of H2O2. The concentration of �OH
equaled to that of ferrous ion. Singlet oxygen (1O2) was generated
in situ by addition 1 eq. of the H2O2 stock solution into a solution
containing 10 eq. of HClO. ONOO– solution was prepared following
the reported literature[30]. Briefly, a mixture of NaNO2 (0.6 M) and
H2O2 (0.7 M) was acidified with HCl (0.6 M), and then NaOH
(1.5 M) was added within 1–2 s to make the solution alkaline.
The concentration of ONOO– was determined by the absorbance
at 302 nm ½CONOO� ¼ Abs302nm=1:67ðmMÞ�.

2.7. General procedure for peroxynitrite detection

Firstly, the concentration of ONOO– was determined by the UV–
vis absorbance at 302 nm ½CONOO� ¼ Abs302nm=1:67ðmMÞ�. Secondly,
for detecting ONOO–, various concentrations of ONOO– (20 ll)
were added into the 2 ml PBS buffer solution (10 mM, pH 7.4) con-
taining the PC-CDs with a fixed concentration of 500 lg ml�1. And
then, the mixed solutions were incubated at 25 �C for 5 min.
Finally, a fluorescence spectrometer was used to measure the
emission spectra of these samples at room temperature. For
ONOO– detection in human serum, various concentrations of
ONOO– (50 ll) were added into 50 ll serum. Then, the mixed solu-
tions (20 ll) were added in 2 ml PBS solution (10 mM, pH 7.4) con-
taining the PC-CDs with a fixed concentration of 500 lg ml�1.
During testing, there are three parallel samples for each concentra-
tion. The fluorescence spectra of all samples were measured under
the excitation at 365 nm, and the emission intensities at 450 nm
and 645 nm were recorded for quantitative analysis.

2.8. Cytotoxicity assay

MC3T3-E1 cells were cultured in minimum essential medium a
(a-MEM) with 10% fetal bovine serum (FBS) and 1% streptomycin-
penicillin, which were later incubated at 37 �C in 5% CO2 atmo-
sphere. Then, 5 � 104 MC3T3-E1 cells were transferred to the 96-
well plates (Thermo, USA) containing 100 ml medium and 10 ml
CDs or PC-CDs in each well. Cell counting kit-8 (CCK-8) was used
to determine cell viability. After seeding the materials for 1, 4,
and 7 days, the medium was replaced by 10 ll of CCK-8 solution
and 100 ll of fresh medium, then the culture plate was incubated
at 37 �C and 5% CO2 atmosphere for 30–40 min. Optical density
(OD) value was detected at 450 nmwith a microplate reader (Spec-
tra MAX M2, Molecular Devices, USA).

3. Results and discussion

3.1. Design and characterization of nanoprobe

According to the one-step microwave method[29], CDs were
prepared by pyrolyzing of citric acid in the presence of PEI
(Fig. 1a). The obtained CDs are featured with blue luminescence
under UV excitation light (365 nm) (Fig. S1a). According to the
emission spectra at different excitation wavelengths (Fig. S2a),
the best excitation for CDs is at 365 nm, and the emission peak
is located at 450 nm. Using quinine sulphate as a standard, the flu-
orescence quantum yield of CDs is calculated to be 37.3%. In addi-
tion, the single CDs have a response with ONOO–. The fluorescence
intensity of CDs decreases with increasing ONOO– concentration
3

(Fig. S3a). However, the fluorescence intensity at the wavelength
of 450 nm peak has a non-linear relationship with ONOO– concen-
tration in 0.5–100 lM range (Fig. S3b). As we all know, non-linear
relationship is not ideal for quantifying the ONOO–.

To measure ONOO– precisely, PC was selected as a reference flu-
orescence to construct the ratiometric probe together with CDs.
The CDs were amidated with PC through EDC/NHS to generate
nanoparticles (PC-CDs) with a yield of synthesis 78.6%. In addition,
the synthesis mechanism is showed in Fig. 1b. From the FT-IR spec-
tra of CDs (Fig. 2d), the spectral band at 3480 cm�1 is a result of the
NAH stretching vibration. The absorption bands of CDs at
1570 cm�1 and 1320 cm�1 belongs to amide II and the stretching
vibration of CAN bond, respectively. It reveals aminos on the sur-
face of CDs[31]. From the FT-IR spectra of PC, the typical protein
bands of amide A, amide I and amide II are observed at
3440 cm�1,1660 cm�1 and 1560 cm�1, respectively[32]. The spec-
tral bands at 2930 cm�1and 2970 cm�1 belong to the asymmetric
and symmetric stretching vibrations of methylene (–CH2-), respec-
tively. Compared with native PC, the amide I and amide II bands of
the PC-CDs almost remain, which indicates that the characteristic
protein structure of PC is not affected and its biological activity still
remains after being linked with CDs. In addition, the shift of the
characteristic vibration of CAN indicates of CDs indicates the ami-
dation reaction between –NH2 groups on CDs and –COOH groups
on PC. These results prove that CDs have been successfully linked
with PC.

Due to a large number of amino groups on the surface of CDs,
the zeta potential of CDs is positive. The zeta potential of PC is neg-
ative because of the carboxyl groups on the surface. PC-CDs have a
lower positive potential, which indicates that CDs are successfully
connected to the PC (Fig. 2f). High-resolution transmission electron
microscopy (TEM) shows that the average size of PC-CDs is about
25 nm (Fig. S2c). The particles of PC-CDs are uniform, which sug-
gests good dispersibility (Fig. 2a–c). As shown in Fig. 2e, PC-CDs
show double emission peaks under 365 nm excitation and the peak
positions shift a little compared with individual CDs and PC. It can
be attributed to that the changed chemical environment after PC
linked with CDs. Based on the emission spectra of PC-CDs under
different excitation wavelengths, 365 nm is still selected as the
optimal excitation wavelength in our subsequent experiment
(Fig. S2b).

3.2. Fluorescence responses with ONOO–

The fluorescence responses of PC-CDs toward ONOO– are evalu-
ated in PBS solution at room temperature. Fig. 3a shows the repre-
sentative fluorescence spectra of PC-CDs in the presence of ONOO–.
With increasing concentration of ONOO–, the fluorescence inten-
sity of PC-CDs at 450 nm exhibits remarkably quenched, while
the fluorescence intensity at 645 nm changes a little. During the
experiments, the excitation light we used was 365 nm. The fluores-
cence peak at 450 nm is derived from CDs, while the fluorescence
peak at 645 nm is derived from PC. According to previous reports
[11,33], ONOO– will oxidize the amino groups on the surface of
CDs and decline the fluorescence intensity. In addition, the light-
absorbing structure of PC will also be oxidized by ONOO–[32].
Therefore, with the addition of ONOO–, both of the fluorescence
intensity at 450 nm and 645 nm decrease. However, in our work,
the fluorescence intensity at 645 nm decreases only a little, which
can be attributed to the competition between PC and CDs. When
ONOO– is added, the absorption capacity of CDs decreases
(Fig. 4e). Therefore, PC can absorb more excitation light at
365 nm to enhance the fluorescence intensity at 645 nm. What’s
more, 365 nm is not the most suitable excitation wavelength for
PC (Fig S6a). The destruction of the light-absorbing structure of
PC has a limited effect on the fluorescence intensity at 645 nm.



Fig. 1. (a) Synthesis procedures and (b) mechanism of PC-CDs.

Fig. 2. (a) - (c) TEM images of PC-CDs in different magnifications. (d) FT-IR spectra of PC (red), CDs (black) and PC-CDs (blue). (e) Fluorescence spectra of PC, CDs and PC-CDs
under 365 nm excitation. (f) Zeta potentials of PC, CDs and PC-CDs.
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Ultimately, the fluorescence intensity at 645 nm changed only a lit-
tle. Additionally, with the decrease of fluorescence at 450 nm, a
clear fluorescence color change from blue to red can be seen under
UV light (Fig. S1b and c).From Fig. 3b, the ratiometric fluorescence
of PC-CDs (I645/I450) has an excellent linear correlation with the
concentration of ONOO– (0.5–100 lM) and the range is wide
enough for pathological conditions (50–100 lM)[4]. The limit of
4

detection of PC-CDs is 0.5 lM. These results mean PC-CDs have a
great potential to measure the concentration of ONOO– accurately
in diseases. In addition, other ROS (except ClO-) and substances
without strong oxidizing properties and commonly found in bio-
logical matrices such as glucose, have little quenching effect on
PC-CDs (Fig. 3c and Fig. S7). It shows that PC-CDs has specificity
for ONOO– when other ROS and interfering substances exist in



Fig. 3. (a) Fluorescence spectra of PC-CDs with various ONOO– concentrations. (b) The linearity curve between ratiometric fluorescence and the concentration of ONOO–. (c)
Fluorescence responses of PC-CDs toward ROS (30 lM) and different coexistences (1 mM). (d) The changes of fluorescence response ratio compared with the control group
(ONOO–). The optical density value at 450 nm of MC3T3-E1 incubated with (e) CDs and (f) PC-CDs for 1, 4, and 7 days. (***, P < 0.001).

Fig. 4. Fluorescence decay curves of (a) CDs and (c) PC-CDs at 450 nm. Fluorescence decay curves of (b) CDs and (d) PC-CDs with the addition of ONOO– (30 mM) at 450 nm. (e)
Absorption spectra of the CDs (500 mg ml�1) containing various concentrations of ONOO–. (f) Fluorescence intensity ratio (I0/I) based Stern-Volmer plot.
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the tested environment. Interestingly, PC-CDs show the specificity
between ONOO– and ClO-. As Fig. 3c shows, with the concentration
of ONOO– or ClO- increasing, the value of I645/I450 shows to be
greatly different. The fluorescence responses of PC-CDs toward
ClO- are showed in Fig. S4. With increasing ClO-, the fluorescence
5

intensity at 645 nm and 450 nm all get decreased (especially
645 nm) and the value of I645/I450 is getting lower and lower. How-
ever, as the concentration of ONOO– increases, the value of I645/I450
is getting larger and larger. This phenomenon can be attributed to
the stronger oxidative ability of ClO- than that of ONOO–. To
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demonstrate the distinction brought by ClO- and ONOO– more
clearly, we took the data processing of subtracting the base value
of the control group from other data groups (Fig. 3d). Compared
with the control, the ratio increases after adding ONOO– in PC-
CDs and the value I645 = I450 � I645 control = I450 controlð Þ is positive.
The ratio decreases after adding ClO- and the value is negative.
The different ratios change I645 = I450 � I645 control = I450 controlð Þ
between ClO- and ONOO– can be a standard to differentiate ClO-

and ONOO–. Finally, we achieved the high selectivity of PC-CDs
for ONOO– by the different oxidizing properties of various species
and the interaction of ONOO– with amino groups on the surface of
CDs. Compared with the references of ratiometric nanoprobe for
ONOO– detection organized in Table S2, the PC-CDs show a better
linear range and selectivity for detecting ONOO–.
3.3. Cytotoxicity assay

To investigate the potential for biological applications, the cyto-
toxicity test of PC-CDs is necessary. As shown in Fig. 3e and Fig. 3f,
compared with the control group, the optical density (OD) values
of the cells don’t change significantly after culturing the MC3T3-
E1 cells with different concentrations of CDs and PC-CDs for 1, 4,
and 7 days. This shows that CDs and PC-CDs have little cytotoxicity
to cells and exhibit high biocompatibility. Moreover, the OD value
of cells treated with CDs and PC-CDs increases on the third day,
compared with the control group. This is because CDs and PC-
CDs have a response with ROS and consume a little ROS, which will
inhibit cell growth.
3.4. Spiked recovery experiments in PBS solutions and serum medium

In some reports[4,20], ONOO– can be generated from induced
cell injury and the concentration of ONOO– in cells can reach
50 lM and higher. In addition, the concentration of ONOO– in
the patient’s serum can reach about 10 lM[34]. To verify the accu-
racy of PC-CDs, the recovery data with external ONOO– standard
solutions (0–58 lM) to PBS solutions and serum medium (Table 1
and Table S3). We measured the concentration of ONOO– by ultra-
violet spectra. The fluorescence spectra of PC-CDs with different
ONOO– concentrations were obtained in a consistent experimental
environment, and the fluorescence intensities at 450 nm and
645 nm were recorded. The measured fluorescence intensity of
each concentration will be calculated to get the ratio of I645 = I450,
and then the ratio is substituted into the equation
(y ¼ 0:0018xþ 0:45476, Fig. 3b) to calculate the corresponding
concentrations.

In Table 1, the recovery in PBS is 99% �104%, and the relative
standard deviation (RSD) is 0.75% �14%. It indicates that PC-CDs
has a good potential to detect ONOO– in PBS solutions. However,
as shown in Table S3, the recovery in serum is 75.7% �88.6%, and
the RSD is 2.4% �4.5%. The recovery rate data is not good enough,
it may be because the substances in the serum will react with
ONOO–, and the concentration of ONOO– present in the serum is
less than we added.
Table 1
Standard additions and recovery data in PBS solutions.

Sample no. Peroxynitrite in samples (10�6 mol L�1) Peroxynitrite added (10�

1 0 14.5
2 14.5 14.5
3 14.5 46.6
4 29 29

6

3.5. Mechanism of ONOO– detection

The fluorescence quenching includes dynamic quenching and
static quenching[35-37]. The static quenching process will gener-
ate a non-luminescent ground state polymer by the interaction
between the fluorescent molecule and quencher. The dynamic
quenching process is that the fluorescent molecules collide with
the quencher and return from the excited state to the ground state.
Firstly, we used the Stern-Volmer plots to analyze the quenching
process [11,29]. The quenching of the fluorescence of PC-CDs by
ONOO– was studied at room temperature. As shown in Fig. S5,
the quenching process of the fluorescence by ONOO– can be well
fitted with the Stern-Volmer equation (I0=I ¼ 1þ KSV ½Q � ¼ 1þ
Kqs0½Q �), where I0 is the initial fluorescence intensity of a fluo-
rophore, I is the fluorescence intensity of the fluorophore after add-
ing a quencher, KSV is the Stern-Volmer constant, [Q] is the
concentrations of the quencher, Kq is the quenching constant and
s0 is the lifetime of the fluorophore without adding the quencher.

In Fig. S5, the plot of I0/I versus [Q] shows a good linear relation-
ship, which suggests that dynamic quenching exits during the
quenching process. During the dynamic quenching process ,the flu-
orescence lifetime of the fluorescent nanoprobe will be shorten
[35]. The changes in fluorescence lifetime in our work have
revealed the presence of dynamic quenching (Fig. 4a–d and
Table S1). Under the excitation of 365 nm, the fluorescence lifetime
of PC-CDs at 450 nm has decreased from 8.6 ns to 6.7 ns after add-
ing ONOO– (30 mM). The fluorescence lifetime of CDs changes from
9.9 ns to 8.8 ns after adding the quencher (ONOO–). This phe-
nomenon shows that there is dynamic quenching in the quenching
process of PC-CDs. Compared with single CDs, the changes of the
chemical environment in PC-CDs results in the fluorescence life-
time of PC-CDs is shorter.

However, the value of the bimolecular quenching constant Kq of
a quencher in the dynamic quenching process cannot exceed
1 � 1010 M�1 s�1 in aqueous solution [36]. This value is based on
the diffusion rate of oxygen, which is a very effective quencher.
When the Kq of a quenching process exceeds this value, it indicates
the existence of static quenching. In Fig. S5, Ksv = 9180 M�1.
According to the previous data, the life time s0 = 8.6 ns, the data
of Kq can be calculated (Kq = Ksv/ s0) to be 1.067 � 1012 M�1 s�1.
It is so high for ONOO– whose molecular weight are much higher
than oxygen. Thus, it is reasonable to assume that static quenching
also exists in the quenching process. Additionally, according to the
previous report[37], dynamic quenching affects the excited states
of the fluorophores only, and the absorption spectra will not be
affected. Therefore, detecting the absorption spectrum of a fluo-
rophore is a good way to judge the presence of static quenching.
From Fig. 4e and Fig. S6b, after adding different concentrations of
quencher (ONOO–), the absorption spectra of CDs and PC-CDs
change a lot. This proves that static quenching occurs during the
interaction between the PC-CDs and ONOO–.

All of the above shows that the quenching of PC-CDs by ONOO–

belongs to both static and dynamic quenching. When both static
and dynamic quenching are present, the following modified
Stern-Volmer plot should be
used:I0=I ¼ 1 þ ðKSV þ KSVÞ ½Q � ¼ 1 þ KdKS ½Q �, where Kd is the
dynamic quenching constant, and Ks is the static quenching con-
6 mol L�1) Peroxynitrite found (10�6 mol L-1) Recovery (%) RSD (%)

14.8 101 14
30.4 104 2.6
57.8 99 0.75
57.8 99 0.79
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stant[29]. After using this modified equation, a better fit curve was
obtained (Fig. 4f).

4. Conclusion

We prepared a biocompatible ratiometric fluorescent nanop-
robe based on CDs and PC for the detection of ONOO–. Our nanop-
robe has a high selectivity and a large linear range (0.5–100 lM)
for ONOO–. The limit of detection of the nanoprobe can reach
0.5 lM. Moreover, we successfully distinguish ONOO– with other
ROS and interfering substances through a ratio comparison. The
quenched mechanism of PC-CDs by ONOO– is revealed to be the
combination of dynamic quenching and static quenching through
the analysis of Stern-Volmer plots, fluorescence lifetime and ultra-
violet spectra. In addition, our nanoprobe has excellent recovery
performance in spiking experiments. This work will be possible
for opening up new opportunities for distinguish ROS and estimate
the ONOO– flux in human body and revealing the specific work of
ONOO– different from other ROS in the progress of disease, for
example, vascular disease.
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