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Near-Infrared Chemiluminescent Carbon Nanodots
and Their Application in Reactive Oxygen Species Bioimaging

Cheng-Long Shen, Qing Lou,* Jin-Hao Zang, Kai-Kai Liu, Song-Nan Qu, Lin Dong,

and Chong-Xin Shan*

Reactive oxygen species (ROS) are generated in the body and related to many
pathophysiological processes. Hence, detection of ROS is indispensable in
understanding, diagnosis, and treatment of many diseases. Here, near-infrared
(NIR) chemiluminescent (CL) carbon nanodots (CDs) are fabricated for the
first time and their CL quantum yield can reach 9.98 X 1073 einstein mol™,
which is the highest value ever reported for CDs until now. Nanointegration
of NIR CDs and peroxalate (P-CDs) through the bridging effect of amphiphilic
triblock copolymer can serve as turn-on probes for the detection and

imaging of hydrogen peroxide (H,0,). Considering high efficiency and large
penetration depth of NIR photons, the P-CDs are employed in bioimaging
H,0; in vitro and in vivo, and the detection limit can reach 5 x 10~ M, among
the best reported of CDs-based sensors. Moreover, imaging of inflammatory
H,0; in a mouse model of peritonitis is achieved by employing the P-CDs

the ROS molecules, hydrogen peroxide
(H,0,) is prime reactive species, whose
overproduction is closely related to
various diseases, including inflamma-
tion, cancer, or neurological diseases.>™
Thus it is of great importance in moni-
toring the concentration of H,0, in
living specimens. To this end, a number
of mapping tools including “dark” bio-
logical processes and radiative recombi-
nation mechanism have been developed.
Chemiluminescence (CL), a kind of light
emission induced Dby energy transfer
from chemical reactions, has evoked con-
siderable interest as one ultrasensitive
chemical analysis method with quanti-

as sensors. The results may provide a clue for the diagnosis and treatment

of inflammation or cancers employing CL CDs as sensors.

1. Introduction

Reactive oxygen species (ROS), as significant reactive and
signaling molecules in the process of intravital metabolism,
play a great role in many biological processes.’ Among
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fication and localization.2l Without
auto-fluorescent interference and photo-
toxicity from high-energy excitation light,
CL shows high signal-to-noise ratio and
low perturbation in sensing H,0, in vivo
compared to photoluminescence (PL) method.>™ Moreover,
unlike the bioluminescence probe requiring the activation of
bioactive enzyme, CL imaging of H,0, is a process of non-
enzymatic reaction employing a H,0,-responsive peroxalate
that can transfer chemical energy to the CL emitter. Neverthe-
less, current CL reporters on H,0, concentrate mainly on
small-molecular dyes, semiconducting polymer, and aggrega-
tion induced emission nanoparticles, which suffer from low
efficiency, short emission wavelength, and low chemical sta-
bility in highly oxidative ROS."®"] Thereby, it is meaningful
to develop new class of CL nanosensors for the imaging and
detecting ROS in vitro and in vivo.

Carbon nanodots (CDs), which are considered as discrete
quasi-spherical nanoparticles with sizes less than 10 nm, are
one kind of promising nanomaterials in bioimaging, photoca-
talysis, optoelectronics, and sensing owing to its unique prop-
erties such as high emission efficiency, good biocompatibility,
high photo-stability, and tunable luminescence.l®28 Recently,
the CL properties of CDs in peroxlate-H,0, system have been
investigated, and it has been found that multicolor bright and
persistent CL can be obtained from CDs.?’l Therefore, it is prac-
ticable to develop versatile CL probes based on CDs to detect
ROS via in vivo or in vitro imaging. In general, there are several
advantages for CDs as the CL imaging probes: (i) CDs exhibit
excellent light emission ability and the luminescence property
can be tuned by different methods;?%3! (ii) CDs with emission
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wavelength at near-infrared (NIR) region (beyond 650 nm) can
be synthesized, which is particularly important for bioimaging
due to the deep tissue penetration;?>3 (iii) the energy level of
CDs can be modulated to reduce the energy interval with the
energetic intermediate-1,2-dioxetanedione, which is beneficial
to the electron transfer in the process of H,0,-activated lumi-
nescence and further enhances the CL quantum efficiency
(QY) of CDs;™ (iv) the abundant surface radicals endow CDs
with the good ability of drug carriers;**3! (v) benign biocom-
patibility and high photostability of CDs make them promising
application in CL bioimaging.?** Hence, it is significant to
develop CD-based CL probes to generate luminescent signals in
response to H,0, and further provides a category of bioimaging
for ROS.

Here, CDs with NIR CL have been synthesized with solvo-
thermal method employing citric acid and urea as precursors
in N,N-diethylformamide (DEF). The CDs exhibit an QY of
9.98 x 107 einstein mol™ in bis(2,4,5-trichloro-6-carbopen-
toxyphenyl) oxalate (CPPO) and H,0, solution, which is the
highest value ever reported for the CL from CDs. In addition,
P-CDs are transformed from NIR CDs and CPPO through the
nanoscopic coaggregation process in the existence of amphi-
philic polymeric conjugate (PEG-b-PPG-b-PEG). By virtue of
the high efficiency and deep penetration of NIR emission, the
P-CDs have been employed to bioimaging H,0, in vitro and
in vivo. Moreover, imaging of inflammatory H,0, in a mouse
model of peritonitis has been achieved by employing the P-CD
as a sensor. The present work exhibits considerable potential
for CDs as new class of CL probes for in vivo imaging appli-
cations in the diagnosis and treatment of inflammation or
cancers.
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2. Results and Discussion

In our previous report, it is found that multicolor PL and CL
can be obtained from CDs by changing the degree of graphiti-
zation of the conjugated sp?>-domains, implying that it is prom-
ising to excavate the application of CDs as novel probes for
ROS sensing.?’l However, a high CL QY and NIR emission of
CD based probes are still urgent to be developed.

In this report, NIR CDs have been prepared with citric (1 g)
and urea (2 g) in 10 mL DEF by one-step solvothermal strategy
(160 °C for 8 h). DEF, as polar aprotic solvents, can exacerbate
dehydration reaction and increase the conjugation degree of
CDs due to effective dehydration reaction happened between
citric acid and intramolecules with longer carbon chains (ethyl
group from DEF).2%%* Transmission electron microscopy
(TEM) has been used to characterize the morphology of the
CDs, as shown in Figure 1a, where the CDs display a broad par-
ticle size distribution with an average diameter of around 4 nm.
The high-resolution TEM (HRTEM) image and selected area
electron diffraction (SAED) pattern reveal that the CDs have
well-resolved lattice spacing of 0.34 nm, which corresponds to
the (002) crystallographic plane of graphitic carbon. The X-ray
diffraction (XRD) patterns of the CDs show a main peak at
23.1°, which can be attributed to the (002) planes of graphitic
carbon (Figure S1, Supporting Information). The TEM and
XRD results reflect the good crystalline structure of the CDs.
Raman spectra also verify a high degree of crystallinity in the
CDs owing to a large ratio of G band (1580 cm™) and D band
(1350 cm™) of about 0.99 (Figure S2, Supporting Information).
In addition, the deconvoluted high-resolution X-ray photoelec-
tron spectra (XPS) for Cls, N1s, and Ols reveal that there are

23
(=3
=3

£
5
o
]

500

. Excitation wavelength (nm) L

(d) (©) g

- o cD — s CDs ={ - CcDs

;-‘. i Z Fitotcps ; —Fitof CDs & ]—Fritorcos

2] 2 2 2

2 2 2 2

£ 1 =2 = 3 £

ol B ' 31 3

—T— T T T T T T
b Gk, 0o G B O 0 0 A 0.0 i 1.0 1.5 05 10 15 20 0.0 0.2 0.4 0.6
°°+w' o B 3,. °<3- 4'00/0 4 %,,‘"3 CDs concentration (mg/mL) CPPO concentration (M) H,0, concentration (M)

Figure 1. a) Transmission electron microscopy (TEM) images, high-resolution TEM (HRTEM) images, and selected area electron diffraction (SAED)
pattern of the carbon nanodots (CDs) (inset: the size distribution of the CDs). b) 3D fluorescence mapping of the CDs in aqueous solution. (inset: the
fluorescence image of the CDs under sunlight (left) and 365 nm UV excitation (right)). c) The decay spectra of the chemiluminescent (CL) from the
CDs (inset: the photograph of the CL from the CDs). d) CL response of the CDs to various reactive oxygen species (ROS) in CL analysis instrument.
CL signal intensities response of CDs to the concentration of e) CD, f) CPPO, and g) H,0,.
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O- and N-containing functional groups on the surface of the
CDs, which facilitates the surface modification for the CDs
(Figures S3—-S6, Supporting Information). The PL and CL prop-
erties of the CDs are illustrated in Figure 1b,c. Under the exci-
tation of a 365 nm UV lamp, the aqueous solution of the CDs
exhibits bright deep-red luminescence with the maximum PL
emission peak at around 642 nm, extended to the NIR region
(>650 nm). The excitation—emission 3D mapping pattern of
the CDs shown in Figure 1b indicates that the emission center
is almost immobile and ranged with three maximum excita-
tion peaks at 295, 395, and 580 nm, which can be assigned to
7% transition of sp? C, n—z* transition of conjugated C=0
and Mie scattering due to the extended conjugation in the CD
structure, respectively. The PL lifetime of 5.9 ns for the CDs
can be calculated and obtained with a single exponential func-
tion (Figure S7, Supporting Information). Moreover, the CL
emission spectra (=647 nm) after adding CDs into CPPO and
H,0, solution present consistent spectra with the PL spectra,
implying that the CD-based CL is originated from direct radia-
tive recombination of the CDs under the chemical excitation
(Figure 1c and Figures S8, S9, and Table S1, Supporting Infor-
mation). The CL QY of the CDs is calculated to be 9.98 x 1073
einstein mol™ using lucigenin as the reference, which is the
highest value ever reported even in CDs-based CL systems
(Figures S10-S12 and Table S2, Supporting Information;
Table 1). Meanwhile, the CL QY of the CDs in this work is
much higher than the small-molecule dye, metal nanoparticles
and is comparable to the semiconductor polymer nanoparticles
(SPNs). The selectivity of the CL from CDs for the detection
of H,0, is further studied with CL analysis instrument. In

www.advancedscience.com

Table 1. Photoluminescence (PL) and chemiluminescent (CL) character-
istics of the carbon nanodots (CDs).

Samples  Agn® [nm] 2 [ns]

642 5.9

Aem® [nm] @9 [einstein mol™]

CDs 647 9.98 x 1073

APL maximum peak; PPL lifetime; 9CL maximum peak; 9CL quantum yield.

the presence of H,0,, the CL signals of the CDs are far higher
(>50 times) than that in the presence of other ROS, verifying
that the CL system based on the CDs has a high selectivity to
H,0, (Figure 1d). Additionally, the CL intensity of the CDs is
directly proportional to the concentration of the CDs, CPPO, and
H,0,, exhibiting the feasibility of quantification analysis of CL
for probing H,0, (Figure le-h and Figures S13—-S16, Supporting
Information). The efficient NIR CL and high selectivity promise
the potential applications of the CDs as a CL probe to H,0,.

For a better coaggregating CPPO (peroxalate esters) and
hydrophilic CDs to form nanointegrated CDs (P-CDs), we
have first developed one facile method to modulate CDs with
lipophilic long chain (Figure S17, Supporting Information). As
shown in Figure 2a, the water-soluble CDs can be modified by
octadecylamine to synthesize oil-soluble NIR CDs (M-CDs) for
using nanoscopic coaggregation. In the process, the M-CDs
were formulated with CDs, octadecylamine, and mPEG-NH,
in dimethylformamide (DMF) as illustrated in Experimental
Section. With dichloromethane (CH,Cl,) as eluent, the hydro-
phobic M-CDs can be extracted from DMF with massive
water and kept in dichloromethane (CH,Cl,) solution. As
illustrated in the TEM images, the as-prepared M-CDs are
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Figure 2. a) Schematic illustration of the preparation of the M-CDs. b) Transmission electron microscopy (TEM) images of the M-CDs (inset: the
size distribution of the M-CDs). c) The UV-Vis absorption spectra of the CDs in aqueous and M-CDs in CH,Cl, (inset: the distribution of CDs and
M-CDs in H,0-CH,Cl,). d) 'TH NMR spectra of the CDs in D,O and M-CDs in CDCl;. e) Fourier transform infrared spectroscopy (FTIR) spectra of the
CDs and M-CDs. f) Emission spectra after adding M-CDs solution into CPPO and H,0, solution (inset: the image of the chemiluminescent (CL) M-CDs).
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Figure 3. a) Schematic illustration of the preparation of the P-CDs. b) Dynamic light scattering (DLS) distribution of the P-CDs (inset: transmission
electron microscopy (TEM) images of the P-CDs). c) The photoluminescence (PL) and CL emission spectra of the P-CDs, PL spectra is detected under
540 nm excitation for P-CDs aqueous solution and CL is detected by adding 1 mL, 10 mg mL™" P-CDs solution into 20 X 103 m H,0 (inset: the photo-
graph of P-CDs in H,0, captured with 30 s). d) The dynamic CL spectra of the P-CDs. €) Cell viability of Hela cells after 24 h incubation in the different

concentration of the P-CDs.

spherical nanoparticles with an average diameter of around
5 nm, which is similar to the CDs shown in Figure 2b. As
shown in Figure 2c, the UV-Vis absorption spectra of M-CDs
are red-shifted compared to initial hydrophilic CDs. This
bathochromic shift can be ascribed to the change of functional
groups on the surface of the CDs. The inset of Figure 2c illus-
trates the good phase transfer from the water-soluble CDs to
the oil-soluble CDs. 'H nuclear magnetic resonance (NMR)
and Fourier transform infrared spectroscopy (FTIR) have been
employed to characterize the modification for the surface func-
tional groups of the CDs and M-CDs (Figure 2d,e). The intense
signals in the range of 2.2-2.9 ppm are corresponding to the
protons of amine groups, verifying the substantial amide bond
on the surface of M-CDs. The FTIR peaks at around 2900 cm™
can be ascribed to the stretching vibration of —CH,—, which
demonstrates the existence of octadecyl chains on the surface
of the M-CDs. The above results indicate that hydrophobic of
M-CDs results from the alkyl-chain functionalization. In addi-
tion, the excitation—emission matrix of the M-CDs in CH,Cl,
solution shows identical PL emission and excitation spectral
profiles to the initial CDs solution (Figure 1b and Figure S18,
Supporting Information). The CL spectra of the M-CDs also
keep consistent with the original CDs, indicating that the
modification has no obvious impact on
the PL and CL emission properties of the
CDs (Figure 2f and Figure S19, Supporting

M-CDs, CPPO, and amphiphilic PEG-b-PPG-b-PEG, as illus-
trated in Figure 3a and Experimental Section. By optimizing
the loading weight of CDs in the P-CDs, the maximum CL QY
of the P-CDs loaded with 2 mg M-CDs is calculated as about
1.87 x 1073 einstein mol™, which is 7.6 times higher than those
loaded with 2 mg water-soluble CDs (Table 2 and Figure S20,
Supporting Information). Furthermore, the CL peak intensity
of the P-CDs in water exhibits a 12.8 times enhancement when
the surface of the CDs is modified from hydrophilic to hydro-
phobic, which may originate from the tight bridging between
the oil-soluble M-CDs and the hydrophobic CPPO through
the efficient hydrogen bond interaction. With the further
increase in the loading weight of M-CDs, the P-CDs exhibit
lower CL QYs, which may be generated from the aggregation
induced quenching effect due to the strong interaction of high
concentrations of M-CDs (Table 2 and Figures S21 and S22,
Supporting Information). As determined by dynamic light
scattering (DLS) in Figure 3b and Figures S23 and S24, Sup-
porting Information, the obtained P-CDs have a number-
weighted hydrodynamic diameter of about 40 nm, which
is suitable for the usage in biomedical labeling and diag-
nostic applications. The TEM and HRTEM images present
that P-CDs have polydispersed morphology with a wide size

Table 2. Chemiluminescent (CL) QYs of P-CDs with different M-CDs in 0.2 M H,0,.

Information). Samples D) O ) D) D)

To explore the CDs as imaging probes for [einstein mol™]  [einsteins mol™"]  [einsteins mol™']  [einsteins mol™]  [einsteins mol™]
in vitro and in vivo applications, the aqueous  p.cps 0.1mg 1.0 mg 1.5 mg 2.0mg 3.0mg
dispersion of nanointegrated CDs and per- 2.35%10°S 211x10 248 %107 1871073 1.66 x 107

oxalate particles (P-CDs) have been prepared

through the nanoprecipitation of oil-soluble  2cL quantum yield.
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ranging from 20 to 100 nm, but the average diameter of P-CDs
is about 40 nm (inset of Figure 3b and Figures S25-S27, Sup-
porting Information). This is consistent with the results of
DLS. And the well-resolved lattice spacing of 0.34 nm, attrib-
uted to the (002) crystallographic plane of M-CDs, can also be
seen in the P-CDs. The luminescent property of the P-CDs in
aqueous solution has been characterized by the excitation—
emission matrices, illustrating a similar PL property as CDs
solution (Figure 3c and Figure S28, Supporting Information).
Moreover, the emission spectra after adding P-CDs into H,0,
solution have also been measured, as illustrated in Figure 3c,
exhibiting a consistent CL emission with the corresponding
steady-state PL spectra. The CL emission of the P-CDs can per-
sist over tens of minutes (Figure 3d), which is long enough for
the in vivo CL imaging experiments. In addition, the biocom-
patibility of P-CDs is also investigated, as shown in Figure 3e.
More than 80% viability for Hela cells can be obtained when
the concentration of the P-CDs is 500 ug mL™, and indicating
a low cytotoxicity, which is beneficial for the CL bioimaging
applications.

With the merit of low toxicity, long persistent glowing,
and deep penetration of NIR emission, the P-CDs can be
employed as bioimaging probes to detect H,0, in vitro and
in vivo. Figure 4a illustrates the scheme of in vitro and in
vivo CL imaging generated from P-CDs with the existence of
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H,0, from exogenous environment or endogenous disease.
The practicability of P-CDs for in vitro imaging of exogenous
H,0, in aqueous has been first assessed by the PL and CL
imaging with the IVIS imaging system. The PL and CL images
are captured after adding P-CDs into different concentrations
of H,0, aqueous solution. As shown in Figure 4b and c, the
PL intensity almost remain unchanged even when the addition
of H,0, is at a high concentration of 5 x 10° m, implying the
PL imaging with P-CDs is not applicable to the detection of
H,0,. In contrast, the CL intensity of the P-CDs presents a sig-
nificant increase with increasing the H,0, concentrations, as
indicated in Figure 4c, where the CL intensity increases nearly
linearly in the range of 0 to 100 x 107 M with a detection limit
of 5x 107 m (Figure S29, Supporting Information). The detec-
tion limit (5 x 107 M) is much smaller than the usual concen-
tration of H,0, (=100 x 10~ m) in living bodies, which is the
best value ever reported for CDs based probes (Table S3, Sup-
porting Information). To evaluate the ability of in vivo sensing
the exogenous H,0, for the P-CDs, the images of PL and CL
intensity are also recorded when the anaesthetized nude mice
are subcutaneously injected into the dorsal area with the P-CDs
solution and different concentrations of H,0,. As shown in
Figure 4d.e, the PL intensities almost keep constant with the
increase of H,0, concentration. Nevertheless, the CL inten-
sity increases linearly with the increase of H,0, concentration
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Figure 4. a) Schematic illustration of the exogenous sensing for reactive oxygen species (ROS). b) Photoluminescence (PL) and chemiluminescent
(CL) images of P-CDs in the presence of different concentration of H,0,. c¢) PL and CL intensities of P-CDs under different concentration of H,0,.
d) In vivo PL images of mice with the subcutaneous implantation of different concentration of H,0,. €) PL intensities as a function of the concentration
of H,0,. f) In vivo CL images of mice with the subcutaneous implantation of different concentration of H,0, (n =3 mice per group). g) CL intensities
as a function of the concentration of H,0O, (n = 3 mice per group).
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from 0 X 107 to 100 x 10 m. Meanwhile, the CL intensity
of the P-CDs with the existence of 5 x 10~ M H,0, is about
1.5-fold higher than that of the P-CDs alone.

Along with the high sensitivity, good biocompatibility, and
potential deep tissue penetration, P-CDs are beneficial for
detecting the endogenous H,0, due to the abnormal vari-
ation in the body of living mice. Endogenous H,0, is the
significant metabolite when the body suffers from inflamma-
tion or cancers. Hence, the early diagnostics and treatment of
these diseases can be achieved through monitoring the low
concentration endogenous H,0,. As a proof-of-concept, the
inflammatory mouse models have been established through
intraperitoneal injection of lipopolysaccharide (LPS), which
can be used to induce the mouse model of peritonitis and
further result in the generation of excessive H,0,. The deep
images of mouse models are captured for 3 min after the
injection of P-CDs (0.3 mg mL™, 0.2 mL) at an early stage of
peritonitis (4 h after LPS injection). As shown in Figure 5a,b,
the PL intensities are almost unchanged for all the groups due
to the structure resistance of P-CDs toward ROS. In contrast,
the CL diagnostic signal for LPS-treated mice is 2.5-times
higher than that for the control mice (Figure 5c¢,d). There is
no CL when anesthetized mice were treated with intraperito-
neal injection of M-CDs without nanointegration of peroxa-
late (left) or P-CDs without loading of M-CDs (right) after 4 h
of LPS treatment, which can confirm that the presence of
the isolated LPS cannot arise CL of CDs in vivo (Figure S30,
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Supporting Information). After the inflamed mice by LPS are
remedied with an antioxidant glutathione (GSH), CL signal
intensity of the LPS + GSH treated mice shows a 40% reduc-
tion. The enhanced-to-reduced CL intensity can efficiently, as
an inflamed-to-normal contrast signal, monitor the variation
of inflammatory disease in living animals. The above results
demonstrate that NIR CDs can act as a potential CL probe to
diagnose and evaluate the state of an illness through sensitive
in vivo bioimaging.

3. Conclusion

In summary, we have demonstrated efficient NIR emissive
CDs-based CL system via energy transfer from the chemical
reaction of peroxalate and H,0,. With further modification,
the CDs can be modified from hydrophilic to hydrophobic.
P-CDs can be produced by combining the CDs, CPPO, and
PEG-b-PPG-b-PEG through the nanoscopic coaggregation. The
NIR P-CDs generate good in vitro and in vivo CL signals in
response to H,0, with a linear range from 0 to 100 x 107 m
and a low detection limit of 5 x 10~ M. Furthermore, the P-CDs
are proved to be a potential CL probe for bioimaging H,0, in
the inflammation-related diseases in living mice. The results
reported in this paper may provide a clue for the diagnosis and
treatment of inflammation or cancers employing CL CDs as
sensors.
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Figure 5. In vivo imaging of endogenous H,0,; in the mouse model of peritonitis. a) Photoluminescence (PL) and c) chemiluminescent (CL) images of
mice intraperitoneally treated with lipopolysaccharide (LPS), LPS plus glutathione (GSH) and saline, followed by an intraperitoneal injection of P-CDs
at t =4 h later. Quantification of b) PL and d) CL intensities for the in vivo images.
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4. Experimental Section

Synthesis and Purification of CDs: An amount of 1 g citric acid and
2 g urea were dispersed in 10 mL of DEF. The mixtures were added into
Teflon-lined stainless autoclave (20 mL). Then the sealed autoclave
vessels were placed into an electric oven, which was set at 160 °C
and hold for 8 h. The resulting solvents were purified via silica column
chromatography using DMF as the eluent, and then the as-prepared
CDs were precipitated with absolute ethyl alcohol and collected by
vacuum drying at 60 °C for 1 day. The final products were collected for
characterizations and further used.

Synthesis and Purification of M-CDs: An amount of 0.2 g CDs powder,
0.8 g octadecylamine, and 0.1 g mPEG-NH, were dispersed into 50 mL
DMF, where the octadecylamine was used to switch the water—oil soluble
of the CDs and mPEG-NH, was used to increase the cross-linking of
CDs and octadecylamine. After stirring with air flow for 12 h under 60 °C,
10 mL mixture was dispersed in 20 mL CH,Cl,. With dichloromethane
CH,Cl; as eluent, the hydrophobic M-CDs can be extracted from DMF
with massive water and kept in CH,Cl, solution. The as-prepared M-CDs
were collected by vacuum drying at 60 °C for 1 day. The final products
were collected for characterizations and further used.

Synthesis of P-CDs: PEG-b-PPG-b-PEG (40 mg), CPPO (4 mg), and
different mass of M-CDs (0.1, 1.0, 1.5, 2, and 3 mg) were dispersed into
CH,Cl, (5.0 mL) solution. After CH,Cl, was evaporated with air flow,
the powder was redispersed into 2 mL deionized water and filtered
through a 0.22 pm PVDF syringe driven filter (Millipore). The formed
P-CDs suspension was finally concentrated to different concentrations
by ultrafiltration and used immediately for experiments.

CL QYs of CDs and P-CDs: The CL QYs of the CDs and P-CDs
were measured using lucigenin with H,O, as oxidant with a known
QY of 8.3 x 107 einstein mol™ at pH 11 according to the previous
literatures.[?’l According to the CL spectra and kinetic curves, the CL QYs
were calculated according to the following equations:

OcL = 9 Jiuc X Johoto flucnx Joor (einstein mol™') M

— ‘P\uc X Ay 2
fluc Qluc ( )
fphoto = f(lS) (3)

B f(lluc)

Where ¢c, is the CL QYs of CDs and P-CDs, Q is the total light
emission obtained by integration of emission intensity under time
curves. fi,. is obtained by measuring the emission kinetics of lucigenin
reaction performed in standard conditions. fypa, is obtained from the
sensitivity at the emission wavelength (4., = 475 nm) of the lucigenin
standard, f(4,.), and the emission of the CDs and P-CDs, f(A,). n is the
number of moles of lucigenin (n,c) or the number of moles of CPPO.

In Vitro Characterization of P-CDs: For the quantitative analysis,
P-CDs (10 mg mL™", 1 mL) were placed in EP tubes. After addition of
different concentrations (0 x 107, 5 x 107%, 50 x 107°, 100 x 107, 1 x 1075,
and 5 x 107® m) of H,0,, both PL and CL imaging were performed using
an IVIS spectrum imaging system. CL images were acquired for 30 s
with open filter or emission at 640 £ 10 nm, and fluorescence images
were acquired for 0.1 s with excitation of 550 = 10 nm, and emission at
640 + 10 nm. The media pH 7.4 was controlled using phosphate buffer
saline (PBS) buffer solution.

Cytotoxic Evaluation: The PBS solution with different concentrations
(0, 0.16, 0.8, 4, 20, 100, and 500 pug mL™") of P-CDs was used for
incubating the Hela cells for 24 h at 37 °C. Then, the cell viability of
Hela cell was tested using standard MTT method for assessing the
cytotoxicity of the P-CDs.

In Vivo CL Imaging: All animal studies were performed in compliance
with the Guide Care and Use of Laboratory Animals proposed by
the National Institutes of Health. All procedures and protocols were
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approved by the Animal Ethics Committee at Zhengzhou University
(Zhengzhou, China). For in vivo bioimaging exogenous H,0,, P-CDs
(10 mg mL™") were mixed with different concentrations (0 x 107, 5x 107,
50 x 107, and 100 x 107 M ) of H,0,, and the P-CD suspension (0.1 mL)
was injected subcutaneous into the dorsal of anaesthetized mice
(2% isoflurane in oxygen). The media pH 7.4 was controlled using PBS
buffer solution. CL images were obtained with a 3 min acquisition time
with open filter or emission at 640 £ 10 nm, and fluorescence images
were acquired for 30 s with excitation of 550 + 10 nm, and emission at
640 10 nm.

To image endogenous H,0; in the mouse model of peritonitis, mice
(6-8 weeks old) were injected intraperitoneally with LPS (8 mg kg™). For
the inhibitor study, mice were treated intraperitoneally 5 min before LPS
treatment using 200 mg kg™' GSH. The control mice were treated only
using 200 mg kg saline. After 4 h, anesthetized mice (2% isoflurane in
oxygen) were treated with intraperitoneal injection of P-CDs (10 mg mL™,
0.2 mL). CL images were captured with a 3 min acquisition time with
open filter using the IVIS spectrum imaging system. Fluorescence
images were captured with a 0.1 s acquisition time with excitation of
550 + 10 nm, and emission at 640 £ 10 nm using the IVIS spectrum
imaging system.

More details about the characterization of material and data are
demonstrated in Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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