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Photooxidation triggered ultralong
afterglow in carbon nanodots

Guang-Song Zheng1,5, Cheng-Long Shen 1,5, Chun-Yao Niu1,5, Qing Lou 1 ,
Tian-Ci Jiang2,3, Peng-Fei Li2,3, Xiao-Jing Shi 4, Run-Wei Song1, Yuan Deng1,
Chao-Fan Lv1, Kai-Kai Liu1, Jin-Hao Zang1, Zhe Cheng2,3, Lin Dong 1 &
Chong-Xin Shan 1

It remains a challenge to obtain biocompatible afterglow materials with long
emission wavelengths, durable lifetimes, and good water solubility. Herein we
develop a photooxidation strategy to construct near-infrared afterglow car-
bon nanodots with an extra-long lifetime of up to 5.9 h, comparable to that of
the well-known rare-earth or organic long-persistent luminescent materials.
Intriguingly, size-dependent afterglow lifetime evolution from 3.4 to 5.9 h has
been observed from the carbon nanodots systems in aqueous solution. With
structural/ultrafast dynamics analysis and density functional theory simula-
tions, we reveal that the persistent luminescence in carbon nanodots is acti-
vated by a photooxidation-induced dioxetane intermediate, which can slowly
release and convert energy into luminous emission via the steric hindrance
effect of nanoparticles. With the persistent near-infrared luminescence, tissue
penetration depth of 20mm can be achieved. Thanks to the high signal-to-
background ratio, biological safety and cancer-specific targeting ability of
carbon nanodots, ultralong-afterglow guided surgery has been successfully
performed onmicemodel to remove tumor tissues accurately, demonstrating
potential clinical applications. These results may facilitate the development of
long-lasting luminescent materials for precision tumor resection.

Afterglow, also known as persistent luminescence, is a long-lifetime
emission1–3. The favorable luminescent ability endows afterglow
materials with application potential in data storage, optoelectronic
devices, chemical sensors, and bioimaging4–7. Especially in bioimaging
techniques, afterglow bioimaging with long-wavelength emission has
excellent signal-to-background ratio and large tissue penetration
depth since there is no excitation light and tissue autofluorescence
interference8–10. Recently, metal-free organics and rare-earth-doped
inorganic crystals have been observed with long-term afterglow
emission. For organic afterglow phosphors, afterglow emission

involves the spin-flip process in the electron transitions between the
excited singlet and triplet states through the intersystem or even
reverse intersystem crossing, resulting in relatively long-lifetime room
temperature phosphorescence or thermally activated delayed
fluorescence11–13. Nevertheless, their afterglow durations are always
limited in the range from microsecond to several seconds14–16. In
addition, the triplet excitons fromorganics are usually easily quenched
by the dissolved oxygen in the physiological water environment, and
low photostability is another difficult problem for these afterglow
materials17,18. By contrast, inorganic afterglow systems are free of
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photobleaching, environmentally insensitive, and easy to obtain long
persistent luminescence, deriving from multiple trapping-detrapping
process of charge carriers in the native defects of inorganic matrixes
because of the introduction of rare-earth or nonnoble metal ions like
Eu2+, Zn2+, Mn2+, etc.19–21. However, diversified limitations, such as
tedious preparation, potential cytotoxicity, low solubility, and high
cost, seriously hinder their practical application prospect in all kinds of
bioimaging fields, such as imaging-guided surgery, early diagnosis of
inflammation and ultrasensitive detection of cancer cells. Hence,
developing long persistent afterglow materials and gaining deep
insight into their luminescent features or mechanisms are of great
importance.

Carbon nanodots (CDs), as an emerging phosphor of carbon-
based luminescent nanomaterials with tunable wavelength, high phy-
sicochemical inertness, low biological toxicity and easy for prepara-
tion, has aroused extensive research interests in the fields of biological
imaging, information encryption, light-emitting devices and so on22–26.
With sp2/sp3 hybrid conjugated structures and abundant heteroatom
dopants, CDs can be designed to achieve afterglow emission via
embedding into diverse matrices like poly(vinyl alcohol), sodium
hydroxide, cyanuric acid, and urea, which can stabilize the triplet
excited states and suppress non-radiative transition through the fixa-
tion of hydrogen bonds, covalent bonds or ionic bonds27–30. However,
most of CD-based afterglow emissions are located in blue or green
region, while the reports on near-infrared afterglow CDs are still rare.
Additionally, the afterglow of CDs usually suffers from drastic
quenching in physiological water environment. To date, although red
and near-infrared (NIR) aqueous-related afterglow has been observed
through forming covalent bonds between CDs and colloidal silica or
constructing special p–n junction in carbon-based structures, their
afterglow lifetimes are all shorter than one second31,32. Such a short
duration of afterglow CDs in solution present adverse restrictions to
their applications in the field of biological imaging severely. In such a
scenario, the development of NIRafterglowCDswith ultralong lifetime
in aqueous solution remains a formidable challenge.

Owing to the aggressive proliferation of cancer cells and insuffi-
cient blood supply in tumors, the tumor environment features angio-
genesis, maladjusted biosynthesis intermediates, acidosis, and
hypoxia33,34. Actually, hypoxia is an important character of malignant
tumors, which depends on tumor angiogenesis and rapid growth of
tumor cells. The newly formed blood vessels are different fromnormal
blood vessels, and the poor oxygen supply capacity and slow blood
flow will lead to the insufficient oxygen and nutrients transported in
tumor cells, resulting in an imbalance in oxygen supply and con-
sumption in tumor tissue35,36. In addition, due to the abnormal meta-
bolism of tumor cells, the tumor environment extensively presents
excess reactive oxygen species (ROS) ofH2O2, •O

2- and •OH37,38, and the
superfluous energy transfer between ROS and triplet excitons will
seriously limit the bioimaging assisted by phosphorescence or thermal
activation delayed fluorescence. Therefore, it is still a huge challenging
issue to achieve the precise diagnosis and therapy of tumor under such
complex oxygen environment. A facile strategy to achieve ultralong-
persistent and high-quality afterglow imaging in intricate biological
environment is using CDs as emitter via storing the excited energy in
long-lifetime intermediate states or defects, and then tardily emitting
photons after the removal of light irradiation (Fig. 1). With special
carbon conjugated structure, CDs can act well as both electron donors
and acceptors. Under irradiation from high-energy photons, the
ground-state electrons of CDs can transit to excited state and then the
excited electrons can leap to ground state via the radiative recombi-
nation or the non-radiation transition, like the electron exchange with
dissolved oxygen to form singlet oxygen (1O2). Due to the appropriate
oxidation of 1O2, the CDs can be oxidized and simultaneously produce
one kind of energetic intermediates. Themetastable intermediates can
further slowly decompose and transfer the chemical energy to theCDs,

resulting in the excitation and ulteriorly long-persistent afterglow.
With the photooxidation-assisted afterglow, the issue about the dis-
solved oxygen-caused quenching of triplet excitons in common
phosphorescence or thermal activation delayed fluorescence can be
effectively prevented. In addition, compared with traditional organic
small molecule afterglowmaterials, the high polymerization and large
size of CDsmay inactivate and slow down the photooxidation process,
further boosting long persistent of afterglow emission. Therefore, it is
possible to obtain ultralong lifetime NIR emissive CDs by using the
photooxidation strategy.

In this work, to validate the above hypothesis, we chose biomass
as precursors to design and synthesize NIR emissive CDs. The after-
glow lifetime of the CDs demonstrates size-dependent features,
namely the duration can increase to 156% of the original value with
increasing their size from 1.9 to 5.8 nm. After modification with
amphiphilic polymer, the CDs perform good water solubility and
prolonged lifetime of 46.4min up to 5.9 h, which outperformsmost of
super-long persistent luminescent materials. The changes in chemical
structural and ultrafast dynamic analysis after light irradiation as well
as density functional theory (DFT) calculation confirm that oxidative
1O2 is generated by photosensitization to cause the generation of
energy-rich intermediates, which can act as ‘energy storage batteries’
to slowly release energy to CDs and induce their persistent afterglow.
In addition, the conjugated sp2 hybrid structure of CDs with elevated
size alsohas a great steric hindrance effect and fewactive sites favoring
photooxidation, which can further retard the luminescent process and
finally achieve ultralong lifetimes in CDs. Besides, CDs present good
bio-safety based on elaborate toxicity evaluation large tissue pene-
tration depth of 20mm and favorable tumor enrichment ability. As
proof of principle, NIR afterglow CDs have been displayed to be sui-
table for use in imaging tumors and guidance for precise surgical
resection in mice model, paving the way for the development of
application potential of carbon-based nanomaterials in imaging-
guided surgery with afterglow bioimaging technique.

Results
Synthesis of near-infrared ultralong afterglow CDs
In this study, CDswith NIR emission characteristicswere prepared by a
solvent thermalmethodwith SolanumnigrumL as precursor. As shown
in Fig. 2a, the CDs were prepared through solvothermal treatment of
Solanum nigrum L in a solution of ethanol, then the crude products
were purified via dry silica column chromatography using the
dichloromethane as the solvent under reduced pressure, and the
production yields of CDs is about 1.35% (Supplementary Note 1 and
Supplementary Fig. 1), and the production yields of CDs can be further
improved by expanding the reaction chamber (Supplementary Note 2
and Supplementary Fig. 2). For comparison, CDs in three sizes were
prepared with changing the reaction temperatures. As illustrated in
Fig. 2b, all the obtained CDs have obvious fluorescence and afterglow
emission with an excellent repeatability (Supplementary Note 3, Sup-
plementary Figs. 3−6). Then, themorphologyof CDs-1, CDs-2, andCDs-
3 has been investigated via transmission electron microscopy (TEM)
(Fig. 2c, h, m). These TEM images illustrate a decrease in size dis-
tribution from 5.8 to 1.9 nm, and the high‐resolution TEM (HR-TEM)
images of these CDs illustrate awell‐resolved lattice spacing of 0.21 nm
(Supplementary Fig. 7), corresponding to the (100) interplanar spacing
of graphitic carbon structure. Atomic ForceMicroscopy (AFM) images
have been performed on the CDs-1, CDs-2, and CDs-3, and the results
reveal the uniform heights of 8.6, 4.4, and 2.9 nm for the CDs-1, CDs-2
and CDs-3 (Supplementary Fig. 8), which are consistent with the size
variations observed in the TEM images. Meanwhile, the X‐ray diffrac-
tion (XRD) patterns of the CDs prove a similar peak at around 23°,
which can be attributed to the graphite (002) lattice spacing (Sup-
plementary Fig. 9). X-ray photoelectron spectroscopy (XPS) and
Fourier transform infrared (FT-IR) spectra are employed to investigate
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the surface functional groups of the CDs. The full-survey XPS spectra
illustrate that all the CDs exhibit the composition of C (284.6 eV), N
(399.6 eV) and O (532.1 eV) elements, and have a similar elemental
content (Fig. 2d, i, n). Besides, the high-resolution XPS C1s spectra of
the CDs can be deconvoluted into three Gaussian peaks, correspond-
ing to sp2 C (C–C/C=C) at 284.5 eV, sp3 C (C–N) at 285.3 eV, (C=O)–O at
288.4 eV and C=O at 289.3 eV. And all these CDs demonstrate a highly
controllable sp2 hybrid (the ratio of sp2/sp3 C varies from 78.3% to
86.9%), indicating a good foundation for CDs to form ‘energy storage
batteries’. As depicted in Supplementary Fig. 10, the FT-IR spectra of
these CDs are similar with the stretching vibration of C–N (1350 cm−1),
C=C (1600 cm−1), O–H (3200 cm−1), and N–H (3140 cm−1), which are
consistent with the XPS results of CDs. The both XPS and FT-IR char-
acterization verifies that these CDs have similar sp2 carbon-core
structures with abundant N/O functional groups on their surface.

Then, the photophysical properties of these CDs have been fur-
ther investigated. Aspresented in Fig. 2e, j, o, all thefluorescencepeaks
appear at around 670 and 720nmunder the excitation of 410 nm light.
With thedirectly integrating spheremeasurement, thePLQYsofCDs-1,
CDs-2 and CDs-3 are calculated as 28.7%, 31.8% and 31.0%, respectively
(Supplementary Fig. 11). The time-resolved spectra of the CDs with the
670 and 720 nm can be well fitted to a single exponential decay with
the lifetime of 5.36 and 5.43 ns (Supplementary Fig. 12), suggesting
distinct emission sources of the two emission centers. The emission at
670 nm may originate from the band-edge recombination of CDs and
the fluorescence at 720 nm may come from the surface-localized
excitonic vibrational fine emission bands in the CDs39–42. (Supple-
mentary Note 4, Supplementary Figs. 13−15). Moreover, the UV-vis
absorption reveals that all the CDs have very broad absorption ranging
from UV to deep-red waveband (Supplementary Fig. 16). Meanwhile,
obvious afterglowwith thewavelength extending to theNIR regioncan
beobserved from theCDs,whoseafterglow spectra are consistentwith
their fluorescence spectra (Fig. 2f, k, p). The wavelength of its after-
glow alignswith that of fluorescence emission (Supplementary Fig. 17),
providing evidence that it originates from the same emission level.
This is different from the traditional phosphorescence emission
behavior, in which the afterglow wavelength is usually longer than
their fluorescence due to the lower triplet-state energy level in com-
parison with their singlet state43,44. In addition, the dynamic lumines-
cence of these CDs has been tested. All the afterglow emission time of
these CDs in ethanol solution is over 4 h, and the corresponding life-
times are fitted to 46.4, 42.5 and 29.7min for CDs-1, CDs-2, and CDs-3
(Fig. 2g, l, q), exhibiting a distinct size-dependent afterglow lifetime
growth characteristics with good repeatability for the CDs (Supple-
mentary Note 5, Supplementary Figs. 18−21). Furthermore, the effec-
tive pre-irradiation wavelength of afterglow emission is in accordance
with the absorption spectrumof the CDs, ranging fromUV to deep-red

region and even white light (Supplementary Fig. 22). The excellent
deep-red to NIR afterglow emission and wide range excitation of CDs
demonstrate their broad application prospects.

Mechanism of the afterglow emission
The luminescence mechanism of the long-persistent afterglow prop-
erties has been further probed using CDs-1 as a representative. Firstly,
the structure and optical properties of the CDs before and after light
irradiation were investigated in detail. As shown in Fig. 3a, it can be
clearly observed that the CDs undergo a solubility transition from
good dissolution in nonpolar dichloromethane to high dispersibility in
polar water prior to and after light irradiation, indicating that there is a
change from fat solubility to water solubility for the CDs after light
irradiation. Themorphologies of CDs after irradiation were studied via
TEM analysis (Fig. 3b). CDs still maintain their shape after irradiation,
manifesting that changes caused by light irradiation only occur on the
chemical composition and structure of CDs. To further explore their
composition and structural evolution before and after light irradiation,
the nuclear magnetic resonance (NMR), FT-IR, and XPS have been
measured. The 1H NMR spectra of the CDs before and after irradiation
display the obvious signals change of functional groups, namely, the
signal of −OCOCH3 at 4.8 ppm is enhanced after optical excitation,
implying the increase of oxygen-containing bonds on the surface of
CDs after irradiation (Fig. 3c)22. As illustrated in Fig. 3d, the FT-IR
spectra also reveal the stretching vibration of C–N (1350 cm−1), C=C
(1600 cm−1), O–H(3200 cm−1) after the light irradiation.Meanwhile, the
peak position of the stretching vibration in CDs does not change
obviously, indicating that the bond types on the surface of the CDs are
unchanged. Nevertheless, the intensity of C=O–OH related stretching
vibration is significantly enhanced, proclaiming that the carboxyl on
the surface of CDs increases after the light irradiation. The full-survey
XPS spectra illustrate that the elements of C (284.6 eV), N (399.6 eV)
and O (532.1 eV) still exist in the CDs after the light irradiation, being
accompanied by the elevated oxygen content in the CDs from 9.2% to
14.7% (Supplementary Fig. 23). The high-resolution XPS spectra of O1s
for the CDs could be deconvolved into three Gaussian peaks corre-
sponding to C=O, C–O/O–H and O=C–O, respectively (Fig. 3e, f),
whose O=C–O content increased remarkably with the light irradiation,
which is consistentwith the result of FT-IR spectra. The high-resolution
XPS spectra of N1s for the CDs, the content and type of N element did
not change significantly after light irradiation (Supplementary Note 6
and Supplementary Fig. 24), indicating that oxidation primarily
occurred on the surface of the CDs. In addition, a new strong signal
appears at m/z of 391 in the mass spectrum of the CDs after light-
irradiation treatment, hinting the emergence of new products prob-
ably associated with after light irradiation (Supplementary Fig. 25).
Hence, the photochemical structural transformation arises in the CDs
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Fig. 1 | Photooxidation-a new strategy for ultralong afterglow in carbon nanodots. Schematic illustration of long-persistent afterglow triggered by photooxidative
reaction.
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after light excitation, in which a series of oxidation reactions occur on
their surface to induce the rupture and restructuration like C=C bonds
of the CDs. Thus, chemical energy may release during the process,
rendering CDs as ‘energy storage batteries’ to cause the long-time
afterglow emission.

To further ascertain the mechanism of afterglow emission pro-
cess, the fluorescence, absorption spectra and femtosecond transient
absorption (TA) spectra of the CDs before and after light irradiation
have been detailly characterized. As shown in Fig. 3g, h, the fluores-
cence intensity of CDs trends to decrease with the exposure of light
irradiation as well as an attenuation in the absorption peak of CDs at
660 nm, declaring that the photophysical properties of CDs also vary
with the light irradiation. Furthermore, TA spectroscopy of CDs before
and after light irradiation was carried out under 410 nm light excita-
tion. Supplementary Fig. 26 depicts TA spectra with probe wavelength
at from 440 to 700 nm and delay time from 0.1 ps to 7 ns of CDs
without light irradiation. The strong negative features from 645 to

700 nm correspond to ground state bleaching (GSB) and stimulated
emission (SE) with peaks centered at 670 nm, which is consistent with
the steady-state fluorescence and absorption spectra. The weak posi-
tive (red) features from440 to 640 nmcorrespond to the excited state
absorption (ESA). The TA spectra with different time delays have been
illustrated in Fig. 3i. The negativepeaks of SE centered at 670 gradually
increase within 100 ps. The kinetic traces at different wavelengths as a
function of delay time are also presented in Fig. 3j. Globalfitting results
demonstrate twoprincipal decay associated difference spectra (DADS)
of CDs without light irradiation (Fig. 3k). The fitted lifetimes of 14.7 ps
(DADS1, black curve) and 2.2 ns (DADS2, red curve) are ascribed to two
relaxation channels of photon-generated carriers in CDs. Here, the
14.7 ps lifetime represents the decay of an internal conversion (IC)
pathway. While, the 2.19 ns one is SE pathway, which is consistent with
the time resolved decay spectra of the CDs (Supplementary Fig. 12)42,45.
After the light irradiation, the TA spectrum of CDs has changed pro-
minently (Supplementary Fig. 27). Specifically, the GSB and SE signals
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Fig. 2 | Synthesis of the CDs and their luminescence. a Schematic illustration of
the preparation process of CDs. b Natural-light (up panel), fluorescence (middle
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CDs-3. c Transmission electron microscopy images of CDs-1 (scale bars: 20 nm).
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trumof the CDs-1. gAfterglow lifetime curves of the CDs-1.hTransmission electron
microscopy images of CDs-2 (scale bars: 20 nm). i Full survey X‐ray photoelectron
spectroscopy (XPS) and high‐resolution XPS C1s spectrum (inset) of the CDs-2.

j Fluorescence spectra of CDs-1. k Afterglow spectrum of the CDs-2. l Afterglow
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as well as the kinetic trace at 660nm of the CDs are obviously wea-
kened obviously compared with those without light irradiation
(Fig. 3l, m). And the global fitting curves present two fast delay chan-
nels with the lifetimes of 17.0 and 375.4 ps, respectively (Fig. 3n). The
channel of 17.0ps is consistent with the decay of the IC pathway of
14.7 ps lifetime before light irradiation. Whereas, the slow decay
channel of 2.2 ns corresponding to radiative-transition process has
disappeared and is replaced by a faster decay channel of 375.4 ps after
light irradiation, manifesting that the photon-generated carriers from
the CDs are prone to experience non-radiative transition via surface
vibration relaxation46. On basis of the changes in the structure and
photophysical properties of CDs before and after light irradiation, it
can be concluded that the surface of the CDs has underwent a photo-
induced oxidation process as illustrated in Fig. 3o. Concretely,
hydrophobic functional groups such as phenyl groups on the surface
of the CDs are oxidized to form carboxyl groups after light irradiation,
causing the CDs to produce a lipophilic-hydrophily transition. In the
meantime, light-emitting behaviors also vary largely with a

luminescence quenching due to the growing probability in non-
radiative annihilation of electron hole pairs via more IC relaxation.
Hence, the appearance of the photooxidation under illumination has a
great impact on the light emission behavior of the CDs.

To further gain deep understanding of ultralong-persistent
emission of the CDs, their luminescent behaviors and free radicals
changeson the surfaceof theCDsunder different light-irradiation time
or temperature intervals have been performed. It can be seen from the
afterglow emission curves that the afterglow emission intensity of CDs
increases with the prolonging the exposure time of light irradiation
(Supplementary Fig. 28). And even strong afterglow emission can
maintain for the CDs after ceasing the photoexcitation for 2 h. In
addition, the initial intensity of afterglow emission of CDs shows a
trend of enhancement accompanied by a rapid attenuation in the total
afterglow emission time of the CDs with raising the temperature
(Supplementary Fig. 29). Then, the afterglow of the CDs by repeated
light irradiation has been recorded. As depicted in Supplementary
Fig. 30, the afterglow intensity of the CDs demonstrates an obvious
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descending trend with four times of light irradiation (30min each
time), andonly32.4%of the initial intensity canbekept in the afterglow
intensity with light-irradiation treatment. Therefore, the afterglow
emission of the CDs is unrecoverable, whose irreproducibility is con-
sistentwith the structural andphotophysical alterationof theCDs after
light irradiation. In order to explore the reasons for the photo-induced
superlong afterglow of the CDs, whose generating ability of 1O2 free
radicals at varied light-irradiation time and temperature has been
further inquired. As illustrated in Supplementary Fig. 31, the CDs show
obvious 1O2 signals after light irradiation condition. With adding the
light-irradiation time, the signal of 1O2 presents an obvious enhance-
ment trend (Supplementary Fig. 32). And the CDs at higher tempera-
ture also show the enhanced 1O2 signal under the same light-irradiation
time (Supplementary Fig. 33). Thus, the light irradiation- and
temperature-dependent 1O2 generation capacity has a positive corre-
lation with the afterglow emission behavior of the CDs under similar
conditions. In addition, the afterglow emission of solid-state CDs also
confirms that its afterglow is related to oxygen rather than triplet
exciton-related phosphorescence emission. Compared the solid-state
CDs demonstrating obvious afterglow emission in air, the CDs
encapsulated with epoxy resin show almost no afterglow after light
irradiation (Supplementary Note 7, Supplementary Figs. 34 and 35).
This can clearly verify that the afterglow of CDs requires the partici-
pation of oxygen. Different from triplet exciton-related phosphores-
cence emission, this photooxidation afterglow originates from the
continuous oxidation of CDs by 1O2 or other ROS species (Supple-
mentary Note 8 and Supplementary Fig. 36), and oxygen is the active
involvement in this oxidation process. Hence, the photooxidation
approach can be used to elucidate the afterglow emission of the under
light illumination and serve as a way to achieve ultralong-persistent
afterglow.

Theoretical calculation verification of the photooxidation trig-
gered afterglow emission mechanism
Density functional theory (DFT) calculations have been alsoperformed
to earn insights into the underlying mechanism of the photooxidation
ultralong afterglow with size-dependent afterglow lifetime. As shown
in Fig. 4a, three simplified calculation units (IM0: C3, C5 and GNR) to
simulate different CD sizes have been employed for DFT calculations,
the process and atomic coordinates of the models are provided in
Supplementary Note 9 and Supplementary Data 1. Calculated results
verify that the introduction of 1O2 facilitates π2-π2 cycloaddition
whereby the oxygen molecule attacks the C=C bond, thus, leading to
the production of dioxetane intermediate (IM1), which is unstable and
facilely undergoes O–O bond cleavage to form the IM2 product. Fur-
thermore, with the aid of 1O2, the final product (IM3) can be generated
with the benzene ring further oxidized to carboxyl47–49. The overall
reaction process is exothermic with the energy of 8.3–9.1 eV, which is
enough to excite the afterglow emission of the CDs. Based on the
above results, we propose a probable photooxidation steps governing
afterglow emission process of the CDs as illustrated in the Fig. 4b. In
particular, (1) under light irradiation, ground-state electrons of theCDs
can transit to excited state and the excited electrons can leap to
ground state via the radiative recombination or the non-radiation
transition, like the electron exchange with dissolved oxygen to form
1O2. (2) Due to the appropriate oxidation of 1O2, the C=C in CDs can be
oxidized via π2-π2 cycloaddition to form a high-energetic dioxetane
intermediate. (3) This intermediate is can further decompose by
spontaneous oxidation to release a lot of chemical energy. (4) The
chemical energy can transfer from intermediate to the CDs through
electron exchange and further promote the ground-state electrons of
the CDs to excited state. (5) The excited CDs then transit to the ground
state and produce photon via a radiative recombination. With this
continuous photooxidation process, the CDs can produce the long-
persistent afterglow. Unlike common singlet/triplet states, charge-

separated states or activable trap states involved in regular traditional
organic/inorganic afterglow materials, the intermediates produced by
photooxidation may process a longer lifetime to induce the ultralong-
persistent afterglow emission. Interestingly, compared to small-sized
C3 units, larger-sized C5 and GNR units, especially GNR, have higher
activation energy in the oxidation process of C=C due to the steric
hindrance effect of quantum dots50–52. Thus, as the sample size
increases, the energy barrier for oxidation is higher and the oxidation
reaction is more difficult to proceed, which means a slower inter-
mediate production rate to further result in a longer afterglow lifetime.
Thus, although the initial afterglow intensity of CDs-1 with large size is
lower than that of CDs-2 andCDs-3, the afterglowdecay rate of CDs-1 is
significantly slower than that of CDs-2 and CDs-3 owing to the steric
hindrance effect (Supplementary Note 10 and Supplementary Fig. 37).

Hydrophilic modification for the afterglow emissive CDs
The specialphotooxidation induced luminescencemechanismenables
the CDs to effectively avoid dissolved oxygen induced quenching,
thereby achieving ultralong-persistent NIR afterglow in aqueous
solutions. In order to further improve water solubility and facilitate
biological applications, a coating modification with amphiphilic
Pluronic F127hasbeenperformedhereon the surfaceof theCDs.Here,
we still use CDs-1 as anexample. As shown in Fig. 5a, theCDs-1 is coated
with F127 to form the polymer-crosslinked-CDs (p-CDs). The TEM and
HR-TEM images present that the CDs are fully covered by F127 with a
monodispersed size distribution and an average diameter of about
87.8 nm (Fig. 5b), and there are no Aggregation Induced Emission
events in the p-CDs (Supplementary Note 11 and Supplementary
Figs. 38−41. And the well-resolved lattice spacing of 0.21 nm, being
ascribed to the (100) graphite crystallographic plane, can also be seen
in the p-CDs. As determined by dynamic light scattering (DLS) in
Fig. 5c, the dimensions of p-CDs-1, p-CDs-2, and p-CDs-3 are essentially
identical at 223.1, 240.6, and 208.6 nm, which is fit for biotargeted
imaging and diagnostic applications. As shown in Supplementary
Fig. 42, there is nearly no significant difference in EPR intensity for the
three samples, indicating the similar capability of p-CDs-1, p-CDs-2, and
p-CDs-3 to generate 1O2 under the same light irradiation (Supple-
mentary Note 12). As illustrated in Fig. 5d, the afterglow emission
intensity increases with the incremental concentrations of the p-CDs,
presenting a significant linear growth relationship. And Fig. 5e has
proved the changes in afterglow emission intensity of p-CD after light
irradiation with different time intervals. As the light-irradiation time
increases, the afterglow intensity of p-CDs has a significant enhance-
ment, where the luminescent intensity with 5min light irradiation is
almost 2.2 times higher than that with 1min light irradiation. In addi-
tion, due to the oxidation rate of the CDs decreases after coating, the
afterglow intensity of p-CDs is obviously weaker than the initial CDs
(Supplementary Note 13 and Supplementary Fig. 43). The afterglow
lifetime of p-CDs is also tested. Intriguingly, size-dependent afterglow
lifetime evolution from 3.4 to 5.9 h has been observed from the CD
systems in aqueous solution (Fig. 5f, and Supplementary Table 1),
which is the highest value in most of the organic, inorganic or the CD-
based afterglow emission systems reported so far (Fig. 5g and Sup-
plementary Table 2). Compared to the CDs without hydrophilic mod-
ification, p-CDs have an elongated afterglow lifetime, which can be
attributed to that the coating of F127 may slow the production of
reactive oxygen species, reduce the oxidation rate of the CDs, and
finally increase the duration of light emission time via a retardant
energy transfer from chemical energy to luminous energy. In addition,
the afterglow emission stability of the p-CDs has been also investi-
gated. Supplementary Figs. 44 and 45 show the afterglow intensity of
the p-CDs is basically unchanged in acidic environment, and there is no
obvious afterglow quenching phenomenon in common metal ion
environment, hinting that the p-CDs have excellent afterglow emission
stability. Moreover, the tissue penetration depth of the afterglow of
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p-CDs has been also appraised, where the afterglow emission signal
demonstrates a declining trend with increasing the thickness of
chicken tissue (Fig. 5h). And the afterglow signal can be still seen at the
tissue depth of 20mm, which is beneficial for the bioimaging
applications.

In vivo biosafety and tumor targeting analysis of p-CDs
To facilitate biomedical application, the toxicity of the p-CDs in vivo
was systematically evaluated to ensure their biosafety. Firstly, we have
estimated their toxicological effects at the cellular level. As shown in
Fig. 6a, nearly 100% viability for EC-9706 cells can be obtained when
the concentration of the p-CDs is up to 1mgmL−1, indicating the high
biocompatibility of the p-CDs, which also confirmed in different tissue
cells (Supplementary Note 14 and Supplementary Fig. 46). Secondly,
the p-CDs have been administered orally to mice for 14 days at
0.5mgmL−1 as a therapeutic dose to conduct the safety evaluations at
the level of living animals. As illustrated in Fig. 6b, the weight change
trend of the mice fed with the p-CDs aqueous solution is consistent
with thatof the control groups fedwith equivalent purewater solution,
and even the weight growth of mice fed with the p-CDs aqueous
solution exceeds that of the control groups after cultivation for 7 days.
After feeding the p-CDs for 14 days, blood routine tests in mice were
also used to analyze the biosecurity of their p-CDs (Fig. 6c), wherein no
significant difference is observed between the p-CDs treated groups
and the control groups in the levels of albumin (ALB), alkaline phos-
phatase (ALP), alanine transaminase (ALT), aspartate transaminase
(AST), γ-Glutamyl Transferase (GGT), and urea, indicating that p-CDs
exhibit minimal effects on the kidney and liver of the mice. Further-
more, for the mice fed with p-CDs for 14 days, the hematoxylin and
eosin (H&E) staining major organs, including heart, liver, spleen, lung,
kidney, and brain, reveals no signs of damage or notable injuries,

demonstrating the low tissue toxicity of the p-CDs (Fig. 6d). In addi-
tion, after injecting p-CDs solution into the tail vein ofmice for 2 h, the
urine ofmicewas collected and tested. As shown in the Supplementary
Fig. 47, obvious fluorescence and afterglow signal can be observed in
the urine, indicating that the p-CDs can be excreted normally from the
living body after injection. Meanwhile, the mice were dissected after
24 h, and it can be observed that there are only trace residues in the
lungs and pancreas except for the strong enrichment of p-CDs in the
tumor (Supplementary Fig. 48). Hence, theCDs canbeeliminated from
the body through bodily fluids. These data confirm a good safety
profile of the p-CDs at the therapeutic dose in healthy mice.

Furthermore, the precise tumor targeting of the p-CDs was
investigated. As shown in Fig. 6e, the afterglow images show that
p-CDs began to accumulate in the tumor after 1 h intravenous injec-
tion, and obvious afterglow signals could still be observed 24 h later,
indicating highly selective tumor targeting ability of the p-CDs due to
the enhanced permeability/retention effect. In contrast, the fluores-
cence of p-CDs could not be used to accurately reveal the tumor area
due to the interference of tissue autofluorescence. This result
demonstrates the potential of afterglow luminescence imaging ability
over fluorescence. In addition, confocal microscopic images of tumor
tissue sections show an obvious deep-red luminescent signal of p-CDs,
indicating that p-CDs can effectively enter and accumulate in tumor
tissues (Fig. 6f). The good biosafety and precise targeting of the p-CDs
demonstrated the great advantages in in vivo imaging.

In vivo afterglow imaging and guidance for surgical resection
of tumors
The excellent ultralong afterglow emission, good biosafety, and
favorable tumor targeting endow the p-CDs make with great potential
in high-contrastbioimaging and instructionof tumor resection surgery
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in vivo. As proof of principle, we have carried out experiments of
afterglow imaging in vivo and guidance for surgical resection of
tumors with the p-CDs as depicted in Fig. 7a. As shown in Fig. 7b, both
the fluorescence and afterglow imaging for the mouse tumors after
subcutaneous injection of the p-CDs have been acquired, where the
fluorescence image of mice is greatly disturbed by the background
light of its tissue, while the afterglow signal of tumor site is more
obviouswith high contrast. And the signal-to-noise ratio (SNR) through
afterglow imaging for tumor is calculated to be 8.3, which is 3.6 times
higher than that using the fluorescence signal for tumor imaging
(Fig. 7c). These results verify further the potential of NIR afterglow of
the p-CDs in vivo imaging. After subcutaneous injection of the p-CDs at
the tumor site, the tumor proclaims obvious afterglow signal, and
remains stable after continuous luminescence for 1 h (Fig. 7d, e). High
SNR and long-persistent afterglow emission make it possible for the
p-CDs to be used as imaging guidance in tumor resection. As shown in
Fig. 7f, g, the afterglow imaging-guided process of the p-CDs in tumor
surgery is proved with five steps. After the mouse tail vein injection of
the p-CDs for 1 h, the position of the tumor can be clearly identified
through the afterglow images after light irradiation, and the precise

operation on the tumor site of the mouse can be started with the
imaging guidance. After the tumor site is exposed, the long-persistent
afterglow of the p-CDs can still be used to accurately identify the
location of the tumor as well as to achieve the complete removal of the
mouse tumor via monitoring the afterglow emission signals from the
mouse tissue (Fig. 7g). The above results have shown broad prospects
for the NIR long-persistent afterglow p-CDs applied in biological ima-
ging fields such as metastatic tumor localization, difficult surgical
resection, etc.

Discussion
With the high signal-to-background ratio, deep tissue penetration, and
free of excitation/tissue self-fluorescence interference during the
imaging process, NIR ultralong afterglow luminescence offers great
advantages in biological imaging. Recent studies and reports have
investigated the long afterglow emission of organic compounds and
rare earth doped inorganic crystals. However, so far, there have been
many problems in the afterglow emitters used in biological imaging,
mainly focusing on the following issues: (1) The currentmaterials often
suffer from low biocompatibility. The introduction of rare earth and
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precious metal ions brings significant biological toxicity, which pro-
hibits its use in biological imaging. (2) The lifetime of afterglow lumi-
nescence is not long enough. The afterglow luminescence from
organic molecules are mostly derived from the energy level transition
between the singlet and triplet states, and the corresponding lifetime
of this kind of emitters involved in the triplet-state excitons is usually
limited in the range of microseconds to seconds. (3) The triplet exci-
tons of organic materials can be easily quenched by dissolved oxygen
in physiological water environments, hindering their practical appli-
cations in biological imaging. (4) In most cases, the afterglow lumi-
nescence with low influence from water is concentrated in the green
light range, and its penetration depth is low.

Inspired by chemiluminescence generated by the electron trans-
fer from the chemically induced high-energy intermediate in our pre-
vious reports26,53–55, long-lifetime intermediates generated through
photooxidation reaction have great potential in improving the after-
glow duration of nanomaterials. And the photooxidation reaction can
be effectively carried out in an oxygen containing environment, so as
to prevent water quenching. As a kind of carbon-based luminescent
nanomaterials, CDs have the characteristics of tunable wavelength,

high physicochemical inertness, low biological toxicity, and easy for
preparation, manifesting great application prospects in the fields of
biological imaging. CDs have sp2/sp3 hybrid conjugated structures and
abundant heteroatom dopants, exhibiting excellent reactive oxygen
generation and luminescence capabilities. In addition, the large
adjustability in size and graphitization degree vests CDs with ultralong
afterglow emission via steric hindrance effects, even overmatching
traditional organic/inorganic afterglow materials. Therefore, utilizing
the photooxidation afterglow mechanism can obtain NIR ultralong-
persistent afterglow CDs.

In summary, we have achieved water-soluble NIR afterglow CDs
with ultralong lifetime via a photooxidation strategy in this work. The
CDs have obvious afterglow emission after irradiation with emission
centers at 670 and 720 nm.DFT calculations also confirm that the size-
dependent afterglow lifetime of the CDs can be attributed to the
altered activation energy barrier via the steric hindrance effect. By
further slowing down the light-induced-oxidation process via amphi-
pathic molecular coating, an ultralong-lasting afterglow lifetime of
5.9 h can be achieved in the CDs, which is one of the highest values in
currently reported organic/inorganic afterglow materials. With the
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photooxidative afterglow emission, dissolved oxygen quenching can
be avoided, so CDs can also emit long-persistent luminescence in
physiological environments for a long time, breaking through the
obstacles in afterglow imaging related to rapid quenching. In addition,
CDs exhibit great biological safety and deep tissue penetration depth
of 20mm, effective enrichment in the tumor site, and high image
quality, which have been successfully used for long-time tumor-
labeled imaging and precise surgical resection of mouse tumors via
afterglow imaging guidance, proving the possibility of application in
clinical settings.

Methods
Animal experiments
All animal procedures in this study were performed according to the
National Institute of Health Guide for the Care and Use of Laboratory
Animals. All animal studies were approved by the Experimental Animal
Center of Henan Province (Zhengzhou, Hennan, China, SCXK-2017-
0001), permit No. ZZU-LAC 20232331[12]. The maximal tumor size/
burden permitted by our institutional review board is 15% of body
weight (combined burden if more than one mass present) and mean
tumor diameter = or >20mm in adult mice (~25 g). Themaximal tumor
size/burden permitted by our institutional review board was not
exceeded.

Twenty-four ICRmice (6–8weeks)were takenbyHenanProvincial
Animal Experiment Center. Twenty-four Balb/c-nu/nu mice

(4–5 weeks) were provided by Beijing Vital River Laboratory Animal
Technology. Animals weremaintained in SPF conditions (24 ± 1 °C, 12 h
light/dark cycle) with free access to water and chow.

Materials
All chemicals and reagents were purchased from Macklin unless
otherwise specified and were used without further purification. The
Solanum nigrum L was purchased from Bozhou Kangyiyin Bio-
technology Co., Ltd.

Preparation of the CDs
The CDs were synthesized by the leaves of Solanum nigrum L, which
was purchased from Bozhou Kangyiyin Biotechnology Co., Ltd., with-
out undergoing any additional treatment. In detail, 1 g plant sources
were dispersed into 20mL ethanol (HPLC, ≥99.8%) and the mixture
were transferred to a poly (tetrafluoroethylene) Teflon-lined autoclave
(50mL) andheated for4 h at 80, 120 and 160 °C, respectively. After the
products cooled down to room temperature, the solutions were fil-
tered through a 0.22 µmpolyether sulfonemembrane to remove large
particles, and the obtained crude products were further purified via a
silica column chromatography with the eluent of ethyl acetate (HPLC,
≥99.8%) and petroleum ether (VEA: VPE = 3:1) (Supplementary Note 15
and (Supplementary Fig. 49). After removing the solvent under
reduced pressure, the CDs-1, CDs-2 and CDs-3 were collected for fur-
ther characterization.
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CDs: 0.3mgmL−1, 100μL, 660 nm, 1.5W cm−2, 2min). c The corresponding signal-
to-noise ratio (SNR) of the fluorescence and afterglow imaging in b. d The after-
glow images ofmouse at different timewith the p-CDs subcutaneous injection (the

concentration of p-CDs: 0.3mgmL−1, 100μL, 660 nm, 1.5W cm−2, 2min). e The
corresponding intensity of afterglow images of mouse at different time in d. f The
scheme of guidance for tumor surgical resection process. g The afterglow imaging
monitoring and guiding the tumor surgery process. The error bars presented in
e indicate the statistical distribution derived from three independent measure-
ments, the data show means + SD.
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Preparation of the p-CDs
To prepare p-CDs by an emulsion solvent evaporation method, 10mg
CDswasdissolved in 1.5mLof dichloromethane or chloroform to form
an oil phase, into which 9mL of deionized water containing Pluro-
nic127 (F127) (averageMn ~13,000) with 10mg (i.e., a water phase) was
slowly added. Emulsification was performed by probe sonication, with
the sonication time of 10min and a sonication power of approximately
100W. After solvent evaporation of oil-in-water nanoemulsions by a
rotary evaporator at room temperature, p-CDs were obtained by
freeze-drying.

Characterizations of CDs and p-CDs
The morphology and structure were characterized using an atomic
force microscope (AFM, AIST-NT Smart SPM), and transmission elec-
tron microscopy (TEM, JEOL-2010). The crystalline property was
evaluated in a Bruker-D8 Discover X-ray diffractometer with the Cu Kα
line (λ = 1.54 Å) as the irradiation source. The X-ray photoelectron
spectroscopy (XPS) was measured on a Kratos AXIS HIS 165 spectro-
meter with amonochromatized Al KRX-ray source (1486.7 eV). Fourier
transform infrared (FT-IR) spectroscopy was performed using a
Thermo Scientific Nicolet iZ 10 spectrometer in the KBr tablets. Pho-
tograph was obtained from a D610 camera (Nikon, Japan). The fluor-
escence and afterglow spectrum of was measured by a F-7000
spectrofluorometer (Hitachi, Japan). The absorption spectrum was
measured by an UV/vis spectrophotometer (Hitachi, UH-4150). The
fluorescence decay curves were measured by Horiba FL-322 using a
410 nm Nano-LEDmonitoring the related emission. The Dynamic light
scattering (DLS) distributionwasmeasured with Zetasizer Nano ZSP in
water. The PL QYs were measured by the spectrophotometer
(FLS1000) in DMSO. The 1H chemical shift was measured by nuclear
magnetic resonance (NMR) (Bruker 400/600M AVANCEIII) in CDCl3.
The photochemical free single oxygenwasmeasured through electron
spin resonance (EPR, Bruker A300). The specific types of irradiation
sources are: ABI LED Light Bulb for Red Light Therapy, 660nm Deep
Red, 54W Class, Amazon.

The NMR spectra were acquired through the following procedure.
The chromatographic samples were incubated at 60 °C in a drying
oven for 12 h. Subsequently, solvent removal was carried out, and
some solid powder was dissolved in deuterated chloroform for NMR
analysis. For the irradiated samples, separation was achieved using a
mixture of methylene chloride and water for the preparation of NMR
sample after the irradiation, and the obtained water-soluble CDs were
freeze-dried to remove the aqueous fraction. The obtained solid-state
irradiated samples were dissolved in D2O (1mgmL−1) for NMR analysis.

MS spectrometry for the initial CDs and the CDs with 5min irra-
diation was conducted by dissolving the samples in methanol
(0.5mgmL−1) and subjecting them to MS analysis.

EPR Test. 500mM of 2,2,6,6-Tetramethylpiperidine (TEMP) aqueous
solution was prepared for EPR testing. Then, 2mL of CDs (1mgmL−1,
ethanol) were mixed with 0.5mL of TEMP solution and the mixtures
were conductedwith EPRwithout light treatment. Additionally, the CD
samples were irradiated under 660nm, 2Wcm−2 light for 2, 4 and
6min and then conducted with EPR measurement. Furthermore, the
original samples after light irradiation (660 nm, 1.5W cm−2, 2min)were
immersed inwater bath at varying temperatures (20, 40, 60 and80 °C)
for 5min before conducting EPR under identical conditions as above.

The preparation of the sample of FT-IR. The chromatographic sam-
ples were incubated at 60 °C in a drying oven for 12 h, followed by
solvent removal and get the solid sample of CDs. The irradiated sam-
ples were then separated using a mixture of methylene chloride and
water, with subsequent freeze-drying of the aqueous fraction into
powder form.

The FT-IR spectra acquired. The prepared solid sample was evenly
mixed with potassium bromide at a ratio of 1:100 and pressed, and
then spectra acquired with a Fourier transform infrared spectrometer
(Thermo Scientific Nicolet iZ 10). The air background is subtracted
before the sample is tested.

In vitro afterglow characterization of the CDs and p-CDs
100μl of CDs and p-CDs with different concentrations (0, 0.05, 0.1,
0.2, 0.4, 0.5, 0.8 and 1.0mgmL−1) were placed in a black 96‐well ELISA
plate, with the different time (7, 6, 5, 4, 3, 2, 1 and 0min) under certain
light irradiation (660nm, 1.5W cm−2). Then, the plate was immediately
put into the in vivo imaging system (IVIS, Xenogen) to acquire after-
glow luminescent signalswith an exposure timeof 2min at every 5min
within 5 hwith anopen filter. Other in vitro afterglow tests were similar
to those above.

Cell culture
The human esophageal cancer cell line EC-9706, KYSE-150 and the
human gastric cancer cells line MKN-45 were purchased from the Cell
Bank of Type Culture Collection of Chinese Academy of Sciences
(Shanghai, China). All the cells were cultured in Roswell ParkMemorial
Institute (RPMI) 1640 medium (Sigma, Sigma-Aldrich, St. Louis, USA,
RNBJ4428) with 10% fetal bovine serum (FBS, Gemini, 900-108). The
cells were maintained in an atmosphere of 5% CO2 at 37 °C.

In vivo safety evaluation
For establishment of in vivo safety evaluation models, ICR mice
(6–8 weeks) were taken by Henan Provincial Animal Experiment Cen-
ter. Before starting the experiment, animals were maintained in SPF
conditions (24 ± 1 °C, 12 h light/dark cycle) with free access to water
and chow. In the process of experiment, all mice were randomly
assigned to one of two groups: test group or control groups. Themice
in the test groupwere fedwith p-CDs (0.1mgmL−1) whereas themice in
control group were fed with pure water. Body weight was measured
every day following injection (n = 3 mice per group). Major organ tis-
sues (heart, liver, kidney, spleen, and lung) and blood samples were
collected at 14 days after fed with p-CDs and blood biochemical ana-
lysis was performed (n = 3 per group). Major organs were immediately
fixed in 4% paraformaldehyde, then embedded in paraffin and sec-
tioned into 5-μm slices. They were finally stained with
hematoxylin-eosin.

In vivo bioimaging with the p-CDs
For establishment of subcutaneous tumor models, Balb/c-nu/nu
mice (4–5 weeks) were provided by Beijing Vital River Laboratory
Animal Technology. Animals were maintained in SPF conditions
(24 ± 1 °C, 12 h light/dark cycle) with free access to water and chow.
After being acclimatized for 1 week, the A549 cells (1 × 107) in 200μL
FBS free RPMI 1640 medium (50% Matrigel) were injected under the
right forelimb armpit to the mice. Mice weight and tumor volume
were monitored every 3 days, and the tumor volume was calculated
as follows: ([short diameter]2 × long diameter)/2. When the tumor
grew to an average volume of 100mm3, and 100μL p-CDs
(0.3mgmL−1) was injected subcutaneously into the tumor of
mouse. Then, themouse was immediately put into the IVIS to acquire
afterglow luminescent signalswith an exposure time of 2min at every
5min within 1 h with an open filter. Similarly, mice were injected with
200μL p-CDs (0.3mgmL−1) by tail vein injection, and the mouse was
put into the IVIS to acquire afterglow luminescent signals with an
exposure time of 2min at 1 h and 24 h. The afterglow image of
resected tumor was taken as above.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
All data needed to evaluate the described conclusions are present in
the manuscript and/or the Supplementary Information. The PL,
absorption and afterglow spectra of CDs, afterglow lifetime of three
kinds of CDs and p-CDs are provided in the source data. And the
atomic coordinates of models (C3, C5 and GNR) are provided in the
Supplementary Data 1. Data are available from the corresponding
authors on request. Source data are provided with this paper.

Code availability
All code used for analyzing the raw data is available upon request from
the corresponding authors.
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