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Carbon Dots as Multifunctional Phototheranostic Agents
for Photoacoustic/Fluorescence Imaging and
Photothermal/Photodynamic Synergistic Cancer Therapy

Minhuan Lan, Liang Guo, Shaojing Zhao, Zhenyu Zhang, Qingyan Jia, Li Yan, Jing Xia,
Hongyan Zhang, Pengfei Wang,* and Wenjun Zhang*

Phototheranostics combines diagnosis and image-guided therapy of disease
using a single agent, which makes it a potential clinical approach for cancer
treatment. However, as the core element of phototheranostics, most
phototheranostic agents are activated by the UV–visible light, which falls
outside of the phototherapy window and results in poor tissue penetration
capability. Moreover, they are in general only capable of generating reactive
oxygen species or heat. To integrate photodynamic and photothermal
therapies into a single treatment modality is thus expected to broaden the
applicability and improve the efficiency of this technique. In this work, carbon
dots (CDs) with absorption range up to 1100 nm are synthesized by
hydrothermal treatment of 1,3,6-trinitropyrene and Na2SO3. The CDs could
simultaneously present strong fluorescence and generate 1O2 through
two-photon excitation mechanism, and they also show outstanding
photothermal conversion capability under irradiation by an 800 nm
femtosecond pulsed laser. Moreover, the broad absorption spectrum of the
CDs enable them to be used as an agent for photoacoustic (PA) imaging. The
in vitro and in vivo experiments demonstrate that the CDs have good
biocompatibility and can serve as multifunctional phototheranostic agents for
PA/fluorescence imaging, and photodynamic/photothermal synergistic
cancer therapy using a single near-infrared laser.

1. Introduction

Imaging-guided phototherapy is a promising clinical approach
which can significantly improve precision and accuracy of
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cancer therapy due to its advantages of
in situ and real-time monitoring of tu-
mor location and light-controlled tumor
destruction.[1] Most of the research reported
thus far on the image-guided photother-
apy relies on the combination of fluores-
cence (FL) imaging and photodynamic ther-
apy (PDT), where the fluorescent agents
are used to define the tumor and to con-
trol/monitor the therapy efficiency, and can-
cer cells are killed by highly toxic reactive
medium (such as reactive oxygen species,
ROS) produced upon light irradiation of
the same agent or other photosensitizers
(PSs) combined with it.[2] Some organic
compounds, such as phthalocyanine, por-
phyrin, and bacteriochlorin derivatives have
demonstrated their capability of simultane-
ously emitting fluorescence and generating
1O2 species, and they have been applied as
PDT agents in clinical cancer treatment.[3]

However, these PSs have the excitation and
emission wavelengths in general in the UV
or visible light range, and the fluorescence
imaging and phototherapy performance are
restricted by the limited optical penetration
depth for the light out of the phototherapy

window (700–900 nm).[4] Moreover, though PDT is superior
to the conventional cancer treatment methods (e.g., surgery,
chemotherapy, and radiotherapy) due to its controllable tumor
destruction, noninvasiveness, minor side effects, and negligible
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Scheme 1. Schematic preparation procedure and working mechanism of CDs.

drug resistance, its therapeutic efficacy is affected by factors such
as the reduced partial oxygen pressure in tumor tissues, and the
short lifetime and limited diffusion distance of ROSs inside the
cells.[5]

Recently, it has been revealed that integrating PDT with the
other phototherapy approaches, for example, photothermal ther-
apy (PTT), is an effective approach to overcome the current lim-
itations of PDT.[6] By combining the organic PSs to the PTT
agents, such as carbon nanomaterials and gold nanostructures,[7]

dual-mode phototherapy (PDT and PTT) with higher therapeutic
efficacy has been demonstrated. However, because the PSs and
PTT agents have unmatched absorption, two lasers with differ-
ent wavelengths are generally required to activate these hybrid
matrixes, for example, visible light to excite PSs and near-infrared
(NIR) laser to activate PTT agents. Although there are also reports
on the organic dyes that could simultaneously generate ROS and
heat under the irradiation of a single NIR laser,[8] the photo- and
chemical-stabilities, water solubility, and tumor targeting efficacy
of these dyes are still serious issues to be concerned. Develop-
ment of new agents that could take the advantages of dual-mode
phototherapy and enable an alternative imaging mode to visual-
ize the deep tissues is still a challenge to meet the requirements
of clinical applications.
Carbon dots (CDs) have been illustrated to be a new group

of PDT agent; the outstanding photo and chemical stability of
CDs together with their excellent biocompatibility make them a
favorable candidate with the overall performance superior to that
of organic and inorganic phototherapeutic agents for biomedical
applications.[9] A 1O2 generation quantum yield of �130% that
is the highest for all PSs reported thus far has been observed on
the N and S co-doped graphene quantum dots under white light
irradiation.[10] It was also revealed that the graphene quantum
dots could efficiently generate ROS though a two-photon exci-
tation (TPE) mechanism;[11] and the nonlinear excitation mode
by NIR femtosecond pulsed laser in TPE extended the applica-
tion of PSs to the NIR region, which allowed a deeper penetra-
tion in tissue, higher spatial resolution of imaging, and less pho-
tobleaching to PSs as compared with the one-photon-excitation
(OPE) mode.[12] In addition to the ROS generation, CDs have
also demonstrated attractive photo-thermal conversion ability.[13]

S-doped CDs prepared by polythiophene exhibited a photother-
mal effect and photoacoustic (PA) imaging ability, and the CDs
could be utilized for deep tissue imaging and photothermal ther-
apeutic agent for cancer treatment.[14] As compared with tradi-

tional imaging technique, PA imaging takes the advantages of
high resolution from optical imaging and deep tissue penetra-
tion from ultrasound waves, which enables it to be applied in
real-time and noninvasive diagnosis of diseases.[15] Remarkably,
it was also revealed that the S-doped CDs prepared by a differ-
ent polythiophene derivate could integrate the PDT and PTT
functions in a single entity under 635 nm laser irradiation; and
decent photothermal conversion efficiency (�36.5%) and 1O2

generation quantum yield (�26.5%) were achieved.[16] However,
their excitation wavelengths were still in the visible light region,
which limited their clinical application. Recently, through heavy
atoms doping, we prepared S, Se-codoped carbon dots which ex-
hibited strong capability of photothermal conversion under TPE
mode,[17] while the fluorescence quantum yield was as low as
�0.5%.
In this study, CDs with a high fluorescence quantum yield of

49% were synthesized through hydrothermal method by using
1,3,6-trinitropyrene and Na2SO3 as the precursors, as shown in
Scheme 1 (further details can be found in the Supporting In-
formation). The as-prepared CDs could simultaneously generate
1O2 and convert photon energy into heat under 800 nm pulsed
laser irradiation. The photothermal conversion efficiency and 1O2

generation quantum yield of CDs were calculated to be �52.3%
and �7.2%, respectively. The absorption range of CDs was ex-
tended to �1100 nm which made them capable for PA imag-
ing. Moreover, our in vitro and in vivo experiments revealed that
the CDs had good biocompatibility and could be used as an in-
tegrated platform for PA imaging, and near-infrared triggered
phototheranostic agent for fluorescence imaging and photother-
mal/photodynamic synergistic cancer therapy.

2. Results and Discussion

2.1. Characterization of CDs

Figure 1a shows the transmission electron microscopy (TEM)
image of the CDs. The inset histogram reveals that the CDs
have a diameter ranging from 3 to 9 nm with a mean at
�5.3 nm. Close observation by high-resolution TEM (HRTEM)
(inset in Figure 1a) suggests the crystalline nature of the CDs,
and the denoted interplanar distance of 0.21 nm agrees with
that of 100 planes of graphitic carbon.[18] The atomic force mi-
croscopy (AFM) image of the CDs dispersed on a silicon substrate
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Figure 1. a) TEM image of CDs. The insets show the particle size distribution histograms (n = 50) and the HRTEM image of a CD. b) Raman spectrum
and c) XPS survey spectrum of CDs, the inset shows the atomic contents of CDs. d) Deconvolution of high-resolution C1s XPS peak.

(Figure S1a,b, Supporting Information) shows that the CDs are
in the platelet configuration with a height of�1.7 nm. The obser-
vation of the disorderedD band at 1345 cm−1 and orderedG band
at 1570 cm−1 in the Raman spectrum in Figure 1b further verifies
the graphitic structure of the CDs, which is consistent with the re-
sult of X-ray diffraction (XRD) measurement in Figure S1c, Sup-
porting Information.[19] X-ray photoelectron spectroscopy (XPS)
was also carried out to study the chemical composition and bond-
ing states of the CDs. In the survey spectrum in Figure 1c, char-
acteristic peaks of C1s, N1s, O1s, S2s, and S2p at about 285,
400, 531, 232, and 169 eV, respectively, were revealed, and their
corresponding atomic contents were evaluated to be 72.7% (C),
3.1% (N), 20.1% (O), and 0.5% (S). Due to the use of a high con-
centration of NaOH and Na2SO3 in the synthesize procedure,
strong Na signals were also observed; and the Na content was es-
timated to be �3.6%. Deconvolution of the high-resolution XPS
C1s peak (Figure 1d) reveals four components with the binding
energies of 284.6, 285.4, 286.6, and 289.2 eV, corresponding to
C─C, C─N/C─S, C─O, and C═O bonds, respectively. The high-
resolution N1s, O1s, and S2p spectra in Figure S2, Supporting
Information, also support the formation of C─N, C─O, and O─S
bonds.Moreover, Fourier transform infrared (FT-IR) spectrum in
Figure S2d, Supporting Information, provides further evidence
of the presence of these functional groups, for example, the broad
peak at �1625 cm−1 is attributed to C═O and C═C bonds, the
absorption at �1390 cm−1 is ascribed to C─N bonding, and the
peaks at�1200 and 1050 cm−1 are assigned to Ar─OH and S═O,

and C─O bonds, respectively. Based on that, we can propose that
the surface of CDs is rich in oxygen-containing groups, such as
carboxyl, carbonyl, and sulfate groups.

2.2. One-Photon and Two-Photon Excitation Optical Properties of
CDs

The UV–vis absorption spectrum of CDs aqueous solution
demonstrated that the CDs had a broad absorption from 250 to
1100 nm, with peaks centered at 282, 363, and 400 nm, which
is the typical absorption for an aromatic structure (Figure 2a).
The yellow-colored CDs aqueous solution delivered strong cyan
FL emission under UV light irradiation (inset in Figure 2a). The
FL quantum yield was calculated to be 49% under 390 nm excita-
tion by using quinine sulfate as the reference. The CDs exhibited
slight excitation wavelength-dependent FL emission (Figure 2b),
and the strongest FL with the peak at �490 nm was acquired
by 400 nm excitation. The result was coincident with their pho-
toluminescence excitation (PLE) spectrum which had the maxi-
mum peak at �408 nm (Figure 2a, red line). The time-resolved
FL spectrum of CDs in Figure 2c revealed a decay lifetime of
4.57 ns of the excited states, which further verified the fluores-
cent characteristics of the emissions. Generally, there have been
two mechanisms accepted to interpret the fluorescence of CDs,
that is, the surface state or surface defect induced emission, and
the bandgap emission. For example, Qu et al. demonstrated that
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Figure 2. a) UV–vis absorption (black line) and excitation (red line) spectra of CDs. The insets show the photograph and FL images of CDs aqueous
solution under a UV light. b) OPE FL spectra of CDs obtained as the excitation wavelength increased from 300 to 500 nm. c) Time-resolved fluorescence
decay spectrum of CDs aqueous solution recorded at 496 nm with the excitation by 355 nm laser. d) TPE FL spectra of CDs obtained with different
excitationwavelengths from 720 to 880 nm. The laser power was kept constant at 100mW. e) TPE FL spectra (λex = 800 nm) of CDs obtainedwith different
laser power from 51 to 157 mW. f) Quadratic relationship of the integrated fluorescence spectrum area with the excitation laser power (λex=800 nm).

the fluorescence of CDs was dominated by the conjugated sp2-
domain and surface charges, and the fluorescence intensity of
CDs could be enhanced by surface engineering with molecules
or polymers enriched with sulfoxide or carbonyl groups. The
CDs exhibited obvious excitation wavelength-dependent emis-
sion, and an enhanced NIR emission at 760 nm was observed
in CDs DMSO solution under 732 nm laser excitation.[20] In con-
trast, though ourCDswere similar toQu’s CDs in several aspects,
for example, platelet configuration in graphitic nature, and sur-
face being rich in oxygen-containing groups, such as carboxyl,
carbonyl, and sulfate groups, our CDs exhibited only slight exci-
tation wavelength-dependent fluorescence. In order to get more
insights into the fluorescencemechanism, the fluorescence spec-
tra of the CDs in different pH aqueous solution were measured.
As shown in Figure S3a, Supporting Information, the CDs exhib-
ited similar fluorescence spectra in a wide pH range from 3 to 9.
Only in strong basic condition (pH from 10 to 12), the fluores-
cence spectra showed slight red-shift (�10 nm) and the intensity
also decreased by�15%. Furthermore, after surfacemodification
with polyethylene glycol (PEG), the fluorescence spectra of the
CDs showed no obvious change (Figure S3b, Supporting Infor-
mation). Based on that, we believe that the surface state or surface
defect (i.e., electronwithdrawing oxygen-containing groups, such
as carboxyl, carbonyl, and sulfate groups) induced emission plays
a minor role in the fluorescence of CDs. Considering the chem-
ical structure of the carbon precursor, the crystalline nature of
CDs as supported by HRTEM, and the observation that the main
PLE bands of CDs agreed well with the corresponding absorption
bands (i.e., two sharp peaks centered at �296 and �408 nm, and
a shoulder peak at �374 nm), the obtained CDs should have a
graphitic structure with large π -conjugated bonds, and emission
of CDs is suggested to originate from band-edge exciton-state de-
cay rather than surface defect-state decay.[21]

The TPE optical properties of CDs aqueous solution were in-
vestigated by using a femtosecond pulsed laser. As shown in
Figure 2d, the TPE FL spectra of CDs under excitation with
pulsed lasers of different wavelengths also displayed excitation
wavelength-dependent characteristic, similar to that observed un-
der OPEmode. The strongest TPE fluorescence spectrumpeaked
at �489 nm was obtained under 820 nm laser excitation, which
coincided with the excitation spectrum (with the maximum peak
at �408 nm). For the excitation with 800 nm laser, the excitation
power-dependent FL spectra are presented in Figure 2e, and it is
clearly shown that the FL intensity increases with the increase of
laser power. The quadratic relationship between the FL intensity
and the laser power (Figure 2f) confirmed the TPE FL. However,
no obvious fluorescence signal could be detected by using 808 nm
diode laser as the excitation light source (Figure S4, Supporting
Information).

2.3. 1O2 Generation and Photothermal Conversion of CDs

The 1O2 generation capability of the CDs was examined by mon-
itoring the characteristic photoluminescence of 1O2. As shown
in Figure 3a, the photoluminescence spectrum of CDs aqueous
solution displayed a strong peak at �1275 nm under a 635 nm
laser excitation. The 1O2 generation quantum yield was calcu-
lated to be�7.2% by using methylene blue (MB) as the reference
(Figure S5, Supporting Information). The 1O2 generation of the
CDs under TPE mode was verified by electron spin resonance
(ESR) spectroscopy using 2,2,6,6-tetramethylpiperidine (TEMP)
as a spin-trapping agent.[22] As illustrated in Figure 3b, the typ-
ical 1O2 induced signal in the ESR spectrum of the CDs-TEMP
mixed solution was enhanced under 800 nm laser irradiation. In
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Figure 3. a) 1O2 luminescence spectrum in D2O solution of CDs obtained with a 635 nm laser irradiation. b) ESR spectra of CDs-TEMP mixture before
and after 800 nm femtosecond pulsed laser irradiation. c) Temperature elevation of water and CDs solutions with different CDs concentrations upon the
irradiation time (800 nm femtosecond pulsed laser, 0.5 mW). d) Temperature variation of CDs solution over 10 ON/OFF cycles of 800 nm femtosecond
pulse laser irradiation.

contrast, in the absence of CDs, no obvious change was observed
in the ESR spectra before and after laser irradiation (Figure S6,
Supporting Information). Furthermore, no obvious 1O2 signal
was detected under 808 nm diode laser irradiation (Figure S7,
Supporting Information), demonstrating that 1O2 was generated
under the TPE mode.
The CDs also showed strong capability in converting NIR light

energy into heat. As shown in Figure 3c, when exposed to the
laser irradiation for 10min, theCDs solutionswith the concentra-
tion of 200, 100, and 50 μg mL−1 demonstrated significant tem-
perature increases by 24.1, 19.6, and 14.1 °C, respectively. In con-
trast, the temperature of pure water (without CDs) only increased
by 9.5 °C under the same laser irradiation. The photothermal
conversion efficiency of the CDs at 808 nm was calculated to be
�52.3% (Figure S8, Supporting Information), which was higher
thanmost of previous reported CDs.More importantly, even after
ten cycles of laser ON/OFF procedures, a temperature elevation
of �24 °C could still be achieved for the CDs aqueous solution
(Figure 3d). This result indicated that the CDs possess good pho-
tostability and photothermal conversion ability in response to the
NIR laser irradiation.

2.4. In Vitro Imaging and Phototoxicity of CDs

The biocompatibility and phototoxicity of CDs to HeLa cells were
evaluated by monitoring the metabolic viability of HeLa cells
using the standard methyl thiazolyl tetrazolium (MTT) assay.

As shown in Figure 4a, the cell viabilities were near 100% after
incubation of HeLa cells with CDs at concentrations ranging
from 12.5 to 100 μg mL−1 for 24 h in dark condition. Even
when the concentration of CDs increased to 200 μg mL−1, the
cells viability remained over 80%. However, when the cells were
exposed to 800 nm laser irradiation, only about 10% cell could
be alive, suggesting the excellent biocompatibility and high
phototoxicity of the CDs.
To reveal potential applications of these CDs in bioimaging

and phototherapy, their cellular imaging capability was studied.
After incubating HeLa cells with CDs for 4 h, the cells were
imaged with a two-photon laser scanning confocal microscopy.
As displayed in Figure 4b,c, HeLa cells exhibited clear green flu-
orescence signal with excitations of either 405 or 800 nm lasers.
Reasonably, the TPE fluorescence image had a better spatial res-
olution than the OPE one due to the nonlinear excitation mode
of TPE, and as indicated by the white arrows, the fluorescence
dots have a sharper contrast. The overlap image of both bright
field and fluorescence as depicted in Figure 4d verified that CDs
were mainly located at cytoplasmic regions. The phototherapy
performance was evaluated through directly monitoring the
morphology change of HeLa cells. As shown in Figure 4e,f, after
3 min irradiation by 800 nm laser (the irradiation district was
marked in red cycle in Figure 4f), HeLa cells were destroyed
completely, while the cells outside the laser beam were still alive.
In addition, in the absence of CDs, the cell morphology had al-
most no difference after laser irradiation (Figure S9, Supporting
Information).
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Figure 4. a) The viability of HeLa cells incubated with different concentrations of CDs in the dark and exposed to 800 nm laser (0.5 mW) irradiation for
10 min. Error bars were based on the standard deviations of three parallel samples. Fluorescence imaging of HeLa cells labeled by CDs under b) 405 nm
and c) 800 nm laser irradiation. d) The overlap image of bright field and fluorescence. Bright field images of HeLa cells incubated with CDs e) before
and f) after irradiation by 800 nm laser for 3 min. The irradiation area is denoted by the red circle.

Figure 5. a–e) PA images of tumor after intravenous injection with CDs (50 μL, 1 mg mL−1) at different time points (0, 2, 4, 6, 8 h). The PA images
were acquired at 680 nm, and the tumors were indicated with the white dashed circles. f) PA signal intensity of the tumor region versus post-injection
duration (0–8 h).

2.5. In Vivo Imaging and Phototherapy

To further explore the in vivo applications of CDs, the bio-
compatibility and histopathological behavior of CDs in mice
were studied. Two groups of mice were intravenously injected
with 100 μL CDs aqueous solution (1 mg mL−1) and PBS,
respectively. The organs, such as livers, hearts, lungs, spleens,
and kidneys of the mice were harvested and analyzed after
30 days. The Hematoxylin and eosin (H&E) stain results are

shown in Figure S10, Supporting Information, no obvious organ
damage was observed in the CDs treated group. Furthermore,
the liver and kidney functions of the mice were studied by
testing the serum levels of alanine aminotransferase (ALT),
alkaline phosphatase (ALP), aspartate aminotransferase (AST),
creatinine (CRE), blood urea nitrogen (BUN), and uric acid
(UA), as summarized in Table S1, Supporting Information; and
the CDs were verified to have little influence on liver and kidney
functions. Moreover, the blood-count data of the mice after being
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Figure 6. a) Photothermal images of 4T1 tumor-bearingmice exposed to the 800 nm laser (0.5mW) for 0, 5, and 10min after injection of CDs (1mgmL−1,
80 μL). b) Time-dependent tumor volumes after different treatments. Error bars were based on the standard deviations of five mice samples. c) The
photograph of the mice before and after different treatments for 22 days.

intravenously injected with CDs aqueous solution (Table S2,
Supporting Information) were all in the normal range. The above
results revealed the excellent in vivo biocompatibility of the CDs.
Although the as-prepared CDs have been successfully applied

in in vitro fluorescence imaging under NIR light irradiation, the
emission in the visible light region limited their in vivo imaging
ability. Given the broad absorbance of CDs, their potential in in
vivo PA imaging capability was investigated by using the 4T1
tumor-bearing nude mice. Figure 5a–e show the PA images of
mice after receiving intravenous injection of CDs for different
time intervals. It is obvious that the PA signal intensity of the
tumor region increases with time after injection, and reaches the
maximum value at approximately 6 h post-injection (Figure 5f).
The in vivo phototherapy performance of CDs was evaluated

by using 800 nm laser as the illumination source. Four groups of
Balb/c nude mice bearing subcutaneous 4T1 murine breast can-
cer cells were used in our experiments. The mice in photother-
apy group were injected with 80 μL CDs (1 mg mL−1) and then
exposed to laser irradiation for 10 min (named as CDs + Laser
group). Three control groups were set up as follows: i) mice in-
jected only with CDs but without laser irradiation (CDs group),
ii) mice only injected with saline but without laser irradiation
(Saline group), iii)mice injected with saline and treatedwith laser
irradiation (Laser group). For the in situ and real-timemonitoring
of the photothermal effect, the full-body infrared thermal images
of themicewere recorded at different time points during the laser
irradiation. As shown in Figure 6a, the temperature at the laser
spot center of the tumors of the CDs + Laser group increased

quickly and reached �65 °C after 10 min irradiation. However,
the temperature of the Laser group showedmuch smaller change
(�T< 5 °C) (Figure S11, Supporting Information). Furthermore,
the tumor volumes of the mice in the four groups were mea-
sured at different days after treatment, as revealed in Figure 6b. In
comparison with the control groups, efficient inhibition of tumor
growthwas observed for the CDs+ Laser group, and significantly
no tumor recurrence was observed during the experiments pe-
riod (Figure 6c). However, the tumors in the control groups grew
dramatically, indicating that neither laser irradiation nor CDs in-
jection alone could inhibit the tumor growth. These results eluci-
dated that the CDs could function as an efficient phototherapeu-
tic agent to kill cancer cells under NIR laser irradiation.

3. Conclusion

In summary, multifunctional CDs were prepared by hydrother-
mal treatment of 1,3,6-trinitropyrene and Na2SO3. The CDs
aqueous solution exhibited strong fluorescence under a UV light
with a high fluorescence quantum yield of 49%. It was revealed
that the CDs could simultaneously generate 1O2 and convert
photon energy into heat under 800 nm pulsed laser irradiation.
The photothermal conversion efficiency and 1O2 generation
quantum yield of the CDs were calculated to be 52.3% and 7.2%,
respectively. Moreover, the broad absorption of CDs enabled
them the capability for PA imaging. The in vitro and in vivo
experiments demonstrated that the CDs could be employed as
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a multifunctional nanoplatform for the simultaneous PA and
fluorescence imaging and highly efficient PDT/PTT of cancer.
This work suggests that CDs could be a promising candidate for
efficientmultimode theranostic applications of cancer treatment.

4. Experimental Section
Detailed experimental materials andmethods can be found in Support-

ing Information. Female nudemice were purchased from the Center for Ex-
perimental Animal, Institute of Process Engineering, Chinese Academy of
Science (Beijing, China). Animal experiments were approved by the China
Committee for Research and Animal Ethics in compliance with the law on
experimental animals.

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