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Nitrogen-doped graphene quantum dots coupled
with photosensitizers for one-/two-photon
activated photodynamic therapy based on a FRET
mechanism†

Jiaheng Sun,ab Qi Xin,b Yang Yang, *b Hameed Shah,b Hongqian Cao,ab

Yanfei Qi,*a Jian Ru Gong*b and Junbai Li c

A novel material with a large two-photon absorption cross-section

was conjugated with a typical photosensitizer for inducing a FRET

process. The photosensitizer can be excited by a one-/two-photon

laser and then induced photo-toxicity in vitro and in vivo. The

system presents great potential for improving treatment depth

and the precision of traditional photodynamic therapy.

Two-photon photodynamic therapy (TP-PDT) is an emerging
research field of recent years. As compared with traditional one-
photon excitation, two-photon excitation has special advantages
such as having high spatial resolution and strong penetrating
capability. Therefore, two-photon techniques have been applied
in PDT to improve its treatment depth and precision.1–4 In the
TP-PDT process, photosensitizers (PSs) absorb two photons of
near-infrared light after two-photon laser excitation, allowing for
deep tissue penetration and low photo-induced damage in tissue.
So far, some novel two-photon PSs have been developed for
TP-PDT.5–15 However, most of them are special organic dyes which
must be specially designed and synthesized through complex
organic synthesis reactions. Furthermore, their limited two-
photon absorption cross-section (TPAC) and low anti-bleaching
abilities also hamper their use in practical TP-PDT applications.
It is critical to develop a stable two-photon photosensitizer with
a large TPAC and good biocompatibility.

In recent years, fluorescence resonance energy transfer (FRET)
theory has been applied in the design of novel TP-PDT systems by
some groups including ours.16–21 In these systems, two-photon
species and PSs, as energy donors and acceptors respectively, have

been integrated together as one nano-system. After two-photon
irradiation, PSs can be excited by two-photon species through
FRET, which causes PSs to produce singlet oxygen and to kill
cancer cells. In this way, traditional PSs can be endowed with a
two-photon absorption function, which is a promising way to
improve PDT treatment depth. In FRET induced TP-PDT systems,
the two-photon material must have enough TPAC to ensure
two-photon induced FRET efficiency. Recently, a series of nano-
materials with such a two-photon absorption function have been
reported for TP-PDT, such as semiconductor nanoparticles,22

carbon nanomaterials,23 silicon-based nanoparticles,24 gold
nanoparticles25 and polymeric nanomaterials.26 The emphasis is
to select suitable species with a large TPAC, good biocompatibility
and stability as donor materials to pair up with PSs in FRET
induced TP-PDT systems.

In our previous work, we synthesized nitrogen-doped graphene
quantum dots (N-GQDs). The materials exhibited a large TPAC
(4.8 � 104 GM), good biocompatibility and extraordinary photo-
stability, and could be applied in long-term two-photon fluores-
cence imaging of biological tissues.27 In this work, a typical
photosensitive drug, Rose Bengal (RB), was selected to pair up
with N-GQD to induce the FRET process (Scheme 1). The two
species were conjugated together to form N-GQD–RB through
a simple coupling reaction. Therefore, RB can be excited by
N-GQD under one- or two-photon laser irradiation and can then
induce photo-toxicity through an intramolecular FRET process.
Two-photon excitation endows N-GQD–RB with the feasibility

Scheme 1 Schematic illustration of the conjugation of N-GQD–RB and
the application of TP-PDT via the FRET process.
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of deep tissue treatment and precise therapy. We investigated
the intramolecular FRET mechanism of the coupling material
and one-/two-photon induced photo-toxicity in vitro and in vivo.
The system could hopefully be used to improve the depth and
precision of traditional PDT.

In this system, N-GQD was conjugated to RB by 4,7,10-trioxa-
1,13-tridecanediamine to synthesize N-GQD–RB. N-GQD was
synthesized and characterized according to our previous work.27

RB was selected as the energy acceptor because its maximum
absorbance wavelength (560 nm) was close to the maximum
emission wavelength (525 nm) of the energy donor (N-GQD).
The large overlap region of the two spectra (Fig. 1a) indicated
the possibility of FRET.28 TEM images show that the diameters
of N-GQD–RB are about 5 nm (Fig. 1c), a little larger than that of
N-GQD (Fig. 1b), owing to the coupling of RB. The RB coupling
was also identified using FT-IR spectroscopy, as shown in Fig. 1d.
In comparison with the spectra of N-GQD and RB, the bands at 1292
(vibration of C–N), 1531 (vibration of N–H), and 1639 (vibration of
CQO) cm�1 in the spectrum of N-GQD–RB were attributed to the
amide bond.29 In Fig. 1e and f, the CLSM images show that N-GQD
and N-GQD–RB have good dispersion and high fluorescence inten-
sity. The inset digital photograph images in Fig. 1e and f show that
N-GQD has a strong green fluorescence under ultraviolet light
irradiation, while the fluorescence after conjugation with RB is
red. The UV/Vis spectrum of N-GQD–RB also displayed an increased
absorption between 350 nm and 400 nm, and a red shift of the RB
characteristic peak, which is attributed to the conjugation of N-GQD
and RB (Fig. S1, ESI†).

The FRET between donors and acceptors results in the
quenching of the donor fluorescence, decreasing of the donor
fluorescence lifetime, and enhancement of the acceptor
fluorescence lifetime. In light of this, a variety of methods to
detect all of these processes have been reported.30 In this study,
the FRET process was confirmed through detecting the bleach-
ing of the acceptor fluorescence, while simultaneously measur-
ing the increase in donor fluorescence intensity. The acceptor
dyes (RB) in a local region of N-GQD–RB were selected to be

bleached with a high-intensity 559 nm laser, while ones beyond
this region were not. As shown in Fig. S2 (ESI†), N-GQD–RB did
not show the green fluorescence of the donor dye (N-GQD) before
bleaching the RB, which confirmed that N-GQD transferred
energy to RB. On the contrary, the region in which RB was
bleached showed strong green fluorescence because there was
no energy acceptor, which indicated that the FRET occurred
between N-GQD and RB.31

Time-resolved fluorescence measurements were used to con-
firm the efficiency of the FRET process. The fluorescence decay
curves (Fig. 2a and b) were fitted with a bi-exponential fit. For
N-GQD–RB, the average lifetime (tD–A) of the fluorescence decay
at 525 nm was 1.83 nanoseconds (ns), which was shorter than
that of N-GQD alone (tD = 3.63 ns). Moreover, the fluorescence
decay of emission at 580 nm of RB had an average lifetime (tA)
of 381 picoseconds (ps), but the average lifetime (tA–D) of the
N-GQD–RB emission at 580 nm was extended to 552 ps. Both
the shortened fluorescence lifetime of the donor and the
lengthened fluorescence lifetime of the acceptor suggested that
effective FRET occurs between N-GQD and RB.32 The efficiency
(E) of FRET was calculated by the equation:

E = (tD � tD–A)/tD

where tD and tD–A are the lifetimes of the donor before and
after being linked with RB respectively. The efficiency of FRET
was calculated to be 49.6% for this system.

The fluorescence spectra of N-GQD, RB and N-GQD–RB were
obtained using a one-photon laser at 405 nm and a two-photon
laser at 800 nm. As shown in Fig. 2d, RB (red spectrum) was
hardly able to be excited by two-photon irradiation, which is
because of the low TPAC of RB. However, the fluorescence
intensity of N-GQD–RB (green spectrum) was greatly enhanced
at 580 nm. Meanwhile, there was a decrease in the fluorescence
intensity of N-GQD–RB at 520 nm compared with N-GQD alone,
whether by one-photon or two-photon excitation (Fig. 2c and d).

Fig. 1 Characteristics of N-GQD–RB. (a) Absorption spectrum of RB and
emission spectrum of N-GQD. TEM images of (b) N-GQD and (c) N-GQD–RB.
(d) FT-IR spectra of N-GQD, RB and N-GQD–RB. CLSM image of (e) N-GQD
and (f) N-GQD–RB with excitation at 405 nm and 559 nm, respectively. Inset:
Digital photograph of N-GQD and N-GQD–RB aqueous solution under the
irradiation of daylight (left) and ultraviolet light (right).

Fig. 2 Fluorescence decay curves of (a) N-GQD and N-GQD–RB (the
fluorescence intensity was detected at 525 nm with excitation at 455 nm),
and (b) RB and N-GQD–RB (the fluorescence intensity was detected at
580 nm with excitation at 455 nm). (c) Fluorescence spectra of N-GQD, RB
and N-GQD–RB. The excitation wavelength was 405 nm. (d) Two-photon
excitation fluorescence spectra of N-GQD, RB and N-GQD–RB. The
excitation wavelength of the two-photon laser was 800 nm.
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These results also provide evidence that FRET happens between
N-GQD and RB through one-/two-photon excitation.

Singlet oxygen is the main product during the photodynamic
process. However, it is difficult to detect the level of singlet
oxygen in physiological solution because of its short lifetime.
Therefore, a selective singlet oxygen trap, ABDA (9,10-anthracene-
diylbis(methylene) dimalonic acid, a sensitive molecule to reactive
oxygen species), was used to investigate the photogeneration of
singlet oxygen from N-GQD, RB and N-GQD–RB, respectively. Mea-
suring the decrease in absorption intensity of ABDA at 400 nm has
been reported to allow the increase in the concentration of singlet
oxygen in solution to be monitered.33 As shown in Fig. 3a, during
irradiation of the ABDA-containing N-GQD–RB solution using
480 nm light from a xenon lamp, the absorbance of ABDA at
400 nm decreased gradually with increased irradiation time. In
Fig. 3b, the absorbance of ABDA decreased to 1.2% for N-GQD–RB
after 40 minutes of irradiation and 57.9% for RB. However,
the absorbance of ABDA with N-GQD and a blank sample (no
N-GQD–RB) almost had no decrease under the same experi-
mental conditions because of its inability to generate singlet
oxygen (Fig. S3, ESI†). As a comparison, 530 nm light was also
used to irradiate N-GQD–RB and RB at the same concentration.
As shown in Fig. S4 (ESI†), the singlet oxygen yield was similar
for N-GQD–RB and RB under this condition. This was attributed
to N-GQD not being excited and failing to transfer energy to
RB by 530 nm light irradiation. These results suggested that
N-GQD–RB could enhance singlet oxygen generation based on
intramolecular FRET.

The 3D reconstruction CLSM image was used to confirm the
cellular uptake of N-GQD–RB after cancer cells (MCF-7) were
co-cultured with N-GQD–RB for 4 hours. In Fig. 3c, the red dots
are located outside of the nucleus and are surrounded by the
cytomembrane of the cells, which meant that a large amount of

N-GQD–RB had been internalized into the cytoplasm of cancer
cells after incubation for 4 hours.

Furthermore, an MTT assay was applied to evaluate the
cytotoxicity of N-GQD–RB. The photo-cytotoxicity was measured
by irradiating MCF-7 cells for 10 minutes with a xenon lamp
through a 480 nm filter after being co-cultured with N-GQD–RB
for 4 hours. As shown in Fig. 3d, the cell viability exhibited a
dose-dependent decrease, decreasing from 100% to 35% when
the dose of N-GQD–RB increased from 0 to 60 mL, showing that
N-GQD–RB is efficient for PDT in vitro. To compare the cyto-
toxicity of N-GQD–RB in the light and in the dark, we also tested
the dark-cytotoxicity of N-GQD–RB co-cultured with cells in the
dark for 24 hours with the same dose as that of the photo
treatment group. In the dark treatment group, the cell viability
remained above 80% even after exposure to a high concen-
tration of N-GQD–RB, which suggested that N-GQD–RB had
good biocompatibility and low dark toxicity for MCF-7 cells.

In addition, N-GQD–RB induced cytotoxicity by two-photon
excitation was investigated by CLSM with a two-photon laser. The
untreated MCF-7 cells (control) or cells treated with N-GQD, RB, or
N-GQD–RB were irradiated with a two-photon laser at 800 nm,
and then the dead cells were labeled by PI staining.34 As shown in
Fig. S5 (ESI†), the control group cells and the cells co-cultured
with N-GQD or RB did not show any significant change in cell
morphology after irradiation with a two-photon laser. However,
there was a strong red fluorescence emission from cells treated
with N-GQD–RB (Fig. 3e), and it can be seen that the cell
morphology changes (Fig. 3f), which proved that N-GQD–RB
induces strong two-photon toxicity. The results also verified that
RB could be excited under two-photon laser irradiation through
the FRET mechanism and induce two-photon cytotoxicity.

The coupled-material induced photo-toxicity also was investi-
gated through in vivo experiment. The ears of mice were cleaned
and then N-GQD–RB dispersed solution was injected into the
mouse via the tail vein. Fig. S6a and b (ESI†) show the two-photon
and one-photon images of the same blood vessels at different
vertical depths. The fluorescence intensity decreases with the
increase of depth, which is mainly because of the scattering of
excited fluorescence. However, obviously, deeper blood vessels
were observed with two-photon excitation. The blood vessels in
the two-photon images were much clearer and had a higher
signal-to-noise ratio than those in the one-photon images. These
results show a great potential of N-GQD–RB for application in
precise and deep therapy after two-photon excitation. Then, an
artery was selected to perform the blood vessel closure experi-
ment. As shown in Fig. 4a, the blood vessel in the scanned area
shows no fluorescent signal after irradiation for about 8 minutes,
which indicates the closure of the blood vessel. The control group
was tested with the same dose of FITC-dextran and given the
same dose of irradiation. However, the images (Fig. 4b) show no
significant change after irradiation. These results exclude the
interference of the laser irradiation itself. The effect benefits from
high spatial selectivity and strong penetrating capability of two-
photon excitation. We believe this technology is extremely helpful
for some delicate operations, such as in the eye or brain, which is
unattainable by conventional one-photon PDT.

Fig. 3 (a) Absorption spectra of ABDA in the presence of N-GQD–RB
under irradiation for different periods of times. (b) Normalized absorbance
changes of ABDA caused by singlet oxygen oxidation plotted against
irradiation time at 400 nm with different drugs (irradiation at 480 nm).
(c) The 3D reconstruction CLSM image of MCF-7 cells co-cultured with
N-GQD–RB for 4 hours; the orthogonal section images at the bottom
and on the right were recorded along the yellow lines. (d) Cell viability of
MCF-7 cells cultured under various conditions. *p o 0.05 for cells with
different N-GQD–RB doses vs. control. #p o 0.05 for cells with the same
N-GQD–RB dose after light treatment vs. no light treatment. (e) The CLSM
images of MCF-7 cells co-cultured with N-GQD–RB, and stained with PI.
(f) Transmission light images of MCF-7 cells.
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In summary, we have synthesized stable photosensitizer-
coupled graphene quantum dots, N-GQD–RB, which can be
used for two-photon-induced PDT based on the FRET mecha-
nism. Nitrogen-doped graphene quantum dots (N-GQD) with
a large TPAC, as two-photon donors, were conjugated with
traditional photosensitizers RB, as acceptors. The experimental
results suggest that the materials possess good photo-stability
and biocompatibility. RB can be excited by N-GQD with a
one- or two-photon laser through an intramolecular FRET
process. N-GQD–RB exhibits high cytotoxicity after irradiation
under one- or two-photon laser irradiation. Furthermore, two-
photon induced PDT was also verified through blocking the
targeted blood vessel with high precision utilizing only a very
small amount of the drug and a low dose of two-photon
irradiation. Therefore, N-GQD–RB exhibits a high potential in
one- or two-photon PDT for improving treatment depth and
precision.
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