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ABSTRACT Theranostic nanomedicine is capable of diagnosis, therapy, and

monitoring the delivery and distribution of drug molecules and has received
growing interest. Herein, a self-monitored and self-delivered photosensitizerdoped FRET nanoparticle (NP) drug delivery system (DDS) is designed for this
purpose. During preparation, a donor/acceptor pair of perylene and 5,10,15,20tetro (4-pyridyl) porphyrin (H2TPyP) is co-doped into a chemotherapeutic anticancer drug curcumin (Cur) matrix. In the system, Cur works as a chemotherapeutic
agent. In the meantime, the green ﬂuorescence of Cur molecules is quenched (OFF)
in the form of NPs and can be subsequently recovered (ON) upon release in tumor
cells, which enables additional imaging and real-time self-monitoring capabilities. H2TPyP is employed as a photodynamic therapeutic drug, but it also
emits eﬃcient NIR ﬂuorescence for diagnosis via FRET from perylene. By exploiting the emission characteristics of these two emitters, the combinatorial
drugs provide a real-time dual-ﬂuorescent imaging/tracking system in vitro and in vivo, and this has not been reported before in self-delivered DDS which
simultaneously shows a high drug loading capacity (77.6%Cur). Overall, our carrier-free DDS is able to achieve chemotherapy (Cur), photodynamic therapy
(H2TPyP), and real-time self-monitoring of the release and distribution of the nanomedicine (Cur and H2TPyP). More importantly, the as-prepared NPs show
high cancer therapeutic eﬃciency both in vitro and in vivo. We expect that the present real-time self-monitored and self-delivered DDS with multipletherapeutic and multiple-ﬂuorescent ability will have broad applications in future cancer therapy.
KEYWORDS: self-monitoring . self-delivery . FRET . combination therapy . in vitro . in vivo

C

ancer accounts for millions of deaths
annually all over the world.1 Many
types of therapies such as chemotherapy, photodynamic therapy, photothermal therapy, and radiation therapy have
been developed for cancer treatment. Chemotherapy is a dominant modality for most
cancer cases because of its high eﬃciency
compared to other treatments.26 Photodynamic therapy (PDT) is another promising
modality against cancer because of its
noninvasiveness and high selectivity.710
ZHANG ET AL.

In PDT, a photosensitizer (PS) is employed
to transfer its absorbed photoenergy to
surrounding intracellular oxygen leading to
the formation of reactive oxygen species,
typically singlet oxygen (1O2), that consequently induce cell death and necrosis of
proximal tissues.11,12
Each therapy is eﬀective to some extent,
but the outcome of a single therapeutic
treatment remains unsatisfactory for completely curing cancer.13 This deﬁciency
has inspired combinatorial regimens that
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Scheme 1. Schematic illustration on the synthesis of the H2TPyP (photosensitizer, acceptor) and perylene (donor) co-doped
Cur NP and its application for self-delivered and self-monitored chemophotodynamic theranostics. (Cur: chemotherapeutic
anticancer drug).

integrate the additive, synergistic, and complementary
interactions between diﬀerent treatments.1420 Indeed, researches and clinical applications have demonstrated that combinatorial modalities possess
many advantages including improved tumoricidal
eﬃcacy, reduced side eﬀects, and retarded drugresistance.2126 Among abundant combination choices,
“PDT þ chemotherapy” has been shown to be a powerful modality to provide synergistic eﬀects in destructing
cancer tissues.2732
So far, an eﬀective and prevalent strategy for achieving combinatorial photochemotherapies is to encapsulate chemotherapeutic drug and photosensitizers
into nanostructures of inert carriers to exploit the
additional advantages of nanodrugs.19,20,2732 However, the drug loading capacities of such systems
are comparatively low (typically less than 10%). This
signiﬁcantly reduces eﬀective drug accumulation in
targeted tumor areas.33 In the meantime, the inert
carriers may cause undesirable eﬀects.34,35 For example, repeated administrations of high doses of these
excipients can lead to potential systemic toxicity and
serious inﬂammation of internal organs and impose
extra burden on patients to excrete the carriers.36 To
overcome these problems, ideally, drugs should be
assembled into nanostructures for self-delivery to targeted sites without using any inert carriers.3742
Besides improving therapeutic eﬃcacy with such
nanomedicine design, it is also highly desirable
to simultaneously achieve diagnosis and real-time
ZHANG ET AL.

monitoring of the release and distribution of drug
molecules within the same system. This is typically
realized by loading drugs into inert ﬂuorescent NPs or
trapping drugs and ﬂuorescent dyes into nonﬂuorescent NPs.4348 However, in both approaches, these
inert ﬂuorescent NPs or ﬂuorescent dyes lack therapeutic modality which leads to the issues of low drug
loading capacities and potential long-term toxicity. On
the other hand, in situ self-monitoring of the active
drug release in DDSs could be of great beneﬁt, particularly if the reporting signals could be detected in an
independent manner based on the intrinsic properties
of individual drugs without using the nondrug ingredients' signals. This approach may help in characterizing diﬀerent therapeutic modalities for the purpose of
treatment guidance as well as assessing the response
to therapy.
Given these challenges, it is clearly desirable to
develop a self-delivered nanodrug without using any
excipients but with simultaneous function of combination anticancer therapy, diagnosis, and real-time
self-monitoring the release and distribution of diﬀerent drug molecules. In this work, we report carrier-free
PS-doped Förster Resonance Energy Transfer (FRET)
NPs to achieve these multifunctions (Scheme 1). In
our design, a donor/acceptor pair of perylene and
5,10,15,20-tetro (4-pyridyl) porphyrin (H2TPyP) is codoped into a chemotherapeutic anticancer drug curcumin (Cur) matrix (termed as co-doped NPs). The Cur
matrix disperses and stabilizes the PSs to prevent their
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Figure 1. Structural characterization of the co-doped NPs. (a) SEM and (b) TEM images of the co-doped NPs (insets are
corresponding SEM and TEM images of higher magniﬁcations). (c) DLS and PDI measurements and (d) zeta potential of the codoped NPs in aqueous medium.

aggregation and enable their use in an aqueous environment. The green ﬂuorescence of Cur molecules is
quenched (OFF) in the form of NPs, but recovered (ON)
upon release in tumor cells, enabling real-time selfmonitoring of their delivery and release. Meanwhile,
H2TPyP delivers eﬃcient NIR ﬂuorescence for diagnosis
as well as generates suﬃcient 1O2 for PDT via FRET
(from perylene) and doping. To demonstrate the concept, herein, we systematically investigated the optical
properties, photo- and bioenvironmental stability,
and real-time monitoring capacity of the co-doped
NPs and tested their in vitro and in vivo combination
therapeutic applications in, respectively, A549 human
lung carcinoma cancer cells and on tumor bearing
nude mice.
RESULTS AND DISCUSSION
Preparation and Characterization of Co-doped NPs. Figure 1
panels a and b are, respectively, SEM and TEM images
of co-doped NPs showing well-defined nanospheres of
80100 nm in diameter. Dynamic light scattering (DLS)
measurement (Figure 1c) gives a hydrodynamic diameter of about 93 nm and a polydispersity index (PDI) of
0.244. The enhanced permeability and retention (EPR)
effect is one of the most important features and results
of tumor angiogenesis, advantage of which can be
taken by nanomedicine to achieve enhanced accumulation in a tumor site.49 Among different factors, the size
of NPs plays the most important role in EPR-based
tumor passive targeting. It has been found that NPs
ZHANG ET AL.

with sizes smaller than 200 nm work most effectively in
targeting a tumor because particles larger than 200 nm
could be cleared from the bloodstream more rapidly
by the spleen.49 The size of the co-doped NPs here is
approximate 100 nm which should be suitable for
passive targeting via EPR. Furthermore, because of the
existence of excess phenolic and enolic hydroxyl groups
on Cur, the co-doped NPs appeared to be negatively
charged with a zeta potential of around 19.4 mV
(Figure 1d).
These NPs are composed of Cur, perylene, and
H2TPyP. Cur is a hydrophobic polyphenol derived from
the rhizome of the herb Curcuma longa and exhibits a
wide range of pharmacological eﬀects including antiinﬂammatory, anticancer, and antiangiogenic properties to a broad variety of tumor cell lines.50 However, its
application is hindered by extremely low water solubility and poor bioavailability. Herein, these limitations
are addressed by making it in the form of nanomaterials. By reducing the particle size, drug NPs can
achieve a high ratio of surface area to volume. Because
of the signiﬁcant increase in the surface area, drug NPs
would thus have a greater increased water dispersibility and bioavailability.51,52
The action mechanisms of the present nanoplatform are as follows: In the ﬁrst stage, upon immediate
cell-intake, the intact nanoparticles would have no
chemotherapeutic eﬀects. They will exhibit strong
red ﬂuorescent from H2TPyP with good PDT via the
enhancement eﬀect of FRET from perylene. After
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composition

Cur

perylene

H2TPyP

weight ratio (wt %)

77.6%

22.3%

0.1%

partial release of Cur and H2TPyP, the released Cur will
give green emission and chemotherapeutic eﬀects.
The released H2TPyP will continue to give red emission
and PDT eﬀects. However, as the released H2TPyP and
perylene molecules in the cell will have much increased distance well over the eﬀective transfer radius
(typical within 10 nm range) of FRET, the FRET eﬀect
will no long be signiﬁcant for the released H2TPyP.
Therefore, in this stage, the released H2TPyP will
behave like free H2TPyP molecules in solution. Alternately, the undissolved part of the co-doped NPs will
continue to give strong red emission and PDT eﬀect via
the contribution of the FRET eﬀect. Therefore, in our
system, all of the three components make essential
and active contribution to the resulting therapeutic
eﬀect.
The compositions of the co-doped NPs are listed in
Table 1. The weight percentages of Cur, perylene, and
H2TPyP are 77.6%, 22.3%, and 0.1%, respectively. The
optimal molar ratio of H2TPyP in the H2TPyPperylene
FRET pair is set to be 0.2% to obtain the highest 1O2
yield and the strongest ﬂuorescence according to our
previous studies.53 The co-doped NPs were prepared
via the traditional reprecipitation method by rapidly
dropping a tetrahydrofuran (THF) solution of Cur,
H2TPyP, and perylene into water under stirring.
An important advantage of the present carrier-free
PS-doped FRET NPs is its high drug loading capacity as
a combinatorial therapeutic system. As Cur itself constitutes the matrix of the NPs, the average Cur loading
eﬃciency is estimated to be 77.6% by using HPLC and
standard absorbance curves (Supporting Information,
Figure S1 and S2). Drug loading capacities of most
reported nanomaterial-based DDSs for combinatorial
therapy are typically below 10% (Table S1). To the best
of our knowledge, the drug loading capacity obtained
here is the highest among nanomaterial-based DDSs
for combinatorial therapy. DDSs with high drug loading would be a potential strategy for future clinical
application. This high drug loading capacity addresses
various potential adverse eﬀects caused by inert carriers or excipient agents in typical nanomaterial-based
DDSs. More importantly, it is more eﬃcient in delivering the active pharmaceutical ingredients by a highdrug-loading DDS per tumor localization event. The
total NPs dose needed to deliver a given amount of
drugs can thus be extremely reduced. These merits are
greatly beneﬁcial to practical clinical translation of
nanomaterial-based DDSs in future cancer therapy.
Photophysical Properties of Cur NPs, PS NPs and Co-doped
NPs. The present carrier-free theranostic co-doped NPs
ZHANG ET AL.

consist of three optically active materials: H2TPyP
and perylene doped in Cur matrix. The two dopants
(H2TPyP and perylene) are used as a FRET pair. Figure 2a
suggests that the emission spectrum of perylene overlaps well with the excitation spectrum of H2TPyP, which
is an essential prerequisite to allow efficient energy
transfer. We also measured the change in fluorescence
lifetime of H2TPyP (Figure 2b) and perylene (Figure 2c)
upon doping in the Cur matrixes. Accompanying the
quenching of perylene fluorescence was a drastically
concomitant generation of H2TPyP emission. The lifetime of perylene NPs is decreased after doping into
Cur. In contrast, the lifetime of H2TPyP increases from
0.041 to 13.67 ns at 655 nm after forming the co-doped
NPs. The remarkable opposite changes in fluorescence
lifetime are mainly attributed to the FRET effect. Nevertheless, increase in emission lifetime at 655 nm can
also due to a reduced aggregation effect or possible
electron transfer effects. Further work will be needed
to distinguish the relative contributions from these
causes.
In the co-doped NPs, the Cur matrix not only hosts
and stabilizes the PS (H2TPyP), but also eﬀectively
solves the problem of aggregation and self-quenching
of the PS. Cur molecules in solution show a strong
green ﬂorescent peak at 520 nm. In contrast, Cur solid
in the form of NPs displays negligible ﬂuorescence
(Figure 2d) due to aggregation induced quenching
eﬀect. However, Cur molecules can recover their ﬂuorescence once release from the NPs. Therefore, in
addition to hosting the PS, the Cur matrix also plays
two other roles of self-delivery and self-monitoring of
the drug release with a ﬂuorescence, namely, the
“OFFON” eﬀect (Figure 2f). Upon entering tumor
cells, the co-doped NPs (“OFF”-state) will release Cur
molecule (“ON”-state) giving rise to green ﬂuorescence. Meanwhile, in the whole process, H2TPyP would
give red emission and PDT eﬀects both before (with
FRET enhancement) and after (without FRET enhancement) releasing.
Figure 2e displays the absorbance and ﬂuorescence
spectra of the co-doped NPs. The emission peaks at 655
and 570 nm are attributed to H2TPyP and perylene,
respectively. As expected, no Cur emission (520 nm)
appears in the spectrum, indicating the ﬂuorescent
state of Cur is “OFF” in the co-doped NPs. This ﬁnding is
in line with the result shown in Figure 2d. Figure 2f
shows photographs of Cur in THF solution and the Cur
NPs, the H2TPyP NPs, and the co-doped NPs (from left
to right) in water under room light (upper photo) and
UV (lower photo) irradiation. The lower photograph in
Figure 2f clearly demonstrates that the original green
ﬂuorescence of Cur in solution is quenched upon
formation of Cur NPs. The co-doped NPs possess a
much stronger red ﬂuorescence upon UV light irradiation when compared to that from the pure H2TPyP NPs
with the same concentration of H2TPyP in the coVOL. 9
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Figure 2. Photophysical properties. (a) Excitation and emission spectra of the H2TPyP (acceptor) and the perylene (donor).
(b) Fluorescence lifetime measurements of H2TPyP in pure H2TPyP NPs (green line, 120 μM in water) and co-doped NPs (red
line, 120 μM in water) at 655 nm. (c) Fluorescence lifetime measurements of perylene in pure perylene NPs (blue line, 120 μM
in water) and co-doped NPs (red line, 120 μM in water) at 570 nm. IRF: instrumental response function. (d) Fluorescence
intensity of free Cur in THF and Cur NPs in water. (e) Absorbance and ﬂuorescence spectra of the co-doped NPs. (f)
Photographs of the Cur solution, the Cur NPs, the H2TPyP NPs, and the co-doped NPs under room light (upper photos) and UV
light (lower photos). A beam of red laser shines through the samples in the upper photograph to show scattering from the NPs
via the Tyndall eﬀect.

Figure 3. Singlet oxygen phosphorescence emission spectra from the co-doped NPs. The sample was excited at
438 nm, and the experiment was performed in buﬀered
D2O, which was used because singlet oxygen has a higher
phosphorescence quantum eﬃciency in D2O than in H2O.54

doped NPs. This indicates that the present co-doping
strategy can considerably enhance the ﬂuorescence
from H2TPyP for imaging via the combined eﬀects of
doping and FRET (see Figure 2f lower photograph). The
ﬂuorescence quantum yield of H2TPyP in the co-doped
NPs dispersed in water is determined to be ∼5.57%. It
is worth pointing out that carrier-free NPs containing
more than one drug with their independent ﬂuorescence at diﬀerent colors applied to self-monitoring
their release have never been reported. The additional
OFFON switching ﬂuorescence of the Cur matrix
further endows the present co-doped NPs with unique
multifunctional diagnosis/imaging capabilities.
Generation of Singlet Oxygen (1O2). To confirm the singlet oxygen generation ability of the co-doped NPs, its
ZHANG ET AL.

photoluminescence spectrum in D2O was measured (Figure 3). The emission peak around 1272 nm
matches well with the 1O2 characteristic phosphorescence emission.54
To further monitor the 1O2 generation in the codoped NPs, we used the disodium salt of 9,10-anthracenedipropionicacid (ADPA) as a sensor, which would
be bleached to its endoperoxide in the presence of
1
O2.55 In the experiment, we added ADPA to dispersions of diﬀerent NPs and recorded the absorption
spectra (Figure 4 and Figure S3) of the samples upon
continuous irradiation. Figure 4 panels a, b and c are
the time-dependent bleaching of ADPA caused by 1O2
generated by the co-doped NPs, the H2TPyP NPs, and
the Cur NPs, respectively. Figure 4d summarizes the
variation of the absorbance intensity at 378 nm of
diﬀerent materials as a function of irradiation time. In
the sample with the co-doped NPs, the fastest decrease of the absorbance of ADPA indicates the highest
singlet oxygen yield from the co-doped NPs. Much less
photobleaching of ADPA was observed in the dispersions of the H2TPyP NPs, the perylene NPs, or the Cur
NPs. The much lower 1O2 yield of the H2TPyP NPs is due
to aggregation quenching resulting from ππ stacking of the planar molecules. The 1O2 quantum yield was
measured using a chemical trapping method with
ADPA as the trapping agent and Rose Bengal (RB) as
the standard photosensitizer (1O2 quantum yield ΦRB =
0.75 in water). As illustrated in Figure 4d and Figure S4,
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Figure 4. Time-dependent bleaching of ADPA caused by 1O2 generated by (a) the co-doped NPs, (b) the H2TPyP NPs, and
(c) the Cur NPs. (d) The change in ADPA absorption at 378 nm as a function of the irradiation duration.

the 1O2 quantum yield of the pure H2TPyP NPs and the
co-doped NPs solutions are determined to be 3.43%
and 10.6%, respectively. The enhanced singlet oxygen
generation from the co-doped NPs is due to doping
and FRET eﬀects. Both the doping of H2TPyP into Cur
matrix and the FRET eﬀect between H2TPyP and perylene can signiﬁcantly improve the 1O2 generation.
Stability. Stability of the nanomaterials in physiological environments is of vital importance prior to their
biomedical applications. So herein we measured the
stabilities of the co-doped NPs in different conditions
as shown in Figure 5. For the intended applications,
efficiency of the NPs could be affected by several
issues. The first concern is the potential of premature
leakage of the photosensitizer before reaching the
targeted tissue. Another is the photostability of the
photosensitizer. To examine these two potential
issues simultaneously, we monitored the absorbance
of the co-doped NPs upon irradiation. As depicted in
Figure 5a, there is little denaturation after 60 min
irradiation. These results indicated that the hydrophobic H2TPyP molecules are tightly and stably held within
the co-doped NPs and do not leak into the aqueous
solution under our experimental conditions. Meanwhile, the absorbance of co-doped NPs retains more
than 90% of the original intensity after continuously
irradiating for 60 min while the absorbance of a
commercial organic dye (fluorescein sodium) was decreased to 14% (Figure 5b and Figure S5), which
ZHANG ET AL.

suggested that the co-doped NPs have negligible
degradation upon the irradiation.
To further verify the eﬀectiveness of the co-doped
NPs to act as an optical imaging agent in a biological
environment, the stability of co-doped NPs in diﬀerent
pH conditions was further investigated. As shown
in Figure 5c and Figure S6, no obvious ﬂuorescence
quenching on the corresponding ﬂuorescence peak
(655 nm) was observed in both PBS (pH 7.4) and various
buﬀer solutions with diﬀerent pH values ranging from
2 to 10 compared with that in pure water, demonstrating that the ﬂuorescence intensity is independent of pH
in a wide range, which is beneﬁcial for their potential
bioimaging applications. We also measured the monodispersed stability of the co-doped NPs in the aqueous
environment to ensure that the co-doped NPs would
not aggregate after a period of time. As displayed in
Figure 5d, the increase in diameter of the co-doped NPs
was negligible in PBS buﬀer and their PDI value remains
around 0.2 within 172 h. Apart from PBS buﬀer, we also
tested the size stability of the co-doped NPs in Dulbecco's modiﬁed Eagle's medium (DMEM) supplemented
with 10% FBS and 1% penicillin/streptomycin. As shown
in Figure S7, the co-doped NPs exhibited good monodispersed stability over 14 days which is essential for
further in vivo administration. All these results demonstrated that the present co-doped NPs possess good
water dispersibility and robust stability in a variety of
bioenvironments for further application.
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Figure 5. (a,b) Photo- and (c) pH-stabilities of the co-doped NPs. (d) Size-stability of the co-doped NPs dispersed in PBS buﬀer
over 172 h, insets are digital images of the co-doped NPs before (left) and storage (right) for 3 months. Data are the mean ( SD
from three separate experiments in Figure 5c.

Cellular Location and Imaging both in Vitro and in Vivo.
Applications of the co-doped NPs for imaging both
in vitro and in vivo were investigated with confocal
fluorescence microscopy. A549 cells were individually
incubated with the Cur NPs and the co-doped NPs at
37 C for 4 h. Then fluorescence images were taken
with 4,6-diamidino-2-phenylindole (DAPI) as a nucleus
located dye. As presented in Figure 6, intense homogeneous cytoplasmic green fluorescence around nuclei can be clearly observed after culture with both the
Cur NPs and the co-doped NPs, indicating the release
and accumulation of Cur molecules in the cells. Red
fluorescence from H2TPyP can also be seen around the
nuclei of the cells cultured with the co-doped NPs
(Figure 6c2), confirming the accumulation of H2TPyP.
The inset in Figure 6d2 shows the intracellular redistribution of Cur and H2TPyP after their release in an
A549 cell where the green and red signals could be
separately monitored. These results demonstrate that
the co-doped NPs can be used as a dual-color fluorescence probe for cell imaging and in intracellular drug
trafficking of both Cur and H2TPyP without using any
extra fluorescent dyes.
Inspired by Shi's group who chose zebraﬁsh as
an in vivo model for optical monitoring,56 here, we
demonstrated dual-color imaging applications of the
co-doped NPs in this platform. In our experiment,
zebraﬁsh embryos were simply fed with the co-doped
or the Cur NPs and monitored with ﬂuorescence
imaging after 24 h (Figure 7). Zebraﬁsh embryos fed
ZHANG ET AL.

Figure 6. In vitro cell imaging and subcellular localization of
the Cur NPs (left column) and the co-doped NPs (right
column), monitored by ﬂuorescence imaging in A549 cell.
(a) DAPI channel; (b) Cur channel; (c) H2TPyP channel;
(d) overlap of the above images. Inset in d2 is a single
A549 cell imaging. The white arrow shows redistribution of
Cur (green) and H2TPyP (red).

with the Cur NPs showed only green ﬂuorescence,
conﬁrming the release of Cur in the in vivo model.
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Figure 7. In vivo zebraﬁsh imaging of Cur NPs (left) and codoped NPs (right). (a) Cur channel; (b) H2TPyP channel;
(c) bright ﬁeld channel; (d) overlap of the above images.

OFFON signal of the Cur and the FRET signals of
H2TPyP following uptake in real-time, the co-doped
NPs are incubated with A549 cells. Changes in the Cur
and the H2TPyP signals are measured using confocal
fluorescence microscopy with a 405 nm excitation. As
displays in Figure 8a, at 0.5 h, only intense red color can
be clearly observed in the perinuclear region of the
A549 cells, corresponding to the FRET signal from
perylene to H2TPyP. At this stage, the Cur is mostly in
the form of NPs which show extremely weak green
fluorescence, corresponding to the “OFF” state. With
the time increasing to 8 h, a substantial increase of
green fluorescence (ON) is observed and is accompanied by a decrease of the red fluorescence intensity.
The Cur drug molecules will be sustainedly released
through dissolution from the co-doped NP matrix. This
self-delivery nanodrug possesses a high loading of Cur
in the co-doped NPs, which is essential to preserve the
effective drug concentration for sustained and stable
drug release.57,58 The increase in the green fluorescence is consistent with the aforementioned fluorescence spectra of Cur (Figure 2d), as more and more Cur
molecules are released leading to the recovery of the
green fluorescence from the “OFF” state to “ON” state.
In the meantime, the red fluorescence decreases over
time due to the release of FRET molecules which
increases the distance from donor to acceptor, thus
reducing the FRET effect. The overlay images revealing
that the fluorescence signals changes from red to
orange, then yellow, and finally to yellowish-green
can be used for monitoring the release of individual therapeutic agents in real-time. Corresponding
flow cytometry studies verified this observation by
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In comparison, both green and red emissions from
respectively Cur and H2TPyP can be detected in around
hearts of the zebraﬁsh fed with the co-doped NPs.
These results demonstrate the applications of the codoped NPs for independent tracking of two drugs via
the dual-color ﬂuorescence, which are in accordance
with the results of in vitro evaluations.
Real-Time Self-Monitoring Release of Dual Drugs by Colorimetric Fluorescence Signals. To investigate the change in

Figure 8. In vitro real-time self-monitoring release of dual drugs. (a) Confocal microscopy images showing changes in the
signal of Cur and the FRET signal of H2TPyP in A549 cells treated with the co-doped NPs at 0.5, 2, 4, and 8 h. Diﬀerent imaging
channels are displayed horizontally for each sample (from left to right): bright ﬁeld, Cur channel (520570 nm), H2TPyP
channel (620670 nm), and overlap images. Scale bar is 25 μm. (b,c) Respectively in vitro ﬂow cytometry analysis of the
ﬂuorescent intensities of Cur and H2TPyP in A549 cells at 0.5, 2, 4, and 8 h.
ZHANG ET AL.
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Figure 9. In vitro cytotoxicity. (a) Cytotoxic eﬀects of only irradiation, co-doped NPs without irradiation, co-doped NPs with
irradiation against A549 cells with increasing NPs concentrations. (b) Cytotoxic eﬀects of pure H2TPyP NPs with irradiation,
0.2% H2TPyP doped perylene NPs (i.e., without Cur) with irradiation, only Cur NPs, the co-doped NPs with irradiation against
A549 cells with increasing NPs concentrations. Confocal ﬂuorescence images of calcein AM (green, live cells) and propidium
iodide (red, dead cells) costained A549 cells with (c) only irradiation and (d) co-doped NPs with irradiation. (e) Apoptosis and
necrosis ratio of A549 cells after treatment with the co-doped NPs with irradiation analyzed using ﬂow cytometry with
Annexin V-FITC and PI staining. The quadrants from lower left to upper left (counter clockwise) represent healthy, early
apoptotic, late apoptotic, and necrotic cells, respectively. The percentage of cells in each quadrant was shown on the graphs.

showing an increased Cur fluorescence (Figure 8b) and
decreased H2TPyP fluorescence (Figure 8c) when the
co-doped NPs were used. The control experiment
in the A549 cells incubated with the H2TPyP-doped
Cur NPs (i.e., without perylene) show a much weaker
H2TPyP signal because of the absence of FRET donor
(Figure S8), while the OFFON signal of Cur is still
clearly observed. Quantitative data in flow cytometry
analysis are shown in Table S2 which is in accord with
the intensity of the Cur and H2TPyP signal in Figure 8.
Figure S9 further confirmed changes in fluorescence of
the co-doped NPs upon release of the Cur molecules.
Sample “a” in Figure S9 is DMEM supplemented with
10% FBS and 1% penicillin/streptomycin at 37 C.
Sample “b” was obtained after immediate dispersion
of the co-doped NPs (60 μg/mL) into another sample of
“a”. Sample “c” was obtained by shaking another sample
of “b” for 24 h at 37 C. Under room light, the colors of the
three samples are dominated by the color of the DMEM
solution (left panel of Figure S9). Upon UV irradiation,
sample “a” shows a blue fluorescence, while sample “b”
shows an obvious red emission from H2TPyP. After being
shaken for 24 h at 37 C, sample “c” shows a clear
greenish emission. This is consistent with the observation in Figure 8 that green fluorescence from Cur is
turned on upon their release from the co-doped NPs.
All these results conﬁrm that the co-doped NPs can
be applied as a time-dependent self-monitoring platform for tracking the release proﬁles of both drugs.
Moreover, to evaluate the cytotoxicity of the co-doped
ZHANG ET AL.

NPs for dual color imaging, we measured viability of
A549 cells incubated with the co-doped NPs (20 μg/
mL) for 0.5, 2, 4, and 8 h, respectively, by MTT assay. As
presented in Figure S10, the results conﬁrm that the codoped NPs exhibit negligible cytotoxicity with A549
cancer cells for diﬀerent imaging durations.
In Vitro Cytotoxicity. To evaluate the combinatorial
therapeutic efficiency of the co-doped NPs, we measured the viability of treated A549 cell lines using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay. A549 cells were individually
incubated for 24 h with the co-doped NPs (with or
without irradiation), the Cur NPs (without irradiation),
the H2TPyP NPs (with irradiation), and the H2TPyP/
perylene NPs (0.2%) (with irradiation). The control
group is the cells with only irradiation but without
any NPs. As presented in Figure 9a, both the co-doped
NPs with or without irradiation show dose-dependent
toxicity while only the irradiation control group exhibits no toxicity. This suggests that the irradiation itself
exhibits no cytotoxicity. The co-doped NPs have much
higher cytotoxic efficacy upon irradiation as a consequence of the generation of 1O2 from the released
H2TPyP, which leads to reactions with tumor cells and
subsequent killing of them by chemical oxidation. It is
worth mentioning that a dose-dependent toxicity is
also observed in the group of the co-doped NPs in dark
conditions. It means that the released chemotherapeutic drug Cur molecules in the co-doped NPs can also kill
tumor cells.
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Figure 10. In vivo antitumor activity of the co-doped NPs on A549 Subcutaneous Xenograft Model. (a) A schematic diagram of
the experimental design of antitumor eﬀect by using lung cancer xenograft system; (b) rRelative tumor volume in the ﬁve
mice groups (days 014); (c) body weight of mice (days 014); (d) images of excised tumors at the time of sacriﬁce from the
subcutaneous A549 lung adenocarcinoma xenograft-bearing male nude mice after 14 days of treatments; (e) comparison of
representative ultrasound images of A549 lung tumor xenograft before and after treatment with PBS and the co-doped NPs
with irradiation, respectively. Areas marked with red lines are tumor regions determined by performing tumor volume
measurements. One-way ANOVA was used to analyze signiﬁcance of diﬀerences (/, P < 0.05).

Furthermore, cytotoxicity from a combination
of chemotherapy and PDT was also investigated. In
our previous work, we successfully developed 0.2%
H2TPyP-doped perylene NPs for simultaneous enhanced diagnosis and PDT via reducing the aggregation of the H2TPyP.53 In this study, we compared the codoped NPs upon irradiation for combinatorial photochemotherapy with the pure Cur NPs for chemotherapy alone as well as the H2TPyP and the H2TPyP/
perylene NPs for PDT alone. It has to be pointed out
that while perylene does not directly provide any
therapeutic eﬀect itself, its presence signiﬁcantly enhances the singlet oxygen yield via the FRET eﬀects,
resulting in much improved therapeutic eﬃcacy.53 As
depicted in Figure 9b, A549 cells exhibit the lowest cell
viabilities upon light irradiation in the presence of the
co-doped NPs. Particularly, along with the increase of
concentration (250 μg\mL), a signiﬁcant inhibition (up
to 81%) of cell growth and proliferation is observed,
which is much more eﬀective than in other groups. For
example, the cell inhibition eﬃciency is 49.7% for the
pure Cur NPs and only 14.7% for the H2TPyP at this
concentration, respectively. These results conﬁrm that
ZHANG ET AL.

the as-prepared carrier-free co-doped NPs are capable
of delivering both Cur and H2TPyP molecules into
cancer cells, leading to remarkably enhanced eﬃciency in killing cancer cells compared with individual
conventional chemotherapy or PDT thatb uses Cur and
H2TPyP alone, respectively.
To further demonstrate the highly eﬀective in vitro
cytotoxicity of the co-doped NPs, viability of the A549
cells was measured by costaining the cells with calcein
acetoxymethylester (Calcine AM) and propidium iodide (PI) to diﬀerentiate live (green) and dead (red)
cells. The costained cells were irradiated without and
with the co-doped NPs. It can be seen that the cells
show no observable cytotoxicity upon only irradiation
(Figure 9c); while the cells incubated with the co-doped
NPs were mostly killed upon the combine actions of the
chemotherapeutic drug Cur and the photosensitizer
H2TPyP (Figure 9d). These results are consistent with
the MTT results and show that the carrier-free co-doped
NPs have a remarkable cell-killing ability, making it a
promising platform for cancer therapy.
To investigate the cell death mechanism of the
co-doped NPs, A549 cells were double-labeled with
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Figure 11. In vivo distribution of the co-doped NPs. (ac) Ex vivo images of the co-doped NPs treated to A549 xenografts.
(a) Bright ﬁeld images; (b) ﬂuorescence images; (c) merged images of major organs and tumor at the time of sacriﬁce from the
subcutaneous A549 lung adenocarcinoma xenograft-bearing male nude mice after 14 days of the co-doped NPs or PBS
treatments; (d) quantiﬁcation of ﬂuorescence intensity of each organ from the co-doped NPs or PBS treated groups. One-way
ANOVA was used to analyze signiﬁcance of diﬀerences (/, P < 0.05).

Annexin V-FITC (ﬂuoresceine isothiocyanate) and PI
(propidium iodide) before analysis by ﬂow cytometry.
The cell populations at diﬀerent phases of cell death,
namely, live (AnnexinV-FITC/PI), early apoptotic
(Annexin V-FITCþ/ PI), late-stage apoptotic (Annexin
V-FITCþ/PIþ), and necrotic (Annexin V-FITC/PIþ) cells
at diﬀerent treatments are shown in Figure 9e. A mild
increase in necrotic of the co-doped NPs with 5 min
irradiation treated A549 cells (8.79%) is found compared with the control cells (2.98%), while the percentage of total apoptotic cells (including early and late
apoptosis) dramatically increased to 66.58% which is
much more than that in the control group (3.6%). Many
apoptotic cells could be observed when the cells
are treated with the co-doped NPs with irradiation,
indicating the strong cytotoxicity of the combination
treatment. The above results suggested that the asdesigned co-doped NPs with irradiation were a potent
and eﬀective strategy to accelerate the apoptosis and
necrosis of A549 cells.
In Vivo Antitumor Activity on A549 Subcutaneous Xenograft
Model. To investigate whether the co-doped NPs do
have highly effective therapeutic efficacy in vivo,
their antitumor activity was assessed on A549 tumorbearing nude mice. The experimental strategy is presented in a schematic in Figure 10a. A549 cells were
subcutaneously injected 7 days before commencing
treatment (gray boxes). These animals then received
daily intravenous injections of various formulations
ZHANG ET AL.

(green boxes) for 14 days. Cur NPs was administered
at an equivalent dose of 15 mg/kg. At day 15, all test
mice were sacrificed and corresponding tumors were
excised for further studies. During treatment, an LED
light source was employed for irradiation purpose
(Figure S11). From day 1 to 14, the mice were treated
intravenously with PBS, only irradiation, the Cur NPs
only, the PS NPs with irradiation, and the co-doped NPs
with irradiation, respectively. As shown in Figure 10b,
at the end of the experiments, only the co-doped NPs
with irradiation group showed a significant tumor
regression with a reduction in tumor volume by
∼74%. Mice in the other four groups showed no or
mild tumor growth inhibition comparing with the codoped NPs group. These results confirm that therapeutic efficacy of the combination therapy based
on the co-doped NPs is much better than that of
monochemotherapy or mono-PDT. Photographs of
the tumors from the sacrificed mice are shown in
Figure 10d. It can be seen that the tumor volumes in
mice treated with the co-doped NPs with irradiation
are much smaller than those treated with other formulations. Figure 10e and Figure S12 compare representative ultrasound images of A549 lung tumor
xenograft before and after treatments. In particular,
Figure S12 shows that the tumor volume in the mice
treated with co-doped NPs and irradiation is much
smaller as compared to those in other groups. All these
results demonstrate that the present combination
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Figure 12. In vivo biosafety study of the co-doped NPs. (a) H&E staining images of major organs (heart, liver, spleen, lung, and
kidney) of A549 tumor bearing nude mice in groups of PBS and the co-doped NPs with irradiation (scale bar is 50 μm); (b)
blood analysis data of the co-doped NPs with irradiation treated. Mice treated with PBS were used as control group. The blood
levels of ALP, BUN, CRE, and TP from control and treatment groups. (c) The complete blood panel data from treated mice and
control group: WBC, RBC, HGB, MCV, MCH, MCHC, HCT, and PLT. Data are the mean ( SD from three separate experiments.

therapy does have predominant tumor growth inhibitory efficacy. In addition, no significant weight loss was
observed in the tumor-bearing mice treated with
various formulations, indicating negligible side effect
of the co-doped NPs and light source for tumor therapy
at the employed dose (Figure 10c).
In Vivo Biodistribution and Biosafety. Next, we evaluated
the organ distribution of as-prepared co-doped NPs by
using ex vivo fluorescence reflectance imaging. After
14 days treatments with the co-doped NPs and PBS
buffer, tumor and healthy organs including heart,
liver, spleen, lung, and kidney were excised from
tumor-bearing mice and scanned ex vivo. As shown
in Figure 11 panels ac, an intense red fluorescence
can be clearly observed in excised tumor indicating
very strong NP accumulation in tumor and less localization in healthy organs. We also quantified the fluorescence intensity of tumor and each organ from the
co-doped NPs or PBS treated groups. As presented in
Figure11d, the fluorescence intensity of the tumor is
higher than that in healthy organs except the liver,
which matches the ex vivo fluorescence images. The
higher level in the liver and spleen reflects that the
ZHANG ET AL.

co-doped NPs are mainly eliminated by macrophage
cells of the liver and spleen. As a comparison, the PBStreated group shows almost the same intensities in
tumor and healthy organs. We also measured the
pharmacokinetic assay of the co-doped NPs in mice.
Mean plasma concentrations of the co-doped NPs in
mice after a single intravenous administration of the
co-doped NPs were shown in Figure S13. The concentration of the co-doped NPs decreased in plasma 4 h
postinjection in a single intravenous administration, so
more than a one-time injection of the co-doped NPs
formulation is required when carried out for the in vivo
antitumor activity on the A549 subcutaneous xenograft model.
Potential in vivo toxicity has always been a great
concern in the development of nanodrugs. Besides
measuring body weights of mice in each cohort
(Figure 10c), we also collected the hematoxylin and
eosin (H&E) staining images of major organs (heart,
liver, spleen, lung, and kidney) from A549 tumorbearing mice in groups of PBS and the co-doped NPs
with irradiation, respectively (Figure 12a). Neither noticeable organ damage nor inﬂammation lesion was
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CONCLUSIONS
To summarize, for the ﬁrst time, we successfully
developed a self-monitored and self-delivered DDS in
combinatorial photochemotherapy against cancer
with high drug loading capacity and highly eﬀective

EXPERIMENTAL SECTION
Materials. Most reagents, including perylene and 5,10,15,20tetro (4-pyridyl) porphyrin (H2TPyP), curcumin, 9,10-anthracenedipropionic acid (ADPA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), and THF were purchased
from Sigma-Aldrich. Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum (FBS), Dulbecco's phosphate buffered saline (PBS), trypsin-EDTA (0.5% trypsin, 5.3 mM EDTA
tetra-sodium), calcein acetoxymethylester (Calcine AM), propidium iodide (PI), and antibiotic agents penicillinstreptomycin
were purchased from Life Technologies. Milli-Q water with
a resistivity higher than 18.4 MΩ 3 cm was collected from an
in-line Millipore RiOs/Origin water purification system. Unless
otherwise noted, all chemicals were obtained from commercial
suppliers and used as received.
Preparation of the Co-doped NPs, Cur NPs, and PS NPs. Co-doped
NPs were prepared using a reprecipitation method. In a typical
procedure, 3 mM solutions of perylene, H2TPyP, and curcumin in
THF were respectively prepared. Samples of 0.6, 299.4, and
700 μL of the H2TPyP, perylene, and curcumin solutions were
then mixed. A 200 μL portion of the mixed solution was quickly
dispersed into 5 mL of milli-Q water under vigorous stirring at
room temperature for 10 min. Nanoparticles of pristine Cur and
H2TPyP were also prepared with the same procedure.
Characterization of the Co-doped NPs. Size and morphology of
the co-doped NPs were investigated using SEM (Philips XL-30
FEG) and TEM (Philips CM200 FEG). The SEM samples were
prepared by drying a dispersion of the co-doped NPs on a Si
substrate followed by coating of a 2 nm gold layer. The TEM
samples were prepared by dripping NPs dispersion onto a holly
carbon film followed by drying. DLS measurements were carried
out using a Malvern Zetasizer instrument employing a 4 mW
HeNe laser (λ = 632.8 nm) which is equipped with a thermostatic sample chamber.
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theranostic eﬃcacy. Both confocal microscopic images
and ﬂow cytometry analysis demonstrated the NPs can
be used as a real-time tracking platform. Cell viability
studies showed that combined treatment resulted in
much higher toxicity than either chemotherapy or PDT
alone. Moreover, the co-doped NPs with irradiation
exhibit signiﬁcant inhibition of tumor growth on tumor
bearing mice. Besides, this approach (1) addresses the
challenge that most PSs are hydrophobic and strongly
aggregate in aqueous media by co-doping a pair of
FRET donor/acceptor into anticancer a drug Cur matrix,
which simultaneously enhanced diagnosis and PDT via
doping and FRET; (2) possesses the potential capacity
for dual-ﬂuorescent imaging which could simultaneously achieve the self-monitoring of two individual
drugs released both in vitro and in vivo. Both (H&E)
staining images and immunohistochemical analysis
conﬁrmed the biosafety of the as-designed co-doped
NPs with irradiation. Overall, we believe that this
highly eﬀective combination cancer theranostic strategy based on carrier-free photosensitizer-doped FRET
nanoparticles in the present study may open a new
way for combination cancer therapy and diagnosis,
and this multiple-therapeutic and multiple-ﬂuorescent
agent delivery in a single formulation is of great
importance in terms of the advancement of future
drug delivery systems.
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found as compared to the PBS treated group, suggesting no obvious heart, liver, spleen, lung, or kidney
dysfunction of mice induced by the co-doped NPs with
irradiation treatment. In addition to the H&E staining images, immunohistochemical analysis was also
adopted to evaluate the in vivo biosafety of the treatments. Age-matched mice treated with PBS were used
as a control group. The blood levels of alkaline phosphatase (ALP), blood urea nitrogen (BUN), creatinine
(CRE), and total protein (TP) and the complete blood
panel data of white blood cells (WBC), red blood cells
(RBC), hemoglobin (HGB), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), mean
corpuscular hemoglobin concentration (MCHC), hematocrit (HCT), and platelet count (PLT) from treated
mice and control group were detected and shown in
Figure 12b,c. No observable toxicity was noted in blood
analysis. All these results demonstrated that the asdesigned co-doped NPs with irradiation show high
biosafety for the combination cancer treatment presenting no signiﬁcant side eﬀects to the treated mice.

UVvis and Fluorescence Measurements. UVvis spectra were
recorded using a Cary 50Conc UVvisible spectrophotometer.
Fluorescence spectra were recorded on a Cary Eclipse fluorescence spectrophotometer. Photoirradiation experiments were
carried out using a xenon lamp (150 W) equipped with a filter
passing light of 400 to 700 nm. High performance liquid
chromatography (HPLC) data were obtained on Agilent 1100
gradient system with UV detection at 428 nm.
1
O2 Detection by ADPA. The generation of 1O2 was detected
chemically using the disodium salt of ADPA (Sigma) which
would be bleached to its corresponding endoperoxide upon
contact with 1O2. The reaction was monitored spectrophotometrically by recording the decrease in optical densities at
378 nm. A solution of ADPA (80 μL) in milli-Q water (1 mg/mL)
was mixed with 3 mL of different NP dispersions (0.03 mmol/mL).
Control samples were preparing by dispersing respectively Cur
NPs, H2TPyP NPs, perylene NPs, and disodium salt of ADPA in
milli-Q water. The samples were irradiated with a xenon lamp
equipped with a filter passing light of 400 to 700 nm, and their
optical densities at 378 nm were recorded every 10 min in a
UVvis spectrophotometer.
In Vitro Uptake and Cell Imaging. A549 cells were cultured with
DMEM (Invitrogen) supplemented with 10% FBS (Gibco), penicillin (100 μg/mL), and 1% penicillin/streptomycin (Gibco) in 5%
CO2 at 37 C in a humidified incubator. The cells were trypsinized and resuspended on 60 mm culture plates, and 2 mL of
the medium was combined with 1.0 mL cell suspension. The
cells were then seeded on 24-well plates, which were then
placed in an incubator at 37 C overnight with 5% CO2 for 24 h.
Pure Cur NPs and the co-doped NP solutions (20 μg/mL) were
added to each plate and carefully mixed. The treated cells were
returned to the incubator (37 C, 5% CO2) for 4 h. After
incubation, the plates were washed thoroughly with sterile
PBS. Finally, fluorescent images of the cells were recorded with
a Nikon ECLIPSE 80i fluorescent microscope. The real-time
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in 1  107 live cells in 100 μL of Hank's balanced salt solution (HBSS). When the tumors exhibited a mean diameter of
24 mm, the mice were randomly divided into five groups, with
each group being composed of five mice. The mice were treated
intravenously with PBS, irradiation alone, Cur NPs only, H2TPyP
NPs with irradiation, and the co-doped NPs with irradiation,
respectively. Cur NPs was administered at an equivalent dose of
15 mg/kg. All tumors were measured every other day with
ultrasound imaging system (Vevo 2100, FujiFilm VisualSonics,
Inc. Toronto, ON, Canada) during the period of study. After
14 days of drugs administrations, the mice were sacrificed.
Tumor volume and weight are expressed as mean ( SD.
Statistical significance of differences between treatments was
determined by one-way analysis of variance (ANOVA). P < 0.05
was considered to statistically significant.
Pharmacokinetic Studies in Mice. The pharmacokientic properties of the co-doped NPs after a single intravenous injection
dose were studied in 6-week-old male mice. The co-doped NPs
were given by intravenous injection at a dose of 15 mg/kg, and
mice were sacrificed at various intervals after administration.
Plasma was obtained from blood treated with 1.5 mg/mL
K2EDTA by centrifuge at 3000g for 10 min. Plasma sample
detection was achieved at 635 nm by Synergy H1Multi-Mode
Reader (BioTek Instruments, Inc., Winooski, VT, USA).
In Vivo Imaging of Tissue Distribution Studies. The in vivo biodistribution of the co-doped NPs in A549 tumor bearing mice was
performed using CRI Maestro animal imaging system (CRI
Corporation, Woburn, MA, USA). On the 14th day after drug
administration, mice were sacrificed, and major organs including heart, liver, spleen, lung, kidney, and tumor were carefully
removed for visualization under the imaging system. The
fluorescent signals of each organ were analyzed by the accompanied software.
In Vivo Biosafety Studies. On the 14th day after drug administration, mice were sacrificed and blood samples were collected
into tubes containing 1.5 mg/mL K2EDTA for complete blood
cell count. Plasma was separated into cryotubes and store at
80 C until blood chemistry analysis. Major organs (heart, liver,
spleen, lung, and kidney) were dissected for H&E staining.
Conflict of Interest: The authors declare no competing
ﬁnancial interest.
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imaging was performed using a Leica laser scanning confocal
microscope under 405 nm laser excitation, the signal of Cur
(520570 nm) and the FRET signal of H2TPyP (620670 nm)
were respectively collected after the A549 cells were treated
with the co-doped NPs at 0.5, 2, 4, and 8 h.
In Vivo Zebrafish Imaging. Zebrafish maintenance and embryo
collection was performed according to standard operating
procedures.59 Briefly, AB strain zebrafish (Danio rerio) were
maintained under 14 h light/10 h dark cycles, in circulating
freshwater aquaria at 28.5 C. The fish were fed twice daily with
decapsulated and freshly hatched brine shrimps (Brine Shrimp
Direct, USA). Zebrafish embryos were obtained from the adults
that segregated by sex and mated in tanks overnight. Spawning
was induced in the next light cycle when the light was turned
on. The embryos were collected and washed using standard
zebrafish E3 culture medium (5 mmol/L NaCl, 0.33 mmol/L
CaCl2, 0.33 mmol/L MgSO4 3 7H2O, 0.17 mmol/L KCl) at the
one-cell to two-cell stage.60 The embryos were incubated at
28.5 C. Larvae at 5 days postfertilization (dpf) were incubated
with 15 μg/mL Cur NPs or co-doped NPs for 24 h at 28.5 C. After
washing with PBS, fluorescence from each larva was observed
and photographed immediately with a Leica confocal fluorescence microscope.
Flow Cytometry. One-color flow cytometry was done to assess
the fluorescence enhancement of our probes upon incubation
with A549 cells in a humidified incubator at 37 C under 5% CO2
atmosphere. Cells were seeded to reach confluency in 35 mm
dishes and treated with the co-doped NPs (20 μg/mL), and at
designated time intervals, the cells were harvested after trypsinization and centrifugation at 900 rpm for 10 min. Subsequently, the cell pellets were resuspended in 1 mL of 1X PBS,
and flow cytometry was done using a BD FACS Calibur flow
cytometer from BD Biosciences.
In vitro Cytotoxicity by MTT Assay. The A549 cells were seeded
on 96-well plates in DMEM (with 10% FBS, 1% penicillin/
streptomycin). After growing overnight, the cells were used
for experiments. After removing the original medium in each
well, 200 μL of DMEM containing predetermined concentrations of pure Cur NPs, pure PS NPs, 0.2% PS-doped perylene NPs,
and co-doped NPs were added to the designated wells. The final
concentration of these NPs on each plate ranged from 15.625 to
250 μg\mL. After 12 h of incubation in the dark at 37 C, the cells
incubated with pure PS NPs, 0.2% PS doped perylene NPs, and
co-doped NPs were irradiated for 10 min with broadband visible
light using a xenon lamp equipped with a filter passing light of
400 to 700 nm. The power at the cell level was 100 mW/cm2. The
plates were then incubated at 37 C in the dark for another 12 h.
Then, the original medium in each well was removed. Subsequently, 180 μL of DMEM (without FBS) and 20 μL of MTT
(Invitrogen) stock solution (5 mg/mL in PBS) were added and
incubated for 4 h. Then the medium containing MTT was
completely removed, followed by the addition of 200 μL of
DMSO (Acros) to each well. Cell viabilities were determined by
reading the absorbance of the plates at 540 nm using a BioTek
Powerwave XS microplate reader. The cells incubated with
serum-supplemented medium represent 100% cell survival.
Five replicate wells were run for each concentration and
light dose.
Calcine AM/PI Test. The A549 cells were respectively cultured
in two 35 mm dishes overnight. The cells in one of the dishes
were exposed to the co-doped NPs at the concentration of
250 μg/mL in PBS solution. The drug-treated cells were incubated at 37 C for 12 h in a humidified atmosphere containing
5% CO2. Then both dishes of cells were irradiated for 10 min.
Then the cells were further incubated at 37 C for another 12 h.
After staining with Calcine AM/PI for 20 min and washing with
PBS, the two samples of cells were imaged with a confocal
fluorescence microscope.
Animal Study. T-cell deficient male nude (nu/nu) mice, 56
weeks of age, were purchased from the National Laboratory
Animal Center (Taipei, Taiwan) and were housed in a specific
pathogen-free room. All experiments involving the mice were
carried out in accordance with Academia Sinica Animal Care
and Use Committee guideline. The A549 cells were calculated
from the cell viability and cell number by trypan blue, resulting

Supporting Information Available: The Supporting Information is available free of charge on the ACS Publications website
at DOI: 10.1021/acsnano.5b02513.
Description of materials and methods and Supporting
Figures: (Figure S1) standard absorbance curve of
Cur, (Figure S2) standard absorbance curve of H2TPyP,
(Figure S3) time-dependent bleaching of ADPA caused by
singlet oxygen generated by (a) H2TPyP NPs and (b) ADPA,
(Figure S4) chemical trapping measurements of the 1O2
quantum yield of the H2TPyP NPs and the co-doped NPs.
(Figure S5) Photostabilities of commercial organic dye
(ﬂuorescein sodium) dispersed in milli-Q water, (Figure S6)
photostabilities of the co-doped NPs in diﬀerent pH,
(Figure S7) size-stability of the co-doped NPs dispersed in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin over 14 days, (Figure S8) confocal microscopy
images showing the change in OFFON signal of Cur and
H2TPyP in A549 cells treated with just PS-doped Cur NPs
without perylene at 0.5, 2, 4, and 8 h, (Figure S9) photographs of the DMEM supplemented with 10% FBS and 1%
penicillin/streptomycin., the co-doped NPs incubated in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin for 5 min, the co-doped NPs incubated in
DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin for 24 h under room light (left photos) and
UV light (right photos), (Figure S10) in vitro cytotoxicity of
the co-doped NPs incubated in A549 cells for 0.5, 2, 4, and 8
h respectively, (Figure S11) LED light instrument used for
irradiation during the treatment. (Figure S12) Comparison of
representative ultrasound images of A549 lung tumor xenograft before and after treatment with PBS and the codoped NPs with irradiation, respectively, (Figure S13) pharmacokinetic assay of the co-doped NPs in mice. Mean
plasma concentrations of the co-doped NPs in mice after
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