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ABSTRACT: Photodynamic therapy (PDT) has been recognized
as a valuable treatment option for localized cancers. Herein, we
demonstrate a cellular and subcellular targeted strategy to facilitate
PDT efficacy. The PDT system was fabricated by incorporating a
cationic porphyrin derivative (MitoTPP) onto the polyethylene
glycol (PEG)-functionalized and folic acid-modified nanographene
oxide (NGO). For this PDT system, NGO serves as the carrier for
MitoTPP as well as the quencher for MitoTPP’s fluorescence and
singlet oxygen (1O2) generation. Attaching a hydrophobic cation
to the photosensitizer ensures its release from NGO at lower pH
values as well as its mitochondria-targeting capability. Laser
confocal microscope experiments demonstrate that this dual-
targeted nanosystem could preferably enter the cancer cells overexpressed with folate receptor, and release its cargo MitoTPP,
which subsequently accumulates in mitochondria. Upon light irradiation, the released MitoTPP molecules generate singlet
oxygen and cause oxidant damage to the mitochondria. Cell viability assays suggest that the dual-targeted nanohybrids exhibit
much higher cytotoxicity toward the FR-positive cells.
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■ INTRODUCTION

Photodynamic therapy (PDT), which involves the combination
of light, a photosensitizer (PS), and molecular oxygen, is a
promising approach in disease treatment.1−4 It has been widely
used in both oncological and nononcological applications such
as tumors, dysplasias, age-related macular degeneration, and
localized infection. Upon appropriate wavelength irradiation in
the targeted tissues, the key cytotoxic agent, singlet oxygen
(1O2), is produced and then reacts rapidly with cellular
components to cause oxidative lesions and ultimately leads to
apoptosis or necrosis of abnormal cells.5−7 Compared to
conventional treatment methods, PDT exhibits its own merits
due to its minimal invasiveness, repeatability without
cumulative toxicity, excellent functional and cosmetic results,
reduced long-term morbidity, and improved quality of life of
the patients.1 Over the last several years, PDT has been
employed as a valuable treatment option for solid tumors, such
as superficial bladder cancer, early and obstructive lung cancer,
head and neck cancers, and so on.8,9 PDT is also used to treat
precancers of the skin, and is being tested against precancers in
the mouth and other places; it is being used as an adjunctive
therapy following surgical resection of tumor, to reduce residual
tumor burden.10 Up to now, three generations of photo-
sensitizers (PS) have been developed, and several photo-
sensitizing agents, such as porfimer sodium, aminolevulinic acid
(ALA), and methyl ester of ALA, are approved by the U.S.
Food and Drug Administration to treat certain cancers.11

Currently, nanomaterials represent an emerging technology in
the field of PDT that can further promote the utility of classic
PS, and a great number of nanoplatforms have been designed
out of a variety of naturally occurring or synthetic materials and
can be engineered to carry multiple theranostic agents, in a
targeted manner.8

Generally, PS is given through intravenous injection. It
travels through the bloodstream and is absorbed by both
normal and cancer cells all over the body. Thus, to reduce the
dose of PS administered to patients and hence minimize the
harmful side-effects of PDT, rational designs should be devised
to increase the efficacy of PDT through targeted delivery of PS
to abnormal cells. However, delivery of PS to the tumor site is
unlikely to be sufficient to elicit a maximum therapeutic
response as the drug must reach the intracellular target sites.
Efficient organelle-specific delivery or delivery of the drug or
the drug-loaded nanosystems directly to the site of drug action
is required to achieve maximum therapeutic with a minimum of
off-target effects.
Mitochondria are energy factories of biological systems and

play important roles in energy metabolism of various
biochemical processes,12−14 and they are also the executioners
of programmed cell death (apoptosis).15,16 Because mitochon-

Received: March 16, 2015
Accepted: April 15, 2015
Published: April 15, 2015

Research Article

www.acsami.org

© 2015 American Chemical Society 9287 DOI: 10.1021/acsami.5b02297
ACS Appl. Mater. Interfaces 2015, 7, 9287−9296

www.acsami.org
http://dx.doi.org/10.1021/acsami.5b02297


dria are crucial in executing apoptosis-mediated cell death and
cancer cells have suppressed apoptosis, mitochondria-directed
drugs designed to trigger apoptosis are likely to be promising
treatment strategies for curbing cancer. To date, a number of
strategies for the delivery of biologically active molecules to the
mitochondria of live mammalian cells have been demon-
strated;17−20 For example, Murphy and Smith’s group have
designed a series of triphenylphosphonium-modified molecules
with excellent mitochondria targeting capability.13 On the other
hand, Sheu et al. covalently linked trimethylammonium into
their choline ester antioxidants to target mitochondria.21 As for
the PDT, some studies indicated that the photosensitizers
which were modified to target the mitochondria were more
effective as apoptogenic agents once irradiated.9

As a class of photosensitizers, porphyrin derivatives have
been extensively studied due to their multiple advantages,22−24

such as efficient production of singlet oxygen, high absorption
coefficient in the long wavelength region, well-established
synthetic route, etc. Recently, mitochondria-specific porphyrins
have also been designed and fabricated by taking advantage of
the preferential localization of lipophilic cations in mitochon-
dria.25 You et al. have designed and evaluated several cationic-
dye-modified porphyrins for targeting mitochondria.9,26 Wang
exploited triethylammonium-modified porphyrins and com-
pared its PDT efficiency with that of a triphenylphosphonium-
modified porphyrins.27 However, there is still room for
improvement for the porphyrins or other compounds as
superior photosensitizers. Some ideal properties, such as low
dark toxicity, targeting capabilities (both cellular and subcellular
targeting), solubility in aqueous and injectable solutions,
reduced nonspecific interactions in biological fluids or cells,
are still sought-after. In addition, to increase the water solubility
of photosensitizer molecules and improve their delivery into
specific tissues or cells, various carriers have been developed for
the delivery of the photosensitizers.28−30 To control better the
photoactivity of photosensitizer (PS) and to avoid its damage
to healthy tissues and cells, Zheng and co-workers introduced a
concept of photodynamic molecular beacons that keep the 1O2
quencher and PS in close proximity through a disease-specific
linker to regulate the PDT activity.31

Recently, nanographene oxide (NGO) and its derivatives
have shown great potential to provide unique and new
opportunities for the developments of novel sensors and drug
delivery systems.32−48 Dai and co-workers conjugated poly-
ethylene glycol (PEG) to the NGO’s plane and loaded an
aromatic anticancer drug via π−π stacking.49 The NGO has
also been employed as the carrier to deliver PS for PDT.50,51

Char et al. developed a hyaluronic acid-modified graphene
oxide/chlorine e6 nanohybrids for cancer-targeted PDT.52 Liu
and co-workers attached Chlorin e6 (Ce6) onto NGO via
supramolecular π−π stacking, and used it as a photothermally
enhanced PDT system.53 In these NGO-based PDT systems,
the release of photosensitizers was accelerated in basic
solutions. However, upon cellular internalization by the cells,
the nanosystems usually undergo lysosome process.54 The
lysosome system is characterized by low pH (∼4.5 to 5.0).55

Thus, for the nanosized drug delivery systems, the release of
their payloads in acidic environment would be more
preferable.56,57

It is envisioned that a PDT nanosystem with both cellular
and mitochondrial targeting as well as pH-sensitive release of
PDT agent would be ideal, because these features would
effectively enable the system to target specific cells and their

mitochondria, release the PDT agent upon being internalized
and lead to mitochondrial damage upon light irradiation, and
eventually cause the cell apoptosis. Toward this end, in this
study, to control the release and phototoxicity of photo-
sensitizer in a more effective manner, we designed a dual-
targeting PDT system (with both the cellular and subcellular
targeting capability) with a modified NGO as the carrier, as
shown in Scheme 1. As for this system, a porphyrin derivative

was synthesized and used as PS, so as to achieve efficient release
under acidic environment as well as mitochondria targeting. As
the nanocarrier, NGO exhibits multiple purposes: (1) modified
with polyethylene glycol (PEG) chains, NGO displays
enhanced water dispersibility and biocompatibility; (2) with a
folic acid moiety on its surface, the PDT system can specifically
target the folate receptor-positive cells, and cause much higher
cytotoxicity toward these cells; (3) NGO acts as a quencher for
the PS, allowing for lower phototoxicity before the release of
PS. Our results indicate that the dual-targeting and the
accelerated release of the cationic PS in acidic (lysosomal)
environment can achieve enhanced PDT action toward cancer
cells.

■ EXPERIMENTAL DETAILS
Materials. 1,4-dibromobutane, anhydrous K2CO3, trimethylamine

were purchased from Aladdin Inc. 4-Arm polyethylene glycol-amine
was purchased from Yarebio Shanghai. Rhodamine 123, sulfo-N-
hydroxysuccinimide, and 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride were obtained from Aldrich. The bovine
serum albumin and RPMI1640 culture media were purchased from
Life Technologies. JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetrethylbenzi-
midazolylcarbocyanine iodide) and annexin V-FITC/PI kit were
purchased from the Beyotime Institute of Biotechnology. Methanol
(MeOH) and N,N-dimethylformamide (DMF) were distilled before
use. All other chemicals were analytical reagents and used without
further purification. The water used in this study was the triple-distilled
water which was further treated by ion exchange columns and then by
a Milli-Q water purification system.

Synthesis of 5-(p-(4-Bromo)butoxyphenyl)-10,15,20-triphe-
nylporphyrin (BrTPP) and (5-(p-(4-Trimethylammonium)-
butoxyphenyl)-10,15,20-triphenylporphyrin Bromide (Mi-

Scheme 1. Schematic Illustration for the Action of the Dual-
Targeting Nanosystema

aStage I, folate-receptor-mediated internalization; Stage II, release of
photosensitizers under lysosomal pH; Stage III, subcellular localization
of photosensitizers in mitochondria; Stage IV, oxidative damage of
mitochondrial as a result of singlet oxygen generation under light
irradiation.
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toTPP). The two compounds were synthesized according to a
procedure stated in our previous report.56

Synthesis of PEGylated Graphene Oxide (NGO-PEG).
Graphene oxide (GO) was prepared by adopting a modified
Hummer’s method utilizing expandable graphite powder;58 the
conjugation of PEG onto graphene oxide was performed according
to literature.53 Briefly, a suspension of carboxylic acid-modified
graphene oxide (GO-COOH) (1 mg/mL) was bath-sonicated with
2 mg/mL of 4-arm polyethylene glycol-amine (2 mg/mL) for 5 min.
Then, EDC was added in two portions to give a concentration of 5
mmol and the solution was bath-sonicated for another 30 min. After
the solution was stirred at room temperature overnight, it was
precipitated and rinsed with anhydrous ethanol for five times to
remove byproducts and the unreacted chemicals. NGO-PEG was then
obtained by centrifugation (15000 r/min) in PBS, the product was
purified by dialysis against deionized (DI) water. The black solid
NGO-PEG was collected by freeze-drying.
Conjugation of Folic Acid onto NGO-PEG (NGO-PEG-FA).

Folic acid (FA, 13 mg, 0.03 mmol), which was treated with EDC (9.6
mg, 0.05 mmol) and sulfo-NHS (10.6 mg, 0.05 mmol) in 5.0 mL of
dimethyl sulfoxide (DMSO) under stirring at room temperature for 1
h, was added to the NGO-PEG suspension (50 mL, 1 mg/mL). The
mixture was then stirred at room temperature for 24 h in the dark. The
solid was precipitated out by addition of methanol and rinsed three
times using methanol and then acetone. And the solid was then
dissolved in DI water and further purified by dialysis against DI water
for 2 days. The product NGO-PEG-FA was collected through freeze-
drying.
Preparation of NGO-based PDT Systems (Dual-Targeting

Nanosystem NGO-PEG-FA/MitoTPP and the Control NGO-PEG/
MitoTPP). 5 mL of 1 mg/mL NGO-PEG-FA (in DI water) was mixed
with 1 mg of MitoTPP (in DMSO solution) and stirred overnight at
room temperature. Unbound MitoTPP and DMSO were removed by

dialyzing against DI water using a dialysis tube (molecular weight
cutoff 18 000 Da). The control (NGO-PEG/MitoTPP) was also
fabricated with the similar procedure by using NGO-PEG instead.

Determination of Drug Load. For determination of drug load,
the dispersion with MitoTPP-loaded NGO system was diluted to a
certain concentration, and the absorbance at 420 nm was measured to
calculate the content of loaded MitoTPP. Drug load and drug load
efficiency were determined as follows

=

×

drug load (wt%) (weight of loaded drug/weight of NGO)

100%

= ×

drug load efficiency(%)

(weight of loaded drug/weight of drug in feed) 100%

MitoTPP Release From NGO-based Nanosystem in Buffered
Solution. In vitro MitoTPP release assays were carried out following
the literature procedure.56,58 The samples were incubated in buffer
solutions at pH 7.4 or 5.0 for predetermined time periods and the
solutions were then subject to absorbance measurement at 420 nm.
The cumulative percentages of released MitoTPP (Er) were
subsequently determined.56

Determination of Singlet Oxygen Generation. The singlet
oxygen generation of the samples upon light irradiation was conducted
using ABDA method.4 Singlet oxygen generated by the nanosystem
oxidizes ABDA and decreases ABDA’s absorption. In this study, a
suspension of NGO-PEG-FA/MitoTPP (3 mL in pH = 7.4 PBS
containing 5 μM MitoTPP) and 10 mM ABDA were stirred in the
dark for 30 min, and then subject to light irradiation from a 12W 650
nm LED lamp (light intensity 10 mW/cm2). At each predetermined
time interval, the absorbance at 400 nm for solutions was recorded.

Cell Culture. Two cell lines, HeLa (human cervical cancer cell, FR
positive) and L929 (murine aneuploid fibro-sarcoma cell, FR negative)

Figure 1. Morphology and spectral properties of NGO-based nanosystems. (A) AFM image for a nanographene oxide (NGO) sample, and the
height profile is along the line in the topographic image. (B) Size distribution determined by DLS. (C) Absorption spectra for MitoTPP, NGO-PEG-
FA, and MitoTPP-loaded NGO-PEG-FA.
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were incubated in FA-free RPMI 1640 medium supplemented with
10% fetal bovine serum (FBS) (penicillin/streptomycin 100 U/mL) at
37 °C with 5% CO2.
Cellular Uptake and Colocalization Imaging. Cell uptake and

localization were observed on a confocal laser scanning microscope.
The colocalization imaging experiments were performed with a
procedure according to our previous report16 except that the
photosensitizer (MitoTPP) was excited at 405 nm.
Apoptosis Analysis by Annexin V-FITC/Propidium Iodide

(PI) Dual Staining. HeLa cells were used to evaluate the pro-
apoptotic effect of the NGO-based nanosystems, and the analysis was
conducted following our previously reported procedure.16

Mitochondrial Membrane Potential. Change in mitochondrial
membrane potential for HeLa cells were monitored using a fluorescent
probe JC-1.16

Dark cytotoxicity and Phototoxicity. The cytotoxicity caused by
the samples in the dark or upon light irradiation was evaluated using
cell viability assays. The cell viability of HeLa and L929 cells exposed
to MitoTPP, BrTPP, NGO-PEG-FA/MitoTPP, or NGO-PEG/
MitoTPP were assessed by MTT assay. The procedure for the
analysis is the same as that reported elsewhere.56 In this study, a 12W
LED lamp with 10 mW/cm2 light intensity and 650 nm wavelength
was used to generate irradiation light for PDT effect.
Instrumentation. Fluorescence spectra and UV−vis spectra were

recorded on a Hitachi F-4600 fluorescence spectrophotometer and a
Hitachi U-3010 UV−vis spectrophotometer, respectively. 1H NMR
spectra were recorded on a Bruker Avance 400 MHz NMR
spectrometer. A Leica TCS-SP5 confocal microscope was used for
cell imaging. Atomic-force microscopy (AFM) images were obtained
using a DI Veeko Multimode V atomic force microscope. Dynamic
light scattering (DLS) measurement was carried out on a Mavern

Nanosizer. Flow cytometry were recorded on Beckman Coulter Epics
XL.

■ RESULTS AND DISCUSSION

Preparation of Dual-Targeting PDT System with NGO-
PEG-FA as the Carrier. In this study, the PEG- and folic acid-
modified NGO were prepared according to the procedures
stated in the Experimental Section; their 1H NMR and
absorption spectrum are given in Figures S1 and S2 of the
Supporting Information. The cationic porphyrin (MitoTPP)
was synthesized as shown in Scheme S1 pf the Supporting
Information, and its 1H NMR, MS, and absorption spectra are
shown in Figures S3−S5 in the Supporting Information. The
loading of MitoTPP onto NGO-PEG-FA was conducted by
mixing NGO-PEG-FA and MitoTPP in aqueous solution
overnight under controlled pH. The load of MitoTPP was
quantified by calculating the absorption band of porphyrins at
420 nm over the NGO background (Figure 1C and Figure S6
of the Supporting Information); the load of MitoTPP in NGO-
PEG-FA was determined as 37.2 wt %.
The morphology of NGO was characterized by AFM (Figure

1a), which indicates that the NGO exists in the sheet-like
shapes. The thickness, measured from the height profile of
AFM image is about 1 nm, indicating the formation of the
single-layered NGO. On the other hand, the size distribution
determined by DLS for the as-prepared and modified NGO is
given in Figure 1b, which indicates an increase in NGO’s size
upon modification.

Figure 2. (A) Release profile of MitoTPP from NGO-PEG-FA/MitoTPP samples at 37 °C in aqueous media. (B and C) Absorption spectra for
ABDA in the presence of NGO-PEG-FA/MitoTPP over different periods of time under irradiation. The samples were treated with pH 7.4 PBS
buffer (B) or pH 5.0 acetate buffer (C) for 8 h before the measurement. (D) Absorbance values for ABDA at 400 nm plotted against irradiation time
in the absence of NGO-PEG-FA/MitoTPP (curve a) and in the presence of NGO-PEG-FA/MitoTPP samples upon being treated with pH = 7.4
(curve b) or pH = 5.0 (curve c) buffers.
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In Vitro Release of MitoTPP from Its Carrier. To
investigate the release of MitoTPP from NGO, the NGO-PEG-
FA/MitoTPP samples were incubated in a simulated
physiological solution (PBS, pH 7.4) and in acidic environment
(acetate buffer, pH 5.0) at 37 °C. The released amount of
photosensitizer was determined by absorbance measurements
at 420 nm. The release profiles illustrated in Figure 2A suggest
that the release behavior of the photosensitizer from the NGO-
based systems is strongly dependent on the releasing time and
pH. MitoTPP-loaded NGO shows a much faster release rate at
pH 5.0. Under neutral pH, many carboxyl groups (−COOH)
on NGO exist as the ionized carboxyl groups (−COO−), which
have strong electrostatic attraction with the cationic quaternary
ammoniums in MitoTPP. Hence, the electrostatic attraction
and the π−π stacking make MitoTPP bind strongly on NGO.
Under acidic pH, the ionized carboxyl groups turns into the
nonionized ones (−COOH), making the electrostatic attrac-
tion much weaker and promoting the release of MitoTPP from
NGO. This pH-dependent releasing behavior is beneficial for
the PS to escape from the acidic endosome/lysosome
compartments and then diffuse into mitochondria.
Singlet Oxygen (1O2) Generation under Two Different

pH Values. Singlet oxygen (1O2), the first excited electronic
state of molecular oxygen, plays an important role in
mechanisms of cell death.59 It is highly reactive and can
damage organic materials and biological tissues. NGO and its
derivatives have been reported to have the capability to quench
the phototoxicity of PS by fluorescence resonance energy
transfer (FRET).50,60 To verify the difference in the 1O2
generation capacity for the NGO-PEG-FA/MitoTPP at two
pHs, 9,10-anthracenediylbis(methylene)dimalonic acid
(ABDA) indicator was used to determine 1O2 production.61

The absorption spectra for ABDA in NGO-PEG-FA/MitoTPP
dispersion (pH 7.4 or pH 5.0) with increasing exposure time
are presented in Figure 2B,C, respectively; and the variation of
absorbance for ABDA are shown in Figure 2D. As we can see
from the figures, upon being treated by pH 7.4 buffer solution
and under light irradiation, the absorbance for ABDA in NGO-
PEG-FA/MitoTPP dispersion changes very little; while upon
being treated with acidic buffer (pH 5.0), ABDA is found
substantially photobleached within the initial 15 min
irradiation. In contrast, a control experiment shows that
ABDA is barely bleached in the absence of the photosensitizer
(curve a, Figure 2D). The results indicate that, NGO-PEG-FA
can act as a singlet oxygen quencher when the MitoTPP is
loaded onto it, and the positively charged porphyrin derivative
can efficiently produces 1O2 under light irradiation after being
released from its carrier in acidic environment.
Dual-Targeting Capability of NGO-PEG-FA/MitoTPP

System. The cellular and mitochondrial targeting capability for
the NGO-based samples was investigated using fluorescent
microscopy. First, to verify the cellular targeting capacity, HeLa
cell (FR-positive) and L929 cell (FR-negative, the control)
were incubated with NGO-PEG-FA/MitoTPP respectively;
and the results of the cellular uptake at varied time periods are
shown in Figure 3. After 8 h of incubation, the weak
intracellular fluorescence suggests that few NGO-PEG-FA/
MitoTPP nanosystems are internalized by L929 cells; while
HeLa cells exhibit much stronger red fluorescence (correspond-
ing to the fluorescence of MitoTPP molecules released from
NGO), indicating that far more NGO-PEG-FA/MitoTPP are
internalized into HeLa cells than those into L929 cells. At
longer incubation time (20 h), the fluorescence in both cell

lines becomes more prominent, but the HeLa cells still display
much stronger intracellular fluorescence. These results
demonstrate that, incorporting folic acid onto NGO-based
nanosystem can enhance the cellular uptake for FR-positive
cells. On the other hand, we also recorded the intracellular
fluorescence for HeLa cells incubated with either NGO-PEG-
FA/MitoTPP or NGO-PEG/MitoTPP for a certain period of
time, and the result is presented in Figure S7 in the Supporting
Information. As one can see from the figure, upon 8 h of
incubation, the cells treated with the NGO system containing
FA (NGO-PEG-FA/MitoTPP) exhibit much brighter fluo-
rescence than those treated with the NGO system without FA
(NGO-PEG/MitoTPP), and this may provide additional
evidence for the cellular targeting capability of NGO-PEG-
FA/MitoTPP.
To track the release and mitochondrial localization of the

PDT systems, costaining experiments using a PDT system and
a mitochondrion-specific dye (rhodamine 123, Rh123 for
short) were performed. First, we investigated the subcellular
localization of the molecular porphyrins (MitoTPP and
BrTPP) in HeLa cells using confocal microscopy, as shown
in Figure S8 of the Supporting Information. The preferential
site of intracellular localization for MitoTPP has been found to
be the mitochondria, as evidenced by the perfect overlap of
porphyrin fluorescence (red) and Rh123 fluorescence (green);
the nontargeting porphyrin (BrTPP) displays poor colocaliza-
tion with Rh123. Figure 4 shows the fluorescent patterns for
NGO-PEG-FA/MitoTPP and their overlay with the Rh123. It
can be seen from the images that, at 1 h of incubation, very dim
fluorescence can be observed, indicating the majority of
MitoTPPs have not been released from their carriers yet, as
NGO can quench the fluorescence of porphyrins (Figure S9 of
the Supporting Information); at 8 h of incubation, some red
fluorescent dots are found inside cells, which may suggest some
of the MitoTPP molecules have been released from the NGO
carriers. And upon longer incubation (20 h), much stronger red
fluorescence can be observed; more importantly, the
fluorescence signals from Rh123 and porphyrin match well
and obvious yellow fluorescence (overlapping regions of red
and green) can be found in the mitochondria, demonstrating
the mitochondria targeting ability of molecular MitoTPP upon
being released from their carriers. The MitoTPP can target the
mitochondria due to the presence of the lipophilic cation that
can facilitate its release and accumulation in mitochondria.

Figure 3. Fluorescence microscopic images for HeLa and L929 cells
incubated with NGO-PEG-FA/MitoTPP at varied time periods in folic
acid-free RPMI 1640 medium.
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Mitochondria Damage Induced by PDT. The PDT
effect can induce mitochondrial damage and the subsequent
apoptosis of cells. In this study, a membrane-permeant dye (JC-
1) was used to monitor mitochondrial status upon singlet
oxygen treatment. The loss of mitochondrial membrane
potential (ΔΨ, a hallmark of cytochrome c translocation and
the start of the apoptotic process) is an key indicator to
evaluate the dysfunction of mitochondria, because the
damaging of mitochondria causes the substantial loss of its
membrane potential.62,63 The JC-1 dye undergoes a reversible
change in fluorescence emission, cells with high mitochondrial
membrane potential facilitate the formation of dye aggregates,
which exhibit red fluorescence; cells with low potential will
contain monomeric JC-1 and display green fluorescence.
Therefore, the red/green emission ratio can help to determine
the status of mitochondria and cells; and we could distinguish
live cells from damaged ones by following the singlet oxygen
treatment by recording the fluorescence change of JC-1 using
confocal microscopy and flow cytometry.
Figure 5 shows the representative results of JC-1 assays for

HeLa cells as a result of singlet oxygen treatment (i.e.,
incubation with PDT system followed by light irradiation).
Confocal microscopy reveals that in unirradiated HeLa cells (0
min), well-polarized mitochondria are marked by both punctate
red and green fluorescent staining. However, treatment with
both forms of PDT systems (NGO-PEG/MitoTPP and NGO-
PEG-FA/MitoTPP) and then exposure to light causes changes
in cell staining: the red emission regions gradually decrease
with the increasing irradiation time, while green emission
intensity in the cytoplasm increases. It is noteworthy that the
enhancement of green fluorescence in the cytoplasm is more
pronounced when the cells are treated with the dual-targeting
PDT system (NGO-PEG-FA/MitoTPP), and upon irradiation
for 30 min, most of red dot-like fluorescent images turn into the
diffusive green fluorescence (Figure 5A). These results indicate
that, the singlet oxygen treatment can lead to the mitochondria
damage; and the PDT system with folic acid ligand on its
surface (NGO-PEG-FA/MitoTPP) can damage the mitochon-

dria more efficiently (Figure 5A,B), which can be ascribed to
the fact that more NGO-PEG-FA/MitoTPP nanohybrids have
been internalized by FR-positive HeLa cells than NGO-PEG/
MitoTPP.
We also measured the change in population of cells of

different fluorescence upon 1O2 treatment using flow
cytometry. Analysis of the cells by flow cytometry (Figure
6(I)) reveals a decrease in red fluorescence (FL2 channel, the
vertical coordinate) after the treatment. As one can see from
the figure, before nanosystem treatement, high ΔΨ cells
predominate in the cell population. Upon treatment with the
nanosystem, remarkable increases in low ΔΨ cells are recorded
(in a dose-dependent manner), which provides additional
evidence for the effectiveness of the NGO-based system on
mitochondria damage.

Cytotoxicity Caused by PDT. The flow cytometric
analysis of the annexin V/PI labeling assay was utilized to
evaluate efficacy of the dual-targeted PDT system in cell
apoptosis/death. For this purpose, HeLa cells treated with

Figure 4. Confocal microscopic images of HeLa cells costained with
NGO-PEG-FA/MitoTPP and rhodamine 123 at varied time periods in
FA-free RPMI 1640 medium.

Figure 5. Confocal microscopic images of HeLa cells treated with
NGO-PEG-FA/MitoTPP (A) or NGO-PEG/MitoTPP (B) and then
stained with 1 μg/mL JC-1. The cells were incubated with the NGO-
based PDT systems (equivalent to about 5 μM MitoTPP) for 8 h and
then exposed to 12 W LED (650 nm) light irradiation for 0, 10, or 30
min, respectively.
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various amounts of NGO-PEG-FA/MitoTPP were exposed to
light irradiation for 30 min. Figure 6(II) shows the typical
results of the assay, and the cytogram in the figure presents the
bivariate annexin V/PI analysis of the HeLa cell suspensions.
Vital cells are negative for both PI and annexin V (in Q4), early

apoptotic cells are PI negative and annexin V positive (Q3), late
apoptotic/dead cells are positive for both PI and annexin V
(Q4), while the damaged cells located in region Q1.
As can be seen from Figure 6(II) E, the negative control

(without being treated by the NGO-based PDT system)

Figure 6. (I) Typical flow cytometric analyses (with JC-1 as indicator) for HeLa cells treated with NGO-PEG-FA/MitoTPP for 8 h before exposure
to 12 W LED irradiation for 30 min at the MitoTPP concentration of 0 μM (A), 1 μM (B), 3 μM (C) and 5 μM (D). Red lines separate vital cells
and apoptotic cells. (II) Typical percent distribution of HeLa cells obtained using annexin V-FITC/PI staining experiments. Cells were treated with
NGO-PEG-FA/MitoTPP before measurement. (E) 0 μM (control); (F) 1 μM; (G) 3 μM, and (H) 5 μM. The samples were exposed to 12 W LED
for 30 min after 8 h incubation with the dual-targeting nanosystem.
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exhibits high percentage (99.5%) of vital cells; upon treatment
with the dual-targeting nanosystems and exposure to light
irradiation, the percentage of vital cells declines, and that for the
late apoptotic/dead cells increases gradually in a concentration-
dependent way. For the cells treated with high concentration of
NGO-PEG-FA/MitoTPP (with 5 μM MitoTPP), the percent-
age of late apoptotic/dead cells increases to as high as 91.7%,
indicating the dual-targeted PDT-based system can provide
efficient apoptosis action for the FR-positive cells.
We also performed MTT assays for two cell lines (L929 and

HeLa) upon treatment with different PDT systems (Figure 7).
First, we investigated the cell viability for the two cell lines
treated by molecular photosensitizers, i.e. the mitochondria-
targeting photosensitizer MitoTPP and the nontargeting one
BrTPP, as shown in Figure 7A. Cell death is not observed when
untreated cells (0 μM photosensitizer) are irradiated with light
or not. Moreover, no significant dark toxicity can be observed
in cells treated with up to 5 μM of either BrTPP or MitoTPP.
This is probably because of their incapability to produce singlet
oxygen in the dark. Upon light irradiation for 30 min, both cell
lines treated by MitoTPP show significant phototoxicity; while
slight phototoxicity is observed in cells treated with BrTPP.
Presumably, in addition to its nontargeted nature, the low
solubility of BrTPP in the culture media might also contribute
to the low cytotoxicity toward the cells.
As for the viability for the cells treated by the NGO-based

PDT systems, HeLa cells treated with either NGO-PEG/
MitoTPP or NGO-PEG-FA/MitoTPP exhibit almost no dark
toxicity, as shown in Figure 7B. After 8 h of incubation with the

nanosystem followed by 30 min of light irradiation, the cell
viability of diminishes, and the reducing in cell viability is found
dependent on both the photosensitizer concentration and the
type of its carrier. For the FR-negative L929 cells, treatment
with NGO-PEG/MitoTPP or NGO-PEG-FA/MitoTPP causes
similar phototoxicity; while for the FR-positive HeLa cells, the
folic acid-modified system (NGO-PEG-FA/MitoTPP) causes
much higher phototoxicity than the system with no FA
modification, as shown in Figure 7B. In addition, the cell
viabilities only treated by the light is presented in Figure S10 of
the Supporting Information, which proves that the light
irradiation alone could not reduce the viability of the cells.
We also determined the cell viability for a FR-negative cancer
cell line (A549), and the results are shown in Figure S11 of the
Supporting Information, which demonstrate that the treatment
with NGO-PEG/MitoTPP or NGO-PEG-FA/MitoTPP causes
similar phototoxicity. This provides additional evidence that the
incorporation of folic acid onto NGO-based PDT system can
offer enhanced phototoxicity toward FR-positive cancer cells.

■ CONCLUSIONS

A dual-targeting (cellular targeting and subcellular targeting)
PDT nanosystem has been successfully prepared by loading a
cationic porphyrin (MitoTPP) onto the surface of a folic acid-
modified NGO through electrostatic interaction and π−π
stacking. The NGO-based carrier can quench both fluorescence
and singlet oxygen generation of MitoTPP, and can also target
FR-positive cancer cells and release its cargo (MitoTPP) upon
being internalized. The released MitoTPP can subsequently

Figure 7. Viability of two cell lines (HeLa and L929) upon treatment with molecular porphyrins (A) and NGO-based porphyrin systems (B). C
denotes the molar concentration of porphyrin moieties in the media. All the culture media used in this system were folic acid free. Three
independent experiments were conducted, each with sets of eight replicates. Data represent mean ± SD from three independent experiments.
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accumulate in mitochondria and exert its PDT action. The
dual-targeting system can efficiently cause mitochondrial
damage upon light irradiation, as evidenced by the loss of the
mitochondrial membrane potential, and eventually leads to the
death of cancer cells.
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