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ABSTRACT: Multimodal therapeutic agents based on nano-
materials for cancer combination therapy have attracted
increasing attention. In this report, a novel photo- and
chemoactive nanohybrid was fabricated by assembling photo-
sensitizer Zn(II)−phthalocyanine (ZnPc) and anticancer drug
doxorubicin (DOX) on the biocompatible poly-L-lysine (PLL)-
grafted graphene (G-PLL). This nanocomplex of G-PLL/
DOX/ZnPc showed excellent physiochemical properties,
including high solubility and stability in biological solutions,
high drug loading efficiency, pH-triggered drug release, and
ability to generalize 1O2 under light excitation. Compared to
free drug molecules, cells treated with G-PLL/DOX/ZnPc showed a higher cellular uptake. In particular, G-PLL/DOX/ZnPc
elicited a remarkable synergistic anticancer activity owing to combined photodynamic and chemotherapeutic effects. The
combination dose reduction indexes revealed that combining DOX with ZnPc provided strong synergistic effects (combination
index < 0.1) against three cancer cell lines tested (HeLa, MCF-7, and B16). Thus, this study demonstrates programmable dual-
modality therapy exemplified by G-PLL/DOX/ZnPc to synergistically treat cancers.

KEYWORDS: poly-L-lysine-functionalized graphene, photosensitizer, chemotherapy, photodynamic therapy,
synergistic anticancer efficiency

■ INTRODUCTION

Currently, multimodal anticancer nanomedicine is attracting
enormous interest due to its advantages such as targeting,
signaling different cancerous pathways, synergizing/combining
therapeutic outcome, and reducing undesirable side effects
(e.g., drug resistance) of the individual conventional therapy
technique.1−3 Photodynamic therapy (PDT), a type of
noninvasive phototherapy, utilizes highly reactive oxygen
species (such as 1O2) generated from a photosensitizer (PS)
under the appropriate light irradiation to kill cancer cells.4,5

PDT selectively destroys tumors without damaging adjacent
healthy tissues, and repeated treatment is possible without
initiating resistance. However, many of the commonly used PSs
are hydrophobic in nature and not water soluble, thus seriously
limiting PDT effects. Also, the inability of light to sufficiently
reach deep tumors in the body remains another major obstacle
of PDT.6 Given these disadvantages of PDT, more attention is
currently focused on combining PS with chemotherapeutic
drug,7 genes,8,9 photothermal agent,10−12 imaging probe,13,14

etc., into one nanosystem to establish a multifunction platform
to enhance anticancer performance. For example, it has been
reported that PSs loaded on various plasmonic gold nano-
particles (such nanoshell,3 hollow nanospheres,8,9 nanorods,10

nanocages,11) showed significant synergistic in vitro and in vivo
photothermal therapy and PDT anticancer effect. Recently, a
new therapeutic modality termed PhotoImmunoNanoTherapy

was proposed based on the PS-loaded calcium phosphosilica-
tenanoparticles15 or integrating PS with immune-stimulant
CpG oligodeoxynucleotides,16 which result in the significant
PDT-induced immunotherapeutic response of malignant
metastatic cancers. Thus, combining PDT and other techniques
into one system is a promising strategy to achieve enhanced
therapeutic outcome.
Graphene, an important member of a carbon nonmaterial, is

being widely investigated for its promising applications in
biological and biomedical areas.17 It had been well demon-
strated as a highly efficient carrier of aromatic drugs (e.g.,
DOX18) and various hydrophobic PS molecules, such as chlorin
e6 (Ce6),19−21 hypocrellin A,22 and hypocrellin B23 due to their
unique sheet-like structure, high surface area, stability in
aqueous solution, and minimum cytotoxicity. In particular,
functionalized graphene shows great potential to delivering
multidrugs,24 targeting ligand,25 and imaging agent26 for cancer
therapy and diagnosis. For instance, complexes of polyethylene
glycol-grafted graphene oxide with Ce6 and DOX have recently
been demonstrated to have a significantly increased tumor
tissue distribution and enhanced synergistic chemotherapeutics
and PDT effects in tumor-bearing mice.27 Moreover, function-
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alized graphene has been demonstrated to be a promising
platform in the combined treatment of PDT and photothermal
therapy.28,29

Polymer poly-L-lysine (PLL) has good biocompatibility,
multiple functional amino groups, a flexible molecular back-
bone, and excellent solubility in water. It has been utilized as a
“friendly” matrix to immobilize bioactive molecules30 and cells.
Moreover, modifying nanomaterials (e.g., single-walled carbon
nanotube) with PLL can reduce their toxicity.31,32 Lee and co-
workers first found that composites of PLL with graphene oxide
(GO) and reduced GO can provide potent antibacterial activity
but without cytotoxicity on human cells.33 Moreover, it was
reported that PLL-functionalized uniform small GO-CpG
showed higher immunostimulatory activity than azide-function-
alized counterpart.34

In this work, we aim to fabricate a novel photo- and
chemoresponsive nanoformulation based on poly-L-lysine-
functionalized graphene and explore its potential applications
for combination therapy. The nanosized PLL-functionalized

graphene (G-PLL) was first synthesized and then formed a
complex with both hydrophilic DOX and hydrophobic Zinc(II)
phthalocyanine (ZnPc, a second-generation PS) to generate the
dual-drug nanocomplex. The physical behaviors (including the
solubility, stability, drug loading capacity, and release profiles),
generation of singlet oxygen, cellular uptake and distribution,
synergistic anticancer efficiency toward three kinds of cancer
cells (HeLa, MCF-7, and B16), and initialization mechanism
were evaluated. Our results demonstrated that the multifunc-
tional nanoparticles based on polymer-functionalized graphene
(G-PLL/DOX/ZnPc) afforded highly potent antitumor
activity, thus providing insight into potential biomedical
applications of functionalized graphene composites.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of Nanosized G-PLL

Composite. G-PLL was synthesized through reaction of the
epoxy groups on GO and the amino groups of PLL. Formation
of G-PLL complexes was confirmed by UV−vis absorption

Figure 1. (Left) AFM images of GO (A) and G-PLL (B) and the topographic height of GO and G-PLL. (Right) Zeta potential of G-PLL at different
ratios of [GO]/[PLL] (C) and TGA curves of PLL, GO, rGO, and G-PLL (D) and digital image of GO and G-PLL (0.2 mg/mL) dispersed in water,
0.9% NaCl, PBS, cell culture medium, or pure calf serum (CS) after centrifugation (10 000g, 5 min) (E).

Figure 2. UV−vis absorption spectra of free DOX (90 μM), G-PLL, and G-PLL/DOX in water (A) and free ZnPc (40 μM, in DMF), G-PLL, and
G-PLL/ZnPc in aqueous solution (B). Fluorescence spectra for DOX and G-PLL/DOX (90 μM, in water, C) and ZnPc (40 μM, in DMF) and G-
PLL/ZnPc (40 μM, in water containing 5% DMF, D). (E) Optical photos of free DOX, free ZnPc, G-PLL/DOX, and G-PLL/DOX/ZnPc. Loading
efficiency of DOX (F) and ZnPc (G) on G-PLL (WG‑PLL = 0.05 mg) when coloaded with the two drugs at different ratios.
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spectra, FTIR, and XPS (Figure S1, Supporting Information).
The lateral dimension of single-layered G-PLL was similar to
that of GO sheets (ca. 200 nm), but the thickness grew from
1.0 to 2.0 nm as observed from the representative AFM images
(Figure 1A and 1B). G-PLL bared positive charge, and the zeta
potential value varied with the ratio of [GO]/[PLL]. When
[GO]/[PLL] = 1:5 (Figure 1C), the zeta potential was 27.3 ±
1.1 mV (zeta potential for GO is −29.3 ± 0.6 mV), and we
chose this ratio in subsequent studies. Thermogravimetric
analysis (TGA) was performed to assess the amount of
conjugated PLL. As can we see from Figure 1D, G-PLL had
three stages of weight loss and the initial two stages were
similar to that of GO35 but at less weight loss scale (ca.10%
H2O and ca. 20% oxygen-containing groups), and then a
relatively large mass loss (ca.30%) was observed from 300 to
500 °C, which was attributed to the PLL decomposition. The
approximate amount of PLL in G-PLL was estimated to be
about 33.3% according to the TGA traces.
G-PLL exhibited well dispersion and stability in various

biological solutions, including water, 0.9% NaCl, PBS, RPMI-
1640 cell culture medium, and pure calf serum (CS). Even after
high-speed centrifugation (10 000g, 5 min), no sign of
aggregation and precipitation was observed (Figure 1E),
whereas GO was only well dispersed in water but extensively
aggregated in the other four solutions. The results suggested
that G-PLL could sustain the electrostatic charges and
nonspecific binding of proteins. We also found that the G-
PLL solution is still stable after 3 months placement (data not
shown). The cationic PLL-stabilized graphene shows similar
physical property to those functionalized with hyaluronic
acid,21 branched polyethylene glycol,27,36 polyvinylpyrroli-
done,37 and poly(ether imide).38 Thus, PLL could be an
alternative polymer to functionalize graphene sheets for
biological applications, for instance, as a vector to delivery of
anticancer drug for cancer therapy.
Fabrication of Chemo- and Photoresponsive G-PLL/

DOX/ZnPc Formulation. In order to fabricate the chemo-
and photoactive G-PLL/DOX/ZnPc formulation, we first
investigated the binding behaviors of anticancer drug DOX
and water-insoluble hydrophobic ZnPc to G-PLL. Complexes
G-PLL/DOX (Figure 2A) and G-PLL/ZnPc (Figure 2B)
clearly showed the characteristic absorption peak of DOX and
ZnPc, respectively, with the peak red shifted which was
probably due to the ground-state electron donor−acceptor
interaction between G-PLL and the two drugs.18,39,40 However,

from the fluorescence spectrum, a different degree of
fluorescence intensity (FI) quenching for DOX and ZnPc
emission peak was observed (Figure 2C and 2D). The
maximum FI of G-PLL/DOX only decreased about 25%,
which was different from the reported results of significant
quenching of FI by GO because of a photoinduced electro-
ntransfer process or energy transfer along the GO interface,18,36

while for G-PLL/ZnPc FI was decreased dramatically. These
phenomena might suggest different binding behaviors for DOX
and ZnPc on G-PLL. The hydrophobic and planar ZnPc
directly absorbed on the sp2-hybridized aromatic network of a
graphene sheet through π−π interaction and/or hydrophobic
interaction. For DOX, the quinone portion not only can form a
π−π stacking interaction with the large π-conjugated structure
of G-PLL but also the −OH, −O−, and −COOH groups can
form hydrogen-bond and/or electrostatic interaction with NH2
groups of G-PLL.
G-PLL/DOX/ZnPc can be easily constructed by self-

assembling ZnPc and DOX on G-PLL, and clear brown to
purple solutions were seen at ratios of [DOX]/[ZnPc] from 5:1
to 5:5 (Figure 2E). The characteristic absorption peaks and
fluorescence emission peaks of DOX and ZnPc can be easily
observed for the complex of G-PLL/DOX/ZnPc (Figure S2,
Supporting Information). As presented in Figure 2F, it was
found that the loading efficiency (by weight) of DOX on G-
PLL (WG‑PLL= 0.05 mg) decreased with increasing amount of
ZnPc. For example, the loading capacity of DOX (feeding
amount equals 0.25 mg) is nearly 90% when the feeding
amount of ZnPc is 0.05 mg; however, it decreased to ca. 30%
when ZnPc amount is 0.25 mg. In contrast, the loading
efficiency of ZnPc was not affected by DOX (Figure 2G). The
efficiency could reach ca. 60% when ZnPc (0.25 mg) was fed
with a different amount of DOX (0−0.25 mg). These
phenomena may result from the different interaction between
G-PLL and DOX/ZnPc. We speculate that the binding of ZnPc
onto G-PLL was driven by hydrophobic interactions and π−π
stacking between ZnPc and aromatic regions of the graphene
sheets. However, for DOX, besides the π−π stacking
interaction, hydrogen-bonding and/or electrostatic interaction
also was the driving force. The noncovalent ZnPc and G-PLL
are much stronger in nature than that of DOX, so ZnPc may
greatly compete with the binding of DOX, but the later exert
little effect on the former. G-PLL/DOX/ZnPc formulation
showed good solubility and stability in water, 0.9% NaCl, PBS,
RPMI-1640 cell culture medium, and CS solution at

Figure 3. (A) Release curves of DOX and ZnPc in PBS buffer (pH = 5.0 and 7.4). (B) Decrease of absorbance at 440 nm of 1O2 probe when
incubated with ZnPc, G-PLL/ZnPc, and G-PLL/DOX/ZnPc under irradiation.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5066128 | ACS Appl. Mater. Interfaces 2014, 6, 21615−2162321617



concentrations up to ∼0.1 mg/mL (Figure S3, Supporting
Information).
G-PLL/DOX/ZnPc showed pH-dependent drug release

profiles (Figure 3A), which may be an advantage because the
intracellular microenvironments in tumors are acidic in
nature.41 At pH = 7.4, only 15% of loaded DOX was released
within 72 h incubation. However, at pH = 5.0, more than 35%
of DOX was released at the initial 6 h and increased to almost
48% after 72 h. The release rate of ZnPc was much slower than
that of DOX, and about 10% and 22% was released in 6 h
incubation at pH = 7.4 and 5.0, respectively. Then it plateaued
after 24 h incubation. This different release phenomenon can
be explained as follows. The amphiphilic PLL has plenty of
amino groups and became protonated with decreasing pH, thus
precluding strongly with positively charged DOX molecules,
leading to the faster release of DOX molecules from G-PLL.
Additionally, the DOX molecule has a functional NH2 group, so
its hydrophilicity becomes higher than that of hydrophobic
ZnPc under acidic conditions.
Generation of 1O2 for G-PLL/DOX/ZnPc was detected

using a p-nitrosodimethylaniline (RNO) probe, whose
absorbance at 440 nm would be diminished in the presence
of 1O2.

42 From Figure 3B it can be seen that the 1O2 generation
ability of G-PLL/DOX/ZnPc and G-PLL/ZnPc was similar.
Thus, the presence of DOX had no effect on the photo-
chemistry of ZnPc. 1O2 generation of G-PLL/ZnPc and G-
PLL/DOX/ZnPc was much lower than that of free ZnPc. A
similar quenching effect of 1O2 production from PS loaded
onto nanomaterials (e.g., GO19 and carbon nanotubes43) was
observed, and the activity of PS can be restored once
released,11,19 thus allowing use for PDT treatment of cancer
cells.
Microscopic Analysis of Cellular Uptake and Intra-

cellular Distribution of G-PLL/DOX/ZnPc. We then
evaluated the cellular uptake and intracellular distribution of
G-PLL/DOX/ZnPc (Figure 4). The nucleus was stained with
the specific fluorescent probe DAPI. Cells treated with G-PLL/

DOX displayed an intense homogeneous green fluorescence in
both cytoplasm and the nucleus, while for the group treated
with G-PLL/ZnPc only red fluorescence was observed from the
cytoplasm, indicating that ZnPc was released from G-PLL in
the cells and thereby recovering its own fluorescence. Strong
intracellular yellow fluorescence from the overlapped images
was observed in the cytoplasm for the group treated with G-
PLL/DOX/ZnPc, proving abundant DOX/ZnPc was colocal-
ized in the cytoplasm. The fluorescence distribution in cells was
possibly owing to the endocytosis of G-PLL/DOX/ZnPc by
cells. It can be easily speculated that G-PLL may have high
affinity to cell membrane and can easily enter into cells (e.g., via
endocytosis36) and shuttles ZnPc and DOX into cells. Thus, it
could be predicted that G-PLL/DOX/ZnPc has potential as a
nanodrug in PDT as well as chemotherapy.

In Vitro Synergistic Efficiency of PDT and Chemo-
therapy of G-PLL/DOX/ZnPc. The cytotoxicity of G-PLL and
G-PLL/DOX, G-PLL/ZnPc was evaluated by the cell counting
kit-8 assay.44,45 Plain G-PLL showed nontoxicity toward HeLa
cells after 72 h incubation either in the dark or under
irradiation, indicating the good biocompatibility of G-PLL as a
nanovector (Figure S4, Supporting Information). DOX
exhibited much higher cytotoxicity than that of G-PLL/DOX
toward HeLa cells with an IC50 value of 2.63 μg/mL. IC50 for
G-PLL/DOX decreased to 6.19 μg/mL (24 h), suggesting that
DOX was slowly released from G-PLL/DOX. Of note,
irradiation did not affect the cytotoxicity of DOX (Figure 5A
and 5B). The cytotoxicity of ZnPc and G-PLL/ZnPc on HeLa
cells was negligible in the dark at concentrations of ZnPc
ranging from 0.625 to 10 μg/mL; more than 85% of cells were
viable at the maximum concentration of ZnPc (10 μg/mL).
Upon irradiation (0.15 W/cm2, 10 min), significant cytotoxicity
was observed, especially at higher concentrations (Figure 5C),
resulting in IC50 of 3.52 μg/mL (24 h incubation time). For the
control, a laser did not cause any photodamage to the cells in
the absence of G-PLL or ZnPc.
To explore the in-vitro synergistic anticancer efficiency, HeLa

cells were treated with G-PLL/DOX/ZnPc both in the dark
and under irradiation. As shown in Figure 6A, G-PLL/DOX/
ZnPc exerted considerable anticancer activity in the dark, which
was due to the toxicity of DOX. However, when subjected to
irradiation, dramatically enhanced cell-killing efficiency at a
concentration range from 0.078 to 5 μg/mL was observed. For
example, G-PLL/DOX/ZnPc ([DOX] = [ZnPc] = 0.625 μg/
mL) caused approximately 90% loss of cell viability upon
irradiation. The IC50 of G-PLL/DOX/ZnPc ([G-PLL]:[ZnPc]:
[DOX] = 1:3:3 in weight ratio) for DOX/ZnPc was 0.14 μg
equivalent DOX/ZnPc/mL.
Moreover, we utilized the combination index (CI) to

evaluate the synergism via the Chou−Talalay method, a widely
used approach for assessment of pharmacodynamic drug
interactions.46 CI could be calculated according to the following
equation

= +| + | +D
D

D
D

CI A A B

A

B A B

B (1)

where DA|A+B and DB|A+B is the dose for DOX and ZnPc in G-
PLL/DOX/ZnPc, which has a 50%, 75%, or 95% cancer cell-
killing effect, DA is the dose for DOX in G-PLL/DOX, which
has a 50%, 75%, or 95% cancer cell-killing effect, and DB is the
dose for ZnPc in G-PLL/ZnPc, which has a 50%, 75%, or 95%
cancer cell-killing effect. The CI value reflects the interaction

Figure 4. Confocal fluorescence microscope images of HeLa cells
incubated with G-PLL/DOX, G-PLL/ZnPc, and G-PLL/DOX/ZnPc
(5 μg/mL) for 6 h.
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effect of the dual drugs. CI > 1 indicates an antagonism effect;
CI = 1 indicates an additive effect; CI < 0.1 indicates very
strong synergism; 0.1 < CI < 0.3 indicates strong synergism; 0.3
< CI < 0.7 indicates synergism; 0.7 < CI < 0.85 indicates
moderate synergism; 0.85 < CI < 0.9 indicates slight
synergism.46 As shown in Figure 6B, the CI values at effective
dose (ED) ED50, ED75, and ED90 were <0.1, indicating that a
very strong synergistic effect can be obtained after exposure of
HeLa cells to G-PLL/DOX/ZnPc after 24 h treatment.
Importantly, such high synergistic anticancer effect of G-PLL/
DOX/ZnPc was also observed with two other cancer cell lines,
human breast cancer cells MCF-7 and mouse melanoma B16
cells (Table 1). These data clearly confirmed that the nanodrug
of G-PLL/DOX/ZnPc had a potent synergistic effect of PDT
and chemotherapy modalities.
The trypan blue assay was further utilized to confirm the

anticancer synergism of G-PLL/DOX/ZnPc (Figure 6C−F).
Compared with the control and single-treatment group of G-
PLL/DOX or G-PLL/ZnPc, more dead cells (blue) for the
group of G-PLL/DOX/ZnPc treatment were observed. Thus,
the cell viability dramatically decreased when cells were treated
with G-PLL/DOX/ZnPc nanocomposite, which could synerg-
istically kill cells through both PDT and chemotherapy.
Synergistic Anticancer Mechanism of G-PLL/DOX/

ZnPc. Taken together, our study demonstrated that PLL-
grafted GO can act as a new type of codelivery vehicle for
anticancer drugs and photosensitizers. In addition, the obtained
novel photo- and chemoresponsive architecture G-PLL/DOX/

ZnPc showed remarkable synergism of chemotherapy and PDT
compared with a single treatment. Relevant mechanisms may
be explained in Scheme 1. First, G-PLL derivatives served as an
excellent carrier to deliver anticancer DOX and hydrophobic
ZnPc molecules via π−π stacking interactions, hydrophobic
interactions, hydrogen bonding, etc. DOX and ZnPc could be
loaded on G-PLL with high payload (Figure 2). Second, G-PLL
derivatives could simultaneously deliver its multiple therapeutic
payloads, i.e., ZnPc and DOX, to cancer cells as observed from
the confocal microscopic studies (Figure 4), probably via the
endocytosis pathway.36 Third, G-PLL/DOX/ZnPc showed pH-
dependent release of both drugs, which was much faster in an
acidic than in a neutral environment (Figure 3). This would
favor intracellular release of drugs and generation of 1O2 inside
a cell to oxidize the cellular compartments. Generation of 1O2

in intracellular compartments is important because the lifetime
of ROS is usually short. For example, the lifetime of 1O2 is only
1 μs in aqueous solution, and during such an interval it can
diffuse over a mean radial distance of only 100 nm.47,48 Fourth,
combined with the anticancer activity of DOX, a synergistic
effect of chemotherapy and PDT could be obtained after
exposure of the cancer cells to G-PLL/DOX/ZnPc together
with irradiation (Figure 6 and Table 1). Consequently, the
combined G-PLL/DOX/ZnPc system allowed us to adjust and
reduce the dose of each drug to maximize therapeutic efficacy.

Figure 5. Relative cell viability of HeLa cells incubated with free DOX and G-PLL/DOX in the dark (A) and under irradiation (B) and free ZnPc
(C) and G-PLL/ZnPc (D) in the dark and under irradiation.
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■ CONCLUSION
In summary, a novel photo- and chemoactive nanodrug of G-
PLL/DOX/ZnPc was fabricated based on the biocompatible
nanosized PLL-functionalized graphene nanocomposites. The

cellular uptake and trafficking, in vitro PDT, and chemotherapy
efficacy were evaluated using three cancer cell lines. G-PLL/
DOX/ZnPc displayed high stability, high drug loading
efficiency, and high 1O2 yield for PDT. G-PLL/DOX/ZnPc
can simultaneously and efficiently deliver ZnPc and DOX to the
cytoplasm and cell nucleus, probably by endocytosis. In
particular, in-vitro biological assays demonstrated that high
synergistic PDT and chemotherapy efficiency could be achieved
in combination with light irradiation. This study highlights the
promising applications of nanomedicine based on graphene
derivatives for cancer combination therapy. Further studies
evaluating the biodistribution and antitumor activity of
combined PDT and chemotherapy in preclinical tumor
xenograft models are warranted.

■ EXPERIMENTAL SECTION
Materials. Poly-L-lysine hydrobromide (PLL, Mw = 30 000−70

000), zinc(II) phthalocyanine (ZnPc), and doxorubicin hydrochloride
(DOX) were obtained from Sigma-Aldrich (St Louis, MO, USA). p-
Nitrosodimethylaniline (RNO) was obtained from Alfa Aesar. GO
stock solution was purchased from XFNano Co., Ltd. (Nanjing,
China). All other reagents were of analytical grade and used as
received. Aqueous solutions were prepared with double-distilled water
from a Millipore system (>18 MΩ cm).

Synthesis and Characterization of G-PLL. GO stock solution
was first ultrasonicated by a probe for 2 h (Φ6, 35% amplitude,
scientz-IID) to obtain the nanosized GO. Then GO was reacted with
PLL according to the literature with minor modification.30 Two
milliliters of GO solution (0.5 mg/mL) was diluted with KOH
solution (pH = 9) to 4 mL, mixed with PLL (5 mg), and adjusted to
pH = 9.0 with KOH solution (pH = 11). The solution was stirred at
70 °C for an additional 24 h, and the G-PLL nanoparticles were
collected and purified by centrifugation 3 times at 15 000 rpm for 30

Figure 6. Synergistic anticancer effect of G-PLL/DOX/ZnPc. (A) HeLa cells were treated with G-PLL/DOX/ZnPc ([G-PLL]:[ZnPc]:[DOX] =
1:3:3 in weight ratio) in the dark and under irradiation. (B) Combination index values were calculated for ED50, ED75, and ED90 based on the dose−
response curves of ZnPc and DOX. (C−F) Representative optical images of HeLa cell stained with trypan blue for the control (untreated cells, C)
and cells treated with G-PLL/DOX (D), G-PLL/ZnPc (E), and G-PLL/DOX/ZnPc (F).

Table 1. IC50 (μg/mL) of G-PLL/DOX/ZnPc under
Irradiation Toward the HeLa, MCF-7, and B16 Cancer Cells
and CI Values @ ED50, ED75, and ED90

cell
G-PLL/
DOX

G-PLL/
ZnPc

G-PLL/
DOX/ZnPc

CI@
ED50

CI@
ED75

CI@
ED90

HeLa 6.19 3.52 0.14 0.062 0.059 0.066
MCF-7 2.49 4.07 0.21 0.135 0.132 0.132
B16 3.96 4.61 0.28 0.133 0.118 0.113

Scheme 1. Proposed Syngerstic Anticancer Mechanism of G-
PLL/DOX/ZnPc
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min and concentrated with 100 kDa ultra film. The morphology of G-
PLL was characterized using atomic force microscope (AFM, Veeco
Dimension 3100, USA). UV−vis spectra were measured with Hitachi
U-2910 (Hitachi, Japan), and fluorescence spectra were recorded on a
Hitachi F-7000 fluorescence spectrophotometer (Hitachi, Japan).
Fourier transform infrared spectroscopy (FTIR) was recorded using a
Nicolet NEXUS 670 (Thermo, America). X-ray photoelectron
spectroscopy (XPS) analysis was carried out on an XSAM-800
(KRATOS, UK) with Al Kα radiation. Zeta potential was detected
using a Zeta Potential Analyzer (Brookhaven, ZetaPALS, USA).
For the stability studies G-PLL was dissolved in water, 0.9% NaCl

saline, phosphate-buffered saline (PBS), RPMI1640 cell culture
medium, or pure calf serum (CS). All solutions were centrifuged at
10 000g for 5 min.
Loading of ZnPc and DOX on G-PLL. A 100 μL amount of G-

PLL aqueous solution (0.5 mg/mL) was mixed with 50, 150, and 250
μL of ZnPc (1 mg/mL in DMSO) or DOX (1 mg/mL in water) or
different mixtures of DOX and ZnPc (at weight ratios of 1:1, 1:3, 1:5,
3:1, 3:3, 3:5, 5:1, 5:3, 5:5) and then diluted to 2 mL with PBS (pH = 9,
10 mM). Mixtures were shaken (200 rpm) on a platform shaker
(ZHWY-103D, ZhiCheng Inc., Shanghai) for 12 h at 25 °C. The
obtained G-PLL/ZnPc, G-PLL/DOX, or G-PLL/DOX/ZnPc complex
was collected by centrifugation at 13 000 rpm for 15 min and washed
with ultrapure water 3 times. The resulting complex was dissolved in
100 μL of water before use. The loading capability of ZnPc or DOX on
G-PLL was determined by UV−vis absorption spectroscopy (604 nm
for ZnPc, 480 nm for DOX) and calculated according to the following
equation: Drug loading capability (%) = (Wfeeded − Wresidual)/WG‑PLL ×
100% (2), where Wfeeded was the weight of initial drug for loading,
Wresidual was the weight of residual drug in solution after loading, and
WG‑PLL was the total weight of G-PLL for loading. The fluorescence
spectrum for G-PLL/ZnPc or G-PLL/DOX or free DOX (λex= 480
nm) was measured in aqueous solution, and free ZnPc was determined
in DMF (λex = 600 nm).
Release Profiles of G-PLL/DOX/ZnPc. The G-PLL/DOX/ZnPc

solution was diluted in PBS (pH = 7.4 and 5.0) and shaken (180 rpm)
on a platform shaker at 37 °C for 1, 3, 6, 24, 36, 48, and 72 h. At each
time point the samples were centrifuged at 13 000 rpm for 15 min, and
the precipitates were dissolved in DMF. The concentration was
determined by UV−vis absorption spectrum.
Detection of Singlet Oxygen. Generation of singlet oxygen was

determined following the Kraljic procedure.42 Solutions containing G-
PLL/ZnPc, GO/ZnPc, or ZnPc (2.5, 5, 10, and 15 μM of ZnPc) were
mixed with RNO (125 μM) and imidazole (125 μM) in DMF and
then irradiated by 655 nm light at a power density of 65 mW/cm2

using a LED lamp for 10 min. Generation of singlet oxygen by ZnPc or
G-PLL/ZnPc would result in bleaching of RNO absorption at 440 nm,
thus reflecting production of 1O2.
Cellular Toxicity Assay. HeLa (a human cervical carcinoma cell

line), MCF-7 (a human breast cancer cell line), and B16 (a mouse
melanoma cell line) cells were all obtained from American Type
Culture Collect (ATCC) and cultured in the recommended
conditions. For the cytotoxicity of G-PLL, cells were seeded in 96-
well plates for 24 h and treated with series concentrations of G-PLL
for 24, 48, and 72 h. Then the relative cell viability was measured with
cell counting kit-8 (CCK-8) (Beyotime, Shanghai, China). For the
cytotoxicity of free DOX, G-PLL/DOX, free ZnPc, and G-PLL/ZnPc
in the dark and under irradiation, cells were first treated with the same
concentration of DOX and G-PLL/DOX (0−20 μg/mL) and ZnPc
and G-PLL/ZnPc (0−10 μg/mL dissolve in DMSO and diluted in
PBS) for 6 h. Then the supernatant were discarded, and the cells were
washed gently with PBS 3 times and then irradiated with a 660 nm
laser (BWT Beijing Ltd., Beijing, China) (0.15 W/cm2, 10 min) for the
irradiation group or no irradiation for the dark group. Following 24 h
incubation, the relative cell viability was measured by CCK-8 using the
cells treated with DMSO as control.
In-Vitro PDT and Chemotherapy of G-PLL/DOX/ZnPc. Cells

(1 × 104 cells/well) seeded in 96-well plates were treated with series
concentrations of G-PLL/DOX/ZnPc in serum-free media for 6 h.
Then the supernatant were discarded, and the cells were washed gently

with PBS 3 times and then irradiated with a 660 nm laser (BWT
Beijing Ltd., Beijing, China) (0.15 W/cm2, 10 min). Following 24 h
incubation, the relative cell viability was measured by CCK-8.

Cellular Uptake Study by Confocal Microscopy. HeLa cells (8
× 104 cells/well) seeded in a 6-well plate were treated with G-PLL/
ZnPc, G-PLL/DOX, and G-PLL/DOX/ZnPc (equivalent [ZnPc] =
[DOX] = 5 μg/mL) in serum-free media for 6 h. Then the cells were
fixed with paraformaldehyde (4%) for 15 min and stained with DAPI
for 5 min after washing 3 times with PBS. Confocal images of cells
were recorded under a Nikon ECLIPSE Ti laser scanning confocal
microscope (λex = 480 nm for DOX, 635 nm for ZnPc, 400 nm for
DAPI).

Trypan Blue Staining. HeLa cells (3 × 104 cells/well) seeded in a
48-well plate were treated with G-PLL/DOX/ZnPc, G-PLL/ZnPc,
and G-PLL/DOX (equivalent [ZnPc] = [DOX] = 0.625 μg/mL) in
serum-free medium for 6 h. After discarding the supernatant, cells were
washed with PBS 3 times and irradiated with a 660 nm laser (BWT
Beijing Ltd., Beijing, China) (0.15 W/cm2, 10 min). Then the cells
were incubated for 0, 6, and 24 h. At each time point the cells were
washed with PBS and stained with 0.04% trypan blue solution
(Beyotime, Shanghai, China) for 3 min. Optical images of cells were
then taken after washing twice with PBS.
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