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T
o enhance anticancer efficacy and
optimize therapy, integration of mul-
timodal treatment strategies leading

to synergistic or combined effects is a prom-
ising approach.1,2 Co-assembly of multi-
functional agents for systematic therapy has
received considerable research interest in
cancer treatment.3�6

Among all the anticancer treatments,
photodynamic therapy (PDT) and photo-
thermal therapy (PTT) involving visible or
near-infrared (NIR) light have unique advan-
tages, including remote controllability, low
systemic toxicity, and few side effects.7 The
clinically ideal phototherapeuticwindow for
tumors is between 700 and 1100 nm, where
the attenuation of light by blood and soft
tissues is low, allowing for treating deep-
seated tumors. For PDT, light-activated
photosensitizers (PSs) can generate reactive
oxygen species, such as singlet oxygen
(1O2), free radicals, and peroxides, which
can irreversibly damage tumor tissues. Un-
fortunately, most available PSs, such as
hemoporphyrin and phthalocyanine, ab-
sorb light energy only over wavelengths
shorter than 600 nm, which is a serious
drawback for PDT. Thus, great effort has
been paid to the design of new PSs or
chemical modification of existing ones that
have large absorption cross sections in the
NIR region.8�10 For PTT, its implementation
relies on the development of photothermal
coupling agents. Gold nanostructures, such
as nanoshells,11 nanorods,12 nanocages,13�16

assembled gold nanoparticles,17 and gold
nanoshells on polystyrene spheres,18 repre-
sent excellent optical and electronic prop-
erties as well as good biocompatibility,
enabling their exciting applications in the
PTT field. In particular, gold nanocages

(AuNCs) exhibit tunable strong scattering
and absorption in the NIR transparent win-
dow, which enables their use as potential
contrast agents and photothermal conver-
tors for cancer diagnosis and therapy.16,19,20

In addition, AuNCs have hollow interiors
and porous walls suitable for encapsulating
various drugs.21,22 Hence, AuNCs uploading
special drugs could be expected to serve as
intriguing bioconjugates for complex loca-
lized NIR therapy.
Up until recently, few reports about dual

PDT and PTT for anticancer treatment in

vitro or in vivo concerning the molecular
assembled complex have been introduced.
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ABSTRACT A new bioconjugate nano-

structure was constructed by using photo-

sensitizer-incorporated mixed lipid-coated

gold nanocages for two-photon photother-

mal/photodynamic cancer therapy in vitro

with high efficiency. Scanning electron micro-

scopic and transmission electron microscopic

images reveal that the precursors and bio-

conjugate nanostructure as-prepared are narrowly dispersed and possess uniform morphol-

ogies. The relevant energy dispersion X-ray analysis and UV�vis spectra indicate that the

bioconjugate nanostructure above was assembled successfully and has a strong absorption in

the near-infrared region. Fluorescence and electronic spin resonance results show that the

gold nanocage in the bioconjugate nanostructure can dramatically quench the photosensitizer

and inhibit the production of singlet oxygen, which is supposed to alleviate the photo-

sensitizers' unwanted side effects originating from their nontargeted distribution. We have

demonstrated that as the nanocomplex is internalized by cancer cells, under two-photon

illumination, photodynamic anticancer treatment is dramatically enhanced by the photo-

thermal effect.

KEYWORDS: gold nanocages . photosensitizer . two-photon photodynamic
therapy . photothermal therapy . synergistic effect
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For instance, Tian et al. demonstrated that the photo-
thermal effect of graphene could be utilized to pro-
mote the delivery of Chlorin e6 by mild local heating
when exposed to an 808 nm laser, further enhancing
PDT efficacy in vitro under irradiation by a 660 nm
laser.23 Jang et al. confirmed that a gold nanorod�
AlPcS4 complex excited by 810 and 670 nm lasers
subsequently could reduce tumor growth in vivo by
95%.24 Recently, Khlebtsov et al. described composite
nanoparticles consisting of a gold�silver nanocage
core and a mesoporous silica shell functionalized with
the PS Yb-2,4-dimethoxyhematoporphyrin for in vivo

applications. The fabricated nanocomposites gener-
ated singlet oxygen under 630 nm excitation and
produced heat under laser irradiation at the plasmon
resonance wavelength (750�800 nm).25 The previous
reports showed that treatment with PDT and PTT
eventually could not be simultaneously performed
due to the incompatibility of photothermal convertors
and PSs in the NIR region. How to combine PDT and
PTT into a single treatment modality with highly
efficiency and compatibility is a great challenge.
In this article, we constructed a nanocomplex by

using a lipid-loaded photosensitizer, hypocrellin B (HB),
to coat AuNCs and further realized the combined
treatment of PDT and PTT for ablation of tumor cells
in vitro. As illustrated in Scheme 1, first, HB, as a typical
two-photon photodynamic therapeutic agent,26 was
reconstituted into hydrogenated soybean phosphati-
dylcholine, cholesterol, and mPEG2000-distearylpho-
sphatidylethanolamine (mPEG2000-DSPE) constituent
mixed lipid vesicles. Then, the obtained vesicles were
allowed to spread on the outer surface of the AuNCs.

After the lipid-HB-AuNCs were internalized by HeLa
cells, a 790 nm NIR two-photon femtosecond pulsed
laser was utilized to irradiate the system. With the NIR
two-photon irradiation, AuNCs can convert light into
heat, and the excited PS can generate reactive oxygen
species simultaneously. In this case, PDT and PTT can
be combined at the same time for systematic cancer
therapy, which will remarkably enhance the treatment
efficiency.

RESULTS AND DISCUSSION

By optimizing the experimental conditions, the sur-
face plasmon resonance (SPR) peak of the obtained
AuNCswas tuned to about 800 nm tomatch the central
wavelength of the NIR irradiation source. Figure 1a (A)
and (C) display scanning electron microscopic (SEM)
and transmission electron microscopic (TEM) images
of AgNCs as the precursor, which were synthesized
through a sulfide-mediated polyol process.27 Figure 1a
(B) and (D) present the typical morphology of AuNCs
with small holes at the corners and side faces. The edge
length and wall thickness of the prepared nanocages
are 45((5) and 5.0((0.5) nm, respectively (roughly
calculated from 30 AuNCs from their TEM images).
On the basis of the results of the inductively coupled
plasma mass spectrometry (ICP-MS) analyses, AuNCs
as-obtained are composed of 72%Au and 28%Ag in an
alloy state (see Supporting Information). Lipid-PS ves-
icles prepared by a lipid film hydration and mem-
brane extrusion method were obtained, as shown in
Figure 1a (E). Dynamic light scattering (DLS) measure-
ment indicates that the mean diameter of the mixed
vesicles is about 75 nm (Figure S1), which is similar to
the TEM result above.
Lipid-HB vesicles as-prepared were then allowed to

decorate the outer surface of AuNCs to form lipid-HB-
AuNCs by simply mixing vesicles and AuNC suspen-
sions at 55 �C, a temperature above the phase transi-
tion temperature of the mixed liposomes. As shown in
Figure 1a (F), AuNCs are surrounded by a continuous
soft layer with a low electron density, which might be
ascribed to the contribution of lipids. The enlarged TEM
image (the inset in Figure 1a (F)) gives the soft layer
with an estimated size of around 5 nm, corresponding
to the thickness of a lipid bilayer. It is noted that the
obtained lipid vesicles have amean diameter of 75 nm,
which will be readily spread on the individual AuNCs.
Figure 1b presents the result of energy dispersive X-ray
(EDX) analysis of the lipid-HB-AuNCs nanocomposite
without the uranyl acetate stain. It gives the elemental
components Au, Ag, C, N, O, P, and Cu. The former two
elements originate fromAuNCswhile C, N, O, and P can
be ascribed to the composition of themixed lipid layers
and HB accommodated on the surface of the AuNCs. It
should be noted that the existence of Cu is from the
copper grids. All of these analyses verify that the de-
signed lipid-HB-AuNC nanocomposites are successfully

Scheme1. Schematic illustrationof the formulation of lipid-
HB-AuNCs and the process of the combinational treatments
of two-photon photodynamic/photothermal therapy for
suppressing tumor cell growth in a synergistic manner in
vitro. The hybrid conjugate comprises a gold nanocage as a
support core, mixed lipid layers with the incorporation of
the two-photon photodynamic therapeutic agent HB, and a
hydrophilic PEG shell. After the nanomedicine was co-
cultured with and internalized by HeLa cells, the cells were
irradiated with a NIR two-photon laser. The simultaneously
generated hyperthermia and 1O2 leads to amuch enhanced
cytotoxicity

A
RTIC

LE



GAO ET AL . VOL. 6 ’ NO. 9 ’ 8030–8040 ’ 2012

www.acsnano.org

8032

fabricated. The assembled nanocomposites are rela-
tively stable. The experiments showed that there was
no observable structural change in the range of phy-
siological solutions including in saline, cell medium,
and serumwithin twoweeks of the storage period. This
might be ascribed to the surfacemodificationwith PEG
polymer, which serves as a means of improving nano-
structure stability.28,29

The SPR feature of the as-prepared particles was
explored by UV�vis spectroscopy. Figure 1c shows
the characteristic absorption of an aqueous suspension
AgNCs (curve A) at about 426 nm and AuNCs (curve B)
at about 795 nm. The small variations in the nanocage
size, wall thickness, and degree of corner truncation as
well as the aggregation of AuNCs may result in the
discrepancy of the peak.19,20 A more broadened plas-
mon resonance of the lipid-HB-AuNCs (curve C in
Figure 1c) can be observed after PEGylated mixed
liposomes were spread on the surface of the AuNCs.
Considering the results of DLS of AuNCs and lipid-HB-
AuNCs presented in Figure S2, the reason for the
broadening plasmon resonance might be ascribed to
the limited aggregation of the AuNCs after the mixed
lipid decoration. It is noted that the resulting absor-
bance spectrum of lipid-HB-AuNCs (curve C) does not
show the major absorption peak of HB. The reason
might be ascribed to themuch larger absorption cross-
section of AuNCs.13

In order to confirm that HB is attached to the surface
of composite nanoparticles, we carried out the mea-
surements of the fluorescence emission spectra at
different pH values, 2, 5, 7, and 13, respectively, accord-
ing to a published method.25 The experimental results
from the fluorescence emission spectra of AuNCs and
lipid-HB-AuNCs in PBS (Figure 2a, black curve and

bright blue curve) show that the HB's characteristic
emission peak appears near 628 nm as excited at
470 nm. This result together with the UV�vis measure-
ment shown in Figure 1c demonstrates that lipid-HB
has been successfully decorated on the surface of the
AuNCs. Furthermore, the integrity test was performed
by spectroscopic examination of the redispersed sam-
ples after incubating for 12 h at different pH values. The
emission peak of HB at about 628 nm shown in
Figure 2a (green and blue curve) confirms the integrity
of the obtained particles at pH 5 and 7 after centrifuga-
tion and washing. However, the spectrum of the

Figure 2. (a) Fluorescence emission spectra of a AuNC
suspension at pH 7 and nanocomplex suspensions at pH
2, 5, 7, and 13 after incubation for 12 h, centrifugation, and
redispersion. The excitation wavelength is 470 nm. The
dashed line shows the initial spectrum of the bioconjugate
nanostructure before adjusting the pH values. (b) Photo
images of AuNCs (1) and lipid-HB-AuNCs incubated in
various solutions at pH 2 (2), 5 (3), 7 (4), and 13 (5) for
12 h, respectively.

Figure 1. (a) SEM images of (A) AgNCs and (B) AuNCs; TEM images of (C) AgNCs and (D) AuNCs. The insets are relevant images
with highermagnification. TEM images of (E) lipid-HB vesicles and (F) lipid-HB-AuNCs as-prepared. Theywere stainedwith 1%
uranyl acetate. (b) EDX pattern of lipid-HB-AuNCs. (c) UV�vis spectra of the AgNCs (A), AuNCs (B), and lipid-HB-AuNCs (C).
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redispersed sample at pH 2 reveals a slight variation
(Figure 2a, red curve) in contrast to those at pH 5 and 7.
With the nanocomposite in a strong basic solution
(pH 13), the emission spectrum gives a remarkable
change (inset in Figure 2a). As one can see in Figure 2b,
the results of the optic images demonstrate the stabil-
ity of the redispersed samples at pH 5 and 7 (Figure 2b
(3) and (4)). Moreover, the nanocomplex exhibits
noticeable aggregation in a strong acid medium
(Figure 2b (2)) and severe color conversion in strong
basemedium (Figure 2b (5)). It could be concluded that
the integrity and stability of the nanocomposites in
weakly acidic and physiological medium are good,
whereas those at extreme low and high pH are poor.
Previous to employing lipid-HB-AuNCs for antican-

cer treatment, the essential component of the con-
jugates was evaluated quantitively. UV�vis measurement
was carried out to confirm the amount of photosensitizer
assembled on the surface of the AuNCs (see Figure S3).
Meanwhile, the concentration of AuNCs in the con-
jugates was clarified by ICP-MS analysis according to the
method of Xia's group (see Supporting Information).30

The final formulation of the nanomedicine is 0.35 nM
AuNCswith about 70μMHB. The as-prepared conjugates
were utilized in the following spectroscopy analysis and
anticancer treatment in vitro.
Retaining the unique optical properties of fluoro-

phores including PSs with plasmonic materials such as
gold after nanoscale integration is a long-standing
problem because gold nanomaterials can expediently
quench the fluorophores.31�33 Moreover, how tomake
full use of the law above to alleviate unwelcomed side

effects of PDT is another intriguing challenge. In prin-
ciple, the SPR spectrum of AuNCs (Figure 3a, curve A)
partially overlaps with the emission band of lipid-PS
(Figure 3a, curve B) when HB was excited at 470 nm,
which is themaximumabsorbancewavelength (Figure 3a,
curve C). Additionally, the absorption cross-section of
AuNCs is so large13 that AuNCs may serve as efficient
energy quenchers of excited PSs through their surface
energy transfer property when AuNCs and HB were
kept in close proximity in our designed nanosystem.
With the aim of demonstrating the effect of AuNCs on
the PS's photocatalytic activity, the fluorescence and
1O2 generation of lipid-PS before and after being
decorated on the surface of AuNCs were investigated
(Figure 3b and c). As shown in Figure 3b, the fluores-
cence inhibitory feature of AuNCs on HB can be
quantified by comparing the fluorescence intensity of
lipid-PS with that of lipid-HB-AuNCs. More importantly,
1O2 quenching efficiency could be estimated by elec-
tron spin resonance (ESR) measurement by means of
detecting 2,2,6,6-tetramethyl-4-piperidone (TEMP)-1O2

spin adduct34 (see Figure S4), which has a typical triplet
ESR signal (Figure 3c). The fluorescence and ESR results
show that lipid-HB-AuNCs emit a fluorescence intensity
corresponding to 32 ( 5% and 1O2 generation effi-
ciency of 44 ( 7%, compared with those of lipid-PS
(Figure 3d). In other words, while lipid-PS is adjacent to
the surface of AuNCs, the fluorescence intensity will be
reduced and the generation of 1O2 by photocatalysis
will be partially inhibited. Clinically, PSs for PDT and
two-photon PDT are also sensitive to excitation by
UV�vis light; this critical shortcoming results in the

Figure 3. (a) Normalized absorption spectra of AuNCs (A) and lipid-HB (C); normalized fluorescence emission spectrum of
lipid-HB (B) excited at 470 nm. (b) Fluorescence emission spectra of lipid-HB (A) and lipid-HB-AuNCs (B) at 140 μM formulated
HB equivalent under 470 nm excitation. (c) ESR spectra of the TEMPO adduct in an aqueous solution containing 0.1 M TEMP
and 140 μMHB. Lipid-PS for control experiments inwhich lightwas omitted (A) and after 60 s irradiationwith 532 nm laser (B).
Lipid-HB-AuNCs with 0.700 nM AuNCs in which light was omitted (C) and after 60 s irradiation with a 532 nm laser (D). (d)
Relative fluorescence intensity (blue) and 1O2 generation (purple) of lipid-HB-AuNCs based on the results of fluorescence and
ESR. The measured fluorescence and 1O2 generation of lipid-HB were converted to 100%.
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prolonged sensitivity of patients to sunlight or bright
indoor light and can trigger the side effect of damaging
normal cells due to the unfavorable biodistribution of
the PDT agent. Since the energy transfer between the
PS and AuNCs exists, generation of 1O2 will be partly
inhibited even under light exposure before the nano-
complex reaches the target spot.10

To further determine the intracellular distribution of
the complex in tumor cells after cellular endocytosis,
lipid-HB-AuNCs andHeLa cells were cocultured at 37 �C
for 6 h. Subsequently, free particles outside the plasma
membrane were removed and the live cells were
imaged by one-photon fluorescence and two-photon
luminescence simultaneously at multitrack mode. A
one-photon fluorescence imagewas obtained by scan-
ning the cells with a He�Ne laser at 543 nm, whereas
two-photon luminescence was acquired with a femto-
second pulsed laser tuned to 790 nm. The fluorescence
and luminescence signals in Figure 4 appear to be
strongly localized at the area of treated cells, thus
suggesting a substantial degree of interactions be-
tween cells and these particles. In detail, the fluores-
cence from HB excited by a 543 nm laser exhibits a
well-distributed red region in the whole cytoplasm, as
revealed in Figure 4a. In contrast, in Figure 4b, the
green dots scattered in the cytoplasm and on the
membrane could be attributed to the two-photon
photoluminescence of AuNCs under the plasmon-
resonant condition collected in the green channel.30

Simultaneous co-delivery of AuNCs andHB to the same
tumor cell may be beneficial to optimal cooperation in

phototherapeutics. Moreover, the overlapped fluores-
cence microscopy and two-photon luminescence mi-
croscopy images (Figure 4c) and three-dimensional
image in Figure 4d provide further evidence for en-
docytosis of nanomedicine according to the distribu-
tion of the green and red channels. Taken together, the
nanomedicine as-assembled for an adaptive tumor
treatment modality could be proposed as follows.
Preliminarily, the lipid-HB-AuNCs complex would be
supposed to be less phototoxic in the circulatory
system even upon light exposure to overcome non-
specific activation of phototoxicity. Then, the nano-
complex would be localized in tumor tissues and
further internalized by tumor cells because of a passive
targeting effect of nanomaterials. Meanwhile, the
tumor cells and tissues could be detected by two-photon
photoluminescence with a high signal-to-background
ratio and, ultimately, selectively destroyed by an NIR
laser in a noninvasive manner by illumination of the
detected tumor tissues while minimizing phototoxic
damage of the surrounding normal ones. It is worth
noticing that, up to now, although a considerable
amount of research has been carried out for targeted
PS delivery35 or encapsulation of drugs in hollow
structures to overcome unwanted side effects,36�40

our strategy can be expected to alleviate photosensi-
tizers' unwelcomed side effects resulting from their
nontargetability.
Cell mortality can be tuned by a combination of a

series of parameters, which has been extensively ex-
plored by some research groups. It has been reported
that energy input in the system is proportional to
concentration of nanoparticles and incident laser
power.41�43 To elucidate the optimized treatment
conditions, three factors including concentration of
lipid-HB-AuNCs, irradiation exposure time, and power
were explored. In a concentration-dependent manner,
HeLa cells were seeded in a 96-well plate at 5 � 104

cells/mL per well. Four dosages of nanomedicine were
administrated and cocultured with tumor cells under
darkness for 6 h, and each well was exposed under
790 nm two-photon laser irradiation at 85.5 pJ per
pulse for 300 s. Then, cells were supplemented with
fresh culturemediumand further incubated for 48 h for
apoptosis and necrosis to take place. As shown in
Figure 5a, the 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl
tetrazolium bromide (MTT) assay indicates the dose
responsive cell death: the more nanomedicine deliv-
ered, the more cell death that occurred. Likewise, to
find out the threshold NIR irradiation time and power
for inducing the most reasonable treatment efficacy,
various laser irradiation times and powers were inves-
tigated. Practically, lipid-HB-AuNCs with a final con-
centration of AuNCs of 35.0 pM and HB of 7.0 μMwere
cocultured with cells by following the same treatment
platform mentioned above. As presented in Figure 5b
and c, cell viability as a function of irradiation time and

Figure 4. Images of HeLa cells' cellular uptake of lipid-HB-
AuNCs after 6 h coculture: (a) one-photonfluorescent image
of well-distributed lipid-HB in thewhole cytoplasm; (b) two-
photon luminescence image of AuNCs scattered in the
cytoplasm and on themembrane; (c) the overlapped image;
(d) x�y top view at a given z and two other images of the
respective x�z and y�z side views along the green and red
lines. The green and red lines represent the position where
the stack is cut to form the xz and yz sections, respectively.
The scale bars are 20 μm.
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power was plotted, respectively. Increasing time or
power means more irradiation energy imposed on
the cells, resulting in more intensive cell destruction.
It is noteworthy that the cell viability reaches a mini-
mum value under the irradiation conditions of 85.5 pJ
per pulse, 300 s. To quantify the synergistically en-
hanced anticancer effect of the combination of the two
treatment approaches, anMTT assay was evaluated. As
shown in Figure 5d (A�C), the three control cases yield
high cell viabilities of >91.1 ( 4.7%. As a contrast,
Figure 5d (D) and (E) show that PDT and PTT lead to cell
viabilities of 54.5( 5.1% and 64.6( 4.4%, respectively.
As expected, when the two treatments were combined
under a single irradiation, the cell viability was remark-
ably reduced to 17.4 ( 4.3% (Figure 5d (F)), which is
evidently much lower than that by the individual ones.
Furthermore, for the sake of visualizing the tumori-

genic cell ablation efficacy and demonstrating the
relevant mechanism preliminarily and semiquantita-
tively in vitro, HeLa cells cultured in a glass-bottomed
Petri dish were incubated with lipid-HB-AuNCs with
final AuNC and HB concentrations of 35.0 pM and
7.0 μM, respectively, for 6 h, followed by illumination
with a 790 nm two-photon laser at 85.5 pJ per pulse for
300 s. After a series of combinational treatment with

agents and laser, the samples were incubated with a
mixture of the nucleic acid-specific dyes acridine or-
ange (AO) and ethidium bromide (EB) following the
standard staining protocols44 and immediately ob-
served by fluorescence microscopy. Assessment of cell
viability was carried out by observing fluorescent cell
staining: AO enters live cells and gives the nuclei a
green fluorescence, while EB is excluded by intact
tumor cell membranes but stains the nuclei of dead
cells fluorescent orange. In the three control experi-
ments, HeLa cells exhibit no obvious loss of cell viability
after NIR irradiation, as do the cells receiving nanomed-
icine without irradiation (Figure 6a�i). However, all
the HeLa cells treated with lipid-HB and irradiation
exhibit a bright saffron yellow color, showing late
apoptotic or necrotic character (Figure 6j�l). The cell
damage may be attributed to generation of 1O2 by a
two-photon-induced photodynamic process of HB.26

For HeLa cells cultured with lipid-AuNCs under irradia-
tion, as presented in Figure 6m�o, the cells around the
circular NIR irradiation region are stained green and
still remain alive, compared with those located inside
the light spot, which are inactive and detached, ex-
hibiting the appearance of necrotic areas by photo-
thermal effects.45 To further estimate the photothermal

Figure 5. (a) HeLa cell viability in vitromeasured by MTT assay (n = 3) with dependence on nanomedicine concentration. (A)
HeLa cells thatwere incubated in the absence of agentswithout irradiation; (B) cells exposed to light alonewithout any agent;
cells culturedwith (C) lipid-HB-AuNCs with 4.38 pMAuNCs and 0.88 μMHB; (D) 8.75 pMAuNCs, 1.8 μMHB; (E) 17.5 pMAuNCs,
3.5 μMHB; (F) 35.0 pMAuNCs, 7.0 μMHB for 6 h and then irradiatedwith the 790 nm two-photon laser at 85.5 pJ per pulse for
300 s. (b) HeLa cell viability in vitromeasured by MTT assay (n = 3) under irradiation for different times. Lipid-HB-AuNCs with
35.0 pMAuNCs, 7.0 μMHBwere cocultured with HeLa cells for 6 h and then irradiated with a 790 nm two-photon laser at 85.5
pJ per pulse for 0, 100, 200, and 300 s, respectively. Cells that were incubated in the absence of agents without irradiation
were used as the control group. (c) HeLa cell viability in vitromeasured byMTT assay (n = 3) at different radiant powers. Lipid-
HB-AuNCs with 35.0 pM AuNCs, 7.0 μM HB were cocultured with HeLa cells for 6 h and then irradiated with the 790 nm two-
photon laser for 300 s at 0, 32.9, 59.2, and 85.5 pJ per pulse as the experimental groups. Cells that were incubated in the
absence of agents without irradiation were used as control groups. (d) HeLa cell viability in vitro measured by MTT assay
(n = 3) under different conditions: (A) in the absence of agent, without irradiation; (B) without agent, under irradiation of the
790 nm NIR two-photon laser at 85.5 pJ per pulse for 300 s; (C) in the presence of lipid-HB-AuNCs, without irradiation; under
the same irradiation above, (D) lipid-PS with 7.0 μMHB; (E) lipid-AuNCs with 35.0 pMAuNCs; (F) lipid-HB-AuNCs with 35.0 pM
AuNCs and 7.0 μM HB.
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effect in situ, HeLa cells incubated with lipid-AuNCs were
illuminated by scanning the same area repetitively and
quickly with a 790 nm laser. During the process, balloon-
ing bulges could be observed, which is in good agree-
ment with the results reported by Xia's group,45 who
explained that it is an indication of membrane blebbing
resulting from temperature increase (see red and blue
arrows in Figure S5). In contrast, for the case of HeLa cells
cultured with lipid-HB-AuNCs under irradiation, not only
does a necrotic area exist but also the viability of cells
around the circular NIR-irradiated region is compro-
mised, indicating enhanced cell membrane damage46

(Figures 6p�r). It is notable that the image exhibits a
quarter of the necrotic area, suggesting the absolute
necrotic areaof the combined treatment (about 2.0mm2)
is definitely larger than that of PTT treatment alone
(about 0.5 mm2). The result vividly proves the combined
PDT and PTT treatment regime by two-photon therapy

can dramatically enhance the possibility of destroying
tumor cells in vitro, compared to that byusing each single
method.
From the tumor cellularmortality ratio, one can see a

significant synergistic therapeutic effect. This may be
ascribed to a positive Arrhenius-type enhancement of
the photosensitization reactions resulting from hy-
perthermia derived from PTT.47 To demonstrate the
above mechanism, we have carried out the relevant
experiments. First, the temperature changes in the
lipid-AuNC suspensions under the two-photon irradia-
tion were investigated. As shown in Figure 7a, the
temperature increase in the simplified lipid-AuNCs
system shows a positive concentration dependence.43

Then another experiment was proposed to clarify the
temperature-dependent photoreaction. In detail, the
reaction of 1O2 generated by lipid-HB with 9,10-diphe-
nylanthracene (DPA) was studied in H2O at different

Figure 6. Images of HeLa cells cultured in a glass-bottomed Petri dish incubated with or without various constituent
conjugates for 6 h, with or without illumination. After incubatingwith amixture of the nucleic acid-specific dyes AO and EB by
following standard staining protocols, the samples were observed by fluorescencemicroscopy through green, red, and their
overlayed channels, respectively: (a�c) in the absence of agent, without irradiation; (d�f) without agent, under irradiation of
a 790 nm NIR two-photon laser at 85.5 pJ per pulse for 300 s; (g�i) in the presence of lipid-HB-AuNCs, without irradiation;
under the same irradiation above, (j�l) lipid-HBwith 7.0μMHB; (m�o) lipid-AuNCswith 35.0 pMAuNCs; (p�r) lipid-HB-AuNCs
with 35.0 pMAuNCs and 7.0 μMHB. It should be noted that (c), (f), (i), (l), (o), and (r) are the corresponding overlapped images.
The area inside the marked white line is the corresponding laser scanning region. (NOTE: The real area under irradiation is
larger than the marked spot because of the Gaussian distribution of light.) The scale bars are 200 μm.
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temperatures ranging from 30 to 60 �C. The oxidation
of DPA by 1O2 (Figure S6) could be observed by the
absorbance decrease of DPA at 376 nm.48 This result
suggests that the rates of the photosensitization reaction
increase with an increase in temperature (Figure 7b).
Moreover, based on the above results, photobleaching
of DPA by 1O2 generated by lipid-HB-AuNCs under
two-photon excitation was explored. As illustrated in
Figure 7c, an obvious absorbance decrease of DPA at
376 nm in the presence of lipid-HB-AuNCs is observed
after two-photon irradiation at 85.5 pJ per pulse for
300 s (pink curve), compared to that of the DPA solution
with or without irradiation (Figure 7c, red curve and
black curve). To demonstrate the synergistic influence
of hyperthermia on PDT, we have done control experi-
ments for the irradiation of DPAwith AuNCs or lipid-HB.
As expected, relatively less photobleaching of DPAwas
observed under both conditions (Figure 7c, blue curve
and green curve), indicating a positive Arrhenius-type
enhancement of the photosensitization reactions in-
duced by the photothermal effect.49�53 Thus we con-
clude that with the aid of the two-photon technique,
the combined treatment of PDT and PTT exhibits an
obvious advantage. It has been reported that the

highly localized plasmonic field of AuNPs and their
aggregates can enhance the formation of reactive
oxygen species from PS.54 Arrhenius-type enhance-
ment of the photosensitization can be expected to
be another efficient strategy to generate elevated
reactive oxygen species, which is definitely the key
for highly efficient PDT for cancer treatment. Moreover,
one-off administration and irradiation based on the
two-photon technique is convenient for integration of
different approaches to facilitate the combined treatment.

CONCLUSIONS

In summary, we constructed a lipid-HB-AuNCs com-
plex for two-photon photothermal/photodynamic
cancer therapy in vitro. The assembly of photosensiti-
zer and photothermal transducer and the utilization of
two-photon techniques results in one-off administra-
tion and irradiation for antitumor treatment. The pres-
ent method is supposed to lower the PSs' negative
effect in the unnecessary nontargeted area. The rele-
vant experiments display an obviously synergistic an-
ticancer efficiency in the NIR region by coupling PDT
and PTT. Thus such an assembled complex may be-
come a more effective system for cancer therapy.

EXPERIMENTAL SECTION

Chemicals and Reagents. Ethylene glycol, AgNO3, Na2S 3 9H2O,
HAuCl4 3 3H2O, anhydrous chloroform, acetone, and ethanol
were obtained from Beijing Chemical Reagent Co., China. Poly-
vinylpyrrolidone with average Mr ≈ 55 000 and 2,2,6,6-tetra-
methyl-4-piperidone were from Sigma-Aldrich. Hydrogenated
soybean phosphatidylcholine (HSPC) and mPEG2000-distearyl-
phosphatidylethanolamine (mPEG2000-DSPE) were purchased
from Nippon Fine Chemical Co., Ltd., Japan. Cholesterol was
bought from Avanti Polar Lipids (Alabaster, AL, USA). Hypocrel-
lin B (HB) was kindly provided by Zhao's group. Acridine orange
(AO) and ethidium bromide (EB) were obtained from Beijing
BioDee Biotechnology Corporation Ltd., China. 9,10-Dipheny-
lanthracene (DPA) was from Alfa Aesar China (Tianjin) Co., Ltd.

3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyl tetrazolium bromide
(MTT) was purchased from Amresco. Penicillin, streptomycin,
Dulbecco's modified Eagle medium (DMEM), and fetal bovine
serum (FBS) were obtained from Invitrogen. All other materials
were commercially available and used as received unless other-
wise mentioned. The water with a resistivity of 18.2 MΩ 3 cm,
used throughout the experiment, was purified with a Milli-Q
system from Millipore Co., USA.

Preparation of Mixed Liposomes with and without Photosensitizer.
Mixed liposomes composed of HSPC, cholesterol, and
mPEG2000-DSPE with a molar ratio of about 2:1:0.16 were
prepared by a lipid film hydration and membrane extrusion
method.55 In detail, stock solutions of HSPC (1.0mg), cholesterol
(0.25 mg), and mPEG2000-DSPE (0.31 mg) in the presence or

Figure 7. (a) Plots of temperatures in H2O and two suspensions of lipid-AuNCs recorded by a thermocouple before and after
NIR two-photon illumination (85.5 pJ per pulse for 300 s, 790 nm). In two suspensions, the concentrations of AuNCs are 0.0350
and0.350nM. (b) UV�vis spectra ofDPA inH2O�DMSOwithout irradiation (black curve); inH2O�DMSOwith irradiationupon
480 nm one-photon excitation for 300 s (red curve); together with lipid-HB under the same irradiation above at 30 (blue
curve), 40 (green curve), 50 (pink curve), and 60 �C (yellow curve), respectively. The final concentration of HB in the
formulation is 70 μM. The irradiation source is a 150 W Xe lamp, equipped with filters to isolate a narrow spectral region
around 480 nm. At/A0 represents the ratio of remnant DPA after irradiation at the designated temperature. (c) UV�vis spectra
of DPA inH2O�DMSOwithout irradiation (black curve); inH2O�DMSOwith irradiationupon790nm two-photonexcitation at
85.5 pJ per pulse for 300 s (red curve); togetherwithAuNCs (blue curve), lipid-HB (green curve), or lipid-HB-AuNCs (pink curve)
under the same irradiation as above. In the nanomedicine, the final concentrations of AuNCs and HB are about 0.350 nM and
70 μM.
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absence of 50 μg of HB in anhydrous chloroform were mixed in
a vitreous vial. The mixture was blown dry with N2 and further
dried under vacuum for 24 h. After incubation and gentle
stirring in 1.0 mL of H2O for 2 h at 37 �C, the lipid mixture was
then extruded to form liposomes at 55 �C by following the
instruction from Avanti Polar Lipids, Inc.

Fabrication of Lipid-AuNCs and Lipid-HB-AuNCs. AuNCs were pre-
pared by a galvanic replacement reaction between Ag nano-
cubes serving as the sacrificial templates and HAuCl4 by
following a method reported by Xia's group.27 To fabricate
lipid-AuNCs and lipid-HB-AuNCs, the as-prepared 1.0mL of lipid
and lipid-PS vesicles were added to the AuNC dispersion
(0.21 nM, 0.5 mL) and gently stirred at 55 �C for 1 h, respectively.
Theobtaineddispersionswerecentrifugedat10000 rpmfor20min,
respectively. After the conjugates were washed three times with
H2O or PBS, both lipid-coated AuNCs were resuspended in 300 μL
of H2O or PBS, respectively, and used as soon as possible.

Characterization. The morphologies of the samples were ex-
amined by a Hitachi S-4800 SEM working at 15 kV. TEM was
conducted with a JEOL 2011 transmission electronic micro-
scope working at 200 kV. The elemental components were
analyzed by an EDX analyzer (Phoenix) as the TEM accessory. A
Hitachi U-3010 spectrophotometer was used to record the
UV�vis spectra. In addition, the mean diameter and size
distribution were documented by a phase analysis light scatter-
ing technique (Zetasizer Nano, Malvern). Fluorescence emission
spectra were obtained by a F-4500 fluorescence spectrophot-
ometer (Hitachi). The ESR spectra were measured by using a
Bruker model ESP 300 spectrometer operating at room tem-
perature. Au and Ag content were determined by ICP-MS
(PerkinElmer). One-photon and two-photon fluorescence images
were obtained by a two-photon laser scanningmicroscope (Carl
Zeiss LSM 510 Meta). A mode-locked femtosecond Ti:sapphire
laser (Coherent Mira-900, USA) tuned to 790 nm with a repeti-
tion rate of 76 MHz and pulse width of 130 fs was used as the
two-photon illumination source.

ESR Measurements. The spin trap agent TEMP reacts with 1O2

forming stable nitroxyl radical spin adduct TEMPO, which
produces a typical triplet ESR signal.34 Photoinduced ESR
spectra were obtained by mixing 0.1 M TEMP with lipid-HB or
lipid-HB-AuNCs suspension to reach a final HB concentration of
140 μM. Samples were then injected into quartz capillaries
designed specially for ESR analysis and directly irradiated inside
the cavity of the ESR spectrometer with a Q-switched Nd:YAG
nanosecond laser apparatus. The exciting wavelength was
532 nm. Parameter settings: microwave power, 10.09 mW;
frequency, 9.8 GHz; time constant, 40.96 ms; scan width, 100 G.
TheESR signals of TEMPOgeneratedby lipid-HBor lipid-HB-AuNCs
in the presence of TEMP without irradiation were collected as
controls.

Endocytosis Study of Lipid-HB-AuNCs. With regard to the endo-
cytosis study, 5� 104 cells/mL HeLa cells were grown in 35 mm
glass-bottom Petri dishes, supplemented with culture medium
at a concentration to allow 90% confluence in 24 h. Then, lipid-
HB-AuNCs with a final AuNC concentration of 35.0 pM were
delivered. After incubating with the conjugates at 37 �C for 6 h,
the cells were washed three times with PBS, and then 1 mL of
culture medium was supplemented into the glass-bottom Petri
dishes. Finally, the cells were immediately observed with a 0.55
numerical aperture oil immersion 63� objective, and individual
images were taken along their z-axis at 1 μm intervals. Fluores-
cence and luminescence images were taken by multitrack
mode: HB excited by the 543 nm laser was detected mainly in
the red channel through an emission filter at 565�615 nm,
while two-photon photoluminescence of AuNCs was collected
mainly in the green channel through an emission filter at
500�550 nm when excited by the 790 nm laser.

Anticancer Treatments in Vitro. HeLa cells were cultured in
DMEM and 10% FBS supplemented with 1% penicillin and
streptomycin at 37 �C in 5% CO2, 70% humidity environment,
reseeded every 2�4 days to maintain subconfluency. Antic-
ancer treatments in vitro under different conditions were
carried out. The MTT assay was used to evaluate the relevant
cell viabilities. Survival of untreated cells was set as 100%, and
that of test cells was expressed as a percentage of untreated

cells. Data are shown as (mean( the standard error) from three
independent experiments performed in triplicate.

AO/EB Staining of HeLa Cells for Observation of Necrotic or Apoptotic
Areas. After lipid-HB-AuNCs as well as other drugs were cocul-
tured with HeLa cells for 6 h, the experimental groups and
control groups were illuminated with the 790 nm two-photon
laser (85.5 pJ per pulse, 300 s) under an objective (20�, NA 0.55)
with the continuous scanning mode (1 frame/s). After irradia-
tion, 10 μL of 50 μg mL�1AO and EB mixed dye solution in PBS
was added to each Petri dish and cocultured with cells under
darkness for 20 min at room temperature. Soon afterward, the
cells were washed five times with PBS to remove the unreacted
dye and detached cells before observing by confocal laser
scanning microscopy. Then, HeLa cells were observed with
a 0.55 numerical aperture 10� objective. Emission of AO was
collectedmainly in the green channel through an emission filter
at 500�550 nm when excited by a 488 nm Arþ laser. EB excited
by a 543 nm He�Ne laser was detected mainly in the red
channel through an emission filter at 565�615 nm. All the
fluorescent images were collected at the same setting.

Photothermal Measurements. For concentration-depended
photothermal measurements, a homemade thermocouple that
allows thermal detection with an accuracy of 0.01 �C was used.
Samples (500 μL) were placed in a sealed quartz cuvette (4.5 �
1.0 � 0.5 cm) and then irradiated from the top by z-axis
scanning at steps of 7.5 μm/s (85.5 pJ per pulse for 300 s,
790 nm). Temperature increase was immediately measured
along the scanning cross section, and a total of three replicates
were conducted for each sample. Lipid-AuNCs with AuNC con-
centrations of 0.0350 and 0.350 nM were measured as experi-
mental groups and H2O as the control group.

Temperature-Dependent Singlet Oxygen Generation by Lipid-HB. In a
typical measurement, the sample was prepared by mixing
630 μL of lipid-HB in H2O with 70 μL of DPA stock solution in
DMSO into a sealed quartz cuvette as mentioned above before
placing it in a water bath at the designated temperature (30, 40,
50, and 60 �C). The final concentration of HB is 70 μM, and that of
DPA is 55 μM. After irradiation for 300 s, the suspension was
then taken out for UV�vis spectral measurement (Note: the
UV�vis spectrumof lipid-PSwith 70 μMHB inH2O/DMSOmixed
solution was recorded as the corresponding baseline). The
irradiation source is a 150 W Xe lamp with a narrow spectral
region around 480 nm.

DPA Bleaching Study for AuNCs, Lipid-HB, and Lipid-HB-AuNCs under
Two-Photon Excitation. The samplewas prepared bymixing 630 μL
of AuNCs, lipid-HB, or lipid-HB-AuNCs in H2O with 70 μL of DPA
stock solution in DMSO, respectively. The final concentration
of DPA was 55 μM. For AuNCs, the final concentration was
0.350 nM. For lipid-HB, the final concentration of HB was 70 μM.
For lipid-HB-AuNCs, the final concentrations of AuNCs and HB
were 0.350 nM and 70 μM. Two-photon excitation at 790 nm
(85.5 pJ per pulse, 300 s) was conducted by enabling a laser
beam through a sealed quartz cuvette containing 700 μL of
suspensions. After irradiation for 300 s, in the case of AuNCs or
lipid-HB-AuNCs, the sample was centrifugated and the super-
natant was then taken out for UV�vis spectral measurement. For
lipid-HB, the suspension was measured directly (Note: in this case,
the UV�vis spectrum of lipid-HB with 70 μM HB in H2O/DMSO
mixed solution was recorded as the corresponding baseline).
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