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micelles, and inorganic nanoparticles. [ 1,2 ]  
Generally, the nanomaterials-based 
theranostic agents were developed by a 
combination of therapy techniques, for 
example, chemotherapy, [ 3 ]  radiotherapy, [ 4,5 ]  
and photo-triggered therapy, [ 6 ]  with various 
imaging technologies, such as fl uores-
cence imaging, Raman imaging, magnetic 
resonance imaging, and photoacoustic 
imaging. [ 6,7 ]  Compared with small molec-
ular tracers, one of the main advantages 
of nanoprobes is their passively targeting 
ability to tumor tissues by enhanced per-
meability and retention (EPR) effect. [ 2 ]  
However, many inorganic-based thera-
nostic agents, such as carbon-based, [ 8 ]  
metal-based and semiconductor-based 
nanomaterials, [ 9,10 ]  have relatively larger 
hydrodynamic diameters (HDs, typically 
>10 nm), which are above the of kidney fi l-
tration threshold (KFT) of 5.5 nm. There-
fore, those nanomaterials prefer to be 
nonspecifi cally trapped in liver and spleen 
by the reticulo-endothelial system (RES) 
after systematic administration, which not 
only reduces the tumor targeting effi ciency 
and specifi city but also induces the latent 

toxicity for normal organs, hampering their clinical use. [ 10,11 ]  
Conversely, smaller nanoparticles (NPs) penetrate well into the 
tumor tissues, but are limited by their rapid systemic elimina-
tion. This phenomenon could partially be due to their different 
diffusion behavior in dense tumor interstitial matrix. The diffu-
sion of NPs larger than 60 nm is often hindered, causing them 
to accumulate preferentially in perivascular regions and exert 
only local effects, whereas, smaller NPs (<20 nm) can achieve 
substantial enhancement in transport across the interstitial 
and tumor vascular wall, but suffering a fast clearance through 
renal fi ltration. [ 12 ]  However, ideal nanomaterials-based thera-
nostic agents should have little accumulation in normal tis-
sues while getting adequate doses in tumor locations. With the 
growing appreciation of the great progress in the synthesis of 
gold nanoclusters (GNCs), in vivo applications of GNCs as ther-
anostic agents are experiencing an upsurge of interest. [ 13,14 ]  

 The current synthetic capabilities allow a wide range of thi-
olates, proteins, DNA, dendrimers, polypeptides, and their 
derivatives to tune the surface chemistry of GNCs. [ 13,15 ]  In 
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  1.     Introduction 

 Over recent decades, great advances have been made in various 
nano-platforms for cancer diagnosis and therapy, including 
many nanomatrials with different chemical compositions and 
physicochemical properties, such as liposomes, polymeric 
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particular, the glutathione (GSH)-capped GNCs (GNCs@
GSH) have undergone relatively thorough research with the 
successful determination of their structures and quantized elec-
tronic states. [ 16 ]  The large Stokes shift, excellent photostability 
and facile surface functionalization are the attractive features 
of GNCs@GSH. However, the most reported GNCs@GSH 
possessed a low quantum yield (QY) and showed a very weak 
fl uorescence, which limited the practical use in bioimaging, 
sensing and other fi elds. Recent studies have shown that renal-
clearable GNCs behave like small molecules in urinary elimina-
tion and two-compartment pharmacokinetics while preserving 
the EPR effect. [ 14,17 ]  In addition, GNCs can be retained in the 
tumor at a higher concentration but cleared from normal tissues 
>3 times faster than the dye molecules. [ 18 ]  Compared with tradi-
tional small drug, dye molecules and lager nanomaterials with 
HDs >10 nm, the GNCs-based nanoprobes hold many advan-
tages including: (1) passively targeting to tumors by EPR effect 
with small amounts trapped in the liver and spleen; (2) a much 
longer tumor retention time and faster normal tissue clearance; 
(3) excellent water solubility, good biological compatibility, and 
the versatility in surface chemistry. These merits enable the 
GNCs to be a new nano-platform with promising clinical trans-
lational potential. Recently, advances in cancer cell and tumor 
imaging and fl uorescent imaging- or X-ray CT imaging-guided 
chemotherapy and radiotherapy have been made, [ 5,19 ]  nonethe-
less, a GNCs-based drug delivery system that has not been devel-
oped to transport photosensitizers for simultaneous bioimaging 
and targeted photodynamic therapy (PDT) in vitro and in vivo. 

 Herein, the red-emitting GSH-capped GNCs with a QY of 
5.8% were synthesized from a modifi ed tetrabutylammonium 

borohydride (TBAB)-reduction method. [ 19 ]  TBAB is a mild 
reducing agent and provides mild and controllable reduction 
kinetics for the formation of GNCs. Next, the GNCs-based, 
folic acid (FA)-coupled, and PEG (polyethylene glycol)-function-
alized nanoprobes were developed to load the photosensitizer 
of chlorin e6 (Ce6) molecules ( Scheme    1   and Figure S1, Sup-
porting Information). Incorporation of a fl exible PEG spacer 
between the clusters and FA provides a means of endowing an 
exterior coat for “stealth” while greatly enhancing cell surface 
recognition. Systematic in vitro and in vivo experiments are 
designed to carefully evaluate the cellular uptake, light-induced 
cell apoptosis, biodistribution, as well as FA-directed active 
tumor targeting and enhanced PDT at the animal level. Dif-
ferent from the previously reported gold nanoparticles (GNPs)-
based photosensitizer delivery system, [ 20 ]  our GNCs-based 
nanoprobes (Ce6@GNCs-PEG 2K -FA) with well-engineered 
surface chemistry enable superior penetration and long reten-
tion behavior in tumors, signals from tumor site are distinctly 
detectable up to 7 days. More importantly, rapid diffusion fol-
lowed by effective elimination from normal tissues renders the 
nanoprobes as a multifunctional promising theranostic agent 
with specifi city, effi cacy, and safety.   

  2.     Results and Discussion 

  2.1.     Preparation and Characterization of GNCs and GNCs-Based 
Nanoprobes 

 GNCs were synthesized from a modifi ed TBAB-reduc-
tion method (see the Experimental Section). [ 19,21 ]  Our 
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 Scheme 1.    Schematic illustration of the preparation of the GNCs-based nanoprobes and their applications in vitro and in vivo.
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TBAB-reduction method conducted under ice bath realized the 
delicate control of the reduction kinetics and thermodynamic 
selection of the Au(0)@Au(I)−SG structures. The committed 
step in the formation of highly fl uorescent GNCs was the 
reduction of insoluble large Au(I)−SG complexes to soluble oli-
gomeric Au(I)−SG complexes and then Au(0)@Au(I)−SG struc-
ture with the addition of TBAB. Slower thermodynamic aging 
step allows a dense aggregation of Au(0)@Au(I)−SG inter-
mediates according to the theoretical studies of aggregation-
induced emission (AIE) discovered by Xie et al. [ 22 ]  As shown in 
 Figure    1  a,b, transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) images indicated that the mono-
dispersed GNCs exhibit spherical shape and outstanding size 
uniformity with a diameter of 2.0 ± 0.3 nm. The fi nal product of 
GNCs was brownish in aqueous solution and emitted intensive 
red light under UV illumination (insets in Figure  1 c). No sur-
face plasmon absorption was observed in the UV–vis spectrum 
of the as-synthesized GNCs, which was different from the con-
ventional larger plasmonic-nanoparticles. This is mainly attrib-
uted to the large amount of Au(I) atoms in the GNCs, resulting 
in the failure to denote free electrons to support surface plas-
mons. [ 14 ]  The photoluminescence (PL) spectrum showed 
a main peak at 652 nm with a shoulder peak at ≈820 nm. 
Meanwhile, the photoluminescence excitation (PLE) spectrum 

showed a main excitation peak at 520 nm, which correspond 
well to the absorption peak of 515 nm in the absorption spec-
trum (Figure  1 c). The high content of Au(I)−SG complexes in 
the GNCs was confi rmed by X-ray photoelectron spectroscopy 
(XPS) measurement, which showed that ≈43.0% of Au atoms 
in the GNCs were actually in the Au(I) state, forming strong 
Au(I)–S bonds with the GSH ligands (Figure  1 d). The quantum 
yield of the as-synthesized GNCs was 5.8% at room tempera-
ture, using Rhodamine 6G as the reference.  

 The nanoprobes of GNCs-PEG 2K -FA were prepared by 
covalent coupling FA-PEG 2K -NHS on the surface of GNCs 
directly, followed by trapping drugs (Ce6) within PEG 2K  net-
works and attaching to the GNCs surface. The Ce6 molecules 
can be stabilized via hydrophobic interactions of PEG 2K  chains 
and nonpolar moiety of Ce6, while the terminal three ioniz-
able carboxylic groups (–COO–) of Ce6 molecules might form 
stable adsorption with Au atoms in physiological pH range 
(pH 6.5–8.5). [ 23 ]  The loading content of Ce6 in GNCs-PEG 2K -
FA determined by UV–vis spectroscopy was ≈6 wt%. The 
absorption spectra of GNCs-PEG 2K -FA, Ce6@GNCs-PEG 2K -
FA, and pure GNCs and free Ce6 in aqueous solution at pH 
7 were shown in  Figure    2  a. Specifi cally, the spectra of GNCs-
PEG 2K -FA and Ce6@GNCs-PEG 2K -FA, exhibited the charac-
teristic absorption peak of FA with a narrow peak at 283 nm 
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 Figure 1.    Characterization of red-emitting GNCs. a) TEM and b) HRTEM images of GNCs. (Inset) Core size of GNCs measured by TEM. c) UV–vis 
absorption (black line), PL (orange line, λ ex  = 520 nm), and PLE (olive line, λ em  = 652 nm) spectra of GNCs. (Insets) Digital pictures of the GNCs 
dissolved in water under white-light (left) and UV (365 nm) excitation (right). d) XPS spectrum of GNCs (black line) showing that the Au 4 f  7/2  and 
Au 4 f  5/2  binding energies (BE) are 83.9 and 87.6 eV, respectively. With BE of Au 4 f  7/2  as an example, the Au 4 f  7/2  spectrum of GNCs (black lines) was 
deconvoluted into Au(I) (orange line) and Au(0) (olive line) components with binding energies of 84.3 and 83.7 eV, respectively. By comparing the 
integrated areas of two fi tting peaks, the Au(I) amount in Au atoms was calculated to be 42.8%.
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and a broad peak at 350 nm. [ 24 ]  Most pronounced change of 
the obtained nanoprobes was observed in the region of Ce6 
Q(I) band, which underwent a bathochromic shift to 659 nm 
comparison of the absorption of free Ce6 (654 nm). It was 
concluded that the generated bathochromic shift of the Q(I) 
band was a typical response to the changes of the Ce6 envi-
ronment. [ 25 ]  In all, the UV–vis spectra indicated the immobi-
lization of FA, PEG 2K , and Ce6 on the GNCs, which was fur-
ther supported by FTIR and  1 H NMR spectral measurements 
(Figures S2,3, Supporting Information). FTIR spectra con-
fi rmed the conjugation of PEG 2K  to the GNCs through the 
appearance of vibration frequencies at 1647 cm −1  (amide C=O) 
and 1533 cm −1  (N–H bond). The peaks at 2870 and 948 cm −1  
belong to the stretching vibration of the functional group of 
the –CH 2 – of the PEG 2K  and the peak 1109 cm −1  is due to the 
C–O–C stretch. Besides, the new peak at 1606 cm −1 , which is 
a typical vibration of amino group in the pteridine ring of FA, 
confi rmed successful conjugation of GNCs and PEG 2K  with FA 
(Figure S2, Supporting Information). As shown in Figure S3 
(Supporting Information), the intensive signal at 3.65 ppm was 
attributed to PEG blocks (–CH 2 –). The peculiar signals at 7.65, 
8.65, and 2.52 ppm were characteristic signals of the pterin 
ring, benzene ring, and methylene of FA, [ 26 ]  respectively, while 
the chemical shifts from 3.31–3.53 ppm was the striking fea-
ture of PEG blocks (–CH 2 –), suggesting the successful conjuga-
tion of FA to the H 2 N-PEG 2K -COOH. The  1 H NMR spectrum 

of GNCs-PEG 2K -FA showed successful covalent attachment of 
FA-PEG 2K -NHS to GNCs through the superimposition of the 
characteristic chemical shifts of FA-PEG 2K -NHS and GNCs. We 
also noticed that the releasing of Ce6 from GNCs-PEG 2K -FA 
was pH-dependent and showed increased leaking under acid 
pH (Figure S4, Supporting Information), indicating that the 
protonation of carboxyl groups was helpful for Ce6 releasing.  

 For the PL spectra, GNCs-PEG 2K -FA showed no appreciable 
change in fl uorescence intensity when excited at 520 nm, while 
the fl uorescence intensity of Ce6@GNCs-PEG 2K -FA did not dis-
play a simple superposition of GNCs and Ce6 at corresponding 
concentrations of both components (Figure  2 b). The excita-
tion of Ce6 in the nanoprobes was triggered partly by energy 
transfer from the excited GNCs, since the PLE intensity of the 
hybrid nanoprobes was lower than pure GNCs when excited at 
520 nm as demonstrated in the PLE spectra (Figure  2 c). Both 
GNCs-PEG 2K -FA and Ce6@GNCs-PEG 2K -FA displayed bright 
red emission under UV irradiation (insets in Figure  2 c). The 
average hydrodynamic diameter of the resulting nanoprobes 
(Ce6@GNCs-PEG 2K -FA) measured by DLS was 6.1 ± 1.2 nm 
(Figure  2 d), which could be contributed to the extended hydra-
tion layer thickness by the polymer chain of PEG. In addition, 
analysis of the XPS spectrum determined ≈42.8% Au(I) com-
ponent of all Au atoms in the resulting nanoprobes, indicating 
the unchanged structures of GNCs (Figure S5, Supporting 
Information).  
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 Figure 2.    Characterization of the GNCs-based nanoprobes. a) UV−vis absorption, b) PL, and c) PLE spectra of the as-synthesized GNCs (black line, 
λ ex  = 520 nm for PL spectrum, and λ em  = 652 nm for PLE spectrum), GNCs-PEG 2K -FA (blue line, λ ex  = 524 nm for PL spectrum, and λ em  = 652 nm 
for PLE spectrum), free Ce6 (olive line, λ ex  = 400 nm for PL spectrum, and λ em  = 660 nm for PLE spectrum), and Ce6@GNCs-PEG 2K -FA (orange line, 
λ ex  = 500 nm for PL spectrum, and λ em  = 660 nm for PLE spectrum). (Insets) Digital pictures of (1) GNCs-PEG 2K -FA and (2) Ce6@GNCs-PEG 2K -FA 
dissolved in 1×PBS under white-light (left) and UV (365 nm) excitation (right). d) Hydrodynamic diameter of the nanoprobes (Ce6@GNCs-PEG 2K -FA).
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  2.2.     Cellular Uptake Assay 

 The targeting effectiveness of the FA ligands in the nanoprobes 
toward gastric cancer MGC-803 cells (over-expression of folate 
receptor (FR)) was evaluated by the confocal laser scanning 
microscopy (CLSM) and fl ow cytometry (FCM). The MGC-803 
cells were treated with Ce6@GNCs-PEG 2K -FA and free Ce6 at 
the equivalent concentrations of Ce6 and the fl uorescence was 
monitored over a period of 12 h. As shown in  Figure    3  a, only 
dim red fl uorescence was detected in the cells incubated with 
free Ce6 for 0.5 h, suggesting the low quantity of Ce6 that has 
entered the cells. In contrast, bright fl uorescence was distrib-
uted in the cytoplasm and cytomembrane after the cells have 
been incubated with Ce6@GNCs-PEG 2K -FA for 0.5 h. The 
median fl uorescence values revealed by FCM also confi rmed 
the higher fl uorescence intensity of the cells incubated with 
the nanoprobes, which was 1.2-fold higher than that of the cells 
incubated with free Ce6 (Figure  3 b). The most signifi cant dif-
ference in the amount of cellular uptake between Ce6@GNCs-
PEG 2K -FA and free Ce6 occurred after 3 h of incubation with a 
4.8-fold higher median fl uorescence value. The endo/lysosomal 
organelles in MGC-803 cells were stained by LysoTracker Green 
DND-26. As a result, both free Ce6 and the nanoprobes were 
mainly distributed in endo/lysosomal compartments following 
internalization. Recent investigations in our previous study and 
others have confi rmed the low cellular affi nity of free GNCs, 
which was mainly attributable to the surface zwitterionization 
under physiological pH range. [ 19,27 ]  To further evaluate the 

targeting recognition capability of the GNCs-based nanoprobes, 
GES-1 cells (human gastric epithelial cells; FR-negative) incu-
bated with free Ce6 and Ce6@GNCs-PEG 2K -FA was assessed as 
a control experiment. As shown in Figure S6 (Supporting Infor-
mation), free Ce6 distributed in the cytomembrane and cyto-
plasm of GES-1 cells while the fl uorescence intensity increased 
greatly along the incubation time of 3–12 h. The GES-1 cells 
incubated with Ce6@GNCs-PEG 2K -FA displayed dim red fl uo-
rescence even after 12 h incubation. ICP-MS (inductively cou-
pled plasma mass spectrometry) method was also employed to 
quantify the intracellular Au content in MGC-803 and GES-1 
cells after 12 h of GNCs-PEG 2K -FA or GNCs incubation. It was 
found that the GNCs-PEG 2K -FA exhibited an approximately 
10.3-fold higher cellular uptake than GNCs in MGC-803 cells 
(Figure S7, Supporting Information). Overall, these observa-
tions demonstrated the introduction of the FA ligands could 
signifi cantly improve the specifi c targeting properties of the 
nanoprobes toward FR overexpressed MGC-803 cancer cells 
while preserving little accession to the normal cells.   

  2.3.     In Vitro Cellular Toxicity 

 The excited photosensitizer interacts with molecular oxygen 
and results in the production of ROS (reactive oxygen species), 
especially singlet oxygen ( 1 O 2) , which can lead to the damage 
of cellular constituents and subsequent cell death. [ 28 ]  First, 
singlet oxygen detection test using a singlet oxygen sensor 
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 Figure 3.    a) Confocal images of MGC-803 cells exposured to free Ce6 and Ce6@GNCs-PEG 2K -FA for 0.5, 3, and 12 h. b) Flow cytometry analysis of 
cellular uptake, red and cyan histograms represent the cellular uptake of free Ce6 and Ce6@GNCs-PEG 2K -FA, respectively.  
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green (SOSG) reagent exhibited that Ce6@GNCs-PEG 2K -FA 
had almost the same capability to produce singlet oxygen as 
free Ce6 (Figure S8, Supporting Information). Therefore, we 
examined the intracellular ROS production by free Ce6 and the 

nanoprobes in MGC-803 cells via DCFH-DA staining method. 
As anticipated, the nanoprobes induced the most amounts of 
ROS under irradiation, which was detected with fl ow cytom-
etry ( Figure    4  a). Next, the photocytotoxicity of the nanoprobes 
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 Figure 4.    a) Flow cytometric detection of ROS generation in the presence of DCFH-DA. b) Flow cytometric analysis of MGC-803 cell death induced by 
PDT of free Ce6 or Ce6@GNCs-PEG 2K -FA. c) Dark toxicity and photocytoxicity of free Ce6 and Ce6@GNCs-PEG 2K -FA toward MGC-803 cells, analyzed 
by MTT assay.
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and free Ce6 in the presence of 633 nm laser irradiation was 
evaluated by MTT assay and apoptosis assay with Annexin 
V-FITC and propidium iodide (PI) double staining. Apop-
tosis is responsible for PDT-mediated cell death in certain cell 
lines. [ 28,29 ]  To clarify the mechanism of cell death induced by 
the nanoprobes under laser irradiation, we examined both early 
and late apoptotic cells using fl ow cytometry (Figure  4 b). It was 
found that minimal apoptosis and necrosis were observed in 
the cells (with a cell mortality <7%) exposed to either the nano-
probes or free Ce6 in the dark or cells with only laser exposure. 
However, under the same laser exposure, MGC-803 cells in the 
presence of 30 µg mL −1  free Ce6 induced signifi cantly apoptosis 
with 31.8% for early apoptosis and 31.8% for late apoptosis. 
By comparison, cells exposured to the nanoprobes demon-
strated a considerably enhanced fraction of apoptosis (77.1% 
and 12.0% for early and late apoptosis, respectively). As shown 
in Figure  4 c, quantitative MTT assay indicated the low dark 
toxicity of the nanoprobes, whereas, the cells treated with the 
nanoprobes exhibited about 2-fold to 3-fold higher cell death 
ratios than that treated with free Ce6 upon laser irradiation, 
suggesting superior photocytoxicity of the nanoprobes over free 
Ce6. The increased proportions of cell death in the nanoprobes 
treated cells could be attributed to the increased cellular uptake, 
and subsequently more ROS production. The Ce6 loaded nano-
probes have shown excellent biocompatibility as well as good 
photocytoxicity upon irradiation, suggesting the great potentials 
of the GNCs-based nanoprobes as powerful photosensitizer for 
PDT treatment.   

  2.4.     Tumor-Targeting Evaluation of the Nanoprobes 

 The encouraging results from the in vitro performance pro-
moted the in vivo evaluation. The pharmacokinetic param-
eters of the GNCs-based nanoprobes (lacking drugs) were fi rst 
measured in BALB/c mice following systemic administration. 
In the circulation, GNCs-PEG 2K -FA followed a two-compart-
ment pharmacokinetics with a distribution half-life ( t  1/2α ) and 
elimination half-life ( t  1/2β ) values of 0.17 ± 0.013 and 20.49 ± 
1.87 h, respectively (Figure S9, Supporting Information). The 
shorter distribution half-life could be attributed to its small 
HDs and the longer elimination half-life could be achieved by 
the prolonged circulation attributed to PEGylation. The two-
compartment model is critical for ensuring the successful 
implementation of rapidly achieving and long tumor retention. 
Next, the biodistribution and excretion pathway, along with the 
targeted delivery effi ciency and PDT effect of the nanoprobes 
were investigated with small animal fl uorescence imaging, ele-
mental gold analysis, and histological examination in a series of 
time points. The tumor targeting capability of the nanoprobes 
was investigated by injecting the nanoprobes (Ce6@GNCs-
PEG 2K -FA) intravenously into the mice, and monitoring the 
in situ fl uorescence images of MGC-803 tumor-bearing nude 
mice. In a proof-of-concept study, we primarily compared the 
passive tumor targeting effectiveness of free Ce6, GNCs, and 
BSA-directed synthesis of gold nanoclusters (GNCs@BSA). 
As shown in Figures S10–12 (Supporting Information), free 
Ce6 had the relatively shorter tumor retention time less than 
24 h, which was a specifi c pharmacokinetic feature of small 

dye molecules; whereas GNCs@BSA exhibited relatively higher 
liver accumulation and GNCs had the highest tumor targeting 
effi ciency. For the GNCs-based nanoprobes, signifi cant fl uores-
cence (700/30 nm) was observed at the tumor site just minutes 
after intravenous injection ( Figure    5  a). With time growing, the 
decrease in the fl uorescence background from normal tissues 
accompanied by the increased accumulation in the tumors 
caused the tumor areas to become increasingly apparent at 
3 h post injection (p.i.). The fl uorescence signals collected from 
tumor areas reached maximum at 8 h p.i., and this signal main-
tained its intensity without signifi cantly changed within 24 h. 
Moreover, ex vivo fl uorescence imaging of the nanoprobes in 
tumor, heart, liver, spleen, lung, brain, bladder, and kidney at 
10 min, 1, 24, 48, and 72 h, and 7 days p.i. provided additional 
insights into the tumor targeting effi ciency and clearance path-
ways (Figure  5 b). The fl uorescence signals from tumor regions 
and the corresponding 3D surface plots suggested the homo-
geneous distribution of the nanoprobes throughout the whole 
tumor tissues at 1, 24, and 48 h p.i., while the strong fl uores-
cence signals from bladder at 1 h and 24 h p.i. indicated that 
the GNCs-based nanoprobes retained the effi cient renal fi ltra-
tion and urinary excretion of GNCs. In contrast, the weak sig-
nals from livers and spleens have convincingly ruled out the 
nonspecifi c accumulation in the reticuloendothelial system.  

 Furthermore, the accumulation of the nanoprobes in tumors 
and major organs was quantifi ed by identifying the tumors 
and organs as regions of interest (ROIs) to measure the 
average fl uorescence intensity of 685 to 715 nm (Figure  5 c). 
In addition, we carried out quantitative gold element analysis 
of collected tissues 24 h p.i. by means of ICP-MS. The distri-
bution of gold content showed a similar proportion with the 
average fl uorescence intensities between different organs, indi-
cating the high stability of the nanoprobes in vivo (Figure S13, 
Supporting Information). As shown in Figure  5 b,c, >75% of 
the maximum average fl uorescence intensity from the nano-
probes remained in the tumor 72 h p.i., and the fl uorescence 
signal was still clearly legible even after 7 days intravenous 
administration. Therefore, the GNCs-based nanoprobes could 
allow the Ce6 to maintain relatively superior penetration and 
retention in tumors than free Ce6, which was further studied 
by microscopic analysis of the red fl uorescence (>590 nm) in 
tissue cryosections. As expected, similar to the ex vivo tumor 
images, the red fl uorescence observed from the tissue slices 
of nanoprobes-treated mouse was signifi cantly higher than 
those treated with free Ce6 or GNCs (Figure  5 d). These fi nd-
ings supported the design rationale of the nanoprobes, where 
selectively accumulation and prolonged retention of drugs in 
the tumor tissues with higher concentrations can be achieved 
through the combination of active and passive targeting abili-
ties. More importantly, these results also implied the distribu-
tion and diffusion of the drugs in the nanoprobes were mainly 
infl uenced by the FA-mediated active tumor targeting and then 
FR-mediated endocytosis. [ 30 ]  Moreover, we observed that all of 
the organs exhibited an overall decrease in Au content at 7 days 
p.i. (Figure S14, Supporting Information). The tumor showed 
moderate decrease in Au content, while the nanoprobes were 
removed from cardio-pulmonary (heart, lung) signifi cantly and 
the remained could redistributed or channeled into the meta-
bolic and excretory organs (liver, kidney) where the ultrasmall 
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nanoprobes could be fi nally cleared out of the body through 
kidney fi ltration and excretion in the form of feces.  

  2.5.     In Vivo PDT Performance on MGC-803 Tumor-Bearing Mice 

 Effi cient delivery of Ce6 into the cancer cells of solid tumor by 
the nanoprobes increased the intracellular drug concentration, 
ultimately leading the cell death under laser irradiation. We 
further evaluated the therapeutic effi cacy of the nanoprobes-
induced PDT treatment in vivo and the changes in tumor vol-
umes were monitored over 21 days. As shown in  Figure    6  a, the 
PDT effi ciency increased by the following order: PBS ≈ free 
Ce6 ≈ Ce6@GNCs-PEG 2K -FA < free Ce6 with laser irradiation 
<Ce6@GNCs-PEG 2K -FA with laser irradiation. The GNCs-
based nanoprobes exhibited the most superior in vivo PDT per-
formance, which mainly result from a combination of the EPR 
effect of nanoscale probes and the active targeting capability 
provided by the FA molecules. We also performed TUNEL (ter-
minal deoxynucleotidyl transferase-mediated-dUTP nick-end 
labeling) assay to assess the proportions of the apoptotic cells in 
tumor tissues. TUNEL-positive tumor cells (exhibit bright green 
fl uorescence) were detected in tumor tissues of the mice treated 
with Ce6@GNCs-PEG 2K -FA and laser irradiation, whereas 

apoptotic cells were comparatively fewer or rarely detectable in 
other groups (Figure  6 b). These results suggested that the laser 
irradiation was essential to generate singlet oxygen to cause the 
apoptosis of tumor cells and then the destruction of the tumor 
tissues. Potential in vivo toxicity is always a great concern in 
the applications of nanomaterials-based drug delivery system. 
Hematoxylin and eosin (H&E) stained slices of heart, liver, 
spleen, lung, kidney, and brain indicated no apparent abnor-
mality or lesion after 21 days post-treatment of Ce6@GNCs-
PEG 2K -FA (Figure  6 c). The blood biochemistry after 1 day and 
7 days of intravenously injection was analyzed to further eval-
uate the effect of the GNCs-based nanoprobes on in vivo tox-
icity. Since exogenous substances are mainly metabolized and 
cleared through liver and kidney, we focused specifi cally on the 
biomarkers that represented potential acute toxicity in liver and 
kidney. The levels of alkaline phosphatase (ALP), total bilirubin 
(TBIL), alanine transaminase (ALT), aspartate aminotransferase 
(AST), gamma glutamyl transferase (GGT), and lactate dehy-
drogenase (LDH) were determined, which are important indi-
cators of liver function. Also, we analyzed the levels of blood 
urea nitrogen (BUN), creatinine (CREA), and uric acid (UA), 
which are important indicators of kidney function. As shown 
in Figure S15 (Supporting Information), there were no signifi -
cant toxicity symptoms were observed between the GNC-based 
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 Figure 5.    a) In vivo fl uorescence imaging of MGC-803 tumor-bearing mouse after intravenous injection of Ce6@GNCs-PEG 2K -FA over a period of 
24 h. b) Representative ex vivo fl uorescence images of major organs and tumors of mice after different post-injection times. T (tumor), H (heart), Li 
(liver), S (spleen), Lu (lung), Br (brain), Bl (bladder), K (kidney). The right columns were the corresponding 3D surface plot images of pixel intensities 
obtained from the tumor regions using NIH Image J software. c) Quantitative biodistribution of Ce6@GNCs-PEG 2K -FA in different organs and tumors 
based on ROIs analysis of the average fl uorescence intensity from the tumors and normal tissues (3 mice per group). d) Representative fl uorescence 
images of tumor cryosections (10 μm). Images presented are bright-fi eld, blue fl uorescence (DAPI), red fl uorescence (>590 nm), and merged (overlap) 
images. Scale bar, 100 μm.
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nanoprobes-treated mice and their normal control group. This 
was consistent with the pathology results that there was no 
injury in the structure of all organs.    

  3.     Conclusions 

 In summary, by covalent bond formation and noncovalent 
hydrophobic interactions, we have developed a novel GNCs-
based Ce6 delivery nano-platform to achieve selective targeting 
toward cancer cells and tumors combining PDT therapy. For 
the nanoprobes, the Ce6, trapped on the GNCs and PEG net-
works, has shown more effi cient and rapid release within hours 
different from that of free Ce6 without a GNCs-based drug 
vector. The origin of the resulted biodistribution and effi cient 
tumor targeting was mainly attributed to the small hydrody-
namic diameters and the FA-capped PEGylated ligands of the 
nanoprobes, which were remaining renal clearable and stealthy 
to RES organs. Over the 7 days study period, rapid accumula-
tion within 10 min and longtime retention and superior pen-
etration behavior light one path to the applications of GNCs as 
a clinically translational platform.  

  4.     Experimental Section 
  Materials : Tetrabutylammonium borohydride (TBAB; 95%), 

Triethylamine (TEA),  N , N ′-dicyclohexylcarbodiimide (DCC), and 
 N -hydroxysuccinimide (NHS) were obtained from Aladdin Reagent Co. 
Ltd. (Shanghai, China). Gold(III) chloride trihydrate (HAuCl 4 ·3H 2 O, 
99%), folic acid (FA), anhydrous dimethyl sulfoxide (DMSO), and 

tetrahydrofuran were obtained from Sinopharm Chemical Reagent 
Co., Ltd. (Shanghai, China). Amine-PEG-carboxyl (H 2 N-PEG-COOH, 
MW ≈ 2K) was purchased from Laysan Bio, Inc. (Huntsville, AL, USA). 
Sephadex G-25 and G-100 were purchased from Pharmacia (Uppsala, 
Sweden). Amicon Ultra Centrifugal Filter devices were purchased from 
Millipore Corporation. Annexin V-FITC/PI Apoptosis Detection Kit 
and TUNEL Kit containing FITC-labelled dUTP were purchased from 
Yeasen Corporation (Shanghai, China). 4′,6-diamidino-2-phenylindole 
(DAPI), LysoTracker Green DND-26, 2′,7′-dichlorofl uorescein diacetate 
(DCFH-DA), and 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium 
bromide (MTT) were purchased from Invitrogen Corporation (Carlsbad, 
CA, USA). Chlorin e6 (Ce6) was obtained from Frontier Scientifi c (Utah, 
USA). MGC-803 cells and GES-1 cells were available in the Cell Bank of 
Type Culture Collection of Chinese Academy of Sciences. Cell culture 
products and reagent, unless mentioned otherwise, were purchased 
from GIBCO. All the above chemicals were used without any further 
purifi cation. Ultrapure water (18.2 MΩ cm, Millipore Co., USA) was used 
in all the preparations. 

  Synthesis of Red-Emitting GNCs : In a typical synthesis, freshly prepared 
HAuCl 4  (2.5 mL, 20 × 10 –3   M ) and GSH (1 mL, 150 × 10 –3   M ) were added 
to a 50-mL conical fl ask containing 43.5 mL of cold ultrapure water. The 
reaction mixture was then cooled down to 0 °C (using an ice bath) and 
stirring for 3 min, and subsequently cold TBAB solution (TBAB-to-Au 
ration = 9.3:1, 3 mL) was added and then stirred quickly for 5 min. 
The reaction solution was incubated in ice bath without stirring for 2 h 
then the pH of the solution was brought to ≈3.0 by the addition of 1  M  
HCl. When the pH of the reaction mixture was brought to ≈3.0, free 
and polydispersed Au(I)−SG complexes had almost zero charge which 
would automatically be inclined to formation of insoluble Au(I)−thiolate 
complex aggregates because of their stronger aurophilic Au(I)···Au(I) 
interactions and reduced electrostatic repulsion. The reaction solution 
was then aged for 12 h in ice bath. An aqueous solution of strong red-
emitting GNCs was formed. The raw red-emitting product was collected 
after removing the precipitates of Au(I)−SG complexes by centrifugation. 
The supernatant was further concentrated to 10 mL by a centrifugal fi lter 
device (Amicon Ultra-15, MWCO: 3.0 kDa, Millipore Corporation, MA). 
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 Figure 6.    a) Tumor growth of mice in different treatment groups within 21 days. Data are represented as mean ± SD (5 mice per group),  **p  < 0.005, 
 ***p <  0.001. b) TUNEL staining of tumor sections from different groups. Green color represents positive TUNEL staining and blue color is from DAPI, 
a dye for staining nuclei. c) H&E stained tissue sections from the heart, liver, spleen, lung, kidney, and brain of the mouse after 21 days post-treatment 
of Ce6@GNCs-PEG 2K -FA. Scale bar, 100 μm.
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The product was precipitated by the addition of NaCl (to 10 × 10 –3   M ) and 
cold tetrahydrofuran (to 50%) and collected in a swing rotor at 4500 rpm 
for 3 min. The collected product was dialyzed against ultrapure water for 
two days using a dialysis bag (MWCO: 3.5 kDa). The fi nal product was 
lyophilized and stored at 4 °C until use. 

  Synthesis of NHS-Activated FA-Conjugated PEG (FA-PEG 2K -NHS) : 
First, NHS-activated FA (FA-NHS) was prepared following the known 
procedure. [ 31 ]  In brief, FA (1 g) was dissolved in 40 mL of anhydrous 
DMSO containing 0.5 mL of TEA at 40 °C with stirring. To the resulting 
solution, NHS (0.52 g) and DCC (0.50 g) were added successively, 
and the reaction mixture was stirred in the dark at room temperature 
for 18 h. The insoluble byproduct (dicyclohexylurea) was removed by 
fi ltration of the reaction mixture through a glass wool plug. The fi ltrate 
(i.e., the FA-NHS solution) was precipitate by addition of 3× volume of 
ice cold 30% acetone/70% diethylether. The FA-NHS was washed three 
times with acetone/diethylether by resuspending the product and then 
collecting it by centrifugation. The collected pellet was dried by vacuum 
freeze-drying. Second, FA-PEG 2K  was prepared. A typical reaction was as 
follows: 50 mg of PEG (Amine-PEG-carboxyl, MW ≈ 2000) was dissolved 
in 20 mL of DMSO. A total of 5 times FA-NHS (62.5 mg) was then 
dissolved in 10 mL of DMSO. Then FA-NHS was added to the PEG 
solution followed by stirring for 48 h at room temperature in the dark. 
The product was isolated from a similar precipitation procedure as last 
step, and then purifi ed by gelfi ltration over a Sephadex G-25 column 
equilibrated with 0.1  M  NaHCO 3  (pH 8.3) to remove unconjugated folic 
acid. After another desalting step over a similar column, the product was 
lyophilized, yielding the FA–PEG conjugate (FA-PEG 2K -COOH) as a pale 
yellow solid. Third, NHS-activated PEG 2K -FA was prepared with DCC/
NHS/TEA (molar ratio described above) in DMSO and FA-PEG 2K -NHS 
was purifi ed by precipitation in ice cold ethyl ether and acetone. 

  Conjugating FA-PEG 2K -NHS to GNCs and Drug Loading : The amine 
groups from GNCs (from GSH) could readily be conjugated to the 
activated esters of FA-PEG 2K -NHS via a common amine coupling 
method, thereby fi nalizing the preparation of GNCs-PEG 2K -FA 
nanoprobes. The FA-PEG 2K -NHS product (40 mg) and GNCs (10 mg) 
were dissolved in 10 mL of 100 × 10 –3   M  bicarbonate buffer (pH 8.4). 
After stirring overnight at room temperature, the reaction solution 
was concentrated with Amicon Ultra Centrifugal Filters (MWCO 
3 kDa; Millipore) and then separated by a Sephadex G-100 column with 
0.01  M  PBS as eluent. The brown GNCs-PEG 2K -FA fraction was eluted 
out prior to the light yellow FA-PEG 2K -NHS and the brown GNCs. The 
fi nal product, GNCs-PEG 2K -FA, was then purifi ed by dialysis (MWCO 14 
kDa) against deionized water for 48 h and lyophilization. The FA-PFG 2K  
and its derivatives were characterized using  1 H NMR and infrared 
spectrum analysis. For the Ce6 loaded nanoprobes (Ce6@GNCs-
PEG 2K -FA), 2.5 mg Ce6 in 1 mL of 0.1  M  NaHCO 3  (pH 8.3) was mixed 
with 10 mg GNCs-PEG 2K -FA in 5 mL of 0.1  M  NaHCO 3  and stirred at 
room temperature overnight. The nanoprobes were separated by dialysis 
(MW 3500) against 0.1  M  NaHCO 3  for 24 h, where the bath solution 
was changed every 4 h, and then against ultrapure water for 2 days. The 
nanoprobes were isolated by lyophilization. The Ce6 loading content was 
determined by dissolving the drug-loaded conjugates and measuring 
the absorption at 404 nm with a molar extinction coeffi cient of 
1.1 × 10 5   M  −1  cm −1  after subtracting the absorbance contributed by 
GNCs-PEG 2K -FA at the same wavelength. The drug loading content was 
calculated based on the following equation: [ 32 ]  

  ×
Drug loading (%) = (weight of drug loaded/

weight of drug loaded and weight of carriers) 100%   

(1)

   

 The release of Ce6 from Ce6@GNCs-PEG 2K -FA was studied at 37 °C in 
two different PBS buffers with pH of 5.0 and 7.4, respectively. In brief, 
the Ce6@GNCs-PEG 2K -FA solution (2 mL, 20 mg mL −1 ) was transferred 
into a dialysis membrane (MWCO 3500) and immersed into 50 mL 
of the corresponding buffers with continuously shaken (200 rpm) at 
37 °C. At predetermined time intervals, 2 mL aliquots of release media 
was removed for UV–vis measurement and replenished with an equal 
volume of fresh media. 

  Characterization : The size and morphology of the GNCs were 
characterized by TEM on a JEM-2100F (JEOL, Japan). PL and PLE 
spectra of GNCs, free Ce6, GNCs-PEG 2K -FA, and Ce6@GNCs-PEG 2K -FA 
were recorded on a Hitachi FL-4600 spectrofl uorometer. UV–vis spectra 
of GNCs, free Ce6, GNCs-PEG 2K -FA, and Ce6@GNCs-PEG 2K -FA were 
measured with a Varian Cary 50 spectrophotometer (Varian Inc., Palo 
Alto, CA, USA). DLS (dynamic light scattering) measurements were 
completed using a NICOMP 380 ZLS Zeta Potential/Particle sizer (PSS 
Nicomp, Santa Barbara, CA, USA). XPS spectra were measured using 
a Kratos Axis Ultra DLD  spectrometer (AXIS Ultra, Kratos Analytical 
Ltd, Japan). FTIR spectra were taken on a Nicolet 6700 spectrometer 
(Thermo Electron Corporation, Madison, WI, USA) using KBr pellets. 
 1 H NMR spectra were acquired using a Bruker Avance-III-HD 600 MHz 
NMR Spectrometer (Bruker BioSpin Corp., Billerica, MA, USA). 

  Cell Culture and MTT Assay : The MGC-803 and GES-1 cells were 
maintained at 37 °C (5% CO 2 ) in Dulbecco’s Modifi ed Eagle’s Medium 
(DMEM, HyClone) supplemented with 10% (vol/vol) fetal bovine serum 
(Gibco), 100 U mL −1  penicillin and 0.1 mg mL −1  streptomycin. MTT 
assay was carried out to investigate the dark toxicity and phototoxicity of 
free Ce6 and the nanoprobes (Ce6@GNCs-PEG 2K -FA). In brief, MGC-803 
cells were seeded in 96-well plate at a density of 5 × 10 3  cells per well 
and cultured overnight. The cells were incubated with 100 μL complete 
medium containing serial concentrations of free Ce6 (1—30 μg mL −1 ) 
and Ce6@GNCs-PEG 2K -FA (equivalent Ce6 1–30 μg mL −1 ) for 24 h. After 
washing with 1×PBS and medium replacement, one plate was kept in 
the dark for studying dark toxicity, and another plate was irradiated using 
a 633 nm helium-neon (He–Ne) laser at a power of 100 mW cm −2  for 
60 s. Afterward, the cells under light irradiation were grown for another 
12 h. Then the dark toxicity and phototoxicity studies were evaluated by 
a standard MTT assay. The cell viability was calculated according to the 
equation: Cell viability = (OD 570 nm  of the experimental group/OD 570 nm  
of the control group) × 100% and the cell viability of control group was 
denoted as 100%. 

  Cellular Uptake Assay : For confocal microscopy experiments, MGC-
803 and GES-1 cells were plated on 14 mm glass coverslips and allowed 
to adhere for 24 h. After coincubation with 12 μg mL −1  free Ce6, and 
the GNCs-based nanoprobes (Ce6@GNCs-PEG 2K -FA) (equivalent Ce6 
12 μg mL −1 ) for different times, the cells were washed twice with PBS 
suffi ciently and fi xed with 4% paraformaldehyde. The nuclei of the cells 
were stained with 4′,6-diamidino-2-phenylindole (DAPI, Invitrogen) for 
5 min. We also examined the colocalization of free Ce6, the nanoprobes 
and lysosome in MGC-803 cells. After incubation, MGC-803 cells 
were stained with LysoTracker Green DND-26 (200 nM) for 0.5 h and 
then fi xed with 4% paraformaldehyde. Confocal fl uorescence imaging 
studies were performed with a Leica TCS SP8 confocal laser scanning 
microscopy. DAPI was excited using the blue diode 405 nm laser and 
emission was recorded between 440 and 470 nm. LysoTracker Green was 
excited at 488 nm with an argon ion laser, and the emission was collected 
from 510 to 555 nm. The red fl uorescence was excited at 543 nm with 
an argon ion laser, and the emission was collected from 630 to 680 nm. 
For fl ow cytometry (BD FACSCalibur) measurements, MGC-803 cells 
(1.0 × 10 5  cells per well in 6-well plates) were cultured in medium for 
24 h, and coincubated with free Ce6 or the GNCs-based nanoprobes 
(Ce6@GNCs-PEG 2K -FA) (with the same concentrations for confocal 
fl uorescence imaging studies) for different times. After coincubation, 
the cells were washed with PBS twice to remove the free Ce6 or the 
nanoprobes, and then the cells were trypsinized and resuspended in 
1 mL of PBS for fl ow cytometry measurements. FL-3 (λ em  = 650–700 nm) 
channel was selected to collect the fl uorescence signal of MGC-803 cells. 
For ICP-MS measurements, MGC-803 and GES-1 cells were treated with 
GNCs-PEG 2K -FA and GNCs for 12 h with the same concentration of Au 
(0.25 mg mL −1 ). The collected cells were digested with aqua regia (1 part 
HNO 3  and 3 parts HCl) and the Au content in the cells was measured 
by inductively coupled plasma mass spectrometer Agilent 7500a (Agilent 
Technologies, USA). 

  Singlet Oxygen Detection : The singlet oxygen sensor green (SOSG) 
regent, which was highly selective for  1 O 2 , was employed here for the 
detection experiment. [ 5 ]  Typically, SOSG under the concentration of 
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2.5 × 10 –6   M  was introduced to measure the  1 O 2  generation of free Ce6 
(10 × 10 –6   M ) and the nanoprobes (equivalent Ce6 10 × 10 –6   M ) under 
light irradiation at 633 nm (50 mW cm −2 ). Control groups include SOSG 
alone, and GNCs-PEG 2K -FA without Ce6 loading. The generated singlet 
oxygen was determined by measuring recovered SOSG fl uorescence 
(excitation = 494 nm). 

  Cellular ROS Detection During Irradiation : After the MGC-803 cells 
were incubated with free Ce6 (10 × 10 –6   M ) or Ce6@GNCs-PEG 2K -FA 
(equivalent Ce6 10 × 10 –6   M ) for 24 h in six-well plate, they were further 
incubated with 20 × 10 –6   M  DCFH-DA for 20 min and irradiated using 
a 633 nm He–Ne laser at a power of 100 mW cm −2  for 60 s. The cells 
incubated with free Ce6, Ce6@GNCs-PEG 2K -FA, and medium only 
were denoted as control groups. The intracellular ROS generation was 
measured by staining all the cells with DCFH-DA. Subsequently, the 
fl uorescence intensity of DCF inside the cells was detected by fl ow 
cytometer, which was proportional to the amount of ROS produced. 

  Apoptosis Assay : The apoptotic and necrotic cell distribution were 
determined by Annexin V-FITC/PI Apoptosis Detection Kit (Yeasen, 
Shanghai) according to the manufacturer’s protocol. In brief, MGC-803 
cells were seeded in 6-well plates at 1.0 × 10 5  cells/well for 24 h before 
exposure to free Ce6 or the GNCs-based nanoprobes (Ce6@GNCs-
PEG 2K -FA) (with the concentrations for MTT assay). Following 24 h 
incubation, the cells were washed twice with 1×PBS and the medium 
was replaced with complete culture medium, followed by an exposure to 
a 633 nm He– Ne laser at a power of 100 mW cm −2  for 60 s. The control 
cells were maintained in the dark. Afterward, the cells were trypsinized, 
harvested, washed with 1×PBS and resuspended in 200 μL of binding 
buffer containing 5 μL Annexin V and 10 μL PI. After incubation in 
dark at room temperature for 15 min, 400 μL of binding buffer was 
added to each sample, and the cells were immediately analyzed by BD 
FACSCalibur (BD Biosciences, Mountain View, CA). The data analysis 
was performed with FlowJo 7.6 software. Positioning of quadrants on 
Annexin V/PI plots was performed to distinguish living cells (Annexin 
V − /PI − ), early apoptotic cells (Annexin V + /PI − ), late apoptotic cells 
(Annexin V + /PI + ), and necrotic cells (Annexin V − /PI + ). 

  Pharmacokinetics of the GNCs-Based Nanoprobes : The 
pharmacokinetics of GNCs-based nanoprobes was investigated in 
BALB/c female mice through intravenous injection of Ce6@GNCs-
PEG 2K -FA (100 μL, equivalent GNCs 20 mg mL −1 ) by quantitative 
determination of gold in serum. 200 μL of blood was obtained by retro-
orbital vein puncture at 20 min, 1, 6, 12, 24, and 48 h and quantifi ed 
using ICP-MS method. Serum gold concentration–time profi les were 
analyzed by PKSolver 2.0 software (China Pharmaceutical University, 
Nanjing, China) and it was the best to fi t into two-compartment model. 

  In Vivo and Ex Vivo Fluorescence Imaging : All animal experiments 
were carried out in compliance with the Institutional Animal Care and 
Use Committee of Shanghai Jiao Tong University. Female BALB/c-
nude mice (18–22 g) were obtained from Shanghai Slac Laboratoty 
Animal Co. Ltd (Shanghai, China). To establish the tumor-bearing mice, 
MGC-803 cells were resuspended in PBS and 2 × 10 6  cells/site was 
subcutaneously injected in the right fl ank of the mice. The tumors were 
allowed to develop ≈3 weeks to reach a size of ≈150–200 mm 3  before 
the biodistribution and imaging studies. GNCs (200 μL, 20 mg mL −1 ), 
free Ce6, and Ce6@GNCs-PEG 2K -FA in 1×PBS solution (at a dosage of 
2 mg Ce6/kg of total mouse body weight) were intravenously injected 
into the tumor-bearing mice. Time-course fl uorescent images (excitation: 
510/20 nm; emission: 700/30 nm; integration time: 10 s) were acquired 
on a Bruker In-Vivo F PRO imaging system (Billerica, MA, USA). All the 
post injection images were captured at the same parameter settings 
and then scaled to the maximum values. For the ex vivo imaging, the 
mice were sacrifi ced, tumors and major organs were collected at 
10 min, 1, 24, 48, 72 h, and 7 days post injection. Excised tumor and 
organs were imaged by the Bruker In-Vivo F PRO imaging system with 
the same parameters as mentioned above. Bruker Molecular Imaging 
Software 7.1 Version was used to gain quantitative information in terms 
of average fl uorescence intensity by creating regions of interest (ROIs) 
around tumors and other organs. For the tumor penetration studies, the 

mice were sacrifi ced 24 h p.i. and the tumor tissues were embedded in 
OCT compound (Tissue-Tek) and frozen sections (10 μm) obtained for 
further fl uorescence microscope (IX 71, Olympus) analysis. 

  The Biodistribution of BSA-Directed Synthesis of GNCs (GNCs@
BSA) : The BSA (albumin bovine serum)-directed synthesis of gold 
nanoclusters was modifi ed according to a previous method. [ 13 ]  First, 
freshly prepared HAuCl 4  solution (5 mL, 10 × 10 –3   M ) was added to BSA 
solution (5 mL, 50 mg mL −1 ) under vigorous stirring at 37 °C. NaOH 
solution (0.5 mL, 1  M ) was introduced 2 min later, and the mixture was 
allowed to proceed under vigorous stirring at 37 °C for 24 h. Finally, 
the GNCs@BSA was lyophilized and stored at 4 °C until use. To assess 
the biodistribution of GNCs@BSA, the MGC-803 tumor-bearing mice 
were sacrifi ced at 24 h after intravenous injection of GNCs@BSA 
(200 μL, 80 mg mL −1 ). The organ samples were washed with 1×PBS, 
dried briefl y with fi lter paper and imaged with similar acquisition 
parameters (excitation: 510/20 nm; emission: 700/30 nm; integration 
time: 30 s) mentioned above. 

  Biodistribution Studies of Ce6@GNCs-PEG 2K –FA : To evaluate tissue 
distributions of the GNCs-based nanoprobes, the MGC-803 tumor 
bearing mice were intravenously injected with Ce6@GNCs-PEG 2K -FA 
(200 μL, equivalent GNCs 20 mg mL −1 ) and sacrifi ced at 24 h and 7 days 
post injection. The organ samples were imaged with the same acquisition 
parameters (excitation: 510/20 nm; emission: 700/30 nm; integration 
time: 10 s) of in vivo fl uorescence imaging. After the quantitative 
analysis of fl uorescence intensity of different organs, they were weighted 
and the concentrations of gold were measured by the ICP-MS method. 
For the quantitative gold element analysis, the samples were digested in 
aqua regia at boiling temperature. The solution was evaporated to 1 mL 
and subsequently diluted to 10 mL with deionized water. The Au content 
determination was conducted on an Agilent 7500a and every data point 
was expressed as a mean ± SD from triplicate samples. 

  In Vivo PDT : In vivo photodynamic therapy assay was performed using 
MGC-803 tumor-bearing mice. When the tumor size reached ≈150 mm 3 , 
the mice were randomized into fi ve groups of 5 animals per group and 
intravenously administrated every three days for 21 days with: (1) PBS 
(200 μL); (2) free Ce6 (4 mg kg −1 ) without laser irradiation; (3) Ce6@
GNCs-PEG 2K -FA (equivalent Ce6 4 mg kg −1 ) without laser irradiation; 
(4) free Ce6 (4 mg kg −1 ) with laser irradiation; (5) Ce6@GNCs-PEG 2K -FA 
(equivalent Ce6 4 mg kg −1 ) with laser irradiation. For the irradiated groups, 
a 633 nm He–Ne laser (100 mW cm −2 , 10 min) was used after 8 and 24 h 
of intravenous injection. The tumor size was measured by a caliper 
every three days after treatment. The tumor volumes were calculated 
by using the formula:  V  tumor  = a × (b) 2  × 1/2, where  a  and  b  represent 
the maximum length and the minimal width of tumors, respectively. 
At day 21, the tumors were harvested and the tumor tissues were 
embedded in OCT compound (Tissue-Tek) and frozen sections (10 μm) 
obtained for further TUNEL apoptosis staining. The tumor sections 
were stained with the TUNEL Kit (Yeasen Corporation, Shanghai, China) 
according to the manufacturer's protocol. The stained tumor slides were 
observed by fl uorescence microscope (IX 71, Olympus). 

  Histochemical Analysis and Biochemistry Test of the Blood : After the 
tumor growth monitoring experiments at day 21, mice treated with the 
nanoprobes (Ce6@GNCs-PEG 2K -FA) were sacrifi ced. Heart, liver, spleen, 
lung, kidney, and brain were removed and then fi xed in 4% neutral 
buffered formalin for at least 1 day. The samples were then dehydrated 
in an ethanol series, processed into paraffi n, and sectioned. Then, H&E 
(hematoxylin and eosin) staining was carried out in accordance with the 
standard protocol to monitor the morphological features of each organ. 
For blood analysis, 200 μL of blood was collected from the BALB/c 
female mice after intravenous injection of Ce6@GNCs-PEG 2K -FA 
(100 μL, equivalent GNCs 20 mg mL −1 ) 1 day and 7 days. The blood 
was separated by centrifugation and analyzed by standard biochemical 
examination. 

  Statistical Analysis : All data were expressed as mean ± SD (standard 
error) of at least fi ve independent experiments unless otherwise 
specifi ed. Statistical analysis was performed by the Student’s  t -test. 
 *p  < 0.05 was indicated to be statistical signifi cant.  
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