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Abstract 

Targeted delivery of nanomedicines into the tumor site and improving the intratumoral distribution remain 
challenging in cancer treatment. Here, we report an effective transportation system utilizing both of 
mesenchymal stem cells (MSCs) and their secreted microvesicles containing assembled gold nanostars (GNS) 
for targeted photothermal therapy of prostate cancer. The stem cells act as a cell carrier to actively load and 
assemble GNS into the lysosomes. Accumulation of GNS in the lysosomes facilitates the close interaction of 
nanoparticles, which could result in a 20 nm red-shift of surface plasmon resonance of GNS with a broad 
absorption in the near infrared region. Moreover, the MSCs can behave like an engineering factory to pack and 
release the GNS clusters into microvesicles. The secretion of GNS can be stimulated via light irradiation, 
providing an external trigger-assisted approach to encapsulate nanoparticles into cell derived microvesicles. In 
vivo studies demonstrate that GNS-loaded MSCs have an extensive intratumoral distribution, as monitored via 
photoacoustic imaging, and efficient antitumor effect under light exposure in a prostate-cancer subcutaneous 
model by intratumoral and intravenous injection. Our work presents a light-responsive transportation 
approach for GNS in combination of MSCs and their extracellular microvesicles and holds the promise as an 
effective strategy for targeted cancer therapy including prostate cancer. 
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Introduction 
Prostate cancer is the most common non-skin 

malignant tumor among American men.1 As the age 
distribution in prostate cancer is mostly in elderly 
critical patients, a large number of them would suffer 
from a high risk of incontinence and erectile dysfun-
ction after radical prostatectomy and radiotherapy.2-3 
Although androgen depletion therapy could achieve 
moderate efficacy, not all of the patients are sensitive 
to the treatment and some of them would develop 
castrate-resistant prostate cancer.2-3 With the advance 
in imaging technology, such side effects can be 
reduced that leads to the progress of focal therapy in 

early-stage and low-grade prostate cancers.4 
However, targeted and controllable treating the 
tumor foci with minimal side effects remains 
challenging in clinic.4 Therefore, a novel and efficient 
imaging guided antitumor therapy is urgently needed 
in the prostate cancer therapy.  

 Photothermal therapy (PTT), in which 
photosensitive agents are required to achieve selective 
thermal ablation in response of laser irradiation, has 
been widely investigated for cancer treatment.5-9 
Among versatile photothermal agents, gold nano-
particles with tunable optical-electronic properties of 
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surface plasmon resonance (SPR), efficient thermal 
energy conversion and good biocompatibility are 
promising candidates for PTT.10-11 Anisotropic gold 
nanostructures, such as nanoshells, nanorods, nano-
cages and nanostars have especially strong plasmon 
absorption in the near infrared (NIR) region to 
maximize the tissue penetration and offer a unique 
platform for photoacoustic imaging (PAI) and 
PTT.11-22 For example, gold nanoshell-mediated PTT is 
under clinical trials for focal ablation therapy of 
prostate tissues.12-13 Recently, researchers have shown 
that gold nanostars (GNS) with a 90% photothermal 
conversion efficiency and a surfactant-free wet- 
chemistry synthetic approach are promising photoab-
sorbing agents for PTT of cancers.18-19, 23-25 Effective 
targeting ability and broad tumor distribution of the 
nanoparticles are crucial to eradicate the cancer cells 
in PTT. Although these nanoparticles could 
accumulate in the tumor area due to the enhanced 
permeability and retention (EPR) effect, complex 
surface engineering approaches including physical 
adsorption and chemical conjugation are often 
required to improve the selectivity.17-18, 20-21 However, 
the accumulation in the tumor site remains a big 
challenge since most of the nanoparticles tend to be 
trapped by the mononuclear phagocyte system and 
removed from the blood stream.26-27 

An alternative approach to enhance the 
accumulation and the distribution of nanoparticles at 
the tumor site is using tumor-tropic cells as 
biovehicles such as macrophages, platelets, neural 
stem cells (NSCs), induced pluripotent stem cells 
(iPSCs), and mesenchymal stem cells (MSCs) to 

overcome biological barriers.28-37 Among all kinds of 
cellular carriers, MSCs with multiple obtaining 
resources are widely utilized as an intelligent delivery 
platform for nanoparticles.35-37 Although researchers 
have shown the MSCs are able to transport the 
nanoparticles with good anti-tumor efficacy, the 
process of nanoparticle release from the carrier cells 
and uptake into cancer cells needs to be fully 
evaluated.35, 38 Furthermore, recent studies have 
discovered that the cell derivatives including 
microvesicles are natural biocarriers to protect and 
transport theranostic nanomaterials to the targeted 
cells.39-45 Several studies have investigated the 
function of microvesicles released from the nano-
particle-loaded endothelial cells and macrophages.39-44 
These studies indicate that the secreted microvesicles 
might contain nanoparticles and could play a role in 
nanoparticle-loaded MSCs transportation.  

In the present work, we hypothesize that the 
GNS-loaded MSCs could migrate and infiltrate the 
entire tumor site and release microvesicles containing 
GNS clusters for targeted transportation to cancer 
cells and PTT. In this work, we synthesized GNS with 
the TAT peptide on the surface for enhanced 
nanoparticle loading capacity (Scheme 1). These 
nanostars have excellent light-thermal conversion 
efficiency in the NIR region, biocompatible surface, 
and strong cellular penetration. MSCs loaded with the 
TAT-conjugated GNS (TAT-GNS) could facilitate the 
assembly of the nanostars in the lysosomes inside 
MSCs as an “engineering factory” and excrete the 
microvesicles loaded with GNS for tumor recognition 
and distribution. 

Results and Discussion 
Synthesis and characterization 
of TAT-GNS.  

The GNS were synthesized 
through a seed-mediated growth 
approach and further modified with 
biofunctional HS-PEG-COOH (Fig. 
1A).46 To increase cellular interaction, 
the trans-activating transcriptional 
activator (TAT) peptide, one of the 
most widely used cell penetrating 
peptides, was conjugated on the GNS 
surface via the amide bond 
formation. TAT-GNS was 82.5 ± 6.5 
nm in diameter with sharp edges and 
tips as shown in Fig. 1B and Fig. 1C. 
This anisotropic structure provided a 
strong enhancement of plasmon 
absorption in the NIR region. As 
shown in Fig. 1D, the maximum 

 
Scheme 1. Schematic design of MSCs-mediated delivery of GNS for photothermal ablation of cancer cells. 
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absorption peak of TAT-GNS was around 790 nm, 
which showed a 20 nm red shift compared to the GNS 
and PEG-GNS. The GNS could be well dispersed in 
water (Fig. 1D). After functionalization, the GNS size 
also increased as measured by dynamic light 
scattering (DLS). Compared to the PEG-GNS with the 
average hydrodynamic diameter of 82.0 ± 1.7 nm, the 
size of TAT-GNS increased to 102.1 ± 0.6 nm (Fig. 1E). 
Successful TAT peptide conjugation was further 
confirmed via the zeta potential measurement. The 
ζ-potential of bare GNS was -27.47 ± 0.69 mV and 
PEG-GNS was -11.13 ± 0.22 mV. After the peptide 
modification, the surface charge of TAT-GNS became 
less negative with the ζ-potential of -3.74 ± 0.09 mV 
(Fig. 1F), suggesting that the TAT peptide with 
positive charges were conjugated on the surface of 
GNS. The effective functionalization was also verified 
by Fourier transform infrared (FT-IR) spectroscopy. 
TAT-GNS had the amide bond asymmetric stretching 
at 1577.1 cm-1 (Fig. S1). The time-dependent 
irradiation with the concentrations of TAT-GNS from 
0 to 160 pM showed the excellent photothermal 
conversion under the radiation intensity of 2 W/cm2 
(Fig. 1G). The TAT-GNS aqueous solution temp-
erature could raise continuously upon irradiation and 
increasing of the nanoparticle concentration. After 10 
min irradiation, the TAT-GNS solution at 160 pM had 
a 43.5 ℃ increase in temperature, which was sufficient 

to induce hyperthermia effect to cancer cells. The 
photothermal effect could also be adjusted via the 
changing of the laser irradiation intensities and the 
temperature change was positively correlated with 
the laser power (Fig. S2). In addition, the surface 
modification did not change the photothermal 
conversion efficiency of GNS as shown in Fig. S3. 
Both of PEG-GNS and TAT-GNS showed similar 
temperature raising curves. 

TAT-GNS cellular uptake in MSCs.  
It is important to understand the interaction of 

TAT-GNS to the MSCs. Compared with the 
PEG-GNS, TAT-GNS showed enhanced intracellular 
uptake in MSCs visualized via the optical microscopy 
(Fig. 2A). The aggregates were observed at high 
TAT-GNS concentrations as shown in black dots in 
the optical images, indicating the cellular uptake of 
the nanoparticles. The cellular uptake of TAT-GNS 
was then quantified by ICP-MS. As shown in Fig. 2B, 
the gold content in the MSCs was 2.96 ± 0.41 μg/105 
cells after 4 h incubation of 160 pM TAT-GNS. The 
nanoparticle uptake could be improved while 
prolonging the incubation time. After 24 h incubation, 
the gold content was 43.73 ± 3.86 μg/105 cells, which 
was 14.8 times higher than the 4 h incubation 
condition. Cytotoxicity of TAT-GNS to MSCs was 
evaluated by the CCK-8 assay (Fig. 2C). The MSCs 

maintained a high survival rate 
and over 92 % of cells were 
alive after incubation with 
TAT-GNS for 24 h. It indicates 
that TAT-GNS could have 
highly efficient uptake into the 
MSCs with little toxicity. The 
loading of nanoparticles into 
cells depend on their size, shape 
and surface chemistry.47-49 
Various methods have been 
used to enhance the cellular 
loading efficiency of nano-
particles in stem cells, such as 
antibody modifycation, in-cell 
assembly and CPPs 
modification.33-35, 50-52 Here, TAT 
peptide, derived from the 
human immunodeficiency 
virus type 1 (HIV-1), was used 
for enhancing the interaction of 
GNS to stem cells. TAT peptide 
is widely used in enhancing 
cellular uptake of particles by 
actin-driven lipid-raft mediated 
micropinocytosis.46, 50, 53-55 Our 
results demonstrated that the 

 

 
Figure 1. Characterization of TAT-GNS. A. The scheme of TAT-GNS synthesis. B. The TEM image of GNS; C. The 
TEM image of the spikes of GNS. D. UV-vis-NIR absorption of TAT-GNS (The insert shows the TAT-GNS resuspension 
solution.); E. DLS size distribution of the bare GNS (grey column), HOOC-PEG-GNS (red column) and TAT-GNS (green 
column). F. Zeta potential of GNS, PEG-GNS and TAT-GNS; G. △T-t curve of TAT-GNS with different concentrations 
(rang from 0-160 pM) by laser irradiation with an intensity of 2 W/cm2. 
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TAT peptide modification could enhance the GNS 
loading capacity in the MSCs, in agreement with the 
expected effect of TAT peptide. 

Migratory ability of GNS-loaded MSCs. 
Tumor tropic migration ability is the key 

property of MSCs for targeted delivery. The cells 
loaded with TAT-GNS were analyzed by flow 
cytometry to identify the specific surface markers. 
MSCs were incubated with TAT-GNS for 24 h and 
collected for surface marker analysis. Positive staining 
markers for CD29, CD44, CD90, CD105 and negative 
staining markers for CD45 and CD34 were employed 
to analyze the stem cells (Fig. 2D).56 The results 
showed that the GNS-loaded MSCs did not show 
significant change in the expression of surface 
markers after loading the GNS in MSCs compared 
with MSCs. To further verify the stem cell function, 
the migratory ability of GNS-loaded MSCs toward 
prostate cancer cells was studied using the wound 
healing assay (Fig. 2E and Fig. S4). After 24 h 
observation, the gap between the GNS-loaded MSCs 
and PC-3 cells were merged, which was similar as the 

unloaded MSCs (Fig. 2E). The results showed that the 
migration of MSCs was maintained at the same level 
after loading of GNS. Consistently, the GNS-loaded 
MSCs could also migrate toward the other two 
prostate cancer cell lines DU 145 and LNCaP (Fig. S4). 
In addition, stromal-derived factor 1a (SDF-1a) and its 
receptor C-X-C chemokine receptor type 4 (CXCR4) 
plays an important role in the tumor tropism process 
and MSCs are positive for the expression of CXCR4.57 
Therefore, the CXCR4 expression of GNS-loaded 
MSCs was measured after 24 h incubation with 
different concentration of TAT-GNS (ranging from 40 
pM to 160 pM). No change was found in the 
expression of CXCR4 protein presented compared 
with that in the normal MSCs (Fig. 2F). All these 
results suggest that the viability and migration 
function of MSCs could be preserved after the GNS 
loading and utilized as the targeted delivery vector 
for treating prostate cancer.  

TAT-GNS assembly in the MSCs lysosomes.  
The localization of TAT-GNS in MSCs was 

confirmed by confocal microscopy and TEM. To 
determine the location of the 
GNS in MSCs, FITC-TAT-GNS 
was prepared by utilizing FITC 
labeled TAT peptide instead of 
TAT peptide. After 24 h 
incubation, the TAT-GNS 
accumulated and aggregated in 
the MSCs. The GNS showed 
good colocalization with 
lysotracker red, indicating the 
nanoparticles mainly localized in 
lysosomes (Fig. 3A) and more 
images could be seen in the 
supplementary materials (Fig. 
S5). In addition, the TAT-GNS 
loaded MSC suspension 
displayed a maximum plasmon 
absorption at 810 nm. Compared 
with the TAT-GNS, TAT-GNS 
loaded MSCs showed a broader 
plasmon absorption and 40 nm 
red-shift of the maximum 
absorption in the NIR was 
observed (Fig. 3B). It suggested 
that the interparticle distance of 
GNS in the lysosomes was close 
enough to induce the SPR 
coupling, which guided us to 
explore the accumulation status 
of GNS inside the MSCs. 

The intracellular distribu-
tion of TAT-GNS in the 

 
Figure 2. Cellular uptake and the tropic migration of TAT-GNS loaded MSCs. A. MSCs cellular uptake of 
PEG-GNS and TAT-GNS (ranging from 0-160 pM); B. ICP-MS of Au content in MSCs incubated with 160 pM TAT-GNS 
during 4 h and 24 h. C. Cell viability after labeling with TAT-GNS at different concentrations ranging from 20 to 160 pM. 
D. FACS analyses of the surface markers of labeled and unlabeled MSCs after 24 h incubation. E. Light microscopy 
images showing TAT-GNS loaded MSCs migration towards PC-3 cells. F. Western blot analysis of CXCR4 expression 
in GNS-labeled MSCs, β-actin as control. 
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lysosomes was further studied by TEM. As shown in 
Fig. 3C and Fig. S6 (denoted by red arrows), 
TAT-GNS were located in the lysosomes after 
incubation, which was consistent with the confocal 
microscopy results. The GNS maintained their shape 
and were closely packed in the lysosomes. The 
distance between two nearby GNS ranged from 0 nm 
to 10 nm, which could induce strong plasmon 
coupling in the closely packed GNS clusters.58-59 
Moreover, no GNS were observed in the cell nucleus 
and cytoplasm. After packaged in the lysosomes, the 
GNS also had an excellent photothermal conversion 
efficiency (Fig. 3D). The temperature of the cell 
suspension incubated with 160 pM TAT-GNS could 
raise almost 30 ℃ post 10 min irradiation at 2 W/cm2. 
It suggests that the cell internalization of GNS 
maintained their photothermal efficiency and could 
be utilized to damage cancer cells via hyperthermia 
effect. The mechanisms to intracellular assembly are 
likely attributed by the attraction of van der Waals 
forces and the compacting pressure in the lysosomes. 

Excreted microvesicles of MSCs containing 
GNS clusters for cancer cell targeting.  

How TAT-GNS are released and target cancer 
cells are key issues that can determine the delivery 
efficiency and therapeutic effect of the TAT-GNS 

loaded MSC. The supernatant of TAT-MSC was 
collected and characterized before and after laser 
irradiation. The TAT-GNS loaded MSCs could excrete 
GNS clusters via exocytosis as shown by TEM (Fig. 
4A). Furthermore, a thin layer of membrane was 
found on the surface of the excreted GNS clusters 
(Fig. 4B). The size of the excreted GNS was 
determined by DLS and the average size was around 
653 nm (Fig. 4C), which was consistent in four 
independent samples (Fig. S7) and released in a time 
dependent manner (Fig. S8). A red-shift of the 
plasmon resonance was also observed in the 
UV-Vis-NIR spectrum of the GNS-loaded MSCs 
supernatant with a maximum absorbance at 810 nm 
(Fig. 4D). The membrane content on the excreted GNS 
clusters was determined by SDS-PAGE gel 
electrophoresis (Fig. 4E). And the protein of the 
MVs@GNS were almost the same as the control 
group. The excreted GNS clusters collected from 
GNS-loaded MSCs displayed a same protein profile as 
the MSC extracellular microvesicles. It demonstrated 
that the proteins containing in the microvesicles 
almost the same as the cell membrane, but some 
proteins such as the stripe of 20 kDa had different 
expression levels (Fig. S9). It indicates that the 
excreted GNS clusters could be encapsulated in the 
microvesicles, which could selectively deliver the 

 
Figure 3. Cellular localization of TAT-GNS in MSCs and the photothermal property of TAT-GNS in MSC lysosomes. A. Laser scanning confocal microscopy 
images of the FITC-TAT-GNS loaded MSCs. B. UV-Vis-NIR spectrum of GNS-loaded MSCs (3×105 cells) suspension in PBS (1 mL). C. representative TEM images of MSCs 
incubated with TAT-GNS for 24 hours. The aggregation state of GNS in the lysosomes of MSCs. And the distance between the sharps of GNS inside the MCSs were determined 
by TEM. D. the △T-t curve of GNS-loaded MSCs (3×105 cells) suspension in PBS (1 mL) under the optical density of 2 W/cm2. 
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nanoparticles into the cancer cells. More importantly, 
the release of GNS clusters could be further facilitated 
via laser exposure at 808 nm, as indicated by the 
increased amount of black dots in the extracellular 
supernatant after irradiation (Fig. S10). The protein 
quantification further confirmed that the laser 
treatment could enhance 35% protein release in the 
supernatant (Fig. 4F). It suggests that the light could 
be the external trigger to control the GNS release from 
the carrier cells. And the protein release in high power 
NIR (2.5 W/cm2) was much lower, which was due to 
the cell death under the NIR exposure to inhibit the 
microvesicles’ release (Fig. S11 and Fig. S12). The 
activated caspase 3 staining result showed that the 
death was not though the apoptotic pathway (Fig. 
S12C).  

The microvesicles released from cells are natural 
carriers that can transport compounds to the targeted 
cells.39-44 To illustrate the delivery mechanism of the 
excreted GNS loaded microvesicles, the GNS and 

PC-3 cells were labeled with FITC and red 
fluorescence protein (RFP), respectively. The MSCs 
loaded with FITC-TAT-GNS were co-cultured with 
RFP labeled PC-3 cells at 1:1 ratio (Fig. 4G). After 24h, 
the FITC-TAT-GNS signal could be observed in the 
PC-3 cells, indicating the transportation of GNS 
loaded microvesicles into PC-3 cells (Fig. 4G and Fig. 
S13). The isolated microvesicles containing 
FITC-TAT-GNS (MVs@FITC-GNS) could also be 
uptake by the PC-3 cells (Fig. S14). To determining 
the tumor targeting ability, the mouse embryonic 
fibroblast 3T3 cells was used as the control cell line. 
The supernatant of MSCs@FITC-TAT-GNS was 
collected after 24 h and added in the 3T3 cells and 
PC-3 cells by a 1:1 ratio with normal medium. The 
fluorescence in the supernatant of MSCs@FITC-TAT- 
GNS indicated that the FITC-TAT-GNS could be 
released into the culture medium (Fig. S15). The 
confocal imaging indicated that MVs@FITC-GNS 
could be uptake by PC-3 cells but the majority of the 

MVs@FITC-GNS were localized 
outside of the 3T3 cells (Fig. S16 
& Fig. S17). The results indicate 
that the GNS cluster loaded 
microvesicles may retain the 
tumor targeting ability, which is 
similar as the MSC extracellular 
vesicles.38, 60  

In vitro PTT effect.  
The PTT efficacy of the 

TAT-GNS loaded MSCs was 
evaluated to release the 
nanoparticles and prevent the 
risk of tumorigenesis by stem 
cells (Fig. 5). The MSCs were 
incubated with 0, 20, 40, 80 or 
160 pM TAT-GNS for 24 h. The 
live/dead cell staining was 
performed in MSCs 4 h after 
exposing to an 808 nm laser 
(optical density 2.5 W/cm2, 3 
min). It was found that 
TAT-GNS started to show good 
cytotoxicity effect to MSCs at 40 
pM TAT-GNS incubation 
condition, indicating by the red 
fluorescence of cells from PI 
staining (Fig. 5A). 
Complementarily, trypan blue 
staining assay showed similar 
destruction and further 
confirmed the PTT effect (Fig. 
S18). Up to 55.6 % MSCs were 
dead after irradiation quantified 

 
Figure 4. Microvesicles containing GNS clusters released from GNS-loaded MSCs and their 
transportation to cancer cells. A. Representative images showing an intracellular GNS cluster (blue arrow) and GNS 
clusters exocytosis (red arrow) by GNS-loaded MSCs. B. GNS clusters produced by exocytosis from GNS-loaded MSCs 
in the extracellular medium. C. Size distribution of the extracellular microvesicles containing GNS clusters by DLS. D. 
UV-Vis-NIR spectrum of microvesicles containing GNS clusters in PBS. E. SDS-PAGE protein analysis of microvesicles 
containing GNS clusters. Samples were stained with Coomassie brilliant blue. I, markers. II, MSCs extracellular vesicles as 
control. III, GNS-loaded MSCs extracellular vesicles. F. Protein quantification of supernatant in GNS loaded MSCs by BCA 
assay 4 h after NIR exposure (1.5 W/cm2, 3 min). The concentration of TAT-GNS was 160 pM. G. Confocal laser scanning 
microscopy of FITC-labeled GNS clusters released from MSCs to PC-3 (labeled by RFP). The red arrow shows GNS 
clusters labeled by FITC and taken up by a PC-3 cell (labeled by RFP). 
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by the CCK8 assay (Fig. 5C). In addition, the PTT 
effect could be further enhanced via increasing the 
TAT-GNS concentration. Notably, majority of the 
MSCs could be damaged with the incubation of 80 
and 160 pM TAT-GNS after laser exposure (Fig. 5A 
and Fig. 5C). It indicates that the MSCs could perform 
a “suicide bomber”-like function and reduce the risk 
of tumorigenesis. 

Subsequently, the PTT effect on prostate cancer 
cells were determined by co-cultured with TAT-GNS 
loaded MSCs with a series of ratios. The MSCs were 
pre-incubated with 160 pM TAT-GNS for 24 h. The 
co-culture ratio was ranged from 1:4 to 4:1 

(MSCs/PC-3 cells) and the cell viability was 
determined by CCK-8 assay. It was found that all cells 
were alive indicated by the green color of Calcein after 
co-culturing at low ratios of MSCs/PC-3 cells (1:4 and 
1:2) after laser irradiation. In contrast, when the 
co-cultured ratio of MSCs/PC-3 cells increased to 1:1, 
2:1 and 4:1, the amounts of dead cells (in red color) 
were significantly increased after light exposure (Fig. 
5B). The dead cells increased up to 58.1 % at the 
co-cultured ratio of 1:1 (Fig. 5D). And at 2:1 and 4:1 
ratio, over 90 % of the cancer cells could be eradicated 
upon PTT. It indicates that the GNS-loaded MSCs 
could effectively damage cancer cells via photo-

thermal treatment (Fig. 5D). 

MSCs improved the intratumoral 
GNS distribution and PTT efficacy in 
vivo via intratumoral injection.  

The excellent in vitro results promote 
us to investigate the intratumoral 
distribution and PTT effect on the animal 
model. PC-3 prostate cancer cells were 
implanted in the flank of mice. When the 
volumes of the tumor increased upon 62.5 
mm3, the mice were randomized into 
three treatment groups. Each group (n = 5) 
received intratumoral injections of 
phosphate buffered saline (PBS), free 
TAT-GNS, or GNS-loaded MSCs. To test 
whether MSCs-mediated delivery of GNS 
could improve the distribution in tumors, 
photoacoustic imaging was utilized to 
trace the GNS in vivo post 3 days of 
injection (Fig. 6A). The GNS signals were 
observed in both of the GNS and 
GNS-loaded MSCs treated groups (Fig. 
6A). The tumor injected with TAT-GNS 
alone showed the localized signal spot 
with the area of 0.022 cm2. In contrast, 
GNS-loaded MSCs showed a relative even 
distribution of the nanoparticles in the 
entire tumor with the area of 0.073 cm2. 
The histology analysis was carried out to 
further investigate the GNS-loaded MSC 
delivery. Post 3 days of injection, the 
tumors were collected for H&E and silver 
co-staining. The GNS (as shown in black 
and brownish color) in the GNS treated 
group were mainly localized at the 
injection site (Fig. 6B). No GNS could not 
be found at the tumor border. By contrast, 
the GNS-loaded MSCs showed broad 
distribution of the GNS in either tumor 
border or interior (noted by yellow 
arrows), which was consistent with the 

 
Figure 5. In vitro PTT effect of GNS-loaded MSCs. A. PTT effects on GNS-loaded MSCs. B. 
Photothermal therapy effects on co-cultured GNS-loaded MSCs and PC-3 with different ratios (ranging 
from 1:4 to 4:1). Representative 10× images obtained 4 hours after laser exposure (Live−dead staining 
with PI and calcein-AM); C. Cell viability of GNS-loaded MSCs post light irradiation; D. Cell viability of 
co-cultured GNS-loaded MSCs and PC-3 post PTT. Error bars indicate s.d. (n=4). P < 0.05(*), P < 0.01(**), 
P < 0.001 (***) compared with the control group. 
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photoacoustic imaging results. It confirms that MSCs 
could have the migration ability to target the cancer 
cells in vivo. 

After 3 days of injection, three treatment groups 
(each group n = 5) were anesthetized and all tumors 
were exposed to an 808 nm NIR light (1 W/cm2, 10 
min). The GNS-loaded MSCs-treated group showed 
good photothermal response and the temperature at 
the tumor area could rapidly increase upon 
irradiation (Fig. 6C and Fig. 6D). After 2 min 
exposure, 43.9 ºC was reached at the tumor area in the 
GNS-loaded MSCs-treated group, which was higher 
than the PBS (37.4 ºC) and GNS (41.8 ºC) treated 
groups (Fig. 6C and Fig. 6D). The temperature could 
further increase with prolonged irradiation time (Fig. 

6C and Fig. 6D). With the good photothermal effect 
and broad intratumoral GNS distribution, GNS- 
loaded MSC treated group had an effective tumor 
inhibition effect after PTT (Fig. 6D and 6E). The PBS 
treated group showed a continuous tumor growth 
after irradiation, indicating the light had little 
inhibition effect to tumors (Fig. 6D and 6E). The GNS 
treated group had a moderate PTT effect as shown by 
the slowly increased tumor volume. Compared with 
the PBS and GNS treated groups, the GNS-loaded 
MSC group showed the best tumor inhibition effect. 
The tumor growth was completely inhibited and the 
tumor volume decreased post 16 days of PTT (Fig. 6D 
and 6E). In addition, the body weights of mice were 
normal during the experimental period (Fig. S19). No 

severe side effects were observed 
during and post treatment. 
Compared to the gold nanoparticle 
alone, the GNS loaded MSCs 
obtained a superior tumor 
suppressive effect with a wider GNS 
intratumor distribution via the single 
injection. It should be noted that the 
ratio of TAT-GNS loaded MSCs to 
prostate cancer cells appears to be 
much lower in the tumor tissue in 
vivo (Fig. 6B) compared with that in 
vitro. As shown in Fig. 5B and 5D, at 
least 1:1 MSC/cancer cell ratio should 
be utilized for TAT-GNS loaded 
MSCs mediated cancer cell killing. 
Significant anti-tumor growth was 
observed in vivo at only 105 cells 
TAT-GNS loaded MSCs per mouse, 
suggesting better heat preservation 
effect in the animal body compared 
with the two-dimensional cell culture 
environment.  

The histology analysis was 
carried out to further investigate the 
GNS-loaded MSC delivery and PTT 
effect. Post 3 days of injection, the 
tumors were collected for H&E and 
silver co-staining. The GNS (as 
shown in black and brownish color) 
in the GNS treated group were 
mainly localized at the injection site 
(Fig. 6F). No GNS could not be found 
at the tumor border. By contrast, the 
GNS-loaded MSCs showed broad 
distribution of the GNS in either 
tumor border or interior (noted by 
yellow arrows), which was consistent 
with the photoacoustic imaging 
results. It confirms that MSCs could 

 
Figure 6. Photothermal ablation of prostate tumors via GNS-loaded MSCs. A. PAI of GNS 
distribution after intratumoral injection. Fusion of ultrasound and PAI images of the tumors after the injection of 
TAT-GNS and GNS-loaded MSCs. Scale bar is 0.5 cm. B. Representative H&E and silver staining sections of the 
tumor after PA imaging. The yellow circles and yellow arrows noted the GNS signals (brown spots) in the 
sections. All scale bars are 200 μm. C. Infrared microscopic imaging: NIR laser irradiation of the tumor bearing 
mice after injections of PBS, TAT-GNS and GNS-loaded MSCs after 3 days. D. Temperature rise profiles at the 
tumor site under the 808 nm NIR laser irradiation with an intensity of 1 W/cm2 for 10 min. E. Relative tumor 
volume from mice intratumorally injected with PBS, GNS and GNS-loaded MSCs (n = 5) post PTT; F. 
Representative images of PC-3 tumors harvested from the three different groups post 16 days of laser irradiation. 
G. Representative H&E staining section of the mice organs after treatment for 16 days. All scale bars are 200 μm. 
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have the migration ability to target the cancer cells in 
vivo. In addition, tumors and organs were collected 
after 16 days of therapy (Fig. 6G and Fig. S20). In the 
GNS treated group, the GNS were located near the 
needle path and induced the necrosis in the injection 
area (as shown by red arrows in Fig. S20). In the 
GNS-loaded MSC group, majority of GNS were found 
in the scar tissues (Fig. S20), which indicated that the 
wider distribution of GNS could induce necrosis 
under the NIR light exposure. No significant tissue 
damage was observed in the organ tissues post PTT 
(Fig. 6G), indicating the local PTT therapy had the 
great selectivity and slight side effects.  

It should be noted that effective accumulation 
and distribution of gold nanoparticles in tumors are 
crucial for gold nanoparticles-mediated PTT. El-Sayed 
et al. found that the intratumoral injection of gold 
nanoparticles was more effective than intravenous 
injection.61 Although gold nanoparticles showed a 
better accumulation in tumors by intratumoral 
injection, they lacked a good distribution in the tumor 
area. The insufficient diffusion ability of nanoparticles 
limits the homogenous temperature rise in the entire 
tumor which in turn could hamper the treatment 
efficiency.31, 62 In our platform, using the MSCs as 
vehicles, the targeting ability of MSCs mediated by 
SDF-1/CXCR4 can improve the tumor selectivity 
through the concentration gradient of SDF-1 secreted 
by tumor cells.63-65 The MSCs act as a “smart vehicle” 
to assemble and delivery nanoparticles with high 
GNS loading capacity and retain “homing” effect to 
cancer cells. Both of the MSCs and their secreted 

microvesicles could facility the tumor targeting ability 
for the GNS. Our results indicate that the intratumoral 
injection of the MSCs could facilitate the GNS 
distribution in the tumor area which leads to the 
excellent PTT effect in vivo. Since the targeting 
approach by tumor-tropic cells is based on multiple 
targeting mechanisms, it may be more effective than a 
single targeting molecule or antibody modification. 
Furthermore, the combination of GNS with MSCs 
could prevent the teratoma formation, which is a 
major concern of stem cell transplantation.63 The 
GNS-loaded MSCs could act as a “Trojan Horse” 
controlled by NIR light and minimize the risk of 
tumorigenesis post intratumoral injection. After laser 
exposure, the stem cells can be damaged by the 
hyperthermia and release the microvesicles 
containing GNS clusters for cancer cell targeting and 
uptake. 

MSCs improved the anti-tumor PTT efficacy in 
vivo via intravenous injection. 

As the conspicuous effect in the local 
administration, the anti-tumor effect of GNS-loaded 
MSCs in vivo was further determined by intravenous 
injection. Each group (n = 5) received a NIR light 
exposure (1.5 W/cm2 for 10 min) 3 days after 
intravenous injection with PBS, TAT-GNS, 
GNS-loaded MSCs. The GNS-loaded MSCs group 
showed higher temperature increasing at the tumor 
area that could reach to 43.9 ± 1.0 °C (Fig. 7A and Fig. 
7B). It indicated that the MSCs could improve the 
GNS accumulation in the tumor area by systemic 

 

 
Figure 7. Photothermal ablation of prostate tumors via intravenous injection. A. Infrared microscopic imaging, NIR laser irradiation (808 nm, 1.5 W/cm2, 10 min) of 
the tumor bearing mice after intravenous injections of PBS, TAT-GNS and GNS-loaded MSCs (5 × 105 cells) after 3 days. B. Temperature rise profiles at the tumor site under 
the 808 nm NIR laser irradiation with an intensity of 1.5 W/cm2 for 10 min. C. Relative tumor volume from mice intravenously injected with PBS, TAT-GNS and GNS-loaded 
MSCs (n = 5) post PTT in 14 days; D. Representative images of PC-3 tumors harvested from the three different groups post 14 days of laser irradiation.  



Nanotheranostics 2019, Vol. 3 

 
http://www.ntno.org 

50 

delivery. After 14 days after NIR treatment, the body 
weights of mice were all normal (Fig. S21). The 
GNS-loaded MSC treated group showed an effective 
tumor inhibition effect after PTT compared with PBS 
group (P < 0.05) in 14 days (Fig. 7C and Fig. 7D). The 
“homing effect” of MSCs intravenous injection were 
determined by ex vivo fluorescence image. The 
fluorescence signals were observed most in the mouse 
lungs and tumors 3 days after injection (Fig. S22). It 
confirmed that the GNS-loaded MSCs could maintain 
the tumor tropic migration ability after loading GNS 
in vivo with the migration results in vitro (Fig. 2E). 
Although it showed good anti-tumor effect in 
intravenous administration, the MSCs would be 
trapped mostly in the pulmonary capillary by 
pulmonary circulation. The administration 
approaches should be considered according to the 
disease specificity in the further applications. 

Conclusion 
In summary, our work shows an effective 

delivery platform utilizing MSCs and the extracellular 
microvesicles containing assembled GNS for targeted 
PTT of prostate cancer with tumorigenesis exemption 
in vitro and in vivo. The conjugated TAT peptide on 
the surface of GNS could enhance cellular uptake and 
improve loading efficiency. Importantly, the stem 
cells act not only as the cellular carrier to load GNS 
into the lysosomes but also the “cellular engineering 
factory” to assemble the GNS and encapsulate them 
into microvesicles under the light control. The MSCs 
loaded with TAT-GNS maintained “homing” effect 
and tropic migration ability to improve the GNS 
intratumoral distribution and PTT effect in vivo both 
local injection and systemic delivery. To the best of 
our knowledge, it is the first example of utilizing both 
of MSCs and their excreted microvesicles as an 
intelligent “Trojan Horse” to assemble and transport 
the nanoparticles for targeted cancer treatment. We 
believe that our work presents a comprehensive 
understanding of the MSCs-based nanoparticle 
transportation and hold the promise as an effective 
strategy for cancer therapy including prostate cancer. 
Further studies on active self-assembly of 
nanoparticles inside the cells will be carried out in the 
future. 

Experimental Section  
Materials 

Chloroauric acid (HAuCl4) was purchased from 
Civi-Chem (Suzhou, China). HS-PEG-COOH (MW = 
5,000) were purchased from Pengshuo Biotech Co., 
Ltd. (Shanghai, China). Silver nitrate (AgNO3) was 
purchased from Alfa (America). Ascorbic acid (AA) 

was purchased from Macklin (Shanghai, China). 
Hydrochloric acid (HCl) was purchased from 
Sinopharm Chemical Reagent Co. Ltd (Shanghai, 
China).1-Ethyl-3-(3-dimethylaminopropyl) carbodii-
mide (EDC) and N-Hydroxysuccinimide (NHS) were 
purchased from Aladdin (Shanghai, China). 
Phosphate buffer saline (PBS), high glucose 
Dulbecco’s Modified Eagle’s Medium (DMEM) were 
purchased from HyClone (America). Penicillin/ 
streptomycin and fetal bovine serum (FBS) were 
purchased from Gibco (America). Basic fibroblast 
growth factor (bFGF) was purchased from Invitrogen 
(America). TAT-peptide (residues 47-57 sequence 
YGRKKRRQRRR-NH2) and FITC labeled TAT were 
purchased from GL Biochem Ltd (Shanghai, China). 
Cell counting kit-8 (CCK-8) was purchased from 
Beijing Zoman Biotechnology Co., Ltd. Propidium 
Iodide (PI) stain, 1,1′-dioctadecyl-3,3,3′,3′-tetramethyl-
indocarbocyanine perchlorate (DiI), Western and IP 
kit was purchased from Beyotime Biotechnology 
(Shanghai, China). Culture-Inserts were purchased 
from Ibidi (Germany). 

Cell lines and culture 
The PC-3, DU145, LNCaP, 3T3 cells were 

cultured in high glucose Dulbecco's Modified Eagle 
Medium (DMEM) containing 10 % fetal bovine serum 
(FBS) and 1 % penicillin-streptomycin (Gibco). The 
MSCs were collected from the human umbilical cord 
and cultured in low glucose DMEM with 10 % FBS 
and 10 ng/mL basic Fibroblast Growth Factor (bFGF, 
Invitrogen). All cells lines were maintained in a 
humidified atmosphere at 37°C with 5 % CO2/95 % 
air. All of the cells were passaged using 0.25 % trypsin 
when the cells reached 70 %-90 % confluence. 

Synthesis and characterization of TAT-GNS 
The GNS were synthesized through a 

seed-mediated growth approach46. The seed was 
obtained by vigorous mixing sodium citrate (44.6 mg) 
in HAuCl4 solution (1 mM) under boiling 
temperature. After 15 min reaction, the solution was 
wine red and cooled to room temperature. The seed 
solution was purified by filtration through a 0.22 μm 
nitrocellulose membrane and kept at 4 °C for 
long-term storage. For GNS synthesis, the seed 
solution (600 μL) was added to of HAuCl4 solution 
(0.25 mM, 60 mL) with HCl (0.01 M) in a 100 mL glass 
vial at room temperature under moderate stirring (700 
rpm). AgNO3 (3 mM, 600 μL) and AA (100 mM, 300 
μL) were mixed quickly in the above solution. After 
stirring for 30 s, the solution color rapidly turned from 
light red to greenish-black indicating the formation of 
the GNS. Then, HS-PEG-COOH (MW 5000, 5 mg/mL, 
2 mL) was immediately added into the solution under 
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gentle stirring overnight. The PEGylated GNS was 
purified by centrifugation at 9,500g for 15min and 
then resuspended in double-distilled water. 
TAT-GNS was prepared by mixing TAT-peptide (30 
µM) in PEGylated nanostars (0.3 nM) for 24 hours 
under EDC/NHS (25 μmol EDC and 30 μmol NHS) 
coupling reaction condition in a 10 mL system. Then 
the TAT-GNS was purified by centrifugation at 9,500g 
for 15min three times. The DLS and zeta potential of 
bare GNS, PEG-GNS, TAT-GNS were determined by 
Malvern Zetasizer Nano ZS90. The near infrared 
absorption was determined by UV-Vis spectroscopy 
(Cary 60 UV-Vis, Agilent Technologies). The infrared 
spectrum was determined by FTIR spectroscopy 
(Cary 630 FTIR, Agilent Technologies). 

Cell viability of MSCs and cellular uptake of 
TAT-GNS 

Cell viability was determined by CCK8 assay. 
The huMSCs cells were seeded in 96-well plates with 
5,000 cells per well in culture medium. After 
overnight incubation, the cells were treated with 
TAT-GNS of different concentrations (ranging from 
20 pM to 160 pM) when the confluency of the cells 
came up to 70 %. After 24 h incubation at 37 °C, 10 μL 
of CCK-8 solution was added to each well. After 2 h 
incubation at 37 °C, absorbance at 450 nm was read on 
a microplate reader (ELx808, BioTek). 4 replicate wells 
were used for each condition. Cellular uptake was 
determined by microscopic observation, the huMSCs 
cells and PC-3 cells were seeded in 96-well plates at 
5000 cells/well in culture medium. After overnight 
incubation, the cells were treated with TAT-GNS of 
different concentration (range from 20 pM to 160 pM). 
After 24 h incubation at 37 °C, the cellular uptake of 
GNS was observed using the light microscope. 

In vitro migration assay 
The migration capability of GNS-loaded MSCs 

was determined by the wound healing assay. The 
culture-inserts were used for this study. The MSCs 
were seeded in the left well 70 μL per well with the 
concentration of 5×105 cells/mL, PC-3 cells were 
planted in the right well with the same concentration. 
And the MSCs were incubated with 0, 80 pM, 160 pM 
TAT-GNS for 24 h. Then the culture-inserts were 
removed and the gaps between MSCs and PC-3 cells 
were maintained. The same procedure was used to 
determine the migration capability of GNS-loaded 
MSCs for DU145 and LNCaP prostate cancer cell 
lines. 

Investigation of in vitro photothermal effect of 
TAT-GNS 

The MSCs were incubated with TAT-GNS by 
different concentration (ranging from 0-160 pM) for 24 

h in 96-well plates. The plates were carefully washed 
three times with PBS to remove the unloaded 
TAT-GNS. The GNS-loaded MSCs cells were 
irradiated by continuous-wave 808 nm laser (ANJ, 
Beijing, China) with an optical density of 2.5 W/cm2 
for 3 min. The co-staining of Calcein AM (green, 
staining 30 min) and PI (red, staining 10 min) was 
used to differentiate live and dead cells at 4 hours 
after in vitro PTT. The results were observed using the 
fluorescence microscope (EVOS FL Auto, life 
technologies). Subsequently, the cell viability was 
determined by CCK-8 assay. The localized 
photothermal effect in vitro of GNS-loaded MSCs with 
co-cultured PC-3 cells was further investigated with 
different ratios (ranging from 1:4 to 4:1). The plate was 
irradiated by 808 nm laser with an optical density of 
2.5 W/cm2 for 3 min. The cell death was observed 
utilizing co-staining of Calcein AM and PI. And the 
cell viability was quantified by CCK-8 assay. 

Flow cytometry assay of the surface markers 
of GNS-loaded MSCs 

The MSCs were incubated with TAT-GNS (160 
pM) for 24 h in the 6-well plates. The both 
GNS-loaded and unloaded MSCs were tested the 
expression of positive surface markers for CD29, 
CD44, CD90, CD105 and negative surface markers for 
CD45 and CD34 by BD FACSCalibur. Briefly, 1×105 
cells from each sample were washed two times with 
PBS containing 1 % BSA and then were incubated 
with the following fluorophore-conjugated mono-
clonal antibodies: CD44-V450, CD105-PerCP-Cy5.5, 
CD45-PE, CD34-PE, CD90-FITC and CD29-APC for 30 
min in a dark room. Then the cells were washed with 
PBS containing 1 % BSA and centrifuged and were 
evaluated using BD FACSCalibur. 

CXCR4 expression of GNS-loaded MSCs 
The MSCs were seeded in 6 well plates (1×105 

per well), and treated with 0, 40, 80, 160 pM TAT-GNS 
for 24 h and washed twice by PBS. After collection of 
cells, the total proteins expressed in cells were 
separated by a Cell lysis buffer for Western and IP kit 
(Beyotime). And the CXCR4 expression of MSCs was 
performed by Western blot.57 And 30 μg protein was 
loaded per lane for the Western blot. 

TEM observation for cellular assemble for 
GNS in MSCs 

The MSCs were seeded in the 6-well plates 
(1×105 per well), and treated with TAT-GNS (160 pM) 
for 4 h and 24 h, respectively. The cells were washed 
twice then collected through centrifugation at 1000 
rpm for 3min. Then the samples were fixed with 2.5 % 
glutaraldehyde at 4 °C overnight and followed by 1 % 
aqueous osmium tetroxide staining. TEM images 
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were performed under 300 kV in a FEI Tecnai F30 
microscope equipped with a Gatan CCD digital 
camera. 

Microvesicles separation and collection 
The MSCs were treated with 160 pM TAT-GNS 

for 24 h in the 6-well plates (1×105 per well). And the 
cells were washed twice before incubated with 
serum-free medium. The supernatant was collected 
after 24 h and replaced by fresh serum-free medium in 
2 days. The collected medium was centrifuged (700 g 
for 10 min) to eliminate suspending cells and large 
apoptotic bodies. Then the medium was centrifuged 
(150,000 g for 1.0 h) and the GNS loaded microvesicles 
were collected for further detection. 

The establishment of animal models 
All animals were treated in accordance with the 

guidelines of the animal care and use committee at 
Tongji University. Male nude mice were purchased 
and bred at the Center of Experimental Animals at 
Tongji University. To prepare the prostate 
subcutaneous tumor model, male nude mice were 
anesthetized by intraperitoneal injection with 10 % 
chloral hydrate. Subsequently, PC-3 tumor tissue 
block (1 mm3) were implanted into the right groin of 
each mouse. 

In vivo photoacoustic imaging 
When the subcutaneous tumor volume increased 

upon 62.5 mm3, six nude mice were received 
intratumoral injection of free TAT-GNS (43.73 μg, 10 
μL), or GNS-loaded MSCs (43.73 μg of GNS in 1×105 
MSCs, 10 μL), three mice in each group. The number 
of MSCs was determined by cell counting chamber. 
After 3 days, the GNS distribution in tumor was 
determined via the photoacoustic imaging (780 nm, 40 
mJ/cm2). 

In vivo PTT by intratumoral injections 
When the volumes of the tumors increased upon 

62.5 mm3 (the diameters of the tumors increased upon 
5 mm), the mice were randomized into three 
treatment groups. Each group (n = 5) received 
intratumoral injections of either phosphate buffered 
saline (PBS, 10 μL), free TAT-GNS (43.73 μg, 10 μL), or 
GNS-loaded MSCs (43.73 μg of GNS in 1×105 MSCs, 
10 μL). After 3 days, mice were anesthetized and all 
tumors were exposed to an 808 nm NIR laser 
(continuous-watt laser) with a power of 1 W/cm2 for 
10 min. The body weight and tumor volume were 
monitored every other day. Tumor volumes were 
measured using a caliper every other day, and tumor 
volume was calculated by Volume (mm3) = L*W2/2, 
where L is the longest dimension and W is measured 
perpendicular to L. 

In vivo PTT and fluorescence imagings of MSCs 
by intravenous injection 

Each group (n = 5) received intravenous 
injections of either phosphate buffered saline (PBS, 
200 μL), free TAT-GNS (218.65 μg, 200 μL), or 
GNS-loaded MSCs (218.65 μg of GNS in 5×105 MSCs, 
200 μL). After 3 days, all the mice were received a NIR 
light exposure (1.5 W/cm2 for 10 min). The body 
weight and tumor volume were monitored every day. 
The MSCs and GNS-loaded MSCs were labeled with 
DiI (10 mM) 20 min and washed with PBS three times. 
The PC-3 bearing nude mice were intravenously 
injected with 5×105 DiI labeled MSCs and GNS-loaded 
MSCs each mouse. The ex vivo fluorescence images 
were determined 3 days after intravenous injection 
using a Berthold NightOWL LB 983 In Vivo Imaging 
System (Bad Wildbad, Germany). 

Statistical analysis 
Data were shown as means ± SD. Statistical 

analyses were carried out by Student's t test with SPSS 
software for windows version 19.0 (SPSS Inc, Chicago, 
IL, USA). P Values at P < 0.05(*), P < 0.01(**), P < 0.001 
(***) were considered as statistically significant. 
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