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Abstract 

Combination cancer treatment has emerged as a critical approach to achieve remarkable 
anticancer effect. In this study, we prepared a theranostic nanoformulation that allows for 
photoacoustic imaging as well as combination gene and photothermal therapy. Gold nanorods 
(GNR) were coated with dipicolyl amine (DPA), which forms stable complexes with Zn2+ cations. 
The resulting nanoparticles, Zn(II)/DPA-GNR, recognize phosphate-containing molecules, 
including siRNA, because of the specific interaction between Zn(II) and the phosphates. We chose 
anti-polo-like kinase 1 siRNA (siPLK) as our example for gene silencing. The strong complexation 
between Zn(II)/DPA-GNR and siPLK provided high stability to the nano-complexes, which 
efficiently delivered siRNA into the targeted cancer cells in vitro and in vivo. The particle served as 
a theranostic agent because the GNRs of nano-complexes permitted effective photothermal 
therapy as well as photoacoustic imaging upon laser irradiation. This gene/photothermal 
combination therapy using siPLK/Zn(II)DPA-GNRs exhibited significant antitumor activity in a 
PC-3 tumor mouse model. The concept described in this work may be extended to the 
development of efficient delivery strategies for other polynucleotides as well as advanced 
anticancer therapy. 
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Introduction 
RNA interference (RNAi) has been widely used 

for cancer therapy because of its naturally occurring 
unique sequence-specific post-transcriptional gene 
silencing effect. Recently significant progresses have 
been made in this research field.(1-3) However, due to 
the anionic charge of siRNA phosphodiester 
backbone and its large molecular weight, the delivery 
of siRNA based therapeutics is restricted by a 
relatively poor pharmacokinetics and low cellular 
internalization following systemic administration (4, 
5). Despite promising pre-clinical studies, there are 

currently no clinically successful siRNA formulations 
for tumor treatment. Although numerous tumor 
therapeutic siRNA delivery carriers have been 
developed based on cationic polymers, cationic lipids, 
or amino acids that efficiently bind anionic RNAi, 
such as small interfering RNA (siRNA) and 
microRNA (miRNA) (6-9), these strong cationic 
carriers cause destabilization of cell membranes and 
severe cytotoxicity to normal tissues (10-14). This 
non-specific cell cytotoxicity has proven to be a major 
barrier in the clinical application of RNAi delivery 
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systems. To overcome these limitations, more study is 
required to develop efficient siRNA delivery 
nanoplatforms without using strong cationic 
derivatives.  

Recently, we developed a hyaluronic acid 
(HA)-based nanoparticle system for delivering siRNA 
that uses Zn(II)-dipicolylamine (Zn-DPA) receptors 
for high siRNA binding affinity (15,16). The Zn-DPA 
receptors are metal-organic complexes that have high 
affinity for phosphate-containing molecules such as 
siRNA through specific interactions between the 
coordinated zinc ions of the DPA and the anionic 
phosphate moieties (17-19). Various Zn-DPA 
analogues have been developed as useful tools for the 
sensing of biologically important phosphate 
derivatives (20-22). However, the application of 
Zn-DPA analogues for siRNA delivery has not been 
fully explored. Furthermore, these Zn-DPA 
analogue-based nanoparticle systems are significantly 
less cationic in character than conventional siRNA 
delivery carriers and therefore, have tremendous 
potential for the development of non-toxic and 
efficient therapeutic siRNA carriers. 

As a nanocarrier for siRNA delivery, 
multi-functional gold nanorod particles are attractive 
hybrid materials composed of an inorganic metallic 
gold core surrounded by an organic or biomolecular 
layer. These nanomaterials are promising candidates 
in drug delivery owing to their tunable core size, 
monodispersity, low toxicity, unique dimensions and 
tunable surface functionalities as well as the ability for 
photoacoustic tomography (PAT) (23-26). Especially 
because of their large surface-to-volume ratio, GNRs 
are ideal nanocarriers which can provide sufficient 
surface area for coupling Zn-DPA receptors to 
complex with siRNA. Furthermore, application of 
thermotherapy to destroy specific cells is a 
well-known strategy for the treatment of cancer since 
it is a noninvasive method and a relatively painless 
treatment for patients (27-29). Due to the GNRs’ 
strong plasmonic resonance peak, GNRs efficiently 
convert light energy into surface-localized heat 
generated as a consequence of electron phonon 
collisions, known as photothermal conversion, when 
the near-infrared light matches the plasmon 
resonance wavelength (30, 31). Heat transfer from the 
surface of GNRs to the surrounding cellular 
environment is highly localized, decaying 
exponentially within a few nanometers and therefore 
is thought to minimize adverse effects on normal cells 
(32).  

Thus, these properties would reduce damages to 
healthy cells during photothermal therapy of the 
tumor region and provide synergistic effect associated 
with combination therapy of siRNA agents and 

photothermal therapy, which will lead to enhanced 
anti-tumor efficacy. Although single-arm treatment is 
still widely used for many different cancers, this 
conventional method remains less effective than 
combination therapy (33). For the successful cancer 
treatment, combination therapy is an emerging 
potential method that combines two or more different 
therapeutic drugs or treatments by working in a 
synergistic or additive manner (34). Moreover, this 
combination therapy requires a lower therapeutic 
dosage of each individual drug or treatment and 
could prevent the toxic effects on normal cells while 
simultaneously producing cytotoxic effects on cancer 
cells as combination therapy targets different 
pathways to enhance cytotoxicity to cancer cells. In 
nanomedicine, the exploitation of multifunctional 
nanoparticles for effective delivery of combined 
therapeutic agents or treatments in order to improve 
cancer therapy has arisen as one of the promising 
strategies (35, 36). 

Polo-like kinase 1 (PLK1) is a member of 
serine/threonine protein kinases and the most 
extensively studied member of polo-like kinases. 
PLK1 has been reported to play a critical role in 
regulating multiple processes including mitosis, 
meiosis, spindle assembly, centrosome maturation, 
anaphase promoting complex (APC), and cytokinesis 
(37, 38). It has been found that the concentration and 
activity of PLK1 is important for the processes of cell 
cycle (39, 40). In addition, PLK1 has also been 
regarded as a proto-oncogene that is overexpressed in 
several different cancers, including prostate cancer, 
breast cancer, and non-small-cell lung cancer, being 
often correlated with poor patient prognosis while its 
expression level in normal tissues is often very low or 
undetectable (41-44). Preclinical studies indicate that 
pharmacological or genetic inhibition of PLK1 triggers 
mitotic arrest and enhances cell death in cancer cells. 
Notably, high expression level of PLK1 in tumors is 
correlated with low survival rate of patients (42, 45). 
Recently, numerous inhibitors of PLK1 have been 
developed to treat several types of cancers (46-50). 
Thus, PLK1 inhibition is a promising therapeutic 
approach for cancer therapy.  

Herein, we developed a novel nanoformulation 
by conjugating Zn-DPA (ZD) onto gold nanorods 
(GNRs) and, subsequently, loading the particle with 
siRNA. The resulting particles facilitate the release of 
entrapped siRNA within tumor cells and cause a 
prominent gene silencing effect. Moreover, due to the 
unique photoacoustic (PA) property of GNRs, 
ZD-GNR serves as a theranostic agent for 
simultaneous PA imaging and therapy of cancer by 
generating heat upon laser irradiation. Figure 1 
illustrates the process of developing siRNA 
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complexed Zn-DPA conjugated GNRs (siRNA/ZD- 
GNRs) and working principle of combination therapy 
of both gene-silencing of siRNA and photothermal 
effect upon laser irradiation. 

Results and Discussion 
Fabrication and characterization of 
siRNA/ZD-GNRs 

Figure 1 illustrates the process of developing 
siRNA complexed Zn-DPA conjugated GNRs 
(siRNA/ZD-GNRs) and working principle of 
combination therapy of both gene-silencing of siRNA 
and photothermal effect upon laser irradiation. For 
the fabrication of siRNA/ZD-GNRs, we coupled 

lipoic acid-functionalized bis-DPA molecules onto the 
surface of gold nanorods (GNRs). First, lipoic 
acid-modified bis-DPA was synthesized and 
confirmed by 1H-NMR and LCMS (Figure S2 and 
Figure S3 in the Supporting Information). Second, the 
DPA-GNRs were synthesized through a ligand 
exchange reaction that allows replacing 
hexadecyltrimethylammonium bromide (CTAB) with 
lipoic acid-modified bis-DPA by forming covalent 
Au-S bonds between the CTAB-stabilized GNRs and 
lipoic acid-modified bis-DPA (51). Excess lipoic 
acid-modified bis-DPA was removed using repeated 
centrifugation and dispersed in distilled water.  

 
 

 
Figure 1. Schematic illustration of specific interaction between the Zn(II)-dipicolylamine (Zn-DPA) and phosphate groups of siRNA and combined anti-PLK1 gene 
therapy/photothermal therapy upon laser irradiation after the accumulation of siPLK/ZD-GNRs at the target tumor tissues. 
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To find the ideal molar ratio of [DPA]/[GNRs] 
and obtain uniform and stable bis-DPA functionalized 
GNRs, we investigated the conversion of bis-DPA (%) 
from various molar ratios of [DPA]/[GNRs]. As can 
be seen in Table S1 in the Supporting Information, we 
found that low molar feed ratios of [DPA] to [GNRs], 
such as 10:1 (DPA-GNR1), 50:1 (DPA-GNR2), or 100:1 
(DPA-GNR3), resulted in particle aggregation, despite 
high incorporation of bis-DPA. At the molar feed ratio 
of 500:1 (DPA-GNR4), we obtained uniform, 
non-aggregated bis-DPA functionalized GNRs, as 
demonstrated by transmission electron microscopy 
(TEM) (Figure 2c). Additionally, the high density of 

DPA attached to the GNR surface is expected to have 
a high affinity for siRNA by specific interactions 
between coordinated zinc ions of DPA and anionic 
phosphates of the RNA. Dynamic light scattering 
(DLS) was employed to characterize the particle size 
and zeta potential of siRNA/ZD-GNRs and the 
intermediates. After DPA-GRNs were complexed 
with zinc ion, the mean diameter of DPA-GNRs 
slightly increased from 48.6 ± 6.8 to 51.13 ± 5.2 nm and 
the surface charge decreased but remained positive 
from 66.2 ± 3.4 to 24.5 ± 5.2 mV due to the 
complexation of zinc ions with the bis-DPA molecules 
(Figure 1 and 2b).  

 

 
Figure 2. Characterization of siRNA/ZD-GNRs. (a) Schematic illustration of assembly of siRNA/ZD-GNRs. (b-d) Representative TEM images of GNRs (b), ZD-GNRs (c), 
and siRNA/ZD-GNRs (d). (e) Size distribution and zeta-potential of GNRs, ZD-GNRs and siRNA/ZD-GNRs (n = 3). (f-h) Electrophoretic retardation analysis of siRNA binding 
with ZD-GNRs: (f) (Lanes 1-5: complexes at siRNA/ZD-GNR molar ratios of 600, 300, 200, 100, and 50; (g) After addition of phosphate ions (Lanes 1-3: complexes at molar ratio 
of 200, 100, and 50); and (h) siRNA binding with DPA-GNRs without zinc ions (Lanes 1-3: complexes at molar ratios of 200, 100 and 50).  
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The formation of siRNA/ZD-GNR complexes 
(siRNA/ZD-GNR) was investigated by the agarose 
gel retardation assay by using a siRNA (siLuc) that 
targets firefly luciferase (fluc) gene as a model siRNA. 
When the molar ratio of siRNA/ZD-GNR reached 
100, the ZD-GNRs completely bound siRNA to form 
nano-complexes (Figure 2f). After formulation of 
siLuc/ZD-GNRs, the complexes formed spherical 
structures with an average hydrodynamic diameter of 
84.1 ± 8.6 nm (Figure 2d, 2e). As seen from Figure 2e, 
the zeta potential of the siLuc/ZD-GNR complexes 
decreased to 2.3 ± 1.0 mV due to the complexation of 
negatively-charged phosphate molecules of siRNA 
onto the ZD-GNRs. To confirm that the 
siLuc/ZD-GNR complexes were based on 
coordination between the zinc ions with DPAs and 
phosphate molecules of siRNA, the complexation 
between DPA-GNR and siRNA without zinc ions as 
well as decomplexation of siLuc/ZD-GNR after the 
addition of sodium phosphate were investigated in a 
retardation test (Figure 2g, 2h). As shown in Figure 
2h, without zinc ions, ZD-GNRs did not complex with 
siRNA at any concentration. Furthermore, the 
compact coordination of siRNA with Zn/DPA 
ligands was disrupted after the addition of phosphate 
ions whereas other salts (e.g. NaCl, MgCl2) did not 
affect the siLuc/ZD-GNR complexes (Figure 2g and 
Figure S4 in the Supporting Information). These 
results demonstrated the strong and selective binding 
of phosphate molecules of siRNA with Zn/DPA on 
the surface of GNRs.  

Cellular uptake and intracellular distribution 
of siRNA/ZD-GNRs 

Cellular uptake of siRNA/ZD-GNRs was 
examined in 143B cancer cells by dark-field 
microscopy. As shown in Figure 3a, 143B cells treated 
with both ZD-GNRs and siRNA/ZD-GNRs for 3 h 
displayed a strong golden color, suggesting that 
GNR-based nano-complexes had been taken up by the 
cells and were located within the cytosol. In order to 
provide additional evidence of intracellular 
distribution, Cy3-siRNA/ZD-GNRs, Cy3-siRNA/ 
LipoMax and free Cy3-siRNA were incubated with 
143B cancer cells (Figure 3b and Figure S5 in the 
Supporting Information). The intracellular 
fluorescence signals of siRNA/ZD-GNRs in 143B 
cancer cells were monitored by confocal laser 
scanning microscopy (CLSM). After 1 h incubation, 
143B cells with Cy3-siRNA/ZD-GNRs exhibited a 
strong and bright red fluorescence in the cytosol. This 
indicated the uptake of the nanoparticles into the cells 
and their location at the endo/lysosomal 
compartments in the cytosol. After 3 h incubation of 
143B cells with Cy3-siRNA/ZD-GNRs, the red 

fluorescence was broadly found and evenly 
distributed within the cytosol, which can be ascribed 
to the released siRNA from internalized 
siRNA/ZD-GNRs. Interestingly, it was found that 
intracellular distribution using Cy3-siRNA/LipoMax 
showed a similar uptake pattern compared to 
siRNA/ZD-GNRs. In contrast, 143B cells treated with 
free Cy3-siRNA exhibited a negligible red 
fluorescence within the cytosol due to the difficulty of 
cell permeation of large, negatively charged siRNA 
molecules. The mechanism regarding endosomal 
escape of siRNA/ZD-GNRs may be due to proton 
sponge effect (23, 52). Because the zinc ion or pyridine 
molecule of DPA or ZD-DPA would complex with 
chloride, protons or anions such as pyrophosphate, 
ADP and ATP, respectively, inducing the entering of 
water molecules to the lysosome. This process results 
in swelling and rupture of lysosome, with 
siRNA/ZD-GNRs released into the cytosol. However, 
the detailed mechanism remains elusive. Collectively, 
these results imply that siRNA/ZD-GNRs can be 
localized within endo/lysosomes and effectively 
internalized within cells after escaping from 
endo/lysosomes and eventually siRNA can be 
released from the complexes, such as the mechanism 
of Lipomax, for siRNA delivery42-44.  

In Vitro Gene Silencing Effect of 
siRNA/ZD-GNRs 

An ideal siRNA delivery nanoparticle must 
traffic its siRNA payload successfully from 
endo/lysosomes into the cytosol where the siRNA 
must exhibit gene silencing effects. The degree of gene 
silencing by siLuc/ZD-GNRs was examined in 
143B-fluc cells using bioluminescence imaging (BLI). 
Luciferase activity was measured in cells treated with 
free siLuc, siLuc/LipoMax, siLuc/DPA-GNRs 
without zinc ions, negative control siRNA (siNC) with 
ZD-GNRs (siNC/ZD-GNRs), and siNC/LipoMax. As 
expected from a cellular uptake study in Figure 2b, 
free siLuc did not display any distinct fluc gene 
silencing effect at any concentration (Figure S6 in the 
Supporting Information). Moreover, siLuc/DPA- 
GNRs without zinc ions, siNC/ZD-GNRs or 
siNC/LipoMax also did not achieve obvious gene 
silencing effect in the target cells (Figure 3c, d and 
Figure S6 in the Supporting Information). In 
particular, a remarkably high gene silencing efficacy 
in cells treated with siLuc/ZD-GNRs was found in a 
dose-dependent manner (Figure 3c,d). As the 
concentration of siRNA increased, the expression of 
fluc from the 143B cells was reduced to 84.55 ± 5.32%, 
57.60 ± 2.52%, and 15.77 ± 0.55% when 0.625, 2.5, and 
10 pmol siLuc/ZD-GNRs were added, respectively. 
These observations demonstrate that ZD-GNRs, as an 
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siRNA delivery carrier, can bind to the siRNA 
molecules by forming compact complexes through 
specific interactions between coordinated zinc ions of 
DPA and anionic phosphates of the siRNA, allow its 
cellular uptake, promote endo/lysosome escape, and 
finally release siRNA molecules into the cytosol, 
where unique sequence-specific gene silencing effect 
occurs. 

Photothermal Properties of the ZD-GNRs 
We next investigated the photothermal effect of 

the ZD-GNRs. Because the gold nanorods have peak 
absorbance around 800 nm, 808 nm laser source is 
suitable for photothermal experiments45. Different 
concentrations of ZD-GNRs were evaluated at fixed 
laser power (1.0 W/cm2) for 10 min. The temperature 
of the ZD-GNR solution increased in a 
dose-dependent manner (Figure 4a). The ZD-GNR 
solution (4 μg/mL) showed rapid temperature 
increase to about 65 °C within 10 min. As shown in 
Figure 3b, we also observed temperature change of 
ZD-GNRs at a fixed concentration (2 μg/mL) and 

 
Figure 3. (a) Dark-field light scattering and DAPI images of ZD-GNRs and siRNA/ZD-GNRs after incubation with 143B cells for 3 h. (b) CLSM images of 143B cells treated with 
Cy3-labeled siRNA/ZD-GNRs for 1 and 3 h. (c-d) Suppression of fLuc gene expression of 143B-fLuc cells after treatment with siLuc/LipoMax, siLuc/ZD-GNRs or 
siLuc/DPA-GNRs without zinc ions. Scale bar: 20 μm. 
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irradiated with different laser powers, which showed 
laser-power-dependent temperature increase. More 
importantly, to confirm the photothermal properties 
of ZD-GNRs after being taken up by cells, 143B cells 
were treated with ZG-GNRs for 5 h and the medium 
was washed twice and replaced with fresh medium. 
The temperature change of GD-GNRs in cell culture 
medium was monitored upon laser irradiation. The 
cell culture without particles showed almost no 
heating effect. However, the Zn-GNR treatment (2 
μg/mL) followed by 1.0 W/cm2 laser treatment raised 
the medium temperature by about 30 °C within 10 
min (Figure 3c), which is high enough for cell killing.46 
Taken together, the results above confirmed that the 
siRNA/ZD-GNRs can effectively deliver siRNA into 
cells, silence target genes, and have photothermal 
effect by gold nanorods upon laser irradiation. 

In Vitro Combination Treatment with Gene 
and Photothermal-therapy 

To demonstrate the potency of 
siRNA/ZD-GNRs for combination therapy of cancer, 
we chose polo-like kinase 1 (PLK1), a 
serine/threonine protein kinase which plays a critical 

role in mitosis as a therapeutic target.34-36 The RT-PCR 
analysis showed that PLK1 mRNA was abundant in 
three types of prostate carcinoma cell lines including 
PC-3, DU145, and LNCaP, but was negligible in 
normal MCF10A cells (Figure S7 in the Supporting 
Information). After confirming the successful cell 
uptake of ZD-GNRs and siPLK/ZD-GNRs by using 
ICP-OES analysis (Figure S8 in the Supporting 
Information), we first investigated the cytotoxicity of 
siPLK/ZD-GNRs on these prostate carcinoma cell 
lines. 

The siRNA-free ZD-GNRs showed negligible cell 
death on all three cell lines for concentration up to 50 
μg/mL and 48 h treatment (Figure S9 in the 
Supporting Information). Moreover, there is no 
obvious damage to the cells treated with negative 
control siRNA loaded GNR formula 
(siNC/ZD-GNRs) for siRNA concentration up to 20 
pmol (Figure S10 in the Supporting Information). As 
shown in Figure S11 in the Supporting Information, 
the silencing PLK1 by siPLK/ZD-GNR nanocomplex 
decreased the viability of cancer cells in a 
dose-dependent manner.  

 

 
Figure 4. Photothermal studies of ZD-GNRs. (a-b) Temperature changes of ZD-GNRs at different concentrations irradiated with an 808 nm laser at power density of 1.0 
W/cm2 (a) and with different laser powers at a fixed concentration (2 μg/mL) (b). (c-d) Temperature variation of 143B cells treated with ZD-GNRs in culture medium at different 
concentrations irradiated with an 808 nm laser at power density of 1.0 W/cm2 (c) and with different laser powers at a fixed particle concentration (2 μg/mL) (d). 
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Next, combined gene and photothermal therapy 
of siPLK/ZD-GNRs was conducted. The prostate 
cancer cells were incubated with siPLK/ZD-GNRs, 
ZD-GNRs, or PBS for 24 h and 48 h. After being 
washed and placed in fresh cell culture medium, the 
cells with and without 808 nm laser irradiation were 
examined by a cell counting kit-8 (CCK-8) assay. As 
shown in Figure 5a and b, siPLK/ZD-GNRs with laser 
irradiation produced significantly higher cytotoxic 
effect against PC-3 cells than ZD-GNRs only with 
laser or siPLK/ZD-GNRs without laser. Similar 
results were also seen for DU145 and LNCaP cells 
(Figure S12a, b and S13a,b in the Supporting 
Information). The cytotoxicity of siPLK/ZD-GNRs 
was further evaluated using Annexin V-FITC and PI 
staining (Figure 5c, d), which distinguishes 
non-apoptotic cells (no fluorescence), early apoptotic 
cells (green fluorescence), necrotic cells (red 
fluorescence) and late apoptotic and necrotic cells 
(green and red fluorescence)47. In the case of 
siPLK/ZD-GNRs only without laser, the cells showed 
prominent green fluorescence due to early apoptosis 
induced by PLK1 depletion at day 1 and weak red 
fluorescence because of the presence of a small 
number of late apoptotic and necrotic cells at day 2. 
When PC-3 cells were incubated with 
siPLK/ZD-GNRs followed by laser irradiation, both 
green and red fluorescence appeared, showing the 
efficacy of combination therapy of PLK1 depletion 
and PTT induced apoptosis and necrosis in cancer 
cells. Notably, even though treatment with ZD-GNRs 
and laser irradiation also induced apoptosis and 
necrosis, siPLK/ZD-GNRs with laser led to the 
highest extent of apoptosis and necrosis. Similar 
results were also found from the FACS analysis 
(Figure 5e,f). The combination therapy was also 
highly effective for DU145 and LNCaP cells (Figure 
S12c-f and S13c-f in the Supporting Information). 
Moreover, mRNA level of PLK1 was also evaluated 
using reverse transcription polymerase chain reaction 
(RT-PCR) (Figure S14 in the Supporting Information), 
manifesting the effectiveness of gene silencing by 
siPLK/ZD-GNRs.  

In Vivo Photoacoustic Imaging of 
siPLK/ZD-GNRs 

Photoacoustic imaging (PAI) is recognized as a 
promising imaging tool with high contrast and spatial 
resolution to investigate distribution and 
accumulation of metallic particles such as gold in 
target tumor tissue48. Before performing the gene and 
photothermal combination therapy, PAI of 
siPLK/ZD-GNRs was monitored in PC-3 
tumor-bearing mice. When the tumor volume reached 
~100 mm3, the mice were treated by an intravenous 

injection of the siPLK/ZD-GNRs (100 µL in saline, 0.1 
mg/mL). As shown in Figure 6, after treatment with 
siPLK/ZD-GNRs, the PA signal in the tumor region 
gradually increased with time and the PA intensity at 
24 h was 6.0 times higher than that before injection. 
Additionally, the 3D-PAI images showed remarkably 
strong intensity in the tumor region at 24 h 
post-injection, indicating excellent tumor 
accumulation of siPLK/ZD-GNRs, which was also 
confirmed by biodistribution of gold content (Figure 
S15 in the Supporting Information). 

In Vivo Combined Gene and Photothermal 
Therapy 

Before the in vivo therapeutic experiment, we 
first performed the serum stability of the 
siPLK/ZD-GNRs because serum nuclease attack in 
bloodstream is one of major challenges for systemic 
delivery of siRNA.(53) When serum stability was 
examined in the 40% fetal bovine serum (FBS) 
solution at 37 °C, the free siRNA was broken down 
within 12 h incubation, whereas siPLK/ZD-GNRs 
were stable to serum solution even after 24 h 
incubation (Figure S16 in the Supporting 
Information). These results indicate that 
siPLK/ZD-GNRs are stable from nuclease attack in 
the bloodstream when performing in vivo 
combination treatment because of their strong 
complexation. Based on the excellent in vitro 
therapeutic behavior and in vivo tumor accumulation 
of siPLK/ZD-GNRs, this nanoplatform was 
investigated for anti-tumor efficacy on PC-3 
tumor-bearing mice. Free ZD-GNRs and the 
siPLK/ZD-GNRs were administered intravenously 
when the tumor volume reached ~100 mm3. At 24 h 
post-injection, the tumors were irradiated with 808 
nm laser at a 0.5 W/cm2 laser power for 10 min and 
the temperature increase was monitored using an 
infrared thermal camera for in vivo thermal imaging. 
As shown in Figure 6a,b, no obvious temperature 
change was observed in the saline group. In contrast, 
both ZD-GNRs and siPLK/ZD-GNRs treated mice 
displayed an increase of ~21 ºC in the tumor region, 
which is high enough to ablate the tumor tissue49. 
Figure 6c shows the changes in PC-3 tumor volumes 
in nude male mice after intravenous injection of saline 
with or without laser irradiation, the ZD-GNRs with 
or without laser irradiation, and the siPLK/ZD-GNRs 
with or without laser irradiation. The control groups 
(saline with or without laser irradiation, ZD-GNRs 
without laser irradiation) did not show any 
substantial delay of tumor growth. The treatments 
with siPLK/ZD-GNRs without laser irradiation or 
ZD-GNRs with laser irradiation were effective in 
delaying tumor growth but not tumor regression. The 
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siPLK/ZD-GNRs with laser irradiation is the most 
efficacious in tumor reduction compared to all the 
other study groups (Figure 6c,d). Moreover, it was 
found that the expression of PLK1 was significantly 
down-regulated in the siPLK/ZD-GNRs with laser 
irradiation group, indicating that the combination 
treatment induced the apoptosis of target tumor 
tissues (Figure S17 in the Supporting Information). At 
the end of the in vivo experiment, the PC-3 tumor 
tissues were dissected from tumor-bearing mice and 
weighed, which was consistent with the tumor’s 
volume measured by a caliper (Figure 6e). We also 
investigated the body weight for the possible in vivo 
systemic toxicity of siPLK/ZD-GNRs with or without 
laser irradiation, and no significant body weight 
change was found in any of the treatment group. 
Altogether, the improved antitumor efficacy of 
siPLK/ZD-GNRs with laser irradiation can be 
explained by the synergy of combined systemic gene 
silencing induced apoptosis and locally focused 
photothermal therapy.  

Conclusions 
We successfully developed siRNA-complexed 

Zn(II)-DPA conjugated gold nanorods 
(siRNA/ZD-GNRs) through an artificial siRNA 
receptor, Zn(II)-DPA, which can strongly bind siRNA 
molecules for combined gene and photothermal 
tumor treatment. The introduction of gold nanorods 
with Zn(II)-DPA as a siRNA delivery carrier provided 
not only sufficient complexation with siRNA in the 
form of stable nanoparticles, which show strong gene- 
silencing activity, but also photothermal property of 
GNRs upon laser irradiation. Moreover, the 
application of siPLK/ZD-GNRs for gene/photo-
thermal combination therapy demonstrates 
synergistic antitumor efficacy, which is significantly 
better than individual gene therapy or PTT alone. 
Additionally, due to the photoacoustic character of 
GNRs, siRNA/ZD-GNRs have great potential as a 
theranostic agent for simultaneous PA imaging and 
therapy of cancers. The approach suggested in this 
work may provide a valuable general strategy for 
efficient combination treatment of cancer. 

Materials and Methods 
The synthetic schemes and experimental details 

are described in the Supporting Information section. 
All animal experiments were conducted in accordance 
with a protocol approved by the CC/NIH ACUC 
committee. 

Materials 
CTAB-stabilized GNRs were purchased from 

Nanopartz Inc. (Loveland, CO). Cells were purchased 
from the American Type Culture Collection 
(Rockville, MD). Other chemicals and biological 
materials were obtained from Sigma-Aldrich (St. 
Louis, MO) or Invitrogen (Carlsbad, CA). All the 
siRNAs were synthesized by Thermo Fisher Scientific 
(Waltham, MA). The sequences of siRNA firefly 
luciferase (siLuc) are 5′-GCACUCUGAUUGACAAA 
UACGAUUU-3′ (sense) and 5′-AAAUCGUAUUUGU 
CAAUCAGAGUGC-3′ (antisense), the sequences of 
siRNA negative control (siNC) are 
5’-AAUUCUCCGAACGUGUCACGU-3′ (sense) and 
5′-ACGUGACACGUUCGGAGAAUU-3′ (antisense), 
and the sequence of siRNA targeting Plk1 mRNA 
(siPLK) are 5′-UGAAGAAGAUCACCCUCCUUAdT 
dT-3′ (sense) and antisense strand, 5′-UAAGGAGGG 
UGAUCUfUCUfUCfAdTdT-3′ (antisense). 

Synthesis of DPA-GNRs 
To prepare gold nanorods modified with 

dipycolylamine (DPA-GNRs), DPA-GNRs was 
synthesized by a ligand exchange reaction between 
CTAB-stabilized GNRs and lipoic acid-modified 
DPA. The lipoic acid-modified DPA in ethanol (2 mL) 
was slowly added to the 10 mL of CTAB-stabilized 
GNRs (2 nM) colloid, and the solution was kept at 
room temperature for 12 h. The DPA modified GNR 
(DPA-GNR) solution was centrifuged 3 times at 6000 
rpm to remove unreacted lipoic acid-modified DPA 
species from 6 mL of ethanl/distilled water (1:5, v/v) 
and dispersed in 2 mL of distilled water. To determine 
the conversion of DPA and composition ratio, the 
unreacted lipoic acid-modified DPA in the 
supernatant was collected and the concentration was 
determined by measuring the UV absorbance 
intensity at 350 nm. 

Formulation of siRNA/ZD-GNRs 
siRNA/ZD-GNRs were prepared by a 

metal-organic complex technique. DPA-GNRs at 2 
mg/mL were dispersed in ultrapure water (UPW) for 
30 min and then 5 mL of 10 mM zinc nitrate 
hexahydrate was mixed with 5 mL of DPA-GNRs (2 
mg/mL in UPW). The resulting mixture was 
incubated at room temperature for 30 min. After 
centrifugation (5000 rpm, 3x) to remove excess zinc, 
ZD-GNR were dispersed in UPW. At the molar ratio 
of 100 the ZD-GNR dispersion (2 μL, 0.1 μM) was 
mixed with 1 μL of siRNA (20 μM) (siRNA against 
firefly luciferase (siLuc) or siRNA against PLK1 
(siPLK)), and incubated at room temperature for 30 
min. The siRNA/ZD-GNRs were then kept at 4 ºC for 
in vitro or in vivo applications. 
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Figure 5. In vitro combinational gene/photothermal therapy of PC-3 cells with siPLK/ZD-GNRs. (a-b) In vitro cytotoxicity of saline, ZD-GNRs, and siPLK/ZD-GNRs 
with and without 808 nm laser irradiation at power density of 0.5 W/cm2 against prostate cancer cells after incubation for 1 day (a) and 2 days (b). (c-d) Confocal microscopy 
images of PC-3 cells treated with PI and Annexin V (AV) after treatment after incubation for 1 day (c) and 2 days (d) (Blue fluorescence is associated with DAPI; the green 
fluorescence is expressed by Annexin V-FITC, and the red fluorescence is released from PI). (e-f) Scale bar: 20 μm. Flow cytometry data of PC-3 cells treat with PI and Annexin 
V (AV) after treatment after incubation for 1 day (e) and 2 days (f). 
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Figure 6. In vivo photoacoustic imaging of siPLK/ZD-GNRs. (a-b) 2D images (a) and 3D images (b) of the PC-3 tumor region at different time points after intravenous 
injection of siPLK/ZD-GNRs. (c) histogram of PA intensity profile of the tumor as a function of time.  

 

Agarose Gel Electrophoresis 
siRNA/ZD-GNRs were evaluated by agarose gel 

retardation assay. The gels were prepared with 2% 
agarose in Tris-acetate-EDTA buffer containing 0.5 
μg/mL ethidium bromide and 2 mM of zinc ion. 
Twenty microliters of complexes containing solution 
with 1 μg siRNA was electrophoresed with 
Tris-acetate-EDTA (TAE) running buffer. Gel 
electrophoresis was carried out at 100 V for 30 min 
and the gel was imaged using a LAS-3000 gel 
documentation system (Fujifilm Life Science, Japan). 
To assess the decomplexation of siRNA, 
siRNA/ZD-GNRs were incubated with 0.1 M sodium 
phosphate, sodium chloride or magnesium chloride 

for 30 min and the released siRNA fraction was 
imaged. 

Inductively Coupled Plasma Emission 
Spectrometry (ICP-OES) 

Quantification of siRNA/ZD-GNRs taken up in 
cells was performed using ICP-OES. Prostate cancer 
cells seeded onto a 6-well plate were incubated for 24 
h and then treated with ZD-GNRs (3 µg/mL) or 
siRNA/ZD-GNRs (3 µg/mL) for another 24 h. Cells 
were then harvested and digested by 200 µL of aqua 
regia. 50 µL of ZD-GNRs were also digested in 100 µL 
of aqua regia. The digested samples were diluted with 
ultrapure water to 5 mL and the gold concentration 
was measured by ICP-OES (Agilent 700 Series, Santa 
Clara, CA). 
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Figure 7. Combinational gene/photothermal therapy of siPLK/ZD-GNRs on PC-3 tumor-bearing mice. (a-b) Thermographic images (a) and temperature changes 
of the tumor area (b) of the mice treated with saline, ZD-GNRs, and siPLK/ZD-GNRs upon 10 min laser exposure. (c) Changes in tumor volumes after intravenous injection of 
the samples with or without laser exposure. (d) Representative images of PC-3 tumor-bearing mice at day 23 after treatment. (e) Weights of excised tumors (n = 4/group). (f) 
Body weight of tumor-bearing mice after treatment. (*P < 0.05). 

 
Gene Silencing Effects of siRNA/ZD-GNRs in 
Cells 

143B cells stably expressing firefly luciferase 
(fluc) reporter gene were maintained in MEM 
medium with 10% FBS at 37 ºC in a humidified 5% 
CO2 atmosphere. To confirm gene silencing effect of 
siRNA/ZD-GNRs, 143B cells were seeded in 96-well 

plates and treated with siLuc/ZD-GNRs (8 μL; 10 
pmol siRNA) dispersed in 92 μL of cell culture 
medium. Parallel experiments for positive control 
(siLuc/LipoMAX) and negative control (siNC/ZD- 
GNRs or siNC/LipoMAX) were also carried out. 
After 24 h incubation, the fLuc level was quantified 
using a bioluminescence imaging system (Xenogen 
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IVIS-100). 

Darkfield Light Scattering Imaging 
Darkfield images were taken with a Zeiss 

Axioskop 2 plus microscope equipped with a 
black-white CCD camera. All images were taken at 
60X magnification under the same lighting conditions 
using an Olympus IX-81 inverted epifluorescence 
microscope. 

In Vitro Confocal Microscopy Imaging 
143B cells were seeded onto coverslip-bottom 

culture chambers (LabTEK) in 200 μL of MEM 
supplemented with 10% FBS and 1% antibiotics 
(penicillin 100 U/mM, streptomycin 0.1 mg/mL). 
After incubation for 24 h (37 ºC, 5% CO2), the medium 
was carefully aspirated and replaced with 1 mL of 
medium containing siRNA/ZD-GNRs. The cells were 
incubated for 1 and 6 h and then washed three times 
with PBS. The cells were fixed with 4% w/v 
formaldehyde for 5 min. Cells were then washed with 
PBS and mounted with antifade mounting medium 
with DAPI (Vectashield, Burlingame, CA). Confocal 
microscopy was performed with an Olympus 
Fluoview FV10i (Olympus, Tokyo, Japan). 

Measurement of Photothermal Effect of 
ZD-GNRs 

ZD-GNRs were diluted into different 
concentrations with distilled water. Aliquots of 
samples were exposed to an 808 nm NIR laser 
(Laserglow Technologies, Toronto, Ontario, Canada) 
for 10 min at different power densities. A laser energy 
meter (Coherent Portland, OR) was used to measure 
and calibrate the laser densities. The temperature 
increase of the solutions was recorded with an 
infrared thermal imaging system (FLIR® Systems, 
Oregon, USA).  

Measurement of In Vitro Photothermal Effect 
after Cell Uptake of ZD-GNRs 

143B cells (3 x 105 cells/well) were seeded onto 
6-well flat-bottomed plates in 2 mL of MEM cell 
culture medium supplemented with 10% FBS and 1% 
antibiotics and incubated for 24 h. The medium was 
aspirated and incubated with various concentrations 
of ZD-GNRs for 24 h at 37 ºC. The cells were washed 
twice with PBS to remove the remaining ZD-GNRs, 
and the cells were harvested and resuspended in 
MEM medium. The samples were exposed to an 808 
nm NIR laser for 10 min at different power densities. 
The temperature changes of the cell culture medium 
were recorded with an IR thermal camera. 

In Vitro Photothermal Effect of the 
siPLK/ZD-GNRs Irradiated with an NIR Laser 

0.2 mL of siPLK/ZD-GNRs in a 1 mL tube was 
irradiated with an 808 nm laser at different power 
densities for 10 min. The spot size of the laser was 
adjusted to cover the entire solution surface. The 
thermal images and temperature increase of the 
aqueous solutions were recorded by using an infrared 
thermal camera. The water control was also treated 
under the same conditions. 

Prostate Carcinoma Cell Culture 
Three human prostate cancer cell lines, including 

PC-3, LNCaP and DU145 were used in this study. The 
PC-3 cells were cultured in F12 (Life Technologies, 
Carlsbad), LNCaP cells were cultured in RPMI-1640 
(Life Technologies, Carlsbad), and DU145 cells were 
cultured in MEM (Life Technologies, Carlsbad) 
supplemented with 10% FBS and 1% 
penicillin-streptomycin (Gibco, Grand Island, NY) in 
a humidified incubator at 37 ºC with 5% CO2. 

In Vitro Combined Gene and 
Photothermal-therapy 

Three cancer cells (PC-3, DU145, and LNCaP) were 
seeded at a density of 5 x 103 cells/well in 96-well well 
plate. After 24 h, the cells were washed twice with 
PBS and incubated with various concentrations of 
siPLK/ZD-GNRs, ZD-GNRs for 24 h or 48 h at 37 ºC. 
The cells were then washed with PBS, and 100 μL of 
fresh medium was added. The cells were irradiated 
with or without an 808 nm laser at a power density of 
0.5 W/cm2 for 5 min, respectively. After incubation 
for another 2 h, the viability of cancer cells was 
examined using the standard CCK-8 assay. 

RT-PCR Analysis 
The total RNA content was prepared from 

siPLK/ZD-GNRs treated PC-3, DU145, and LNCaP 
cell lysates after TRIzol extraction, and then RNA 
quantity was quantified using a Nanodrop 
spectrophotometer (Thermo Fisher Scientific, 
Waltham, MA). To synthesize cDNA, 1 µg of RNA 
was used by Verso cDNA synthesis Kit (Thermo 
Fisher Scientific, Waltham, MA). The sequences of the 
forward and reverse primers of PLK1 were 
5′-CTGCCTGACCATTCCACCAA and 5′- 
GTGCCGTCACGCTCTATGTA, respectively. The 
sequences of the forward and reverse primers of 
β-actin were 5′-ACAGAGCCTCGCCTTTGC and 
5′-AGAGGCGTACAGGGATAGCA, respectively. 
The PCR reaction (94°C for 30 s, 60°C for 30 s, 72°C for 
30 s) was run for 30 cycles after an initial single cycle 
of 94°C for 2 min to activate the Taq polymerase. For 
final elongation, single step was performed at 72°C for 
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15 min. After amplification, PCR products were 
analyzed by gel electrophoresis in 1.8% agarose gels 
and visualized by GelRedTM (Biotium, Hayward, CA) 
staining.  

Serum Stability of siRNA/ZD-GNRs 
FBS was mixed with 20 µL of complexes 

containing solution with 1 μg siRNA (free siRNA or 
siRNA/ZD-GNRs) at the final concentration of 40% 
and then incubated at 37 °C during the indicated 
period. The samples were then analyzed by agarose 
gel (2%) under TBE (Tris-borate-EDTA) running 
buffer. Gel electrophoresis was carried out at 100 V for 
30 min and the gel was subsequently imaged using a 
LAS-3000 gel documentation system (Fujifilm Life 
Science, Japan). 

In Vivo Photoacoustic Imaging 
The PC-3 xenograft tumor was established by 

inoculating 10 million cells into the right flank of 
athymic C3H/HeN nude mice (20-25 g, Harlan, 
Indianapolis, IN). When tumors reached 100 mm3 in 
volume, the mice (n = 3) were treated by an 
intravenous injection of the siPLK/ZD-GNRs (100 µL 
in saline, 0.1 mg/mL). The PA image of the whole 
tumor region was scanned by using the VisualSonic 
Vevo 2100 LAZR system (40 MHz, 256-element linear 
array transducer) at 0, 3, 6, and 24 h postinjection. 

In Vivo Biodistribution by ICP-OES 
To study the biodistribution of the particles in 

various organs, when PC-3 tumors reached a size of 
100 mm3 in volume, 250 μL suspension of 
siPLK/ZD-GNRs was intravenously injected into 
PC-3 tumor mice. The mice were sacrificed at 3, 6, 12, 
24, and 48 h post-injection and organs including 
tumor, heart, liver, spleen, lung and kidneys were 
dissected and weighted. Each group had three mice as 
replicates. All the samples were stored at −80 °C 
before ICP-OES measurement. 

In Vivo Combined Gene and Photothermal- 
therapy 

When tumors reached a size of 100-150 mm3 in 
volume, saline (250 µL), saline with laser irradiation 
(250 µL), ZD-GNRs (250 µL), ZD-GNRs with laser 
irradiation (250 µL), siPLK/ZD-GNRs (250 µL; siRNA 
1.5 nmol), and siPLK/ZD-GNRs with laser irradiation 
(250 µL; siRNA 1.5 nmol) were injected intravenously 
at days 0, 3, and 6 (4 mice/group). At 24 h after the 
injection of the third dose, the PC-3 tumors were 
exposed to an 808 nm laser (0.5 W/cm2) for 10 min. 
The body weights of mice were recorded, and tumor 
volumes were calculated as a x b2/2, where a and b 
are the largest and smallest diameters, respectively.  

In Vivo Gene Expression Evaluation in Tumor 
Tissue by RT-PCR 

Nude mice bearing PC-3 tumors (100-150 mm3) 
were intravenously injected with saline (250 µL), 
saline with laser irradiation (250 µL), ZD-GNRs (250 
µL), ZD-GNRs with laser irradiation (250 µL), 
siPLK/ZD-GNRs (250 µL; siRNA 1.5 nmol), or 
siPLK/ZD-GNRs with laser irradiation (250 µL; 
siRNA 1.5 nmol) at days 0, 3 and 6. At 24 h 
post-injection of the third dose, the PC-3 tumors were 
exposed to an 808 nm laser (0.5 W/cm2) for 10 min. 
After the in vivo experiment, the collected tumor 
tissue was homogenized by PreCellys (Bertin 
Technologies, Montigny-Le-Bretonneux, France) in 
500 μL of TRIzol, and then centrifuged at 12,000g at 4 
°C for 15 min, and then RNA was extracted from 
lysates and purified. To synthesize cDNA, 1 µg of 
RNA was used by Verso cDNA synthesis Kit (Thermo 
Fisher Scientific, Waltham, MA). The sequences of the 
forward and reverse primers of PLK1 were 
5′-CTGCCTGACCATTCCACCAA and 5′-GTGCCG 
TCACGCTCTATGTA, respectively. The sequences of 
the forward and reverse primers of β-actin were 
5′-ACAGAGCCTCGCCTTTGC and 5′-AGAGGCGT 
ACAGGGATAGCA, respectively. The PCR reaction 
(94 °C for 30 s, 60 °C for 30 s, 72 °C for 30 s) was run 
for 30 cycles after an initial single cycle of 94 °C for 2 
min to activate the Taq polymerase. For final 
elongation, single step was performed at 72 °C for 15 
min. After amplification, PCR products were 
analyzed by gel electrophoresis in 1.8% agarose gels 
and visualized by GelRedTM (Biotium, Hayward, 
CA) staining. 

Statistical Analysis 
The statistical significance of differences between 

experimental and control groups was determined 
with Sigma Plot using t-test (p < 0.05 was considered 
statistically significant). 

Supplementary Material  
Supplementary figures. 
http://www.thno.org/v07p4240s1.pdf  
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