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Anaplastic thyroid cancer (ATC), one of the most aggressive solid
tumors, is characterized by rapid tumor growth and severe metastasis
to other organs. Owing to the lack of effective treatment options,
ATC has a mortality rate of ∼100% and median survival of less than
5 months. RNAi nanotechnology represents a promising strategy for
cancer therapy through nanoparticle (NP) -mediated delivery of RNAi
agents (e.g., siRNA) to solid tumors for specific silencing of target
genes driving growth and/or metastasis. Nevertheless, the clinical suc-
cess of RNAi cancer nanotherapies remains elusive in large part be-
cause of the suboptimal systemic siRNA NP delivery to tumors and the
fact that tumor heterogeneity produces variable NP accumulation and
thus, therapeutic response. To address these challenges, we here pre-
sent an innovative theranostic NP platform composed of a near-infra-
red (NIR) fluorescent polymer for effective in vivo siRNA delivery to
ATC tumors and simultaneous tracking of the tumor accumulation by
noninvasive NIR imaging. The NIR polymeric NPs are small (∼50 nm),
show long blood circulation and high tumor accumulation, and
facilitate tumor imaging. Systemic siRNA delivery using these NPs
efficiently silences the expression of V-Raf murine sarcoma viral
oncogene homolog B (BRAF) in tumor tissues and significantly sup-
presses tumor growth and metastasis in an orthotopic mouse model
of ATC. These results suggest that this theranostic NP system could
become an effective tool for NIR imaging-guided siRNA delivery for
personalized treatment of advanced malignancies.
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Thyroid cancer has been continuously increasing in worldwide
incidence for the past few decades and is now the fifth most

common malignancy in females (1). Notably, the most aggressive
form of thyroid cancer, anaplastic thyroid cancer (ATC), has a
mortality rate of nearly 100%, with median survival time of
3–5 months, mainly because of local invasion and metastasis to
lung, lymph nodes (LNs), and other tissues (2). The mechanisms
that mediate metastasis in ATC strongly depend on the activa-
tion of genetic mutations, such as V-Raf murine sarcoma viral
oncogene homolog B (BRAF), TP53, RAS, PIK3CA, and AKT1
(3). Current treatments for ATC rely on various combinations of
surgical resection with adjuvant therapies, such as chemotherapy
and radiotherapy, but have shown only limited survival benefits
(4). Therefore, there are compelling reasons to establish new
strategies for more effective treatment of metastatic ATC.
RNAi is a powerful means for specific silencing of virtually any

target gene of interest, thus offering an enormous opportunity to
treat cancers and suppress metastases (5). By improving the
in vivo delivery of RNAi agents (e.g., siRNA) to solid tumor
tissues through the enhanced permeability and retention (EPR)
effect (6), nanotechnology has drastically facilitated the clinical
translation of RNAi for cancer therapy (5). However, RNAi
nanoparticles (NPs) at the clinical stage for cancer treatment
(7, 8) may still face challenging obstacles, such as suboptimal
systemic delivery of siRNA into target tumor cells. In addition, it

has been increasingly recognized that the EPR effect varies
substantially among both patients and tumor types and even
within the same patient/tumor type over time (9), representing
another important challenge for RNAi nanotherapeutics to
identify patients most likely to benefit from them. The hetero-
geneous response of cancer nanomedicines in clinical trials has
recently prompted the need to incorporate imaging modalities to
identify cancer patients with stronger EPR effects and NP ac-
cumulation (10, 11). By integrating diagnostic and therapeutic
functions into a single NP formulation, theranostic nanomedicine
offers a promising strategy to monitor the therapeutic pharmaco-
kinetics and accumulation and the pathological process longitudi-
nally, yielding important insights into tumor heterogeneities and
EPR for patient selection and predictive nanomedicine (12). It is
also worth noting that time is usually of the essence for treatment
of ATC because of the unique rapid nature of the disease pro-
gression and the development of massive local invasion and distant
metastases. Thus, a theranostic approach allows rapid visualization
and treatment simultaneously with a targeted therapy, the delivery
and efficacy of which are otherwise hard to determine.
Herein, we develop an innovative theranostic NP platform

using a near-infrared (NIR) fluorescent polymer for effective
in vivo siRNA delivery and noninvasive NIR imaging to monitor
whole-body biodistribution kinetics and tumor localization of
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siRNA NPs after systemic administration. Compared with com-
mon axial imaging techniques, noninvasive NIR imaging is con-
sidered both safer and more potent because of its higher
sensitivity, improved resolution, and nonionizing radiation (13).
In addition, the anatomical position of the thyroid gland makes
NIR imaging very attractive in tracking the accumulation of
siRNA NPs in ATC tumors. We show that these small thera-
nostic polymeric NPs (∼50 nm) with high photostability and long
systemic circulation times possess several properties favorable for
treatment of ATC: (i) in situ tumor imaging of EPR-mediated NP
accumulation, (ii) noninvasive LN imaging with the potential to
improve precision in surgery and cancer staging, (iii) effective
protection and delivery of siRNA into tumors, (iv) significant in-
hibition of tumor growth in both xenograft and more clinically
relevant orthotopic models of ATC, (v) dramatic reduction of
micrometastases in lung, and (vi) negligible adverse effects and
systemic inflammatory responses. It is also worth noting that this is
the first example, to our knowledge, of NP-mediated systemic de-
livery of siRNA to ATC, which is nearly uniformly lethal with
current therapeutic regimens. We expect this study to pave the way
for the development of NIR NP platforms for imaging-guided
siRNA delivery to advanced malignancies.

Results
Synthesis and Characterization of NIR NPs.Conjugated polymers are
emerging as a unique class of optically and electronically active
materials. The optical properties of these polymers, with fluo-
rescent emission that is “tunable” from UV to NIR simply by
varying the functional groups in the polymer backbone/side
chain, have attracted interest in using them in diverse biomedical
applications (14). Unlike traditional NIR semiconducting quantum
dots, these polymers do not pose the danger of metal-induced
toxicity to living organisms. Herein, we describe selecting poly[2,6-
(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b′]dithiophene)-alt-
4,7(2,1,3-benzothiadiazole)] (polyPCPDTBT) with both excitation
and emission in the NIR region as the building block for our NP
polymeric platform for NIR imaging and siRNA delivery (Fig.
1A). Because the high hydrophobicity of polyPCPDTBT also
enables effective hydrophobic interaction with the amphiphilic

cationic lipids that are widely used for complexing with siRNA,
the NIR RNAi NPs can be formulated through a modified self-
assembly nanoprecipitation method that we recently developed
(15), with an siRNA encapsulation efficiency of ∼50%. With a
surface coating of 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy(polyethylene glycol)], the resulting NPs were
highly dispersed in the aqueous solution and remained stable within
1 month. Fig. 1B shows the excitation/emission spectrum of the NIR
NPs; under irradiation of 710 nm light, the NPs exhibited bright NIR
imaging fluorescence (SI Appendix, Fig. S1A). A typical transmission
electron microscopy (TEM) image in Fig. 1C illustrates that these NPs
were spherical in shape, with an average diameter of ∼50 nm and
a hydrodynamic size of ∼85 nm (SI Appendix, Fig. S1B).
To assess the gene silencing efficiency of the NPs, we first studied

the cellular internalization of the NIR NPs loaded with DY547-
labeled siRNA in HeLa cells. The red fluorescence observed in the
cytoplasm of NP-treated cells indicates the intracellular siRNA de-
livery (Fig. 1D). By monitoring the changes in fluorescence intensity
after incubation of NPs with HeLa cells pretreated with different
inhibitors (16), it was confirmed that clathrin-mediated endocytosis
and micropinocytosis were responsible for the internalization of the
majority of NPs (SI Appendix, Fig. S2 A and B) (17). Next, we
studied the effect of NP surface charge on gene silencing by en-
capsulating luciferase siRNA into three different NIR NPs (NP#1,
NP#2, and NP#3) with different ζ-potentials (Fig. 1E). Using
LysoTracker for labeling endosomes of the cells, we found that
siRNA encapsulated in these NPs escaped from the endosome into
the cytoplasm where the RNAi machinery resides (SI Appendix, Fig.
S2C) (18). Moreover, all of the NPs showed sustained siRNA re-
lease, and no apparent differences were found during incubation (SI
Appendix, Fig. S3). Silencing efficacy was then assessed using lu-
ciferase-expressing HeLa cells. As shown in Fig. 1 F–H, all NPs
achieved dose-dependent silencing of luciferase with over 90%
knockdown at a concentration of 50 nM without obvious cytotox-
icity. However, at lower concentrations, NP#3 was much more
potent than either NP#1 or NP#2 because of the positive charges
on its surface, which efficiently interacted with the negative mem-
brane surface of cells, promoting the internalization of NP#3 more
than the other two formulations (SI Appendix, Fig. S4).

Fig. 1. NIR NP platform. (A) Schematic illustration
of the NIR NPs for siRNA delivery. (B) Excitation and
emission of NIR NPs. (C) The TEM image of the NIR
NPs. Inset is the digital picture of the NIR NPs in
PBS. (D) Confocal imaging of HeLa cells incubated
with the NIR NPs loaded with DY547-labeled siRNA.
(E) ζ-Potentials of three different NIR NPs loaded
with luciferase siRNA (NP#1, NP#2, and NP#3). Silencing
efficiency and cytotoxicity of (F) NP#1, (G) NP#2, and
(H) NP#3 loaded with luciferase siRNA.
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In Vivo NIR Imaging. To assess the potential of the NPs for ef-
fective NIR imaging, we first tested their photostability, an im-
portant factor for optical imaging. The fluorescence intensity of
the NIR NPs remained constant within 2 h of strong laser ex-
posure, and only ∼14% decay was observed after 12 h (SI Ap-
pendix, Fig. S5). Next, we examined the pharmacokinetics of the
NIR NPs, because a long circulation half-life is essential for
tumor accumulation of nanotherapeutics by the EPR effect (19).
Three NIR NPs with different surface charges were i.v. injected
into healthy mice, and blood was withdrawn at the indicated time
points for the measurement of NP fluorescence. All three NP
formulations displayed long circulation time (Fig. 2A), which was
prolonged with decreased ζ-potential, presumably attributable to
the lower uptake of NPs by the mononuclear phagocytic system
(20). Specifically, the NPs with negative surface charge (NP#1)
showed the longest half-life, with ∼40% of NPs remaining in the
blood 24 h postinjection. Given the potential immunogenic re-
sponse associated with NPs with highly positive charges (21), we
selected the NP formulation with a lower positive charge but a
favorable in vitro silencing effect (NP#2) for the following in
vivo experiments unless otherwise specified.
After i.v. injection of a single dose of NPs, time-dependent

whole-body NIR fluorescence images were collected (Fig. 2B).
Their long circulation time allowed these NPs to be only grad-
ually cleared from the blood and had a greater tendency to ac-
cumulate in the tumor with time. After 24 h, the tumor-bearing
mouse was killed, and the organs were collected for quantifica-
tion analysis (Fig. 2C). The tumor showed strong NIR fluores-
cence, and the fluorescence intensity per tissue area for tumor
was even comparable with that of liver (SI Appendix, Fig. S6). To
further clarify the potential of NIR NPs in visualizing the EPR

effect, mice bearing orthotropic 8505C ATC tumors were i.v.
injected with NIR NPs, and the accumulation of NIR NPs was
investigated. Impressively, high-level accumulation of NIR NPs
in the tumor was also observed without excision (SI Appendix,
Fig. S7), indicating the great potential of NIR NPs as a marker
for real-time prediction of EPR-mediated tumor accumulation
of siRNA-loaded NPs in different cancer patients through non-
invasive NIR imaging. In addition, the large blood vessels can be
clearly visualized even after 4 h postinjection, and the tumor
tissues can be clearly differentiated from adjacent tissues under
NIR irradiation. Notably, the adequate contrast between vessels
and surrounding tissues as well as between tumors and normal
tissues provided by the NIR NPs could also aid surgeons by
clarifying anatomic considerations, such as margins, and estab-
lishing the proximity and involvement of nearby vessels.
In addition to tumors, NIR imaging is also emerging as an ef-

fective medical option for guidance in finding LNs in a less inva-
sive way for accurately staging cancer and assessing the metastatic
progress, a process called sentinel lymph node (SLN) mapping
(22). After s.c. injection of the NPs into mouse forepaws, strong
NIR fluorescence from the axillary LNs was detected within 10 min
without the need for any surgical incision (Fig. 2E), indicating that
NPs have migrated to the LNs through lymphatic drainage. Fur-
thermore, 24 h after tail vein injection, the NIR NPs also efficiently
accumulated in the axillary, inguinal, lateral thoracic, and neck LNs
(Fig. 2D). These findings indicate that these NPs may also be useful
for NIR imaging-guided LN removal.

In Vitro and in Vivo BRAF Silencing in ATC. Activation and up-regu-
lation of BRAF by several mutations, such as the T1799A (V600E)
point mutation that occurs in exon 15, have been recently confirmed
in patients with ATC. This mutation results in overactivation of
the MAPK pathway as evidenced by constitutive activation of the
downstream mitogen-activated protein kinase kinase (MEK) and
extracellular signal-regulated kinase (ERK) and subsequent cellular
proliferation, invasion, angiogenesis, metastasis, and dedifferentia-
tion, which ultimately result in radioactive iodine refractoriness
and tumor recurrence (23, 24). Thus, the feasibility of using the
NIR NPs to deliver siRNA targeting BRAF (siBRAF) (SI Appendix,
Table S1) in ATC was studied. As shown in Fig. 3 A and B, treat-
ment of NP(siBRAF) efficiently knocked down the expression of
BRAF in BRAFV600E-mutated 8505C cells. Moreover, the knock-
down of BRAF was accompanied by significant down-regulation of
the expression of phospho-MEK and phospho-ERK1/2 downstream
of BRAFV600E kinase activity without any effect on the expression of
either total ERK1/2 or total MEK.
Next, the ability of NP(siBRAF) to inhibit 8505C proliferation

was evaluated (Fig. 3C and SI Appendix, Fig. S8). Clearly, the pro-
liferation of cells treated with NP(siBRAF) was drastically slowed
compared with both nontreated cells and NP(siControl)-treated
cells during the same period. The down-regulation of BRAFV600E

mutation was also investigated to determine whether it inhibited the
aggressive invasion and migratory capacity of 8505C cells (Fig.
3 D and E, and SI Appendix, Fig. S9A). With the treatment of
NP(siControl), cells exhibited a strong capacity to spread into or
transmigrate across the matrigel. When treated with NP(siBRAF),
the numbers of invaded and migrated cells relative to the control
groups were reduced over 5- and 15-fold, respectively, indicating a
strong positive link between BRAFV600E mutation and the metas-
tasis of 8505C cells. Similar results were obtained for another ATC
cell line (SW1736) and the papillary thyroid cancer cell line
(BCPAP) (SI Appendix, Fig. S9B). A more careful look at the
images reveals fewer invaded BCPAP cells in the matrigel com-
pared with 8505C and SW1736 cells, suggesting that the behavior of
papillary thyroid cancer is much less aggressive than that of
ATC. Attachment to the wall of the blood or lymph vessel is a
critical step in the spread of cancer cells to new parts of the body.

Fig. 2. In vivo NIR imaging. (A) Pharmacokinetics profile of NP#1, NP#2, and
NP#3. (B) Time-dependent fluorescence imaging of a BRAFV600E-mutated 8505C
tumor-bearing mouse after a single-dose injection of NIR NPs. (C) NIR fluores-
cence images of organs from B. (D) NIR fluorescence imaging of LNs at 24 h after
i.v. injection of NIR NPs: 1, a small piece of muscle; 2 and 3, inguinal LNs; 4–7,
neck LNs; 8 and 9, lateral thoracic LNs; and 10 and 11, axillary LNs. (E) SLN
mapping 10 min after s.c. injection of NIR NPs into the forepaws.
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BRAFV600E-silenced 8505C cells also displayed a reduced po-
tential to adhere to collagen-coated plates (SI Appendix, Fig.
S10). Collectively, these findings support the potential of NP-
mediated BRAFV600E silencing in the inhibition of tumor cell
growth, invasion, and metastasis.
Given the in vitro results, we then examined whether NP(siBRAF)

delivery to tumors could silence BRAF expression in tumor tis-
sue, inhibit tumor growth, and prevent metastasis. Mice bearing
BRAFV600E-mutated 8505C xenograft tumors were subjected to i.v.
administration of NP(siBRAF) for 3 d at a daily siRNA dose of
600 μg/kg. Twenty-four hours after the final injection, Western
blot analysis was conducted to measure BRAF expression in the
tumors. Compared with NP(siControl), NP(siBRAF) showed
∼60% down-regulation of BRAF protein expression, which was
further evidenced by immunohistochemical (IHC) staining (Fig. 4 A
and B). Tumor size was monitored every other day after NP
(siRNA) treatment, showing that growth was significantly delayed
compared with that in the PBS or NP(siControl) groups (Fig. 4 C
andD). In addition, mice treated with NP(siBRAF) or NP(siControl)
did not behave differently from control group mice in terms of
eating, drinking, grooming, activity, urination, exploratory behav-
ior, or neurological status. The body weights of both NP(siBRAF)-
and NP(siControl)-treated groups gradually increased in a manner
similar to that of the control group (Fig. 4E).

Antitumor and Antimetastasis Effects in the Orthotopic ATC Model.
With the promising results obtained in the xenograft model, we
extended in vivo studies to the orthotopic ATC model. The ag-
gressive orthotopic tumor model has been widely accepted as a
more clinically relevant and better predictive model to assess the
anticancer therapeutic efficacy of drug delivery systems based on
the fact that tumor cells are implanted directly into the target
organ, providing a tumor microenvironment with biological, in-
vasive, and metastatic properties more similar to clinical cases
(25). To further explore the potential applications of our NPs in
ATC treatment, we conducted in vivo studies using an orthotopic
model of ATC by injecting BRAFV600E-mutated 8505C cells
directly into the thyroid of immunodeficiency SCID mice (26).
All mice developed cancers with high proliferation and ag-
gressive behavior similar to human ATC. Similar to the case in
xenograft models, greater down-regulation of BRAF protein
relative to NP(siControl) was also achieved after three daily injec-
tions of NP(siBRAF) (Fig. 5 A–C). During the 1-month observation,

NP(siControl) treatment did not impede the growth of tumors.
Impressively, the average tumor size for NP(siBRAF)-treated mice
was ∼threefold smaller than those of the control groups (Fig. 5D
and SI Appendix, Fig. S11). The expression of Ki67, a cellular
marker for proliferation, in the tumors of NP(siBRAF)-treated
mice was dramatically lower than that the control group as evi-
denced by IHC staining (SI Appendix, Fig. S12).
ATC is one of the most lethal human tumors, with rapid

progression of the tumor both locally and at the sites of metas-
tases. The rapid progress at the metastatic sites often leads to
general cachexia and difficulty with breathing because of the
presence of lung metastases, and many patients die because of
massive metastatic load (4). Any treatment that can effectively
reduce both local infiltration and metastatic progression would
be most welcome. Similar to clinical observation, orthotopic ATC
mice used in this study start showing micrometastasis as soon as
1 wk and increase in number very rapidly toward the end of 4 wk.
To assess the antimetastatic capacity of our siRNA NPs, we used
GFP-expressed 8505C cells harboring BRAFV600E for tumor
implantation in the orthotopic tumor model. The mice were
killed 1 month after tumor cell injection to the thyroid gland, and
the GFP signals from lungs, the most common metastatic loca-
tion from aggressive ATC, were measured. Although treatment
of NP(siBRAF) did not completely inhibit the tumor metastasis,
there were considerably fewer micrometastases in NP(siBRAF)-
treated mice than in NP(siControl) mice (Fig. 5E). IHC staining
results also showed less BRAF expression in the lungs of mice
treated with NP(siBRAF) (SI Appendix, Fig. S13). Our results
showing the efficient decrease of the micrometastases in the treated
group with NP(siBRAF) can reinforce the clinical relevance of
these particles in treating aggressive ATC in patients.

Systemic Toxicity. The potential side effects of the NIR NPs were
also evaluated in vivo. Healthy C57BL/6 mice (n = 4) were i.v.
administered free siBRAF, NP(siControl), or NP(siBRAF) by
tail vein injection, and blood was collected for blood biochem-
istry. Six crucial hepatic indicators (alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase, blood urine
nitrogen, total protein, and albumin) were similar in the NP-
treated groups and the control groups (SI Appendix, Fig. S14
A–F). In addition, we did not observe obvious hemolysis after in-
cubation of complete blood samples with the NPs at tested con-
centrations, suggesting good blood compatibility (SI Appendix, Fig.

Fig. 3. NP-mediated BRAF silencing and functional
effects in BRAFV600E-mutated 8505C cells. (A) Western
blot analysis of BRAF, total ERK1/2 (T-ERK1/2), phos-
phorylated ERK1/2 (P-ERK1/2), total MEK (T-MEK),
and phosphorylated MEK (P-MEK) after treatment
of NP(siControl) or NP(siBRAF) with different siBRAF se-
quences. (B) Immunofluorescence images of BRAFV600E-
mutated 8505C cells after treatment of NP(siControl) or
NP(siBRAF) with different siBRAF sequences (red, BRAF;
green, actin; and blue, nucleus). (C) Cell proliferation
of BRAFV600E-mutated 8505C cells after treatment
with NP(siControl) or NP(siBRAF) having different
siBRAF sequences. (D and E) Migrated and invaded
numbers of BRAFV600E-mutated 8505C cells after
treatment with NP(siControl) or NP(siBRAF) with
different siBRAF sequences, respectively. **P < 0.01
vs. NP(siControl).
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S14 G and H). No tissue damage or any other inflammatory re-
sponse in the major organs was found in any experimental group as
assessed by H&E staining (SI Appendix, Fig. S15). In addition, given

that the induction of type I interferon (IFN) and inflammatory
cytokines has been cited as a major concern in systemic siRNAs
delivery, we further investigated the immunostimulatory effect of
these NPs in immunocompetent mice through analyzing the
levels of several cytokines in the blood after i.v. injection of thera-
peutic doses. Encouragingly, these NPs did not induce obvious el-
evation in the levels of serum IFN and inflammatory cytokines,
including IFN-γ, IL-6, IL-12, and TNF-α (SI Appendix, Fig. S16).

Discussion
Conventional treatment strategies for ATC, one of the most
aggressive solid tumors, assume that maximum patient benefit is
achieved through complete surgical resection combined with
adjuvant therapies, but most patients present late and are
unresectable (4). RNAi NP-mediated silencing of genetic mu-
tations that drive rapid tumor growth and metastasis has been
emerging as an effective strategy for the treatment of advanced
malignancies. However, the use of NPs for systemic siRNA de-
livery to ATC tumors has never been explored. In addition, to
predict patient responses to siRNA nanotherapeutics and make
this option clinically viable, it is necessary to understand their
in vivo distribution in individual cancer patients with substantial
variation in EPR, a critical mechanism that mediates tumor ac-
cumulation of nanomedicines.
Here, we show an innovative theranostic NIR NP platform for

effective in vivo siRNA delivery to metastatic ATC tumors while
simultaneously tracking tumor accumulation through noninva-
sive NIR imaging. Different from previous theranostic RNAi
NPs, a commercially available and cost-effective conjugated NIR
fluorescent polymer is used as the imaging agent and the carrier
of siRNA, which avoids severe toxicity, multistep and complicated
syntheses and purification, poor photostability, and negative effects
on siRNA therapeutic activity, the key limitations of inorganic NIR
fluorescent NPs or NIR dyes conjugated on siRNA or NPs that are
typically used for imaging and tracking. Moreover, our NIR NPs are
small and capable of both long circulation and high tumor accu-
mulation in both xenograft and orthotopic ATC models. Its in-
corporation of noninvasive NIR imaging makes our NP platform
a suitable tool for studying the fundamental questions regarding
in vivo behavior of siRNA nanotherapies in different cancer
patients, such that either the type or extent of the intervention
can be individualized. In addition, we also noted strong NIR

Fig. 4. In vivo antitumor effect of NP(siBRAF) in xenograft ATC mouse
models. (A) Western blot analysis of BRAF expression in BRAFV600E-mutated 8505C
tumor tissue after systemic treatment with NP(siControl) and NP(siBRAF).
(B) Immunochemical microphotographs of BRAF expression in BRAFV600E-mutated
8505C tumor tissue after systemic treatment with NP(siControl) or NP(siBRAF).
(C ) Tumor growth curves of PBS-, NP(siControl)-, and NP(siBRAF)-treated
BRAFV600E-mutated 8505C tumor-bearing mice. Three i.v. injections are indicated
by arrows. *P < 0.05 vs. NP(siControl). (D) Representative picture of tumors
from C. (E ) Body weight changes of three groups.

Fig. 5. In vivo inhibition of tumor growth and me-
tastasis in the orthotopic ATC mouse model. (A) In
vivo NIR imaging of different organs from non-
treated and NP-treated mice (24 h after i.v. in-
jection). (B) Biodistribution of NIR NPs quantified
from A. (C) Western blot analysis of the BRAF ex-
pression in orthotopic ATC tumors after treatment
with NP(siControl) or NP(siBRAF). (D) Therapeutic
efficacy of NP(siBRAF) in orthotopic ATC mouse models.
(E) Gross lung images from the mice bearing orthotopic
ATC tumors with NP(siControl) or NP(siBRAF) treat-
ment 1 month after injection with BRAFV600E-mutated
8505C cells with GFP expression. Bright green spots
indicate micrometastases.
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fluorescence from different LNs under NIR irradiation after
systemic or s.c. NP injection. Because LNs are struck earliest
by almost all cancers, SLN mapping has been considered
preferable to traditional dissection methods in assessing
cancer progress and minimizing the spread of cancer not only
before and after but also, during a treatment regimen. Con-
trast agents currently used in the clinic for SLN mapping are
based on radioactive tracers or visible blue dyes (27). How-
ever, radioactive tracers are expensive and expose patients to
ionizing radiation, while the blue dyes are invisible below the
surface of tissues and stain the surgical field with poor con-
trast. The merits of NIR light (700–900 nm), such as the ab-
sence of ionizing radiation, high sensitivity, and deep tissue
penetration, make the use of long-circulating NIR NPs pre-
sented here more attractive for SLN mapping.
BRAF mutation happens in ∼40% of ATC patients and has

been associated with tumor growth, aggressiveness, and devel-
opment of drug resistance. Moreover, other MAPK pathway
genes (downstream of BRAF) account for another 20–40% of
ATC cases (28), making BRAF an attractive target for ATC
treatment. Surprisingly, RNAi therapy targeting BRAF has been
rarely investigated in ATC, and no study has reported systemic
delivery of BRAF siRNA NPs into ATC. Our findings show that
the NIR NP platform can facilitate the in vivo delivery of
siBRAF into ATC xenograft tumors, eliciting robust BRAF si-
lencing in the tumor tissue and effective suppression of tumor
growth without obvious side effects. Although several small
molecule inhibitors of BRAF have recently been approved by the
Food and Drug Administration for the treatment of late-stage
melanoma with BRAF mutation, a phase II trial in patients with
ATC has shown that the BRAF inhibitor sorafenib only modestly
extends overall survival and allows relapse (29), largely because
of the inevitable drug resistance. In addition, because of the need
for long-term administration of inhibitors, patients often develop

significant side effects, such as arthralgia, skin rash, and photo-
sensitivity. We expect that the specific down-regulation of BRAF
expression by RNAi NPs could provide an additional option in
the treatment of lethal ATC.
Another important point of potential clinical benefit relates to

the orthotopic ATC tumor model that we used in this study.
Human ATC cells were orthotopically implanted into the thy-
roid, reproducing the real organ environment in which the tumor
grows and facilitating metastatic spread of the resultant “pri-
mary” ATC tumors. With this model, we have been able to
evaluate the antitumor and antimetastatic properties of siBRAF-
loaded NIR NPs. Our results have shown that siBRAF-loaded
NIR NPs dramatically slowed primary tumor growth, similar to
the results obtained in the xenograft model. More impressively,
systemic treatment with siBRAF-loaded NIR NPs significantly
reduced the number of micrometastases in the lung. In conclusion,
these findings highly facilitate the use of this nanoplatform as a
robust siRNA delivery and tracking vehicle for efficient treatment
of lethal ATC and other poor prognosis human diseases.

Materials and Methods
Methods and materials are provided in SI Appendix, including synthesis and
characterization of NIR NPs; photostability of NPs; siRNA release kinetics; NP
cellular uptake and endosomal escape; IHC staining; in vitro cell proliferation,
invasion, and adhesion studies; and in vivo biodistribution, therapeutic efficacy,
and NP toxicity studies. All animal experiments were approved by the
Institutional Animal Care and Use Committee at Harvard Medical School.
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