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N
asopharyngeal carcinoma (NPC) is
a malignant head and neck cancer
that is common in Southern China

and Southeast Asia.1,2 The hidden location
and early distant metastasis of NPC are the
key reasons for the failure of radiotherapy
and chemotherapy treatments.3 The relative
5 year survival rates of patients diagnosed
with NPC in stages I, II, III, and IV are
85.2, 69.4, 44.7, and 37.9%, respectively.4,5

Targeted therapies (such as monoclonal
antibodies) can be beneficial for locally ad-
vanced and metastatic cancers, offering
hope for increasing survival.6�8 For example,
cetuximab, a chimeric (mouse/human)mono-
clonal antibody targeting the epidermal
growth factor receptor (EGFR), combinedwith
chemotherapy improves the 5 year overall
survival of advanced NPC patients, albeit only

to a certain extent.9,10 Thus, it is urgent to
develop more efficient NPC-targeting thera-
peutic strategies.
Nanotechnology has brought a new di-

mension to targeted cancer therapy due
to the potential for increased drug delivery
to the tumor as the result of a high drug
payload and improved pharmacokinetics
and pharmacodynamics.11,12 Targeted nano-
particles are typically prepared frommultiple
components, each of which has a distinct
function.13,14 For example, chemotherapeu-
tic drugs are often loaded into the nanopar-
ticle core, which is stabilized with a surface
coating and can be further decorated with
homing ligands (e.g., peptides, antibodies,
aptamers, etc.) for active targeting.15 How-
ever, the complex nature of nanoparticle-
based therapeutics also brings formidable
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ABSTRACT Current treatment of advanced-stage nasopharyngeal

carcinoma (NPC) is not satisfactory. Targeted therapies offer hope for

extending survival. Here, we developed simple, robust, and NPC-specific

therapeutic lipid nanoparticles based on a fusion peptide, R-NTP, made up

of an amphipathic R-helical peptide (R-peptide) linked to an NPC-specific

therapeutic peptide (NTP). We found thatR-NTP not only retained the sub-

30 nm nanostructure-controlling ability of theR-peptide but also displayed

the enhanced NPC-targeting ability of the NTP, in which the R-peptide

accelerated the uptake of the NTP by NPC cells, with a 4.8-fold increase.

Following uptake, R-NTP-based lipid nanoparticles (R-NTP-LNs) exerted coordinated cytotoxicity by inducing cell death via apoptosis and autophagy.

In vivo and ex vivo optical imaging data showed that systemically administered R-NTP-LNs efficiently accumulated in the NPC xenograft tumor and

displayed high contrast between tumor and normal tissues, which was further confirmed by flow cytometry that there had been a 13-fold uptake difference

between tumor cells and hepatocytes. More importantly, the therapeutic efficacy ofR-NTP-LNs was specific to NPC xenograft formed with 5-8F cells but not

to fibrosarcoma xenograft formed with HT1080 cells in vivo. The growth of 5-8F tumors was significantly inhibited by R-NTP-LNs, with more than 85%

inhibition relative to control groups (e.g., R-NTP and PBS treatment). In a lung metastasis model of NPC, survival was significantly improved byR-NTP-LN

treatment. In a word, these excellent properties ofR-NTP-LNs worked in sync and synergistically, maximizing the therapeutic efficacy ofR-NTP-LNs against

NPC and its metastasis.
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hurdles with respect to their clinical translation.
These hurdles include the removal of morphological
impurities, scaling up, and ensuring batch-to-batch
reproducibility.16,17 Therefore, in addition to efficacy,
the key to successful translation of targeted nanome-
dicines from the bench to the bedside is simplicity.
Here, we report a simple, robust, and selective

nanoparticle-based therapeutic approach designed
to target and treat nasopharyngeal carcinoma and
its distant metastases. As depicted in Figure 1, the
key element of this nanoparticle is a fusion peptide
sequence, denoted as R-NTP, in which an NPC-specific
therapeutic peptide (LTVSPWYLTVSPWY-NH2, denoted
as NTP) is linked to the C-terminus of an amphipathic
R-helical peptide (FAEKFKEAVKDYFAKFWD-NH2, de-
noted as R-peptide) through a GSG linker. We antici-
pated that the R-NTP fusion peptide would make the
functions of the R-peptide and the NTP intact, with
the R-peptide interacting with phospholipids to self-
assemble and form stable, spherical nanoparticles and
with the NTP guiding the nanoparticles to enter into
the NPC cells. The novelty of this approach is based on
the following: (1) The NPC-specific therapeutic peptide
(the peptide sequence LTVSPWYLTVSPWY) was pre-
viously identified in a breast cancer screen,18,19 and we
recently discovered that this peptide has remarkably
high in vivo specificity for NPC20,21 and also possesses
potent therapeutic activity. (2) The R-peptide (an
ApoA-1 mimetic peptide) controls the structure and
function of high-density lipoprotein (HDL)-like pepti-
de�phospholipid scaffolds (HPPSs), as demonstrated
in our previous studies.22,23 R-Peptide-based HPPSs
are biocompatible spherical nanoparticles with a very
small size (∼20 nm), a neutral charge, long circulation

half-life, and can target scavenger receptor class B1
(SR-B1).22 (3) SR-B1 is overexpressed in NPC; we re-
cently discovered that SR-B1 is a potential biomarker of
NPC and that the growth of this cancer is inhibited by
HDLmimetic nanoparticles.24,25 (4) Thus, this combina-
tion of these features creates a perfect scenario in
which all elements will work in sync and synergistically,
thus maximizing the NPC-specific therapeutic effi-
cacy of R-NTP-based lipid nanoparticles (denoted as
R-NTP-LNs).
In this study, we developed the R-NTP-LNs, con-

firmed their targeting to NPC, verified the synergistic
targeting effect of the R-peptide and the NTP in
the fusion peptide R-NTP, analyzed the mechanism of
R-NTP-LN-induced cell death, and evaluated NPC-
specific therapeutic function, particularly the ability
to control metastatic NPC in vivo.

RESULTS

Fusion Peptide r-NTP Directs Lipid Self-Assembly into Sub-
30 nm Nanoparticles. First, we verified that the fusion
peptide R-NTP had the ability to control the structure
of lipid nanoparticles. R-NTP (0.72 μmol) was added
to a lipid emulsion prepared from 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, 3 μmol) and choles-
terol oleate (CO, 0.2 μmol), causing the turbid emulsion
to become clear. This change strongly suggested that
R-NTP decreased the size of lipid aggregates in the
emulsion due to formation of smaller R-NTP-LNs, as is
the case with R-peptide.22,26 Fast protein liquid chro-
matography (FPLC) was used to purify the R-NTP-LNs,
and a representative FPLC profile for the R-NTP-LNs
showed that the 280 nm absorbance curve had a
narrow dominant peak at a retention time of 66.9 min

Figure 1. Schematic diagrams of R-NTP and R-NTP-LNs.
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(Figure 2a), indicating that the R-NTP induced forma-
tion of R-NTP-LNs with a good yield and purity. Trans-
mission electron microscopy (TEM) data showed that
theR-NTP-LNswere sub-30 nmnanoparticles with high
monodispersity and uniform spherical morphology
(Figure 2b). Dynamic light scattering (DLS) data indicated
that the sizeof thenanoparticleswas10.7(0.6nm(n=3)
with a narrow size distribution (Figure 2c). Zeta-potential
measurements showed that theR-NTP-LNswere approxi-
mately neutral nanoparticles with a zeta-potential of
2.66 ( 0.60 mV (n = 3). The circular dichroism spectrum
of R-NTP-LNs showed the presence of R-helices, with
negative peaks at 222 and 208 nm (Figure 2d).

To measure the stability of R-NTP-LN, we prepared
dual-labeled R-NTP-LNs in which R-NTP peptide was
labeled with fluorescein isothiocyanate (FITC) and
the core was loaded with DiR-BOA (a lipid-anchored
near-infrared fluorophore),26,27 denoted as FITC-(DiR-
BOA)R-NTP-LNs. The absorption spectrumof FITC-(DiR-
BOA)R-NTP-LNs confirmed that both FITC and DiR-
BOA were successfully loaded on the nanoparticles
(Supporting Information Figure S1). Fluorescence ima-
ging of seminative SDS-PAGE gels showed both FITC
and DiR-BOA fluorescent signals in the same band,
indicating that FITC-(DiR-BOA)R-NTP-LNs were stable
in 10% FBS and 10% plasma at 37 �C for 3 h. As a
control, nanoparticles that were dissociated with 5%
Tween-20 showed separation of FITC and DiR-BOA
fluorescent signals (Figure 2e; Supporting Information
Figure S2). Furthermore, long-term storage stability
indicated that R-NTP tightly interacted with the
lipids and maintained the stability of nanoparticles
(Supporting Information Figure S3).

We also prepared two other types of peptide�lipid
nanoparticles as controls. One type was R-peptide-
based lipid nanoparticles (denoted as R-LNs). The
other type was lipid nanoparticles formed using the
fusion peptideR-sNTP, in which theR-peptide is linked
to a scramble peptide with the same amino acids as
NTP (SYTYSTPVWVPLWL-NH2, denotedas sNTP) through
aGSGpeptide linker. FPLCprofiles andDLSdata showed
that both the R-peptide and R-sNTP also efficiently
controlled the size of nanoparticles, with sizes of ap-
proximately 20 nm (Supporting Information Figure S4).
These nanoparticles are denoted as R-LNs and R-sNTP-
LNs, respectively.

r-NTP-Based Lipid Nanoparticles Display Strong NPC-Specific
Targeting. Second, we verified the ability of R-NTP-LNs
to specifically target NPC using confocal microscopy
and flow cytometry analysis. R-NTP-LNs core-loaded
with DiR-BOAwere prepared to investigate the specific
uptake of R-NTP-LNs by tumor cells. After 3 h of
incubation with (DiR-BOA)R-NTP-LNs, human NPC
5-8F cells displayed a strong fluorescence signal corre-
sponding to DiR-BOA, whereas human fibrosarcoma
HT1080 cells excluded (DiR-BOA)R-NTP-LNs (Figure 3a).
Flow cytometry data confirmed that the uptake
efficiency of (DiR-BOA)R-NTP-LNs was increased in
5-8F cells in a time-dependent manner, and the max-
imum was almost achieved after 24 h of incubation
(Supporting Information Figure S5). The specific target-
ing ability of R-NTP-LNs was verified by incubating
(DiR-BOA)R-NTP-LNs with various cancer cell lines, in-
cluding a series of NPC cell lines (5-8F, HONE-1, 6-10B,
CNE2, CEN1, and SUNE-1), human breast cancer MCF-7
cells, human cervical carcinoma HeLa cells, human

Figure 2. In vitro characterization of R-NTP-LNs. (a) FPLC profile of R-NTP-LNs; (b) TEM image of R-NTP-LNs; and (c) size
distribution of R-NTP-LNs as determined using DLS. (d) Circular dichroism spectrum of R-NTP-LNs in PBS. (e) Seminative
SDS-PAGE assay and fluorescence imaging to evaluate the stability of FITC-(DiR-BOA)R-NTP-LNs.
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pancreatic carcinoma BxPC-3 cells, and human fibro-
sarcoma HT1080 cells. As demonstrated by the flow
cytometry data shown in Figure 3b, all of NPC cell lines
displayedwere able to take up theR-NTP-LNs. The 5-8F
cells took up the R-NTP-LNs most efficiently, with 3.1-,
5.9-, 32.4-, and 26.8-fold greater uptake than MCF-7
cells, HeLa cells, BxPC-3 cells, and HT1080 cells, respec-
tively (n = 3, P < 0.001). We chose 5-8F cells as the
positive control cell line for R-NTP-LN uptake and
HT1080 cells as the negative control in the following
experiments.

To examine whether the fusion peptide would
become dissociated from the nanoparticles upon cel-
lular uptake, 5-8F cells were incubated with FITC-(DiR-
BOA)R-NTP-LNs for 3 h at 37 �C. Confocal microscopy
showed that 5-8F cells contained both FITC and

DiR-BOA signals, and that loss of colocalization indi-
cated that the peptide was released from the nano-
particles (Supporting Information Figure S6). To
determine if the NPC-specific targeting of the R-NTP-
LNswas due to the NTP or theR-peptide, three types of
DiR-BOA-loaded lipid nanoparticles based on R-NTP,
R-sNTP, and R-peptide were incubated with 5-8F
cells for 3 h. Confocal microscopy and flow cytometry
showed that the uptake efficiency of (DiR-BOA)R-NTP-
LNs by 5-8F was the highest, which was 21.9-fold
greater than (DiR-BOA)R-LNs and 3.0-fold greater than
(DiR-BOA)R-sNTP-LNs (Figure 3c,d). These results indi-
cate that the NPC targeting of R-NTP-LNs was mainly
due to the influence of NTP. The uptake efficiency of
R-sNTP-LNs by 5-8F cells was lower than that of R-NTP-
LNs, showing the sequence dependence of the NTP.

Figure 3. Verification of the NPC targeting of R-NTP-LNs. (a) Confocal images and (b) quantitative flow cytometry analysis of
the uptake of (DiR-BOA)R-NTP-LNsbyNPC cells (5-8F, HONE-1, 6-10B, CNE2, SUNE-1, andCEN-1) and other tumor cells (MCF-7,
HeLa, BxPC-3, and HT1080) that were treated with (DiR-BOA)R-NTP-LNs (2.5 μM peptide concentration) for 3 h. The confocal
images are representative images from the positive and negative cells, 5-8F and HT1080 cells, respectively. (c) Confocal
images and (d) quantitative flow cytometry analysis of the fluorescence intensity of DiR-BOA in 5-8F cells that were treated
with DiR-BOA-loaded R-NTP-LNs, R-sNTP-LNs, or R-LNs (2.5 μMpeptide concentration) for 3 h. The data are presented as the
mean ( SD (n = 3), **P < 0.01 and ***P < 0.001.
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R-LNs could also be taken up by 5-8F cells through
an SR-B1-mediated uptake pathway.20,21 However,
the R-peptide-mediated uptake of R-LNs by 5-8F
cells was much lower than the R-NTP-mediated
uptake of R-NTP-LNs. Thus, the fusion peptide R-NTP
is responsible for the strong NPC-specific targeting of
R-NTP-LNs.

Coordination of the r-Peptide and NTP Enhances the NPC-
Specific Targeting ofr-NTP. To further analyze the binding
of peptides to 5-8F cells and the ability of these cells to
take up the peptides, the peptides (R-NTP, R-sNTP,
NTP, R-peptide) were labeled with FITC at their
N-terminus. In 5-8F cells, confocal imaging showed
that all of the peptides entered the cells following
24 h of incubation, and R-NTP accumulated the most
(Figure 4a). As shown by flow cytometry (Figure 4b),
the uptake of R-NTP, R-sNTP, and R-peptide by 5-8F
cells increased in a time-dependent manner, whereas
the uptake of the NTP by 5-8F reached saturation
early, after 3 h of incubation. We speculated that the
R-peptide has the ability to accelerate the entry of the
fusion peptide R-NTP into the cells. R-NTP displayed
the highest uptake efficiency, which was 5.9- and 10.7-
fold greater than that of the R-peptide at 3 and 24 h,
respectively. These results show that the enhanced
targeting of R-NTP was due to a synergistic effect of
the R-peptide and NTP parts of the fusion peptide.
We used a scrambled sequence of the NTP to prepare
R-sNTP as a control. Uptake efficiency ofR-sNTP in 5-8F
cells was only ∼50% of the efficiency of R-NTP.

Cytotoxicity of r-NTP-LNs Is Associated with Both Apoptosis
and Autophagy. Third, we investigated the NPC-specific
and concentration-dependent cytotoxicity of R-NTP-
LNs. Cell proliferation assays showed that the prolifera-
tion rate of 5-8F cells was only 56.6 ( 1.5% when
treatedwith 50μM (peptide concentration)R-NTP-LNs,
whereas the negative control cells, HT1080, were not
affected (n = 3, P < 0.001, Figure 5a). When treated
with a high concentration (250 μM) of R-NTP-LNs, the
proliferation of 5-8F cells was completely inhibited,
but HT1080 cell proliferation was only reduced by
21.0( 1.7%. The half-maximal inhibitory concentration
(IC50) of R-NTP-LNs for 5-8F cells was 61.6 ( 1.5 μM.
Flow cytometry analysis confirmed that the death rate
of 5-8F cells that had been incubated with nanoparti-
cles for 24 h and then stained with Sytox Blue was
correlated to the treatment concentration of R-NTP-
LNs, with 93.2 ( 5.6 μM killing half the cells (n = 4,
Figure 5b). R-sNTP-LNs and R-LNs induced less than
20% cell death even at a high concentration (250 μM),
with no significant difference between R-sNTP-LNs
and R-LNs in terms of cytotoxicity to 5-8F cells (n = 4,
P > 0.05, Figure 5b). Thus, R-NTP-LNs exerted an effect
on NPC 5-8F cells with a half-maximal inhibitory con-
centration of 62 μM and a half-killing concentration of
93 μM. We were also interested to know how R-NTP-
LNs affect tumor cells at a low concentration. The data
showed that 50 μM R-NTP-LNs was able to suppress
the mobility and colony formation of 5-8F cells
(Supporting Information Figures S7 and S8).

Figure 4. EnhancedNPC-specific targeting ability by linking theNTP and theR-peptide. (a) Confocal imaging of 5-8F cells that
were treatedwith FITC-labeledR-NTP,R-sNTP, NTP, orR-peptide (10 μMpeptide concentration) for 24 h. (b) Quantitative flow
cytometry analyses of the fluorescence intensity of FITC in 5-8F cells that were incubated with 10 μM FITC-labeled R-NTP,
R-sNTP, NTP, or R-peptide for 3, 6, 12, or 24 h. The data are presented as the mean ( SD (n = 3), ***P < 0.001.
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To investigate the mechanism of R-NTP-LN-
induced cell death, 5-8F cells were incubated with
250 μM R-NTP-LNs, R-sNTP-LNs, and R-LNs for 12 h
and then stained with Annexin V-PE and Sytox Blue for
flow cytometry analysis (Figure 5c). The data showed
that theR-NTP-LNs induced cell death in 83.3( 6.2%of
cells through the apoptosis pathway, with 66.9( 4.5%
of cells in early apoptosis and 16.4( 3.6%of cells in late
apoptosis (n = 4, Figure 5d). Only 10.5 ( 3.7% of cells
underwent apoptosis in response to R-sNTP-LNs, and
19.2 ( 3.5% of cells underwent apoptosis in response
to R-LNs.

We were interested in determining whether the
cytotoxicity of R-NTP-LNs was associated with auto-
phagy since some anticancer agents have been reported
to synergistically induce autophagy and apoptosis.28,29

Western blotting was used to analyze the expression
levels of microtubule-associated protein 1 light chain
3 beta (LC3B) type II, an important protein marker of
autophagic activity,30,31 in 5-8F cells after 12 h of treat-
ment with R-NTP-LNs, R-sNTP-LNs, and R-LNs. The data
showed that the expression level of LC3B-II was very
high in 5-8F cells treatedwithR-NTP-LNs comparedwith
the levels in the control groups (Figure 5e), indicating

Figure 5. Cytotoxicity assay and analysis of apoptosis/autophagy inducedbyR-NTP-LNs. (a) Proliferation assaysevaluating the
cytotoxicity ofR-NTP-LNs to 5-8F and HT1080 cells. (b) Quantitative flow cytometric analyses of themortality rates of 5-8F cells
that were treated withR-NTP-LNs, R-sNTP-LNs, orR-LNs for 24 h at different concentrations. (c,d) Quantitative flow cytometric
analyses of the cell apoptosis rates of 5-8F cells that were treatedwith 250 μMR-NTP-LNs,R-sNTP-LNs,R-LNs or PBS for 12 h, in
which (c) is the dot plot presentation (Sytox Blue/Annexin V-PE) of representative data and (d) is the column graph of the
statistical data from four independent experiments. (e) Western blot analyses of the expression level of LC3B-II in 5-8F cells
treatedwith 250 μMR-NTP-LNs,R-sNTP-LNs,R-LNs, or PBS for 12 h. The expression level of the GAPDHproteinwas used as the
internal reference. (f) Confocal imaging and (g,h) quantitative flow cytometric analyses of GFP-LC3-overexpressing 5-8F cells
thatwere treatedwith 250μMR-NTP-LNs,R-sNTP-LNs,R-LNs, or PBS for 12h, inwhich (g) is thedot plot presentation (SSC/GFP)
of representative data and (h) is the statistical data for the percentage of 5-8F cells with GFP-LC3 vacuolization from three
independent experiments. All data are presented as the mean( SD [(a,h) n = 3; (b,d) n = 4), ***P < 0.001, n.s. = nonsignificant.
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that R-NTP-LN-induced cell death was associated with
autophagy. In addition, green fluorescent protein (GFP)-
labeled LC3was used as amarker to reflect the formation
of autophagosomes in the cells.32,33 Confocal imaging
showed that a large number of GFP-LC3 puncta existed
in 5-8F cells after 12 h of R-NTP-LN treatment (Figure 5f).
Flow cytometry analysis showed that GFP-LC3 was over-
expressed in 70.0 ( 2.2% of 5-8F cells treated with
R-NTP-LNs, whichwasmuchhigher than the percentage
of cells treated with R-sNTP-LNs (20.1 ( 0.4%), R-LNs
(15.4 ( 0.7%), or PBS (15.8 ( 0.4%) (n = 3, P < 0.001,
Figure 5g,h). Thus, R-NTP-LN-induced cell death was
associated with both apoptosis and autophagy, which
might explain the high efficiency and selective killing of
NPC cells by R-NTP-LNs.

Whole-Body Fluorescence Imaging Verification of r-NTP-LN
Targeting in Vivo. To evaluate the therapeutic efficacy
of R-NTP-LNs for 5-8F tumors, we first verified the NPC
targeting of these nanoparticles in vivo using R-sNTP-
LNs as a control. (DiR-BOA)R-NTP-LNs were intrave-
nously injected into monomer red fluorescent protein
(mRFP) expressing 5-8F tumor-bearing mice, and
the fluorescence signals of the DiR-BOA that had

accumulated in the tumor or other tissues were mon-
itored using a homemade whole-body fluorescence
imaging system.20,34,35 At 6 h postinjection, (DiR-BOA)-
R-NTP-LNs clearly accumulated in the mRFP-5-8F tu-
mors, whereas few (DiR-BOA)R-sNTP-LNs were present
in the tumor (Figure 6a). With increasing time, the (DiR-
BOA)R-NTP-LN level in the normal tissues gradually
decreased, and these particles selectively accumulated
in the tumor regions. However, (DiR-BOA)R-sNTP-LNs
still displayed poor tumor accumulation. At 48 h post-
injection, the mice were sacrificed to allow for fluores-
cence imaging to assess the tissue distribution of the
nanoparticles and for flow cytometry to analyze the
cellular uptake. As shown in Figure 6b, the fluorescence
signals for (DiR-BOA)R-NTP-LNs differed greatly be-
tween tumor and normal tissues (kidney, muscle,
spleen, brain, heart, lung, and liver), whereas (DiR-
BOA)R-sNTP-LNs tended to accumulate in the liver.

To assess the penetration ability of (DiR-BOA)R-
NTP-LNs in the solid tumor tissue, frozen sections of
mRFP-5-8F tumors were imaged using multispectral
microscopy (Figure 6c, Supporting Information Figure
S9). The imaging data for the tissue slices clearly show

Figure 6. Whole-body fluorescence imaging ofR-NTP-LN targetingNPC in vivo. (a)Whole-body imaging ofmRFP-5-8F tumor-
bearing mice 6, 12, 24, and 48 h after the injection of (DiR-BOA)R-NTP-LNs or (DiR-BOA)R-sNTP-LNs. (b) Ex vivo images of
tumor and normal organs (kidney, muscle, spleen, brain, lung, heart, and liver) removed frommice that were sacrificed 48 h
after injection. (c) Fluorescence imaging analyses of the colocalization of DiR-BOA and mRFP in tumor sections that were
prestained with DAPI (blue) before multispectral microscopy. (d,e) Histogram of the fluorescence intensity of DiR-BOA-
positive cells in tumor tissues and normal organs from tumor-bearing mice injected with (DiR-BOA)R-NTP-LNs (d) or
(DiR-BOA)R-sNTP-LNs (e). The data are presented as themean( SD from threemice, ***P<0.001. (f) Blood clearance curves of
(DiR-BOA)R-NTP-LNs and (DiR-BOA)R-sNTP-LNs in normal mice (n = 5).
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that the fluorescence signal of DiR-BOA colocalized
with the mRFP signal in the tumor tissues of (DiR-
BOA)R-NTP-LN-injected mice, indicating that the
R-NTP-LNs, with an optimal sub-30 nm size, efficiently
penetrated the solid tumor and were taken up by the
tumor cells. Furthermore, we compared the uptake
efficiency of nanoparticles by the cells in tumor and
normal tissues using flow cytometry analyses. In the
tumor tissue, 46.2( 10.1% of the cells were positive for
(DiR-BOA)R-NTP-LNs, but only 4.6( 3.4% of cells in the
liver tissue were positive, and a very low percentage
(<2%) of cells in other normal tissues were positive
(e.g., kidney, spleen, and lung) (Supporting Information
Figure S10). Conversely, the percentage of positive
cells that took up (DiR-BOA)R-sNTP-LNs in tumor tis-
sues (9.9 ( 8.3%) was lower than that in liver tissues
(45.6 ( 5.3%). Moreover, the fluorescence intensity
analysis of the positive cells in tumor and normal
tissues indicated that the uptake of (DiR-BOA)R-NTP-
LNs by the tumor cells was much higher than the
uptake by normal cells in the liver (13.0-fold), kidney
(260.7-fold), spleen (115.1-fold), and lung (48.6-fold)
(n = 3, P < 0.001, Figure 6d). However, the uptake of
(DiR-BOA)R-sNTP-LNs by the tumor cells was only
23.7% of the uptake by hepatocytes, which was
also higher than the uptake by normal cells in the
kidney (430.2-fold), spleen (31.9-fold), and lung (5.8-
fold) (Figure 6e). Thus, in vivo fluorescence imaging
and flow cytometry analysis indicated that R-NTP-LNs
efficiently accumulated in tumor tissues and were
selectively taken up by NPC cells.

Furthermore, the blood circulation of nanoparticles
was examined in normal BALB/c mice, in which DiR-
BOA-loaded R-NTP-LNs and R-sNTP-LNs were intrave-
nously injected, and the fluorescence intensity of DiR-
BOA in blood was measured at different time points.
As shown in Figure 6f, no significant difference was
noted between (DiR-BOA)R-NTP-LNs and (DiR-BOA)R-
sNTP-LNs: both blood clearance curves fit the two-
compartment model and displayed similar results
with calculated half-lives of 9.55 and 429.42 min
for (DiR-BOA)R-NTP-LNs and 7.99 and 585.06 min for
(DiR-BOA)R-sNTP-LNs. However, rhodamine-B-labeled
R-NTP was quickly cleared from the blood circula-
tion with calculated half-lives of 0.49 and 42.73 min
(Supporting Information Figure S11). Thus, the pro-
longed blood circulation time of R-NTP-LNs was ben-
eficial to tumor accumulation.

r-NTP-LNs Inhibited the Growth of 5-8F Tumors but Not
HT1080 Tumors in Vivo. To evaluate the therapeutic effi-
cacy ofR-NTP-LNs when administered systemically, we
randomly sorted 5-8F tumor-bearing mice into four
groups on the fourth day after tumor cell implantation.
The mice were intravenously injected with R-NTP-LNs,
R-sNTP-LNs, R-NTP, and PBS on days 4 and 6. The
dose of nanoparticles was equivalent to 250 nmol of
peptide. Compared with the control treatments, the

R-NTP-LNs efficiently inhibited the growth of 5-8F
tumors (Figure 7a,b) but did not affect HT1080 tumor
growth (Supporting Information Figure S12). On the
16th day, the mean tumor volumes were significantly
different between the R-NTP-LN-treated group (82 (
119 mm3) and the R-sNTP-LN-treated group (624 (
85 mm3), the R-NTP-treated group (708 ( 65 mm3),
and the PBS-treated group (711 ( 179 mm3) (n = 5,
P < 0.001, Figure 7a,b). The growth of 5-8F tumors
was inhibited by R-NTP-LNs, with more than 85%
inhibition relative to the R-sNTP-LN-, R-NTP-, and
PBS-treated control groups. No obvious body weight
loss was observed during the treatment in all groups
(Supporting Information Figure S13).

To verify themechanismof tumor growth inhibition
by R-NTP-LNs in vivo, histological analysis of frozen
tumor sections was performed using hematoxylin and
eosin (HE) staining, TdT-mediated dUTP nick end label-
ing (TUNEL), and fluorescence immunohistochemical
staining with an LC3B antibody. The results of the HE
staining and TUNEL assay confirmed that R-NTP-LNs
induced a higher rate of cell apoptosis (53.3 ( 13.3%)
in tumor tissues compared with the other treatments,
which induced apoptosis in only 18.9( 6.7% of cells in
R-sNTP-LN-treated tumors, 2.9 ( 2.1% of cells in
R-NTP-treated tumors, and 3.6 ( 0.4% of cells in PBS
control tumors (n = 3, P < 0.001, Figure 7c,d). Confocal
imaging of the sections subjected to fluorescence
immunohistochemistry confirmed that R-NTP-LNs
induced a large number of autophagosomes in the
tumor tissue, and the number of fluorescent antibody-
labeled LC3B dots was much higher in the R-NTP-
LN-treated tumors than in the R-sNTP-LN-treated
tumors (9.3-fold), R-NTP-treated tumors (34.1-fold),
and PBS control tumors (103.3-fold) (n = 3, P < 0.001,
Figure 7c,e).

To evaluate potential side effects of R-NTP-LNs,
blood was collected from the mice on the 16th day
of tumor growth for hemanalysis and biochemical
analyses. As shown in Supporting Information Figure
S14, there were no differences in the hepatic and renal
function parameters (e.g., creatinine (Cre), total protein
(T-Pro), albumin (Alb), total bilirubin (T-Bil), aspartate
aminotransferase (AST), alanine aminotransferase
(ALT), urea nitrogen (BUN), uric acid (UA)), and blood
hemanalysis parameters (e.g., white blood cells (WBC),
blood platelets (PLT), leukocytes (LYM), monocytes
(MON), granulocytes (GRA), red blood cells (RBC),
hemoglobin (HGB), corpuscular volume (MCV), mean
corpuscular hemoglobin concentration (MCHC), red
blood cell volume distribution width (RDW)) among
the four treatment groups (5 mice per group), indicat-
ing that the systemic administration of R-NTP-LNs had
few side effects. Thus, these nanoparticles appear to
be safe for use in vivo.

r-NTP-LNs Delayed NPC Lung Metastasis. To further eval-
uate the therapeutic efficacy of the systemic (i.v.)
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administration of R-NTP-LNs for the treatment of NPC
metastasis, we prepared anNPC lungmetastasismodel
through the tail vein injection of 5-8F cells (Supporting
Information Figure S15). On days 8 and 10 after 5-8F
cell injection, R-NTP-LNs containing 250 nmol of pep-
tide were administered to the tumor-bearing mice via

tail vein injections. To verify the ability of R-NTP-LNs to
control metastasis, the mice were sacrificed on day 45.
The necropsy results showed a large number of macro-
scopic malignant nodules in the PBS control mice
and only a few macroscopic malignant nodules in
the R-NTP-LN-treated mice. These nodules were con-
firmed to be malignant by HE staining (Figure 8a). To
evaluate the effect of R-NTP-LNs on the survival rate of
lung-metastasis-bearingmice,R-NTP-LNs,R-sNTP-LNs,
or R-NTPs were intravenously injected into the mice
with an equalivalent amount of 250 nmol peptide
on days 8 and 10 after 5-8F cell injection. The mice
were monitored until day 75 after tumor cell injection,
when all of the PBS-treated control mice (n = 9),

R-sNTP-LN-treated mice (n = 5), and R-NTP-treated
mice (n = 5) had died before day 61 (no significant
difference among the three control groups), whereas
five of theR-NTP-LN-treatedmice were still alive at this
time point (n = 9, P < 0.01, Figure 8b). Thus, the R-NTP-
LNs significantly delayed the development of lung
metastases from NPC cells and extended the survival
rate of the mice.

DISCUSSION

To meet the need for NPC-targeted therapeutics, we
developed a simple and biocompatible lipid nanopar-
ticle system based on the NPC-specific therapeutic
peptide R-NTP. Systemic administration of R-NTP-LNs
provides an efficient NPC-specific therapeutic strategy,
which not only inhibited the growth of NPC but also
extended the survival rate of themice withmetastastic
NPC in vivo.
First, based on the lipid nanostructure-controlling

ability of the R-peptide (FAEKFKEAVKDYFAKFWD-NH2)

Figure 7. R-NTP-LNs inhibits 5-8F subcutaneous tumor growth. (a) Tumor volume in each group over time. The tumor volume
in theR-NTP-LN-treated groupwas significantly smaller than those of the other groups. The data are presented as themean(
SD from five mice, **P < 0.01, ***P < 0.001. (b) Photographs of the tumors from each group on day 16. (c) Histopathological
and immunohistochemical analyses of 5-8F tumor tissues from themice treatedwithR-NTP-LNs,R-sNTP-LNs,R-NTPs, or PBS.
Top row: HE staining. Middle row: TUNEL assay. Bottom row: fluorescence immunohistochemical staining with an LC3B
antibody. Scale bars = 20 μm. (d,e) Quantitative analyses of the apoptotic rate (d) and LC3B puncta (e) from (c). The data are
presented as the mean ( SD from three tumors, ***P < 0.001.
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and the NPC-specific targeting ability of the NTP
(LTVSPWYLTVSPWY-NH2), we designed the fusion pep-
tide R-NTP, in which the NTP is linked with the
C-terminus of the R-peptide through a GSG linker.
Our data verified that R-NTP self-assembled with
phospholipids to form R-NTP-LNs, spherical and
neutral nanoparticles with a very small size (<30 nm)
(Figure 2). All NPC cell lines could efficiently take up
R-NTP-LNs, and there was a substantial difference in
uptake ability between 5-8F and HT1080 cells (26.8-
fold) and between 5-8F and BxPC-3 cells (32.4-fold)
(Figure 3b). However, when the NTP was linked to
the N-terminus ofR-peptide to form the fusion peptide
LTVSPWYLTVSPWY-GSG-FAEKFKEAVKDYFAKFWD-NH2, the
functions of both theR-peptide and the NTPwere lost.
The hydrophobic amino acid phenylalanine (F) in the
N-terminus of the R-peptide probably led the NTP to
be located on the hydrophobic side of the phos-
pholipids, and thus, the fusion peptide was not able
to control the size of the lipid emulsions andmight not
display its targeting function (Supporting Information
Figure S16).
Second, the coordination of the R-peptide and the

NTP led to the enhancedNPC-specific uptake ofR-NTP-
LNs. The target of R-peptide-based lipid nanoparticles
is SR-B1.36�38 SR-B1 is highly expressed onNPC cells,24,39

and NPC cells selectively take up the NTP.20,21 As pre-
dicted, the R-peptide not only controlled the size of the
lipid nanoparticles but also accelerated the selective
uptake of R-NTP by NPC cells, with 10.7-fold enhance-
ment relative to the R-peptide and 4.8-fold enhance-
ment relative to the NTP (Figure 4b). This synergic effect
was confirmedby the21.9-fold greater uptake efficiency
of (DiR-BOA)R-NTP-LNs relative to (DiR-BOA)R-LNs
(Figure 3d). The enhanced uptake efficiency is the key
factormediating the NPC-specific cytotoxicity ofR-NTP-
LNs, as the NPC cell death rate was positively correlated

with the concentration and uptake amount of R-NTP
(Figure 5a,b and Supporting Information Figure S17).
The coordinated effects of apoptosis and autophagy

induced by R-NTP-LNs increased the cell death rate
in R-NTP-LN-treated NPC cells (Figure 5) and tumor-
bearing mice (Figure 7). Although the scrambled NTP
in R-sNTP was used as a control, it only partially
decreased (∼50%) uptake by NPC cells compared with
R-NTP (Figure 4). However, the cytotoxicity of R-sNTP-
LNswasmuch lower than that ofR-NTP-LNs (Figure 5b)
because R-sNTP-LNs induced low levels of cell apo-
ptosis (Figure 5c,d) and autophagosome generation
(Figure 5e�h). These results indicate that the
scrambled sequence of the NTP mainly mitigated
the cytotoxic effect on positive cells. Furthermore, as
shown in Figure 6, there was a substantial difference in
the level of R-NTP-LN accumulation between the NPC
tumor tissues and normal tissues, and these nano-
particles were selectively taken up by NPC cells, with
a 13.0-fold difference between tumor cells to hepato-
cytes in vivo. This selective uptake mediated the NPC-
specific therapeutic efficacy of R-NTP-LNs (Figure 7a,b)
and delayed the metastasis of NPC (Figure 8).

CONCLUSIONS

In summary, we developed a simple, robust, and
highly selective therapeutic lipid nanoparticles, R-NTP-
LNs, that exhibited a promising therapeutic effect on
NPC tumors andmetastases. These effects were due to
multiple elements working in sync and synergistically, as
follows: (1) the coordinated functionof theR-peptide and
the NTP to maintain the size of the nanoparticles below
30 nm and enhance the selective uptake by NPC cells,
respectively; (2) coordinated cytotoxicity through both
apoptosis and autophagy, increasing the cell death rate of
NPC cells; and (3) efficient tumor accumulation, with high
contrast between tumor and normal tissues due to the

Figure 8. R-NTP-LNs delay progression of NPC lungmetastasis. (a) Histopathological analyses of HE-stained lung tissues from
R-NTP-LN-treatedmice andPBS-treated controlmice 45days after 5-8F cell injection. The images are a representative of those
of threemice. (b) Survival curves of mice with NPC lungmetastases treated with R-NTP-LNs (n = 9), R-sNTP-LNs (n = 5), R-NTP
(n = 5), and PBS (n = 9).
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selective uptake by NPC cells, thus preventing side effects.
Therefore, the NPC-specific therapy approach developed

here maximized the therapeutic efficacy of the NPC-
specific therapeutic peptide NTP.

MATERIALS AND METHODS
Materials. 1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

was purchased from Avanti Polar Lipids Inc. (Alabaster, AL, USA).
Cholesterol oleate (CO), Hoechst 33342, and the anti-LC3B anti-
bodywere obtained from Sigma-Aldrich Co. (St. Louis, MO, USA).
DiR-BOA was synthesized according to our previously described
procedure.26,27 Annexin V-PE, Sytox Blue nucleic acid stain, and
Alexa Fluor 594 goat anti-rabbit IgG were purchased from
Molecular Probes (Carlsbad, CA, USA). Free R-peptide, R-NTP,
R-sNTP, and NTP with and without FITC labeling were ordered
from Shanghai Apeptide Co., Ltd. (Shanghai, China).

Preparation of r-NTP-LNs, r-sNTP-LNs, and r-LNs. A mixture of
DMPC (3 μM) and CO (0.2 μM) in chloroform was dried under
nitrogen to form a uniform lipid film. Phosphate-buffered saline
(PBS) (1 mL) was added, and then, the mixture was sonicated at
48 �C for 1 h to form the lipid emulsion. To prepare the peptide-
based lipid nanoparticles, PBS containing 0.72 μmol of R-NTP,
R-sNTP, or R-peptide was added into the lipid emulsion, which
was then stored at 4 �C overnight. The nanoparticles were
purified using a fast protein liquid chromatography systemwith
a HiLoad 16/60 Superdex 200 pg column (General Electric
Healthcare, NY, USA) and concentrated using a concentrator
tube with a 30 kDa molecular weight cutoff (Millipore, USA).
The protein content of the nanoparticles was quantified using
an mp06667-CBQCA protein quantitation kit (Invitrogen Cor-
poration, USA).

Morphology and Size Measurement. The morphology and size
of the R-NTP-LNs were evaluated using a Tecnai G2 20 U-Twin
transmission electron microscope (FEI Company, USA). The
particle size distributions and zeta-potentials of the nanoparti-
cles were measured using dynamic light scattering (photon
correlation spectroscopy) on a Zetasizer Nano-ZS90 system
(Malvern Instruments, Worcestershire, UK).

Circular Dichroism. The circular dichroism spectrum of the
nanoparticles was measured using a Jasco J-810 circular dichro-
ism spectropolarimeter (Tokyo, Japan) from 200 to 250 nm.

Preparation of Fluorescent Dye-Labeled r-NTP-LNs. To prepare
the nanoparticles that were core-loaded with DiR-BOA, the
only difference in the previously described protocol was the
first step, in which DiR-BOA was mixed with DMPC and CO in
chloroform. To prepare FITC-(DiR-BOA)R-NTP-LNs, fluorescein
isothiocyanate was conjugated to the lysine residues of the
peptides after the (DiR-BOA)R-NTP-LNs was prepared.

Stability Evaluation. The stability of the nanoparticles was
evaluated using dual-labeled R-NTP-LNs and seminative SDS-
polyacrylamide gel electrophoresis (SDS-PAGE). FITC-(DiR-BOA)-
R-NTP-LNs were run in 8% seminative SDS-PAGE gels after a 3 h
incubation at 37 �C with PBS, 10% FBS, 10% plasma, and 5%
Tween-20. A custom-made optical fluorescence imaging system
was used to detect whether the fluorescent band of FITC
matched with DiR-BOA.

Cell Culture. Human nasopharyngeal cancer cells (5-8F,
HONE-1, 6-10B, CNE2, CEN1, and SUNE-1) were gifts from Prof.
Yi-Xin Zeng and Prof. Mu-Sheng Zeng (Sun Yat-sen University
Cancer Center, Guangzhou, China). 5-8F cells stably expressing
monomer red fluorescent protein were screened out for whole-
body fluorescence imaging of the tumor model.40 Human
fibrosarcoma HT1080 cells, human cervical carcinoma HeLa
cells, human breast cancer MCF-7 cells, and human pancreatic
carcinoma BxPC-3 cells were purchased from the China Center
for Type Culture Collection (Wuhan University, Wuhan, China).
Human nasopharyngeal cancer cells, mRFP-5-8F cells, and
HT1080 cells were cultured in RPMI-1640 (Invitrogen Life Tech-
nologies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS, Life Technologies), 100 U/mL penicillin,
0.1 mg/mL streptomycin, and 2 mM glutamine in a humidified
atmosphere of 5% CO2 and 95% air at 37 �C. HeLa cells and
MCF-7 cells were grown in Dulbecco's modified Eagle medium

(DMEM, Life Technologies) containing 10% newborn calf serum
(NCS, Life Technologies) at 37 �C in a 5% CO2 incubator.

Confocal Imaging. The 5-8F and HT1080 cells were seeded
into 8-well cover glass-bottom chambers (1� 104/well; Lab-Tek
II Chambered Coverglass; Thermo Scientific, Holtsville, NY,
USA) for confocal microscopy. DiR-BOA-loaded nanoparticles
(peptide concentration, 2.5 μM) were incubated with cells at
37 �C for 3 h. Before confocal imaging, the cells were stained
with or without Hoechst 33342 for 5min and thenwashed twice
with PBS. The fluorescence signals of the cells were observed
using an Olympus FV1000 laser confocal scanning microscope
(Olympus, Tokyo, Japan) at excitation wavelengths of 405 nm
for Hoechst 33342 and 633 nm for DiR-BOA. FITC-labeled
peptides (peptide concentration, 10 μM) were incubated with
5-8F cells at 37 �C for 24 h. The fluorescence signals of the
cells were observed using a Nikon A1 MP laser scanning
confocal microscope (Nikon, Tokyo, Japan) with an excitation
wavelength of 488 nm.

Flow Cytometry Analysis. The cells were seeded into 96-well
plates (2� 104/well) for flow cytometry. DiR-BOA-loaded nano-
particles (2.5 μM)were incubatedwith cells at 37 �C for 3 h. FITC-
labeled peptides (10 μM) were incubated with the cells at 37 �C
for 3, 6, 12, or 24 h. Before flow cytometry analysis, the cells
were washed three times with PBS. The fluorescence intensity
of cells was examined using a microcapillary flow cytometer
(Guava EasyCyte8HT, EMD Millipore Corporation, Billerica, MA,
USA) with an excitation wavelength of 640 nm for DiR-BOA
(785/70 emission filter) and 488 nm for FITC (525/30 emission
filter).

Cell Proliferation Assay. The 5-8F cells and HT1080 cells were
seeded into 96-well plates at a density of approximately 10 000
cells per well. The cells were treated with R-NTP-LNs at various
concentrations (25, 50, 100, 150, 200, 250 μM) for 24 h. The cells
were treated with PBS as a control. The cells were washed twice
with PBS to remove the nanoparticles and then continuously
incubated for 24 h. The cell viability was assessed by the methyl
tetrazolium salt assay (Cell Titer 96TM Aqueous; Promega,
Madison, WI, USA).

Cell Death Assay. The 5-8F cells were grown in 96-well plates
at a density of approximately 20 000 cells per well. Various
concentrations (25, 50, 100, 150, 200, 250 μM) of R-NTP-LNs,
R-sNTP-LNs, or R-LNs were added to each well, and then, the
cells were incubated for 24 h. The 5-8F cells were treated with
PBS as a control. The cells were stained with 0.5 μM Sytox Blue
(Molecular Probes, Carlsbad, CA, USA) for 30 min, and the cell
death rate was quantitatively analyzed using a microcapillary
flow cytometer with an excitation wavelength of 488 nm and
a 525/30 emission filter.

Apoptosis Detection. The 5-8F cells were treated with 250 μM
(peptide concentration) R-NTP-LNs, R-sNTP-LNs, or R-LNs for
12 h. The 5-8F cells were treated with PBS as a control. All of the
cells were stained with Annexin V-PE/Sytox Blue and analyzed
using a microcapillary flow cytometer with an excitation wave-
length of 488 nm for Sytox Blue (525/30 emission filter) and
Annexin V-PE (583/26 emission filter). The cells in the lower right
quadrant were Annexin V positive and Sytox Blue negative and
corresponded to early apoptotic cells. The cells in the upper
right quadrant were Annexin V positive and Sytox Blue positive
and corresponded to late apoptotic cells.

Autophagy Analysis. The plasmid GFP-LC3 was constructed by
Dr. LiangWang in our lab32 using the LC3 cDNA frommRFP-LC3,
which was provided by Nicholas T. Ktistakis.41 After 12 h of
transfection with GFP-LC3, 5-8F cells were treated with 250 μM
(peptide concentration) R-NTP-LNs,R-sNTP-LNs, orR-LNs for 12 h.
The cells were treated with PBS as a control. The fluorescence
images of cells were observed using a Zeiss LSM 710 inverted
confocal microscope (Carl Zeiss, Jena, Germany) equipped
with a 63� water immersion objective and a 488 nm excitation
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wavelength. The number of cells with GFP-LC3 autophagic
vacuoles was quantitatively analyzed using a microcapillary
flow cytometer with an excitation wavelength of 488 nm and
a 525/30 emission filter.

Western Blotting. The 5-8F cells were treated with 250 μM
(peptide concentration) R-NTP-LNs, R-LNs, R-sNTP-LNs, and
peptide R-NTP at 37 �C for 12 h. The cells were treated with
PBS as a control. The cells were lysed with RIPA lysis buffer
(Beyotime, China) and then centrifuged at 12 000 rpm for 5 min.
The resultant supernatants were subjected to SDS-PAGE and
immunoblotting. Western blotting for LC3B protein was per-
formed as described32 with a rabbit anti-LC3B antibody (1:1000;
Sigma-Aldrich, USA) and a horseradish peroxidase-conjugated
anti-rabbit secondary antibody (1:8000; ProteinTech, Wuhan,
China). As an internal reference, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) was detected with a mouse anti-
GAPDH antibody (1:2000; ProteinTech, Wuhan, China) and a
horseradish peroxidase-conjugated anti-mouse secondary anti-
body (1:8000; ProteinTech, Wuhan, China).

In Vivo and Ex Vivo Fluorescence Imaging. All animal studies were
performed in compliance with protocols that had been ap-
proved by the Hubei Provincial Animal Care andUse Committee
and with the experimental guidelines of the Animal Experi-
mentation Ethics Committee of Huazhong University of Science
and Technology. The mRFP-5-8F cells (2 � 106 cells per site)
were implanted subcutaneously into the hind flanks of mice.
When the tumors reached5�8mm indiameter (2�3weeks after
implantation), 6 nmol of (DiR-BOA)R-NTP-LNs or (DiR-BOA)R-
sNTP-LNs was intravenously injected into the tumor-bearing
mice. In vivo and ex vivo fluorescence imaging of the mice
and tissues was performed using a custom-made whole-
body optical imaging system. Fluorescence images of DiR-BOA
were acquired with a near-infrared filter set (excitation = 716/
40 nm; emission = 775/46 nm) and calibrated with an auto-
fluorescence background filter set (excitation = 562/40 nm;
emission = 775/46 nm). Fluorescence images of mRFP were
acquired with a deep red filter set (excitation = 562/40 nm;
emission = 655/40 nm) and calibrated with an autofluorescence
background filter set (excitation = 469/35 nm; emission =
655/40 nm).

Fluorescence Analysis of Frozen Slices and Suspended Cells from Tumor
and Normal Tissues. The tumor-bearing mice were sacrificed by
cervical dislocation 48 h after the nanoparticle injection. Tumor
tissues were collected, sliced into 5 μm sections with a Shandon
FSE cryotome (Thermo Scientific, Runcorn, UK), and then stained
with Hoechst 33342. The frozen sections of tumor tissues were
imaged using multispectral microscopy with a Nuance spectral
imaging system (CRI, Woburn, MA). To compare the uptake
efficiencies of the nanoparticles by the cells in tumor and normal
tissues, organs (e.g., liver, kidney, spleen, lung) were collected
and dispersed into single-cell suspensions with superfine homo-
genizers (Fluko 6/10; Fluid Kotthoff GmbH, Essen, Germany).
To quantify the uptake efficiency of nanoparticles by the cells in
various tissues, the cell suspensions (tumor, liver, kidney, spleen,
and lung)were analyzedby flowcytometry. Regions correspond-
ing to cells were defined on the cytogramof forward light scatter
(FSC) versus side-angle light scatter (SSC). In the quantitative
analysis of the uptake of DiR-BOA-labeled nanoparticles, positive
cells were defined by comparison with negative cells from
normal organ (e.g., kidney) in the dot plot (DiR-BOA versus SSC).
The uptake efficiencies of DiR-BOA-labeled nanoparticles by the
cells of various tissues are presented as the summed fluores-
cence intensity of the DiR-BOA-positive cells divided by the total
number of gated cells (1 � 105).

Blood Clearance Kinetics. Five normal BALB/c mice were
used as one group for the blood clearance test of fluorescent
labeling of the nanoparticles (DiR-BOA)R-NTP-LNs and (DiR-
BOA)R-sNTP-LNs. After intravenous administration of the nano-
particles, blood samples were collected from the orbital sinus
at 10 min, 0.5, 1, 2, 3, 6, 12, 24, 36, and 48 h postinjection. The
fluorescence intensity of DiR-BOA in the blood samples was
measured using a spectrophotometer (Lambda 35; PerkinElmer,
Waltham MA, USA) and recorded per milligram of blood.
A fluorescence intensity versus time plot was used to determine
the blood half-life of the nanoparticles.

Evaluation of the Inhibitory Effect of Nanoparticles on Tumor Growth.
The 5-8F tumor-bearing mice were divided into four groups on
day 4 after tumor cell implantation. Each group contained five
mice, and themicewere intravenously injectedwithR-NTP-LNs,
R-sNTP-LNs, R-NTP, or PBS on days 4 and 6, respectively. The
dose of nanoparticles was equivalent to 250 nmol of peptide. As
a negative control, HT1080 tumor-bearing mice were randomly
divided into two groups that were intravenously injected with
250 nmol R-NTP-LNs and PBS, respectively. The tumor size
was measured using a caliper. The volume was calculated as
V = (π/6 � longest diameter � perpendicular diameter2).

Histopathological Analyses and Immunofluorescence. The tumors,
livers, spleens, kidneys, and lungs were extracted from tumor-
bearing mice and fixed in a 4% paraformaldehyde solution.
The tumors and organs were embedded in paraffin, sectioned,
and processed for hematoxylin and eosin (HE) staining, TdT-
mediated dUTP nick end labeling (TUNEL), and fluorescence
immunohistochemical staining with a rabbit anti-LC3B anti-
body (1:200) and an Alexa Fluor 594-labeled donkey anti-rabbit
secondary antibody (1:400). The images for the HE staining
and the TUNEL assay were acquired using a Nuance spectral
imaging system with a 40� objective. The percentage of cells
undergoing apoptosis was calculated as the ratio of apoptotic
cells to total cells in 20 imaged fields from three tumors. The
immunofluorescence signals of the LC3B dots were imaged
using a Nikon A1 MP laser scanning confocal microscope with
an excitation wavelength of 561 nm and a 60�/1.2 NA water
immersion objective (image field = 512� 512 pixels, 0.21� 0.21
mm2). The amount of LC3B dots was quantified by counting the
number of fluorescence labeled LC3B dots or vacuoles, which
were recognized using the cell counter function in ImageJ
software (version 1.44, NIH, Bethesda, MD, USA; available on
the Internet). The data were collected from at least 30 imaged
fields from three mice and presented as the numbers of LC3B
dots per square millimeter.

Blood Hemanalysis and Biochemical Analyses. Blood samples were
collected from the mice before they were sacrificed on day 16
after tumor cell implantation. The blood cell and biochemical
analyses were performed using a hematology analyzer (BC-
3200, Mindray, Shenzhen, China) and an automatic biochemical
analyzer (Spotchem EZ SP-4430, Arkray Inc., Kyoto, Japan),
respectively.

Evaluation of the Prohibition of Nanoparticles on Tumor Metastasis.
The 5-8F tumor cells (2 � 106) were intravenously injected
into nude mice. On days 8 and 10 after tumor cell injection, the
mice were intravenously injected with R-NTP-LNs, R-sNTP-LNs,
R-NTP, or PBS. The dose of nanoparticles was equivalent to
250 nmol of peptide. On day 45, three mice of PBS control
group and R-NTP-LN-treated group were sacrificed. HE staining
of the lungs was performed. The survival time of each mouse
was observed. The remaining mice in PBS control group (n = 9),
R-NTP-LN-treated group (n = 9), R-sNTP-LN-treated group
(n = 5), and R-NTP-treated group (n = 5) were observed for
their survival time.

Statistics. All data are expressed as the mean ( SD. Non-
parametric statistical tests (Kruskal�Wallis and Mann�Whitney
U tests) were used to analyze the significance of the differences
in the blood hemanalysis and biochemical parameters,
and other data were analyzed by two-tailed Student's t tests.
Differences between or among groups are labeled as n.s. for
not significant, * for P < 0.05, ** for P < 0.01, and *** for P < 0.001.
Graph Pad Prismwith the log-rank test was used for the survival
data analysis.
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