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Abstract 

Cell penetrating peptides (CPPs) are commonly utilized for intracellular delivery of functional 
materials to circumvent biomembrane barrier. However, further application of CPPs is hindered 
by lacking selectivity toward targeted cells. The spider venom peptide, lycosin-I, is a CPP with 
potent cytotoxicity to cancer cells, which might enable lycosin-I to deliver functional materials into 
cancer cells selectively. In this study, we demonstrated that the lycosin-I-conjugated spherical gold 
nanoparticles (LGNPs) not only exhibited efficient cellular internalization efficiency toward cancer 
cells but also displayed unprecedented selectivity over noncancerous cells. Although LGNPs were 
removed from the living circulatory system via reticuloendothelial system-dominant clearance 
modes without noticeable adverse effects to animals, they actually displayed active tumor-targeting 
effects and efficient accumulation in tumors in vivo. Furthermore, the potential application of this 
platform for cancer therapy was explored by lycosin-I-conjugated gold nanorods (LGNRs). LGNRs 
exhibited selective intracellular translocation towards cancer cells and efficient photothermal 
effect under near infrared (NIR, 808 nm) irradiation, which consequently killed cancer cells in vitro 
and in vivo effectively. Therefore, the established LGNPs and LGNRs possessed great potential in 
cancer-targeting delivery and photothermal therapy. 

Key words: Spider anticancer peptide lycosin-I; Spherical gold nanoparticles; Gold nanorods; Intracellular 
delivery; Photothermal therapy. 

Introduction 
Though the selective permeability of 

phospholipid bilayer is essential to the survival and 
function of living cells, it is the major obstacle for 
effective intracellular cargo delivery especially in 
medical diagnosis and therapy. The penetration of 
polar or low soluble compounds through cell 
membranes needs mechanical support or chemical 
helper [1]. In recent years, the discovery and 
development of cell penetrating peptides (CPPs) have 
partly resolved this challenge [2]. CPPs are a class of 

diverse peptides, composed of 5-30 amino acids, and 
can cross cell membranes via multiple pathways 
including direct translocation and energy-consuming 
endocytosis [3]. On the other side, the applications of 
CPPs as a promising intracellular transporter have 
been extensively studied in imaging diagnosis, gene 
therapy and drug delivery [4]. However, the deeper 
exploitations of CPPs are faced with two inevitable 
restrictions: nonspecificity and easy proteolysis [5]. 
Therefore, the discovery and design of novel CPPs 
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with excellent cell selectivity and stability are still in 
demand particularly in cancer diagnosis and therapy.  

With the 2015 Nobel Prize in Physiology or 
Medicine being awarded to artemisinin and 
abamectin [6], medicinal products from natural 
resources have been proposed to worldwide attention 
again. Among them, spider venom is considered to be 
an ideal source of potentially active peptides due to 
the tremendous biochemical diversity of spider 
venom peptides in diverse species. Lycosin-I, a 24 
amino acid peptide isolated from the venom of the 
spider Lycosa singorensis, has been proven the great 
potential as a novel drug candidate against malignant 
tumors and bacterial infection [7, 8]. Moreover, it was 
found that lycosin-I is able to interact with cell 
membranes and enter into cell plasma to activate the 
mitochondrial death pathway to sensitize cancer cells 
for apoptosis, as well as up-regulates p27 to inhibit 
cell proliferation [7]. In recent studies, a strong 
interaction between lycosin-I and lipid membrane 
was observed by total internal reflection fluorescence 
microscopy. Lipid membranes induce the formation 
of amphiphilic-helix conformation of lycosin-I and 
subsequently stable aggregates of peptide molecules 
on bilayer, which are believed to be crucial for the cell 
penetrating ability of lycosin-I [9]. More interestingly, 
lycosin-I showed very low effect on normal cells, such 
as erythrocytes, Hek293t cells, when its concentration 
was much higher than the dosage that could kill 
cancer cell lines [7]. All those findings imply the 
potential of lycosin-I for cancer cell-targeted 
intracellular transportation. To verify that, gold 
nanoparticles were chosen in this study as a 
nanoprobe to evaluated the delivery efficacy of 
lycosin-I to the cancer cells. 

Gold nanoparticles are colloidal or clustered 
particles with diameters in the range of a few to 
several hundreds of nanometers that consist of a gold 
core and a functionalized surface coating [10]. The 
synthetic versatility of gold nanoparticles enables fine 
tailoring of the particle size, shape and surface 
properties. The size range of 1-150 nm and diverse 
morphologies endow different gold nanoparticles 
with unique chemical, electrical and optical 
properties. Besides, the excellent biocompatibility and 
versatile bioconjugation capability of gold surface 
make it feasible to introduce reactive functional 
groups that can be used in bioimaging, drug delivery, 
disease diagnosis and therapy. On the other side, 
nanoparticles are ideal platforms to protect the 
attached bioagents from the degradation and 
clearance in blood, which greatly lower the cost of 
large–scale synthesis especially for some short 
peptides [11]. Despite these advantages, gold 
nanoparticles are still facing grand challenges in 

biomedical applications including inefficiency in 
cellular internalization and non-selectivity. To 
overcome these barriers, we conjugated lycosin-I 
peptides to the surface of gold nanoparticles and then 
explored the targeted intracellular translocation 
efficiency as well as potential therapeutic capability in 
vitro and in vivo for the first time. First, 
lycosin-I-modified spherical gold nanoparticles 
(LGNPs) were established to evaluate the enhanced 
intracellular delivery of nanoparticles. Cell-selective 
internalization of LGNPs was tested in vitro in 6 cell 
lines, and the tumor-targeted efficiency in vivo was 
also assessed in tumor xenograft mouse model. 
Furthermore, in order to explore the potential 
applications of lycosin-I-modified gold nanoparticles 
in cancer therapy, lycosin-I-modified gold nanorods 
(LGNRs) were established due to the excellent 
photothermal conversion efficiency of the rod shape 
nanostructure in the near infrared window, and the 
improved photothermal therapy of cancer was 
evaluated in vitro and in vivo. 

Methods 
The spherical gold nanoparticles (GNPs) used in 

this work were synthesized via a seed-mediated 
growth method as described detailedly in previous 
studies [12]. The gold nanorods (GNRs) used in this 
work were synthesized based on a seed-mediated 
growth method [13]. In brief, 220 μL of 0.01 M NaBH4 

and 37 μL of 24.28 mM HAuCl4 were mixed with 2.7 
mL of 0.1 M CTAB solution. After 2-hour incubation 
at 37 °C, the gold seed solution was successfully 
prepared with the color of the mixture changing to 
deep dark brown. Then 48 μL seed solution were 
added into 29.31 mL of 0.1 M CTAB solution with 372 
μL of 24.28 mM HAuCl4, 180 μL of 0.01 M AgNO3 and 
144 μL of 0.1 M ascorbic acid solution. After 
appropriate time of water bath at 38 °C, the GNRs 
solution were concentrated by 10 times via centrifuge 
and stored at 4 °C before use. 

Lycosin-I, TAT and S-lycosin-I were synthesized 
using an Fmoc (N-(9-fluorenyl) 
methoxycarbonyl)/tert-butyl strategy and 
HOBt/TBTU/NMM coupling method on an 
automatic peptide synthesizer (PerSeptive 
Biosystems) as we previously described [7, 9]. 

The conjugation strategy for lycosin-I and Tat 
peptide was referred to our previous study [12]. 
Briefly, 1 mL of GNPs stock solution was centrifuged 
at 6000 rpm for 10 min to remove the extra chemicals 
in the solution. The pellet was dispersed in 150 μL of 1 
mg/mL BSPP solution. To graft peptides onto the 
nanocargo surface, 40 μL of borate buffer (50 mM, pH 
8.2) and 1.2 μL of SH-PEG-NHS (20 mM) were firstly 
mixed together with 1.2 μL of peptides (0.13 mM) 
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with gently stirring for 3 h. After that, the mixture was 
introduced to the nanocargo solution and left to react 
for additional 3 h. In order to increase the stability of 
the nanocargo in salt solution, 5 μL of 20 mM 
SH-PEG-CH3 was added to the mixture and kept 
stirred for another 5-8 h. Those unreacted chemicals 
were removed by centrifugation for three times. The 
peptide-modified GNPs (LGNPs) were suspended in 
200 μL of deionized water and stored at 4 °C prior to 
use. The peptide-modified GNRs (PGNRs) were 
prepared in the same way. The PEG-modified GNPs 
(PGNPs) and GNRs (PGNRs) were prepared as the 
control in the study. 

The size and zeta-potential of gold nanoparticles 
were characterized by UV-vis absorption 
spectroscopy and dynamic light scattering (DLS, 
Zetasizer Nano ZSP, Malvern, UK), respectively. The 
stability and dispersibility of nanoparticles were 
assessed by dark-field microscopy on an upright 
microscope (Eclipse Ni-U, Nikon, Japan). Halogen 
light source was focused onto the sample through an 
oil-immersed dark-field condenser (NA 1.43-1.20), 
and the scattered light from the sample were collected 
and captured simultaneously by a sCMOS camera 
(Orcaflash 4.0, Hamamatusu, Japan). The images were 
processed and analyzed with Image J 
(http://rsb.info.nih.gov/ij/). 

HeLa (CCL-2), MAT-Ly-Lu (CRL2376), SW480 
(CCL-228), Hek293t (CRL-11268G-1), HUVEC 
(CRL-1730) and HBL100 (HTB-124) cell lines were 
obtained from ATCC. Cells were seeded on 22 mm × 
22 mm clean coverslips in plastic cell culture dishes at 
the cell density of around 105/mL. After being fully 
adhered, cells were incubated with gold nanoparticles 
in serum-free cell culture medium for 2 hours at 37 °C. 
The slips were carefully washed 3 times by PBS and 
reversely covered to glass slides for dark-field 
imaging.  

The quantitative analysis of intracellular 
nanoparticle content was performed by flame atomic 
absorption spectrophotometer (FAAS, WFX-110, 
Beijing Beifen-Ruili Analytical Instrument Co., Ltd, 
China). In brief, the nanoparticle treated cells were 
collected after trypsinization. The extra gold 
nanoparticles in the culture medium were removed 
by centrifuged at the speed of 1000 rpm. After 3 time 
washes with fresh PBS, the cells were resuspended in 
50 μL PBS. The cell number was calculated in advance 
by Image Cytometer (Cellometer K2, Nexcelom, 
USA), and were digested completely in 50 μL fresh 
aqua regia for 6 hours. After being pre-heated at 80 °C 
for 30 min, the mixtures were appropriately diluted, 
and the gold content in each sample were detected by 
FAAS (damping constant 0.4, slit width 4 nm). The 
standard solutions were prepared using HAuCl4 

solution at concentration of 1, 5, 10, 50, 100 μg/mL. 
According to the standard curve, the gold 
concentrations were determined. Given that the 
density of gold is 1.93×107 g/m3, and the volume of 
single gold nanosphere with diameter of 60 nm is 
1.13×10-22 m3 (Vsphere=4πr3/3), the mass of single gold 
nanosphere is 2.19×10-15g (M=ρV). The average 
number of gold nanosphere in a single cell was 
calculated by dividing the determined gold amount 
by cell number. Each sample was tested 3 times for 
statistical analysis. 

The cells were seeded at 1×105 /mL in DMEM 
containing 10% (v/v) FBS. Aliquots, 90 μL of this 
suspension, were seeded into a 96-well microplate, 
which contained 10 μL of gold nanoparticle solution 
at various concentrations. The efficacy of tested 
nanoparticles on cell viability was determined by 
MTT assay as described before [7] after the cells were 
incubated at 37 ºC for 24 hours. 

All of the animal experiments in this study were 
performed in compliance with the guide for care and 
use of laboratory animals. 

Healthy female 4 to 6 week-old BALB/c mice 
(Slac & Jingda Corporation of laboratory animals, 
Changsha, China) were housed under standard 
approved conditions and provided daily with sterile 
food and water ad libitum for 5-7 days before 
experiments. The study was conducted with two 
groups of five mice each. Mice received an 
intraperitoneal injection (IP) or intravenous injection 
(IV) of 200 μL of sterilized saline containing 200 μg 
LGNPs. Control group of mice was injected with 
isopyknic sterile saline. After 24 hours, the animals 
were sacrificed through CO2 asphyxiation. Blood and 
vital organs including heart, liver, spleen, lung, 
kidney, brain, pancreas and bladder were collected 
appropriately. Organs were carefully washed by 
saline to remove the residual blood on their surfaces 
and dried out by filter papers. For quantification of 
gold in mice, tissue sections were weighed and 
digested in fresh aqua regia overnight. The uptake of 
gold was measured by FAAS as mentioned above. 

In order to assess the tumor-targeting efficacy of 
LGNPs in vivo, HeLa tumor xenograft models were 
established. 4-6 week-old male BALB/c nu/nu mice 
were purchased from Model Animal Research Center 
of Nanjing University. 200 μL of 108/mL HeLa cells 
suspended in sterile saline were subcutaneously 
injected into the right back of each mouse. When 
tumors reached the size of 5×5×5 mm in each 
dimension, mice were divided into 4 groups of five 
animals each. Each group of mice was injected 200 μL 
of LGNPs or PGNPs (10 mg/kg) via IT injection or IP 
injection, respectively. Control group of mice was 
injected with isopyknic sterile saline. After 24 hours, 
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the animals were sacrificed through CO2 
asphyxiation. The tumor tissues and main organs 
were harvested and treated as described above. The 
gold contents in tumors and normal tissues were 
measured by FAAS as mentioned above. 

HeLa cells were seeded in a 96-well plate at a 
density of 104 cells per well and incubated overnight 
at 37 °C. 100 μL of LGNRs or PGNRs at the final 
concentration of 16 μg/mL were added into the wells, 
respectively, while control group were added fresh 
cell culture medium. After 2-hour incubation, the cell 
culture solution containing LGNRs or PGNRs was 
replaced by fresh complete DMEM medium. 
Subsequently, cells were divided into 2 groups and 
were treated with near-infrared irradiation (808 nm) 
at a power density of 2 W/cm2 or 5 W/cm2, 
respectively for 5 minutes by Fiber Coupled Laser 
System (STLXXXYY-ZZW, STONE Laser, Beijing, 
China). After irradiation, the cells were cultured for 
another 24 hours, and then the cell viability was 
examined by MTT assay. To verify the cancer cell 
specificity of LGNRs photothermal efficacy, Hek293t 
cells were chosen as noncancerous cell control. 

HeLa tumor xenograft models were established 
as described above to evaluate the photothermal 
efficacy of LGNRs in tumor ablation. BALB/c nude 
mice with HeLa tumor xenograft were randomly 
separated into 3 groups with 5 mice each, and were 
intravenously injected with 10 mg/kg LGNRs, 
PGNRs and sterile PBS three times with a time 
interval of 3 days, respectively, when the size of 
tumor in each animal reached 5×5×5 mm in each 
dimension. The tumor sites of each mouse were 
irradiated by 808 nm laser at power density of 3.54 
W/cm2 for 5 minutes at a time point of 24 hr and 48 hr 
after each injection [14]. The length and width of 
tumors and the body weight of mice were measured 
every 3 days. The respective tumor volumes were 
calculated with the following formula: 
volume=width2 (cm2) × length (cm)/2. After 19 days, 
tumors were excised, weighted and prepared for 
transmission electron microscope detection (JEM-1200 
EX, JEOL, Japan). 

Results 
Cell-specific Internalization of LGNPs 

The fabrication and modification of spherical 
GNPs were achieved via gold-thiol chemistry as 
described in the early study [12]. The stable 
conjugation of lycosin-I was further confirmed by 
UV-vis absorption spectroscopy and dynamic light 
scattering as shown in Figure S1. Negligible size 
change of GNPs was found after the peptide 
conjugation. Moreover, the morphology and 

monodispersity of LGNPs in various physiological 
solutions were verified by TEM (Figure S2) and 
dark-field microscopy (Figure S3), respectively. 

The cellular uptake of LGNPs was characterized 
in 6 different cell lines including 3 malignant cell lines 
(HeLa, Mat-LyLu and SW480 cells) and 3 
nonmalignant cell lines (HBL-100, Huvec and 
Hek293t cells). Tat peptide (transacting activator of 
transcription peptide from human immunodeficiency 
virus 1), as one of the most commonly studied CPPs, 
was selected as a positive control peptide owing to the 
unprecedented cellular uptake efficiency after 
conjugated to nanoparticles (TGNPs) with different 
size or shape in various cell lines [12, 15-17]. 
Considering the instability of bare GNPs, PEG 
(SH-PEG-CH3)-modified GNPs (PGNPs) were 
prepared as the negative control to determine the 
non-specific cellular uptake background. As shown in 
Figure 1A left, LGNPs and TGNPs both exhibited high 
cell penetrating activities in three tested cancer cell 
lines according to the strong scattering light from the 
cells, while PGNPs were hardly found in cells, which 
was consistent with previous studies [18-21]. By 
changing the focal planes, LGNPs or TGNPs were 
found in different spaces within the treated cells. 
Through quantitative analysis of the gold content 
inside the cell by flame atomic absorption 
spectroscopy (see the experimental section), the 
number of intracellular LGNPs, TGNPs or PGNPs 
were determined as showed in Figure 1B. After 
lycosin-I functionalization, uptake efficiency of GNPs 
increased at least 26 times. It is worth to note that 
LGNPs and TGNPs showed comparable intracellular 
internalization with no significant differences towards 
these tested cancer cell lines. The intracellular 
distribution of LGNPs in HeLa cells were displayed in 
Figure S4, which ensured the intracellular 
translocation of LGNPs at different time points. 

Our previous work indicated that, compared 
with cancer cells, noncancerous cells were much less 
sensitive to lycosin-I possibly because of reduced 
interaction between lycosin-I and their membrane [7]. 
We wandered if this characteristic of lycosin-I could 
be transmitted to LGNPs. Here we tested the cellular 
uptake efficiency of LGNPs with another 3 non-tumor 
cells. As shown in Figure 1A right, the uptake 
efficiencies of LGNPs were dramatically decreased in 
these non-tumor cells. No statistical difference was 
found between LGNPs- and PGNPs-treated cells. On 
the contrary, TGNPs still maintained high efficiency 
in intracellular translocation to these noncancerous 
cells (Figure 1B, lower). These results from TGNPs 
were consistent with previous studies of Tat-modified 
nanoparticles [15, 22]. According to these results, 
though traditional CPPs possess excellent cell 
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penetrating activity, the further applications in cancer 
diagnosis and therapy are impeded by lacking 
effective selectivity toward targeted cancer cells. 
While in the case of LGNPs, the LGNPs intake by 
HeLa cells was 91 times higher than that by Hek293t 
cells. Moreover, the uptake of LGNPs was further 
investigated in two primary mammalian cells, rat 
cardiocytes and hippocampus neurons. As shown in 
Figure S5, LGNPs but not TGNPs kept impermeable 
in these two cells. Taking together, these data indicate 
that the surface-modification by lycosin-I endowed 
nanoparticles with not only high cell penetrating 
activity but also excellent selectivity towards cancer 
cells over noncancerous and normal cells.  
The Mechanism of Cellular Uptake of LGNPs 

In order to explore how lycosin-I determined the 
efficacy and selectivity of LGNPs intake by cancer 
cells, the sequence scrambled peptide (S-lycosin-I), 
with inverted amino acid sequence of natural 
lycosin-I, was synthesized and covalently conjugated 
on the surfaces of GNPs following the same 
modification strategy (SLGNPs). As expected, 
S-lycosin-I was not toxic to HeLa cells even at the 
concentration of 50 μM, while lycosin-I killed nearly 
half of cells at the concentration of 10 μM (Figure 2A). 
No obvious cytotoxicity was detected until the final 

concentration of lycosin-I increasing to 25 µM, which 
was consistent with our previous results of lycosin-I 
with selective antitumor activity. However, 
S-lycosin-I lost cytotoxicity in both cells. As shown in 
Figure 2B, unlike LGNPs, SLNPs did not discriminate 
between cancer and noncancerous cells with similar 
amounts of SLGNPs detected in individual HeLa and 
Hek293t cell according to the statistical analysis. 
Additionally, although intracellular SLGNPs were 
significantly decreased compared to LGNPs in HeLa 
cells, they still possessed significantly higher 
penetrating activity than PGNPs in HeLa cells. 
Lycosin-I and S-lycosin-I shared identical amino acid 
composition and therefore the same cationic charges 
and hydrophobility which are important to the 
penetrating activity of CPPs, but they had distinct 
amino acid sequences and conformations. As shown 
in Figure S6, S-lycosin-I showed a random coil 
structure with or without lipids, while lycosin-I 
displayed obvious α-helical structure in the presence 
of POPC [9]. Our data demonstrate that the amino 
acid sequence and specific conformation of lycosin-I 
are not only essential for its bioactivity, but also 
decide the intracellular uptake efficiency as well as 
the cell selectivity of LGNPs.  

 

 
Figure 1. The evaluation of cell penetration of LGNPs. A) Dark-field light scattering images of cells treated with LGNPs, TGNPs and PGNPs. B) Quantitative analysis 
of cellular intake of LGNPs, TGNPs and PGNPs determined by AAS (mean±SD, n=3). Statistical significance is indicated by ★ (p-value <0.05), ★★ (p-value <0.01) and 
NS (no significant difference). The scale bar represents 20 µm. 
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As revealed by the kinetic intracellular 
translocation results (Figure S7), the uptake of LGNPs 
by cancer cells was positively correlated with 
nanoparticle concentration or incubation time. To 
determine the pathways involved in LGNPs 
internalization, low-temperature treatment was 
designed to inhibit the energy-dependent endocytic 
process due to the deactivation of ATPase. As shown 
in Figure 3A and 3B, a significant decrease (~ 80%) in 
LGNPs intracellular uptake at 4 °C was found in 
contrast to that at 37 °C (Figure 3E), indicating 
receptor mediated endocytosis (RME) was the 
dominant pathway for LGNPs internalization [23].  

 

 
Figure 2. A comparison experiment of intracellular uptake between LGNPs 
and SLGNPs. A) Cytotoxicity of lycosin-I and S-lycosin-I against HeLa cells (left) 
and Hek293t cells (right). B) Quantitative analysis of cellular intake of LGNPs 
and SLGNPs determined by AAS (mean±SD, n=3). Statistical significance has 
been indicated by ★ (p-value <0.05), ★★ (p-value <0.01) and NS (no significant 
difference). 

 
Further understanding of LGNPs uptake 

mechanism was achieved by pretreating HeLa cells 
with two well-known biochemical inhibitors of RME, 
dynasore (an inhibitor of clathrin-mediated 
endocytosis by deactivating dynamin-GTPase) [24] 
and genistein (an inhibitor of caveolae-mediated 
endocytosis by deactivating isoflavone tyrosine 
kinase) [25]. As shown in Figure 3E, 51.1% of LGNPs 
uptake was impeded by dynasore, while 58.3% of 
LGNPs uptake decline were observed in genistein 

treated cells, compared with the data from cells 
treated with 32 µg/mL LGNPs in the absence of 
inhibitors. However, no complete inhibition was 
found in these two inhibitor treatments as that in the 
case of low temperature experiment. Altogether, these 
results suggest that the cellular internalization of 
LGNPs by HeLa cell was regulated in a complex way 
where both clathrin- and caveolae-mediated 
endocytosis processes might be involved. The cell 
cytotoxicity effect of LGNPs to HeLa cells was also 
explored. As illustrated in Figure S8, negligible 
cytotoxicity was observed even under the mass 
concentration of 128 μg/mL, which is comparable to 
that of PGNPs. 

The Tumor Targeting Effect of LGNPs in vivo 
Then the bio-distribution of LGNPs was first 

studied in normal mice. As shown in Figure 4A, 
LGNPs were mainly found to accumulate in spleens 
and livers via intravenous (IV) or intraperitoneal (IP) 
injection of 200 μg LGNPs/mouse. In IV groups, the 
amounts of LGNPs in spleens and livers were 
35.73±17.86 μg/g and 6.20±3.17 μg/g, respectively, 
while in IP groups, the corresponding data were 
41.89±16.44 μg/g and 7.19±0.11 μg/g, respectively. 
Besides, few nanoparticles were found in the brain, 
heart, lung or other organs after IV injection. In 
contrast, more amounts of LGNPs were detected in 
those organs after IP injection of LGNPs, which might 
arise from intraperitoneal circulation and altered 
lymphatic clearance [26]. Notably, total contents of 
LGNPs detected in all tissues via IV and IP injection 
were 14.6±6.04 μg and 28.0±5.43 μg, respectively, 
which were much lower than the initial injection 
amounts of 200 μg. The relative bio-distribution of 
LGNPs in normal mice from different organs was 
showed in Figure S9, and the absolute contents of 
LGNPs in normal mice were displayed in Table S1. 

Next, the bio-distribution of LGNPs was further 
examined in tumor-bearing mice. Tumor xenograft of 
HeLa cells were established in nude mice and the 
amounts of nanoparticles in tumors and other main 
organs were determined 24 hr after IV injection of 
LGNPs or PGNPs at the dose of 10 mg/kg body 
weight (Figure 4B). LGNPs were detected mostly in 
tumors and spleens with amounts of 254.19±56.33 
μg/g and 211.20±49.29 μg/g, respectively. In PGNPs 
control groups, the highest accumulation of 
nanoparticles was found in spleen, followed by tumor 
and liver. This may be attributed to the higher 
filtering efficacy of spleen and the presence of higher 
number of phagocytic cells and capillary beds in liver 
[27]. The absolute contents of LGNPs and PGNPs 
within tumor-bearing mice were displayed in Table 
S2. In spite of the clean effect of reticulo endothelial 
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system (RES, including spleen and liver), the active 
translocation of LGNPs into cancer cells is crucial for 
their specific tumor-targeting and accumulation. The 
uptake efficiency of LGNPs in tumor tissue was 
approximately 8 times higher than that of PGNPs 
with statistical significant difference (p=0.0061, n=5). 
In addition, if LGNPs or PGNPs was injected into 
tumors directly (IT injection), most nanoparticles were 
deposited in tumors, with significantly higher 
accumulations than those in IV injection due to the 
direct contact of nanoparticles and tumors. Note that 
more LGNPs were still detected than PGNPs in 
tumors although no statistic difference was observed. 
Together, these results verified the safety and efficient 
tumor-targeted translocation of LGNPs in vivo.  

 

 
Figure 3. The intracellular uptake of LGNPs through endocytosis. Dark-field 
light scattering images of cells treated with LGNPs at 37 °C (A), 4 °C (B), as well 
as with pretreatment of dynasore (C) and genistein (D) at 37 °C. E) Quantitative 
analysis of cellular uptake of LGNPs by AAS (mean±SD, n=3). Statistical 
significance has been indicated by ★ (p-value <0.05), ★★ (p-value <0.01) and 
NS (no significant difference). The scale bar represents 10 µm. 

 

Photothermal Therapy Effect of LGNRs on 
Cancer Cells in vitro 

The tumor-targeting effect of LGNPs endowed 
lycosin-I-modified gold nanoparticles promising 
applications in drug delivery, cancer diagnosis and 
therapy. In this study, the potential application in 
cancer therapy was explored by establishing a LGNRs 

system because the rod shape nanostructure has 
excellent photothermal conversion efficiency in the 
near infrared window, which guarantees deep tissue 
penetration depth for in vivo applications. After 
2-minitue exposure to NIR irradiation (808 nm, 5 
W/cm2), the temperature of LGNRs solution rose to 
around 53 °C just like bare GNRs, while blank 
solution without GNRs still kept at room temperature 
of 20 °C under the same illumination condition 
(Figure S10), which indicates LGNRs retained the 
photothermal effect. It is worth to note that LGNRs 
also displayed high and selective intracellular uptake 
toward cancer cells. As shown in Figure 5A, a 
statistically averaged dosage of 187 pg gold was 
detected in a single HeLa cell when cells were 
incubated with 32 μg/mL of LGNRs for 2 hrs, which 
is much higher than that in PGNRs-treated HeLa cells 
(5.23 pg gold per cell). However, in Hek 293t cells, the 
uptake efficiency of LGNRs was significantly reduced 
to 21.4 pg gold per cell under the same condition. 
These results imply that the shape variation of 
peptide-conjugated nanoparticles did not affect the 
intracellular uptake efficiency and selectivity in vitro. 

Given that the intracellular LGNRs still maintain 
the potent photothermal efficiency, the viabilities of 
those cells containing enough LGNRs should be 
irreversibly impaired due to the heat generated by 
NIR irradiation. To prove that, the cell viabilities were 
measured after different treatments and the data were 
shown in Figure 5B. Note that the cell viabilities in 
PBS control without irradiation were set as 100%. No 
significant effect was found on HeLa and Hek293t 
cells after exposure to NIR irradiation, indicating that 
the continuous-wave laser did not affect cell viability 
in our experimental condition. In the case of 
LGNRs-treated HeLa cells, the cell viabilities were 
significantly declined. After low-intensity of laser (2 
W/cm2) treatment, 75.4% of HeLa cells were killed, 
while only 8.9 % of HeLa cells survived with the 
slightly increased intensity of laser irradiation (5 
W/cm2). In contrast, in LGNRs-treated Hek293t cells, 
cells were much less sensitive to the laser irradiation. 
No statistical difference in cell viabilities was found in 
the presence and absence of irradiation even at the 
intensity of 5 W/cm2. In a comparison with these two 
cells treated with LGNRs under the same irradiation 
conditions, the cell viability of Hek293t cells (88.9%) 
was obviously higher than that of HeLa cells (24.6%) 
at laser intensity of 2 W/cm2 (p=0.0067, n=3). The 
difference was even more significant at the intensity 
of 5 W/cm2 (p=0.00021, n=3). Notably, no significant 
difference was detected between PGNRs-treated 
HeLa and Hek293t cells under various intensities of 
irradiation, which might be ascribed to inadequate 
heat produced by relatively few amounts of 
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intracellular PGNRs. These results further confirm the 
selective intracellular translocation of LGNRs in these 
two kinds of cells, and also revealed the potential of 
LGNRs in cancer cell-selective killing through 
photothermal conversion. 

 

 
Figure 4. The tumor-targeting effect of LGNPs in vivo. A) Bio-distribution of 
LGNPs in normal mice. B) Bio-distribution of LGNPs in tumor-bearing mice. 
Nanoparticles were injected into mice via administration routes of intravenous 
(IV), intratumor (IT) or intraperitoneal (IP) injection (mean±SD, n=5). Statistical 
significance has been indicated by ★★ (p-value <0.01). 

 
It is worth noting that the final concentration of 

remaining lycosin-I on LGNRs was 1.24 µM at most, 
assumed all peptides were conjugated on the surfaces 
of GNRs during the modification process, which is 
much lower than the IC50 value (10 µM) of lycosin-I 
against HeLa cells [7]. In this view, the LGNRs 
nanosystem remarkably enhanced the anticancer 
potency of bare lycosin-I peptides. 

Photothermal Ablation Effect of LGNRs on 
Tumor in vivo 

The photothermal effect of LGNRs on tumor 
ablation in vivo was further studied in HeLa tumor 
xenograft model. Mice bearing tumors were treated 
with IV injection of 10 mg/kg LGNRs, PGNRs or 
sterile PBS for three times every 3 days, followed by 
NIR irradiation at the tumor site by 808 nm laser at 
intensity of 3.54 W/cm2 for 5 minutes at 24 hr and 48 
hr post-injection. As shown in Figure 6A, the growth 
of tumor was completely stagnated by the IV injection 
of LGNRs, while that of PGNRs-injected mice was just 

partly delayed compared with negative controls (with 
injection of PBS) during the therapeutic period. This 
conclusion was also supported by the excised tumors 
and their average weights as displayed in Figure 6B 
and 6C. As revealed by the statistical analysis of 
tumor weights, significant differences were observed 
when LGNRs group was compared with PGNRs 
group (p<0.001) and PBS group (p=0.028), 
respectively. The p-value between PGNRs and PBS 
groups was calculated as 0.081 (no statistical 
difference). The data indicates that it was the LGNRs 
treatment that actually caused the inhibition of tumor 
growth in vivo.  

 

 
Figure 5. Selective cellular internalization of LGNRs by cancer cells and cell 
viability assay via photothermal effect. (A) The intracellular translocation of 
LGNRs in HeLa and Hek293t cells. (B) The photothermal killing effect of 
LGNRs on HeLa and Hek293t cells after NIR irradiation at various power 
densities of 0 (no laser), 2 or 5 W/cm2 (mean±SD, n=5). Statistical significance 
has been indicated by ★ (p-value <0.05), ★★ (p-value <0.01) and ★★★ 
(p-value <0.001). 

 
The tumor tissues of each group were fixed and 

sliced for transmission electron microscopy (TEM) 
examination. Figure S11 clearly showed that the 
intracellular LGNRs scattered in the cytoplasm, while 
PGNRs were mostly clustered in vesicles with 
evidently reduced amounts. Consequently, in spite of 
the “ablation” of tumors caused by the passive 
accumulation of nanorods, LGNRs still possessed the 
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superiority in photothermal therapy in vivo for their 
active tumor-targeting effect. Additionally, the mice 
in all three groups maintained a stable body weights 
during the therapeutic period (Figure 6D), which 
suggests that both LGNRs and PGNRs had negligible 
toxicity. All of these results substantiated the potential 
of LGNRs in cancer photothermal therapy.  

Discussion  
 Efficient intracellular delivery of 

nanoconjugates is the primary issue to be considered 
in medical nanotechnology. Though, CPPs have been 
used in improving cell-penetrating activities of 
conjugated nanocargoes, their further application was 
still hindered by low cell selectivity especially in 
cancer therapy. The established LGNPs show 
enhanced efficiency in intracellular uptake and 
accumulation in three cancer cell lines, but remain 
inefficient in translocation into tested noncancerous 
cells compared to the typical CPP Tat peptides-coated 
nanoparticles. The positive charge of both lycosin-I 
and Tat peptides is believed to be the main reason for 
their high cellular translocation efficiency. Numerous 
studies have shown that surface charge has a 
significant impact on cellular internalization of a 
variety of nanocarriers [25], which was also confirmed 
by the data from SLGNPs. Cationic nanoparticles 

generally enter into cells with higher efficiency than 
the anionic counterparts owing to their higher affinity 
toward cell membranes [28, 29]. In this study, the 
cationic peptides conjugated on the surfaces of GNPs 
facilitated the interaction with cell membranes and 
resulted in highly efficient intracellular translocation. 
On the other hand, the cancer cell-selective uptake of 
LGNPs in cancer cells makes lycosin-I more attractive 
in targeted delivery than many other CPPs identified 
so far. In most studies, elaborate designs are essential 
to accurately activate the cell penetrating ability of 
CPP-coated cargos after they approach targeted cells 
or tissues [30, 31]. Otherwise, the non-specific 
intracellular translocation of nanocargoes will not 
only reduce their efficiencies to targeted cells, but also 
cause serious side effects sometimes. In the 
comparison experiment between LGNPs and 
SLGNPs, LGNPs demonstrate much higher 
penetrating activity and selectivity on cancer cells 
than SLGNPs, which suggests that the unique amino 
acid sequence and conformation of lycosin-I might 
essentially account for its distinct selectivity and cell 
penetrating activity. In fact, similar studies also have 
found some peptides with certain α-helical structures 
could facilitate associated nanoparticles to selectively 
enter tumor cells [22, 32].  

 

 
Figure 6. In vivo photothermal therapy of tumors by using LGNRs. A) Photographs of excised tumors from mice sacrificed at the 18th day. B) The evolution of tumor 
volume for animals with different treatments during the therapeutic period. Purple arrows present the injection time points and red ones indicate the NIR irradiation 
time points. C) The average weights of excised tumors. D) The body weight changes of animals during the therapeutic period. The data were expressed with 
mean±SD (n=5). Statistical significance has been indicated by ★ (p-value <0.05), ★★ (p-value <0.01), ★★★ (p-value <0.001) and NS (no significant difference).  
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As we found in early works, the aggregates of 
lycosin-I forming on the membranes were immobile 
and involved the interaction between lipid and 
peptide, which is in accordance with the ‘toroidal’ 
pore model. This membrane action mode was 
believed to account for cancer cell selectivity of 
lycosin-I. Firstly, the alteration of phospholipid 
composition on cancerous cell membranes will 
intensify the membrane interaction of lycosin-I. The 
negatively charged phospholipid, such as 
phosphatidylserine (PS) and 
phosphatidylethanolamine (PE), translocate and 
redistribute on the outer leaflet of cell membranes 
during cell cancerization. Those phospholipids not 
only provide binding sites for cationic peptide, but 
also participate in the formation of ‘toroidal’ pores 
[33]. Secondarily, abundant microvilli on cancer cells 
broaden the surface area of cell membranes and 
provide more binding sites for lycosin-I [34]. Thirdly, 
the increased mobility of cancerous cell membranes 
will facilitate the aggregation and pore-forming of 
lycosin-I. Additionally, the exceeding contents of 
negatively charged glycosyls (such as sialic acid 
residues and heparan sulfates) in cancerous cell 
membranes also promote the electrostatic attraction 
between cancer cells and cationic peptides [35]. 
However the specific cell-selective mechanisms of 
lycosin-I functionalized gold nanoparticles, which are 
probably endowed from the lycosin-I itself, still need 
further investigation.  

In the in vivo study, LGNPs were proved to 
effectively accumulate in tumor tissues, as excessive 
LGNPs were eventually eliminated via RES dominant 
clearance modes [23, 26]. Meanwhile, GNPs 
themselves possess great application prospects for 
cancer diagnosis and therapy owing to their unique 
optical properties and biocompatibility. Wang et al. 
designed cationic surface modified GNPs with 
enhanced cellular uptake as a novel radio-sensitizer to 
lower the effective dose of X-ray in cancer radiation 
therapy [36]. Chien et al. used GNPs as contrast agents 
for X-ray imaging of tumor growth in vivo based on 
the extinction effect of GNPs [37]. In this study, 
LGNRs were designed for further application in 
cancer photothermal therapy. The surface plasmon 
field enhancement of the absorption of GNRs is 
predicted to be the strongest of all the different shapes 
of gold nanoparticles [38, 39]. By adjusting the aspect 
ratios of GNRs, it is feasible to tune the absorption 
wavelength to the NIR region, which maximizes the 
conversion efficiency from light to heat [40]. In 
photohermal ablation of solid tumors, the NIR light 
provides deep-tissue penetration with high spatial 
precision without damaging normal biological tissues 
due to the low-energy absorption of NIR light by 

normal tissues [41]. As expected, LGNRs efficiently 
and selectively enter cancer cells, and kill cancer cells 
by photothermal conversion effect under NIR 
irradiation in vitro and in vivo. As a consequence, the 
established LGNPs and LGNRs in this study provide 
a stable, efficient and tumor-targeting delivery 
platform in vitro and in vivo, which would be 
significant for practical applications in cancer 
diagnosis and therapies.  
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