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Abstract

Hepatocellular carcinoma (HCC) is one of the deadliest cancers worldwide. Small interfering 

RNA (siRNA) holds promise as a new class of therapeutics for HCC as it can achieve sequence-

specific gene knockdown with low cytotoxicity. However, the main challenge in the clinical 

application of siRNA lies in the lack of effective delivery approaches that need to be highly 

specific and thus incur low or no systemic toxicity. Here, we present a non-viral nanoparticle-

based gene carrier that can specifically deliver siRNA to HCC. The nanovector (NP-siRNA-GPC3 

Ab) is made of an iron oxide core coated with chitosan-PEG grafted PEI copolymer, which is 

further functionalized with siRNA and conjugated with a monoclonal antibody (Ab) against 

human glypican-3 (GPC3) receptor highly expressed in HCC. A rat RH7777 HCC cell line that 
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co-expresses human GPC3 and firefly luciferase (Luc) is established to evaluate the nanovector. 

The nanoparticle-mediated delivery of siRNA against Luc effectively suppresses Luc expression in 
vitro without notable cytotoxicity. Significantly, NP-siLuc-GPC3 Ab administered intravenously 

in an orthotopic model of HCC is able to specifically bound to tumor and induce remarkable 

inhibition of Luc expression. Our findings demonstrate the potential of using this nanovector for 

targeted delivery of therapeutic siRNA to HCC.

Graphical Abstract

A chitosan-PEG grafted PEI copolymer coated iron oxide nanoparticle leads to efficient 

siRNA mediated suppression of targeted gene expression with no notable cytotoxicity in 

hepatocellular carcinoma (HCC) cells in vitro. In vivo systemic administration of nanoparticle 

siRNA complexes incorporated with HCC targeting antibody in mice bearing orthotopic HCC 

xenografts induces a sustainable gene knock-down.
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1. Introduction

Hepatocellular carcinoma (HCC) is the second-leading cause of cancer-related deaths 

worldwide, resulting in more than one million deaths annually.[1, 2] Despite its global 

significance, HCC is understudied compared with other major lethal types of cancer in the 

US. Although potentially curative treatments such as surgical resection, ablative therapies, 

and liver transplantation exist,[3] the prognosis remains poor as the majority of patients are 

diagnosed at an advanced stage and are not candidates for such therapies.[2, 4] Sorafenib, a 

small molecule tyrosine kinase inhibitor, is currently the only drug approved for the 

treatment of patients with advanced HCC. However, it prolongs survival by a mere 2–3 

months, and has dose-limiting side effects.[5–8] Thereby, there is an urgent need for more 

effective therapeutic approaches for these patients.

RNA interference (RNAi) mediated by small interfering RNA (siRNA) can silence gene 

expression in a highly specific manner, and thus holds great promise as a potent inhibitor of 
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therapeutic targets with low toxicity and a high degree of specificity that is far superior to 

conventional drugs.[9–11] In fact, many aberrant signal transduction pathways that are 

associated with tumorigenesis and chemotherapy resistance in HCC have been identified, 

and RNAi utilized to suppress these targets exhibited encouraging therapeutic effects.[12–14] 

Although siRNA is powerful gene regulation agents, the efficiency of systemic delivery of 

siRNA is extremely low due to quick degradation in biological fluids, poor cellular uptake 

resulted by the inherent physicochemical characteristics of siRNA (i.e., high molecular 

weight, negative charge, and stiff structure), and inefficient intracellular trafficking to escape 

from endosomes and release of siRNA in cytoplasm.[15–17]

Nanoparticles as carriers for systemic delivery of synthetic siRNA have gained significant 

attention.[9, 18] Several nanoscale constructs have been investigated for siRNA delivery to 

HCC, including cationic polymers, lipid-based, and superparamagnetic nanoparticles.[19–24] 

Despite many nanoparticle systems have shown promise in vitro for targeting tumor cells, 

their in vivo applications and clinical utility have been hindered because of limited potency 

and poor target specificity, resulting in an unacceptable level of systemic toxicity.[18, 25] As 

carriers for siRNA delivery, nanoparticles are required to protect siRNA from degradation 

during transport and overcome extra- and intra- cellular barriers for specific site 

functions.[18] Compared to other tumors, target-specific delivery of nanoparticles to HCC is 

especially challenging. Liver cells are filtrated with a large number of Kupffer cells that will 

quickly take up these nanoparticles before they can reach tumors.[15, 26] In addition, the 

availability of HCC-specific targeting ligands remains limited although research in finding 

targeting moieties that recognize HCC-specific cell receptors has been actively pursued in 

the past decade.[20, 27–30]

In this study, we present a theranostic nanovector (NP-siRNA-GPC3 Ab) and demonstrated 

that it can specifically and effectively deliver siRNA to HCC through systemic injection in 

an orthotopic xenograft mouse model. The NP-siRNA-GPC3 Ab is made of an iron oxide 

core coated with chitosan-PEG grafted polyethyleneimine (PEI) copolymer (CP-PEI) shell 

and conjugated with a monoclonal antibody (Ab) against human glypican-3 (GPC3) 

receptor. An iron oxide-based nanoparticle formulation is used here because of its 

biocompatibility, biodegradability, and inherent superparamagnetic properties that can serve 

as a magnetic resonance imaging (MRI) contrast agent for disease diagnosis and treatment 

monitoring, as demonstrated in our previous studies using the same nanoparticle synthesis 

strategy.[30–33] Chitosan, a natural polymer derived from crustacean shells, has ample 

functional groups allowing for attachment of functional ligands and cationic polymers for 

complexing siRNA.[34, 35] The PEG grafted chitosan (herein termed CP) serves as a 

stabilizer that prevents particle agglomeration. CP-PEI copolymer coated iron oxide 

nanoparticles has demonstrated their ability to protect siRNA from degradation and facilitate 

proper intracellular trafficking for safe and effective siRNA delivery.[32] GPC3 Ab is 

covalently attached to the surface of nanovector to confer the ability of HCC targeting. 

Recent studies have revealed that GPC3 is a promising receptor for HCC targeting as it is 

highly expressed in HCC but not in healthy tissues.[36–38] Notably, we have demonstrated 

the tumor specificity of GPC3 Ab,[30] which has a very high binding affinity (~30 pM) and 

is internalized by HCC,[39] making it an ideal targeting ligand. A rat RH7777 HCC cell line 

co-expressing human GPC3 and firefly luciferase (Luc) in orthotopic mouse model is used 
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to evaluate tumor targeting and NP-siRNA mediated Luc gene silencing due to their ability 

to form tumors that represent histopathologic features of HCC.

2. Results and discussion

2.1. Nanovector synthesis and characterization

NP-siRNA-GPC3 Ab were synthesized as described in the previous section and illustrated in 

Figure 1. The presence of CP-PEI copolymer on iron oxide nanoparticles with a siloxane 

PEG monolayer (IOSPM) was verified by proton NMR (1H-NMR) (Figure 2a). The 

characteristic 1H-NMR peak at 3.65 ppm (peak I) representing ethylene group (–O–CH2–

CH2–) of PEG is evidenced on the spectra of IOSPM and IOSPM coated with CP-PEI 

copolymer (herein termed NP). The ethylenimine (–NH2–CH2–CH2–) repeat unit of PEI at 

3.3–3.62 ppm (peak II) and the H3–6 peaks (peak III, δ = 3.68–3.73 ppm; peak IV, δ = 3.9–

3.95 ppm) of chitosan on NP spectrum indicate the covalent attachment of CP-PEI on 

IOSPM. NP was complexed with siRNA at weight ratio (Fe equivalent of NP:siRNA) of 1:2, 

corresponding to approximately 300 siRNA molecules per NP as determined from 

calculations of molar masses of NP (~2,000,000 g Fe/mole NP) and siRNA (13,300 g/mole).

Transmission electron microscopy (TEM) images in Figure 2b revealed a spherical 

morphology of the iron oxide core of NP-siRNA-GPC3 Ab with a size around 10–12 nm, 

confirming that the iron oxide core sizes remained uniform after copolymer conjugation. 

Additionally, NP-siRNA-GPC3 Ab was well dispersed in aqueous medium. SDS-PAGE was 

used to evaluate attachment of GPC3 Ab on NP-siRNA. As shown in Figure 2c, both light 

and heavy chains of Ab were detected from the purified NP-siRNA-GPC3 Ab under 

reducing conditions, which confirmed the conjugation of Ab to the NP. Band density 

quantification revealed there were approximately 26 Ab molecules per NP.

The NP core with copolymer coating of NP-siRNA-GPC3 Ab were characterized by 

dynamic light scattering (DLS). Both hydrodynamic sizes and zeta potentials of NP, NP-

siRNA, and NP-siRNA-GPC3 Ab were determined (Figure 2d). No apparent change in size 

was observed after siRNA binding (39.87 ± 0.83 nm vs. 39.65 ± 0.70 nm), suggesting the 

strong complexing capacity of NP. NP slightly increased in size to 41.02 ± 0.41 nm after 

GPC3 Ab conjugation. The size of NP has a dramatic effect on nonspecific uptake by off-

target cells in the body. In order to successfully reach the tumor site, NP has to overcome 

multiple physiological barriers including the liver, kidneys, and spleen. The hydrodynamic 

size of NP should be between 10–100 nm to avoid elimination by these organs.[25] 

Moreover, our NP-siRNA-GPC3 Ab is smaller than 60 nm, which is expected to have better 

penetration from blood vessels into tumor.[40]

Zeta potential is another important physicochemical property for DNA/siRNA delivery 

applications.[41] The positive surface charge correlates with the capacities of NP to 

electrostatically complex and deliver siRNA into cells. Our base NP exhibited a zeta 

potential value of 27.85 ± 2.33 mV (Figure 2d). After siRNA complexation (NP-SiRNA), 

the zeta potential showed little change (27.30 ± 0.28 mV), consistent with the hydrodynamic 

size measurement which showed little change before and after siRNA complexation. After 

Ab attachment, the zeta potential of NP-siRNA-GPC3 Ab decreased to 22.85 ± 2.62 mV. 
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This was likely caused by the addition of the PEG linker and Ab, which could both shield 

the charge of the NP.

The gel retardation assay was utilized to further demonstrate full siRNA binding in NP. As 

shown in the gel image (left panel of Figure S1), the siRNA band was not visible when 

complexed with NP, suggesting the fully encapsulation of siRNA in the copolymer coating 

of the NP. siRNA was released from NP when treated with heparin, an electrostatic 

disrupting agent, as visualized by the siRNA band on the gel (right panel of Figure S1). 

Overall, the characterization of NP-siRNA-GPC3 Ab suggested that this NP system should 

function well as a vehicle for delivery of siRNA into HCC.

2.2. Development of GPC3 and Luc co-expressing RH7777 (RH7777-Luc-GPC3) cells

To enable targeted siRNA delivery using our previously developed anti-GPC3 Ab,[30] human 

GPC3 was stably transfected into RH7777 cells. Additionally, we stably transfected RH7777 

cells with Luc for proof-of-concept knockdown experiments using our nanovector. RH7777 

cells were chosen because of their ability to form tumors in the livers of athymic nude mice 

that represent histopathologic features of HCC.

Here we used siLuc as our therapeutic siRNA and scramble siRNA (siScramble) as control 

siRNA. Prior to evaluating in vitro and in vivo knockdown efficiency of NP-siLuc, 

expression level of Luc and GPC3 in the established RH7777-Luc-GPC3 cells were 

measured. The in vitro Luc assay revealed a 1224-fold higher luminescent signal in 

RH7777-Luc-GPC3 cells as compared to native RH7777 cells (Figure 3a). Surface 

expressed GPC3 antigen on RH7777-Luc-GPC3 cells were analyzed by flow cytometry. As 

shown in Figure 3b, flow cytometric analysis revealed a distinct GPC3 positive cell 

population with significantly higher fluorescence intensity when compared to the unstained 

and non-targeting Ab controls. Taken together, these results verified the successful 

generation of a Luc and GPC3 co-expressing RH7777 cell line.

2.3. In vitro knockdown of Luc

After successfully establishing RH7777 cells that co-express Luc and GPC3, we evaluated 

gene-silencing efficacy of NP-siLuc in vitro. Forty-eight hours after NP-siLuc transfection, 

transient Luc expression in RH7777-Luc-GPC3 cells was measured at both mRNA and 

protein levels by quantitative RT-PCR (qRT-PCR) and Luc assays, respectively. As shown in 

Figure 4a and 4b, NP-siLuc exposure resulted in a 66% reduction in mRNA abundance, 

corresponding to a 79% suppression of Luc activity in RH7777-Luc-GPC3 cells. In contrast, 

no inhibition of Luc expression was observed from untreated or NP-siScramble treated cells.

Upon uptake by cells, NP-siRNA need to access cytoplasm to initiate RNAi. To further 

illustrate the mechanism of the nanovector-mediated gene knock-down, we investigated the 

escape of NP-siRNA from endosomes using an endosomal integrity assay.[42] Calcein 

fluorescence (green) was barely detectable in RH7777-Luc-GPC3 cells indicating the 

integrity of endosomes while calcein fluorescence was observed throughout the cells contain 

both NP-siRNA and calcein (Figure 4c). Distribution of NP-siRNA in RH7777-Luc-GPC3 

cells was detected using fluorophore-labeled siScramble. As shown in Figure 4d, 

fluorescence signal from NP-siRNA (red) could be observed throughout the cytoplasm, 
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supporting the calcein endosomal integrity assay results that NP-siRNA was able to escape 

from endosomes and readily access the cytoplasm of cells. Once NP-siRNA was internalized 

into the cells through endocytosis, the PEI on NP copolymer coating can trigger endosomal 

escape through the proton sponge effect, where the influx of protons and counter-ions 

promotes the swelling and rupture of endosomes and the release of NP-siRNA complex into 

the cytoplasm.[43]

We also measured NP-siRNA-associated toxicity using the alamar blue (AB) assay. 

Compared to the untreated control, approximately 80% cell viability was observed at 48 hr 

after transfection (Figure 4e) indicating the biocompatibility of the NP. These results 

demonstrate that NP-siRNA can efficiently suppress a target gene with limited cellular 

toxicity in cultured HCC cells.

2.4. Establishment and characterization of orthotopic RH7777-Luc-GPC3 xenograft

Having demonstrated that in vitro delivery of siLuc using our NP could produce effective 

gene silencing, we evaluated the efficacy of NP-siLuc mediated Luc suppression in vivo. We 

developed RH7777-Luc-GPC3 orthotopic xenografts as illustrated in Figure 5a. Successful 

hepatic grafting with a 5 mm tumor nodule with well-defined margins was observed during 

surgery. The histological characteristics of tumor tissues were analyzed by H&E staining. As 

shown in Figure 5b, a moderately well-defined tumor that is separated from normal liver is 

observed in the enlarged image. The marked nuclear crowding and typical trabecular growth 

pattern are representative histopathologic features of HCC.[44] This demonstrates the 

successful grafting of RH7777-Luc-GPC3 orthotopic xenograft tumors.

To verify GPC3 expression in the tumors, we isolated tumor cells and analyzed their surface 

GPC3 expressing using flow cytometry. As shown in Figure 5c, RH7777 cells with or 

without anti-GPC3 Ab staining show similar fluorescence intensity, suggesting the absence 

of GPC3 antigen expression. As a comparison, a distinct population of GPC3-positive cells 

was observed in isolated RH7777-Luc-GPC3 tumor cells, demonstrating that the RH7777-

Luc-GPC3 xenograft tumors retained surface GPC3 antigen expression in vivo, and 

confirming that this model can be used for the study of GPC3 Ab-guided siRNA delivery in 
vivo.

2.5. In vivo tumor targeted delivery of siRNA

Administration of siRNA specifically into tumor site and the correct intracellular location is 

essential for gene silencing activity. NP-mediated DNA/siRNA delivery can be enhanced 

specifically in the tumor through attachment of targeting ligands on the surface of the 

NP.[31, 32] To enable tumor targeted delivery of siRNA in vivo, we incorporated GPC3 Ab 

into NP-siRNA (hereafter NP-siRNA-GPC3 Ab). The localization of NP-siRNA-GPC3 Ab 

to the orthotopic HCC was evaluated using Dy677-labeled siScramble complexed into NP. 

Mice were administered with NP-siRNA-GPC3 Ab via tail vein injection and imaged using 

a Xenogen IVIS Imaging system at 4, 24, 48, 72, and 120 hr post-injection with untreated 

mice as control (Figure 6a). Bioluminescent imaging revealed the tumor location while 

fluorescence imaging showed the distribution of Dy677-labeled siRNA.
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As shown in Figure 6a, Dy677 fluorescence (red) from Dy677-labeled siRNA loaded NP 

was detectable in liver at 4 hr after injection. The overlap of the fluorescence and 

luminescence (blue) from tumors indicates accumulation of NP in the xenograft tumors. A 

decay of fluorescence signal as a function of time was also observed, most likely a reflection 

of the elimination of NP through clearance organs. NP-siRNA-GPC3 Ab remained 

detectable at 120 hr after injection, indicating the prolonged retention of NP-siRNA-GPC3 

Ab in tumors. To further confirm the presence of NP-siRNA-GPC3 Ab within the tumors, 

the tumors were harvested and tumor sections were imaged by confocal fluorescent 

microscopy. There was no Dy677 fluorescence observed in untreated control animals 

whereas NP-siRNA-GPC3 Ab produced appreciable fluorescence in tumor regions (Figure 

6b). In addition, Dy677 fluorescence was seen near the nucleus suggesting NP-siRNA-GPC3 

Ab was able to deliver siRNA to the perinuclear region site of action. No accumulation of 

NP-siRNA-GPC3 Ab was detected in non-neoplastic tissue, including liver, spleen, kidney, 

and lung 5 days after NP injection (Figure S2), which further confirms the targeting 

capability of NP-siRNA-GPC3 Ab to HCC. These findings demonstrate that our NP 

platform can achieve targeted siRNA delivery to tumor tissue through intravenous 

administration.

2.6. NP-mediated Luc silencing in vivo

To determine whether the siRNA delivered to the tumor site was bioactive and could knock 

down gene expression, siLuc formulated in the nanovector was administered at 20 μg siRNA 

per animal intravenously daily for five days. Luc expression was assessed using a Xenogen 

IVIS Imaging system on 3, 6, 8, and 11 days after the first NP-siRNA-GPC3 Ab injection, as 

shown in the scheme in Figure 7a. A significantly decreased bioluminescence signal (from 

tumor cells) in NP-siLuc-GPC3 Ab treated mice was observed as compared to untreated 

mice and NP-siScramble-GPC3 Ab treated mice (Figure 7b). The normalization of the 

bioluminescent signal revealed that the untreated and control siRNA (siScramble) treated 

animals indicated a continuously elevated luminescence signal, representing the tumor cell 

proliferation. As a comparison, NP-siLuc-GPC3 Ab induced a dramatically retarded 

increase of luminescence signal, with approximately 4-times lower than untreated and 

control siRNA treated animals on day 11 (Figure 7c). In addition, both untreated and control 

siRNA treated animals showed similar tumor bioluminescence levels, indicating the effect 

was specific to siRNA delivery and not a non-specific reduction in tumor growth or Luc 

expression levels caused by the NP or GPC3 Ab themselves.

The tumor accumulation observed with fluorophore labeled NP-siRNA-GPC3 Ab may occur 

through both GPC3 Ab mediated targeting and passive tumor accumulation through the 

“enhanced permeability and retention” (EPR) effect.[45, 46] NP likely enter the tumor site 

though the EPR effect followed by active distribution throughout the tumor from the tumor 

targeting ligand.[47, 48] Without targeting ligand, positively charged NPs have strong affinity 

to both extracellular matrix (ECM) and target cells.[49] In contrast, accumulation of NP-

siRNA-GPC3 Ab in tumor can be enhanced by GPC3 Ab. In the current study, the in vivo 
gene-silencing activity parallels tumor accumulation and intracellular uptake of NP complex. 

A sustainable reduction in Luc activity was induced by NP-siLuc treatment. This provides 

strong evidence that our nanovector is a suitable nanocarrier for siRNA delivery to HCC. 
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The use of siRNA against therapeutic targets will be the next step in the development of 

these nanovector for improved HCC therapy. We have found therapeutic targets that are 

effective alone[50] as well as those that can enhance the effects of conventional 

treatments.[42] Additionally, the targeting capacity of our nanovector may allow them to 

potentially reach any organ system with HCC involvement, which allows treatment of 

disseminated HCC.[51, 52] This could provide a more effective option for patients with 

untreatable HCC.

3. Conclusion

We have reported the rational design and synthesis of an iron oxide-based nanoparticle 

coated with CP-PEI copolymer and conjugated with an anti-GPC3 Ab tumor targeting ligand 

for specific and effective siRNA delivery to HCC. The nanovector exhibited appropriate 

physiochemical properties required for systemic siRNA delivery to tumor. We showed that 

the nanovector loaded with siRNA could successfully lower expression levels of target genes 

(Luc reporter) in vitro without evident associated toxicity. We further demonstrated that the 

intravenous administration of HCC targeted NP-siRNA-GPC3 Ab resulted in nanovector 

accumulation in RH7777-Luc-GPC3 orthotopic HCC and induced significantly decreased 

Luc activity. Overall, our results demonstrated the ability of this NP platform to overcome 

intra- and extra- cellular barriers and its promise in delivering siRNA for HCC treatment.

4. Experimental Section

Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise specified, and tissue 

culture reagents were purchased from Life Technologies unless otherwise specified.

Nanovector synthesis

The preparation of NP-siRNA-GPC3 Ab is outlined in Figure 1. CP, CP-PEI copolymer, and 

iron oxide nanoparticles with a siloxane PEG monolayer (IOSPM) were synthesized as 

described previously.[53–55] The IOSPM was coated with CP-PEI copolymer through 

crosslinking SIA and Traut’s regents (Molecular Biosciences) before purification using a 

S-200 sephacryl resin (GE Healthcare) equilibrated with 20 mM HEPES buffer (pH 7.4) 

(Figure 1a). IOSPM coated with CP-PEI copolymer, herein termed NP, were complexed 

with siRNA at weight ratio (Fe equivalent of NP:siRNA) of 1:2 in 20 mM HEPES buffer 

(pH 7.4), and incubated for 20 min at room temperature to allow formation of NP-siRNA 

complexes. Subsequently, GPC3 Ab was conjugated to NP-siRNA using a 

heterobifunctional PEG linker, NHS-PEG12-maleimide. Briefly, GPC3 Ab was reacted with 

excess Traut’s reagent in thiolation buffer (pH 8.0) for 1 hr in the dark at room temperature 

to form Ab Traut’s. Unreacted Traut’s reagent was removed through Zeba spin columns 

(Life Technologies). NP-siRNA was reacted with NHS-PEG12-maleimide (Life 

Technologies) in the dark at room temperature with gentle rocking for 30 min before 

removing unreacted linker through Zeba spin columns. The thiolated Ab was mixed with 

thiol-reactive NP-siRNA (2 mg Ab per 1 mg NP-siRNA) and allowed to react for 1 hr in the 

dark at room temperature with gentle rocking. Unreacted Ab was removed from NP 
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conjugated Ab through size exclusion chromatography in S-200 sephacryl resin to obtain 

pure NP-siRNA-GPC3 Ab (Figure 1b).

Nanovector characterization

For proton NMR (1H-NMR) analysis, 50 μg (Fe) of IOSPM and NP were lyophilized to 

remove water. 30 μl of DCl and 870 μl of D2O were added to the lyophilized NP to dissolve 

the iron core leaving free polymer coating in solution. 1.72 mg of trimethylsilyl propionate 

in 100 μl D2O was added as internal reference. 1H-NMR spectra were obtained using a 

Bruker Avance 300 spectrometer operating at 300 MHz (1H) and 325 K (number of scans = 

128, acquisition time = 3s, delay (D1) = 1s).

For transmission electron microscopy (TEM) analysis, NP-siRNA-GPC3 Ab was diluted to 

100 μg/mL in deionized water and 5 μL of the dilute solution were placed on a formvar/

carbon coated 300 mesh copper grid (Ted Pella). After 5 min, the NP solution was removed 

and the grid was allowed to dry overnight before imaging using a Tecnai G2 F20 electron 

microscope (FEI) operating at a voltage of 200 kV. Hydrodynamic size and zeta potential 

analyses were acquired in HEPES buffer (pH 7.4) using a DTS Zetasizer Nano (Malvern 

Instruments).

GPC3 Ab after conjugated onto the NP-siRNA surface was detected by a sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE) in comparison with free GPC3 Ab. 

A Precision Plus Protein™ Dual Color Standard (Bio-Rad) was used as molecular weight 

marker. The gel was run under reducing conditions by using a Mini PROTEAN 3 Cell 

electrophoresis unit (Bio-Rad) at a constant voltage mode of 100 V in a Tris/glycine/SDS 

buffer. The gel was then stained with Coomassie Brilliant Blue solution (Bio-Rad) and 

imaged with a Bio-Rad Universal Hood II Gel Doc System. NP-siRNA-GPC3 Ab was also 

evaluated for their possession of Ab by measurement of their absorption at OD280 nm using a 

SpectraMax i3 multi-mode microplate reader (Molecular Devices).

siRNA binding was characterized using gel retardation assay. NP-siRNA complexes 

containing 1 μg siRNA were prepared at NP:siRNA weight ratios of 1:2 in 20 mM HEPES 

buffer (pH 7.4). The complex were treated with heparin (1000 units/ml, 50 μL Heparin/1 μg 

siRNA) and incubated for 30 min at room temperature to block the electrostatic interaction 

between NP and siRNA. Both heparin-treated and untreated complexes were loaded onto a 

native polyacrylamide gel for electrophoresis for about 30 min. After staining the gel with 

0.5 μg/ml ethidium bromide, free-siRNA was detected using a Gel Doc XR (Bio-Rad).

Cell culture

Rat RH7777 HCC cells were purchased from American Type Culture Collection (ATCC no. 

CRL-1601) and cultured at 37°C in a humidified atmosphere with 5% CO2 using Dulbecco’s 

modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum and 1% 

antibiotic-antimycotic.

GPC3 and Luc co-expressing RH7777 (RH7777-Luc-GPC3) cells were generated by 

transfecting previously established Luc-expressing RH7777 cells[38] with pLX304-BLAS-

V5-GPC3 (Life Technologies) using Lipofectamine 2000 (Life Technologies) following the 
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manufacture’s protocol. Three days after transfection, regular DMEM was replaced by 

DMEM containing 2.5 μg/ml blasticidin. Cells were maintained in the selective medium for 

additional three weeks prior to sorting with a BD FACSAria™ II cell sorter (BD 

Biosciences). The stably transfected RH7777-Luc-GPC3 cells were cultured in complete 

medium supplemented with 2.5 μg/ml blasticidin.

Surface GPC3 antigen expression on the established RH7777-Luc-GPC3 cells was analyzed 

by flow cytometry. RH7777-Luc-GPC3 cells were incubated with mouse anti-GPC3 Ab (1 

mg/ml, 1:50 dilution) at 4°C for 30 min, and then probed with FITC conjugated rabbit anti-

mouse secondary Ab (Abcam, 1:100 dilution) at 4°C for 30 min. Cells were then washed, 

collected and analyzed with a FACSCanton™ II flow cytometer (BD Biosciences). Data 

were analyzed with FlowJo (Ashland).

In vitro cell transfection

Twenty-four hours after plating RH7777-Luc-GPC3 cells at a concentration of 25,000 

cells/ml, transfection was performed by replacing cell culture medium with 1 ml of NP-

siRNA complex-containing medium (50 nmol siRNA per well). After 4 hr of transfection, 

NP-siRNA complex-containing medium was removed and replaced with fresh DMEM. 

Firefly luciferase gene-targeting siRNA (siLuc) and scramble siRNA (siScramble) were 

purchased from Dharmacon Research Inc.

Endosomal escape was evaluated using an endosomal integrity assay.[42] In brief, RH7777-

Luc-GPC3 cells were co-incubated with NP-siRNA and membrane impermeable dye calcein 

(0.25 mM). Excess dye was washed off after 2 hr incubation. Cells were fixed and nuclei 

were stained with DAPI prior to imaging by fluorescence microscopy.

To evaluate NP-siRNA uptake, RH7777-Luc-GPC3 cells were transfected with NP 

complexed with Dy677-labeled siScramble (Dharmacon Research Inc). Twelve hours later, 

cells were fixed in 4% formaldehyde and nuclei were stained with DAPI prior to imaging 

using fluorescence microscopy.

Cell viability assay

The effect of NP-siRNA on RH7777-Luc-GPC3 cell viability was determined using the 

alamar blue (AB) assay following the manufacture’s protocol (Life Technologies). Briefly, 

cells were plated and transfected as described. After treatment, cells were washed with PBS 

three times before adding 10% AB solution in DMEM medium to the wells. Cells were 

incubated for 1 hr, then the AB solution was transferred to a 96-well plate, and the 

fluorescent emissions at an excitation wavelength of 550 nm and an emission wavelength of 

590 nm were read with a microplate reader.

Quantitative RT-PCR (qRT-PCR)

RNA was extracted from cells 48 hr after siRNA transfection using the Qiagen RNeasy kit. 

cDNA was prepared using the iScript cDNA Synthesis kit (Bio-Rad) following the 

manufacturer’s protocol, which was then used as a template for PCR. qRT-PCR was used to 

evaluate the relative expression levels of Luc utilizing rat glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) as a control. SYBR Green PCR Master mix (Bio-Rad) was used 

for template amplification with a primer for each of the transcripts in a Bio-Rad CFX96 real-

time PCR detection system. Quantitative amplification was monitored by the level of 

fluorescence reflecting the cycle number at the detection threshold (crossing point) using a 

standard curve. Thermocycling for all targets was carried out in a solution of 20 μl 

containing 0.5 μM primers (Integrated DNA Technologies) and 4 pg of cDNA from the 

reverse transcription reaction under following conditions: 95°C for 2 min, 40 cycles of 

denaturation (15 sec, 95°C), annealing (30 sec, 58°C), and extension (30 sec, 72°C). The 

primers used for GAPDH and Luc were forward: 5′-GACATGCCGCCTGGAGAAAC-3′/

reverse: 5′-AGCCCAGGATGCCCTTTAGT-3′ and forward: 5′-

ATTACACCCGAGGGGGATGA-3′/reverse: 5′-TCTCACACACAGTTCGCCTC-3′, 

respectively.

Luc activity quantification

In vitro measurement of Luc activity was conducted using Luc assay following the 

manufacture’s protocol (Promega). Briefly, 50,000 cells were collected and washed with 

PBS three times before lysed by 0.1% Triton-X. 200 μl of cell lysis were reacted with 50 μl 

luciferin, and read with a microplate reader. Protein was quantified by Bradford assay (Bio-

Rad) following the manufacture’s protocol.

Animal model

All animal studies were performed in accordance with the University of Washington Office 

of Animal Welfare guidelines for the humane use of animals, and all procedures were 

reviewed and approved by the Institutional Animal Care and Use Committee. For the 

orthotopic xenograft model, 8-week-old female athymic Nu/J mice (Jackson Laboratories) 

were anesthetized using 1.5% inhaled isoflurane and the left lobe of the liver was exposed 

through an upper midline laparotomy. RH7777-Luc-GPC3 cells (1 × 106) in 50 μL of 

DMEM containing 50% Matrigel (BD Biosciences) were injected into the subcapsular space 

of the left lobe. Two weeks after injection, a 75 mg/kg intraperitoneal injection of VivoGlo 

luciferin (Promega) was administered and imaging was performed using an IVIS Lumina II 

system (PerkinElmer) to monitor the growth of intrahepatic tumors.

To analyze the GPC3 antigen expression on RH7777-Luc-GPC3 xenograft, tumors were 

harvested two weeks after implantation. Tumor cells were dissociated and passed through a 

70 μm cell strainer (Thermo Fisher Scientific) to acquire single cell suspension. They were 

then subjected to anti-GPC3 Ab staining as described previously, and analyzed by flow 

cytometry using a FACSCanton™ II flow cytometer (BD Biosciences). Data were analyzed 

with FlowJo (Ashland).

Histological analysis

After NP treatment, RH7777-Luc-GPC3 liver tumor tissues were fixed in 4% formaldehyde 

for 24 hr and placed in 30% sucrose until fully saturated. The tissues were subsequently cut 

into small pieces and frozen in OCT embedding medium (Sakura) at −80°C. Frozen sections 

(8 μm thickness) were stained with DAPI (Life Technologies) and photographed under a 

Zeiss 510 META confocal fluorescence microscope.
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Statistical Analysis

All the data were statistically analyzed to express the mean value ± standard deviation (SD) 

of the mean. An unpaired, 2-tailed Student’s t test was used, with a P value of less than 0.05 

considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of NP-siRNA-GPC3 Ab synthesis. (a) Modification of IOSPM with CP-PEI to 

produce our NP. (b) NP-siRNA complexation and subsequent conjugation with GPC3 Ab to 

form fully functionalized NP-siRNA-GPC3 Ab.
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Figure 2. 
Characterization of NP-siRNA-GPC3 Ab. (a) 1H-NMR analysis of IOSPM and NP. The 

characteristic peak of the ethylene group of PEG (peak I) on IOSPM, the ethylenimine group 

of PEI (peak II), and 6 peaks of aldohexoses (peak III and IV) on chitosan were indicated on 

spectrum of NP. (b) TEM images of NP-siRNA-GPC3 Ab; scale bar = 20 nm. (c) SDS-

PAGE image showing the presence of Ab on NP-siRNA-GPC3 Ab with free Ab used as the 

standard. (d) Hydrodynamic size and zeta-potential of NP, NP-siRNA, and NP-siRNA-GPC3 

Ab at pH 7.4 as determined by DLS.
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Figure 3. 
Characterization of RH7777-Luc-GPC3 cells. (a) Evaluation of Luc activity of RH7777-

Luc-GPC3 cells using in vitro Luc assay, where native RH7777 cells served as negative 

control. (b) Flow cytometry analysis of GPC3 expression in RH7777-Luc-GPC3 cells. Filled 

peak represents unstained control. Histograms for secondary Ab control are also shown.
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Figure 4. 
Effective suppression of Luc in RH7777-Luc-GPC3 cells by NP-siLuc transfection in vitro. 

(a) Knockdown of Luc mRNA in RH7777-Luc-GPC3 cells quantified by qRT-PCR. (b) 

Suppression of Luc protein in RH7777 cells as a result of NP-siLuc treatment. (c) 

Fluorescence images of RH7777-Luc-GPC3 cells treated with calcein (top row) and cells 

treated with NP-siRNA-GPC3 Ab and calcein mixture (bottom row). (d) Fluorescence 

images of RH7777-Luc-GPC3 cells transfected with fluorophore-labeled NP-siRNA. (e) 

RH7777-Luc-GPC3 cell viability after NP-siLuc treatment; * indicates statistical 

significance (P < 0.05) and n.s. indicates no statistical significance as determined by 

Student’s t-test.
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Figure 5. 
Characterization of orthotopic RH7777-Luc-GPC3 xenografts. (a) Photograph of RH7777 

tumor implantation. The xenograft is recognized as a solitary nodule protruding from the 

liver surface. (b) Histological characteristics of the RH7777 tumor sections evaluated by 

H&E staining. (c) Representative flow cytometry analysis of GPC3 antigen displayed on the 

cell surface. Filled peaks represent unstained controls of RH7777 cells and RH7777-Luc-

GPC3 tumor. Histograms for secondary Ab control are also shown.
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Figure 6. 
Evaluation of tumor uptake of NP-siRNA-GPC3 Ab in vivo. (a) Xenogen IVIS images 

showing co-localization of RH7777-Luc-GPC3 tumor and Dy677-labeled siRNA loaded NP 

at different time points post-injection from one untreated and two treated mice. (b) Confocal 

fluorescence microscopy images showing accumulation of NP-siRNA-GPC3 Ab in tumor 

sections at 120 hr after injection from the same animals presented in panel (a).
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Figure 7. 
In vivo delivery of NP-siLuc-GPC3 Ab knocks down luminescence of RH7777-Luc-GPC3 

tumors. (a) Scheme of tumor implantation and treatment. Two weeks after orthotopic 

injection with RH7777-Luc-GPC3 cells, xenograft-bearing mice received five daily 

intravenous injections of NP-siLuc-GPC3 Ab. IVIS imaging was initiated one day prior to 

the first NP-siLuc-GPC3 Ab injection. (b) Representative live IVIS images of mice bearing 

RH7777-Luc-GPC3 tumors with administration of NP-siLuc-GPC3 Ab. Untreated mice and 

mice treated with scramble siRNA served as the controls. (c) Quantitative luminescence of 

mice from untreated and treated groups (n = 4). Luminescence was normalized to day 0 and 

line graph was indicated as presented as mean ± SD. Arrows indicate NP-siRNA-GPC3 Ab 

injection.
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