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Abstract

Great success in HCV therapy was achieved by the development of direct-acting antivirals (DAA). 

However, the unsolved issues such as high cost and genotype dependency drive us to pursue 

additional therapeutic agents to be used instead or in combination with DAA. The cationic peptide 

p41 is one of such candidates displaying submicromolar anti-HCV potency. By electrostatic 

coupling of p41 with anionic poly(amino acid)-based block copolymers, antiviral peptide 

nanocomplexes (APN) platform was developed to improve peptide stability and to reduce 

cytotoxicity associated with positive charge. Herein, we developed a facile method to prepare 

galactosylated Gal-APN and tested their feasibility as liver-specific delivery system. In vitro, Gal-

APN displayed specific internalization in hepatoma cell lines. Even though liver-targeted and non-

targeted APN displayed comparable antiviral activity, Gal-APN offered prominent advantages to 

prevent HCV association with lipid droplets and suppress intracellular expression of HCV 

proteins. Moreover, in vivo preferential liver accumulation of Gal-APN was revealed in the 

biodistribution study. Altogether, this work illustrates the potential of Gal-APN as a novel liver-

targeted therapy against HCV.
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1. Introduction

More than 185 million people worldwide are infected with the Hepatitis C Virus (HCV) [1]. 

This blood-borne pathogen leads to chronic hepatitis, liver cirrhosis, and hepatocellular 

carcinoma, and it is also the primary cause of liver transplantation in the United States [2]. 

In spite of being such a fatal disorder, the standard of care until 2011 was restricted to the 

combination of pegylated interferon-α (PEG IFN-α) and ribavirin, which exhibited limited 

sustained viral response and poor tolerability [3]. The emergence of direct-acting antivirals 

(DAA), which specifically block HCV replication, has marked a new era in HCV therapy 

[4]. However, the challenges such as affordability, genotype selectivity and possible long-

term resistance to DAA therapy due to viral mutations [5] still necessitate the development 

of alternative anti-HCV drug candidates. As an option, therapeutic peptides are 

revolutionizing the paradigm of drug development with their prominent bioactivity [6], and, 

in fact, several anti-HCV peptides, targeting different stages of HCV life cycle, have been 

discovered [7–9]. One such, the 18-mer C5A, which is derived from the membrane anchor 

domain of HCV nonstructural protein NS5A and exhibits broad spectrum antiviral activity 

with submicromolar potency in vitro [10, 11]. The characteristics of α-helicity and 

amphipathicity allow this peptide to neutralize the viral particles by destabilizing the lipid 

composition of viral membranes without genotype dependency [12]. Its cationic derivative, 

with 4 residues in C5A replaced with positively charged amino acids (lysine and arginine), 

which we refer to as p41, also displays equivalent antiviral potency. However, the 

susceptibility to proteolysis and the unfavorable toxicity profile, typical for cationic 

peptides, remain the obstacles in their translation to clinics.

In an attempt to overcome these restraints, our group has successfully developed the well-

defined antiviral peptide nanocomplexes (APN) through the immobilization of cationic p41 

into nanoscale block ionomer complexes with oppositely charged poly(amino acid)-based 

block copolymers [13]. The p41 encapsulation into APN led to higher proteolytic stability, 

reduced cytotoxicity and unaltered antiviral potency of the peptides. The self-assembly 

behavior and preparation simplicity make the APN an extremely promising approach for 

peptide delivery. Using the APN platform, a more selective delivery of p41 to hepatocytes 

as primary sites for HCV replication can be achieved through targeting the 

asialoglycoprotein receptor (ASGP-R), which is a well-defined endocytotic receptor 

primarily expressed on parenchymal liver cells [14–16]. Therefore, we hypothesize that the 

decoration of the APN surface with the ligand β-D-galactose (Gal), which possesses high 

binding affinity to ASGP-R (Kd ~ 10−3–10−4 M) [17, 18], will target APN to the liver, 

thereby providing a basis for organ-specific anti-HCV therapy development.

Here, we have successfully prepared a series of APN with varying densities of the Gal 

ligand on the surfaces (Gal-APN) and evaluated their antiviral activities in cell culture 

systems. Biodistribution studies demonstrated preferential liver accumulation of Gal-

decorated APN proving the effectiveness of this targeting approach for the delivery of 

antiviral peptides.
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2. Materials and Methods

2.1 Materials

Peptide p41 (SWLRRIWRWICKVLSRFK) and Cy5-labeled p41 were custom synthesized 

by AnaSpec (USA). α-(9-Fluorenylmethyloxycarbonyl)amino-ω-carboxy succinimidyl ester 

poly(ethylene glycol) (Fmoc-PEG-NHS, MW (PEG) = 5000 g mol−1, Mw/Mn = 1.02) was 

purchased from Jenkem Technology (China). Amberlyst® 15 hydrogen form, molecular 

sieve UOP type 3 Å, L-glutamic acid γ-benzyl ester, D (+)-galactose, propargylamine, L(+)-

ascorbic acid sodium salt and copper (II) sulfate pentahydrate, 98+%, A.C.S. reagent were 

obtained from Sigma-Aldrich (U.S.). Silica gel (for chromatography, 0.03–0.200 mm, 60 Å), 

2-bromoethanol, ethyl acetate, methanol, dichloromethane (DCM), dimethylformamide 

(DMF), tetrahydrofuran (THF) were purchased from Acros Organics (USA). S-2-(4-

Isothiocyanatobenzyl)-diethylenetriamine pentaacetic acid (SCN-DTPA) was ordered from 

Macrocyclics (Dallas, TX, USA). Lutetium-177 trichloride was obtained from PerkinElmer 

(USA).

2.2 Synthesis of Gal-terminated poly(ethylene glycol)-block-poly(L-glutamic acid) 
copolymer (Gal-PEG-b-PLE)

Gal-PEG-b-PLE copolymer was synthesized using the following steps (Scheme 1):

2.2.1 Synthesis of propargyl-PEG-NH2—Fmoc-PEG-NHS (0.5 g, 0.1 mmol) was 

dissolved under stirring in 5 ml of DCM at 0°C. The propargylamine (80 μl, 1.2 mmol) 

dissolved in 5 ml of cold DCM was added dropwise and the solution was stirred for 24 h. 

The solvent was removed at reduced pressure and the product was dialyzed against distilled 

water (MWCO 2 kDa) followed by lyophilization to give Fmoc-PEG-propargyl. Standard 

20% v/v piperidine/DCM solution (3 ml) was used to remove the Fmoc-protecting group. 

After stirring for 2 h at room temperature, DCM was removed by rotaevaporation, reaction 

mixture was redissolved in water and after filtration dialyzed against distilled water 

(MWCO 2 kDa) for 2 days, and then lyophilized to obtain propargyl-PEG-NH2.

2.2.2 Synthesis of propargyl-PEG-b-PLE—The BLE-NCA (γ-benzyl L-glutamate-N-

carboxyanhydride) monomer was prepared as described previously [19]. Benzyl-protected 

propargyl-PEG-b-PBLE was synthesized via ring-opening polymerization of BLE-NCA 

monomer using propargyl-PEG-NH2 as a macroinitiator. Propargyl-PEG-NH2 (20 mg, 0.004 

mmol) was dissolved in 300 μl of anhydrous DMF with 3 μl of triethylamine (TEA) (5 

equivalent of PEG) and then added into water-free and oxygen-free ampules. BLE-NCA 

(26.3 mg, 0.1 mmol, the feed molar ratio of propargyl-PEG-NH2 to BLE-NCA was 1:25) 

dissolved in 250 μl of DMF was added dropwise under nitrogen. The ampule was sealed and 

the reaction was allowed to proceed at 40°C for 48 h. The solvent was evaporated under 

vacuum and the residue was dissolved in THF followed by addition of 2 N NaOH to 

deprotect glutamate residues. After stirring for 4 h at 40°C, THF was removed at reduced 

pressure, the residual solution was neutralized by 1 M HCl, dialyzed using a dialysis 

membrane (MWCO 3.5 kDa) against distilled water for 48 h, and lyophilized to obtain 

propargyl-PEG-b-PLE.

Zhang et al. Page 3

Biomaterials. Author manuscript; available in PMC 2016 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.2.3 Synthesis of 2′-azidoethyl-O-D-galactopyranoside—The 2′-azidoethyl-O-D-

galactopyranoside was synthesized according the procedure reported by Geng et al. [20]. 

Briefly, the Amberlyst® 15 hydrogen form (8.0 g) and molecular sieve (4.0 g) suspended in 

2-bromoethanol (50 ml) were refluxed for 30 min followed by addition of D(+)-galactose 

(8.0 g). After another 3 h reflux, the product formation was confirmed by TLC (ethyl 

acetate/methanol, 7/1, v/v, Rf: 0.3), reaction mixture was filtered, and rotaevaporated. The 

crude 2′-bromoethyl-D-galactopyranoside was further purified by flash column 

chromatography on silica gel. The obtained 2′-bromoethyl-D-galactopyranoside (3.0 g, 10.5 

mmol) and sodium azide (2.1 g, 21 mmol) were further dissolved in water/acetone (7.5 

ml/45 ml) and refluxed for 20 h. After removal of solvents by rotaevaporation, the residue 

was suspended in ethanol and filtered to remove an excess of salts (sodium azide and 

sodium bromide). The filtrate was concentrated under vacuum to obtain the final product as 

a white solid. The structure was characterized by 1H-NMR [Bruker AVANCE III instrument 

(400 MHz)] and mass spectrometry (Qtof Micro electrospray ionization mass spectrometer, 

Waters, USA).

2.2.4 Galactosylation via click reaction—The 2′-azidoethyl-O-D-galactopyranoside 

(3.12 mg, 20 μmol) was reacted with propargyl-PEG-b-PLE (20 mg, 4 μmol) dissolved in 

100 μl of a water and methanol (1:1) mixture in the presence of CuSO4•5H2O (62.42 μg, 

0.25 μmol), tris-(hydroxypropyltriazolylmethyl)amine (218.5 μg, 0.5 μmol) as the stabilizing 

agent and ascorbic acid (495.28 μg, 2.5 μmol) for 2 days at room temperature. The product 

was dialyzed against distilled water (MWCO 3.5 kDa) for another 2 days to remove all the 

unreacted small molecules and then lyophilized to produce Gal-PEG-b-PLE.

2.2.5 Polymer characterization—The composition of propargyl-PEG-b-PBLE was 

confirmed by 1H-NMR in DMSO-d6 at 80°C using a Bruker 400 MHz spectrometer. Gel 

permeation chromatography (GPC) measurements to determine the molecular weights and 

polydispersity (PDI = Mw/Mn) of the polymers were carried out at 40°C using a Shimadzu 

liquid chromatography system equipped with TSK-GEL® column (G4000HHR) connected to 

Shimadzu RI and UV/vis detectors. DMF was used as mobile phase at a flow rate of 0.6 ml/

min. Poly(ethylene glycol) standards (Agilent Technologies, USA) with a molecular weight 

range of 106 – 34,890 were used to generate the standard curve. The Gal conjugation 

efficiency was determined by phenol-sulfuric acid method in microplate format [21]. 

Briefly, 150 μl of concentrated sulfuric acid was added to 50 μl of each sample in a series of 

standard aqueous solutions of D(+)-Galactose with concentrations ranging from 0.02 mM to 

4 mM or Gal-PEG-b-PLE, followed by adding 30 μl of 5% phenol in water. Samples were 

incubated for 5 min at 90°C in a water bath. After cooling to room temperature for 5 min, 

the absorbance at 490 nm was measured using SpectraMaxM5 spectrophotometer 

(Molecular Devices Co., USA).

2.3 Gal-APN preparation and characterization

Gal-APN (Z−/+ = 1) were prepared by mixing buffered solutions (PBS, pH 7.4) of p41 and 

anionic block copolymers (Gal-PEG-b-PLE and propargyl-PEG-b-PLE) as described earlier 

[13]. The composition of the mixtures (Z−/+) was calculated as a molar ratio of carboxylic 

groups in the copolymers to the amino groups of lysine and arginine residues of the peptide. 
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To obtain the APN with varying Gal densities on the surface, Gal-PEG-b-PLE and 

propargyl-PEG-b-PLE were combined in different molar ratios (Scheme 2). Cy5-labeled 

formulations were prepared in the same way by introducing 10 mol% of Cy5-labeled p41 

into the APN. For all in vitro cellular studies, APN concentration was 5 μM on the basis of 

p41. Intensity-mean z-averaged particle diameter (Deff) and polydispersity index (PDI) of 

the APN were determined by dynamic light scattering (DLS) using Nano ZS Zetasizer 

(Malvern Instruments, UK). All measurements were performed in automatic mode at 25°C 

at a fixed 173° scattering angle. Software provided by manufacturer was used to calculate 

the Deff and PDI of APN. Data are presented as mean values ± SEM (n = 3).

2.4 Cell culture

Huh 7, Huh 7.5, HepG2 (hepatocarcinoma cell lines) and HeLa cells were cultured in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and 1% penicillin/streptomycin. Primary human hepatocytes isolated from a 61-year-

old female with 70% viability were obtained through the Liver Tissue Cell Distribution 

System (Pittsburg, PA) funded by NIH (contract # HSN276201200017C). They were seeded 

on the coverslips coated with collagen IV and cultured in William’s E medium 

supplemented with nicotinamide, HEPES, sodium bicarbonate, sodium pyruvate, glucose, 

glutamine (Acros), L-ascorbic acid 2-phosphate sesquimagnesium salt hydrate, penicillin/

streptomycin (Sigma), dexamethasone (Alexis Biochemical), ITS+Premix (BD) and 10% 

FBS. All cells were cultured at 37°C, 5% CO2.

2.5 Cellular uptake studies

Huh 7 or HepG2 cells (10,000 cells/well) or primary human hepatocytes (300,000 cells/

well) were grown on sterile glass coverslips placed in 24-well plates and exposed to Cy5-

labeled Gal-APN, APN or p41. After determined time periods, the cells were rinsed, fixed 

with 4% paraformaldehyde (PFA) at room temperature for 30 min, and stained with 4′,6-

diamidino-2-phenylindole (DAPI). The slides were mounted with ProLong® Gold Antifade 

(Invitrogen, USA) and images were acquired using a LSM 710 confocal microscope (Carl 

Zeiss, USA). In select experiments, cells were exposed to Cy5-labeled Gal-APN with 

surface Gal densities ranging from 5% to 70% for 2 h, followed by washing and 

visualization under the confocal microscope. All the treatments were performed in duplicate. 

About 20 images containing 1,000–1,500 cells were collected for each time point. ImageJ 

(NIH) software was used for the quantification of the fluorescence from Cy5-labeled APN 

or p41. Mean pixel intensities in each image were normalized to the total cell number by 

counting the number of DAPI-labeled nuclei. For the competition assay, HepG2 (100,000 

cells/well in 24-well plates) were pretreated with free D(+)-galactose (100 mM) for 0.5 h 

then co-incubated with APN formulations for another 1 h and imaged as described above.

For assessment of cellular uptake by flow cytometry, Huh 7 cells (400,000 cells/well) were 

exposed to Cy5-labeled Gal(35%)-APN or APN for 2 h, washed with PBS, trypsinized at 

37°C, and harvested by centrifugation (1500 rpm, 5 min). Thereafter, the cells were 

resuspended in PBS, stained using LIVE/DEAD (Invitrogen, USA) to assess cell viability, 

fixed with 4% PFA and the median fluorescence intensity (Cy5) of each sample was 

measured by flow cytometry (Becton Dickinson LSR II) and analyzed using FlowJo 
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software (Tree Star Inc.). At least 10,000 live cells from each sample were acquired in linear 

mode, gated to exclude debris and dead cells, and visualized in logarithmic mode. For the 

competition assay, D(+)-galactose (100 mM) was added to the cells for 0.5 h followed by 

co-incubation with Gal(35%)-APN or APN and the experiment was carried out as described 

above.

2.6 In vitro anti-HCV activity

To study the antiviral efficacy of Gal-APN in cell culture systems, full-length genotype 2a 

HCV clone JFH-1 (provided by Dr. Takaji Wakita) that replicates and produces infectious 

viral particles was used as a source of virus [22]. Huh 7.5 hepatoma cell line, which support 

HCV replication in vitro, was obtained from Dr. Charles Rice (The Rockefeller University, 

New York, NY) and was used in all experiments requiring viral infection. After attachment 

of 200,000 Huh 7.5 cells/well to 6-well plates, cells were infected with JFH-1 virus (MOI 

0.1) overnight, then virus was removed and cells were replenished with fresh medium 

containing APN or p41 for another 48 h (post-treatment regimen). To study virocidal effects, 

JFH-1 virus stock solution was pre-incubated with APN or p41 for 1 h at 37°C and then 

these mixtures were used to infect Huh 7.5 cells at MOI 0.1 overnight. Supernatant was 

removed and cells were replenished with fresh media for another 48 h. HCV RNA 

quantification was performed using a StepOne Realtime PCR system amplifying a highly 

conserved sequence in the 5′ UTR of the viral genome. Total cellular RNA was extracted 

using the TRIzol reagent (Invitrogen, USA) and was subsequently converted to cDNA using 

Verso cDNA Synthesis Kit (Thermo Scientific, USA). The following primers and probe for 

this consensus sequence were designed using PrimerExpress Software v2.0 (Applied 

Biosystems): 5′UTRF GACCGGGTCCTTTCTTGGAT; 5′UTRR 

CCAACACTACTCGGCTAGCAGTCT; probe FAM-ATTTGGGCGTGCCCCCGC-NFQ. 

Positive and negative controls were included in all runs. The relative HCV RNA expression 

level in infected cells was quantified after normalization to cellular GAPDH mRNA levels.

2.7 Assessment of intracellular HCV localization

Huh 7.5 cells (50,000 cells/well in 24-well plates) were treated with Gal-APN, APN or p41 

for 5 h, infected with JFH-1 virus (MOI 0.1) overnight, virus was removed and cells were 

incubated for another 48 h in fresh media. After treatment, cells were fixed with 4% PFA for 

15 min at 37°C and permeabilized with 0.5% Triton X-100 for 5 min at room temperature. 

Goat serum in PBS (5%) was used for blocking for 30 min. For co-localization analysis of 

HCV core protein with lipid droplets, cells were incubated with primary HCV core antigen 

antibody (clone: C7-50) (Thermoscientific, Cat# MA1-080) for 1 h with dilution of 1:300. 

For co-localization analysis of NS5A with lipid droplets, cells were incubated with HCV 

NS5A antibody (1:2000) for 1 h. After washing, cells were probed with the mixture of 

corresponding Alexa Fluor 594-labeled secondary antibody for NS5A or HCV core and 

BODIPY for lipid droplets (1:100) for another 1 h. At the end, nuclei were labeled with 

DAPI and cells were subjected to confocal imaging analysis.
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2.8 Biodistribution study

2.8.1 Synthesis of 177Lu-DTPA-p41—Prior to radiolabeling, the radiometal chelator 

(DTPA) was non-selectively conjugated to the amine groups on the p41 peptides. Briefly, 1 

mg of p41 (0.14 μmol) and TEA (0.29 μl, 5 equivalent of p41) were dissolved in DMF. 

Upon stirring, SCN-DTPA (1.5 equiv of p41) in DMF was added dropwise to solution. The 

reaction mixture was kept stirring at room temperature for overnight. DTPA-p41 was 

characterized and peak-purified by RP-HPLC/MS. The UV detector connected to HPLC was 

set at 280 nm and 220 nm. The mobile phase was composed of water containing 0.1% 

formic acid (solvent A) and acetonitrile containing 0.1% formic acid (solvent B). For all 

purifications, the initial gradient of 62% A:38% B linearly decreased to 40% A:60% B over 

a 12 min time period. At the end of the run time for all HPLC experiments, the column was 

flushed with the gradient of 5% A:95% B and re-equilibrated to the starting gradient. To 

synthesize 177Lu-DTPA-p41, 30 μg of DTPA-p41 was incubated with 2.5 mCi 177LuCl3 in 

ammonium acetate buffer (1 M, 100 μl, pH 5.5) for 1 h at room temperature. The 

resulting 177Lu-DTPA-p41 was peak-purified by RP-HPLC equipped with Flow Count 

radiometric detector system (Bioscan, USA) and UV detector (220 nm and 280 nm). The 

isolated radiochemical yield was 10%–20%. L(+)-ascorbic acid sodium salt (10 mg) was 

added to the purified radioconjugate to reduce radiolysis. To remove the bulk of the 

acetonitrile and concentrate the radiolabeled peptide, dry nitrogen was applied to the mixture 

of 177Lu-DTPA-p41 and non-labeled p41. 177Lu-labeled APN formulations were prepared 

by following the same procedure as described in 2.3.

2.8.2 Animal studies—Biodistribution study of APN (targeted and non-targeted) and p41 

were carried out on BALB/c mice (average weight, 25 g). Each animal was intravenously 

injected with 50 μg of 177Lu-labeled p41 or equivalent dose of 177Lu-labeled Gal-APN or 

APN (n = 6 per group) carrying 5 μCi radioactivity in 100 μl saline. After the designated 

time (15 min and 4 h), the mice were sacrificed, and tissues (liver, spleen, kidney, lung and 

bone) were excised, rinsed and weighed. The 177Lu radioactivity of excised organs, tail, 

urine + bedding, and carcasses was measured using a gamma counter, and the percentage of 

injected dose per gram (%ID/g) was calculated for each organ.

2.9 Statistical analysis

The data were expressed as mean ± standard deviation. For comparison between two groups, 

the data were analyzed using student’s t test. For multiple groups, one-way analysis of 

variance (ANOVA) was used. Differences were considered statistically significant at a value 

of p < 0.05.

3. Results

3.1 Preparation and characterization of Gal-APN

The synthesis of Gal-modified PEG-b-PLE copolymer is illustrated in Scheme 1. To this 

end, propargyl-terminated PEG-b-PLE block copolymer was synthesized via ring-opening 

polymerization of BLE-NCA monomer using propargyl-PEG-amine as a macroinitiator. The 

chemical composition of the resulting block copolymer was confirmed by 1H-NMR 

(Supporting information, Fig. S1). The degree of polymerization of the PLE block was 25 
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(Table 1). From the GPC analysis, the weight-average molecular weight (Mw) and the 

molecular weight distribution (Mw/Mn) of propargyl-PEG-b-PLE were determined to be 

10,618 and 1.08, respectively (Table 1 and Fig. S1). Pursuing Gal conjugation to the 

copolymer using click chemistry, the azide-modified Gal was synthesized by the following 

two-step modification [20]: D(+)-galactose reacted with 2-bromoethanol first to give the 

bromo substituent, which was subsequently converted to Gal azide with sodium azide. With 

its molecular mass confirmed by mass spectrometry (Fig. S2), Gal azide and propargyl-

PEG-b-PLE were reacted in the presence of copper (II) sulfate and sodium ascorbate in 

water/methanol mixture at room temperature. 1H-NMR (Fig. S1) confirmed the conversion 

of the alkyne groups to the triazole. The Gal conjugation yield was quantified using phenol-

sulfuric acid method [21], and it showed that 67% ± 6% of the copolymer was successfully 

modified with Gal after click reaction. The absence of copper after 3 days’ exhaustive 

dialysis was confirmed by inductively coupled plasma mass spectrometry (data not shown).

Gal-APN were prepared as described before [13] by simple mixing of buffered solutions of 

cationic p41 and anionic block copolymers (Gal-PEG-b-PLE and propargyl-PEG-b-PLE) 

which electrostatically bind to each other (Scheme 2). The Gal density on the surface of the 

Gal-APN was controlled by adjusting the molar ratio of Gal-PEG-b-PLE and propargyl-

PEG-b-PLE copolymers. In this way, we prepared a series of Gal-APN with various 

proportions of Gal moieties ranging from 5% to 70%. APN prepared from p41 and 

propargyl-PEG-b-PLE was used as a non-targeted control for comparison. Gal-APN 

displayed a slight increase in size compared to non-targeted APN as more Gal moieties were 

introduced onto the APN surface (from 89 nm to 108 nm), and in all cases exhibited uniform 

size distributions (PDI less than 0.2) as determined by DLS (Table 2).

3.2 Uptake of Gal-APN in hepatoma cell lines

The internalization of Gal-APN was studied in Huh 7 cells with relatively low ASGP-R 

expression and in HepG2 cells, which overexpress the ASGP-R (Fig. S3). We prepared a 

fluorescence-labeled APN by incorporation of 10 mol% of Cy5-labeled p41 into complexes 

as a tracer (Table S1). The confocal microscopy suggested that Gal(35%)-APN were taken 

up rapidly into the Huh 7 cells, whereas the non-targeted APN were internalized more 

gradually (Fig. 1A). Indeed, nearly all of the cells became Cy5-positive after 2 h incubation 

with Gal(35%)-APN, while at least 5 h were needed for all cells to take up APN (Fig. S4). 

Notably, p41 alone displayed the least efficient internalization. The quantification of cell-

associated fluorescence (Fig. 1B) indicated that both Gal(35%)-APN and APN displayed 

time-dependent cellular accumulation, but the cellular content of Gal(35%)-APN was 

significantly (p < 0.001) greater than of non-targeted APN. No difference in cellular uptake 

between Gal(35%)-APN and APN was observed in the ASGP-R negative HeLa cell line 

(Fig. S5). Importantly, the higher cellular uptake occurred for the Gal-APN with 5%–35% 

Gal moieties on their surface (Fig. 1C and Fig. S6). Above this percentage, the uptake of 

Gal-APN was decreased. To further elucidate whether the cellular association of Gal-APN 

depends on binding to ASGP-R on the hepatocytes surface, Huh 7 cells were treated with 

Gal(35%)-APN or APN in the presence of excess free galactose (100 mM). Flow cytometric 

analysis revealed that the uptake of Gal(35%)-APN was suppressed to the level of the non-
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targeted APN in the presence of free galactose (Fig. 1D). This clearly demonstrates the 

involvement of a specific receptor-mediated uptake mechanism.

Contrary to our expectation, the internalization kinetics and cellular uptake of Gal(35%)-

APN and APN in HepG2 cells that abundantly express ASGP-R (Fig. S3) were not 

significantly different during continuous incubation with the complexes (Fig. 2A). Similar 

behavior of Gal(35%)-APN was also observed in primary human hepatocytes (Fig. S7). 

Nevertheless, the competition experiments demonstrated that the uptake of Gal-APN into 

HepG2 cells was inhibited by the presence of soluble Gal (Fig. 2B and Fig. S8). By contrast, 

no attenuation in internalization was observed in the cells treated with non-targeted APN 

under the same experimental conditions. These findings indicate that uptake of targeted Gal-

APN is at least partially mediated by interaction with ASGP-R on cultured HepG2 cells.

3.3 Gal-APN anti-HCV activity in cell culture systems

Anti-HCV activity of Gal(35%)-APN and APN was evaluated against JFH1 virus (MOI 0.1) 

in the Huh 7.5 cell line. MOI 0.1 has been demonstrated as the most efficient for JFH-1 

virus in Huh7.5 cells by others [10]. As was previously demonstrated, both p41 and APN 

displayed dose-dependent antiviral activity [13]. To rule out any confounding effects due to 

cytotoxicity of free p41, all formulations (Gal-APN, APN and p41 alone) were used at a 

dose equivalent to 5 μM peptide which was shown to be sufficient to suppress HCV 

infection without inducing cytotoxicity [13]. The antiviral potency of formulations was 

determined by quantifying the intracellular HCV RNA replication using RT-qPCR. To 

assess whether APN can suppress an ongoing HCV infection and block cell-to-cell viral 

spread, the cells were first infected with virus and then treated with formulations (at a dose 

equivalent to 5 μM p41). As shown in Fig. 3A, both Gal(35%)-APN and APN were able to 

suppress viral replication after 48 h of cell treatment. It is likely that the lack of the 

differences in magnitude of the antiviral response between targeted and non-targeted APN 

might be due to the strong virocidal activity of p41 peptide, which is not affected by targeted 

delivery of the peptide. To test this hypothesis, virus was pre-incubated with formulations 

for 1 h and then Huh 7.5 cells were infected with this mixture. As shown in Fig. 3B, in 

contrast to the viral replication observed in control cultures, the pre-incubation of both 

Gal(35%)-APN and APN with virus stock induced 99% inhibition of intracellular viral RNA 

accumulation. Overall, it appeared that in terms of reducing viral RNA replication in cell 

culture systems, Gal-APN is as effective as APN.

We attempted to further elucidate the antiviral mechanism of p41 that is beyond the 

virocidal effect and interferes with the intracellular viral life cycle. Since amphipathic α-

helical p41 is derived from the membrane anchor domain of NS5A [10], we hypothesized 

that p41 competes with NS5A and HCV core proteins for binding to lipid droplets, thereby 

preventing the assembly and release of mature viral particles. As expected, infected cells 

exhibited high co-localization of HCV core and NS5A proteins with lipid droplets (Fig. 4A 

and 4C). When cells were treated with APN or free peptide for 5 h before exposure to HCV, 

the expression of HCV core protein and NS5A, as well as their localization to lipid droplets, 

were substantially reduced. Notably, in both cases the strongest inhibition of co-localization 
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with lipid droplets was observed after treatment with Gal(35%)-APN, which significantly (p 

< 0.001) exceeded the inhibition effects of APN and p41 (Fig. 4B and 4D).

In addition to the direct antiviral effect of Gal-APN, the indirect aspect of antiviral action 

was also investigated based on the activation of interferon-sensitive genes (ISGs) (Fig. S9). 

ISGs were induced by 4 h exposure to low dose of interferon alpha (IFN-α, 100 U/ml), 

which itself did not affect HCV RNA levels. Meanwhile, cells were treated with Gal(35%)-

APN 48 h post-infection with or without IFN-α exposure. Gal-APN itself had no effect on 

ISGs activation, however, the accumulation of ISGs (viperin and 2′5′ oligoadenylate 

synthase-1) was significantly enhanced by Gal-APN after triggering of IFN-α signaling.

3.4 Biodistribution studies

As a proof of concept, the in vivo biodistribution of Gal(14%)-APN, APN, and p41 was 

tested in BALB/c mice using 177Lu-DTPA-p41 as a probe. Since no significant differences 

were observed in the uptake of Gal-APN within 5%–35% range of ligand surface densities, 

Gal(14%)-APN with an average level of galactosylation were selected for further in vivo 

studies. Following intravenous administration of the radiolabeled compounds, 

biodistribution studies showed that all formulations were rapidly captured by the liver (~13 

%ID/g) within 15 min (Fig. S10A) with no significant differences observed during this short 

time frame. However, at 4 h after injection, significantly (p < 0.001) higher hepatic 

disposition of Gal(14%)-APN (6.0 ± 1.6 %ID/g) was observed compared to APN (2.6 ± 1.7 

%ID/g) and p41 (1.4 ± 0.3 %ID/g) (Fig. 5A). The trend remained the same after the liver 

was perfused. The slight drop of radioactivity after perfusion implied that the majority of the 

drugs were associated with the liver tissue. The liver-to-blood ratios in animals injected with 

the liver-targeted Gal-APN was calculated to be 6.1 ± 2.1 and was significantly (p < 0.001) 

higher compared to non-targeted APN (2.1 ± 0.8) and free p41 (1.3 ± 0.6). Our preliminary 

data showed that radiolabeled formulations were associated with both liver hepatocytes and 

non-parenchymal cells (consisting primarily of Kupffer cells and sinusoidal endothelial 

cells). However, preferential accumulation in hepatocytes was observed for Gal(14%)-APN 

(9.2% ± 2.3% of total dose accumulated in the liver), while for APN and free p41, these 

values were 5.8% ± 1.4% and 3.7% ± 0.1%, respectively (Fig. S10B). When compared to 

APN and p41, a slightly higher extent of Gal(14%)-APN accumulation was also observed in 

the spleen and lung, due to these organs contain high numbers of macrophages expressing 

lectin receptors (Fig. 5B). Overall, the in vivo data demonstrates the increased hepatic 

localization of Gal-APN, most likely as a result of Gal-APN binding to ASGP-R expressed 

on the surface of hepatocytes.

4. Discussion

The targeting of bioactive molecules to specific organs is an attractive strategy to increase 

local concentration of therapeutics at the anticipated site of action, while reducing off-target 

effects. Viral replication in HCV infection occurs predominantly in the hepatocytes. The 

ASGP-R, a C-type lectin receptor presented in abundance on the sinusoidal surface of 

hepatic parenchymal cells, mediates the binding and removal of glycoconjugates containing 

exposed terminal galactosyl or N-acetylgalactosaminyl sugars. Despite that ASGP-R has 

been also detected on extra-hepatic cells such as peritoneal and liver residential 
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macrophages, in human kidney, thoroid and activated T cells, the ASGP-R has been 

intensely validated as a potential target for drug and gene delivery to the liver [23–25]. For 

example, it was demonstrated that N-glycosylated human interferon beta directed to ASGP-

R efficiently inhibited hepatitis B virus infection in vivo [26]. Coulstock et al. [27] 

demonstrated increased targeting to the liver of interferon genetically fused with a ASGP-R-

specific antibody following systemic intravenous administration.

In our previous in vitro studies, we demonstrated that incorporation of cationic p41, an 

antiviral peptide derived from the membrane anchor domain of HCV nonstructural protein 

NS5A, into nanosized APN substantially increases peptide proteolytic stability, reduces its 

intrinsic cytotoxicity, while preserving antiviral activity against HCV. Here, exploiting a 

concept of the liver-targeted delivery, we designed ASGP-R-directed APN coated with Gal 

ligands to deliver an antiviral HCV-specific peptide to hepatocytes, which is anticipated to 

eventually benefit treatment outcomes. A series of Gal-decorated APNs with various 

densities of Gal ligands was prepared by controlling the molar ratio of Gal-PEG-b-PLE/

propargyl-PEG-b-PLE copolymers. The targeting properties of Gal-decorated APN were 

evaluated in hepatic cells with differential expression of ASGP-R. Interestingly, the uptake 

efficiency of Gal-APN did not correlate with ASGP-R expression level. Rapid and 

preferential accumulation of Gal-APN over APN was observed in Huh 7 cells with relatively 

low receptor expression. Moreover, an efficient uptake of Gal-APN was observed when the 

density of the Gal ligand did not exceed 35%. The affinity of the ASGP-R is a consequence 

of oligovalent interactions with its physiological ligands, so-called “cluster glycoside effect” 

[28]. Studies using natural and synthetic ligands have illustrated the importance of the 

special arrangements of the terminal Gal residues for the binding affinity to ASGP-R. Based 

on affinity studies of several asialoglycopeptides and synthetic cluster glycosides with 

defined sugar arrangements and geometries it was concluded that appropriate sugar spacing 

(at least 15Å) is required for optimal receptor recognition [28–30]. It is possible that 

increase in ligand density on the Gal-APN above 35% can lead to formation of structures 

with shorter intergalactose distances and results in lower biding affinity of the corresponding 

Gal-APN. Furthermore, observed ligand density effects can be also related but not limited to 

improper orientation of the ligand, steric hindrance of neighboring molecules or competitive 

behaviors for the binding of the receptor. Similar negative cooperative binding effects were 

previously reported for other ligand-decorated nanoformulations such as liposomes [31, 32], 

nanogels [33], polymeric micelles and dendrimers [34], and superparamagnetic iron oxide 

nanoparticles [35].

Surprisingly, there were nearly no differences in the uptake of targeted and non-targeted 

APN in cells with higher density of ASGP-R (~76,000 and 3,000 ASGP-R/cell for HepG2 

and Huh 7, respectively [36]). Nevertheless, the uptake of Gal-APN but not APN was 

significantly inhibited by co-incubation with free Gal in both cell lines. The latter indicates 

that uptake of galactosylated APN into hepatic cells involves a specific ASGP-R-mediated 

mechanism, while non-targeted APN utilize some alternative endocytotic pathway. This can 

possibly be attributed to the difference in composition of the outer shell of the APN. 

However, the functional relationship between APN composition, ligand density and ASGP-

R expression on hepatic cells remains to be established.
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Huh 7.5 cells, as an in vitro model for HCV infection, were used to evaluate the antiviral 

activity of Gal-APN. The life cycle of HCV requires its penetration into hepatocytes via 

receptors for viral entry, replication, and degradation of a viral polypeptide into smaller 

structural and non-structural viral proteins, which then are assembled on lipid droplets in the 

vicinity of endoplasmic reticulum (ER) into full infectious particles. These particles then 

leave the cells in the complexes with very low density lipoproteins, which are “sensed” by 

new intact hepatocytes leading to spread of infection [37, 38]. Thus, in the liver, HCV may 

persist extracellularly as well as intracellularly. In our study, we demonstrated that antiviral 

activity of p41 (as a part of APN and Gal-APN) also consists of two components: 

extracellular virocidal component related to viral membranolytic activity of the peptide and 

intracellular component, which presumably affects viral assembly on lipid droplets. No 

difference was found between the capability of Gal-APN and APN to reduce intracellular 

HCV RNA replication when the formulations were either added to the cells after 

preincubation with virus or were applied post-infection. This may be attributed to the 

dominant virocidal effect of p41 before its penetration into hepatocytes, which corroborates 

the results reported by Cheng et al. [10] that amphipathic α-helical peptides derived from the 

membrane anchor domain of the HCV NS5A protein, including p41, destabilize the viral 

lipid membranes. This extracellular virocidal component may not depend on targeted APN 

delivery via ASGP-R in the context of in vitro experiments. However, in vivo, targeted 

delivery of APN to hepatocytes would provide additional benefit of specific accumulation of 

Gal-APN and its antiviral payload in the ASGP-R-expressing hepatocytes that are a primary 

site of HCV replication. In fact, based on our biodistribution experiments, p41 peptide is 

mainly delivered to liver and hepatocytes via Gal-APN, where, as expected, it will 

ultimately provide the desired antiviral effect and prevent the spread of extracellularly 

secreted virus to the neighboring non-infected cells. Besides, the co-staining of HCV core 

and NS5A proteins with lipid droplets after the treatment with targeted or non-targeted APN 

sheds light on the additional intracellular antiviral mechanism of p41 that is beyond its 

virocidal action. Specifically, when the formulations were delivered to the cells before viral 

entry (avoiding preliminary extracellular contact of APNs with HCV), it prevented the 

binding of both core and NS5A proteins to lipid droplets via the common amphipathic α-

helical domain. This binding of HCV proteins to lipid droplets is necessary for assembly and 

release of fully assembled infectious viral particles [37, 38]. The decreased association 

between viral proteins and lipid droplets may be vital for the virus assembly. Here, we show 

that Gal-APN demonstrated the advantages over APN and free p41 to inhibit this step as a 

prerequisite for virion production. Furthermore, we also observed the reduced expression of 

HCV core and NS5A proteins after Gal-APN treatment. Currently, we have not identified 

the exact intracellular compartment, where HCV interacts with p41. Since both the viral 

particles and Gal-APN enter hepatocytes via receptor-mediated endocytosis [39, 40], and the 

destabilization of APN and p41 release can occur probably due to the protonation of 

carboxylic groups of PLE chains in the APN after acidification in endosomes, we cannot 

exclude that, in part, inactivation of virus may also be attributed to virocidal effects of APN 

in this compartment. In addition, arginine-rich α–helical structure of p41 as well as its 

membranolytic properties may facilitate the endosomal release of these peptides into the 

cytosol [41]. We also cannot exclude the possibility that p41 may access the HCV 

replication complex on the ER as a result of multiple fusion of APN/p41-containing 
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vesicles, using lipid droplets or heat shock proteins, or other endocytosis tools as trafficking 

vehicles. These mechanisms definitely require more detailed investigations.

The effects of antiviral small molecules (including recently discovered DAA) are potentiated 

by activation of host innate immunity, namely, activation of ISGs that encode generation of 

endogenous antiviral proteins. This activation of innate immunity diminishes the chance of 

relapses of chronic HCV infection. It is likely that in addition to disturbance of HCV 

assembly on lipid droplets, Gal-APN might provide an indirect effect on IFN-α-induced 

activation of ISGs that encode the expression of antiviral proteins. In the infected cells, 

HCV core and NS5A proteins suppress IFN-α signaling and prevent activation of ISGs, 

thereby abolishing the synthesis of intracellular antiviral proteins and diminishing anti-HCV 

protection [42–44]. While the major antiviral mechanism of Gal-APN is distinct from 

exogenous IFN-α, we demonstrated that Gal-APN indirectly potentiate the endogenous IFN-

α signaling, thereby increasing its downstream antiviral ISGs activation in liver cells (Fig. 

S9). We strongly believe that apart from the potent extracellular virocidal action, the 

combination of advanced intracellular effects of Gal-APN and subsequent ISG activation 

may potentiate in vivo antiviral activity of Gal-APN.

In vivo, using radiolabeled peptides, we subsequently showed that the galactosylation of 

APN offered certain advantages including preferential liver uptake as well as accumulation 

in hepatic parenchymal cells (hepatocytes). It appeared that the biodistribution profile of 

Gal-APN and APN is highly dose-dependent: if lower dose were administered due to 

inaccurate injection, the distribution of p41 in all excised organs (%ID/g) was 

correspondingly decreased (data not shown). This is reconciled with previous findings that 

the lower plasma concentration of protein-based block ionomer complexes makes them 

more susceptible to dissociation due to the dilution in the bloodstream and interaction with 

charged serum proteins [45]. For the Gal-APN, the levels of radioactivity in all other tissues 

assayed were lower than the liver, which was in line with what was obtained for both the 

APN and p41. The relatively high level of radioactivity detected in the kidney can be 

attributed to renal excretion of the peptides that was already apparent 15 min following 

injection of p41 or its formulations.

Interestingly, slightly but significantly higher uptake of Gal-APN compared to non-targeted 

APN or free p41 was detected in the spleen and lungs (Fig. 5). Since galactosylation did not 

alter the physicochemical properties of APN, such as size and charge, this indicates the 

increased binding of Gal-APN to galactose-specific C-type lectins expressed on 

macrophages in these organs rather than enhanced opsonization [46–48]. Collectively, our 

findings suggest that preferential hepatic uptake of Gal-APN was a result of ASGP-R 

binding on the surface of hepatocytes and that galactosylated APN can be used to affect the 

biodistribution of therapeutic antiviral peptides. However, we should acknowledge that 

ASGP-R function and expression level in the liver of HCV patients are influenced by many 

factors including oxidative stress, toxic substances (such as alcohol), viral infection (Fig. 

S3), etc. [49]. Therefore, hepatic distribution of Gal-APN under pathological conditions 

should be evaluated, which will be crucial for treatment outcome. To serve this purpose, 

currently, our group is in the process of establishing a HCV animal model using urokinase-

type plasminogen activator (uPA)-NOG mice with reconstituted humanized liver [50].
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In the frame of this study, we have not aimed to compare the efficiency of Gal-APN with 

DAA that already demonstrated their clinical specificity and efficiency. However, apart 

from the predominant liver accumulation, another advantage of Gal-APN (due to the strong 

virocidal effects of the peptide) might be the lack of dependence on high rate of HCV 

mutations, which with time may limit viral sensitivity to DAA. Potentially, Gal-APN can be 

used for the development of drug combinations that target different aspects of the viral life 

cycle. APN could complement the DAA potency, interfere with multiple viral genotypes, 

overcome resistance development and, eventually, reduce treatment duration.

5. Conclusion

In the present study, we designed and synthesized the galactosylated nanocomplexes of 

antiviral peptides as a platform for targeted therapy against HCV. In vitro, Gal-APN 

displayed favorable ASGP-R-mediated uptake by hepatoma cell lines and primary human 

hepatocytes. Even though both targeted and non-targeted APN efficiently suppress HCV 

RNA replication in cell culture systems, Gal-APN displayed a significantly stronger ability 

than APN to prevent intracellular binding of HCV core and NS5A proteins to lipid droplets, 

which is known to be an essential step for viral assembly and release. The preferential 

hepatic accumulation of Gal-APN in animals further indicates the possibility of improved 

therapeutic outcomes in vivo. Overall, the results presented here demonstrate the potential of 

Gal-decorated APN as a specific therapeutic strategy against HCV.
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1. Western Blot analysis

The cell lysates of HepG2, Huh 7, primary human hepatocytes, Huh 7.5, and JFH-1-

infected Huh 7.5 were prepared by using 1x SDS sample buffer and were quantified with 

a Micro BCA™ protein assay kit (Pierce, USA). After cell lysates were mixed with β-

mercaptoethanol with the ratio of 9:1, an equal amount of protein from each lysate was 

subjected to SDS-PAGE and then transferred to PVDF membrane at 80 mA and 4°C for 

overnight. Next day, membranes were blocked with 10% nonfat milk in Tris-buffered 

saline containing 0.1% Tween 20 (TBST) for 2 h at room temperature. The membranes 

were then incubated with rabbit polyclonal ASGP-R1 antibody (Thermo Scientific, USA) 

diluted 1:1000 for overnight at 4°C and then with goat anti-rabbit horseradish 

peroxidase-conjugated secondary antibody (Thermo scientific, USA) with 1:5000 

dilution for 1 h. Both primary and secondary antibodies were diluted with TBST 

containing 10% nonfat milk. The membranes were washed in TBST for 30 min before 

the immunoblots were developed with ECL (Pierce, USA). An equal protein load was 

confirmed by immunoblot with β-actin.

2. The effect of Gal-APN on ISGs expression

Huh 7.5 cells (200,000 cells/well) were seeded on 6-well plate for overnight. Cells were 

treated with Gal(35%)-APN (5 μM) for 48 h after overnight viral infection (MOI 0.1), 

and 4 h before harvesting, ISGs were activated by IFN-α (100 units/ml). Total cellular 

RNA was isolated using TRIzol reagent and subsequently converted to cDNA. Antiviral 

ISGs [2′-5′-oligoadenylate synthetase 1 (OAS-1) and viperin] abundance and HCV RNA 

replication were quantified by real-time qPCR.

3. Liver distribution study

Perfused liver was dissociated in the presence of collagenase using a gentle MACS 

dissociator (Mitenyi Biotec, Germany). The dissociated liver was centrifuged at 700 rpm 

for 5 min to obtain the pellet of hepatocytes. Subsequently, non-parenchymal cells 

(NPCs) were harvested by further centrifuging supernatant for 5 min at 1500 rpm. 

The 177Lu radioactivity of hepatocytes and NPCs was measured using a gamma counter. 

The cell number and viability were determined by the trypan blue exclusion method.
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Figure 1. 
Uptake of Gal-APN by Huh 7 cells. (A) Representative confocal microscopy images of Huh 

7 incubated with Cy5-labeled Gal(35%)-APN, APN or p41 for 2 h at 37°C. The merged 

images of Cy5-labeled p41 (red) and DAPI-stained nuclei (blue) (objective 40x). (B) 
Quantification of internalization kinetics of Gal(35%)-APN, APN and p41 in Huh 7 cells. 

Mean fluorescence intensity per cell was calculated from images taken at indicated time 

points. Asterisks show statistically significant differences between Gal(35%)-APN and APN 

at the corresponding time points. (C) Gal-APN uptake as a function of Gal density following 

2 h incubation. *** indicates significantly higher uptake vs. non-targeted APN. (D) 
Inhibitory effect of free Gal on the uptake of Gal(35%)-APN as analyzed by flow cytometry. 

Huh 7 cells were treated with free Gal (100 mM) for 0.5 h, followed by co-incubation with 

either Gal(35%)-APN (blue) or APN (black) for another 2 h. Cells treated with Gal(35%)-

APN (grey) or APN (red) were used as controls. In all experiments, cells were treated with 

APN and peptide at a dose equivalent to 5 μM of p41. Data are presented as mean ± SEM (n 

= 15–20); *p < 0.05, ***p < 0.001, NS - not significant.
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Figure 2. 
Uptake of Gal-APN into HepG2 cells. (A). Time-dependent uptake of Gal(35%)-APN and 

APN at 37°C as quantified from confocal images (objective 20x). Data are presented as 

mean ± SEM (n = 15–20). (B). Representative confocal images of HepG2 cells incubated 

with Cy5-labeled Gal(35%)-APN and APN in the absence or presence of free galactose. For 

competition experiments, cells were pre-treated for 0.5 h with 100 mM of galactose 

followed by co-incubation with corresponding APN for 1 h. The merged images of Cy5-

labeled p41 (red) and cell nuclei stained with DAPI (blue) (objective 20x). In all 

experiments, cells were treated with APN at a dose equivalent to 5 μM peptide at 37°C.
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Figure 3. 
In vitro anti-HCV activity of Gal-APN. (A) APN suppress the ongoing HCV infection. Cells 

were infected with JFH-1 virus (MOI 0.1) overnight and then treated with Gal(35%)-APN, 

APN or p41 for 48 h. (B) Virocidal effect: JFH-1 virus (MOI 0.1) was pre-incubated with 

respective formulations for 1 h at 37°C, then cells were infected with these mixtures 

overnight, washed, and cultured for another 48 h. For all experiments, intracellular HCV 

RNA levels were determined by RT-qPCR and normalized to GAPDH mRNA levels. Data 

are presented as %control ± SEM (n = 3) in comparison to HCV RNA level in non-treated 

infected cells (100%); *** p < 0.001, NS - not significant.
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Figure 4. 
Gal-APN suppress association of HCV proteins with lipid droplets in infected Huh 7.5 cells. 

(A, C) Representative confocal microscopy images of the co-localization of HCV core (A) 

or NS5A (C) proteins with lipid droplets. Cells were pretreated with Gal(35%)-APN, APN 

or p41 (at a dose equivalent to 5 μM of p41) for 5 h before overnight infection (MOI 0.1). In 

48 h, cells were analyzed using BODIPY to stain lipid droplets (green) and 

immunofluorescence with Alexa Fluor 594-labeled antibodies either to HCV core or NS5A 

proteins (red). Cell nuclei were stained with DAPI (blue). Co-localization of lipid droplets 

with HCV core or NS5A proteins defined as yellow overlap of green and red fluorescence 

(objective 63x and 20x). (B, D) Quantitative analysis of co-localization of lipid droplets with 

HCV core (B) or NS5A (D) proteins from the images (objective 20x). Data are presented as 

mean ± SEM (n = 15–20), **p < 0.01, ***p < 0.001, NS - not significant.
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Figure 5. 
Biodistribution of radiolabeled Gal-APN in vivo at 4 h post i.v. injection. (A) Quantification 

of the liver (before and after perfusion) and blood concentrations of the Gal(14%)-APN, 

APN and p41 (50 μg p41 or its APN format per animal). The values in parenthesis indicate 

the mean liver (perfused)-to-blood ratio. (B). Tissue distribution of Gal(14%)-APN, APN 

and p41. Apart from liver, a higher accumulation of Gal(14%)-APN was found in lung and 

kidney. All results were interpreted as mean percentage of injected dose per gram of tissue 

(%ID/g) ± SEM (n = 6); *p < 0.05, **p < 0.01, ***p < 0.001, NS - not significant.
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Scheme 1. 
Synthesis of Gal-PEG-b-PLE via NCA-based ring-opening polymerization and subsequent 

click chemistry.
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Scheme 2. 
Schematic illustration of the preparation of Gal-APN.
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Table 2

Physicochemical characteristics of Gal-APNa

Gal Density Deff (nm)b PDIb

0% 89 ± 1 0.13

14% 96 ± 5 0.14

28% 98 ± 4 0.10

35% 103 ± 5 0.13

42% 98 ± 2 0.15

56% 93 ± 2 0.13

70% 108 ± 1 0.20

a
Complexes were prepared in PBS (pH 7.4, 0.14 M NaCl) at Z−/+=1. p41 concentration was 50 μM.

b
Effective diameter (Deff) and polydispersity indices (PDI) were determined by DLS at pH 7.4, 25°C (n = 3).
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