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Abstract
Lactosylated gramicidin-containing lipid nanoparticles (Lac-GLN) were developed for delivery of
anti-microRNA-155 (anti-miR-155) to hepatocellular carcinoma (HCC) cells. MiR-155 is an
oncomiR frequently elevated in HCC. The Lac-GLN formulation contained N-lactobionyl-
dioleoyl phosphatidylethanolamine (Lac-DOPE), a ligand for the asialoglycoprotein receptor
(ASGR), and an antibiotic peptide gramicidin A. The nanoparticles exhibited a mean particle
diameter of 73 nm, zeta potential of +3.5 mV, anti-miR encapsulation efficiency of 88%, and
excellent colloidal stability at 4°C. Lac-GLN effectively delivered anti-miR-155 to HCC cells with
a 16.1- and 4.1-fold up-regulation of miR-155 targets C/EBPβ and FOXP3 genes, respectively,
and exhibited significant greater efficiency over Lipofectamine 2000. In mice, intravenous
injection of Lac-GLN containing Cy3-anti-miR-155 led to preferential accumulation of the anti-
miR-155 in hepatocytes. Intravenous administration of 1.5 mg/kg anti-miR-155 loaded Lac-GLN
resulted in up-regulation of C/EBPβ and FOXP3 by 6.9- and 2.2- fold, respectively. These results
suggest potential application of Lac-GLN as a liver-specific delivery vehicle for anti-miR therapy.
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1. Introduction
Hepatocellular carcinoma (HCC) accounts for a majority of liver cancers. It is one of the fast
growing causes of cancer deaths, affecting more than 500,000 people each year [1].
MicroRNAs (miRs) are non-coding RNAs that regulate gene expression by translational
repression through the RNA-induced silencing complex (RISC). Aberrant expression of
miRs, either a reduction or an elevation, has been shown to be involved in various diseases,
such as inflammation [8], cardiovascular disease [9], and cancers [10–12]. MiRs and anti-
miRs have emerged as potential therapeutic agents. MiR-155, a hepatic oncogenic miR
(oncomiR), is induced by a broad range of inflammatory mediators including
proinflammatory cytokines, and is trans-activated by nuclear factor kappa B (NF-κB) [1].
Increased expression of miR-155 has been shown in human inflammatory cells and tumors
[2–6]. Recent studies have shown that there is a correlation between the expression level of
miR-155 and histopathological changes in choline-deficient and amino acid-defined
(CDAA) diet-induced HCC and in primary human HCC. This suggests miR-155 as a
potential therapeutic target in early stages of tumorigenesis [7].

The function of miRs can be inhibited by anti-miRs, which are oligonucleotides with
complimentary sequences. Recently, the anti-miR strategy has been validated against several
oncomiRs [13–17]. In this study, an anti-miR-155 was designed and synthesized specifically
to inhibit miR-155 function. Free anti-miRs are unstable in the plasma and face barriers such
as nucleases and renal clearance. Non-specific tissue uptake as well as inefficient delivery
limit their potential application as a therapeutic agent. Lipid nanoparticles (LNs) have been
shown to be effective for nucleic acid delivery [18–23].

HCC cells are derived from hepatic parenchymal cells with expression of the
asialoglycoprotein receptor (ASGR) [24, 25]. ASGR is capable of recognizing galactose-
terminated glycoproteins and glycoconjugates, therefore, is useful as a cellular marker for
targeted delivery to hepatocytes and to HCC cells [26–29].

In the present study, a lipophilic ASGR targeting ligand, composed of lactobionic acid (LA),
bearing a galactose moiety and linked to a phospholipid, was synthesized and incorporated
into LNs for liver-specific delivery of anti-miR-155. In addition, gramicidin A, a
hydrophobic peptide, was incorporated to facilitate endosomal release of the anti-miR
following endocytosis [30–32]. This formulation was named lactosylated gramicidin-based
LN (Lac-GLN). Its potential on hepatocyte targeting was evaluated in HepG2 cells and in
mice. The physicochemical properties, cellular uptake, in vitro and in vivo delivery efficacy
were investigated.

2. Materials and methods
2.1. Chemicals and reagents

1,2-Dioleoyl-3-dimethylammonium-propane (DODAP), and L-α-dioleoyl
phosphatidylethanolamine (DOPE) were purchased from Avanti Polar Lipids (Alabaster,
AL); 1, 2-dimyristoyl-sn-glycerol and methoxypolyethylene glycol (DMG-PEG) were
purchased from NOF America Corporation (Elysian, MN); 1-ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride (EDC) and N-hydroxysuccinimide
(NHS) were from Thermo Scientific (Rockford, IL). Monomethoxy polyethylene glycol
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2000-distearoyl phosphatidylethanolamine (mPEG-DSPE) was obtained from Genzyme
Pharmaceuticals (Cambridge, MA). Cholesterol, lactobionic acid, gramicidin A and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO) without further purification.
Firefly Luciferase (GL2 + GL3) siRNA (Luci-siRNA) (AM 4629), negative scrambled
control (AM 17010), and Lipofectamine 2000 were purchased from Invitrogen (Grand
Island, NY). Anti-miR-155 (sequence: 5′-A*C*CCCUAUCACGAUUAGCAUU*A*A-3′,
containing phosphorothioate linkages (*) and 2′-O-Methylation, Cy3-labeled anti-miR-155
(Cy3-anti-miR-155), and Cy5.5-labeled anti-miR-155 (Cy5.5-anti-miR-155) were
synthesized by Alpha DNA (Montreal, Canada). The Taqman kits for real-time RT-PCR
assay of miR-155 (002623) and RNU6B (001093) were purchased from Applied Biosystems
(Carlsbad, CA).

2.2. Preparation of anti-miR-155 containing Lac-GLN
The targeting ligand was synthesized as described previously [33]. Briefly, lactobionic acid
was activated by EDC and converted to its NHS ester, which is then reacted with DOPE to
yield n-lactobionyl-DOPE (Lac-DOPE). The product was characterized by Fourier
transform infrared (FTIR) spectrometry on a Nexus 470 FTIR Spectrometer (Thermo
Scientific, Rockford, IL). Lac-GLNs were prepared by the ethanol injection method. The
lipid mixture, composed of DODAP, Lac-DOPE, DOPE, DMG-PEG and gramicidin A at a
molar ratio of 50:10:28:2:10, was dissolved in ethanol, and rapidly injected into RNAse- and
DNAse-free HEPES buffered solution (20mM, pH 7.4). The resulting lipid nanoparticles
were sonicated for 2 min by a bath sonicator and dialyzed against RNAse- and DNAse-free
water for 4 hr at room temperature to remove ethanol using a molecular weight cut-off
(MWCO) 10,000 Dalton Float-A-Lyzer (Spectrum Laboratories Inc., Ranco Dominguz,
CA).

The anti-miR-155 containing Lac-GLN was prepared by adding an equal volume of anti-
miR-155 dissolved in RNAse- and DNAse-free HEPES buffer to Lac-GLN, followed by
brief vortexing for 10 sec and incubation at room temperature for 10 min. The weight ratio
of lipids: anti-miR was fixed at 10: 1, and the concentration of anti-miR-155 was 1 μg/mL.
The resulting nanoparticles were sterilized using 0.22 μm filters (Fisher Scientific,
Pittsburgh, PA). Control formulations were prepared by the same method.

2.3. Size, surface charge, and encapsulation efficiency measurements
The particle size of anti-miR-155 containing Lac-GLN was determined by dynamic light
scattering on a Model 370 NICOMP Submicron Particle Sizer (NICOMP, Santa Barbara,
CA) in the volume-weighted distribution mode. Particles were dispersed in cell culture
medium. The morphology of Lac-GLN was examined by a FEI Tecnai G2 Bio TWIN
transmission electron microscope (FEI Company, OR, USA). Briefly, samples were
prepared as described above. A drop of the sample was negatively stained with uranyl
acetate for 1 min on a perforated carbon grid for analysis. Images were recorded using a
Gatan 791 MultiScan CCS camera and processed by the Digital Micrograph 3.1 software
package.

The zeta potential of anti-miR-155 containing Lac-GLN was examined in 20mM HEPES
buffer using ZetaPALS zeta potential analyzer (Brookhaven Instruments Corp., Holtsville,
NY).

Encapsulation efficiency of Lac-GLN was determined by Quant-iT RiboGreen RNA Kit
(Invitrogen, Grand Island, NY) following the manufacturer’s protocol, and the fluorescence
intensity (FI) was determined using a luminescence spectrometer (KS 54B, Perkin Elmer,
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UK) at an excitation of 480 nm and an emission of 520nm. The encapsulation efficiency was
calculated by the following equation.

2.4. Colloidal and serum stability of Lac-GLN
The colloidal stability of anti-miR-155 containing Lac-GLN was determined by monitoring
changes in its particle size over a 30-day period during storage at 4°C or 25°C. A serum
stability test was performed to investigate the ability of Lac-GLN to protect anti-miR from
serum nuclease degradation. Briefly, anti-miR-155-lac-GLN and free anti-miR-155 were
exposed to 50% fetal bovine serum (FBS) and incubated at 37°C for various time periods.
Aliquots of each sample were then loaded onto a 1.5% (w/v) agarose gel containing
ethidium bromide.

2.5. Cell culture and in vitro transfection studies
Human HCC SK-Hep-1 and HepG2 cells were cultured in DMEM medium supplemented
with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin at
37°C and 5% CO2.

For Luci-siRNA transfection, 2 × 104 SK-Hep-1 cells stably expressing luciferase, were
seeded per well in 800 μl culture medium in 48-well plates and allowed to grow overnight at
37°C under 5% CO2 atmosphere. Next day, the culture medium was replaced with medium
containing 0%, 10% and 20% FBS, and cells were transfected with Luci-siRNA containing
Lac-GLN and various control formulations at 100 nM for 4 hr. After transfection, the
medium was replaced with fresh medium containing 10 % FBS. At 48 hrs post transfection
cells were washed with PBS and luciferase activity in cell lysates was determined using
Luciferase Assay Kit (Promega, Madison, WI) following manufacturer’s instruction.
Briefly, the total amount of protein of each well was determined using BCA Assay Kit
(Pierce, Rockford, IL), and luciferase activity was determined by normalization to the total
amount of protein. Luciferase down-regulation was then calculated as a relative value
compared to the untreated negative control.

For anti-miR-155 transfection, HepG2 cells were plated at 2 × 105 cells per well in 6-well
plates with 2 ml cultured medium, and incubated overnight at 37°C under 5% CO2
atmosphere. The culture medium was then replaced with fresh medium, and cells were
transfected with 100 nM anti-miR-155 using Lipofectamine 2000, Lac-GLN, and control
formulations and after 4 hr incubation, the medium was replaced with fresh medium. Cells
were incubated for an additional 48 hr at 37°C, then miR-155 and its target gene expression
level was determined by real time RT-PCR analysis. As a positive control, cells transfected
with Luc-siRNA and anti-miR-155 using Lipofectamine 2000 were performed following
manufacturer’s protocol. Untreated cells and empty Lac-GLN were used as negative
controls.

2.6. Cytotoxicity study by MTS assay
The cytotoxicity of Lac-GLN was evaluated by MTS assay (Promega, Madison, WI).
HepG2 cells were seeded in 96-well plates at a density of 1 × 104 cells per well. After
overnight incubation, cells were treated with empty Lac-GLN, negative control RNA alone,
anti-miR-155 alone, negative control RNA containing Lac-GLN, and ant-miR-155
containing Lac-GLN at an RNA concentration of 100 nM for 24 hr. MTS reagent (20 μl)
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was then added to each well, and cells were incubated for another 2hr. The optical density
(OD) at 490 nm of each well was measured using a Multiskan Ascent automatic plate
reader. Untreated cells were used as control and defined as 100% viable. Cell viability was
calculated as a percentage of the untreated cells.

2.7. Cellular uptake of Lac-GLN by confocal microscopy and by flow cytometry
Analysis of the cellular uptake of Lac-GLN was performed by delivery of fluorescent Cy3-
anti-miR-155 into HepG2 cells, evaluated by confocal microscopy and by flow cytometry.

For confocal microscopy, 2 × 105 HepG2 cells per well were seeded in 6-well plates
containing a sterile glass coverslip at the bottom of each well (Fisher Scientific, 12-545-82,
Pittsburgh, PA) and allowed to grow overnight. Cells were then treated with 100 nM Cy3-
anti-miR-155 containing GLN, Lac-GLN, or Lac-GLN with 20 mM lactose and 1% BSA for
1 hr at 37°C, followed by a wash step with PBS five times. Cells were fixed with 4%
paraformaldehyde for 15 min, and stained with Hoechst 33342 (Invitrogen, Grand Island,
NY) and Alexa-488 phalloidin (Invitrogen, Grand Island, NY) for 10 min each at room
temperature. The glass coverslip with the cells was then detached from the plates and
covered with a regular glass slide. Confocal analysis was performed on an Olympus FV1000
Filter Confocal Microscope (Olympus Optical Co., Tokyo, Japan).

For the flow cytometric analysis, 2 × 105 HepG2 cells were treated with 100 nM Cy3-anti-
miR-155 containing GLN, Lac-GLN, GLN with 20 mM lactose and 1% BSA, or Lac-GLN
with 20 mM lactose and 1% BSA for 1 hr at 37°C. Cells were suspended using 0.25%
trypsin, washed with PBS five times, and fixed with 4% paraformaldehyde. The fluorescent
intensity was measured on a Becton Dickinson FACScalibur Flow Cytometer (Franklin
Lakes, New Jersey), and a total of 10,000 events were collected for each sample.

2.8. Assessment of gene silencing by real-time RT-PCR
Total RNA from transfected cells or tissue extracts was isolated by TriZol reagent
(Invitrogen, Grand Island, NY) and purified by following the standard protocol. The
miR-155 cDNA was synthesized using TaqMan MicroRNA reverse transcription Kit
(Applied Biosystems, Carlsbad, CA), and the cDNA was amplified and quantified using the
TaqMan MicroRNA Kit (Applied Biosystems, Carlsbad, CA). The cDNA of C/EBPβ and
FOXP3 was synthesized using the first-strand cDNA synthesis kit (Invitrogen, Grand Island,
NY) and resulting cDNA was amplified and quantified using SYBR Green method (Applied
Biosystems, Carlsbad, CA).

Primers were designed by the Primer Express Program (Applied Biosystems), C/EBPβ.
(forward: 5′-AGAAGACCGTGGACAAGCACAG-3′, reverse: 5′-
TTGAACAAGTTCCGCAG GGTGC-3′), FOXP3 (forward: 5′-
AATGGCACTGACCAAGGCTTC-3′, reverse: 5′-TGTG
GAGGAACTCTGGGAATGTG-3′) and GAPDH (forward: 5′-
CCCCTGGCCAAGGTCATC CATGACAACTTT-3′, reverse: 5′-
GGCCATGAGGTCCACCACCCTGTTGCTGTA-3′). miR-155 level was normalized to
that of RUN6B, while C/EBPβ and FOXP3 levels were normalized to that of GAPDH. Their
expression levels were calculated using the 2−ΔCT approach [34].

2.9. In vivo biodistribution studies by confocal microscopy and IVIS imaging
Fluorescent Cy3-anti-miR-155 containing GLN and Lac-GLN were used in this study for
confocal microscopy analysis. Male C57BL/6 mice were given Cy3-anti-miR-155 (50 μg)
containing GLN or Lac-GLN intravenously with a total injection volume of 200 μl. After 4
hr, mice were sacrificed and tissues were collected. Harvested tissues were fixed in 4%
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paraformaldehyde for 6 hr and soaked in 30% sucrose overnight at 4 °C. Tissues were then
transferred to block holders, embedded with O.C.T. freezing medium (Fisher Scientific,
Pittsburgh, PA), and frozen in liquid nitrogen. Tissue samples were processed by sectioning,
and were stained with Hoechst 33342 (Invitrogen, Grand Island, NY) and Alexa-488
phalloidin (Invitrogen, Grand Island, NY) for 10 min each at room temperature. The
Fluorescent images were obtained using an Olympus FV1000 Filter Confocal Microscope
(Olympus Optical Co., Tokyo, Japan).

Fluorescent Cy5-anti-miR-155 containing GLN and Lac-GLN were used for measuring in
vivo uptake in different tissues by IVIS imaging. The same treatment conditions as
described above were used for this experiment. Whole tissues were harvested and fixed in
4% paraformaldehyde for 6 hr and immersed in 30% sucrose for 12 hr at 4°C. Whole tissue
Cy5 fluorescent signals were measured using Xenogen IVIS-200 Optical In Vivo Imaging
system (Caliper Life Sciences, Hopkinton, MA).

2.10. In vivo delivery of anti-miR-155 containing Lac-GLN
Negative control RNA or anti-miR-155 containing Lac-GLN and other controls were given
to male C57BL/6 mice by intravenous injection at a dose of 1.5 mg/kg. At 48 hr post
administration, the mice were anesthetized, and liver tissues were harvested and
immediately frozen in liquid nitrogen. RNA extraction and RT-PCR were performed as
described above.

2.11. Statistical analyses
Results were reported as mean ± standard deviation, and a minimum of triplicates were used
in each experiment. Comparisons between the groups were analyzed by Student’s t test for
two groups and ANOVA for multiple groups. Results were considered statistically
significant when p values were <0.05. All statistical analyses were performed by Microsoft
Excel 2003 software.

3. Results
3.1.Synthesis of Lac-DOPE

This targeting ligand has been synthesized in our lab previously [33]. In the current study,
the product was further characterized by FTIR to confirm the identity of the conjugate. As
shown in Fig. 1, the absorption peaks of lac-DOPE in blue at 1660 cm−1 and 1540 cm−1

indicate amide bond formation. The spectra of reactants, DOPE and lactobionic acid, were
indicated in red and green, respectively.

3.2. Characterization of anti-miR-155 containing Lac-GLN
The particle size and zeta potential of GLN with various molar percentages of Lac-DOPE
were evaluated and presented in Fig. 2A. The formulation with 10% Lac-DOPE had an
average diameter of 72.66 nm and a zeta potential of +3.49 mV. This composition was
selected as the delivery vehicle for the subsequent experiments and termed Lac-GLN. The
size and morphology of Lac-GLN was further examined by TEM. The image in Fig. 2B
showed a spherical shape and a relatively uniform size distribution of Lac-GLN with < 100
mm in diameter, which was consistent with data obtained by DLS.

The encapsulation efficiency was determined as described in Materials and Methods. As
shown in Table 1, the encapsulation efficiency of Lac-GLN was >85%.

The colloidal stability was determined by monitoring the change in particle size over time.
As shown in Fig. 2C, the average diameter of Lac-GLN remained unchanged over a 30 day
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period at 4°C, but a significant increase in the average diameter was observed under storage
at 25°C.

The ability of Lac-GLN to protect anti-miR was evaluated by a serum stability test. In this
study, free anti-miR and anti-miR-155-Lac-GLN were mixed with FBS and incubated at
37°C for different time periods. As shown in Fig. 2D, Lac-GLN was able to protect ant-
miR-155 from nuclease degradation for up to 12 hrs. Meanwhile free anti-miR-155 was
completely digested within 4 hr. This result demonstrated good serum stability for Lac-
GLN.

3.3. Cellular uptake of GLN and Lac-GLN
Uptake of GLN and Lac-GLN by HCC HepG2 cells, which has highASGR expression was
determined using Cy3-anti-miR-155 containing formulations. The pre-incubation with 20
mM lactose and 1% BSA was used to block ASGR-mediated and non-specific uptake,
respectively. Cells were evaluated by confocal microscopy. As shown in Fig. 3, cells treated
with Lac-GLN showed a significantly stronger fluorescence signal than those treated with
non-targeted GLN. This uptake enhancement was reduced in cells pre-treated with lactose,
an ASGR blocking agent, which demonstrated that the cellular uptake of Lac-GLN was
ASGR-specific.

Cellular uptake of GLN and Lac-GLN was further quantified by flow cytometry. As shown
in Fig. 4A, the uptake of Lac-GLN was about 3.58-fold higher than that of non-targeted
GLN in HepG2 cells. The fluorescence signal did not reduce significantly in the GLN
pretreated cells with 20 mM lactose and 1% BSA, suggesting ASGR-independent uptake of
GLN by HCC cells (Fig. 4C). However, the uptake of Lac-GLN was reduced by 3.51-fold in
cells pre-incubated with lactose. While in absence of lactose the uptake levels of GLN and
Lac-GLN treated cells were comparable (Fig. 4B). This result further confirmed that ASGR-
targeted delivery improved cellular uptake of Lac-GLN in HCC cells.

3.4 In vitro delivery of Lac-GLN
HCC SK-Hep1 cells, stably expressing firefly luciferase mRNA, were used to determine the
transfection efficiency of different delivery vehicles and the effects of several factors,
including targeting ligand, gramicidin A, and serum, on transfection efficiency, using
siRNAs for luciferase as a reporter molecule. Result shows significantly reduced expression
of luciferase in Lac-LN treated group (78.95%) compared to that in the LN treated group
(96.35%) in FBS-free medium. This confirmed an advantage for the ASGR-targeted
strategy. In addition, addition of 20% FBS reduced transfection efficiency by only 6%.
Treatment with the commercial Lipofectamine 2000 caused 7.84% reduction in luciferase
expression, close to the LN treated group, and the transfection was strongly inhibited by
serum at high concentration. Moreover, the effect of increasing concentration of gramicidin
A was analyzed. Surprisingly, in the Lac-GLN treated groups, neither 5% nor 10%
gramicidin A was affected by the presence of FBS during transfection. In contrast,
transfection activities of previously reported formulations were sensitive to the presence of
serum [35–37]. Similar results were obtained in HepG2 cells (data not shown). This is
significant since serum is a major barrier for in vivo delivery in a clinical setting.

Cytotoxicity of the anti-miR formultions was investigated on HCC cells. HepG2 cells were
treated with equal amount of empty Lac-GLN, negative control RNA alone, anti-miR-155
alone, negative control RNA-Lac-GLN, or anti-miR-155-Lac-GLN. No significant change
in cell viability was observed between treated cells and untreated cells (data not shown).
This result suggested a low cytotoxicity of Lac-GLN in HepG2 cells.
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Next, the effects of Lac-GLN containing anti-miR-155 on miR-155 and its downstream
targets expression were evaluated in HepG2 cells. Cells were treated with anti-miR-155
containing Lac-GLN and other control formulations for 4 hr, and the miR-155 and its target
gene expression were measured 48 hr after transfection by real time RT-PCR. Fig. 5A shows
the miR-155 expression levels from different treatment groups relative to the untreated
group. The positive control, treated with Lipofectamine 2000, had 92.4% miR-155
expression of the untreated. Meanwhile, LN, GLN, Lac-LN and Lac-GLN treated groups
exhibited a similar miR-155 expression level to that of Lipofectamine 2000 treated group.
Differences among these groups were small.

When the anti-miR-155 concentration was doubled from 100 nm to 200 nM, as shown in
Fig. 5B, the miR-155 expression in the Lipofectamine 2000 treated group changed from
92.4% to 89.5%. This difference was still not statistically significant. In the Lac-GLN
treated group, a similar trend was observed, where the expression of miR-155 was 87.2%
and 82.9% in 100 nM and 200 nM anti-miR-155 treatments, respectively. These suggested
anti-miR-155 delivery did not lead to miR-155 degradation.

To further examine the delivery efficiency, the expression of miR-155 target genes, C/EBPβ
and FOXP3, were evaluated. The results are summarized in Fig. 5C. In contrast to the steady
expression level of miR-155 (Fig. 5B), there were a 16.1- and 4.1-fold increase in C/EBPβ
and FOXP3 expression, respectively, in the Lac-GLN 100 nM anti-miR-155 treatment
group. Only a 1.4-, 1.9-fold increase of C/EBPβ and FOXP3 expression was observed in
cells transfected with Lipofectamine 2000, respectively. Furthermore, doubling the anti-
miR-155 concentration resulted in an increase in up-regulation of C/EBPβ and FOXP3
expression, clearly demonstrating that the miR-155 targeting gene expression was dependent
on anti-miR-155 concentration. Thus, the delivery of anti-miR-155 most likely resulted in
functional inhibition of miR-155 rather than its degradation, as is often the case for high
affinity anti-miRs. In addition, these results indicated Lac-GLN’s superiority over the
commercial available agent in anti-miR delivery.

3.5. In vivo biodistribution of Lac-GLN
In order to assess the in vivo delivery efficiency and tissue specificity of Lac-GLN, tissue
distribution study was performed in C57BL/6 mice that were administrated Cy5-anti-
miR-155 containing GLN or Lac-GLN intravenously at a dose of 1.5 mg/kg. After 4 hr,
organs were harvested and fluorescence signals were compared. As shown in Fig. 6, lung,
spleen and liver were the major organs exhibiting fluorescence signals when mice were
injected with non-targeted GLN. In contrast, maximal fluorescence signals accumulated in
the liver when mice were treated with Lac-GLN with very weak signals in the spleen and
kidney and no detectable signal in lung. These results suggested that the delivery of Cy5-
anti-miR-155 by Lac-GLN was liver-specific and that Lac-GLN was able to minimize off-
target uptake, thus improving the overall delivery efficiency to the liver.

Confocal microscopy was performed on the liver and other organs to further evaluate the
delivery properties of GLN and Lac-GLN. Besides hepatocytes, the liver also contains a
large population of Kupffer cells, which are residential macrophage. As shown in Fig. 7A, a
major proportion of fluorescence signals was taken up by hepatocytes rather than Kupffer
cells in liver when mice were treated with Lac-GLN, while the uptake was predominantly by
Kupffer cells in the non-targeted GLN-Cy5-anti-miR-155 treated liver.

The distribution of fluorescence signals in lung and spleen were also examined to evaluate
Lac-GLN delivery. As shown in Fig. 7B, fluorescence signals accumulating in lung and
spleen in the Lac-GLN treated mice were less than those in the GLN treated mice,
suggesting high specificity of Lac-GLN for delivery to the liver.
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3.6.In vivo delivery of anti-miR-155 containing Lac-GLN
Next, we sought to determine the delivery efficiency of Lac-GLN-anti-miR-155 in C57BL/6
mouse liver. For this purpose, mice were injected a single dose of 1.5 mg/kg anti-miR-155
formulated in Lipofectamine 2000, GLN, Lac-LN or Lac-GLN through the tail vein.
Injections of empty Lac-GLN, negative control RNA containing Lac-GLN or free anti-
miR-155 were used as negative controls. At 48 hr post administration, the mice were
sacrificed and livers were harvested. The expression of miR-155 and its target, C/EBPβ, was
evaluated by real time RT-PCR (Fig. 8A). As expected, miR-155 level was not altered in the
negative control groups. A slight decrease in miR-155 expression by 13% and 20% was
observed when anti-miR-155 was delivered using Lipofecamine 2000 and Lac-GLN,
respectively, compared to the untransfected control. However, the differences among GLN,
Lac-LN and Lac-GLN were not significant. On the contrary, the delivery efficiency
reflected by C/EBPβ expression varied considerably among these groups as demonstrated by
a 2.8-, 3.7- and 6.9-fold increases in its expression in GLN, Lac-LN and Lac-GLN treated
groups, respectively, compared to the untreated group (Fig. 8B). No significant changes
were observed in the negative control groups, and the Lipofectamine 2000 treated group
only exhibited a 1.4-fold up-regulation of C/EBPβ. In addition, another miR-155 target
gene, FOXP3 expression, was increased by 1.1-, 1.2-, and 2.1-fold in GLN, Lac-LN and
Lac-GLN treated groups, respectively (Fig. 8C). These data demonstrate superior delivery
efficiency by Lac-GLN and agree with the results of our in vitro experiments (Fig. 5).

4. Discussion
Aberrant miR expression is observed in almost all types of cancer. Since miRs repress
multiple target mRNAs and regulate various cellular pathways, extensive studies have been
focused on the biological function of miRs and their potential applications in cancer
therapies. In HCC, dysregulated miR expression profiles are under investigation, and
miR-155 has been recently identified as a potential oncogenic miR in CDAA diet-induced
hepatocarcinogenesis and in human primary HCC [7, 38–39]. The overexpression of miRs
can be specifically diminished by anti-miRs that are complimentary to the sequence of target
miRs, thus silencing the activity of targeted miRs. Therefore, anti-miR-155 was designed
and delivered to specifically inhibit the function of miR-155. Traditional methods for
oligonucleotide delivery include electroporation and commercial lipid-based delivery agent
such as Lipofecamine 2000. Chemical modification to the backbone of oligonucleotides is
also used to enhance the stability against enzymatic degradation, and is well known for its
ability for direct delivery to cells without the help of transfection agents. However, these
methods often exhibit limited delivery efficacy in in vivo applications due to various barriers
such as serum nucleases, lysosomal degradation, and off target uptake. In this study, a novel
HCC-targeted LN with the capability of overcoming in vivo delivery barriers was designed
and synthesized, and the delivery efficiency was evaluated in both HCC cells and in mice.

To increase the delivery efficiency, a hepatocyte targeting ligand was first designed and
introduced to the formulation. Mammalian hepatic parenchymal cells are well known for
their highly specific expression of ASGR on the surface of cell membranes. These receptors
are capable of binding galactose moieties and internalize them through receptor-mediated
endocytosis. Consequently, LA bearing a galactose group was employed as the recognition
moiety to ASGR, and was attached to DOPE through an amide bond to form the lipophilic
ligand (Fig. 1). The long hydrocarbon tails of DOPE facilitated stable insertion into the LN.
Because this synthesized ligand was a negatively charged phospholipid-based compound, it
was able to reduce the surface charge of cationic LN to some degrees (Fig. 2). Neutral LN
has been shown in several studies to be advantageous in lipid-based delivery systems to the
liver due to favorable adsorption from or in endogenous ApoE [40–41]. Therefore, a 10%
Lac-DOPE was chosen as the molar ratio in the Lac-GLN formulation based on the resultant
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neutral surface charge and optimal particle size (Table 1 and Fig. 2). The delivery efficiency
was further improved by the incorporation of a hydrophobic peptide, gramicidin A. The
general function of gramicidin A is ion channel formation in a lipid bilayer. This ionophore
enables transportation of monovalent ions across the membrane. During endocytosis
processes, endosomal escape is known to be a limiting step for lipid-based delivery system
[42–43]. Therefore, gramicidin A was incorporated in the formulation to improve endosomal
escape. Presumably, this ionophore could provide additional ion transport and increase
membrane permeability, in turn causing the swelling of the endosome and release of the
trapped substances into cytoplasm, preventing lysosomal degradation [44–45].

The combination of synthesized ASGR targeting ligand and gramicidin A in the formulation
seem to contribute to improved cellular uptake (Fig. 3), low cytotoxicity (data not shown),
and enhanced transfection efficiency compared to commercial transfection agent (Fig. 5C).
When Lac-GLN were delivered in vivo, they favored localization to the liver and diminished
the off-target uptake from other tissues to a great extent (Fig. 6 and Fig. 7B). Kupffer cells
are liver macrophages that are found next to hepatocytes in liver. The phagocytic activity of
these non-parenchymal cells leads to non-specific uptake of LN. A targeted strategy
employing Lac-GLN mediated delivery ensured a successful active ASGR targeting to
hepatocytes and reduced the uptake by Kupffer cells significantly (Fig. 7A). Besides the
barriers to endosomal escape, another dominant barrier in in vivo LN delivery is the serum
inhibition, which cannot be ignored in clinical application. The inhibitory effect of serum
occurs when serum proteins bind to nanoparticles and prevent their delivery to target cells.
Indeed, this Lac-GLN exhibited greatly reduced serum-sensitivity in vitro compared to Lac-
LN without gramicidin in the formulation (Fig. 8B).

An interesting observation in this study involved the expression level of miR-155 after the
delivery of anti-miR-155. The miR-155 expression was not affected by anti-miR-155
transfection in both HepG2 cells and mouse liver, and its expression remained unaffected
with increasing dose of anti-miR-155 (Fig. 5A, Fig. 5B and Fig. 8A). Conversely, the
miR-155 target gene expression levels were strongly modulated by anti-miR-155 delivery in
a concentration-dependent manner (Fig. 5C, Fig. 8B and Fig. 8C). One possible explanation
would be that the delivery of anti-miR-155 blocked miR-155 function without triggering its
degradation. Indeed, the binding affinity between antisense oligonucleotide and its targeted
miR has been reported as the critical determinant of anti-miR activity. While low affinity
binding promotes miR degradation, high affinity binding represses miR function by forming
a stable complex without inducing degradation [46].

To our knowledge, there are no previous reports focusing on the development of a targeted
lipid-based delivery system, in combination with a peptide in the formulation, for anti-miR
delivery to liver. In this study, an ASGR-targeted peptide-based LN was synthesized for
specific delivery of anti-miR-155 to HCC cells and liver. This Lac-GLN exhibited favorable
physiochemical properties, preferential uptake by targeted cells and tissues, and the ability
to overcome serum inhibition. The silencing potency of Lac-GLN containing anti-miR-155
was confirmed by the significant up-regulation of target genes that are known to be
repressed by miR-155 both in vitro and in vivo. These findings suggest potential application
of the formulation in anti-miR therapies in liver disease. The delivery efficacy of Lac-GLN
in HCC tumor models will be carried out in in future studies.
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Figure 1.
FTIR spectra of Lac-DOPE (blue), DOPE (red) and lactobionic acid (green).
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Figure 2.
Characterization of Lac-GLN. A. Particle size and zeta potential of GLN with varying
degrees of lactosylation. Each value represents the mean ± SD of five measurements. B.
Morphology of anti-miR-155-Lac-GLN by TEM. Scale bar represents 100 nm. C. Colloidal
stability of Lac-GLN. Lac-GLN-anti-miR-155 was stored at 4 °C or 25°C and particle size
was measured over time. Results are the mean of three separate experiments. Error bars
stand for standard deviations. D. Serum stability of anti-miR-155-Lac-GLN. Anti-miR-155
alone or anti-miR-155-Lac-GLN were mixed with 50% FBS at 37°C for 0 hr, 4 hr, and 12
hr. Samples were then analyzed gel electrophoresis analysis.
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Figure 3.
Cellular uptake of Cy3-anti-miR-155 containing Lac-GLN and other control formulations in
HepG2 cells as determined by confocal microscopy.
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Figure 4.
HepG2 cells were treated with GLN, Lac-GLN or Lac-GLN pre-incubated with 20 mM
lactose and 1% BSA. Fluorescence signals were measured on a FACSCalibur flow
cytometer. A. HepG2 cells were treated with GLN or Lac-GLN. B and C. The effect of pre-
incubation with 20 mM lactose and 1% BSA on Lac-GLN and GLN, respectively. Results
are shown in the histogram with the X- and Y-axis indicating the fluorescence intensity and
the cell count, respectively.
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Figure 5.
In vitrodelivery of anti-miR-155-Lac-GLN. The results are the mean of three repeats. Error
bars stand for standard deviations. A. HepG2 cells were transfected with anti-miR-155
containing Lac-GLN at the concentration of 100 nM for 4 hr, and miR-155 expression was
evaluated 48 hr after transfection. B. Evaluation of different concentrations of anti-miR-155
treatments on miR-155 expression. HepG2 cells were transfected with 100 nM or 200 nM
anti-miR-155 containing Lipofectamine2000 and Lac-GLN for 4 hr, and miR-155
expression was evaluated 48 hr after transfection. C. Evaluation of miR-155 targeting gene
expressions. C/EBPβ and FOXP3 gene expression were evaluated 48 hr after HepG2 cells
were transfected with positive control or Lac-GLN containing 100 nM and 200 nM anti-
miR-155.
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Figure 6.
Tissue distribution of Cy5-anti-miR-155 containing GLN and Lac-GLN. Heart, lung, spleen,
kidney and liver were harvested from C57BL/6 mice 4 hr after intravenous administration of
Cy5-anti-miR-155 containing GLN or Lac-GLN. Cy5 fluorescence signals were measured
by IVIS Imaging system.
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Figure 7.
Confocal microscopy of Cy3-anti-miR-155 containing GLN and Lac-GLN in liver (A) and
other organs (B). Liver, lung, and spleen were harvested from C57BL/6 mice after 4 hr
intravenous administration of Cy3-anti-miR-155 containing GLN or Lac-GLN. Cy3
fluorescence signals were visualized on an Olympus FV1000 Filter Confocal Microscope. In
(A), the red and yellow arrows indicate the uptake of Cy3-anti-miR-155 by hepatocytes and
Kupffer cells, respectively.
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Figure 8.
In vivo evaluation of anti-miR-155 treatments on miR-155 and target gene expressions.
C57BL/6 mice were treated with 1.5 mg/kg anti-miR-155 containing Lac-GLN and control
formulations. 4 hr after intravenous administration, liver tissues were harvested and RNA
was extracted. Each value represents the mean ± SD of three measurements. A. The
expression of miR-155 was analyzed by real time RT-PCR. B and C. The expression of the
miR-155 downstream targets, C/EBPβ and FOXP3, were analyzed by real time RT-PCR.
Each value represents the mean ± SD of three measurements.
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Table 1

Physicochemical properties of anti-miR-155 containing GLN and Lac-GLN. Values are mean ± SD (n=5).

Formulation Particle size (nm) Zeta potential (mV) Encapsulation efficiency (%)

GLN 57.39 ± 2.73 14.72 ± 1.15 87.5 ± 1.9

Lac-GLN 72.66 ± 3.14 3.49 ± 0.77 88.9 ± 2.2
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