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ABSTRACT Strategies to modify nanoparticles with biological
ligands for targeted drug delivery in vivo have been widely studied
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protein “corona” on the vehicle surface, which might block the modified ligands and hamper their targeting functions. We speculate that strategies for drug

delivery can be designed based upon elegant control of the corona formation on the vehicle surfaces. In this study, we demonstrate a retinol-conjugated

polyetherimine (RcP) nanoparticle system that selectively recruited the retinol binding protein 4 (RBP) in its corona components. RBP was found to bind

retinol, and direct the antisense oligonucleotide (ASO)-laden RcP carrier to hepatic stellate cells (HSC), which play essential roles in the progression of

hepatic fibrosis. In both mouse fibrosis models, induced by carbon tetrachloride (CCl;) and bile duct ligation (BDL), respectively, the ASO-laden RcP particles

effectively suppressed the expression of type I collagen (collagen I), and consequently ameliorated hepatic fibrosis. Such findings suggest that this delivery

system, designed to exploit the power of corona proteins, can serve as a promising tool for targeted delivery of therapeutic agents for the treatment of

hepatic fibrosis.
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anoparticles modified with bio-
logical ligands are emerging tools
for targeted drug delivery. Such
ligands can recognize specific cell receptors
and thereby direct the drug-laden nano-
carriers to the target tissue."? This strategy
has widely been tested in vitro, but has met
with limited success in vivo. To date, very
few ligand-modified nanoparticles have
entered clinical trials.> A possible reason
behind such disappointment is that, in the
physiological system, the modified surface
of the nanoparticles is further covered by a
layer of proteins from the biological fluid,
known as protein corona.* This corona layer
may hide the ligands from interacting with
cell receptors. The behavior and fate of the
nanoparticles would be dictated by the
corona components, instead of the ligands
conjugated on the particle surface. As a
result, these vehicles might lose their tar-
geting functions.>®
This challenge, on the other hand, moti-
vated us to design new strategies for tar-
geted drug delivery. Recent studies have
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evidenced that biomolecular
formed on nanoparticles may trigger cells
to uptake such nanoparticle-corona com-
plexes,” More importantly, surface modifi-
cation of a nanoparticle with certain mol-
ecules could even change the structure
of some corona proteins, enabling “new”
recognition between the modified particle
and cells.® We could possibly control the
formation of corona by recruiting certain
proteins to its component, and then exploit
the physiological functions of these pro-
teins for tissue/cell-targeting purposes. For
example, in the blood plasma, numerous
proteins are native and efficient transport-
ers, and play versatile roles in nutrient
transportation in the body.” They bind
specific molecules in the circulation and
deliver them to the destination.'®'" And
depletion of them directly abolishes or de-
creases specific recognition between the
delivered molecules and their specific cell
receptors.'*'®> We hypothesized that these
naturally circulating proteins could be
recruited from the plasma into the corona

corona
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Figure 1. Preparation and characterization of RcP. (A) Schematic diagram showing the covalent coupling of PEI (1.3 kDa) to
retinol via the CDI-activation method. (B) The FT-IR spectra of PEI and Retinol-c-PEl. (C) NMR spectrum of PEIl and RCP. (D)
Representative images of RcP and PEl in PBS. (E) Gel retardation assay of RcP/DNA, where N/P represents the molar ratio of

MRetinol-c-PEl/MDNA'

on the nanocarrier surface, and these corona proteins
can exhibit their native functions in directing the drug
vehicles to the specific tissue sites.

In our present study, we demonstrate a nanoparticle
drug carrier that facilitates the formation of corona
composed of native transport proteins. Specifically, we
conjugated retinol molecules with low molecular
weight polyethylenimine (PEI), which further com-
bined nucleotides to form nanoparticles. This nano-
particle system actively recruited plasma proteins and
in particular, RBP, to form corona on the surface." In a
CCls-induced murine liver fibrosis model, the RBP/
retinol complex successfully directed the nanoparticle
into the hepatic stellate cell (HSC), which functions as
retinol-storing cells in healthy individuals but fibro-
genic cells in hepatic fibrosis patients. Delivery of an
antifibrogenic antisense oligonucleotide with this sys-
tem achieved high targeting efficiency into HSCs and
exhibited remarkable therapeutic performances.

RESULTS

Synthesis and Characterization of RcP. PEl was conju-
gated to the hydroxyl groups of retinol by the CDI
activation method to produce RcP (Figure 1A). Success-
ful conjugation was evidenced by FT-IR (Figure 1B) and
NMR (Figure 1C). In the IR spectra, the peak at
17452 cm™' indicates the combined signals of
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carbonyl group and the amino link, the signal reduc-
tion at 3284.2 cm™’ suggests that many amine groups
in PEl have been linked to retinol, and signal changes at
1648.8 and 1164.8 cm™ " imply the modification of both
the secondary and tertiary amines in PEI (Figure 1B).
In the NMR spectra, the shift from ¢ 4.69 ppm (PEI)
to 0 5.25 ppm (RcP) could be attributed to the signals
of the hydrogens on the —CH,—CH,—NH, arms
(Figure 1C).

The product, RcP, is an amphiphilic polymer con-
sisting of hydrophobic retinol and hydrophilic PEIL. The
hydrophobic retinol part should be on the surface
because RcP presented in a uniform emulsion in water
(Figure 1D). Gel electrophoresis demonstrated that the
mobility of DNA was retarded when the N/P ratio (the
ratios of moles of the amine groups of PEI to those of
the phosphate ones of ASO) exceeded 1, suggesting
the efficient combination of DNA by the RcP complex
(Figure 1E).

Preparation and Characterization of RcP/ASO Particle
(RAP). We next prepared the RAP, using the PEI block
of the RcP molecules to combine ASO. In order for
albumin and RBP to maintain their native transporta-
tion function, the PEl must not perturb the proteins'
native conformation. We compared the influence
of PEl with two different molecular sizes (25 and
1.3 kDa) on the surface charge of albumin (Figure 2A).
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Figure 2. Characterization of RAP and its association with
albumin and RBP. (A) Native-PAGE analysis of Albumin,
Albumin preincubated with RAP, and Albumin preincu-
bated with PEl with different molecular weight, where
Albumin/PEIl represents the molar ratio of albumin and
PEl. The albumin bands were stained with Coomassie
brilliant blue. (B) Native-PAGE analysis of recombinant
mouse RBP, RBP preincubated with ASO, RBP preincubated
with RcP, and RBP/RAP complex. The RBP bands were
stained with Coomassie brilliant blue. (C) Representative
TEM images of PEI/ASO complex, RAP, Albumin/RAP com-
plex, and RBP/RAP complex. All the particles were stained
with phosphomolybdic acid. All images presented were
representative of three independent results.

After incubation, the 25 kDa PEl completely changed
the surface charge of albumin from negative to posi-
tive. The complex migrated toward the opposite direc-
tion in the native-PAGE, and thus no band could be
detected. Meanwhile, the 1.3 kDa PEIl, even used at a
very high dose (Albumin/PEl = 1:10), posed little
influence on the surface charge of albumin except
moderately decreasing the migration of the protein.
Hence, we chose the 1.3 kDa PEI for the RcP prepara-
tion and the following experiments in this study.
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TABLE 1. Particle Size and Zeta Potential of the Particles

partide particle size (nm) PDI zeta potential (mV)
PEI/ASO complex 15 + 143 0.26 + 189 + 2.6
RAP 383 £+ 231 0.31 4155+ 0.7
Albumin/PEI/ASO complex 208 = 17.3 0.32 —0.2 £ 0.04
Albumin/RAP complex 231+ 246 0.38 —55+03
RBP/RAP complex 291 + 19.7 0.29 —6.1 + 0.6
Serum-incubated RAP 240 £+ 29.7 0.35 -52+04

Indeed, in the final Albumin/RAP complex, the 1.3 kDa
PEl preserved the charge of albumin well (the last lane,
Figure 2A).

RAP could also bind RBP to form a new RBP/RAP
complex, because RAP contains retinol that is a natural
ligand for RBP. We performed native PAGE, and found
that RBP in association with RAP migrated slower than
the free RBP (Figure 2B), which confirmed the forma-
tion of RBP/RAP complex.

We then determined the particle size, PDI and zeta
potential of PEI/ASO complex, RAP, Aloumin/RAP com-
plex, and RBP/RAP complex by dynamic light scatter-
ing (DLS) (Table 1). Retinol modification, from PEI/ASO
complex to RAP, increased the particle size but did not
influence its zeta potential. Combination with albumin
(Albumin/RAP complex) or RBP (RBP/RAP complex)
decreased the size of RAP by over 30%, probably
because the proteins decreased the surface hydropho-
bicity and aggregation of the complex, and switched
the surface charge from positive to negative. Mean-
while, in the control group, association with albumin
increased the size and decreased the surface charge of
the PEI/ASO complex. The formation of protein corona
around the Albumin/RAP complex and RBP/RAP com-
plex was further confirmed by transmission electron
microscopy (TEM) (Figure 2C).

Analysis of the Protein Corona Formed on RAPs in Serum.
Because the system was designed to be administrated
in the circulation, we next analyzed which proteins in
the serum could form corona on the nanocomplexes.
Serum proteins could interact with the vehicles via
either specific or nonspecific interactions. For example,
both albumin, as the most abundant serum protein,
and RBP, which specifically binds retinol, could be
components of the corona on RAP. After determining
the particle size and surface charge by DLS (Table 1) and
visualizing the corona formation by TEM (Figure 3A),
we recovered the corona proteins from RAP, subjected
them to the sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) analysis, and found
their bands very different from those obtained from
PEI/ASO complex (as control; Figure 3B). Further anal-
ysis with LC—MS revealed that RAP and PEI/ASO com-
plex associated with 232 and 163 serum proteins,
respectively. Of these proteins, 118 appeared on both
particles and 159 were on one side only (Figure 3Q).
We then compared the 20 most abundant proteins on
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Figure 3. Analysis of the protein corona formed on RAP in serum
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. (A) The TEM images of RAP/corona complex formed in

serum. (B) SDS-PAGE analysis of the proteins associated with PEI/ASO complex and RAP. The bands were stained with
Coomassie brilliant blue. (C) The total number of protein types associated with PEI/ASO complex or RAP, as analyzed by
LC—MS. (D) Western blotting analysis of albumin and RBP in the proteins recovered from coronas on PEI/ASO complex or RAP

formed in bovin serum. (E) Native-PAGE analysis of the bovine seru

m proteins mixed with RAP. The bands were stained with

Coomassie brilliant blue. (F and G) Native-PAGE Western blotting analysis of albumin (F) and RBP (G) in serum incubated with
RAP. All images presented were representatives of three independent results.

TABLE 2. Top 20 Most-Abundant Corona Proteins on Different Nanoparticles and RBP on PEI/ASO Complex Analyzed by

LC—MS?
No. RAP
1
2
3 Apolipoprotein B-100
4 Fibronectin
5
6
7
8 Retinol-binding protein 4
9 Coagulation factor V
10
1
12
13
14 Inter-alpha-trypsin inhibitor heavy chain H1
15 Prothrombin
16 Complement factor H
17
.
19 Inter-alpha trypsin inhibitor, heavy chain 2

PEI/ASO complex

Inhibitor of carbonic anhydrase

Serine protease inhibitor ASK

Kininogen-1

Gelsolin

Antithrombin-Ill

Alpha-2-HS-glycoprotein

Isoform 2 of Leukemia inhibitory factor receptor
Protein Gm20547

Retinol-binding protein 4

“Proteins highlighted in the darker blue are among the top 20 for both indicated nanoparticles. Retinol-binding protein 4 (RBP) was highlighted in a yellow grid.

PEI/ASO complex and RAP particles (Table 2), and
found RBP in much higher content in RAP than in
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PEI/ASO complex samples. This finding was in agree-
ment with the outcomes from the Western blotting
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analysis, which detected albumin in both RAP and
PEI/ASO complex corona samples but RBP only in the
RAP group (Figure 3D).

To further evaluate albumin and RBP as corona
components in their natural state, we performed
native PAGE followed by Coomassie blue staining
and Western blotting. Gel staining indicated that
RAP decreased the motility of RAP-associated proteins
in the native gel (Figure 3E). Western blotting using
antibodies against albumin and RBP demonstrated
that the retarded migration of albumin (Figure 3F)
and RBP (Figure 3G) by RAP particles. These results
suggest that both proteins could be associated with
RAP in their native states.

It might be a concern that formation of corona
could bring about an adverse biological effect to the
nanoparticles, thereby compromising the safety level
of the vehicles. Therefore, we tested the toxicity of the
PEI/ASO complex and RAP complexes both in vitro and
invivo. In the in vitro cytotoxicity test, PEI/ASO complex
consisting of either 25 or 1.3 kDa PEI exhibited high cell
toxicity, while RAP had little influence on cell viability
(Supporting Information Figure S1A). Once adminis-
tered in vivo through the tail vein, PEI/ASO complex
caused immediate death of the mice, while RAP started
to present in vivo toxicity only when given at a very
high dose (Supporting Information Figure S1B). The
acute death caused by PEI was probably due to the
coagulation in the main blood vessels. Hence, we
compared the procoagulant capabilities of PEI/ASO
complex and RAP, by determining the blood-clotting
indicators prothrombin time and activated partial
thromboplastin time. We found that PEI (both 1.3 and
25 kDa) substantially accelerated blood coagulation
(and the 25 kDa PEI had stronger effect), while RAP did
not show any significant pro- or anticoagulation effects
(Supporting Information Table S1).

In Vitro Transfection of RAP. We first tested the trans-
fection effects of RAP to HSCs primarily derived from
the fibrotic mice liver. We employed a fluorescent ASO,
a FAM (6-carboxyfluorescein) conjugated ASO as re-
porter, and set PEI/ASO complex as control because PEI
was an established carrier for nucleic acid drugs.
Results in Figure 4A demonstrated that in serum-
containing media, RAP had much higher transfection
efficiency to HSCs than PEI/ASO. The positively stained
a-smooth muscle actin (a-SMA) is a marker of the
activated HSCs.

Because targeted delivery of therapeutic agents to
the HSCs in the liver requires the delivery system to
meet two major requirements (it needs to be recog-
nized by HSCs and, before reaching the liver, it can
evade the phagocytosis of macrophages in the
circulation), we performed another experiment to com-
pare the transfection efficiency of RAP between to HSCs
and to macrophages, by using a well-established HSC
cell line HSC-T6 cell’® and a macrophage cell line Raw
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264.7. It is shown in Figure 4B that RAP transfected
more HSC-T6 than Raw 264.7 cells; on the contrary, the
PEI/ASO complex transfected more macrophages. The
transfection performance of RAP to the two HSCs was
high and consistent, as analyzed by flow cytometry for
its transfection efficiency to primary HSCs (Figure 4C)
and HSC-T6 cells (Figure 4D). Moreover, in the serum-
containing media, transfecting the ASO against col-
lagen | by RAP could significantly down-regulate the
transcriptional level of collagen | expression in fibrotic
HSCs (Figure 4E), which only slightly decreased in the
PEI/ASO-transfected group (Figure 4F). The protein
level of collagen in RAP treated cell was also signifi-
cantly reduced (Figure 4G). These results together
demonstrated that RAP has remarkable transfection
effect for HSC and could facilitate the anticollagen |
ASO interference in the activated fibrotic HSCs.
Influence of Albumin, RBP, and Retinol on the Transfection of
RAP. In our strategy, the transfection of RAP to HSC
should be mediated by the combination of RBP and the
retinol motif on RAP. The albumin would help the
particle to evade the phagocytosis of macrophages.
To test this, we performed the transfection experi-
ments to HSC-T6 cells in serum-free media. First, as
shown in Figure 5A, PEI/ASO complex effectively trans-
fected both cells, while albumin-associated RAP had
low transfection efficiency to either HSCs or macro-
phages. Notably, the Albumin/RBP/RAP complex
demonstrated remarkably high efficiency in transfect-
ing the ASO into HSCs while delivering very few
oligonucleotides to the macrophages. In comparison,
free ASO could hardly transfect either macrophages or
HSCs, while RAP exhibited moderate and low transfec-
tion efficiency to macrophages and HSCs, respectively.
These findings validated our hypothesis that the spe-
cific receptors to RBP on HSCs could facilitate the RBP-
bound complexes to enter these cells and albumin had
the effect to prevent RAP to be captured by macro-
phages. Second, we performed a flow cytometry anal-
ysis to quantify the influence of albumin and RBP on
the transfection of RAP to HSCs. Consistent with the
above findings, with free ASO as control, addition of
RBP into the medium had no influence on the PEI/ASO
transfections but significantly increased the transfec-
tion efficiency of Albumin/RAP complexes in HSCs
(Figure 5B). In the HSCs treated with RAP, we saw an
increase in both the concentration of RBP in the media
and the numbers of cells that were successfully trans-
fected (Figure 5C), indicating that the transfection of
the RAP into HSC was through the RBP-mediated
phagocytosis. Next, we added free retinol into the
media in order to competitively bind RBP before
transfection. We found that the free retinol greatly
compromised the transfection ability of Albumin/
RBP/RAP complex, but had little influence on that of
PEI/ASO complex. RAP — in serum-supplemented
media—showed similar transfection efficiency to the

VOL.9 = NO.3 = 2405-2419 = 2015 F@L@Mi{\)

WWW.acsnano.org

2409



alpha-SMA

Untranfected

PEI/ASO complex

PEI/ASO complex PEI/ASO omplex

RAP In HSCs RAP In Macrophages
In HSCs In Macrophages

m

Untransfected 1 PEIJASO complex 120

PEI/ASO complex

'5
£
£
g
8
s
3
=
]
&

Relative content

Anti-Colt Anti-NC Anti-Coli

G ,39“‘\\

)
o

COII-¥ ﬂ'

Count

GAPDH G

0*

Figure 4. In vitro transfection effect of RAP. (A) Representative fluorescent photographs of primary mouse HSCs
transfected with PEI/ASO complex or RAP in the media with 10% bovine serum for 12 h. The a-SMA was stained by
rhodamine-labeled antibody to demonstrate the cells separated from fibrotic mouse liver were activated HSCs. The
fluorescent ASO labeled by FAM was shown in green. DAPI stained nucleus indicated the cell number and position in the
photographs. (B) Photographs of HSC-T6 cells and macrophages transfected with fluorescent-ASO by PEI/ASO complex or
RAP in the media supplemented with 10% bovine serum for 12 h. Green fluorescence indicates cells with fluorescent ASO
labeled by FAM, and the upper left square shows DAPI stained cell nucleus indicating the position of each cell in the
picture. (C) The transfection efficiency of PEI/ASO complex and RAP to primary HSCs in the media with 10% bovine serum
for 12 h, quantified by flow cytometry. (D) The transfection efficiency of PEI/ASO complex and RAP to HSC-T6 cells in the
media with 10% bovine serum, quantified by flow cytometry. (E) The transcriptional level of collagen | in activated HSC-T6
cells transfected with anti-Col1 ASO by RAP. (F) The transcriptional level of collagen | in activated HSC-T6 cells transfected
with anti-Col1 ASO by PEI/ASO complex. (G) Western blotting analysis of collagen | expressed by HSC-T6 cells transfected
with anti-Col1 ASO by RAP in the presence of bovine serum. Intensity of the bands reflects relative abundance of
individual proteins. GAPDH is the internal control of the test indicating the relative total protein contents in each sample.
The fluorescent photographs were taken by confocal microscopy. Data in (E) and (F) are presented as means + SD of three

independent experiments. Images in (A), (B), (C), (D), and (G) were representative of three independent results. Scale bar in
all microphotographs: 50 um.
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Figure 5. The influence of albumin, RBP and retinol on the transfection effect of RAP. (A) Fluorescent microscopy
photographs of HSC-T6 cells and macrophages transfected by Free ASO, RAP, PEI/ASO complex, Albumin/RAP complex
and Albumin/RBP/RAP complex in serum-free media; green fluorescence indicates cells transfected with the fluorescent ASO
for 12 h. (B) Quantitative analysis of the transfection efficiency of Albumin/RBP/RAP complex in serum-free media for 12 h by
flow cytometry, with free ASO, PEI/ASO complex, PEI/ASO complex with RBP and Albumin/RAP complex as the controls. (C)
Transfection efficiency of RAP to HSC-T6 cells for 12 h cultured in the serum-free media in the presence of various
concentrations of RBP (0—0.7 «g/mL), determined by flow cytometry. (D) The transfection efficiency of PEI/ASO complex or
Albumin/RBP/RAP complex to HSC-T6 cells cultured in the serum-free or serum-supplemented media for 12 h with or without
retinol (5 mg/mL). (E) The transfection efficiency of RAP to HSC-T6 cells in the media containing 10% serum for 12 h in the
presence of RBP antibody, quantified by flow cytometry and with free ASO and PEI/ASO complex as the control. Data in (C) and
(D) are presented as means + SD of three independent experiments. Images in (A), (B), and (E) were representative of three

independent results. Scale bar in all microphotographs: 50 xm.

Albumin/RBP/RAP complex in serum-free media,
and addition of retinol to the serum-supplemented
media also greatly inhibited the transfection of RAP
(Figure 5D). Additionally, to further verify the role of
RBP in the transfection process of RAP to HSCs, we
employed an antibody to RBP to neutralize the RBP in
serum-containing media. As shown in Figure 5E, the
transfection of RAP to HSC-T6 cell in the serum-containing

ZHANG ET AL.

media was efficiently blocked while the antibody had
little influence on the transfection of PEI/ASO complex.
These outcomes confirmed the pivotal role of RBP for
RAP transfection.

But why did PEI/ASO complex and RAP exhibit
distinct transfection efficiency to macrophages, when
both of them had albumin as the most abundant
protein in their corona components? To address this
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question, we tested the effect of extra aloumin, added
to the formed PEI/ASO complex and RAP, on the
transfection efficiency of these two complexes. In the
serum-free macrophage culture, albumin did not sig-
nificantly change the transfection efficiency of PEI/ASO
complex, but almost completely disabled RAP to trans-
fect the cells (Supporting Information Figure S2). Such
difference might be caused by the different modes of
association between albumin and the two nanocom-
plexes. In contrast to PEI/ASO complex, RAP had a
hydrophobic surface and bound albumin largely
through a hydrophobic interaction, which helped
albumin maintain its native conformation in the body.

Biodistribution and Cellular Location of the Intravenously
Injected RAP. RAP injected intravenously was expected
to be covered by a layer of protein corona from the
plasma. In our design, the retinol block of RAP could
recruit RBP, which would mediate the targeting of
these particles to HSCs in the liver (Figure 6A).

In the liver fibrosis mouse model, we examined the
in vivo distribution of the ASO-laden RAP, in which the
ASO was labeled with rhodamine for tracing and quan-
tification. Naked ASO was set as control. We found that
6 h after the injection via tail vein, both the naked
ASO and RAP were mainly accumulated in the liver, but
RAP-delivered ASO had much higher concentration
there (Figure 6B). In other organs, the concentration of
ASO, either delivered by RAP or naked, was found to be
similar. In addition, a time-course change of the naked
ASO and RAP-delivered ASO in the blood and in the liver
tissue was determined. RAP-delivered ASO had longer
circulating time than naked ASO (Figure 6C), which was
important for the protein corona on RAP to evolve into
an RBP-enriched form. Moreover, the RAP-delivered
ASO was retained in the liver for a longer time than
ASO, possibly because the carrier protected ASO from
degradation in the body fluid (Figure 6D).

The ultimate target of RAP in liver is HSCs. We
further determined the cellular localization of the
ASO in the mouse liver, by using a fluorescent ASO
(FAM-labeled ASO). The liver tissues were sectioned
and analyzed by laser confocal microscopy, because
we found that both the naked and RAP-delivered ASO
were mostly located in the nonparenchymal cells
around the hepatic sinusoids. In these areas, the main
cells are macrophages, endothelial cells and HSCs. So
we stained the three kinds of cells using an F4/80
antibody for macrophages, a CD31 antibody for
endothelial cells, and an o-SMA antibody for HSCs. In
the confocal photographs, fluorescent ASO was shown
in green and the markers of the three cells were stained
in red. The cell nucleus was counter-stained in blue with
DAPI (Figure 6E, Supporting Information Figure S3). In
the RAP group, ASO (green) was found to merge with
HSCs (red) to generate strong yellow signals, indicating
that most ASO molecules were located in HSCs. How-
ever, naked ASO was found mainly in the endothelial
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cells and macrophages. Additionally, in RAP group, a
small fraction of labeled ASO was distributed in the
parenchymal cells (Figure 6E, Supporting Information
Figure S3). This was not found in the naked ASO group,
suggesting that RAP could evade the filtration of the
reticuloendothelial system and reach the parenchymal
cells. Taken together, these results clearly demon-
strated that, when administrated via the circulation,
RAP could target, and deliver ASO into HSCs in vivo.
Test of PEI/ASO complex in this experiment could
not be completed because intravenous injection of
PEI/ASO complex caused instantaneous death of the
animals even at very low doses (<0.5 mg/kg body
weight) (Supporting Information Figure S1).

Antifibrosis Activity of RAP. The ultimate purpose of
targeted delivery of ASO to HSCs was to treat liver
fibrosis. After entering HSCs, the ASO was expected
to be released from the complex and suppress the
expression of pathological genes and prevent the
development of liver fibrosis (Figure 7A). We set up a
CCls-induced liver fibrosis in mice to evaluate the
therapeutic performance of the ASO (anti-Col1), which
was designed against collagen |, with a scrambled ASO
(anti-NC) as control. The entire course of treatment was
illustrated in Figure 7A.

We found that the treatment significantly lowered
the content of hydroxyproline, one of the main con-
stituents of collagen and thus one important marker
for pathological fibrosis (Figure 7B). Collagen |, the
direct target of the ASO, was found to be successfully
decreased by RAP-delivered ASO in the fibrotic liver at
both the transcriptional level (Figure 7C), as deter-
mined by quantitative RT-PCR, and the protein level,
as evaluated by Western blotting (Figure 7D) and
quantification (Figure 7E). In concert, histological anal-
ysis of the mice liver tissue sections suggested that
RAP-delivered ASO significantly reduced the number
of highly proliferative HSCs (hematoxylin and eosin
(H&E) staining, Figure 7F,G) and collagen deposition
(Sirius Red staining, Figure 7F,H). In all tests above, the
RAP group significantly improved the therapeutic per-
formance of the ASO, in comparison with the naked
ASO group (P < 0.05). Treatment with RAP achieved
successful inhibition of the development of hepatic
fibrosis. To further validate the efficacy of RAP, we
tested it in the bile duct ligation (BDL) mice, another
mouse model for liver fibrosis. The data shown in
Supporting Information Figure S4 were in consistent
with the results obtained from CCl,; animal model.

Additionally, we performed a stringent therapeutic
test of RAP on CCl, fibrosis model. The fibrosis animal
models received the RAP treatment 4 weeks after the
models were given CCl, for liver fibrosis induction. RAP
was given to the animals once a week for 3 weeks along
with the 2 injections of CCl; every week. After the
animals were sacrificed, the hydroxyproline content
and collagen | mRNA level in the liver tissues were
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Figure 6. Biodistribution and cellular location of the intravenously injected RAP. (A) Schematic diagram showing the
theoretical fate of RAP administered intravenously. (B) ASO (naked or delivered by RAP) distribution in different organs,
quantified for fluorescence intensity. (C and D) Time-dependent ASO (naked or delivered by RAP) concentrations in (C) the
blood and (D) the liver, quantified for fluorescence intensity. (E) Confocal microscopic observations of the cellular distribution
of the transfected ASO (naked or delivered by RAP) in the liver. The liver tissue was sectioned and immunofluorescent stained
by an a-SMA antibody (red) for HSCs, an F4/80 antibody for macrophages (red), a CD31 antibody for endothelial cells (red),
and DAPI for cell nucleus (blue). The fluorescent ASO was shown in green. Co-localization was determined where the green
and red fluorescence perfectly merged into yellow signals. The fluorescent photographs were taken by confocal microscopy.
Scale bar: 100 um. Representative images of three independent results were presented. Data are presented as means + SD of

three independent results (n = 6 in each group).

examined. Data shown in Supporting Information
Figure S5 suggested that although the hydroxyproline
level was higher than that in Figure 7B after RAP treat-
ment (Supporting Information Figure S5A), the mRNA
level of collagen | was significantly down-regulated by
the treatment (Supporting Information Figure S5B). The
data indicated that, although the collagen | accumula-
tion in mouse liver during the 4-week model induction
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was not inhibited very well by RAP treatment, the
collagen | expression in the liver was immediately
blocked by RAP delivered anticollagen | ASO.

DISCUSSION

Targeted delivery of drugs to specific sites in the
body requires rational design of the carrier system,
based upon thorough understanding of the interaction
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Figure 7. ASO against collagen | delivered by RAP ameliorated murine liver fibrosis. (A) Schematic diagram showing the
induction of the murine hepatic fibrosis by CCl,, and administration of the naked ASO or RAP (RcP/ASO complex). The ASO
(anti-Col1) was designed to inhibit the expression of collagen I, and the control group (anti-NC) was a scrambled noncoding
DNA fragment with the same length and GC contents as anti-Col1. Naked anti-Col1 was set as another control to verify the
efficacy of the delivery carriers. (B) The hydroxyproline content in mice liver. (C) The collagen | mRNA in the liver of animals
with different treatments determined by qRT-PCR. (D) The levels of the collagen | protein in the liver of animals following
different treatments, determined by Western blotting. The Western blot results represented one of three independent
cohorts. (E) Densitometric quantification of the Western blotting results of all the animals in each group. (F) Representative of
H&E and Sirius Red staining of liver tissue sections. The blue area in H&E staining indicates the proliferating HSCs, and the red
areas in Sirius red staining sections indicate the collagen deposition in the fibrotic liver tissues. (G) The score of H&E staining
sections of all the animals in each group. (H) Semiquantitative analysis of the area of Sirius Red staining sections of all the
animals in each group. Scale bar, 100 um. Data was given as means + SD of three independent experiments (n > 6 in each
group). *P < 0.05.
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between the carriers and the biomolecules in vivo.
Increasing evidence suggest that once a nanosized
particle enters the circulation, proteins in the blood
plasma rapidly form a layer of “corona” on its surface,
which endows the drug carrier with new “biological
identity” in the body.'® The type and amount of the
corona proteins would dictate the transportation
routes and final destination of the vehicle."” As such,
harnessing the power of the corona proteins holds a
crucial position, whereas largely underestimated, in
the design of strategies for targeted drug delivery
in vivo. In our study, we demonstrated a drug delivery
system that recruited two plasma proteins, albumin
and RBP, into the corona on the vehicle surface. These
two proteins exhibited significant but different func-
tions to direct the vehicle to the specific hepatic
stellate cell populations, and thereby enhanced the
therapeutic efficacy of the system against liver fibrosis.
Albumin was recruited in the corona on the RcP
surface to play two essential roles. First, albumin is a
versatile transporter for a wide range of nutrient
molecules in the body;'®"® here, it acted in its native
role to direct the vehicle to the liver. Second, albumin
has the unique capability of going through the filtra-
tion system in the body without being phagocytized;*
in the present design, albumin prevented the delivered
ASO vehicle from being filtered by the reticulo-
endothelial system in vivo. Albumin was recruited to
the vehicle surface in several mechanisms. First, albumin
is the most abundant protein in the plasma and has a
high chance of adsorption onto the surface of a foreign
particle entering the circulation. Second, albumin is
negatively charged and the RcP positively charged,
facilitating the electrostatic binding between them.
Third, in physiological conditions, retinol can also bind
albumin,?’ making the interaction between albumin
and the vehicle more specific. As retinol is a hydro-
phobic molecule on the vehicle surface, its binding
with albumin would enhance the dispersion of the
vehicle and avoid the recognition of the delivery
system by phagocytes. Indeed, we demonstrated that
the recruitment of albumin onto the particles of
RcP/ASO significantly decreased the phagocytosis by
macrophages both in vitro and in vivo. In contrast, the
unmodified PEI/ASO particles, despite their ability to
recruit albumin, were largely captured by macro-
phages when tested in vitro. Such findings further
highlight the necessity of the retinol modification.
But why did these two complexes, retinol-conjugated
PEI/ASO and unconjugated PEI/ASO, have eventually
different fates in vivo? We postulate that albumin
bound to the complexes in different scenarios. The
unmodified PEl is a hydrophilic molecule, binding
albumin via the electrostatic force and hydrogen
bonds. As a result, the hydrophobic region of albumin
is exposed. However, in the case of retinol conjugated
PEI, the particles bind albumin mainly via the
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hydrophobic interactions between the retinol motif
on the particle and the hydrophobic domains of
albumin. The latter interaction may help to maintain
the “correct” configuration of albumin and thus native
function as a transporter for retinol. Also, the negative
charge of albumin is essential to its function.?? The
unmodified PEI might be too positive in charge and
disrupt the native state of albumin. To validate these
interpretations, we need in future work more evidence,
both theoretical and empirical, to uncover the precise
roles of albumin and the detailed mechanism of how it
is recruited to the particle.

The second protein we designed to recruit in the
corona was RBP. The role of RBP in our delivery system
is crucial—it directed the drugs to the specific cell
population, HSCs. In human body, up to 90% of total
body retinols are stored in the liver, and 80% of these
liver retinols are in HSCs.2*> As RBP is the sole trans-
porter for retinol in the circulation, HSCs can efficiently
take RBP-bound retinol from the blood.?*** It was
demonstrated in a previous study that retinol-
conjugated liposomes could be preferentially taken
up by HSCs.2® However, HSCs do not take RBP, the
carrier itself, without retinol. Again, retinol conjugation
in our design played essential roles, not only in recruit-
ing RBPs to the vehicle surface, but also in functionaliz-
ing these transporter proteins. Activated by the retinol
on the vehicle, RBPs efficiently directed the vehicle
complex into HSCs.

It should be noted that the formation of corona is
highly dynamic,?” and is influenced by various factors
such as surface chemistry, physiological conditions,
and ligand affinity.?®?° Although the most abundant
protein may initially be presented in the protein corona
on the particle, they may be replaced by other proteins,
which are less abundant but have higher affinity for
specific ligands on the vehicle surface. This process is
known as “corona evolving”.3®3" In our system, RBP,
despite its relatively lower abundance in the plasma,
was enriched in corona because of its specific affinity
for the retinol ligand. The two corona proteins we
harnessed in this study represent different ways of
corona formation and exhibited different functions;
in collaboration, they protect the delivery complex
and direct the therapeutic agents to the target cells
in the body.

Besides their different targeting properties, the two
vehicle complexes, RAP and PEI/ASO, exhibited com-
pletely different behavior, including their in vitro and
in vivo toxicity and pro-coagulant activity. We attrib-
uted these differences to the large discrepancy in
the compositions of their protein coronas. The signifi-
cant increase in the amount of RBP was due to the
specific recognition and combination between retinol
molecules and RBP. The other differences in protein
composition of the corona may be mainly caused by
the different physiochemical properties in the surfaces
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of the two particles. The PEI/ASO complex had a highly
hydrophilic, positively charged surface while the RAP
one had a more hydrophobic surface because of the
introduction of retinol molecules. The difference was
obvious in their aqueous solution. The solution of RAP
appeared to be emulsion while PEI/ASO a clear solution.
These results indicated that introducing one molecule
to the composition of a nanoparticle could radically
change the protein corona. Furthermore, an important
and advantageous feature of the RAPs was their pro-
longed circulating time, which we attribute to the
proper way in which the albumin bound the particle
in the protein corona. This feature allows RBP, which is
relatively low in the plasma content, to be enriched in
the corona formed on the vehicle surface.

Hepatic fibrosis represents a progressive, pathologi-
cal change in the liver. Inhibition of hepatic fibrosis
would effectively prevent its development into irrever-
sible cirrhosis and malignant liver cancer. The activated
HSCs are the principle target cells for the treatment of
hepatic fibrosis;*?> however, current therapies have
found it very difficult to target these cells, because
they merely constitute less than 10% of total liver
cells,*®* and are located perisinusoidally behind the
filtration system of endothelium and macrophages.
To overcome this challenge, we exploited the native
transportation proteins that can reach such specific cell
population, and recruited them as corona proteins that
showed high specificity in directing the therapeutic
nucleic acids to the target cells. Our therapeutic strat-
egy of delivering antisense oligonucleotides to sup-
press the expression of type | collagen has proven
efficacious in inhibiting the development of hepatic
fibrosis. In general, tissue fibrosis is one of the biggest
challenges to modern medicine, and its pathogenic
mechanisms are extremely complex.* Therefore, to

MATERIALS AND METHODS

Reagents and Synthesis of Materials. The antisense oligodeoxy-
nucleotide (ASO) against mouse collagen | mRNA with the
sequence 5'-ACTGTCTTCTTGGCCATGCG-3' was verified.>® The
mismatched ASO with the sequence 5'-CGCATGGCCAAGAA-
GACAGT-3" was set as the control. The antisense oligodeoxy-
nucleotides (ASOs) with full phosphorothioate linkage were
synthesized by SBS Genetech Co., Ltd. (Shanghai, China). The
recombinant mouse RBP (retinol binding protein 4) was pur-
chased from Sino Biological, Inc. (Beijing, China). Dimethyl
sulfoxide (DMSO), PEl, CDI and all the other reagents were
obtained from Sigma (St. Louis, MO).

Retinol-c-PEI (RcP) was synthesized according to the follow-
ing methods. Generally, Retinol was coupled to PEI (1.3 kDa) by
an N,N'-carbonyldiimidazole (CDI) activation method according
to the previous study.37 In total, 1.0 mL of retinol (about 1.0 g)
and 0.56 g of CDI were added to 20 mL of dehydrated dimethyl
sulfoxide (DMSO). Following agitation using magnetic stirrer at
30 °C for 24 h, 4.32 g of PEI (1.3 kDa) was further added into the
reaction mixture, and this stirred at 30 °C for 24 h. The resulting
Retinol-c-PEl was dialyzed for 4 days against double distilled
water and was lyophilized. The resulting RcP was determined by
FT-IR spectra and NMR analysis. The ability of Retinol-c-PEl to
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target the downstream factors would be relatively
safer and more efficient than to target the upstream
ones. Specifically, to reduce the production and
deposition of collagen |, which is the final pathological
factor in hepatic fibrosis, in the liver tissue represents
one of the most direct therapeutic strategies for this
disease.> In this study, we designed the ASO to target
the overexpressed type | collagen, and demonstrated
that, by using the HSC targeted delivery system, these
ASO efficiently suppressed the expression of type |
collagen, and ameliorated the development of hepatic
fibrosis in the murine model.

CONCLUSION

In conclusion, our present study demonstrates that
control and harnessing of the corona protein formed
on the drug vehicles can be a new strategy for the
design of smart vehicles for targeted delivery. Intro-
duction of retinol specifically recruited RBP in the
corona that successfully directed the drug-laden
particles into the HSCs in the liver, and meanwhile
changed the hydrophicility of the vehicles and thereby
helped them escape the filtration by the immune cells
in the circulation. Such a simple, direct and unsophis-
ticated modification efficiently delivered the antifibro-
sis ASO to the specific cell population in the site of
disease, leading to satisfactory therapeutic perfor-
mance. In concert with other recent studies aimed at
analyzing the formation of corona in vivo, our investi-
gation represents an innovative attempt to manipulate
the formation of corona in vivo and to exploit the
native functions of corona proteins for drug targeting
in the body. We recommend this antisense delivery
system be further trialed in more disease models of
tissue fibrosis, for systematic evaluation of its thera-
peutic potential for clinical applications.

bind DNA was determined by agarose gel electrophoresis.
Retinol-c-PEI/DNA complexes were prepared by mixing 1 mg/mL
Retinol-c-PEl solution (in saline, at room temperature for 2 h)
with 100 bp fish sperm DNA solution of different concentrations
(in saline) in order to obtain complexes with different ratios of
Mgetinol-c.pe/Mpna. Then the complexes were examined by
gel electrophoresis (0.8% agarose in TAE buffer). PEI was used
as the control.

Characterization of the Particles. The morphology of PEI/ASO
complex, RAP, Albumin/RAP complex, RBP/RAP complex and
serum-incubated RAP was determined by a transmission elec-
tron microscope (JEM-200CX, Jeol, Tokyo, Japan). Particles
incubated with different solutions and serum were separated
and purified according to a published method.*® Samples were
diluted with distilled water and then loaded on Formvar-coated
copper grids, dried at room temperature, and stained with the
aqueous solution of phosphomolybdic acid 2% (w/v). The
intensity-average diameter and polydispersity index (PDI)
of PEI/ASO complex, RAP, Albumin/RAP complex, RBP/RAP
complex and serum-incubated RAP were measured at the
concentration of 1—2 mg/mL, using a 90plus Particle Sizer
(Brookhaven Instruments, NY). Zeta-potential measurements
were performed for 1/10 dilutions of the dispersions in
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phosphate-buffered saline (pH = 7.4), based on the electro-
phoretic mobility of the particles in a clear, disposable capillary
electrophoresis cell. The association between proteins and PEl,
RcP or different complexes was determined by the native PAGE.
Proteins combined with PEI or the particles would be retarded
in the process of electrophoresis. The proteins harvested from
the corona on PEI/ASO complex or RAP formed in serum were
analyzed by SDS-PAGE and Coomassie brilliant blue staining.
Sample Preparation for LC—MS Analysis. The nanoparticle—
protein complexes were lysed with lysis buffer. Proteins eluted
from nanoparticles were desalted (Zeba Spin Desalting
Columns) and quantified; 100 ug total protein was reduced by
adding 1 M DTT (60 °C, 1 h), and free cysteines were alkylated
with 1 Miodoacetamide (room temperature, 10 min in the dark).
The alkylated proteins were centrifuged in the 10K ultrafiltration
tube (12000 rpm, 20 min, 4 °C), and the proteins were retained
in the 10K ultrafiltration tube. The proteins were further washed
three times with 100 mM TEAB buffer (12000 rpm, 20 min, 4 °C
each time). The protein was first examined by a SDS-PAGE
electrophoresis. Then a 2 ug amount of porcine sequencing
grade trypsin was added in to the ultrafiltration tube, and the
samples were incubated overnight at 37 °C. After digestion, the
resulting peptides were collected into a new vial by centrifuga-
tion (12000 rpm, 20 min, 4 °C). To remove any potential
biomaterials in the samples before LC—MS analysis, the result-
ing peptides were further enriched by C18 reversed-phase
columns (Macrospin Column Silica C18), and the samples
were set to LC—MS analysis with AB Sciex Triple ToF 5600"
(AB SCIEX, MA). Samples were analyzed in three technical replicates.
Cell Culture. For the isolation of primary activated HSCs from
fibrotic livers, the activated HSCs could be isolated by discon-
tinuous density gradient centrifugation according to published
protocols.3*° The mouse liver was perfused from the left
ventricle of the heart with a heparin sodium buffer, while the
inferior vena cava was used as the outflow until the liver became
pale. The perfusion was continued with collagenase (Roche
Applied Science; 3 mg/mL) and Pronase (Sigma; 3 mg/mL)
buffer. The liver was carefully removed and dissociated in
digestion medium Il (0.5 mg/mL collagenase and Pronase,
0.2 mg/mL DNase |) for further digestion. Afterward, the liver cell
suspension was filtered through gauze (100 um) and centri-
fuged for 5 min at 50 ug at 4 °C to obtain the parenchyma cells.
The nonparenchyma cells were collected from the 50 ug super-
natant and washed twice before density gradient centrifuga-
tion. The purity of isolated activated HSCs was determined by
o-SMA fluorescence staining; the purity exceeded 90%.
HSC-T6 cells and Raw 264.7 were purchased from Institute of
Biochemistry and Cell Biology (SIBS, Shanghai, China). HSC-T6
cells, Raw 264.7 cells or isolated primary HSCs were routinely
cultured in Dulbecco's Modified Eagle's medium (DMEM; Gibco,
MA) containing 10% FBS (Invitrogen) at 37 °C with 5% CO, and
humidity. For serum free culture, HSC-T6 cells or Raw 264.7 cells
were cultured in a serum free media (Opti-MEM, Gibco, MA).
Cell Survival Assay. Approximately, 10000 cells were plated
into each well of 96-well flat-bottomed microtiter plates. Twelve
hours later, medium containing different concentrations of PEI
(1.3 or 25 kDa)/ASO complex, or RAP was added into the cells.
After 24 h incubation, 10 uL of CCK-8 was introduced into
each well and the mixture was incubated for 2 h. The plates
were spectrophotometrically analyzed with microplate reader
(Infinite M1000 PRO, Tecan, Mannedorf, Schweiz) at 450 nm.
Cell Transfection. Primary mouse HSCs separated from the
fibrotic livers of the CCl, liver fibrosis animal models, HSC-T6
and Raw 246.7 cells were used in the transfection experiments.
Cells were cultured in 24 well plates to reach 70—80%
confluence. The transfection efficacy was first examined in
complete media. PEI/ASO complex or RAP containing 1 ug
fluorescent ASO was added into the media for 12 h, and
analyzed by confocal microscopy and flow cytometry. To
investigate the influence of albumin, RBP and retinol, the
experiments were conducted in the serum-free media. RcP/
ASO complex was mixed with albumin in the absence or
presence of RBP, to form Albumin/RcP/ASO complex or
Albumin/RBP/RcP/ASO complex, respectively; PEI/ASO complex
and Albumin/PEI/ASO were also tested. Cells were cultured in
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24 well plates to reach 70—80% confluence, and the complete
medium (Gibco DMEM containing 10% fetal bovine serum) was
replaced by the serum free media. Then different complexes
containing 1 ug fluorescent ASO were added into the cells for
12 h before further analysis, separately. The transfected cells
were stained with DAPI for the nucleus and examined by a
confocal microscopy (C2 plus, Nikon, Japan). To clarify the role
of RBP in HSC-T6 cell transfection, RBP was further added into
PEI/ASO complex and Albumin/RcP/ASO complex transfections
in HSC-T6 cells. The transfection efficiency was monitored by
flow cytometry analysis (Facscalibur, BD, MA). Further, the
Albumin/RcP/ASO complex transfections (for 12 h) in HSC-T6
cells were determined in the serum free media contain-
ing 0—0.7 ug/mL RBP. For the blocking assay, before the
Albumin/RBP/RcP/ASO transfections, 5 mg of free retinol was
added into the 0.3 mL culture media, and then the transfection
efficacy (cells were transfected for 12 h) was determined.
Additionally, in serum containing media, the transfection of
RAP was conducted with or without the pretreatment with a
RBP blocking antibody (goat polyclonal to RBP4, Abcam, MA), at
a concentration of 20 ug/mL for 1 h. The detection parameters,
including the laser power value and photomultiplier high
voltage power supply (PMT HV), for the confocal assay and
the detection voltage flow cytometry analysis, should be de-
termined by the negative control. No positive signals should be
detected for cells without treatment. The detection parameters
were the same within one experiment and variation should be
less than 5% among repeated assays.

Tissue-Distribution and Cellular Localization of ASO Delivered by RAP.
To determine the tissue distribution, the naked fluorescent ASO
(rhodamine conjugated ASO) and RAP (containing the fluores-
cent ASO) solutions were injected into mice that were given
CCly for liver fibrosis induction for 4 weeks via tail vein atan ASO
dose of 1.5 mg/kg body weight, separately. Animals were
sacrificed at indicated time points, and different organs were
harvested from the animals. ASO in the tissues was extracted
and quantified by examining the fluorescence intensity at
556 nm according to the previous study.*’ Briefly, ASO in
different tissue homogenates were extracted using a phenol—
chloroform method and examined for their fluorescent inten-
sity. Their quantity was calculated based on a standard curve
that was made by compare different amount fluorescent ASO to
their fluorescent intensity in the same solvent. The final content
of ASO in each organ was further calculated according to the
extraction rates. To obtain the extraction rate, a certain amount
of ASO was added into the homogenate made of the same
organ from a clean mouse with no treatments and extracted by
using the same extraction protocol. The extraction rate was
calculated by comparing the amount of extracted ASO and the
initial ASO added into the homogenate. The time dependent
quantification in serum and liver tissue used the same protocol.

To determine the cellular location in the liver, a FAM
(6-carboxyfluorescein) conjugated ASO was used as the fluo-
rescent ASO. Liver tissues were harvested and frozen-sectioned
4 h after RAP administration via the tail vein. The sections were
stained with a rabbit anti-mouse a-SMA antibody (Abcam, MA)
for HSCs, a rabbit anti-mouse F4/80 antibody (Abcam, MA) for
macrophages or a rabbit anti-mouse CD 31 antibody (Abcam,
MA) for endothelial cells at 4 °C overnight. The secondary
antibody, rhodamine-labeled goat anti-rabbit, was applied at
37 °C for 45 min, followed by the staining of nuclei with 4,6-
diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, MO). Frozen
sections were imaged by a confocal microscope (C2 plus, Nikon,
Japan). In the photographs, the fluorescent ASO was shown in
green; the a-SMA, F4/80, and CD31 stained with different
antibodies were shown in red fluorescence. The confocal
microscope could precisely detect the location of each cell.
So, if the green fluorescence and the red fluorescence came
from the same cell, the two kinds of fluorescence would merge
into a new yellow color in the image; otherwise, the red and
green would be separated or just overlapp each other and
generate no yellow color.

Animal Treatments. Male ICR mice (20 £+ 2 g) of the same
ground were obtained from the Animal Centre of Yangzhou
University (Yangzhou, China). For generating CCly-induced liver
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fibrosis, mice were randomly divided (each group contained at
least 6 mice) with free access to water and laboratory chow.
Mice received intraperitoneal (ip) injections of carbon tetra-
chloride (CCl4 in oil, 1:3, 4 uL/g body weight) twice weekly for
4 weeks, whereas the control group received oil intraperitone-
ally. For the RAP treatment groups, a single dose of 100 uL of
the naked ASO (5 ug/g body weight per mouse) or the RAP
(100 ug/g body weight RAP which contains 5 ug/g ASO per
mouse) was administered through the tail vein every 10 days.
Mice were sacrificed at the indicated time points. The thera-
peutic test of RAP was performed on this animal model 4 weeks
after the model was set up as above-mentioned, and the RAP
was given once each week for 3 weeks alone with the twice a
week of CCl, administration.

The BDL liver fibrosis model was generated according to a
reported method.*? Briefly, mice were anesthetized with an ip
injection of ketamine (80 mg/kg) and xylazine (10 mg/kg). After
midline laparotomy, the common bile duct was ligated 3 times
with 6-0 silk and transected between the 2 most distal ligations.
Sham operation was performed similarly except that the bile
duct was not ligated or transected. RAP treatment was given
2 days after the BDL operation; the animals were injected RAP
(100 ug/g body weight RAP which contains 5 xg/g ASO per
mouse) via tail vein once a week for 3 weeks before they were
sacrificed.

All experiments were conducted according to the use and
care guidelines for the experimental animals from Jiangsu
Province, China.

mRNA Quantification. Total RNA was extracted from tissues,
and complementary DNA was synthesized. The transcript levels
were detected via real-time reverse transcription polymerase
chain reaction (qRT-PCR) on a real-time PCR system (ABI 7500,
Life technologies, CA). Individual gene expression was normal-
ized to 3-actin mRNA. Primers used are listed as follows: Col1-F:
TCC GGC TCC TGC TCC TCT TAG; Col1-R: AGG CCA TTG TGT ATG
CAG CTG AC, and beta-actin-F: GAC CTC TAT GCC AAC ACA GTG
G; beta-actin-R: GTA CTC CTG CTT GCT GAT CCA C.

Western Blotting and Modified Western Blotting. Tissue homoge-
nate or protein coronas were separated and prepared. Proteins
were separated by SDS-PAGE and transferred onto the poly-
vinylidine difluoride (PVDF) membranes. The membranes were
blocked using skim milk and then incubated with diluted
primary antibody at 4 °C with gentle shaking, overnight. After
5 times of washing, secondary HRP-conjugated antibody was
incubated for 1 h at room temperature. After washing as before,
positive signal was detected with fluorography using an
enhanced chemiluminescence system (#7003, Cell Signaling
Technology, MA).

To determine protein components in gel retardation, nano-
particles were mixed with serum and the mixture was separated
by the native-PAGE (using a polyacrylamide gel without SDS).
The proteins were then transferred on PVDF membrane and
detected as above. It was noteworthy that all the buffers used in
these experiments were free of SDS or other detergents

Histological Studies. Paraffin-embedded liver tissues in each
group were stained with hematoxylin and eosin (H&E) and Sirius
red staining and photographed at 100x magnification. Briefly,
paraffin-embedded liver tissues were sectioned at 5 um; after
deparaffinization and hydration, sections were stained with an
H&E staining Kit (Jiancheng Biotech, Nanjing, China) or in 0.1%
(w/v) Sirius Red (Direct Red 80, Sigma-Aldrich, St. Louis, MO) in a
saturated aqueous solution of picric acid for 1 h. Then, the slides
were rinsed twice, each for 15 min in 0.01 N HCl to remove
unbound dye. After dehydration, the slides were mounted.

Statistical Analysis. Data are presented as the mean £ SD. The
differences between groups were analyzed by Mann—Whitney
U test and, or if appropriate, by Kruskal—Wallis ANOVA test.
Survival curves were analyzed by the Kaplan—Meyer log-rank
test. P < 0.05 was considered as significance.
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