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Abstract

Purpose—Endothelial cell (EC) dysfunction underlies the pathology of multiple disease 

conditions including cardiovascular and pulmonary diseases. Dysfunctional ECs have a distinctive 

gene expression profile compared to healthy ECs. RNAi therapy is a powerful therapeutic 

approach that can be used to silence multiple genes of interests simultaneously. However, the 

delivery of RNAi to ECs in vivo continues to be a major challenge. Here, we optimized a polymer 

formulation based on poly(β-amino ester)s (pBAEs) to deliver siRNA to vascular ECs.

Methods—We developed a library of bioinspired oligopeptide-modified pBAE nanoparticles 

(NPs) with different physicochemical proprieties and screened them for cellular uptake and 

efficacy of RNAi delivery in vitro using ECs, vascular smooth muscle cells, and THP-1 

monocytes. From the screening, the lysine-/histidine-oligopeptide modified pBAE (C6-KH) NP 

was selected and further tested ex vivo using mouse aorta and in mice to determine efficiency of 

siRNA delivery in vivo.

Results—The in vitro screening study showed that C6-KH was most efficient in delivering 

siRNA to ECs. Ex vivo study showed that C6-KH nanoparticles containing siRNAs accumulated 

in the endothelial layer of mouse aortas. In vivo study showed that C6-KH nanoparticles 
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carrying siICAM2 injected via tail-vein in mice significantly reduced ICAM2 level in the artery 

endothelium (55%), lung (52%), and kidney (31%), but not in the liver, heart, and thymus, 

indicating a tissue-specific delivery pattern.

Conclusions—We demonstrate that C6-KH pBAE can used for delivery of siRNAs to the artery 

endothelium and lung, while minimizing potential side or toxic effects in the liver and heart.

Keywords

Poly(β-amino ester)s nanoparticle; In vivo siRNA delivery; Endothelial cell; Tissue-specific 
delivery

INTRODUCTION

A healthy vascular system is of critical importance in the maintenance of tissue 

homeostasis and disease. Endothelial cells (ECs) lining the vasculature play critical roles 

in regulation of vascular permeability, thrombogenicity, immune responses, and vasodilation 

and vasoconstriction, and endothelial dysfunction is the primary indication of vascular 

disease.22,23 Endothelial dysfunction is mediated in large part through changes in gene 

expression,15 which could serve as targets of RNAi therapy.28 RNAi therapies can be 

easily designed with high specificity with minimum non-specific effects unlike typical 

pharmacological inhibitors.3,11,15,29,31-33 However, delivery of RNAi, such as siRNAs, to 

ECs in vivo continues to be a major challenge for their therapeutic and research use. In 

addition, targeted delivery of RNAi to specific ECs, such as healthy vs. diseased regions of 

vessels in vivo, while avoiding off-target effects and toxicity in other tissues is still a major 

issue to be solved.30

Non-viral synthetic nanoparticles are a relatively safe and efficacious approach that 

allows for RNAi stability and increased delivery efficacy. Lipid and polymeric 

nanoparticles represent a broad class of biomaterials that can deliver RNAi, however, 

they tend to accumulate in hepatocytes as the lipophilic particles interact with serum 

lipoproteins.10,12,18,27 Cationic lipids have been used to deliver siRNAs to ECs, however, 

they often require multiple administrations at high doses to achieve a robust therapeutic 

effect,13,24,25 raising concerns for potential side effects and tissue toxicity.14,16 7C1 is 

a low molecular weight lipid-polymer hybrid formulation, which showed an efficient 

siRNA delivery to ECs with high knockdown efficiency, while avoiding significant effects 

in hepatocytes and immune cells in mice.2 While 7C1 is one of the first successful 

nanoparticles that shows endothelial-targeted delivery of siRNAs, it does not discriminate 

between healthy vs. diseased regions. Therefore, additional nanoparticles need to be 

developed for improved specificity.

Poly(β-amino ester)s (pBAEs) are attractive candidates as carrier vehicles for siRNAs due to 

their high biodegradability and biocompatibility.5,17,26 pBAEs are easy to synthetize by the 

co-polymerization of diacrylate and primary amines, and simple to modify with natural or 

synthetic amines to improve transfection efficiencies.9,17,26,34 The presence of amines that 

become protonated in their structure facilitates siRNA endosomal escape through the proton 

sponge effect in cells.1 We recently developed a large library of stable and bioinspired 
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oligopeptide-modified pBAE nanoparticle (NPs) with various physicochemical proprieties 

that demonstrate efficient nucleic acid delivery in cancer cells in vitro.4,5,21,26 However, it 

was unknown whether pBAE NPs can deliver siRNAs to ECs in vivo.

Here, we screened the pBAE nanoparticle libraries and identified a formulation composed of 

lysine- and histidine- oligopeptide-modified pBAEs (C6-KH), which can efficiently deliver 

siRNA to ICAM2 (siICAM2) to ECs both in vitro and in vivo. The C6-KH nanoparticle 

loaded with siICAM2 reduced ICAM2 in the arterial endothelium, lung, but not the liver and 

heart, indicating a tissue-specific delivery pattern.

MATERIALS AND METHODS

Materials

Reagents and solvents used for polymer synthesis were purchased from Sigma-Aldrich 

and Panreac. Oligopeptide moieties used on the polymer modification (H-Cys-Arg-Arg-Arg

NH2, H-Cys-Lys-Lys-Lys-NH2, H-Cys-His-His-His-NH2, and H-Cys-Asp-Asp-Asp-NH2) 

were obtained from GL Biochem (Shanghai) Ltd. with a purity of at least 98%. Labeled 

siRNA (AllStars Neg. siRNA AF 555) for uptake experiments was purchased from Qiagen. 

ON-TARGETplus Non-Targeting Control Pool (D-001810-10) used as siRNA control was 

obtained from Thermo GE Dharmacon. Polyplus Interferin reagent was purchased from 

VWR and used according to manufacturer instructions. siRNA against ICAM2 (termed 

siICAM2) with forward sequence 5′-AGGACGGUCUCAACUUUUC-3′ and reverse 

sequence 5′-GAAAAGUUGAGACCGUCCU-3′ and siRNA against luciferase (used as a 

negative control and termed siCON) were used, all obtained from AXOlabs. RNA extraction 

was carried out using the Direct-zol RNA kit from Genesee Scientific, cDNA reaction was 

performed using the Applied Biosystems cDNA kit, and cDNA quantification was analyzed 

using SYBR green from Affymetrix, following the manufacturer’s instructions.

Cell Lines and Animals

Immortalized mouse aortic endothelial cells (iMAECs) were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine serum, 100 U 

mL−1 penicillin, 100 μg mL−1 streptomycin, 0.1 mM Non-Essential Amino Acids (NEAA), 

2mM L-glutamine, and 50 μg mL−1 ECGS (bovine brain extract 1%) as we reported.20 

Smooth Muscle cells (SMC) were obtained from ATCC (CRL-2797) and maintained in 

DMEM supplemented with 10% fetal bovine serum, 100 U mL−1 penicillin, 100 μg 

mL−1 streptomycin, and 2 mM L-glutamine. Monocytic cell line (THP-1) was obtained 

from ATCC (TIB-202) and maintained in RPMI medium supplemented with 10% fetal 

bovine serum, 100 U mL−1 penicillin, 100 μg mL−1 streptomycin, and 0.05 mM of 2

mercaptoethanol. All cells were cultured at 37 °C, under a 5% CO2/95% air atmosphere 

until 90% confluence before starting transfections.

All mouse procedures were conducted at Emory University under the protocol approved for 

this study by the Emory Institutional Animal Care and Use Committee (IACUC). C57BL/6 

mice 8 week-old males were used to minimize potential sex-dependent differences for each 

condition.
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Synthesis of Oligopeptide-Modified C6 Polymer

Synthesis of pBAEs was performed via a two-step procedure, as previously described.4 (1) 

Addition reaction of primary amines to an excess of diacrylates was used to synthesize 

an acrylate-terminated polymer (termed C6 polymer). Briefly, C6 polymerization was 

performed by mixing 5-amino-1-pentanol (0.426 g, 4.1 mmol), hexylamine (0.422 g, 4.1 

mmol), and 1,4-butanediol diacrylate (2.0 g, 9.1 mmol) under magnetic stirring at 90 °C 

for 24 h. (2) C6 polymer was end-capped with different thiol-terminated oligopeptides 

composed of Cys + 3 amino acids (Arg, Lys, His, Asp, or Glu) at a 1:2.1 molar ratio in 

dimethyl sulfoxide, allowing to react overnight at room temperature. The resulting polymers 

were collected by precipitation in a mixture of diethyl ether and acetone (7:3). Synthesized 

structures were confirmed by 1H-NMR, recorded in a 400 MHz Varian (NMR Instruments, 

Claredon Hills, IL) and methanol-d4 used as a solvent. Molecular weight (MW) relative 

to polystyrene standard was determined by HPLC (HPLC Elite LaChrom system of VWR

Hitech equipped with a GPC Shodex KF-603 column and THF as mobile phase).

Biophysical Characterization of Oligopeptide End-Modified pBAEs

Nanoparticles were prepared at 75:1 C6 polymer:siRNA ratio, by mixing equal volumes 

of siRNA at 0.05 mg mL−1 with the polymer at 3.75 mg mL−1 in sodium acetate buffer 

(AcONa) at 12.5 mM. The siRNA was added over the polymer solution and mixed 

by pipetting, followed by 10 min incubation at 25 °C. For the formation of discrete 

nanoparticles, this mixture (volume = Vi) was nanoprecipitated with the same volume 

(Vi) of PBS 1x. Then, the resulting nanoparticles were characterized by an agarose gel 

retardation assay and dynamic light scattering (DLS).

To assess RNAi retardation, different siRNA-to-polymer ratios (w:w) between 10:1 and 

400:1 were studied. C6 polymer–siRNA nanoparticles were freshly prepared and added to 

wells of agarose gel (2.5%, containing 1 μg mL−1 ethidium bromide). Samples were run at 

80 V for 45 min (Apelex PS 305, France) and visualized by UV illumination.

Hydrodynamic diameter (nm), polydispersity index (PDI), and surface charge of 

nanoparticles were measured by ZetaSizer Nano ZS (Malvern Instruments Ltd, United 

Kingdom, 4 mW laser) at 25 °C using 633 nm laser wavelength and 173° signal detector. 

Nanoparticles were synthesized as previously described and diluted five times with PBS 1x 

for further analysis.

Endothelial Cell-Specific Polymer Formulation Screening

Polymer screening of end-modified oligopeptide C6 polymers were carried out using 

fluorescent siRNA-AF555 (siCONF) in iMAECs, SMC, and THP-1. Briefly, cells were 

seeded in a 12-well plate at 80,000 cells well−1 and incubated overnight to roughly 80% 

confluence prior to performing the transfection experiments. Nanoparticles were synthesized 

as described previously at a 75:1 w:w ratio, diluted in complete DMEM medium, and added 

to the cells at a final siCONF concentration of 50 nM. Cells were incubated for 2 h in 37 

°C at 5% CO2 atmosphere. After 2 h of incubation, cells were washed, and nanoparticle 

internalization was measured by flow cytometry (BD LSRFortessa cell analyzer). siCONF 

fluorescence between formulations was compared against untreated cells.
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Ex Vivo Delivery of Labeled siRNA to Vasculature

Mice were sacrificed using a CO2 chamber and perfused with saline containing heparin 

(10 U/mL) via the vena cava. The abdominal aorta was isolated and carefully cleaned of 

peri-adventitial fat. Aortas were maintained in PBS 1x at 4 °C until their use. 300 μL 

of siCONF at 200nM encapsulated within oligopeptide-end modified pBAEs were injected 

through the abdominal aorta and incubated for 1 h at 37 °C and 5% CO2. After incubation, 

the abdominal aortic tissue was washed twice using PBS, fixed in 4% paraformaldehyde, 

and analyzed by confocal microscopy. All the formulations were tested in triplicates.

En Face Staining—The samples were counter-stained using DAPI and mounted en-face 
on glass slides using fluorescence mounting medium (Dako). Imaging was done using a 

Zeiss-LSM 510 META confocal microscope (Carl Zeiss).

Histology Staining—PFA-fixed samples were placed in OCT medium and frozen at −80 

°C. Histology sections at 8 μm were carried out using Leica CM1950. Samples were washed 

twice using PBS 1x and were counter-stained using DAPI. Finally, samples were mounted 

on coverslips using fluorescence mounting medium (Dako). Imaging was done using a 

Zeiss-LSM 510 META confocal microscope (Carl Zeiss).

In Vitro Delivery of siICAM2

iMAECs were seeded in a 12-well plate at 80,000 cells well−1 and incubated overnight to 

roughly 80% confluence prior to performing the siICAM2 delivery. Cells were transfected 

with C6-KH nanoparticle with siICAM2 at different siRNA concentrations, ranging from 10 

to 100 nM. At 48 h post-transfection, the medium was removed, and the cells were washed 

with PBS and collected for RT-qPCR analysis. Control siRNA (termed siCON) at 100 nM 

was used as a negative control of ICAM2 knockdown. ICAM2 expression was normalized to 

siCON and plotted as percentage of gene silencing.

Cell Viability Assay

The influence of C6-KH nanoparticles on cell viability was determined using the MTS 

assay (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega Corporation, 

USA) at 48 h post-transfection as instructed by the manufacturer. Briefly, transfection assay 

was performed as earlier described. 48 h later, the medium was removed, cells were washed 

with PBS 1x and complete medium supplemented with 20% MTS reagent (v:v) was added. 

Cells were incubated at 37 °C and absorbance was measured every 30 min using a plate 

reader until appropriate absorbance values were obtained.

Lyophilization of PBAE Nanoparticles for In Vivo Studies

Nanoparticles were generated by mixing an equal volume of siRNA at 0.5 μg/μL with 

C6-KH polymer at 37.5 μg/μL in AcONa buffer solution (12.5 mM, pH 5.5). The solution 

was mixed by pipetting for a few seconds. After 10 min of incubation at room temperature, 

200 μL of nanoparticles was precipitated in the same volume of DEPC water. Thereafter, 

the same volume of a HEPES 20 mM containing 4 wt% sucrose solution (added as crio 
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and lioprotectors) was added. The nanoparticles were then freeze-dried, and the lyophilized 

powder was kept at −20 °C until use, when it was reconstituted with DEPC water (120 μL).

siICAM2-C6-KH Efficacy Study

Mice (n = 5) were injected intravenously with 50 μg (120 μL) of siICAM2 or siCON 

with C6-KH polymer. 48 h post-injection, ICAM2 expression was analyzed in the lung, 

liver, spleen, thymus, heart, and kidneys. Briefly, mice were sacrificed by CO2 inhalation 

according to Emory University’s IACUC protocol and perfused with saline solution. The 

organs were collected and snap-frozen in liquid nitrogen. Then, they were crushed using a 

mortar and pestle device and lysed with QIAzol for RNA extraction and qPCR analysis. 

ICAM2, PECAM-1, CD45, and 18S (housekeeping) genes were analyzed by RT-qPCR.

Isolation of Endothelial-Enriched RNA

Mice (n = 5) were injected intravenously with 50 μg (120 μL) of siICAM2 or siCON 

with C6-KH polymer. At 48 h post-injection, endothelial-enriched RNA from the carotids 

was extracted as we previously described.19 First, mice were sacrificed by CO2 inhalation 

according to Emory University’s IACUC protocol and perfused with saline containing 

heparin (10 U/mL) via the left ventricle after severing the inferior abdominal aorta. The left 

common carotid artery (LCA) and the right common carotid artery (RCA) were then isolated 

and carefully cleaned of periadventitial fat. Then, the carotid lumen was quickly flushed 

with 150 μL of QIAzol® lysis reagent using a 29-gauge insulin syringe into an Eppendorf 

tube. The eluate was snap-frozen in liquid nitrogen for RNA extraction. Additionally, media 

and adventitia (smooth-muscle cell enriched) were snap-frozen in liquid nitrogen, pulverized 

by mortar and pestle, and lysed with QIAzol® lysis reagent (300 μL).

RNA Isolation and RT-qPCR Analysis

Total RNA obtained from carotids was extracted and purified using Direct-zol™ RNA 

Kits according to the manufacturer’s instructions. The amount and purity of RNA was 

determined by NanoDrop 1000 Spectrophotometer. After RNA isolation, the RNA was 

reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). Gene expression was determined by RT-qPCR using gene-specific primers 

(sequences listed in Supplementary Table 1). The expressions of genes of interest were 

normalized against the 18S housekeeping gene. All analyses were performed using the 

2−ΔΔCT method.

Statistical Analysis

Statistical analyses were carried out using Graph-Pad Prism to assess significant differences 

between experimental groups. Pairwise comparisons were performed using one-way Student 

t tests. Differences between groups were considered significant at p values below 0.05 (*p < 

0.05, **p < 0.01, ***p < 0.001). All data are reported as mean ± SEMs.
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RESULTS

Synthesis and Characterization of a Library of Oligopeptide-Modified pBAE Nanoparticles

Synthesis of end-modified C6 polymer was performed via a two-step procedure, as we 

described previously.4 First, acrylate-terminated C6 polymer was obtained by conjugate 

addition of 5-amino-1-pentanol and hexylamine to 1,4-butanediol diacrylate using a slight 

excess of diacrylate (Fig. 1a). Polymerization was confirmed by HPLC-SEC and the 

resulting C6 polymer had an apparent average molecular weight of approximately 2500 

g/mol (relative to polystyrene standards) and a polydispersity (Mw/Mn) of 1.80, showing 

a rather broad statistical distribution of polymer chain lengths. The molecular weight was 

further confirmed by 1H-NMR, and average of 2100 g/mol was obtained. Then, C6 polymer 

was further modified with cationic and anionic oligopeptide moieties via addition of the 

thiol group of cysteine-terminated oligopeptides to the acrylate-terminated end-groups of C6 

polymer (Fig. 1a). Oligopeptide-terminated pBAEs were characterized in terms of molecular 

structure by 1H-NMR and FT-IR. The chemical structure of the resultant polymers was 

confirmed by the disappearance of acrylate signals and the presence of signals typically 

associated with oligopeptides (Supplementary Information).

We created a library of pBAE-based nanoparticles using different oligopeptides or 

oligopeptide mixtures (Fig. 1b). As we previously demonstrated, oligopeptide end

modification plays an important role in nanoparticle physicochemical properties, where 

nanoparticles with different size and surface charge can be obtained.5,26 To assess 

nanoparticle physiochemical properties, freshly prepared nanoparticles were characterized 

by size (hydrodynamic diameter) and charge (zeta-potential) by Dynamic Light Scattering 

(DLS). Nanometric size (below 200 nm) and positive surface charge were observed when 

using cationic or mixtures of different cationic oligopeptides moieties (R, K, RH, KH, and 

RK). In contrast, bigger nanoparticle sizes were observed when using mixtures of positively- 

and negatively charged oligopeptides, C6-RD and C6-KD (Fig. 1c). The addition of anionic 

oligopeptides was used to tune the final nanoparticle surface charge, ranging from negative 

to positive.

Oligopeptide-Modified pBAE Screening in iMAECs, SMC and THP-1 Cells

To select a polymer formulation that efficiently delivers siRNA to ECs, we screened our 

oligopeptide-modified pBAE polymers using AF555-labeled siRNA (siCONF) in various 

cell lines. For this study, iMAECs, SMC, and THP-1 were used and siCONF uptake 

efficiency was determined by flow cytometry (Fig. 2). Uptake analysis showed differential 

specificity profiles for each cell line depending on the pBAE formulation. pBAEs end

modified with oligopeptides containing mixtures of lysine-histidine (C6-KH) and lysine

aspartic acid (C6-KD) showed the highest levels of cellular uptake in iMAECs, achieving up 

to a 2-fold increase when compared to the other formulations (Fig. 2a). In general, SMCs 

showed a higher cellular uptake compared to iMAECs or THP-1 cells. Arginine-modified 

pBAEs showed higher uptake in SMCs than formulations containing lysine, and the highest 

levels of uptake was achieved using arginine-histidine mixtures (C6-RH). Interestingly, 

C6-KH and C6-KD formulations showed the highest uptake in iMAECs and the lowest 

uptake in SMCs compared to the other polymer formulations (Fig. 2b). Further, THP-1 cells 
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showed a lower cellular uptake than the iMAECs and SMCs, where the highest siCONF 

uptake was observed when arginine-modified pBAEs were used (Fig. 2c). Based on these 

results, we selected to use C6-KH for the next studies.

Ex Vivo siRNA Delivery Using C6-KH Formulation to Mouse Abdominal Aorta

Next, we tested if siCONF can be delivered to mouse aortic ECs by encapsulating it 

with the C6-KH polymer (siCONF-C6-KH). For this study, mouse abdominal aortas were 

dissected out and were incubated ex vivo with siCONF-C6-KH or naked siCONF (200nM). 

Confocal imaging of the cross section of the aorta incubated with siCONF-C6-KH or naked 

siCONF showed that siCONF-C6-KH signal is pre-dominantly on the endothelial layer, 

but not in the medial SMCs (Fig. 3a and Fig. S3). Further, en face confocal imaging of 

the abdominal aorta showed abundant fluorescence signals in the endothelial layer when 

incubated siCONF-C6-KH, but not naked siCONF (Fig. 3b). In contrast, when arginine was 

used instead of the lysine (C6-RH nanoparticle), it was much less efficient in the delivery 

of siRNA compared to C6-KH nanoparticles (Fig. S2). Therefore, the C6-KH formulation, 

which consists of 50% C6-K and 50% C6-H, was selected as the most appropriate end

oligopeptide modification to efficiently deliver siRNA to endothelial cells in vitro and ex 
vivo.

In Vitro siICAM2 Delivery to iMAECs Using C6-KH Polymer

Next, we tested whether the C6-KH nanoparticle can deliver siRNAs to effectively 

knockdown a gene of interest in the endothelium. For this, we encapsulated siICAM2 

or siCON (non-targeted siRNA as a control) with C6-KH to knockdown ICAM2 in 

iMAECs. As shown in Fig. 4a, siICAM2-C6-KH nanoparticles reduced ICAM2 level in 

a concentration dependent manner, reaching a 70% knockdown at 20 nM (Fig. 4a). C6-KH 

polymer showed no evidence of cytotoxicity as determined by the MTS assay (Fig. 4b). 

Moreover, treatment with siICAM2-C6-KH did not induce statistically significant induction 

of inflammatory markers, vascular cell adhesion molecule 1 (VCAM1) and tumor necrosis 

factor alpha (TNF-α) in comparison to the siCON (Fig. 4c). In addition, we did not observe 

any noticeable changes in the morphology of iMAECs in this siICAM2-C6-KH study even 

at 100 nM (data not shown). These results suggest that siICAM2-C6-KH can effectively 

knockdown ICAM2 in mouse endothelial cells.

siICAM2 Delivery In Vivo Using C6-KH Nanoparticles

Next, we tested whether siICAM2-C6-KH can knockdown ICAM2 in arterial endothelial 

cells in vivo by injecting mice via tail-vein with siICAM2-C6-KH or siCON-C6-KH (2 

mg/kg). At 48 h post-injection, we collected RNAs from endothelial-enriched (intima) and 

leftover (LO) containing medial layer enriched with SMCs. As we reported previously, 

the endothelial-enriched fraction showed a high expression of PECAM1 and low level of 

marker genes of SMCs (SM22a) and leukocytes (CD45).19 In contrast, the leftover samples 

contained abundant SM22a with low PECAM1 and CD45 (Figs. 5a and 5b). Injection 

of siICAM2-C6-KH significantly reduced ICAM2 level by 55% compared to the siCON

C6-KH control in the endothelial enriched samples. No significant ICAM2 reduction was 

observed in SMC-enriched samples, which contained barely detectable level of ICAM2, 
confirming endothelial-specific expression of ICAM2 (Fig. 5c).
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Reduction of ICAM2 Expression in the Lung

Here, we tested whether siICAM2-C6-KH nanoparticles can effectively reduce ICAM2 level 

in the major organs of the mice using the RT-qPCR method. A single dose of nanoparticles 

containing siICAM2 were injected at 2 mg/kg by systemic administration and ICAM2 
expression levels was evaluated 48 h after delivery in different organs. siCON was used 

as a negative control (Fig. 6). We found that siICAM2-C6-KH nanoparticles significantly 

reduced ICAM2 levels in the lung by 50% and in the kidney by 31%, while it was not 

altered in the spleen, thymus, liver and heart. We also found that ICAM2 expression in the 

lung, spleen, thymus, and heart was much higher than the kidney and liver.

DISCUSSION

We demonstrated that C6-KH nanoparticles can deliver siRNA to the artery endothelium, 

lung, and kidney, while avoiding some key tissues such as the liver, heart and thymus. This 

tissue-specific delivery pattern of siRNAs may be of significant advantage in vascular and 

pulmonary therapeutics while minimizing potential side effects or toxicity in the liver and 

heart.

pBAEs have been used to deliver different types of nucleic acids, from small RNAi’s 

to large plasmids.5,21,26 Nucleic acids are electrostatically entrapped in pBAEs forming 

discrete nanoparticles and protecting them from non-specific degradation. pBAE NPs 

display excellent endosomal escape capability once they are internalized by cells due to 

the presence of ternary amines in their structure.1,17 Previously, we synthetized a library 

of pBAE polymers using various natural oligopeptides (K, R, H, D, and E) displaying 

a large array of physicochemical proprieties.5,26 It demonstrated that small changes in 

the structure of these polymers have a remarkable impact on the design of cell-specific 

nanoparticles. In this study, in vitro screening results showed that the C6-KH formulation 

was the most efficient formulation for delivering siRNA to ECs (Fig. 2). The underlying 

mechanisms for endothelial delivery of siRNAs using the C6-KH nanoparticles is unknown. 

Nevertheless, lysine (K) may facilitate nanoparticle interactions with the cell surface through 

its protonated primary amine, whereas histidine (H) may stimulate endosomal escape of 

siRNAs because of its ternary amine.1,26 In addition, nanoparticles with a positive surface 

charge interact with the proteoglycans on the cell membrane, facilitating their preferential 

delivery to endothelial cells or SMCs.8 In contrast, negatively charged particles are easily 

recognized by phagocytic cells. The surface charges of oligopeptide-modified pBAEs range 

from 10 to 20 mV, making pBAEs less efficiently internalized by THP-1 cells compared 

to iMAECs or SMCs in our study (Fig. 2). Although we did not test the stability of the 

nanoparticles in vivo, we previously showed that the C6-KH nanoparticles are stable in the 

medium containing 10% fetal bovine serum for at least 24 h.4

We found that siICAM2-C6-KH nanoparticle reduced ICAM2 in the lung and kidney, but 

not in the liver, thymus, and heart (Fig. 6). While the specific underlying mechanism for 

the tissue-specific effects of siICAM2-C6-KH nanoparticles is not known, its inability to 

knockdown ICAM2 in the liver and heart could be a crucial benefit to avoid potential side 

effects or toxicity in those tissues. Recently, we demonstrated that C6-KH nanoparticles 

show reduced liver accumulation.6 We further demonstrated that biodistribution of pBAE 
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nanoparticles can be tuned using different targeting moieties. When a liver targeting moiety, 

such as retinol, was added, the pBAE nanoparticles preferentially accumulated in the 

liver due in part to the protein corona formed in a retinol-dependent manner.7 Given the 

prevalence of liver and heart toxicities for most drugs and gene therapeutics, the ability 

of C6-KH nanoparticles to deliver siRNAs could provide an important tool to deliver 

therapeutics safely.

CONCLUSION

In summary, we have developed a pBAE nanoparticle that can deliver siRNAs to certain 

tissues such as the artery endothelium, lung, and kidney, but not in the liver and heart. 

Interestingly, C6-KH NPs accumulate in the arterial endothelial layer, which may be due to 

the internal elastic laminar preventing its penetration to the medial layer. This could be used 

to target endothelial genes in the artery, lung, and kidney, while avoiding other critical major 

organs such as the liver and heart. This tissue-specific delivery pattern of siRNAs by C6-KH 

could be a significant advantage in RNAi therapeutics for vascular and pulmonary diseases, 

while minimizing the potential side-effects or toxicity in the liver and heart.
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FIGURE 1. 
Synthesis and characterization of oligopeptide modified C6 polymer library. (a) Structure 

and synthetic scheme of oligopeptide-modified pBAEs. R” terminal can be arginine-, 

lysine-, histidine-, glutamic acid- and aspartic acid- oligopeptides. (b) Polyplexes with 

different surface proprieties were obtained by combining different oligopeptide moieties. 

(c) Average hydrodynamic diameter, polydispersity, and zeta potential determination of 

pBAE:siICAM2 nanoparticles prepared at 75:1 ratio (w:w) with different oligopeptide

modified pBAE polymers were determined by DLS. n = 3, data shown as mean ± SEM.
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FIGURE 2. 
Cellular uptake of siCONF using different oligopeptide-modified pBAE polymers in (a) 

iMAEC, (b) SMC and (c) THP-1 cells. Cells were transfected with siCONF at final 

concentration of 20 nM and fluorescence expression per cell was determined after 2 h 

post-transfection by flow cytometry. n = 4, data shown as mean ± SEM; *p < 0.05, **p < 

0.01, ***p < 0.001.
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FIGURE 3. 
siCONF delivery to endothelial layer. Abdominal aortas of C57Bl6 mice were dissected out 

and incubated ex vivo with siCONF-C6-KH or naked siCONF for 1 h, followed by either 

frozen cross-section (a) or en face (b) imaging by confocal microscopy. Blue DAPI for 

nuclear, Green auto-fluorescence for elastic laminas, Red AF555 for siCONF are shown.
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FIGURE 4. 
Efficient ICAM2 knockdown in iMAECs. iMAECs were transfected with an increasing 

concentration of siICAM2 encapsulated with C6-KH. (a) ICAM2 expression was 

determined 48 h post-transfection by RT-qPCR, (b) cell viability of iMAECs were 

determined by the MTS assay, and (c) VCAM1 and TNF-α expression was analyzed by 

qPCR. n = 4, mean ± SEM; ***p < 0.001.
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FIGURE 5. 
Efficient in vivo ICAM2 knockdown in the endothelium when siICAM2 was delivered using 

C6-KH polymer. (a) siICAM2-C6-KH and siCON-C6-KH were injected at 2 mg/kg in mice. 

Two days post-injection, endothelial-enriched (intima) and SMC-enriched fraction (leftover) 

RNAs were prepared and analyzed by qPCR for gene expression. (b) As a quality control, 

expression of markers of ECs (PECAM-1), medial SMCs (SM22a), and leukocytes (CD45) 

were determined, whereas (c) ICAM2 expression was analyzed by RT-qPCR. n = 5, mean ± 

SEM; ***p < 0.001.
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FIGURE 6. 
Tissue-specific effects of siICAM2-C6-KH nanoparticles as a surrogate marker of 

biodistribution. Following injection of siICAM2-C6-KH or siCON-C6-KH in the mice used 

in Fig. 5, various organs were prepared and analyzed by RT-qPCR for ICAM2 expression. n 
= 5, data shown as mean ± SEM; *p < 0.05, **p < 0.01, ns not significant.
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