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Abstract

Endothelium forms an important target for drug and/or gene therapy since endothelial cells play 

critical roles in angiogenesis and vascular functions and are associated with various 

pathophysiological conditions. RNA-mediated gene silencing presents a new therapeutic approach 

to overcome many such diseases. But the major challenge of such an approach is to ensure 

minimal toxicity and effective transfection efficiency of shRNA to primary endothelial cells. In the 

present study, we formulated shAnnexin A2 loaded PLGA nanoparticles which produced 

intracellular siRNA against Annexin A2 and brought about the downregulation of Annexin A2. 

The percent encapsulation of the plasmid within the nanoparticle was found to be 57.65%. We 

compared our nanoparticle based transfections with lipofectamine mediated transfection and our 

studies show that nanoparticle based transfection efficiency is very high (~97%) and is more 

sustained as compared to conventional lipofectamine mediated transfections in primary retinal 

microvascular endothelial cells and human cancer cell lines. Our findings also show that the 

shAnnexin A2 loaded PLGA nanoparticles had minimal toxicity with almost 95% cells being 

viable 24 hours post transfection while lipofectamine based transfections resulted in only 30% 

viable cells. Therefore, PLGA nanoparticle based transfection may be used for efficient siRNA 

transfection to human primary endothelial and cancer cells. This may serve as a potential adjuvant 

treatment option for diseases such as diabetic retinopathy, retinopathy of prematurity and age 

related macular degeneration besides various cancers.
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1. Introduction

Endothelial cells play vital roles in the regulation of vascular permeability and angiogenesis 

which is a complex, multistage process responsible for the formation of new blood vessels 
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[1]. Angiogenesis plays an important role in wound healing, embryonic development, and in 

several pathological conditions including diabetic retinopathy and the growth and metastasis 

of tumor cells [2–4]. The regulation of angiogenesis, both by enhancement or inhibition, has 

important clinical applications and has therefore been one of the focal targets for gene 

therapy. Specific post-transcriptional silencing of genes associated to disease using 

exogenous short interfering RNA (siRNA) [5, 6] has been a promising strategy in gene 

therapy. siRNA is known to modulate enzymatic-induced cleavage of homologous mRNA 

and subsequently interrupt gene expression (RNA interference).

Clinical application of siRNA in endothelial cells has two major limitations: first, siRNA 

treatment gets hampered by its rapid degradation, poor cellular uptake, non-specific 

distribution and low endosomal escape efficiency [7, 8]. Second, using siRNA with 

endothelial cells is not amenable to molecular genetic modifications because of the difficulty 

of effectively transfecting primary cells. Transfection efficiencies in endothelial cells using 

standard calcium phosphate, DEAE-dextran, or cationic liposome techniques have not 

exceeded 20–30% [9, 10]. Further, effective and safe gene delivery to primary endothelial 

cells in the presence of serum proteins is known to be particularly challenging. Efficiencies 

exceeding 90% have been observed with adenovirus vectors [11, 12], but the utility of viral 

vectors is limited by small cargo capacity, resistance to repeated infection, safety issues like 

acute toxicity, cellular immune response, and oncogenicity due to insertional mutagenesis, 

and quality control. Therefore, the ability to transiently transfect endothelial cells with high 

efficiencies with siRNA is essential for successful development of siRNA-based 

therapeutics. To this end, nanoparticle based delivery systems are increasing becoming 

popular as they protect and transport siRNA to reach its site of action in the cytosol. Such 

non-viral delivery systems also overcome many of the obstacles inherently associated with 

the administration of plasmid DNA and RNAi with viral vectors [13–19]. The present 

investigation was designed to develop a high-efficiency technique for reliable transient 

transfection of primary endothelial cells for siRNA therapy using PLGA nanoparticles as 

they provide excellent transfection capabilities in cancer cells [20]. PLGA nanoparticles for 

delivery of therapeutics are advantageous as they are biocompatible, biodegradable and have 

the ability to maintain therapeutic drug levels for sustained periods of time. The polymer 

matrix prevents the degradation of the siRNA and the duration and levels of siRNA released 

from the nanoparticles can be easily tailored by altering the formulation parameters. These 

properties of protection and long-term sustained-release are of particular interest for siRNA 

therapeutics, since the RNA backbone is more susceptible to serum nuclease hydrolysis than 

DNA, and the silencing effects of siRNA are transient [21].

In this study, Annexin A2 was chosen as the therapeutic target for siRNA therapy as over-

expression of annexin A2 is found to play an important regulatory role in neo-angiogenesis 

[22, 23], cellular proliferation [24], extracellular matrix organization [25], fibrinolysis and 

migration [26]. Annexin A2 is an important member of a Ca2+ binding and cellular 

membrane associated family of proteins abundantly expressed in most cancers [25, 27]. 

Another area of interest where neovascularization has debilitating consequences is in the 

diseases of the eye such as diabetic retinopathy, retinopathy of prematurity and age related 

macular degeneration [28]. Therefore, we formulated shAnnexin A2 loaded PLGA 

nanoparticles, which upon transfection and cellular uptake produced siRNA against Annexin 
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A2 and subsequently downregulated Annexin A2 in primary retinal microvascular 

endothelial cells as well as in human prostate and breast cancer cell lines. To our knowledge, 

it is for the first time that nanoparticle mediated delivery of shAnnexin A2 to human primary 

cells has been successfully studied.

2. Material and Methods

2.1 Materials

Poly(D,L-lactide-co-glycolide) 50:50; i.v. 1.13 dL/g; mw 50,000 was purchased from 

Absorbable Polymers International (Pelham, AL). Polyvinyl alcohol (mw 30,000–70,000), 

collagenase, Nile red, tryphan blue and Luria broth were purchased from Sigma Aldrich 

(Sigma, St. Louis, MO). RPMI 1640 media, DMEM media, FBS and trypisn-EDTA was 

obtained from Gibco, Invitrogen, CA, USA. EGM2-MV media was purchased from Lonza, 

Allandale, NJ. Qiagen® Maxi prep kit was purchased from Qiagen, CA, USA. 

Lipofectamine™ 2000 Transfection Reagent, Gold antifade mounting agent with DAPI, 

magnetic CD31 Dynabeads, DynaMag™-15 magnet were purchased from Invitrogen, CA, 

USA. Fibronectin coated flasks were obtained from Fisher Scientific, Pittsburgh, PA. 

Annexin A2 antibody and Matrigel basement membrane was purchased from BD 

Biosciences, San Jose, CA, USA. TNF α was obtained from R&D Systems, Minneapolis, 

MN, USA. pGIPZ vector and shAnnexin A2 plasmid was obtained from Open Biosystems 

and Thermo Scientific, AL, USA. Double distilled deionized water was used for all the 

experiments.

2.2 Amplification and isolation of shAnnexin A2 plasmid from E. coli

pGIPZ vector and shAnnexin A2 plasmid were amplified in E. coli grown in Luria broth 

(LB) medium and plasmid DNA was then isolated using Qiagen® maxi prep using 

manufacturer’s protocol.

2.3 Nanoparticle Formulation

PLGA nanoparticles loaded with shAnnexin A2 were formulated using w/o/w emulsion 

technique. The formulation was optimized by varying the polymer concentration, volume 

ratio between the internal aqueous phase and organic phase and plasmid concentration. 

Briefly, 30mg of the polymer PLGA was dissolved in 1 ml of ethyl acetate. 100µl of the 

plasmid was added to the PLGA/ethyl acetate solution (kept on ice) and sonicated at 55W 

for 30 seconds in a Branson Sonifier model W-350 (Branson, Danbury, CN) to produce the 

water-in-oil emulsion. This emulsion was then added to a solution of 1% PVA (kept on ice) 

and again sonicated at 55W for 1.5 minutes to form the water-oil-water double emulsion. 

This emulsion was then centrifuged at 15,000g for 25 minutes to assist the removal of 

residual solvents. The nanoparticles thus obtained were washed three times with deionized 

distilled water. They were then freeze dried and lyophilized for 24 hours on an ATR FD 3.0 

system (ATR Inc., St. Louis, MO.). The nanoparticles were stored at 4°C until further use.

For preparing fluorescent nanoparticles, a 1mg/ml aqueous stock solution of Nile red was 

prepared. From the stock solution, 10µl of Nile red was added to a PLGA/chloroform 
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solution and the formulation was carried out as described earlier. The labeled nanoparticles 

were stored in the dark at 4°C until used in experimentation.

2.4 Nanoparticle Characterization

The nanoparticles formed were characterized for percent entrapment, particle size 

distribution and surface morphology. The encapsulation efficiency of the nanoparticles was 

determined by analyzing the supernatant of the final emulsion, once the nanoparticles were 

removed from it, by centrifugation at 15,000g for 15 minutes. For the estimation of plasmid 

present in the supernatant, absorbance was measured in a spectrophotometer at 260nm. The 

amount of the drug encapsulated and the percent encapsulation in the nanoparticles is given 

by:

Particle size analysis of the shRNA loaded nanoparticles was carried out using the Nanotrac 

system (Mircotrac, Inc., Montgomeryville, PA). The lyophilized nanoparticles were 

dispersed in aqueous buffer using an ultrasonic water bath (Fisher Scientific, USA) for 30 

seconds and then measured for particle size. The results were reported as average of five 

runs with triplicates in each run.

The surface morphology of the nanoparticles was studied using transmission electron 

microscopy (TEM). A small quantity of aqueous solution of the lyophilized shRNA loaded 

nanoparticles (1mg/ml) was placed on the grid surface with a filter paper (Whatman No. 1). 

A drop of 1% uranyl acetate was added to the surface of the carbon coated grid which acts as 

the negative stain. After 1 minute of incubation, excess fluid was removed and the grid 

surface was air dried at room temperature. It was then loaded in the transmission electron 

microscope (LEO EM910, Carl Zeiss SMT Inc, NY, USA) attached to a Gatan SC 1000 

CCD camera.

The release of plasmid from shAnnexin A2 loaded PLGA nanoparticles were measured in 

TE buffer. Briefly, a known amount of lyophilized shAnnexin A2 loaded PLGA 

nanoparticles (50 mg) were dispersed in 5 ml TE buffer. The solution was divided in RNase-

free microcentrifuge tubes (500µl each). The samples were kept in an orbital shaker 

(Cellstar, USA) maintained at 37°C ± 0.5°C stirring at 50 rpm. At specified time intervals, 

the tubes were centrifuged (15,000g for 15 min) and the supernatants were collected. 

Samples were taken and analyzed in triplicates. The concentration of shAnnexin A2 was 

determined from the corresponding absorbance measured in a spectrophotometer at 260nm.
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2.5 Isolation and culture of retinal microvascular endothelial cells (RMVEC)

All tissue samples were obtained in compliance with good clinical practice, with informed 

consent under Institutional Review Board (IRB) regulations, and also in accordance with the 

tenets of the Declaration of Helsinki.

The endothelial cells were isolated by modification to a previously described protocol [29]. 

Briefly, a 10mm diameter punch biopsy was removed from the macula of the donor retina. 

The sample was removed and the retinal pigment epithelium (RPE) removed by gentle 

brushing with a sterile spatula and washed twice with sterile phosphate buffered saline 

(PBS). The tissue was then digested using collagenase (2mg/ml) for 1 hour with constant 

agitation. The RMVECs were separated from the underlying retinal pigment epithelial cells 

(RPEs) using magnetic CD31 Dynabeads according to manufacturer’s instructions. The 

CD31 positive RMVECs that bound to the Dynabeads were isolated from the cell 

suspension using a magnet. The cells bound to the Dynabeads were washed and re-

suspended in endothelial growth medium (EGM2-MV) and seeded onto fibronectin (FNC) 

coated 25cm2 flasks or 6-well plates. Isolated human RMVECs were tested by 

immunofluorescence analysis for expression of endothelial cell markers and their ability to 

form capillary tubes by seeding them on matrigel basement membrane. Formation of 

capillary tube like structures was noticed 12 to 24hrs following cell seeding on matrigel.

Primary RMVEC cells were maintained at 37°C in 5% CO2. For progressive passages, cells 

were trypsinized with 0.05% trypisn-EDTA and cultured in FNC coated 60mm dishes. The 

isolated RMVECs can be progressively passaged for up to 6–8 passages and they retain their 

morphological and physiological properties. The experiments performed in this study 

utilized primary RMVEC cells from 3 different donor tissues (Ages: 79, 76 and 80 years).

2.6 Culture of cancer cell lines

Human prostate cancer cell line, DU145, was cultured in RPMI 1640 medium with 10% 

FBS. Human breast cancer cell line, MDA MB 231 was cultured in DMEM medium 

containing 10% FBS with 1% antibacterial and antimycotic cocktail. The cells were 

passaged by trypsinizing with 0.05% trypisn-EDTA and cultured in T-25 flasks (VWR 

International Irving, TX).

2.7 Lipofectamine mediated cell transfection

Cells (DU145, MDA MB 231 and RMVEC) were seeded in a 6-well plate at a density of 

50–60%. After 12 hours, they were transfected with control plasmid and shAnnexin A2 

using Lipofectamine™ 2000 transfection reagent according to manufacturer’s protocol.

2.8 Nanoparticle mediated cell transfection

Cells (RMVECs, DU145 and MDA MB 231) were seeded in a 6-well plate at a density of 

50–60%. Following cell attachment, they were transfected with PLGA nanoparticles 

encapsulating control plasmid or PLGA nanoparticles encapsulating shAnnexin A2 at a dose 

concentration of 4µg of shRNA each.
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2.9 Cytotoxicity Assay

Cells were plated in a 6-well plate at a known cell density (100,000 to 500,000). Following 

cell attachment, the floaters (unattached cells) were counted following staining with trypan 

blue and the medium changed. This facilitates determination of the exact seeding density. 

The cells were transfected as described earlier using lipofectamine or nanoparticles. Twenty 

four hours following transfection, the number of dead cells in the medium, stained using 

trypan blue, were counted and the numbers plotted to determine the cytotoxicity.

2.10 Intracellular uptake studies

Cellular uptake of shAnnexin A2-loaded Nile red-labeled nanoparticles was determined 

using Fluorescence microscope (Olympus-Provis, AX70) attached to an Olympus camera 

(DP70 Digital). For these experiments, approximately 15,000 cells were plated on glass 

coverslips (12 cm2, Thermofisher, Fisher Scientific, Pittsburgh, PA) and cultured in their 

respective media. The cells were then exposed to 100µg/ml concentrations of shAnnexin A2 

loaded labeled nanoparticles. At time points of 24 hour and 48 hours, the coverslips were 

rinsed in PBS after which 100µl of 4% paraformaldehyde was added to each well and kept 

for 30 minutes. The cells were then washed twice with PBS and mounted on slides with 

Gold antifade mounting agent with 4’, 6-diamino-2-phenylindole (DAPI). These cells were 

viewed under the microscope to determine the extent of intracellular uptake of DNA-

lipofectamine complex or nanoparticles.

2.11 Downregulation of Annexin A2 by Western blot analysis

Cultured cancer cell lines and primary cells were lysed at different time points following 

transfection (24, 48, 72 and 96 hours). Both controls and transfected cells were treated with 

lysis buffer [2.5ml 1M Tris buffer (pH = 7.0), 1g SDS, and 2.5g sucrose in 50ml distilled 

water] for 5 minutes at room temperature. Genomic DNA was sheared by several passes 

through a 22-gauge needle, and samples stored at −20°C until needed. BCA protein assays 

(Pierce, Rockford, IL) of lysates were performed to determine the protein concentration to 

ensure equal loading of lanes. SDS PAGE was performed at room temperature (RT), loading 

20µg protein/lane using 12% Tris-Glycine, at 150V in Tris/glycine as the running buffer. 

Protein bands were transferred onto nitrocellulose membranes (VWR International Irving, 

TX) by electro-blotting (iBlot® Gel Transfer System, Invitrogen, CA, USA). After brief 

washing of the membranes in distilled water, they were blocked for 1 hour at room 

temperature in blocking buffer (5% powdered milk and 1% BSA in PBS). Membranes were 

incubated with primary annexin A2 antibody at room temperature for 30 minutes followed 

by overnight incubation at 4°C. After rinsing the membranes in PBS (3 washes for 10 

minutes each), the membranes were incubated with secondary anti-mouse antibody 

(Promega, WI, USA) for 1 hour, rinsed again with PBS (3 washes for 10 minutes each) and 

finally developed using ECL chemiluminescence agent (Amersham Biosciences, UK). 

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a loading control for all 

the blots.
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2.12 In vitro Angiogenesis Assay

RMVECs were tested for their ability to form capillary tubes by seeding them on matrigel 

basement membrane. Formation of capillary tube like structures was noticed 12 to 24 hours 

following cell seeding on matrigel. Unpolymerized Matrigel (17 mg/ml) was placed (50 µl 

per well) in a 96 well microtiter plate (0.32 cm2 per well) and polymerized for 1 hour at 

37°C. RMVEC cells (2×104 per well) both control (scrambled plasmid) and transfected 

(shAnnexin A2 plasmid) cells (72 hours post transfection) in 200 µL of EBM medium were 

seeded onto the Matrigel surface. After 12 and 24 hours of incubation in a 5% CO2 

humidified atmosphere at 37°C, cell growth and three-dimensional organization was 

observed under a microscope. The number of tubes under each experimental condition was 

counted and compared with controls.

2.13 Wound Healing Assay

The effect of shAnnexin-loaded nanoparticle-mediated annexin A2 expression on cellular 

migration was studied by the scratch/ wound healing assay in DU145 cells. The cells were 

grown in 6-well plates till they reached sub confluent levels. They were then treated with 

shAnnexin loaded nanoparticles. Untreated cells served as controls. After 72 hours of 

treatment, a scratch was made in all the wells. Microscope pictures were taken at 0 and 24 

hours after the scratch was made. The distance between the parallel sides of the wound was 

quantitated by Image-J software and plotted.

2.14 Statistical Analysis

Statistical analysis was performed using paired t-test and a p-value <0.05 was taken as 

statistically significant for all the experiments.

3 Results and Discussion

3.1 Nanoparticle Formulation and Characterization

The main objective in siRNA therapy is to transfer the genetic material to the tissues 

successfully in vivo. RNA interference in cells is mediated through two types of molecules; 

the double-stranded small interfering RNA (siRNA) which is chemically synthesized or 

short hairpin RNA (shRNA) which is vector based. shRNAs, as opposed to siRNAs, are 

synthesized in the nucleus of cells, where they are processed and then transported to the 

cytoplasm. These are then incorporated into the RNA-interfering silencing complex (RISC) 

for activity. The primary transcripts (pri-shRNA) follow a route similar to that of primary 

transcripts of microRNA which are then processed by the Drosha/DGCR8 complex to form 

pre-shRNAs. Pre-shRNAs are transported to the cytoplasm via exportin 5. In the cytoplasm 

the pre-shRNA is loaded onto another RNase III complex containing the RNase III enzyme 

Dicer and TRBP/PACT where the loop of the hairpin is processed off to form a mature 

double-stranded siRNA. Argonaute protein containing RISC get associated with this mature 

shRNA in the Dicer/TRBP/PACT complex and provide RNA interference function by 

mRNA cleavage and degradation or through translational suppression via p-bodies [30]. 

However, naked therapeutic genes C get rapidly degraded by nucleases especially in vivo in 

presence of serum. Therefore, the development of gene carriers that are safe and are capable 
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of high efficiency transfection are absolutely crucial for successful gene therapy. 

Nanoparticles loaded with shAnnexin A2 were successfully formulated with the double 

emulsion technique. The formulation was optimized by varying the polymer concentration, 

volume ratio between the internal aqueous phase and organic phase and plasmid 

concentration. We found that all these parameters influenced the encapsulation efficiency 

and particle size (data not shown) of the nanoparticles. The optimized batch of nanoparticles 

formed was characterized for percent entrapment, particle size distribution and surface 

morphology. The encapsulation efficiency of the nanoparticles was found to be 57.65 

± 1.24% and shAnnexin A2 load was found to be 3.4µg plasmid/mg of PLGA nanoparticles. 

The low encapsulation can be explained due to the partial leaching of the internal aqueous 

phase to the external aqueous stabilizer phase. Similar encapsulation efficiencies with w/o/w 

emulsion technique have been earlier reported [31, 32], while other reports show only 21.5% 

encapsulation efficiency with PLGA nanoparticles encapsulating siRNA [7]. The particle 

size for the nanoparticles was determined by dynamic light scattering. Figure 1a depicts a 

narrow size distribution for shAnnexin A2 loaded PLGA nanoparticles with the mean 

particle size being 165nm. The surface morphology of the nanoparticles encapsulating 

shAnnexin A2 was determined by TEM. Figure 1B illustrates a TEM scan showing the 

formation of spherical and smooth nanoparticles. The scan also reveals that the particles 

have a relatively uniform size distribution and low polydispersity as also represented by a 

narrow distribution in Figure 1A.

The release kinetics of shAnnexin A2 plasmid from the PLGA nanoparticles was studied for 

120 hours. Plasmid release from PLGA nanoparticles occurs in a biphasic manner with an 

initial burst phase followed by diffusion controlled slower drug release phase. In our studies, 

an initial burst phase corresponding to about 13–15% was observed within 1 hour due to 

desorption and release of plasmid from the nanoparticle surface. A sustained release of the 

plasmid to a total of about 55% was reported from these nanoparticles over the entire period 

of study, as depicted in the graph shown in Figure 1C. The sustained release characteristic of 

PLGA nanoparticles may be engineered by varying parameters such as polymer 

composition, polymer and stabilizer concentration, particle size, drug/plasmid content and 

various types of surface modifications [33, 34].

3.2 Lipofectamine vs Nanoparticle mediated Transfection

3.2.1 Intracellular uptake and Transfection efficiency—Intracellular trafficking, 

gene silencing and subsequent decrease in protein synthesis are critical parameters that are 

prerequisites while designing efficient siRNA delivery systems. Internalization of shAnnexin 

A2 loaded PLGA nanoparticles into cells occur by endocytosis. Internalized particles are 

trafficked to endosomes followed by endosomal release of these particles and/or the plasmid 

into cytoplasm. Released shAnnexin A2 plasmid then enters the nucleus to be processed to 

pre-shRNA and gets transported back to the cytoplasm where they associate with RNA-

interfering silencing complex and guide the cleavage of complementary target mRNA in the 

cytoplasm [35]. This present study was intended to evaluate the ability of shAnnexin A2 

loaded PLGA nanoparticles to transfer the gene, shAnnexin A2, to primary endothelial and 

cancer cells.
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Cells (RMVEC, DU145 and MDA MB 231) were transfected with scrambled shRNA 

(control) and shAnnexin A2 using lipofectamine and shAnnexin A2 loaded nanoparticles. 

Intracellular uptake and subsequent GFP expression of shAnnexin A2 loaded with 

nanoparticles, almost all cells, whether primary or cancer, show a very robust cellular uptake 

and efficient transfection. A very high transfection efficiency was observed with 

nanoparticles loaded with shAnnexin A2 plasmid in both primary endothelial as well as 

cancer cells (Figure 2).

Intracellular uptake of fluorescent-nile red labeled nanoparticles in cells makes the cells 

appear red. It is evident from the images that nanoparticle mediated transfection efficiency is 

substantially higher (~97%) as seen by the number of cells expressing GFP (appearing 

green) as a result of transcription and translation of shAnnexin A2 plasmid both at 24 and 48 

hours as compared to ~60% transfection efficiency obtained with lipofectamine. This result 

is of particular interest since it is very difficult to successfully transfect primary cells in 

culture with commercially available transfecting agents like lipofectamine. This finding also 

confirms the functional integrity of the plasmid during its encapsulation and subsequent 

release from the nanoparticles. Much research has been carried out to find a procedure to 

transfect primary cells successfully but none have shown high transfection efficiency. Yu et 

al studied transfection characteristics of LHLN and CTAB-SLN to transfer reporter gene, 

EGFP, to A549 lung cancer and HeLa cervical cancer cells [36]. Their results show that 

naked DNA could barely transfect either A549 cells or HeLa cells, while Lipofectamine–

DNA, LHLN-DNA and CTAB-DNA complexes could more or less achieve the intracellular 

gene transfection. However, the transfection efficiency of LHLN SLN–DNA complexes was 

lower than that of Lipofectamine–DNA complexes at 24 hours while similar transfection 

efficiency was obtained at 48 hours. When compared with their CTAB particles, LHLN 

modified SLN–DNA complexes gained higher transfection efficiency in both A549 and 

HeLa cells after 48 hours of transfection. When siRNA was transfected to human 

glioblastoma cells, U87-luc, using dendritic nanocarriers, PG-PEHA or PEI-PAMAM, the 

authors reported morphological changes like decreased spreading of cells and disruption of 

actin fiber morphology even after 5 hours of incubation [37]. With our nanoparticles, we 

observed cellular uptake within 2 hours of incubation and there were no morphological 

changes observed in any cell type.

Nanoparticle size also plays a role in cellular uptake and in most cell lines, it has been found 

to be optimal at around 200nm size [38–40]. We have previously prepared nanoparticles 

from 50nm to 300nm for other studies [20, 41] and have always seen robust intracellular 

uptake in this particle size range.

3.2.2 Cytotoxicity Studies—A major limitation of using transfection agents like 

lipofectamine is the high toxicity. Having shown that our shAnnexin A2 loaded 

nanoparticles efficiently deliver shAnnexin A2 into the cells, we next evaluated its toxicity. 

Our results showed that cells transfected with lipofectamine showed higher cytotoxicity in a 

24 hour time period while nanoparticle mediated transfection showed almost no cytotoxicity. 

Control cells (transfected with scrambled plasmid) in all cell types showed no cytotoxicity 

with nanoparticle mediated transfection. In both primary RMVEC cells and cancer cells 

transfected, the number of viable cells was 94±3.2% with shAnnexin A2 loaded nanoparticle 
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transfection as compared to only 30±1.8% viable cells with lipofectamine (Figure 3). There 

was a slight difference (~2%) observed in viability of cells transfected with shAnnexin A2 

loaded nanoparticles between cancer and primary cells. This may be attributed to the fact 

that primary cells are more sensitive to changes in environment than cancer cells. Similar 

results were reported by Yu et al stating that LHLN-SLN particles were less cytotoxic than 

Lipofectamine 2000 in lung and cervical cancer cells [36]. However, these particles did have 

some cytotoxicity since cationic nanoparticle formulations could lead to considerable 

toxicity as it may affect cell proliferation, differentiation and may induce necrosis and 

apoptosis. Other researchers using non-viral transfection procedures have reported 

cytotoxicity. Ofek et al have reported high toxicity with their dendritic nanocarriers with 

IC50 for PEI-PAMAM to be as low as 12µg/ml for human glioblastoma cells [37].

3.3 Downregulation of Annexin A2 using lipofectamine and nanoparticle mediated 
transfection

When primary endothelial RMVEC and DU145 cancer cells were treated with shAnnexin 

A2 loaded nanoparticles, we see efficient downregulation of Annexin A2 from 48–96 hours 

in DU145 cells implying significant and sustained downregulation (decrease) in Annexin A2 

expression as compared to lipofectamine treatments at these time points. This sustained 

downregulation is attributed to diffusiondependent slower and sustained release of 

shAnnexin A2 from the nanoparticles which is reflected by sustained downregulation of 

Annexin A2 till 96 hours. In primary RMVEC cells, there is a significant decrease in 

Annexin A2 expression at 72 hours following nanoparticle mediated transfection as seen in 

Figure 4. No change is observed in the expression levels of Annexin A2 when transfected 

with scrambled shRNA plasmid (control) with either nanoparticle or lipofectamine mediated 

transfection. These results emphasize that shAnnexin A2 released from the nanoparticles is 

able to bring about efficient gene knock down even in primary endothelial cells over a period 

of time. Yu et al have showed similar sustained release of DNA from their LHLN and 

CTAB-SLN particles for 3 days in cancer cells [36].

3.4 Effect of nanoparticle mediated Annexin A2 downregulation on invasion characteristics 
of DU145 cells

Formation of new blood vessels and metastasis are two processes that are central to the 

progression of cancer [42]. Annexin A2 is reported to be an endothelial cell reporter which 

provides binding sites for plasminogen and tPA for efficient plasmin generation [43, 44]. 

Many reports have shown that cell surface annexin A2 regulates plasmin generation which in 

turn facilitates extracellular matrix degeneration, cell invasion [45] and migration [46] and 

thus plays an important role in neoangiogenesis [22]. The in vitro scratch assay is a direct 

method to study cell migration/invasion in vitro since when a new wound is made on a 

confluent cell monolayer, the cells on the edge of the newly created wound move towards 

the opening to close the wound until new cell–cell contacts are established again [47]. In our 

study, the wound healing assay results clearly indicate that there was a decrease in wound 

closure when DU145 cells were treated with shAnnexin A2 loaded nanoparticles as 

compared to the untreated cells. In the control untreated cells, the percent wound closure 

was about 60% while the cells treated with shAnnexin A2 loaded nanoparticles showed 

about 40% wound closure (Figure 5a). This result emphasizes that shAnnexin A2 released 
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from the nanoparticles are functionally active to bring about decrease in annexin A2 

expression and subsequently decrease in invasion capability of the cancer cells.

3.5 Effect of nanoparticle mediated Annexin A2 downregulation on in vitro angiogenesis

Endothelial cells are a key player in angiogenesis and are capable of forming capillary tube 

like structures in vitro when in a 3-dimensional environment. Annexin A2 has been shown to 

play an important role in regulation of homeostasis and neovascularization in vivo [22, 43]. 

Annexin A2 knock down has been shown to decrease neovascularization in vivo [22, 48]. In 
vitro angiogenesis assay on matrigel is a commonly used tool to study factors playing a role 

in angiogenesis and neovascularization. In our study, we have utilized this assay to study the 

functional effect of the down-regulation of Annexin A2 on tube formation by RMVEC cells. 

RMVEC cells when seeded on matrigel form capillary tube like structures as shown in 

Figure 5b. The phase contrast images show the presence of these structures 12–24 hours 

following cell seeding. The control RMVEC were seeded on matrigel and subject to 

different experimental conditions- (EBM - complete endothelial culture medium), TNFα 
(EBM containing 10ng/ml TNFα), DMEM containing 10% fetal bovine serum (served as 

the negative control). The RMVEC cells transfected with shAnnexin A2 loaded PLGA 

nanoparticles were plated on matrigel 72 hours following transfection. The 72hr time point 

was chosen for this assay because maximum down-regulation of the annexin A2 protein was 

observed at this time point (as shown in Figure 4). These cells were treated with EBM 

(complete endothelial culture medium) following attachment to the matrigel. The percentage 

tube formation was calculated based on the number of cells seeded. Under normal culture 

conditions, 60% of the seeded RMVEC cells form capillary tube like structures (Figure 5b). 

In the presence of 10ng/ml TNFα, 95% tube formation is observed as seen in Figure 5b. 

TNFα is a proangiogenic factor which was used as a positive control for in vitro tube 

formation by RMVEC cells [49]. In the negative control, the RMVEC cells did not form 

capillary tube like structures on matrigel. RMVEC cells with transfected with shAnnexin A2 

plasmid showed significant decrease in tube formation as compared to control cells (EBM 

complete and TNFα treated). Only 18% of the cells form capillary tube like structures while 

60% of the control cells form capillary structures under the same conditions. These results 

therefore show that effective down-regulation of annexin A2 using PLGA nanoparticles 

decreases the ability of RMVEC cells to form capillary tube like structures.

4 Conclusion

Primary endothelial cells are particularly very difficult to transfect and therefore, an 

electroporator or a nucleofector is used [37]. In this study, we demonstrate that by using our 

PLGA nanoparticles loaded with shAnnexin A2, we achieved robust cellular uptake and 

high transfection efficiency in human primary endothelial as well as cancer cells even with a 

plasmid size as big as 11.7kb. The encapsulation efficiency of shAnnexin A2 plasmid in the 

nanoparticles was 57.65 ± 1.24% and a mean particle size of 165 nm. Western blot analysis 

results revealed that nanoparticle based siRNA transfection is more efficient and sustained 

than the conventional lipofectamine mediated transfection in both primary and cancer cells. 

Functional assays (wound healing and tube formation assays) confirmed that shAnnexin A2 

released from the nanoparticles maintained its functional integrity. These nanoparticles 
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showed almost no cytotoxicity. Our findings suggest that the use of these sustained-release 

polymeric nanoparticles for down-regulation of annexin A2 expression may serve as an 

effective adjuvant treatment option various cancers and in diabetic retinopathy, retinopathy 

of prematurity and age related macular degeneration. Our future studies will focus on 

surface modification of our nanoparticles with various ligands to achieve active targeting to 

specific tissues and cells.
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Figure 1. 
A) Particle size analysis; B) Transmission electron microscopy of shAnnexin A2 loaded 

PLGA nanoparticles; C) Release kinetics of shAnnexin A2 from PLGA nanoparticles
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Figure 2. 
Cellular uptake and gene expression A) DU145 cancer cells and B) primary RMVEC cells 

transfected with Lipofectamine 24 hours following transfection and cells transfected with 

PLGA nanoparticles 24 hours and 48 hours following transfection.
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Figure 3. 
Cytotoxicity assay: A) DU145 prostate cancer cells B) MDA MB231 breast cancer cells C) 

RMVEC primary cells
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Figure 4. 
Western Blot analysis to determine expression levels of Annexin A2 following lipofectamine 

and nanoparticle mediated transfection. GAPDH was used as a loading control
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Figure 5. 
A) Wound healing Assay. (a) Microscopic images of would healing in control (untreated) 

and shAnnexin-NP treated DU145 cells. (b) Graph representing percent wound closure. B) 

In vitro angiogenesis assay. (a) Phase contrast microscopic image analysis of tube formation 

of RMVEC (at P2) on matrigel 12 hours after cell seeding (4× magnification). (b) Graphical 

Representation of angiogenesis assay under normal culture conditions (EBM), 10ng/ml TNF 

α, absence of VEGF and DMEM (medium) was used as a negative control.
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