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Abstract: Nonspecific association of serum molecules with short-interfering RNA (siRNA) 

nanoparticles can change their physiochemical characteristics, and results in reduced cellular 

uptake in the target tissue during the systemic siRNA delivery process. Serum albumin is the 

most abundant protein in the body and has been used to modify the surface of nanoparticles, 

to inhibit association of other serum molecules. Here, we hypothesized that surface modifica-

tion of lipid-based nanoparticular siRNA delivery systems with albumin could prevent their 

interaction with serum proteins, and improve intracellular uptake. In this study, we investigated 

the influence of albumin on the stability and intracellular siRNA delivery of the targeted siRNA 

nanoparticles of a polymerizable and pH-sensitive multifunctional surfactant N-(1-aminoethyl)

iminobis[N-(oleoylcysteinylhistinyl-1-aminoethyl)propionamide] (EHCO) in serum. Serum 

resulted in a significant increase in the size of targeted EHCO/siRNA nanoparticles and 

inhibited cellular uptake of the nanoparticles. Coating of targeted EHCO/siRNA nanoparticles 

with bovine serum albumin at 9.4 µM prior to cell transfection improved cellular uptake and 

gene silencing efficacy of EHCO/siRNA targeted nanoparticles in serum-containing media, as 

compared with the uncoated nanoparticles. At a proper concentration, albumin has the potential 

to minimize interactions of serum proteins with siRNA nanoparticles for effective systemic 

in vivo siRNA delivery.

Keywords: multifunctional, lipid nanoparticles, RNA interference, pH-sensitive amphiphile, 

siRNA

Introduction
RNA interference is a promising therapeutic modality for silencing expression of 

disease-causing genes. It is a natural cellular process in which short-interfering RNA 

(siRNA) initiates complementary mRNA degradation, and thus inhibits synthesis of 

proteins.1,2 Several in vitro and in vivo studies have shown that siRNA therapeutics 

can silence gene expression in mammalian cells, nonhuman primates, and humans.3–6 

Furthermore, siRNA can be tailored to knockdown expression of any gene, which 

highlights the potential of RNAi as a powerful tool for treating a variety of ailments.7 

Unfortunately, siRNA’s negative charges prevent it from passing through the cell 

membrane to enter the cell cytoplasm. siRNA is also sensitive to serum and tissue 

nuclease degradation and is easily cleared from systemic circulation.1 These poor 

physiochemical and pharmaceutical properties compromise the therapeutic potential 

of siRNA. Therefore, effective delivery systems are needed to help siRNA to reach 

the cytoplasm of target cells.
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Recently, we designed and prepared a multifunctional 

polymerizable surfactant with pH-sensitive amphiphilicity, 

N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-

aminoethyl)propionamide] (EHCO), for the systemic deliv-

ery of siRNA (Figure 1).8–10 The multifunctional properties 

present in EHCO make it an attractive and promising carrier 

for systemic siRNA delivery. EHCO comprises a protonatable 

amino head group, two cysteine residues, and two lipophilic 

tail groups. EHCO forms stable nanoparticles with siRNA 

via charge–charge interactions, lipophilic condensation of 

lipid tails, and formation of disulfide bonds. The pH-sensitive 

amphiphilicity of EHCO facilitates endosomal–lysosomal 

membrane disruption to allow dispersion of EHCO/siRNA 

nanoparticles into the cell cytoplasm. Reduction of disulfide 

bonds by glutathione in the cytoplasm facilitates dissocia-

tion of EHCO/siRNA nanoparticles to release siRNA. Our 

studies demonstrated that EHCO/siRNA nanoparticles were 

efficient in gene silencing, and most importantly were less 

cytotoxic than commercially available transfection agents.8–10 

In addition, the thiol groups present on EHCO can be used 

to functionalize the surface of nanoparticles for efficient 

siRNA delivery. Polyethylene glycol (PEG) can be cova-

lently attached to EHCO via a thioether bond to minimize 

nonspecific cellular uptake of EHCO/siRNA nanoparticles. 

Furthermore, the same coupling mechanism can be used 

to conjugate cell-specific ligands to EHCO, to improve the 

delivery of siRNA to a specific cell type.

The gene-silencing efficacy of a systemically delivered 

siRNA depends on how effectively it crosses vascular 

endothelium at the target site and is internalized by the target 

cell. However, siRNA delivery efficiency can be influenced 

by the association of serum molecules with siRNA deliv-

ery systems, which alters their physiochemical properties. 

Serum molecules, such as immunoglobulins, complement 

proteins, and other serum proteins, adsorb on the surface of 

nanoparticles via nonspecific attractive forces.11 It is possible 

that adsorption of serum proteins alters the surface proper-

ties of siRNA nanoparticles, thus inhibiting their uptake into 

cells. Hydrophilic polymers and nonionic surfactants are 

commonly used to modify the surface of nanoparticles and 

prevent nonspecific adsorption of serum proteins.11,12 Several 

studies have shown that conjugation of PEG on the surface 

of nanoparticles has improved their blood circulation half-

lives.11,12 Recently, it has been reported that coupling albumin 

onto the surface of pegylated liposomes reduces association 

of serum proteins.13,14

In this study, we have investigated the effect of albumin 

on the cellular uptake of targeted EHCO/siRNA nanoparticles 

in the presence of serum. Albumin is the most abundant and 

multifunctional protein in the human body, and it is widely 

used as a component in the development of drug delivery 

systems because of its dysopsonic activity, biodegradability, 

and biocompatibility.15–19 Furthermore, albumin preferen-

tially accumulates in tumor and inflamed tissues.15 Thus, 

we have hypothesized and investigated that the incorpora-

tion of bovine serum albumin into targeted EHCO/siRNA 

nanoparticles enhances their cellular uptake in the presence 

of serum, and hence improves the gene-silencing efficiency 

of the siRNA/EHCO nanoparticles.

Materials and methods
Materials
N-(1-Aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-

aminoethyl)propionamide] (EHCO) was synthesized as 

described previously.8 Cyclic c(RGDfK)-PEG (RGD-PEG-

Mal), and cyclic c(RADfK)-PEG (RAD-PEG-Mal) conjugates 

with a maleimido end group were synthesized as described pre-

viously.10 The size of PEG was 3.4 kDa. c(RGDfK), c(RADfK) 

Figure 1 Chemical structure of N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-aminoethyl)propionamide].
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and Mal-PEG-SCM were obtained from Peptides International 

Inc (Louisville, KY). RPMI-1640 medium and fetal bovine 

serum (FBS) were obtained from American Type Culture 

Collection (ATCC; Rockville, MD). Penicillin, streptomy-

cin, Dulbecco’s phosphate-buffered saline (DPBS) with 

and without Ca2+ and Mg2+, and trypsin were obtained from 

Invitrogen (Life Technologies, Carlsbad, CA). MTT was 

purchased from Molecular Probes® (Life Technologies). 

Heparin, dimethyl sulfoxide, and bovine serum albumin 

(BSA), formaldehyde were obtained from Sigma Chemical 

(Sigma-Aldrich Co, St Louis, MO). Alexa Fluor 647 labeled 

anti-GFP-siRNA and anti-MIF siRNA was purchased from 

Qiagen (Venlo, The Netherlands). The sense sequence of 

siGFP is GCAAGCUGACCCUGAAGUUCAU and its anti-

sense sequence is GAACUUCAGGGUCAGCUUGCCG. 

The sense sequence of siMIF is 5′-CCGCAACUACAGUA

AGCUGdTdT-3 ′  and i t s  ant isense  sequence is 

5′-CAGCUUACUGUAGUUGCGGdTdT-3′. siMIF was 

used for preparing different EHCO/siRNA nanoparticles for 

size determination and cytotoxicity studies.

Cell culture
Mouse mammary tumor 4T1  cells were obtained from 

ATCC. The 4T1 cells, 4T1 cells expressing firefly luciferase 

(4T1-Luc), and 4T1 cells expressing both firefly luciferase 

and green fluorescent protein (GFP) (4T1-GLuc) were main-

tained in cell culture growth media at 37°C in a humidified 

5% CO
2
 atmosphere. The cell culture growth media was 

prepared by adding 10% FBS, 1% 5000 units/mL penicillin, 

and 1% 5000 µg/mL streptomycin to RPMI-1640 medium. 

The 4T1, 4T1-Luc cells were used for the determination of 

intracellular uptake of nanoparticles using flow cytometry, 

and for the evaluation of cytotoxicity of nanoparticles using 

MTT assay. 4T1-GLuc cells were used for determining intra-

cellular uptake and gene silencing efficacy of nanoparticles 

using confocal microscopy.

Preparation and characterization  
of EHCO/siRNA nanoparticles
RGD-targeted EHCO/siRNA nanoparticles (N/P = 10) were 

prepared as follows. Initially, 2.7 µL EHCO (15 mM) was 

mixed with 2.7 µL RGD-PEG-Mal (1.5 µg/µL) and incubated 

at room temperature for 30 minutes on a shaker. The con-

centration of RGD-PEG-Mal relative to EHCO in solution 

was 2.5 mol-%. Subsequently, 21.3 µL siRNA (0.25 µg/µL) 

was added to the above solution and incubated at room 

temperature for 30  minutes on a shaker. The addition of 

27 µL nanoparticles to 2 mL transfection media gave a final 

siRNA concentration of 200 nM. The volumes of siRNA, 

RGD-PEG-Mal, and EHCO were either scaled-up or scaled-

down depending on the requirement of final concentration of 

siRNA in the nanoparticles and/or volume of transfection. 

Unmodified EHCO/siRNA nanoparticles, and EHCO/siRNA 

nanoparticles conjugated with mPEG, and mPEG-RAD were 

similarly prepared. In some cases, equal volumes of peptide-

targeted EHCO/siRNA nanoparticles and either FBS or BSA 

were mixed and incubated for 30  minutes on a shaker at 

room temperature, before adding to the transfection media. 

siRNA tagged with fluorophores (Alexa Fluor® 647; Life 

Technologies) was used in the preparation of nanoparticles for 

confocal microscopy and flow cytometric analysis. The size 

of the nanoparticles was determined by dynamic light scat-

tering with a Brookhaven Instruments Corp (Holtsville, NY) 

BI-200SM system equipped with a 5 mW helium neon laser 

with a wavelength output of 633 nm.

Cellular uptake of siRNA/EHCO 
nanoparticles
The cells 4T1 and 4T1-Luc were cultured in 6-well plates. 

Cells were then transfected with nanoparticles in the trans-

fection media at 37°C in a humidified 5% CO
2
 atmosphere. 

RPMI media containing 0%, 10%, 25%, and 50% FBS were 

used as transfection media. Following 4 hours of transfection 

with nanoparticles, cells were washed twice with DPBS, 

trypsinized, collected, and fixed in 1% formalin. Samples 

were analyzed using a FACSCalibur flow cytometer (BD 

Biosciences, Franklin Lakes, NJ). Software CellQuest (BD 

Biosciences) and WinList (Verity Software House Inc, 

Topsham, ME) were used to analyze the results. Untreated 

cells were used as a negative control for cells treated with 

different EHCO/siRNA nanoparticles. Alexa Fluor 647-

tagged siGFP was used in the preparation of nanoparticles for 

quantifying cellular uptake of nanoparticles. The percentage 

of increase in cellular uptake of targeted nanoparticles was 

quantified by subtracting fluorescence in the untreated cell 

population from that in the treated cell population.

Cytotoxicity studies
The cytotoxicity of the targeted EHCO/siRNA nanoparticles 

coated with BSA was evaluated using an MTT cell prolif-

eration assay kit (Molecular Probes) at 100 nM and 200 nM 

siRNA concentrations. Untreated cells, and cells treated 

with the targeted nanoparticles without the BSA coating 

were used as controls. MTT assay was performed according 

to the manufacturer’s protocol to determine the cytotoxicity 

of nanoparticles. 4T1 cells (104 per well) were cultured in 
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96 well plates. The following day, the cells were treated with 

the nanoparticles, and incubated for 24 and 48 hours at 37°C 

in a humidified 5% CO
2
 atmosphere, respectively. The medium 

was replaced by 110 µL fresh cell culture growth medium 

containing 10 µL 12 mM MTT and incubated at 37°C for 

4 hours. Subsequently, 85 µL medium was removed from the 

wells and 50 µL dimethyl sulfoxide was then added to each 

well, mixed thoroughly, and incubated at 37°C for 10 minutes. 

The absorbance was read at 540 nm using a SpectraMax M5 

microplate reader (Molecular Devices, Sunnyville, CA). The 

relative cell viability was calculated according to the equa-

tion ([Abs]
Sample

 - [Abs]
Blank

)/([Abs]
Control

 - [Abs]
Blank

) × 100%. 

Absorbance measured from the wells of untreated cells was 

used as a control, and absorbance measured from wells of no 

cells but containing MTT with fresh medium, was used as 

blank. Each condition was tested in triplicate.

Confocal microscopy
Confocal microscopic fluorescence imaging was used to 

qualitatively compare cellular uptake and gene-silencing 

efficiency of targeted EHCO/siRNA nanoparticles coated 

with and without BSA. 4T1-GLuc cells were cultured in 

35 mm glass bottom culture dishes (Mat Tek Corporation, 

Ashland, MA). Cells were then transfected with the targeted 

EHCO/AF-647 siGFP nanoparticles coated with and without 

the BSA for 4 hours, and incubated at 37°C in a humidified 

5% CO
2
 atmosphere. The transfection media was replaced 

4 hours later by cell culture growth media, and incubated at 

37°C in a humidified 5% CO
2
 atmosphere. After 48 hours, 

the samples were washed twice with DPBS, and replaced 

with fresh cell culture growth media. An Olympus confocal 

imaging system (IX81; Olympus Corp, Tokyo, Japan) was 

used to image the cells. Alexa Fluor-647-tagged siGFP was 

the siRNA used in the preparation of nanoparticles.

Statistics
One-way analysis of variance with Tukey–Kramer multiple 

comparisons test was used to evaluate the difference between 

treatment levels using NCSS and PASS software (NCSS 

LLC, Kaysville, UT). P values # 0.05 were considered 

significantly different, unless otherwise specified. All error 

bars represent mean ± standard error.

Results and discussion
EHCO is a polymerizable multifunctional surfactant with 

pH-sensitive amphiphilicity (Figure  1) designed for the 

systemic delivery of nucleic acids.8–10 Our previous studies 

have demonstrated that EHCO forms stable nanoparticles 

with siRNA via electrostatic interaction and hydrophobic 

condensation. This resulted in efficient intracellular siRNA 

delivery and effective gene silencing with minimal cytotox-

icity as compared with commercially available transfection 

agents. The other important feature is that sulfhydryl groups 

present in EHCO can be utilized for surface modification of 

the nanoparticles with cell-specific targeting moieties.

The preparation of the cyclic RGD targeted EHCO/

siRNA nanoparticles with a bifunctional PEG spacer is 

illustrated in Figure 2. RGD peptide was introduced onto 

the surface of EHCO/siRNA nanoparticles by first conjugat-

ing EHCO with 2.5 mol-% RGD-PEG-Mal via a thioether 

bond, subsequently followed by complexation with siRNA. 

A 3400 Da PEG spacer was used in the preparation of nano-

particles to minimize nonspecific cellular uptake of targeted 

EHCO/siRNA nanoparticles. Unmodified EHCO/siRNA 

pH-sensitive surfactant 

Bifunctional ligand with PEG spacer 

siRNA 

Ligand conjugation siRNA complexation 

Figure 2 Preparation of pegylated targeted EHCO/siRNA nanoparticles.
Abbreviations: EHCO, N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-aminoethyl)propionamide]; siRNA, short-interfering RNA; PEG, polyethylene glycol.
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nanoparticles, and nontargeted EHCO/siRNA nanoparticles 

modified with arginine-alanine-aspartic acid (RAD)-PEG-

Mal, and PEG-Mal, were prepared as control nanoparticles. 

The mean diameter of all the nanoparticles was in the 

range of 50–70  nm, as measured by dynamic light scat-

tering (Table  1). The conjugation agents utilized for the 

modification of EHCO/siRNA nanoparticles, and sizes of 

the nanoparticles are reported in Table 1. The modification 

of the EHCO/siRNA nanoparticles with PEG-Mal, RAD-

PEG-Mal and RGD-PEG-Mal only slightly increased the 

size of the particles. The uptake of these nanoparticles in 

4T1 cells was first determined by flow cytometry, after trans-

fection in serum free medium. Figure 3 shows the uptake 

of different EHCO and Alexa Fluor-647 tagged siRNA 

nanoparticles in 4T1 cells. The unmodified EHCO/siRNA 

nanoparticles exhibited high siRNA uptake in 4T1  cells. 

Modification of the nanoparticles with mPEG-Mal showed 

reduced nonspecific cellular uptake. However, modifying 

nanoparticles with RGD-PEG-Mal showed higher cellular 

uptake compared with nanoparticles modified with mPEG-

Mal and RAD-PEG-Mal. This improved cellular uptake 

observed with the RGD-targeted nanoparticles was mainly 

due to the receptor-mediated endocytosis. The interactions 

between highly expressed integrin receptors (α
v
β

3
 and α

4
β

1
) 

on 4T1 cells and their ligand (RGD) might facilitate cell 

surface retention and subsequent internalization via receptor-

mediated endocytosis. These results were consistent with our 

previously published results in U87 glioblastoma cells.10

The therapeutic efficacy of an siRNA delivery system 

depends on the ability of the system to deliver siRNA into 

the target cells. Their ability to enter into cells can be altered 

when serum molecules interact with nanoparticles after 

intravenous administration. Such interactions can change the 

physiochemical properties of nanoparticles, such as size and 

stability. Therefore, we initially probed how the interactions 

of serum molecules with siRNA delivery systems influence 

their physiochemical properties and their uptake into cells, 

using in vitro assays. The effect of serum molecules on the 

stability and cellular uptake of the RGD-PEG-Mal modified 

EHCO/siRNA nanoparticles is shown in Figure 4. The size of 

the targeted EHCO/siRNA nanoparticles increased with the 

concentration of FBS in DPBS, as determined using dynamic 

light scattering (Figure 4A). The size of the nanoparticles 

increased from 57.4 ± 9.0 nm in DPBS to 149.7 ± 33.8 nm 

in 50% FBS in DPBS. This is possibly due to the adsorption 

of serum proteins on the targeted nanoparticles and the sub-

sequent aggregation of the nanoparticles. The cellular uptake 

of the targeted nanoparticles decreased as the concentration of 

FBS increased in the transfection medium, as shown by flow 

cytometry (Figure 4B). The adsorption of serum proteins may 

alter the surface properties of the targeted nanoparticles and 

inhibit the receptor-mediated cellular uptake of the targeted 

nanoparticles. Although the biocompatible polymer PEG was 

incorporated as a spacer on the surface of nanoparticles to 

reduce the adsorption of serum proteins,11,12 it appears that 

PEG alone is not sufficient to prevent nonspecific adsorption 

of serum proteins on the targeted nanoparticles.

Minimizing such nonspecific interactions of serum 

molecules with targeted siRNA nanoparticles is critical 

Table 1 Conjugation agents and sizes of various EHCO/siRNA 
nanoparticles

Type of EHCO/siRNA  
nanoparticle

Conjugation  
agent

Size range 
(nm)

Unmodified EHCO/siRNA  
nanoparticles

– 53 ± 3.3

Pegylated EHCO/siRNA  
nanoparticles

PEG-Mal 66 ± 2.0

RAD-targeted EHCO/siRNA  
nanoparticles

RAD-PEG-Mal 58 ± 1.4

RGD-targeted EHCO/siRNA  
nanoparticles

RGD-PEG-Mal 56 ± 5.4

Note: The sizes of nanoparticles are presented as mean ± standard error (SE) of 
n = 3 different experiments.
Abbreviations: EHCO, N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-
aminoethyl)propionamide]; siRNA, short-interfering RNA.
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Figure  3 Cellular uptake of different EHCO/siRNA nanoparticles. The cellular 
uptake of different nanoparticles was measured using flow cytometric analysis. 
The transfection was conducted in serum free media (RPMI-1640). AF-647 siGFP 
is the siRNA used in the preparation of nanoparticles. [AF-647 siGFP] = 100 nM; 
(a) untreated 4T1 cells; (b) siRNA; (c) PEG/EHCO/siRNA; (d) PEG-RAD/EHCO/ 
siRNA; (e) PEG-RGD/EHCO/siRNA; (f) EHCO/siRNA.
Abbreviations: EHCO, N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-
aminoethyl)propionamide]; siRNA, short-interfering RNA; PEG, polyethylene glycol.
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test, to determine how BSA coating influenced the size of 

nanoparticles. Significant aggregation of the nanoparticles 

was observed at or above 18.8  µM BSA concentrations 

(P # 0.15). We also observed nanoparticle precipitation at 

BSA concentrations above 75.2 µM. The concentration of 

Mean fluorescence intensity 

R
el

at
iv

e 
n

u
m

b
er

 

0
0 10 25

FBS in DPBS (%)

M
ea

n
 d

ia
m

et
er

 (
n

m
)

50

*

40

80

120

160

200A

B

100

0
10

20
30

40
50

101 102 103 104

a
b

c

d

e

Figure  4 Serum influences size and cellular uptake of targeted EHCO/siRNA 
nanoparticles. (A) Equal volumes of targeted EHCO/siRNA nanoparticles and FBS 
in DPBS at indicated concentrations were mixed and the size of the nanoparticles 
was measured using DLS ([siMIF]  =  250  nM). The error bars represent mean ± 
standard error (SE); n = 3 experiments. *P # 0.15, compared with 0 and 10% FBS 
in DPBS treatment groups. (B) 4T1-Luc cells were transfected with RGD-targeted 
EHCO/siRNA nanoparticles for 4 hours in transfection media containing 0, 10%, 
25%, and 50% FBS in RPMI-1640 media and cellular uptake of the nanoparticles was 
analyzed using flow cytometric analysis ([AF-647 siGFP] = 200 nM; (a) untreated 
cells; (b) 50% FBS in RPMI-1640; (c) 25% FBS in RPMI-1640; (d) 10% FBS in RPMI-
1640; (e) 0% FBS in RPMI-1640).
Abbreviations: EHCO, N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-
aminoethyl)propionamide]; siRNA, short-interfering RNA; FBS, fetal bovine serum; 
DPBS, Dulbecco’s phosphate-buffered saline; DLS, dynamic light scattering.
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Figure  5 The effect of BSA on the size, cellular uptake and cytotoxicity of the 
targeted nanoparticles. (A) The size of targeted EHCO/siRNA nanoparticles 
measured by DLS indicates that BSA coating increases the size of nanoparticles. 
#P # 0.15, compared with 0 µM BSA treatment group; *P # 0.15, compared with 
0, 4.7, and 9.4 µM BSA treatment groups. (B) Cellular uptake of targeted EHCO/
siRNA nanoparticles coated with and without BSA in 4T1 cells was measured by flow 
cytometric analysis ([AF-647-siGFP] = 50 nM, 50% FBS in RPMI-1640). *P # 0.05, 
compared with all other BSA treatment groups. (C) The viability of 4T1 cells was 
measured after they were transfected with the nanoparticles coated without and 
with BSA for 48 hours. BSA coating concentration was 9.4 µM.
Abbreviations: BSA, bovine serum albumin; EHCO, N-(1-aminoethyl)iminobis[N-
(oleoylcysteinylhistinyl-1-aminoethyl)propionamide]; siRNA, short-interfering RNA; 
DLS, dynamic light scattering; FBS, fetal bovine serum.

for effective cellular internalization of siRNA delivery 

systems. In addition to its nonimmunogenic and nontoxic 

properties,15–19 albumin is inert to other serum molecules, 

and is used as a blocking agent in many in vitro molecular- 

and cellular-based assays. Also, it has been incorporated 

into various drug delivery systems.15–19 Therefore, we used 

BSA to modify the targeted EHCO/siRNA nanoparticles, 

and determined the effect of serum albumin on the stability 

and intracellular uptake of the targeted nanoparticles. The 

size of the nanoparticles increased with BSA concentra-

tion, as shown in Figure 5A. The size of the nanoparticles 

was 342.2  ±  84.0  nm at 75.2  µM BSA concentrations. 

Statistical analysis was performed with analysis of vari-

ance coupled with the Tukey–Kramer multiple comparison 
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BSA also had a significant impact on the cellular uptake 

of the targeted EHCO/AF-647 siGFP nanoparticles treated 

with BSA in 4T1 cells in transfection medium containing 

50% FBS (Figure  5B). The cellular uptake of the nano-

particles increased with BSA concentration up to 9.4 µM 

(P # 0.05), and then decreased with further increase in BSA 

concentration. The decrease in the cellular uptake of the 

nanoparticles might be attributed to the formation of large 

particles (.250 nm) when the BSA concentration reached 

18.8 µM or higher, which could not be endocytosed by the 

cells. BSA coating reduced the cytotoxicity of the targeted 

EHCO/siRNA nanoparticles at the high siRNA concentra-

tion, as shown by the MTT assay (Figure 5C).

It is known that the size and nature of the delivery system 

influences intracellular uptake of nanoparticles. However, 

the optimal size of nanoparticles for highest intracellular 

delivery needs to be determined for each delivery system. 

As shown in Figure 5, the nanoparticles coated with 9.4 µM 

BSA (about 130 nm) showed highest intracellular delivery 

of siRNA compared with nanoparticles coated with BSA 

concentrations above and below 9.4 µM BSA. At 18.8 µM 

or higher BSA concentrations, the cellular uptake of 

nanoparticles was reduced as nanoparticles aggregated and 

formed bigger particles, which could not be endocytosed by 

the cells. However, at BSA concentrations lower than 9.4 µM 

BSA, it is possible that BSA coating was not sufficient to 

prevent interference of serum molecules with nanoparticles. 

Such nonspecific interactions might have reduced intracel-

lular uptake of nanoparticles. Therefore, for our targeted 

EHCO/siRNA delivery system, 9.4 µM BSA was the optimal 

coating concentration that prevented serum molecules inter-

acting with nanoparticles, and helped improve intracellular 

delivery of siRNA in the presence of serum.

It is surprising that the sizes of siRNA nanoparticles did 

not show a similar trend in BSA- and FBS-containing buffers. 

A normal range of human serum albumin is 35–50 g/L or 

520–750 µM. If serum albumin concentrations are similar 

among species, 10% FBS and 50% FBS might contain 

52–75 µM and 260–375 µM albumin. Therefore, the size 

of nanoparticles coated with 75.2 µM BSA- and 10% FBS- 

(52–75 µM) containing buffers should be at the same order 

of magnitude. However, coating with 75.2 µM BSA resulted 

in 4.5 times bigger particles than coating with 10% FBS. 

Although the reason is unknown to us, we suspect that as 

serum contains other molecules such as immunoglobulins in 

addition to albumin, the actual molecules that first encounter 

nanoparticles could have major effect on the physiochemi-

cal properties of nanoparticles. Such complex molecular 

interactions might have first prevented serum album from 

interacting with nanoparticles in FBS-containing buffer. 

Furthermore, such serum molecules might have masked 

nanoparticles from interacting with target cells and thus 

inhibits internalization of the nanoparticles.

The cellular uptake and gene-silencing efficiency of 

the targeted EHCO/siRNA nanoparticles coated with BSA 

were further evaluated by confocal microscopy. 4T1-GLuc 

cells were transfected with the targeted EHCO/siRNA 

nanoparticles, containing AF-647 tagged siGFP, coated with 

and without 9.4 µM BSA for 4 hours in 50% FBS-containing 

medium. Untreated 4T1-GLuc cells were used as a negative 

control. After 4 hours, the transfection media were replaced 

with cell culture growth media, and then incubated at 37°C 

in a humidified 5% CO
2
 atmosphere for 44 hours. As shown 

in Figure 6, 4T1-GLuc cells treated with the targeted nano-

particles coated with BSA showed a simultaneous increase in 

the uptake of nanoparticles (red signal) and decreased GFP 

expression (green signal), while the cells treated with the 

targeted nanoparticles without the BSA coating showed low 

uptake and low gene-silencing efficiency. The cellular uptake 

and gene-silencing efficiency of the targeted EHCO/siRNA 

nanoparticles coated with albumin can be further improved 

by optimizing the molar ratios of EHCO and siRNA.

The possible mechanism for improved cellular uptake of 

the RGD-PEG-modified EHCO/siRNA nanoparticles coated 

with BSA is illustrated in Figure 7. When nanoparticles are 

exposed to serum, serum molecules adsorb onto the surface 

of nanoparticles, resulting in reduced cellular uptake. The 

extent of reduction in cellular uptake depends on what type of 

serum molecules adsorb, and how they orient on the surface 

of nanoparticles. The size and shape of serum molecules vary 

significantly from one another. For example, antibodies are 

globular proteins and their hydrodynamic diameter varies 

from 10 nm (IgG) to 35 nm (IgM), whereas fibronectins are 

rod-like molecules and each strand of fibronectin is 60 nm in 

length and 2.5 nm in diameter.20,21 Furthermore, serum mol-

ecules can polymerize in solution and form bigger molecules. 

It is also true that some serum molecules form complexes 

by interacting with other molecules. Therefore, it is highly 

complicated to predict what type of serum protein coats the 

nanoparticles. However, the type of serum molecule that 

adsorbs on the surface influences the size and stability of the 

nanoparticles, which can affect the cellular uptake of nano-

particles. Biocompatible polymer PEG is commonly used to 

modify the nanoparticle surface, to minimize serum protein 

coating onto the nanoparticles. As observed in this study, it 

seems that the PEG spacer (20 nm length) was not sufficient to 
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4T1-GFP cells 
+

targeted nanoparticles 
+

9.4 µM BSA 

4T1-GFP cells 
+

targeted nanoparticles 4T1-GFP cells 

AF-647 signal 

GFP signal 

Figure 6 BSA coating enhanced cellular uptake and gene-silencing efficiency of RGD-targeted EHCO/siRNA nanoparticles.
Notes: 4T1-GLuc cells were transfected with RGD-targeted nanoparticles ([AF-647-siGFP] = 50 nM) coated without and with BSA for 4 hours and then replaced with cell 
culture growth media. Images were taken using Olympus confocal microscopy at 40× magnification 48 hours later (Transfection media = 50% FBS in RPMI-1640).
Abbreviations: BSA, bovine serum albumin; EHCO, N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-aminoethyl)propionamide]; GFP, green fluorescent protein; 
siRNA, short-interfering RNA; FBS, fetal bovine serum.

Serum 

Bovine serum albumin Serum 

Figure 7 Illustration of a possible mechanism for improved cellular uptake of targeted EHCO/siRNA nanoparticles coated with BSA.
Abbreviations: EHCO, N-(1-aminoethyl)iminobis[N-(oleoylcysteinylhistinyl-1-aminoethyl)propionamide]; BSA, bovine serum albumin.

block adsorption of serum molecules onto the EHCO/siRNA 

nanoparticles. Similar observations have previously been 

reported for pegylated liposomes and polystyrene nanopar-

ticles.13,14,19 We have shown in this study that the treatment of 

the targeted siRNA nanoparticles with 9.4 µM BSA (7.5 nm 

hydrodynamic diameter) has the potential to minimize serum 

protein coating, and to improve intracellular siRNA delivery 

and gene silencing, in serum containing medium. It has been 

reported that albumin might have endosomolytic activity,19 

which could further facilitate nanoparticles’ escape from 

endosomal-lysosomal compartments. The unique dysopsonic 

and endosomolytic activities of albumin are attractive fea-

tures that could contribute to improved in vivo gene delivery 

and gene-silencing efficiency of the targeted EHCO/siRNA 

nanoparticles. Thus, we reason that introduction of BSA on 

pegylated targeted EHCO/siRNA nanoparticles prevented 
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adsorption of serum proteins. In addition, the incorporation 

of BSA between PEG-RGD chains will possibly create a 

brushlike conformation and favorable interactions of the 

targeting agent with integrins, and allow receptor-mediated 

endocytosis of targeted EHCO/siRNA nanoparticles.

Albumin has been used for in vivo drug delivery. Pre-

viously, it has been shown that precoating of pegylated 

liposomes and polystyrene nanoparticles with albumin 

inhibited the association of opsonins on the surface of 

nanoparticles.13,14 When delivered intravenously, these 

albumin-coated particles exhibited decreased hepatic dispo-

sition and resulted in longer blood circulation times.13,14 In 

our study, we demonstrated that the precoating of lipid-based 

nanoparticles with 9.4 µM BSA prior to transfection in serum 

media overcame the inhibition of intracellular uptake of the 

lipid-based nanoparticles without BSA. Our study, together 

with previous studies, demonstrates that precoating of lipid-

based nanoparticles with albumin at a proper concentration 

has the potential to decrease hepatic disposition, improve 

blood circulation times, and improve intracellular uptake 

of intravenously delivered nanoparticles. Currently, we are 

further investigating the effect of albumin modification on 

systemic in vivo siRNA delivery with the multifunctional 

delivery system.

Conclusion
In this study, we showed that serum proteins could coat tar-

geted EHCO/siRNA nanoparticles and inhibit cellular uptake 

of the nanoparticles. However, pretreatment of targeted 

EHCO/siRNA nanoparticles with albumin at a proper con-

centration could minimize serum protein coating on the sur-

face of the nanoparticles. It appears that coating of the EHCO/

siRNA nanoparticles with 9.4 µM BSA reduced the cyto-

toxicity of the nanoparticles at a high siRNA concentration. 

The pretreatment of targeted EHCO/siRNA nanoparticles 

with 9.4  µM BSA prior to transfection improved cellular 

uptake and gene silencing efficacy of nanoparticles in serum-

containing media. At a proper concentration, albumin has the 

potential to minimize opsonization of siRNA nanoparticles 

for effective systemic in vivo siRNA delivery.
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