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Abstract

A number of neurodegenerative disorders may potentially be treated by the delivery of therapeutic genes to neurons. Nonviral gene

delivery systems, however, typically provide low transfection efficiency in post-mitotic differentiated neurons. To uncover mechanistic

reasons for this observation, we compared gene transfer to undifferentiated and differentiated SH-SY5Y cells using polyethylenimine

(PEI)/DNA nanocomplexes. Differentiated cells exhibited substantially lower uptake of gene vectors. To overcome this bottleneck, RGD

or HIV-1 Tat peptides were attached to PEI/DNA nanocomplexes via poly(ethylene glycol) (PEG) spacer molecules. Both RGD and Tat

improved the cellular uptake of gene vectors and enhanced gene transfection efficiency of primary neurons up to 14-fold. RGD

functionalization resulted in a statistically significant increase in vector escape from endosomes, suggesting it may improve gene delivery

by more than one mechanism.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Gene therapy is a potential strategy to combat neuro-
degenerative disorders, such as Parkinson’s Disease (PD)
[1]. For example, successful delivery of genes encoding glial
cell line-derived neurotrophic factor (GDNF) [2] and/or
tyrosine hydroxylase (TH) (involved in dopamine synth-
esis) [3] may prevent disease progression and maintain
proper dopamine levels despite cell loss caused by PD.
GDNF and TH gene delivery using viral vectors, including
adenovirus [3,4] and adeno-associated virus [5], provided
efficient normalization of function and an increase in
survival rate of dopamine-producing neurons in rodents.
As an ex vivo gene therapy approach, efficient genetic
modification of cells was also achieved using recombinant
retroviruses [6].
e front matter r 2006 Elsevier Ltd. All rights reserved.
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Despite current progress with virus-mediated gene
delivery in the CNS, continued development of nonviral
vectors is attractive due to the potential for improved
safety, reduced immunogenicity, ease of manufacturing
and scale up, and the ability to accommodate larger DNA
plasmids compared to viral vectors [7,8]. Unfortunately,
synthetic systems such as polymer-, lipid- and peptide-
based gene carriers are typically much less efficient in
delivering genes to primary neurons compared to viral
vectors [9]. Thus, identifying bottleneck(s) to efficient
nonviral gene delivery in transfection-resistant neurons
and testing of new vectors are priorities.
Polyethylenimine (PEI) is currently the most popular

polymer used to deliver genes into various cell types
[10–13], including neurons [10,11]. PEI is able to condense
genes into small nanoparticles [14] and protect the DNA
from degradation by nucleases [15]. In addition, the
cationic nature of PEI facilitates entry of these gene
vectors into cells by binding to negatively charged heparan
sulfate proteoglycans on the cell surface [16]. Following
internalization, PEI/DNA nanocomplexes are known to
efficiently transport toward the perinuclear region of cells
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[17,18], including primary neurons [19]. PEI is hypothe-
sized to escape endosomes using a proton-sponge effect
[20,21], although the mechanism is controversial [22].

In this study, dopaminergic SH-SY5Y neuroblastoma
cells were used as an in vitro cell model of neurons since
they are widely used in PD pathogenesis studies [23,24] and
they can be differentiated into neurotypic cells by treat-
ment with retinoic acid (RA) [25]. The mechanism of gene
transfer with PEI/DNA nanocomplexes was compared
between transfection-permissive undifferentiated [26] and
transfection-restrictive differentiated [26,27] SH-SY5Y
cells. To improve gene delivery into differentiated neuro-
typic cells, PEI/DNA nanocomplexes were coated with
poly(ethylene glycol) (PEG) after complex formation and
bioactive ligands, specifically RGD and HIV-1 Tat
peptides, were attached to exposed PEG ends to overcome
identified cellular barriers.

2. Materials and methods

2.1. Cell culture

The SH-SY5Y human neuroblastoma cell line was maintained in a 1:1

mixture of Eagle’s minimum essential medium and Ham’s F12 nutrient

mixture supplemented with 10% fetal bovine serum, penicillin (100 units/

ml), streptomycin (100 mg/ml) and 2mM glutamine. Cells were incubated at

37 1C in a humidified environment with 5% CO2 atmosphere and passaged

every third day with a subcultivation ratio of 1:5.

2.2. Cell differentiation

Cells were treated with all-trans RA (Sigma, St. Louis, MO) to induce

differentiation [25]. RA was added the day after plating at a final

concentration of 10 mM in 5% serum media. Differentiation was assessed

morphologically by monitoring arrest of cell proliferation and neurite

outgrowth at 3 days after RA treatment [25].

2.3. Plasmid preparation

Yellow fluorescent protein (YFP)-encoding plasmid (4.7 kbp, as

determined by gel electrophoresis) and salmon DNA (2 kbp) were

purchased from Clontech (Palo Alto, CA) and Sigma, respectively.

Qiagen Maxi Prep kits (Qiagen Inc., Valencia, CA) were used to purify

and expand the plasmids, as per manufacturer protocols.

2.4. Fluorescent labeling of PEI and complex formulation

PEI (branched, MW ¼ 25 kDa, Sigma) was fluorescently labeled with

Oregon Green (OG) 488 (Molecular Probes, Eugene, OR) according to

manufacturer’s protocol. OG-labeled PEI was purified by size exclusion

chromatography using Sephadex G-75 (Sigma) and its concentration was

determined by trinitrobenzenesulfonic acid (Sigma) assay [28]. To make

PEI/DNA nanocomplexes, PEI was added to 2.5 mg of: (i) YFP-encoding

plasmid for transfection assays or (ii) salmon DNA for uptake and co-

localization studies (all solutions in 150mM NaCl with a DNA

concentration of 50 mg/ml) at N/P (nitrogen to phosphate) ratio equal to

10, 20 or 30. Amounts of PEI required for gene vectors with different N/P

ratios were determined by noting that the molecular weights of a single

PEI unit and a single DNA unit are 43.05 and 330.98 g/mole, respectively.

The mixture (containing identical volumes of PEI and DNA solutions)

was vortexed briefly, and incubated for 30min at room temperature.

Following complex formation, the particle size and zeta potential were
measured using a Zetasizer 3000HS (Malvern Instruments Inc., South-

borough, MA).
2.5. Surface modification of PEI/DNA nanocomplexes

The four amino acid residue peptide, H-Arg–Gly-Asp–Cys-OH

(RGDC) (MW ¼ 451.5 g/mole, Bachem, King of Prussia, PA) and biotin

maleimide (MW ¼ 449.49 g/mole, Sigma) were dissolved at 1mg/ml in

100mM sodium phosphate buffer (pH 7.0) and dimethylformamide,

respectively. To conjugate biotin to the RGDC, solutions were mixed at

1:1 molar ratio and incubated for 3 h at room temperature with occasional

stirring. HIV-1 Tat peptide with the sequence YGRKKRRQRRR

(MW ¼ 1559.9 g/mole, American Peptide Co., Sunnyvale, CA) was

dissolved in 0.5M sodium phosphate and reacted (1mg/ml) with high

molar excess of citraconic anhydride to reversibly block the primary amine

group on the arginine. Biotin hydrazide (MW ¼ 258.34 g/mole, Sigma)

was dissolved in dry dimethyl sulfoxide to conjugate to the HIV-1 Tat

peptide (0.5mg/ml). Reaction was completed by incubating for 2 h at

room temperature with frequent sonication and dilute HCl was added

until a pH of 3 was attained. The product was then dialyzed extensively

against PBS using 500/1000 MWCO Float-a-lyzer (Spectrum Lab.,

Rancho Dominguez, CA) to remove unreacted species.

To attach biotinylated PEG to the surface of PEI/DNA nanocom-

plexes, biotin–PEG–SPA (MW ¼ 3400 g/mole, NEKTAR, San Carlos,

CA) was dissolved in 150mM NaCl solution (1mg/ml) and added to the

PEI/DNA nanocomplex solution followed by 1 h incubation. The

mass ratio of PEG to PEI was 1:9. NeutrAvidin (1mg/ml in 150mM

NaCl solution, MW ¼ 60 kg/mole, Molecular Probes) was added to

PEGylated PEI/DNA nanocomplexes at a molar ratio of 1:1 of

NeutrAvidin to biotin–PEG–SPA and, lastly, either biotinylated RGD

or HIV-1 Tat protein peptide was added to the complexes. The molar ratio

of bioactive ligands (RGD or HIV-1 Tat) to NeutrAvidin was 1:1. It is

important to note that RGD has been reported to induce apoptosis by

direct caspase-3 activation [29]. However, apoptosis occurred at RGD

concentrations of 0.1–1mM, roughly 1000-fold higher than that used here

(0.096mM).
2.6. Determination of ligand conjugation

Following gene vector preparation, the final solution of modified PEI/

DNA nanocomplexes was filtered through a Microcon Centrifugal Filter

(Millipore, Billerica, MA) to separate unreacted species (i.e., biotinylated

peptides) from the particles. The concentration of the unreacted species in

the filtrate was determined using the bicinchoninic acid (Pierce, Rockford,

IL) protein assay [30]. Less than 5% of free biotinylated peptides were

recovered as compared to the starting amount that was added to the

complex solution for the surface modification of gene vectors, which

suggest that most (495%) of the peptides are attached to the surface of

PEI/DNA nanocomplexes.
2.7. Transfection assay

Differentiated and undifferentiated SH-SY5Y cells at 70–80% con-

fluency were transfected with unlabeled PEI/DNA nanocomplexes and

incubated for 24 h. Cells were washed twice with PBS, harvested with

trypsin/EDTA and washed once again with PBS. Cells were centrifuged at

12,000 rpm for 5min and the supernatant was discarded. Cells were then

resuspended in PBS supplemented with 15mM EDTA and cell-associated

fluorescence was determined using FACSCaliber flow cytometer (Becton

Dickinson, Franklin Lake, NJ) with a 488nm excitation laser and a

515nm emission filter. The concentration of N/P ¼ 20 PEI/DNA

complexes used, modified (with RGD or Tat) or unmodified, was always

much lower than that where we begin to see significant cytotoxicity (e.g.,

495% of cells remained viable upon incubation with each of the

complexes studied).
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2.8. Cellular uptake of labeled nanocomplexes

Fluorescently labeled PEI/DNA nanocomplexes (PEI labeled with OG)

of N/P ¼ 20 were added to cells at 70–80% confluency and incubated for

2 h at 4 or 37 1C. Samples at 4 1C served as negative controls since

endocytosis does not occur at this lower temperature [31]. The negative

control samples were pre-chilled to 4 1C for 30min prior to addition of

nanocomplexes. After 2 h incubation, samples were washed twice with

PBS of the corresponding temperature, harvested with trypsin/EDTA and

washed once again with PBS. Cells were then centrifuged at 12,000 rpm for

5min and the supernatant was discarded. Finally, cells were resuspended

with PBS supplemented with 15mM EDTA and cell-associated fluores-

cence was detected using FACSCaliber flow cytometer (Becton Dickinson)

with a 488nm excitation laser and a 515nm emission filter.

2.9. Co-localization of nanocomplexes and acidic vesicles

Fluorescently labeled PEI/DNA complexes (PEI labeled with OG)

carrying 0.5 mg of DNA (N/P ratio ¼ 20 always) were added to

differentiated SH-SY5Y cells and incubated at 37 1C for 12 h. LysoTracker

Red (Molecular Probes) was added to cells at a final concentration of

100 nM to stain acidic vesicles, specifically late endosomes and lysosomes,

30min prior to observation. Images of live cells were acquired with

confocal microscopy (LSM 510 Meta, Zeiss, Thornwood, NY) with a

100� /1.4NA oil immersion lens. Cells were maintained at 37 1C during

the observation using an air stream stage incubator (Nevtek, Burnsville,

VA). Co-localization of complexes and acidic vesicles were quantified by

calculating the portion of the overlapping pixels with MetaMorph

software (Universal Imaging Co., Downingtown, PA).

3. Results

3.1. Effect of N/P ratio on gene transfection

We first sought to determine the nitrogen to phosphate
ratio (N/P) of PEI/DNA nanocomplexes that led to
enhanced transfection of undifferentiated SH-SY5Y cells
by measuring YFP expression. PEI/DNA nanocomplexes
formulated at N/P ¼ 20 demonstrate approximately 20-
fold higher percentage of transfected cells compared to
DNA alone (Fig. 1, po0:01, ANOVA). Complexes
produced at N/P ¼ 10 and 30 also increase the percentage
of transfected cells compared to DNA alone, by 3.4- and
10-fold, respectively (po0:01, ANOVA). In addition,
0

5

10

15

20

nDNA N/P=10 N/P=20 N/P=30

%
 T

ra
n

sf
ec

te
d

 C
el

ls

Fig. 1. Percentage of undifferentiated SH-SY5Y cells transfected with

DNA alone (nDNA), or PEI/DNA nanocomplexes of N/P ¼ 10, 20 or 30

(n ¼ 3 for each case). Differences in transfection are statistically significant

(po0:01, ANOVA).
N/P ¼ 20 complexes yield roughly a 2-fold increase in
gene expression per transfected cell (measured as mean
YFP fluorescence intensity) compared to DNA alone (data
not shown). Although N/P ¼ 30 complexes yield mean
fluorescence intensity comparable to N/P ¼ 20 complexes
(data not shown), significant cytotoxicity was observed for
samples transfected with N/P ¼ 30 complexes. Hence, the
N/P ¼ 20 formulation was selected for further study.

3.2. Gene delivery to undifferentiated and differentiated

neurotypic cells

We sought to uncover bottleneck(s) that may hinder
gene delivery to differentiated neurons by comparing the
gene delivery process in undifferentiated cells (transfection
permissive) to that of differentiated cells (transfection
resistant). PEI/DNA nanocomplexes (N/P ¼ 20) carrying
plasmid DNA-encoding YFP transfect 4.8-fold fewer
differentiated cells than undifferentiated cells (at 24 h
post-transfection) and the average YFP gene expression
level per transfected cell is about 2-fold lower for
differentiated cells (data not shown). Therefore, approxi-
mately 10-fold less total YFP is produced by differentiated
cells compared to undifferentiated cells.
To begin to understand the mechanistic reasons for the

difference in transfection between undifferentiated and
differentiated SH-SY5Y cells, we first investigated the role
of cellular uptake of gene vectors. Almost 80% of
undifferentiated cells internalize PEI/DNA nanocomplexes
of N/P ¼ 20, compared to less than 40% of differentiated
cells (Fig. 2A). In addition, differentiated cells that contain
gene vectors display an approximately 2-fold lower mean
fluorescence intensity, corresponding to the amount of gene
complexes per cell, compared to undifferentiated cells that
contain gene vectors, providing further evidence that
endocytosis of gene vectors is significantly hampered in
differentiated cells (Fig. 2B and C). Cells incubated at 4 1C
exhibit similarly low mean fluorescent intensities for both
undifferentiated and differentiated cells, indicating that
cellular uptake of gene vectors into both cell types is
energy-dependent (Fig. 2B and C). Upon shifting the
temperature to 37 1C, both cell types display increased
cellular uptake of gene vectors (Fig. 2B).

3.3. Gene delivery to differentiated SH-SY5Y cells with

modified complexes

To potentially improve the cellular uptake of PEI/DNA
nanocomplexes into differentiated neurons, the surfaces of
gene vectors were modified with bioactive ligands. First,
PEG was covalently coupled to the surface of PEI/DNA
nanocomplexes. Upon PEGylation, particle diameter
increased slightly, from 143736.1 to 156.5730.2 nm, and
zeta potential decreased, from 29.372.3 to 22.072.9mV.
Either RGD or HIV-1 Tat peptides were then attached to
the surface of PEI/DNA nanocomplexes via the PEG
linkers. Differentiated SH-SY5Y cells were transfected
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Fig. 2. Cellular uptake of PEI/DNA nanocomplexes (N/P ¼ 20) by undifferentiated and differentiated SH-SY5Y cells at 2 h post-transfection (n ¼ 3 for

each case). (A) Percentage of cells with internalized complexes. Difference is statistically significant (po0:01, ANOVA). (B) The distribution of

fluorescence intensity of undifferentiated and differentiated SH-SY5Y cells at 4 and 37 1C. (C) Geometric mean fluorescence intensity representing the

degree of cellular uptake per cell. Difference in mean fluorescence intensity is statistically significant (*) for the 37 1C samples (po0:01, ANOVA).
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Fig. 3. Transfection efficiency of differentiated SH-SY5Y cells with

modified PEI/DNA (PEI) nanocomplexes (N/P ¼ 20) at 24 h post-

transfection (n ¼ 3 for each case). Modified complexes include PEI–

PEG/DNA (PEG), PEI–PEG–RGD/DNA (RGD–PEG) and PEI–PEG–

TAT/DNA (TAT–PEG). Unmodified PEI/DNA nanocomplexes are

indicated as PEI. (A) Percentage of transfected cells with various

complexes. Differences in percentage of transfected cells is statistically

significant compared to PEI/DNA for the samples indicated with an

asterisk (*) (po0:01, ANOVA). (B) Mean fluorescence intensity of

transfected cells, represented by YFP gene expression per cell. Difference

in mean fluorescence intensity of transfected cells is statistically significant

compared to PEI/DNA for the samples indicated with an asterisk (*)

(po0:01, ANOVA).
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with various complexes: PEI/DNA, PEI/DNA complexes
coated with covalently attached PEG grafts (PEI–PEG/
DNA) or PEI–PEG/DNA complexes with bioactive
ligands attached to their surface at the free end of PEG
via biotin–avidin–biotin chemistry (PEI–PEG–RGD/DNA
and PEI–PEG–TAT/DNA) (Fig. 3).

Attachment of PEG to PEI/DNA lowered the percen-
tage of transfected differentiated neurons slightly com-
pared to PEI/DNA (approximately 2.5% and 2.1%,
respectively; not statistically significant), while attachment
of PEG conjugated to either RGD or Tat significantly
improved transfection (Fig. 3A). PEI–PEG–RGD/DNA
resulted in the greatest improvement in transfection
(difference is statistically significant compared to all
other complexes, including PEI/DNA controls; po0:01,
ANOVA).

Attachment of RGD or Tat also increased gene
expression per cell (Fig. 3B). PEI–PEG–RGD/DNA and
PEI–PEG–TAT/DNA, enhanced gene expression per cell
4- and 6-fold, respectively, compared to unmodified PEI/
DNA. Taking into account increases in the percentage of
transfected cells and in gene expression per cell, modified
complexes enhance the overall transfection efficiency of
differentiated neurotypic cells as much as 14-fold.

3.4. Cellular uptake of modified complexes by differentiated

neurotypic cells

To determine if enhanced cellular uptake may partially
explain the improvement in gene transfection observed
with modified complexes, gene vector uptake was quanti-
fied by measuring the percentage of cells with internalized
complexes and the total amount of cell-associated com-
plexes in studies utilizing PEI that was fluorescently labeled
with OG (Fig. 4). Attachment of PEG alone yields a lower
percentage of cells with internalized complexes (compared
to PEI/DNA) (Figs. 4A and D). However, attachment of
RGD or Tat to PEI–PEG/DNA increased overall cellular
uptake of gene vectors compared to unmodified PEI/DNA
(Fig. 4B and D) and PEI–PEG/DNA (Fig. 4C and D),
including the number of gene vectors per cell (po0:01,
ANOVA) (Fig. 4E). The mean fluorescence intensity of
4 1C-incubated cells is similar for all complexes, suggesting
energy-dependent endocytosis is responsible for cellular
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Fig. 4. Cellular uptake of modified PEI/DNA nanocomplexes (N/P ¼ 20) at 2 h post-transfection (n ¼ 3 for each case). (A) The distribution of cell-

associated fluorescence intensity of cells inoculated with PEI/DNA (4 and 37 1C) and PEI–PEG/DNA (37 1C). (B) The distribution of cell-associated

fluorescence intensity of cells inoculated with PEI/DNA (4 and 37 1C) and PEI–PEG–RGD/DNA (37 1C). (C) The distribution of cell-associated
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at 37 1C. Differences are statistically significant (*) compared to PEI/DNA (po0:01, ANOVA) (E) Geometric mean fluorescence intensity corresponding

to the degree of cellular association at 4 1C (black) and 37 1C (gray). Differences in fluorescence intensity are statistically significant (*) for all 37 1C samples

compared to the 37 1C PEI/DNA sample (po0:01, ANOVA).
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(N/P ¼ 20) and acidic vesicles at 12 h post-transfection, measured by

numbers of overlapping pixels (n ¼ 50 cells). PEI–PEG–RGD/DNA

(RGD–PEG) displays lowest co-localization, and the difference is

statistically significant (*) (po0:01, ANOVA) compared to all other

complexes.
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uptake in each case (Fig. 4E). Improved cellular uptake of
modified complexes correlated to the enhanced cell
transfection (compare Figs. 3A and 4D).

3.5. Intracellular trafficking of modified complexes

To determine if the intracellular trafficking of complexes
is altered by the addition of bioactive ligands, co-
localization studies were performed using a dye that stains
acidic vesicles (Lysotracker). Most PEI/DNA nanocom-
plexes co-localize with lysosomes at 12 h post-transfection
(Fig. 5). PEGylation of PEI/DNA nanocomplexes did not
significantly enhance their co-localization with acidic
vesicles, as might be expected since PEGylation reduces
the amount of free amines available to serve as a proton
sponge [20]. Importantly, PEI–PEG–RGD/DNA com-
plexes exhibit statistically significant decrease of
co-localization compared to all other complexes (Fig. 5).

4. Discussion

Differentiated cells are often relatively resistant to high
level of gene transfection with nonviral vectors [32–35], a
property observed here with differentiated neurotypic cells.
To investigate the mechanistic reason(s) for this result, and
in the process begin to uncover the bottlenecks to gene
delivery into differentiated neurons, we compared the gene
delivery process between differentiated and undifferen-
tiated SH-SY5Y cells. Remarkably, differentiated neuro-
typic cells endocytosed significantly fewer PEI/DNA
nanocomplexes compared to undifferentiated cells, sug-
gesting cell entry of gene vectors may be a critical barrier to
efficient gene delivery into differentiated neurons. A similar
trend was observed in liposome-mediated gene delivery to
differentiated airway epithelial cells [36]. The discrepancy
in gene vector uptake may be due to either a difference in
density of heparan sulfate on the cell surface or to
variations in the structure of heparan sulfate (which is
known to be heterogeneous depending on the cell type
[37]). Interestingly, Margolis et al. have suggested that
nerve growth factor-induced differentiation of PC12
neuroblastoma cells alters the size, charge, and sulfation
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pattern of heparan sulfate [38]. These factors may vary the
binding affinity/avidity of complexes to the cell surface.

We next sought to improve the cellular uptake of PEI/
DNA nanocomplexes into differentiated neurons to see if
that would improve overall transfection, as suggested by
the large disparity in uptake between undifferentiated and
differentiated SH-SY5Y cells. To enhance uptake, we used
PEI/DNA nanocomplexes modified with PEG and bioac-
tive ligands specific for cell surface receptors. PEI/DNA
nanocomplexes were PEGylated after complex formation
in a manner similar to that reported by Ogris et al. [39]. It
has been reported that PEGylation of PEI prior to
polymer–DNA complexation diminishes the effective
targeting and subsequent uptake of bioactive ligand-
functionalized gene vectors [40]. However, our modified
gene vectors demonstrated improved uptake and gene
expression, which may be due to the incorporation of
targeting ligands only on the particle surface and not
throughout the bulk of the gene vector [39]. Presence of
ligands throughout the vector may adversely affect other
parameters, such as effective condensation and proper
unpacking of cargo DNA. Attachment of ligands via PEG
may also be an explanation for the effective cellular uptake
of ligand-functionalized gene vectors with high N/P ratios,
which is contradictory to previous work done with EGF
molecules without PEG spacers [41].

The attachment of RGD or Tat peptides to free PEG
ends substantially enhanced overall cellular uptake of gene
vectors compared to unmodified vectors. Gene carriers
with only NeutrAvidin attached to the PEG linker
exhibited cellular uptake similar to PEI–PEG/DNA
nanocomplexes (data not shown). Hence, improvement in
cellular uptake of modified vectors is not due to nonspecific
interaction of NeutrAvidin with the cell surface. This is not
surprising since NeutrAvidin has been specifically
engineered to minimize nonspecific interactions (that are
known to occur with avidin) by making it neutrally
charged. As a result of enhanced cellular uptake,
both PEI–PEG–RGD/DNA and PEI–PEG–TAT/DNA
yield significantly higher transfection efficiencies compared
to unmodified PEI/DNA nanocomplexes in differentiated
SH-SY5Y cells. The attachment of bioactive ligands
to the ends of PEG linkers may enhance the flexibility
of the ligands and facilitate the binding of particles to
cell surfaces [42]. For example, the use of PEG
with conjugated targeting molecules has greatly enhanced
drug carrier particle interaction with target cells in vivo

and under physiologically relevant shear conditions
in vitro [43].

Efficient internalization of adenovirus into cells is due to
the binding of the viral penton base, containing five RGD
motifs, to avb3 or avb5 integrins on the cell surface [44].
RGD binds specifically to nearly half of 20 known integrins
on cell surfaces [45] and has been used to improve the
cellular uptake of nonviral gene vectors, albeit not in
differentiated neurons, by attaching them to liposomes or
polymers [46–48]. Binding of adenovirus to the extracel-
lular domain of integrins triggers conformational changes
in the integrins [49] and activation of downstream signaling
molecules, leading to endocytosis of the virus [50,51]. Thus,
attachment of RGD to PEI/DNA nanocomplexes is
expected to enhance receptor-mediated endocytosis of the
gene vectors in differentiated neurons in a similar manner.
The specific binding of RGD motifs to cell surface integrins
apparently more than compensates for the decreased
nonspecific electrostatic binding upon vector PEGylation.
The HIV-1 Tat peptide exhibits strong binding affinity to

cell surface heparan sulfates and induces their aggregation
via cross-links [52]. In addition, HIV-1 Tat may bind
specifically to glycosaminoglycan-specific structures of
heparan sulfate, as suggested for the binding mechanism
of viral particles [53]. This property may account for the
improved cellular uptake of Tat-modified gene vectors into
differentiated neurons. The cell entry mechanism of HIV-1
Tat peptide is controversial in that both energy-dependent
endocytosis [54] and energy-independent cell penetration
[55] have been suggested. We found that differentiated SH-
SY5Y cell entry by Tat-modified gene vectors is energy-
dependent.
In both undifferentiated and differentiated cells, PEI/

DNA nanocomplexes exhibit similarly high co-localization
with late endosomes/lysosomes (LE/Lys) (data not shown),
suggesting the sequestration of gene vectors within these
vesicles could also be a barrier to efficient transfection.
However, since complexes in both differentiated and
undifferentiated cells share this property, it seems unlikely
that this can explain the difference in transfection efficiency
between the two differentiation states. Additionally,
intracellular transport of gene vectors to the perinuclear
region of neurons may not be a critical obstacle since we
recently have shown that PEI/DNA nanocomplexes are
actively transported in cells to the perinuclear region
along microtubules [17,18], and PEI/DNA nanocomplexes
transport in primary neurons at rates similar to those of
adenoviruses [19].
Surprisingly, the attachment of RGD ligands, but not

Tat ligands, to PEI–PEG/DNA nanocomplexes lowered
the co-localization of gene vectors with LE/Lys compared
to unmodified PEI/DNA. It is possible that integrin
activation by RGD promotes penetration of endosomes
by PEI–PEG–RGD/DNA, as suggested for adenoviruses
[56].
Finally, it should be noted that the incorporation of

PEG to gene vector surfaces may impart several advanta-
geous properties to PEI/DNA nanocomplexes. First, PEI/
DNA complexes typically require positive surface charges
to bind cell surfaces via nonspecific electrostatic interac-
tions. This property, however, may cause undesired
aggregation, opsonization by plasma proteins and systemic
toxicity [57] upon in vivo administration. PEGylation
minimizes these problems by reducing surface charge and
by acting as a steric barrier to aggregation [39,57–59]. To
this end, it should be noted that we did not add enough
PEG to completely shield the surface charge in this work.



ARTICLE IN PRESS
J.S. Suk et al. / Biomaterials 27 (2006) 5143–5150 5149
Future work should also explore the use of complexes
made with a higher PEG to PEI ratio than used here (i.e.,
higher than 1:9). It should also be mentioned that while Tat
is positively charged, it has a significantly lower charge
density than unshielded PEI and relatively small amounts
may lead to significantly improved carrier uptake and cell
transfection, which may allow its use as a ligand in future
gene delivery strategies. Indeed, Soundara et al. reported
that Tat reduced the cytotoxicity of cationic polyplexes
[60]. Even if not, the use of Tat-functionalized gene carriers
in this paper serves as positive control related to improved
cell uptake and transfection for RGD-functionalized
carriers.

5. Conclusion

We show that modification of nonviral gene vectors with
RGD or Tat peptides via covalently attached PEG chains
can enhance gene delivery into differentiated neurons by up
to 14-fold in vitro. An increase in cellular uptake was
observed with RGD- and Tat-modified vectors, and an
increase in endosome escape was observed with RGD-
modified gene vectors. Further modification of gene vectors
to improve their endosome escape and nuclear import may
improve gene transfer into differentiated neurons.
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