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ABSTRACT: We report the use of arginine-glycine-aspartic (Arg-Gly-Asp,
RGD) peptide-modified dendrimer-entrapped gold nanoparticles (Au
DENPs) for highly efficient and specific gene delivery to stem cells. In
this study, generation 5 poly(amidoamine) dendrimers modified with RGD
via a poly(ethylene glycol) (PEG) spacer and with PEG monomethyl ether
were used as templates to entrap gold nanoparticles (AuNPs). The native
and the RGD-modified PEGylated dendrimers and the respective well
characterized Au DENPs were used as vectors to transfect human
mesenchymal stem cells (hMSCs) with plasmid DNA (pDNA) carrying
both the enhanced green fluorescent protein and the luciferase
(pEGFPLuc) reporter genes, as well as pDNA encoding the human bone
morphogenetic protein-2 (hBMP-2) gene. We show that all vectors are
capable of transfecting the hMSCs with both pDNAs. Gene transfection
using pEGFPLuc was demonstrated by quantitative Luc activity assay and
qualitative evaluation by fluorescence microscopy. For the transfection with hBMP-2, the gene delivery efficiency was evaluated
by monitoring the hBMP-2 concentration and the level of osteogenic differentiation of the hMSCs via alkaline phosphatase
activity, osteocalcin secretion, calcium deposition, and von Kossa staining assays. Our results reveal that the stem cell gene
delivery efficiency is largely dependent on the composition and the surface functionality of the dendrimer-based vectors. The
coexistence of RGD and AuNPs rendered the designed dendrimeric vector with specific stem cell binding ability likely via
binding of integrin receptor on the cell surface and improved three-dimensional conformation of dendrimers, which is beneficial
for highly efficient and specific stem cell gene delivery applications.
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■ INTRODUCTION

Human mesenchymal stem cells (hMSCs) are multipotent cells
that display immunosuppressive properties and have an
inherent ability to differentiate into various types of cells,
including osteoblasts, myocytes, chondrocytes, and adipo-
cytes.1−5 Moreover, as a result of their strong expansion
capabilities, hMSCs hold great promise for the construction
and regeneration of damaged tissues.6,7 Based on these
properties, hMSCs have been considered as an excellent
vehicle for gene therapy. For successful gene therapy
applications, it is crucial to develop a suitable nonviral vector
system with low cytotoxicity, high gene transfection efficiency,
and specificity to diseased cells.
The feasibility of using dendrimers for human mesenchymal

stem cell (hMSC) gene delivery has been recently demon-
strated.8−10 Dendrimers are a class of highly branched,
monodispersed, synthetic macromolecules with spherical
geometry, accurate molecular structure, and abundant surface
functional groups.11,12 The unique properties of dendrimers

afford their successful uses in cancer diagnosis,13−19 drug
delivery,20−26 and gene therapy.27−32 Due to the polycationic
character and the challenges posed by the practical gene
delivery applications (e.g., low gene transfection efficicency and
nonspecificity), it is essential to chemically modify the
dendrimer surfaces or alter the internal structural characteristics
for noncytotoxic, high-efficiency, and specific gene delivery
applications.
For gene delivery with minimal cytotoxicity, it is prerequisite

to modify the dendrimer surface to decrease the number of
amine groups and thus diminish dendrimer cationic character.
Partial modification with poly(ethylene glycol) (PEG) has been
considered as a promising strategy to improve the biocompat-
ibility of dendrimers.15,16,33−37 It has been demonstrated that
PEG-conjugated poly(amidoamine) (PAMAM) dendrimers
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possess reduced cytotoxicity and improved gene transfection
efficiency.38 This is because PEG possesses the ability to reduce
nonspecific interactions with serum proteins, as well as avoids
recognition by the immune system. This has been also
successfully demonstrated by PEG conjugation with oligonu-
cleotides,39 peptides,40 and nanoparticles (NPs).41,42

For specific gene delivery applications, it is promising to
modify the dendrimer surface with targeting ligands that can
recognize the target cells via specific ligand−receptor
interaction.32 The cell surface integrin receptors which are
overexpressed in many types of cells including hMSCs,
glioblastoma cells, ovarian cancer cells, and breast cancer
cells43−45 have been shown to have a high affinity to bind
arginine-glycine-aspartic (Arg-Gly-Asp, RGD) peptide.38

Therefore, RGD peptide has been identified as a promising
targeting ligand for different biomedical applications.17

Dendrimers modified with RGD peptide have been demon-
strated to have binding specificity to integrin-overexpressing
cancer cells for drug delivery46,47 and specific gene delivery9

applications.
Besides the strategy of dendrimer surface modification, to

increase the gene delivery efficiency of dendrimer-based
vectors, the dendrimers should maintain well their three-
dimensional (3D) conformation, thus having improved DNA
compaction capability. Our previous work has shown that gold
nanoparticles (AuNPs) entrapped within amine-terminated
generation 5 (G5) PAMAM dendrimers are able to have
enhanced interaction with DNA molecules48,49 and enable
enhanced gene delivery applications.31 This suggests that the
entrapment of AuNPs within the dendrimer interior is able to
well maintain the 3D conformation of dendrimers, especially
when dendrimers are interacted with other biomolecules.
A thorough literature investigation reveals that currently

there is no such a report that fully considers the strategies of
dendrimer surface PEGylation/ligand modification and internal
structural variation for improved gene delivery applications,
especially in stem cell gene therapy applications. In this present
study, we designed a unique gene delivery system based on
dendrimer-entrapped AuNPs (Au DENPs) modified with both
PEG monomethyl ether (mPEG) and PEGylated RGD (PEG-
RGD) (Scheme 1). The formation of the dendrimers and Au
DENPs and the ability of the respective vector to compact
DNA were characterized via different techniques. The
cytotoxicity of these vectors and their polyplexes with pDNA
was assessed via cell viability assay. The expression of the
enhanced green fluorescent protein and the luciferase
(pEGFPLuc) reporter genes was used to evaluate the
transfection efficiency of all the synthesized vectors. Finally,
the therapeutic potential of the multifunctional RGD-modified
Au DENPs as a gene delivery vector was investigated by testing
their ability to transfect hMSCs with the human bone
morphogenetic protein-2 (hBMP-2) gene and subsequently
induce cell differentiation to the osteoblast phenotype. To our
knowledge, this is the first report addressing the impact of both
the dendrimer surface and internal structural modifications on
the performance of stem cell gene delivery.

■ EXPERIMENTAL SECTION
Materials. G5 PAMAM dendrimers were purchased from

Dendritech (Midland, MI). PEG with one end of amine group and
the other end of carboxyl group (COOH-PEG-NH2, Mw = 2000) and
PEG monomethyl ether with the other end of carboxyl group (mPEG-
COOH, Mw = 2000) were purchased from Shanghai Yanyi

Biotechnology Corporation (Shanghai, China). The pDNA encoding
for pEGFPLuc (6.4 kb) was provided by Prof. Tatiana Segura
(University of California, Los Angeles, CA), while the pDNA encoding
for hBMP-2 (8.5 kb) was kindly donated by Prof. Yasuhiko Tabata
(University of Kyoto, Japan). Thiazoyl blue tetrazolium bromide
(MTT) was from Sigma-Aldrich (St. Louis, MO). α-Minimum
Essential Medium (α-MEM), fetal bovine serum (FBS), penicillin,
and streptomycin were purchased from Gibco (Carlsbad, CA). The
Primary Amino Nitrogen (PANOPA) Assay Kit was purchased from
Megazyme (Wicklow, Ireland). Reporter Lysis Buffer was from
Promega (Madison, WI). The QuantiChrom Calcium Assay Kit was
from Bioassay System (Hayward, CA). The intact human osteocalcin
EIT kit was purchased from Biomedical Technologies Inc. (Stoughton,
MA). hMSCs were obtained from the bone marrow of healthy adults
after surgical intervention with the approval of the ethical committee
of Hospital Dr. Neĺio Mendonca̧, Funchal, Madeira, Portugal. The p-
nitrophenyl and p-nitrophenol standards were from Sigma-Aldrich (St.
Louis, MO), and unless otherwise stated, all chemicals with reagent
grade were purchased from Sigma-Aldrich and used as received. Water
used in all experiments was purified using a Milli-Q Plus 185 water
purification system (Millipore, Bedford, MA) with resistivity higher
than 18.2 MΩ·cm. Regenerated cellulose dialysis membranes with a
molecular weight cutoff (MWCO) of 14 000 were acquired from
Fisher Scientific (Pittsburgh, PA).

Scheme 1. Synthesis of (a) G5.NH2-mPEG20 Dendrimers
(K1), (b) {(Au0)25-G5.NH2-mPEG20} DENPs (K2), (c)
G5.NH2-(PEG-RGD)10-mPEG10 Dendrimers (K3), and (d)
{(Au0)25-G5.NH2-(PEG-RGD)10-mPEG10} DENPs (K4)
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Synthesis and Characterization of RGD Peptide-Modified Au
DENPs. Synthesis of G5.NH2-mPEG20 Conjugates. mPEG-COOH
(23.16 mg, 11.6 mmol), 1-(3-(dimethylamino)propyl)-3-ethylcarbo-
diimide hydrochloride (EDC, 4.0 mg, 20.88 mmol), and N-
hydroxysuccinimide (NHS, 2.4 mg, 20.88 mmol) were codissolved
in dimethyl sulfoxide (DMSO, 5 mL), and the reaction mixture was
stirred for 3 h at room temperature. The activated mPEG-COOH was
then dropwise added to a solution of G5.NH2 (15.06 mg, 0.58 mmol)
dissolved in DMSO (5 mL) under vigorous magnetic stirring, and the
reaction mixture was left for 24 h to obtain the raw product of
G5.NH2-mPEG20. The reaction was performed in duplicate.
Synthesis of {(Au0)25-G5.NH2-mPEG20} DENPs. Parallel un-

purified G5.NH2-mPEG20 dendrimers (obtained from the above
duplicated synthesis) were used as templates to synthesize Au
DENPs via sodium borohydride reduction chemistry with the molar
ratio of gold salt to G5.NH2-mPEG20 at 25:1. First, an aqueous
solution of HAuCl4 (72.84 mM, 198.67 μL) was dropwise added to an
aqueous solution of the G5.NH2-mPEG20 dendrimer (0.116 mM, 5
mL) under vigorous magnetic stirring. After 30 min, NaBH4 (72.35
mM, 1 mL) was rapidly added to the gold salt/dendrimer mixture
while stirring. The reaction mixture turned to a wine red color within a
few seconds. The stirring was continued for 2 h to obtain the raw
product of {(Au0)25-G5.NH2-mPEG20} DENPs.
Synthesis of G5.NH2-(PEG-RGD)10-mPEG10 Conjugates.

COOH-PEG-NH2 (11.58 mg, 5.8 mmol) dissolved in DMSO (5
mL) was dropwise added to a solution of 6-maleimidohexanoic acid N-
hydroxysuccinimide ester (6-MAL, 1.785 mg, 5.8 mmol) under
vigorous stirring, and the mixture was left for 8 h to obtain the raw
product of COOH-PEG-MAL. RGD peptide (4 mg, 0.58 mmol) was
then added to the COOH-PEG-MAL solution while stirring. After 12
h, the raw product of the COOH-PEG-RGD conjugate was obtained.
EDC (4.0 mg, 20.88 mmol) and NHS (2.4 mg, 20.88 mmol) were
added to the COOH-PEG-RGD solution. After this mixture was
stirred for 3 h, the activated COOH-PEG-RGD was slowly added to a
solution of G5.NH2 (15.06 mg, 11.6 mmol) dissolved in DMSO (5
mL). The reaction mixture was left under vigorous magnetic stirring
for 24 h. Using a dialysis membrane with an MWCO of 14 000, the
mixture was then dialyzed against water (nine times, 4 L) for 3 days to
remove any excess reactants and byproducts. This was followed by
lyophilization to obtain the G5.NH2-(PEG-RGD)10 product.
Finally, mPEG-COOH (11.58 mg, 5.8 mmol) activated according to

the protocols described above was added dropwise to a solution of the
G5.NH2-(PEG-RGD)10 dendrimer dissolved in DMSO (5 mL). This
reaction was continued for 24 h under vigorous magnetic stirring to
obtain the raw product of the G5.NH2-(PEG-RGD)10-mPEG10
conjugates. The reaction was performed in duplicate.
Synthesis of {(Au0)25-G5.NH2-(PEG-RGD)10-mPEG10} DENPs.

Parallel unpurified G5.NH2-(PEG-RGD)10-mPEG10 conjugates (ob-
tained from the above duplicated synthesis) were used as templates to
synthesize the {(Au0)25-G5.NH2-(PEG-RGD)10-mPEG10} DENPs
with the molar ratio of Au salt/dendrimer at 25:1 according to the
procedures described above.
All the raw products mentioned above were purified by dialysis

against water (nine times, 4 L) for 3 days to remove the excess
reactants using a dialysis membrane with MWCO of 14 000. This was
followed by lyophilization to obtain the final products. For simplicity,
G5.NH2-mPEG20, {(Au0)25-G5.NH2-mPEG20}, G5.NH2-(PEG-
RGD)10-mPEG10, and {(Au0)25-G5.NH2-(PEG-RGD)10-mPEG10}
were denoted as K1, K2, K3, and K4, respectively, in our naming
system. The pristine G5.NH2 dendrimer was denoted as K0.
Characterization Techniques. 1H NMR spectra were collected

using a Bruker AV400 NMR spectrometer. All dendrimers or DENPs
were dissolved in D2O before measurements. UV−vis spectra were
recorded using a Lambda 25 UV−vis spectrophotometer (PerkinElm-
er, Boston, MA). All samples were dissolved in water before
measurements. TEM was performed using a JEOL 2010F analytical
electron microscope (JEOL, Tokyo, Japan) with an accelerating
voltage of 200 kV. TEM samples were prepared by depositing an
aqueous suspension of Au DENPs (5 μL, 2 mg/mL) onto a carbon-
coated copper grid and air-dried before observation. ImageJ software

(http://rsb.info.nih.gov/ij/download.html) was used to analyze the
size and size distribution of each sample. At least 200 NPs randomly
selected from different TEM images were measured for each sample.
To determine the number of the terminal primary amine groups
present on the surface of dendrimers or Au DENPs, Megazyme’s
PANOPA Assay Kit was used and the assays were performed
according to the manufacturer’s instructions.

Polyplex Preparation. Each vector/pDNA polyplex was prepared,
taking into account the ratio of the number of primary amines on the
vector surface to the number of phosphate groups in the pDNA
backbone (i.e., the N/P ratio). To prepare the polyplexes, both vector
and pDNA solutions were diluted with phosphate buffer saline (PBS,
pH 7.4) at different N/P ratios. In each case, 1 μg pDNA was used.
The mixtures were gently vortexed and incubated at room temperature
for 30 min before characterization or transfection.

Gel Retardation Assay. To confirm the vector/pDNA polyplex
formation, an agarose gel retardation assay was performed. Each
vector/pDNA polyplex was prepared by mixing 1 μg of pDNA
(pEGFPLuc) and the corresponding vector in PBS (pH 7.4). A 1%
(w/v) agarose gel containing 0.1 μg/mL ethidium bromide (EB) was
prepared using Tris-acetate-EDTA buffer. Gel electrophoresis was
carried out at 80 V for 30 min. The retardation of the pDNA was
visualized using a gel image analysis system (Shanghai FURI Science &
Technology, Shanghai, China).

Dynamic Light Scattering and Zeta Potential Measure-
ments. Each vector/pDNA (hBMP-2) polyplex at an N/P ratio of
1:1, 2.5:1, or 5:1 was diluted by PBS to have a final volume of 1 mL.
Here 5 μg of pDNA was used to form the polyplex. Dynamic light
scattering (DLS) and zeta potential measurements were performed
using a Zetasizer Nano-ZS (Malvern Instruments, UK) equipped with
a standard 633 nm laser to measure the hydrodynamic sizes and
surface potentials of the vector/pDNA polyplexes.

Scanning Electron Microscopy (SEM) Observation. We
selected K2 and K4 vectors to prepare vector/pDNA (hBMP-2)
polyplexes at an N/P ratio of 2.5:1. The vector/pDNA polyplexes
were prepared according to the above protocols (except that water was
used) and diluted by water to achieve a final volume of 1 mL. SEM was
performed using a TM-100 scanning electron microscope (Hitachi,
Tokyo, Japan) with an operating voltage of 5 kV. Before measurement,
the samples dispersed in water were dropped onto aluminum foil, air-
dried, and sputter-coated with a 5-nm-thick Au film.

Cytotoxicity Assay. The cytotoxicity of the vectors or vector/
pDNA (hBMP-2) polyplexes was assessed by the MTT viability assay
of the hMSCs. In brief, 1.5 × 104 cells were seeded into each well of
96-well plates with 100 μL of α-MEM containing 10% FBS, 100 U/mL
penicillin, and 100 U/mL streptomycin at 37 °C and 5% CO2 the day
before the experiments. On the next day, the medium was replaced
with fresh α-MEM containing vectors (10 μL in PBS) with a
dendrimer molar concentration ranging from 50 to 3000 nM. Cells
treated with PBS were used as control. After incubation of the cells at
37 °C for 24 h, the medium in each well was replaced with fresh α-
MEM containing MTT (5.0 mg/mL, 20 μL in PBS). The cells were
incubated for another 4 h at 37 °C. Finally, the medium within each
well was replaced with 150 μL of DMSO to dissolve the formed
formazan crystals. After the plates were shaken for 15 min, the
absorbance at a wavelength of 490 nm was measured using a
PerkinElmer microplate reader (Victor3 1420, Boston, MA). The
reference wavelength was set at 630 nm. The cytotoxicity of the
vector/pDNA polyplexes was also tested via the MTT assay. The
molar concentration of the vectors ranged from 50 to 3000 nM, and
the dose of pDNA used for each well was 1 μg. The experiment was
carried out as described above.

Transfection Assays Using the Luc and EGFP Genes. hMSCs
were seeded in 24-well plates at a density of 1.5 × 104 cells/well and
cultivated for 24 h at 37 °C and 5% CO2 until a cell confluency of 60−
70% was obtained. Subsequently, the medium in each well was
replaced by 500 μL of polyplex-containing serum-free fresh medium.
All polyplex solutions were prepared at N/P ratios of 1:1, 2.5:1, and
5:1, respectively, using 1 μg of pDNA. Nontransfected cells and cells
transfected with naked pDNA were used as negative controls. After
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incubation of the cells for 4 h, the medium in each well was replaced
by fresh complete medium containing 10% FBS, and the cells were
further incubated for 24 h. Then the medium was removed, and the
cells were washed three times with 1 mL of PBS. The Luc activity of
the harvested cells was analyzed using the Luc Assay Kit (Promega)
according to the manufacturer’s instructions. Luc expression was used
to calculate the gene delivery efficiency of each vector and was
recorded as relative light units per milligram of total protein (RLU/
mg).
The ability of the vectors to efficiently deliver exogenous genes was

also evaluated by monitoring the expression of the EGFP gene. Here
the hMSCs were transfected with the vector/pDNA polyplexes at an
N/P ratio of 2.5:1 under the experimental conditions described above.
The cells were observed and imaged 24 h post-transfection using
fluorescence microscopy (Nikon Eclipse TE 2000E inverted micro-
scope). The fluorescence intensity of each image was quantified via
ImageJ software (see above for more information).
Transfection Assay Using the hBMP-2 Gene. For transfection

using the hBMP-2 gene-carrying plasmid DNA, hMSCs (1.5 × 104

cells/well) were plated in 24-well plates and cultured under 37 °C and
5% CO2 for 24 h. The cells were then transfected with vector/pDNA
polyplexes prepared at an N/P ratio of 2.5:1 using a fixed dose of 1
μg/well of the hBMP-2 plasmid. After 4 h, the medium within each
well was removed and replaced by complete medium containing 10%
FBS, 100 U/mL penicillin, 100 U/mL streptomycin, 50 μg/mL
ascorbic acid, and 5 nM β-glycerophosphate. After 3 days, 100 μL of
the supernatant was collected, and the expression level of the hBMP-2
gene was then analyzed using a human BMP-2 ELISA Kit (Antigenix
America Inc., Stoughton, MA).
Evaluation of Osteogenic Differentiation of hMSCs. ALP

Activity Assay. hMSCs were plated at 1.5 × 104 cells/well in 24-well
plates with 1 mL of α-MEM containing 10% FBS, 100 U/mL
penicillin, 100 U/mL streptomycin, 50 μg/mL ascorbic acid, and 5 nM

β-glycerophosphate. On days 7, 14, and 21, the ALP activity of the
hMSCs was quantified using a colorimetric assay in which the
hydrolysis of p-nitrophenyl phosphate to p-nitrophenol was moni-
tored. Briefly, the cell culture medium within each well was removed,
and the cells were rinsed three times with PBS. Reporter lysis buffer
(400 μL) was then added to each well, and the cell lysis was carried
out according to the manufacturer’s instruction. The cell lysate (20
μL) was then transferred to a corresponding well of a 96-well plate. To
each well was then added 200 μL of the ALP substrate. After
incubation of the samples in the dark for 1 h at 37 °C, 10 μL of 0.02 M
NaOH was added to stop the reaction. Finally, the absorbance at 405
nm was read using a PerkinElmer Victor3 1420 microplate reader. The
ALP activity of the hMSCs under various conditions was then
quantified using a standard curve which was prepared using serial
dilutions of p-nitrophenol.

Osteocalcin Secretion Assay. Cells were grown in cell culture
medium as described above for the osteocalcin secretion assay and the
following other assays. Medium of each well was collected on days 14
and 21, and the osteocalcin secreted to the culture medium was
measured using an intact human osteocalcin ELISA kit (Biomedical
Technologies Inc., Boston, MA). Twenty-four hours prior to sample
collection, the medium was replaced with fresh serum-free medium.
The obtained medium was then analyzed in triplicate according to the
manufacturer’s recommendations.

Calcium Deposition Assay. Deposited calcium in culture was
measured using the QuantiChrom Calcium Assay Kit (DICA-500).
Here hMSCs were harvested from complete medium on days 14 and
21. After lysis, aliquots of 5 μL of the cell lysates were transferred to
each respective well of a 96-well plate. After the addition of 200 μL of
working reagent to each respective well, the plates were gently tapped
to mix the samples. The plates were then incubated at room
temperature for 3 min, after which the optical density at 612 nm was

Figure 1. TEM image and size distribution histogram of (a) {(Au0)25-G5.NH2-mPEG20} (K2) and (b) {(Au0)25-G5.NH2-(PEG-RGD)10-mPEG10}
(K4) DENPs.
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recorded using a PerkinElmer Victor3 1420 microplate reader. A
standard curve generated using serial dilutions of CaCl2 was used to
calculate the final concentration of Ca2+ in the samples.
Von Kossa Staining. Von Kossa staining was used to qualitatively

assess the mineralization degree achieved by cells in culture. Briefly,
the culture plates were taken out on day 21. After discarding the
culture medium, the cells were rinsed three times with PBS and then
fixed with 3.7% formaldehyde solution for 15 min at room
temperature. After removing the solution, the samples were rinsed
with water several times. The cells were subsequently treated with
2.5% silver nitrate solution and exposed to ultraviolet light for 60 min.
At this stage, the plates were washed with water and then treated with
5% sodium thiosulfate solution for 3 min. Finally, after washing with
water, the plates were examined using a Nikon Eclipse TE 2000E
inverted microscope.
Statistical Analysis. The one-way ANOVA method was used to

assess the statistical differences of the experimental data. Results are
reported as mean ± standard deviation. A p value of 0.05 was selected
as the significance level, and the data were labeled as follows: (*) for p
< 0.05, (**) for p < 0.01, (***) for p < 0.001, respectively.

■ RESULTS AND DISCUSSION
Synthesis and Characterization of RGD Peptide-

Modified Au DENPs. According to the protocols described
in our previous study related to the preparation of PEGylated
dendrimers13,15,16,36 and the formation of Au DENPs,31,50 we
prepared K1, K2, K3, and K4 vectors, respectively (Scheme 1).
The selection of both mPEG-COOH and COOH-PEG-NH2
with an Mw of 2000 is based on our previous work,15,16 where
PEGylation of G5 dendrimers enables enhanced loading of Au
content and significantly improved cytocompatibility. Likewise,
the linking of RGD peptide to the dendrimer surface via a PEG
spacer is believed to be able to render each vector with minimal
protein adsorption,51 thereby avoiding the protein corona-
induced nonspecificity. The conjugation of mPEG and PEG-
RGD to the amine-terminated G5.NH2 dendrimers was first
characterized by 1H NMR (Figure S1, Supporting Informa-
tion). The methylene protons of PEG at 3.60 ppm (Figure
S1a), the RGD-associated aromatic proton peaks at 7.3 and 7.4
ppm (Figure S1b), and the methylene protons of PAMAM
dendrimers in the range of 2.2−3.4 ppm can be easily
identified, confirming the successful conjugation of mPEG
and PEG-RGD onto the G5 dendrimer surface. Through NMR
peak integration, the number of mPEG (for K1) conjugated
onto each dendrimer was calculated to be 19.9, which is
approximately similar to the initial molar feeding ratio of
mPEG/dendrimer. Likewise, for the K3 dendrimer, the
numbers of the total PEG and RGD moieties conjugated
onto each dendrimer molecule were calculated to be 19.0 and
9.0, respectively.
The synthesized K1 and K3 dendrimers were then used as

templates to synthesize K2 and K4 DENPs, respectively. UV−
vis spectroscopy was used to verify the formation of Au DENPs
(Figure S2, Supporting Information). An absorption peak at
around 510 nm in the spectra of both K2 and K4 can be
attributed to the typical surface plasmon band of AuNPs,
thereby confirming the successful synthesis of the respective Au
DENPs.
TEM was used to examine the shape and size distribution of

the Au core NPs in the two different Au DENPs (Figure 1). It
can be seen that both Au DENPs display a quite spherical shape
with a narrow size distribution. The average size of the Au core
NPs for K2 (Figure 1a) and K4 (Figure 1b) was estimated to be
2.1 and 1.9 nm, respectively. Our results suggest that the RGD
modification onto the surface of dendrimers does not

appreciably affect the shape and size distribution of the Au
core NPs. The hydrodynamic size of each vector was analyzed
by DLS, and the results are shown in Table S1 (Supporting
Information). It can be seen that the modification of G5.NH2
dendrimers with mPEG, mPEG + AuNPs, mPEG + RGD,
mPEG + AuNPs + RGD does not significantly alter the
hydrodynamic size of the pristine G5.NH2 dendrimer.
To accurately prepare the different vector/pDNA polyplexes

using the selected N/P ratios, measurement of the number of
primary amines on the vector surface is indispensable. Table 1

shows the mean number of primary amines on the vector
surfaces determined using the PANOPA assay. We show that
there are 98.0 primary amines on the K0 surface, while the
number of primary amines on the surface of the other vectors is
lower than that of K0 and follows the order of K1 > K3 > K2 >
K4. This can be attributed to the replacement of some of the
primary amines on the G5.NH2 dendrimer surface with mPEG
and PEG-RGD. Likewise, the entrapment of AuNPs requires
more dendrimer primary amines to be used to stabilize them;
therefore, the number of primary amines for K2 and K4 is lower
than that for the corresponding templates K1 and K3,
respectively, in agreement with our previous work.31

Gel Retardation Assay. Cationic polymer vectors are able
to compact negatively charged pDNA via electrostatic
interaction.31 To evaluate the ability of different vectors to
condense pDNA at different N/P ratios, agarose gel retardation
assay was performed (Figure 2). It can be seen that the mobility
of the pDNA can be retarded by all the different vectors at an
N/P ratio of 1:1 or above, indicating that the developed
dendrimer-based vectors with or without AuNPs are efficient in
compacting pDNA at an N/P ratio of 1:1 or greater. Therefore,
N/P ratios of 1:1 or above were selected for the following
studies. Our results suggest that the partial PEGylation or RGD
modification of the surface of G5 dendrimers and the
subsequent entrapment of AuNPs within the respective G5
dendrimers do not appreciably affect the DNA compaction
capability when compared with the pristine K0 vector.

Hydrodynamic Diameter and Zeta Potential Measure-
ments. To efficiently transport exogenous genes to the cell
nucleus, the designed vector/pDNA polyplex should have an
appropriate size and relative positive surface potential. As
shown in Figure 3a, all vector/pDNA polyplexes with an N/P
ratio of 1:1, 2.5:1, or 5:1 displayed a hydrodynamic diameter in
a range of 118−201 nm (polydispersity index (PDI) data are
shown in Table S2, Supporting Information). The hydro-
dynamic diameter appears to decrease with the increase of the
N/P ratio. To confirm the DLS results, we used SEM to
observe the size of the two representative K2/pDNA and K4/
pDNA polyplexes formed at an N/P ratio of 2.5 (Figure S3,
Supporting Information). Clearly, the polyplexes are aggregated
together due to the sample drying effect.52 The size of the K2/
pDNA and K4/pDNA polyplexes was measured to be 161.4 ±
4.4 nm and 210.4 ± 4.3 nm, respectively, quite similar to the
DLS data. Similarly, zeta potential measurements show that at

Table 1. Physicochemical Parameters of the Formed Vectors

vector K0 K1 K2 K3 K4

Mwa 26010 66010 70900 72920 77810
mean number of primary
amines per dendrimer

98.0 75.3 44.9 61.9 39.7

aCalculated based on the practical Mw of K0.
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similar N/P ratios, the modification of mPEG or PEG-RGD on
the G5 dendrimer surface and the subsequent entrapment of
AuNPs do not seem to significantly impact the surface potential
of the polyplexes when compared to the K0/pDNA polyplexes
(Figure 3b). At the N/P ratios of 2.5:1 and 5:1, all polyplexes

display a surface potential in a range of 14.7−22.0 mV.
Combining the hydrodynamic size and surface potential data
reveals that the modification of G5 dendrimers either via
surface modification with mPEG/PEG-RGD or via subsequent
entrapment of AuNPs renders the formed vector/pDNA
polyplexes with quite small hydrodynamic size and relatively
positive surface potential, which are suitable for further gene
delivery applications.

Cytotoxicity Assay. For gene delivery applications, it is
prerequisite to first explore the cytocompatibility of the vector
or vector/pDNA polyplexes (Figure 4). For hMSCs treated
with K0, K1, K2, K3, and K4 vectors, the cell viability was
observed to gradually decrease with an increase of the vector
concentration (Figure 4a). This is consistent with the data
reported in our previous work.31 Under similar dendrimer
concentrations (500 nM or above), it seems that modified
dendrimers and the respective Au DENPs are less cytotoxic
than the pristine K0 dendrimer. This could be due to the fact
that the amine density of the G5 dendrimers is significantly
reduced after dendrimer modification via either surface
functionalization or entrapment of AuNPs. Similarly, for
hMSCs treated with different vector/pDNA polyplexes (Figure
4b), the cell viability decreased with the increase of dendrimer
concentration, and the polyplexes formed using the modified
dendrimers or Au DENPs were less cytotoxic than the K0/
pDNA polyplex under similar dendrimer concentrations.
Importantly, under the same dendrimer concentrations, the
cytotoxicity of each vector/pDNA polyplex was much less than
that of the respective vector. This should be due to the fact that
the complexation of pDNA further decreases the amine density
of the dendrimer-based vectors, thereby alleviating the
electrostatic interaction-induced cytotoxicity.53 Overall, our
data show that the modification of G5.NH2 dendrimers via
surface PEGylation or interior AuNP entrapment is beneficial
to improve the cytocompatibility of the dendrimer-based
vectors, which is beneficial for safe gene delivery applications.

Gene Transfection Efficiency. To investigate the trans-
fection efficiency of each dendrimer-based nonviral vector, a
pDNA carrying the EGFP and the Luc reporter genes was used.
Figure 5 shows that the K1/pDNA, K2/pDNA, K3/pDNA, and
K4/pDNA polyplexes exhibit distinctly higher Luc activity
relative to the K0/pDNA polyplex at N/P ratios of 1:1 and
2.5:1. At the tested highest N/P ratio of 5:1, it seems that the
cells transfected with the K0/pDNA polyplex have the highest
Luc activity. However, polyplexes with a high N/P ratio also
have a higher cytotoxicity (Figure 4b). In this context, the
modification of the dendrimer vector enables highly efficient

Figure 2. Gel retardation assay of K1/pDNA (a), K2/pDNA (b), K3/
pDNA (c), and K4/pDNA (d) polyplexes at different N/P ratios. Lane
M: marker; lane 1: N/P = 0.125:1; lane 2: N/P = 0.25:1; lane 3: N/P
= 0.5:1; lane 4: N/P = 1:1; lane 5: N/P = 2:1; lane 6: N/P = 3:1; lane
7: N/P = 4:1.

Figure 3. Mean hydrodynamic size (a) and surface potential (b) of different vector/pDNA polyplexes under different N/P ratios (mean ± SD, n =
3).
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gene delivery at a low N/P ratio, which is beneficial for safe
gene delivery applications. At an N/P ratio of 2.5:1, the K4
vector has the highest gene transfection efficiency when
compared with the other four vectors (p < 0.01), and the
Luc activity of cells follows the order of K4 > K2 > K3 > K1 >
K0. Interestingly, the above results suggest that the
modification of G5.NH2 with mPEG alone improves gene
transfection efficiency, and also that modification with RGD via
PEG spacers further enhances the gene delivery. This is due to
the fact that partial PEGylation of the dendrimers increases the
solubility of the vector/pDNA polyplexes and enhances the
intracellular release of DNA molecules,29,54 in agreement with
the literature.38 Likewise, the hMSCs are known to express
integrins that can recognize the attached RGD peptide via
ligand−receptor interaction,45 enhancing the intracellular
uptake of the polyplexes not only through electrostatic
interaction but also through a receptor-mediated pathway. In
addition to this, the entrapment of AuNPs within the respective
mPEG-modified and PEG-RGD-modified dendrimers further
improves the gene transfection efficiency due to the
preservation of the 3D shape of dendrimers, which is helpful
to enhance the interaction between the vectors and pDNA, in
agreement with the literature.31 Overall, by comparison of the
K0 vector in the case of N/P = 2.5, the gene delivery efficiency

using K1 (mPEG modification), K2 (mPEG + AuNPs
modification), K3 (mPEG + RGD modification), and K4
(mPEG + AuNPs + RGD modification) was enhanced by
104%, 264%, 180%, and 495%, respectively. This clearly
suggests that the modification of AuNPs/RGD peptides or
both of them is able to significantly improve the gene delivery
efficiency.
To further confirm the effective gene transfection efficacy of

the different dendrimer-based vectors, fluorescence microscopy
was used to visualize the EGFP expression in the hMSCs. Here
the optimal conditions for gene transfection were selected by
taking into account the maximum RLU values measured for all
the vectors in the Luc gene expression studies. On this basis,
fluorescence microscopy images of EGFP expression in the
hMSCs were acquired following the treatment of the cells with
polyplexes prepared at an N/P ratio of 2.5:1 (Figure 6). In
accordance with the quantitative analysis of the Luc activity, the
green fluorescent signals arising from the EGFP expression are
observed. In particular, PEG- and PEG-RGD-modifications of
the G5.NH2 dendrimer, as well as the entrapment of AuNPs
within the respective dendrimers, play a key role in enhancing
the gene transfection efficiency. The EGFP gene expression was
quantified by measuring the fluorescence intensity of the cells
in each image using ImageJ software (Table S3, Supporting
Information). It can be seen that the EGFP gene expression
follows the order of K4 > K2 > K3 > K1 > K0, in agreement
with the Luc activity assay. It should be noted that through the
combination of the quantitative Luc activity assay and
qualitative fluorescence microscopic observation of EGFP
expression, the gene transfection efficiency of the dendrimeric
vectors are able to be sufficiently verified, in agreement with the
literature.31,55,56

Transfection Assays Using hBMP-2 Gene. On the basis
of the transfection performance of pEGFPLuc using different
dendrimer-based vectors, we selected an N/P ratio of 2.5:1 to
evaluate the possibility of using the developed vector systems to
transfect hMSCs with a pDNA carrying the hBMP-2 reporter
gene. From Figure 7a, it is clear that the nontransfected cells do
not have appreciable hBMP-2 expression. In contrast, the
hBMP-2 protein is expressed in cells transfected with the
different dendrimer-based vectors. The hBMP-2 gene trans-
fection efficiency followed the order of K4 > K2 > K3 > K1 >
K0, similar to the above Luc gene transfection results. The
highest hBMP-2 gene transfection efficiency using the K4
vector should be due to the fact that the PEG-RGD

Figure 4. MTT viability assay of hMSCs treated with different vectors (a) and vector/pDNA polyplexes (b) at different dendrimer concentrations
(mean ± SD, n = 3). The results are presented as the percentage of viable cells in relation to the control cells treated with PBS.

Figure 5. Luciferase gene transfection efficiency of vector/pDNA
polyplexes in hMSCs at N/P ratios of 1:1, 2.5:1, 5:1, respectively
(mean ± SD, n = 3). Nontransfected cells and cells treated with free
pDNA were used as controls.
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modification of dendrimers and the entrapment of AuNPs
within the dendrimers render the vector with RGD-mediated
targeting effect and well-maintained 3D conformation of
dendrimers, respectively.
To confirm the hBMP-2 gene transfection-induced stem cell

osteogenic differentiation, the activity of ALP, which is a
membrane-bound enzyme secreted early in bone formation and
has been identified to be an important early marker of
osteogenesis,38−40 was analyzed. Figure 7b shows that the ALP
activity increases with the cell culture time for hMSCs
transfected with a given vector/pDNA complex. Additionally,
the ALP activity of hMSCs on day 21 is significantly higher
than that on days 7 and 14. At all time points, the ALP activity
for the transfected hMSCs is obviously higher than that for the
nontransfected cells. Apparently hMSCs transfected using the
K4 vector displays the highest ALP activity when compared
with the other vectors due to the surface PEG-RGD
modification and the entrapped AuNPs.
Osteocalcin is synthesized and secreted by osteoblasts and

has been identified as an important marker of late-stage
osteogenic differentiation.57 Both nontransfected and trans-
fected cells displayed a low production rate of osteocalcin on
day 14 (Figure 7c). On day 21, a distinct increase in the level of
osteocalcin secretion was detected for all transfected hMSCs,
suggesting that hMSCs after transfection with the hBMP-2
gene using different dendrimer-based vectors are able to be
differentiated into the osteoblast lineage. Also, relative to K0,
the K1, K2, K3, and K4 vector-transfected hMSCs were all
observed to have visibly higher levels of osteocalcin secretion

on day 21. Similarly, the K4 vector enabled the transfected
hMSCs to have the highest osteocalcin secretion when
compared to all other vectors, corroborating the ALP activity
data.
Calcium deposition is another indicator that can be used to

further characterize the degree of hMSC osteogenic differ-
entiation (Figure 7d). The results clearly demonstrate higher
quantities of calcium production in the transfected hMSCs
cultures than in the nontransfected cultures. With time, the
deposition of calcium progressively increased from day 14 to
day 21, in agreement with work previously reported in the
literature.5 On both day 14 and day 21, hMSCs transfected by
the K4 vector displayed the highest calcium content when
compared to the other vectors. These results further verify that
all dendrimer-based vectors can deliver exogenous genes and
successfully induce the hMSC osteogenic differentiation, with
K4 being the most effective vector.
To qualitatively characterize the osteogenesis process, Von

Kossa staining8 was used to measure the mineralization of the
cell extracellular matrix 21 days post-transfection (Figure 8).
The cells were typically stained to be dark, indicating the
generation of the calcium phosphate crystals.5 For non-
transfected hMSCs (Figure 8a), the culture is transparent and
the cell morphology is obviously different from cells transfected
with the different vector/pDNA polyplexes. Analysis of the
density of the dark region indicates that hMSCs transfected
with the K4 vector display the darkest intensity (Figure 8f).
This again confirms that all dendrimer-based vectors are able to
transfect the hBMP-2 gene to hMSCs to enable osteogenic

Figure 6. Fluorescence microscopic images of EGFP gene expression in hMSCs using vector/pDNA polyplexes at an N/P ratio of 2.5:1. Images
were taken 24 h post-transfection. The cells were transfected with (b) K0/pDNA, (c) K1/pDNA, (d) K2/pDNA, (e) K3/pDNA, and (f) K4/pDNA
polyplexes. Nontransfected cells (a) were used as control.
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differentiation of the hMSCs. The K4 vector possessing both
PEG-RGD and AuNPs displays the best gene transfection
efficiency.

■ CONCLUSION

In summary, we developed functionalized dendrimers and Au
DENPs as vectors for gene delivery to stem cells. Our study
clearly shows that hMSCs can be transfected with two different
pDNAs (encoding EGFP/Luc and hBMP-2 genes) at an N/P
ratio of 2.5:1. In particular, the hBMP-2 gene transfection

enables the hMSCs to be differentiated into the osteoblastic
lineage. Our results suggest that the gene delivery efficiency is
largely dependent on the composition and surface modification
of the vector. The surface modification with PEG-RGD and the
entrapment of AuNPs render the dendrimer platform not only
with targeting specificity to recognize integrin-expressing
hMSCs but also with the well-maintained 3D conformation
to have improved DNA compaction ability, thus affording the
dendrimer-based vector with high gene transfection efficiency
and specificity. In addition, the role played by the entrapped

Figure 7. (a) hBMP-2 expression in hMSCs 3 days post-transfection via different vectors. (b) Time course of ALP activity of hMSCs transfected
with different vector/pDNA polyplexes. (c) Osteocalcin content secreted by hMSCs transfected with different vector/pDNA polyplexes at different
culture times. (d) Calcium deposition on the extracellular matrix of the hMSCs transfected with different vector/pDNA polyplexes after being
cultured for 14 and 21 days. All data were presented as mean ± SD (n = 3). Nontransfected cells were used as control.

Figure 8. Von Kossa staining of hMSCs transfected with K0/pDNA (b), K1/pDNA (c), K2/pDNA (d), K3/pDNA (e), and K4/pDNA (f)
polyplexes on day 21. Nontransfected cells (a) were used as control.
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AuNPs within the dendrimer interior should be multiple: (1)
reducing dendrimer amine functionality by counter charge to
improve the biocompatibility of the vectors; (2) possibly
enabling the vector with X-ray imaging functionality16 and
photothermal therapy potency.58,59 The developed RGD-
functionalized Au DENPs may provide a basis for rational
design of functional nonviral vectors for enhanced gene delivery
applications and may hold great promise to be used in the field
of tissue engineering, regenerative medicine, and cancer
theranostic nanomedicine.
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