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Abstract

Gold colloids functionalized with amino acids provide a scaffold for effective DNA binding with
subsequent condensation. Particles with lysine and lysine dendron functionality formed particularly
compact complexes and provided highly efficient gene delivery without any observed cytotoxicity.
Nanoparticles functionalized with first generation lysine dendrons (NP-LysG1) were ~28-fold
superior to polylysine in reporter gene expression. These amino acid-based nanoparticles were
responsive to intracellular glutathione levels, providing a tool for controlled release and concomitant
expression of DNA.
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Gene therapy offers great promise for curing cancer and genetic disorders of both innate and
acquired origin. 1,2 syccessful therapy requires the transport of nucleic acids into cells by
delivery vehicles, as DNA is not efficiently translocated through the cell membrane.3
Recombinant viruses provide effective transfection vectors; 4 however, issues of
|mmunogen|0|t\7/ carcinogenicity, and inflammation raise serious concerns for clinical
appllcatlons The challenges faced with viral vectors have inspired the parallel development
of nonviral vectors based on polymers, 8,9 dendrimers,10:11 and Ii fosomes 13 These
synthetic systems, however, are less efficient than viral systems 14,15 Therefore, efforts
continue to focus on designing safe and efficient vectors. 16

Inorganic nanoparticles including silica, 17 iron oxide, 18 and CdSe,19 have been exploited
recently as alternate nonviral vectors. Gold nan (;)artlcles provide particularly attractive
scaffolds for the creation of transfection agents 2 Gold colloids are bioinert, nontoxic, and
readily synthesized and functionalized.23:24 They also provide a multifunctional platform for
both therapeutic and diagnostic purposes. 25-28 Finally, through proper functionalization,
these particles can be engineered to accumulate preferentlallg at tumor sites using targeting
ligands, providing a powerful tool for cancer gene therapy

We report here the use of these nanoparticles for DNA transfection. There are several

challenges to the design of polycations for gene transfection, including the need for effective
complexation and condensation of the DNA, cellular uptake through endocytosis coupled with
endosomal escape, protection from nuclease in cytoplasm, and finally delivery of the DNA to
the nucleus.31 Nature provides insight into DNA packaging where DNA wraps around histone
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octamers; the nucleosome core proteins are ~6 nm in diameter featuring a large proportion of
basic residues (lysine and arginine) that form salt bridges with the phosphate backbone of DNA.
32 Using this structure as a starting point we designed DNA packaging agents using small
spherical gold nanoparticles (core diameter, ~2 nm, overall diameter, 6 nm) functionalized
with amino acids (Figure 1). These particles resemble histones in shape, size, and surface
functionality. In these studies we find that compaction of DNA can be improved by increasing
the density of ammonium groups on the nanoparticle surface, which facilitate delivery.
Conjugation of lysines on particles in a dendritic fashion yielded efficient vectors, ~28-fold
higher than polylysine for in vitro transfections. Amino acid-coated particles showed no
cytotoxicity. Finally, we show that the gold-thiolate binding of ligands to particles allows the
transfection ability of these materials to be regulated by manipulation of intracellular
glutathione levels.

RESULTS AND DISCUSSION

Fabrication of Vectors

Amino acid-conjugated thiols were synthesized in a straightforward procedure with terminal
ammonium group(s) (see Supporting Information). 1-Pentanethiol-protected gold clusters
(Au-Cs, core diameter =~ 2 nm) were functionalized with these ligands via Murray place-
exchange reaction providing water-soluble particles.33 To explore the structural effect of
headgroups on tranfection efficiency, we fabricated three vectors (NP-LysG1, NP-Lys, and
NP-Gly) featuring varying density of cationic sites (Figure 1).

Nanoparticle-DNA Complexation

The comparable size of DNA and small functionalized nanoparticles facilitates their
interaction.34 In our previous studies, we have demonstrated that quaternary ammonium-
functionalized gold colloids effectively recognize DNA strands.3° Nanoparticles bearing
primary ammonium groups (p K =10) on the surface are also expected to bind with anionic
DNA via ion-pairing at physiological pH (pH = 7.4).36 Gel electrophoresis was carried out
initially to test the association of nanoparticles with DNA (gWiz B-gal plasmid). Nanoparticle-
DNA mixtures at molar ratios (MR = molyp:molppna, at a fixed amount of DNA) of 200
(MR2gp) and 2000 (MR2gq0) Were electrophoresed on agarose gel and stained with ethidium
bromide (EtBr). While a band corresponding to free DNA was observed at MRy suggesting
incomplete complexation, electrophoretic mobility of DNA toward the positive electrode was
completely retarded at MR,qgg (Figure 2). In white light image, we observed that complexes
were retained in the wells (Figure S1, see Supporting Information). Also, these complexes do
not form extended aggregates over longer incubation periods, as evident from absorbance
spectra (Figure S2, see Supporting Information). Binding was further verified by EtBr
exclusion assay, which indicated complexation between DNA and nanoparticles by quenching
of EtBr-fluorescence (Figure S3; see Supporting Information).

Characterization of Nanoplexes

Surface charge and size of DNA complexes are two important parameters in determining the
efficiency of cellular uptake. (-Potential measurements revealed that complexes of each head-
group (MR2qqp) bear positive surface potentials ranging from +25 to +34 mV (Table 1) that
should promote initial adhesion on a negatively charged cell surface.37 In general, polycation—
DNA complexes enter into mammalian cells via endocytosis, a process that is limited to
particles smaller than ~150 nm in diameter.38 Dynamic light scattering (DLS) showed that
NP-Gly formed large complexes (>150 nm). However, efficient condensation was achieved
by increasing the density of ammonium groups on the particle surface. NP-LysG1 condensed
DNA (<100 nm) most effectively (Table 1). In addition to enhanced cellular uptake, the tight
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packing with NP-LysG1 should prove useful for cancer gene therapy, where particles ~100
nm can more easily extravasate through open endothelial gaps in tumor tissues.”

Transfection of Mammalian Cells

We have shown earlier that trimethyl ammonium-functionalized nanoparticles (NP-TMA) can
protect DNA substantially from DNase digestion,41 and transfect 293T cells in the presence
of serum and chloroquine.20 An X-gal staining assay was conducted to qualitatively assess the
amino acid-coated nanoparticles mediated transfection of monkey kidney cells (Cos-1) with
B-galactosidase (B-gal) reporter plasmid at MRyggg. After 3 h of staining, blue spots were
detected under an optical microscope from cells transfected with NP-LysG1 and NP-Lys,
indicating that these particles serve as effective gene delivery agents (Figure 3).

The expression of the -gal reporter gene was monitored by enzyme activity assay to quantify
the efficiency of DNA delivery. First, Cos-1 cells were treated with nanoparticle-DNA
complexes at various ratios (MR 1900, MR20g0, MR4ggg, ahd MRgggg) to determine the optimal
ratio for transfection. Expression of 3-gal was maximal at MRygqq (Figure S4, see Supporting
Information), consistent with our previous studies.20 We next compared transfection
efficiency of the synthesized nanoparticles at MRogq. As illustrated in Figure 4, lysine-coated
particles NP-Lys and LP-LysG1 efficiently expressed the reporter gene, whereas NP-Gly
showed negligible enzyme activity. Cells were also transfected with two other effective vectors
as positive controls, previously reported NP—TMA,20 and extensively studied ponIysine.42v
43 Lysine and lysine dendrimer-coated particles were significantly better than both positive
controls (Figure 4). In particular, NP-LysG1 and NP-Lys were superior to polylysine by ~28-
fold and ~5-fold, respectively. As expected, no measurable B-gal activity was detected when
cells were treated with naked DNA.

Cytotoxicity

Cellular metabolic activity was measured by alamar blue assay to evaluate possible toxicity
that might arise from nanoparticles during transfection. As depicted in Figure 5, amino acid-
coated particles displayed no decrease in viability. However, trimethyl ammonium-
functionalized particles were moderately toxic, which probably originates from their strong
interaction with the cell surface.#4

Glutathione Regulation of Transfection Efficiency

The cationic ligands of Au nanoparticles can be displaced by glutathione (GSH), which would
alter the surface charge and loosen the DNA-NP association (Figure 6::1).45’4 This mode of
release utilizes the dramatic differential between extra- and intracellular GSH levels. Moreover,
manipulation of intracellular GSH levels provides a potential mechanism for external control
of transfection. We investigated the regulation of transfection efficiency of nanoparticles, NP—
Lys (MR2qqg), by both increasing and decreasing intracellular GSH concentration. The
glutathione level was transiently increased by treating cells with glutathione monoester (GSH-
OEt).26 Glutathione monoester is rapidly internalized by cells and processed into glutathione
(GSH) by esterases.4’ Transfection efficiency increased upon treatment of cells with GSH-
OEt in a concentration-dependent fashion (Figure 6b). In a complementary study, baseline
GSH production was suppressed by prolonged (24 h) treatment of cells with L-buthionine-
[S,R]-sulfoximine (BSO), an inhibitor of y-glutamylcysteine synthetase.“8 As expected, BSO-
treated cells showed lower transfection efficiency compared to untreated cells (Figure 6c¢).

CONCLUSION

In summary, we have demonstrated that coating gold nanoparticles with lysine-based
headgroups produces effective transfection vectors. DNA delivery efficiency strongly depends
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on the structure of head-groups and their concomitant ability to condense DNA. The lysine
dendron-functionalized nanoparticle NP-LysG1 was most effective at condensing DNA, and
was the most potent vector, ~28 times more effective than polylysine. Importantly, these amino
acid-functionalized particles showed no cytotoxicity when used as transfection agents. These
materials were also responsive to cellular glutathione level during in vitro transfection,
providing insight into their mode of activity as well as being a potential tool for orthogonal
control of transfection.

EXPERIMENTAL SECTION

Materials

All chemicals were purchased from Aldrich unless otherwise stated. The organic solvents were
bought from Pharmco-Aaper and used as received except dichloromethane and toluene which
were distilled in the presence of calcium hydride. Flash column chromatography was carried
out for purification using silica gel (SiO5, particle size, 40-63 um). gWiz p-gal plasmid (8278
bp) was purchased from Aldevron (Fargo, ND). L-Glutathione reduced ethyl ester (GSH-OEt)
was obtained from Fluka. Cell culture medium powder and phosphate buffer saline (PBS) were
bought from Aldrich.

Gel Electrophoresis

Cell Culture

To prepare each mixture (27 uL total volume), 400 ng of DNA was incubated with required
amount of nanoparticles at room temperature in 10 mM HEPES buffer (pH = 7.4). After 10
min of incubation, 3 uL of gel loading dye (6x) was added into each mixture. A 25 uL aliquot
from the resulting 30 uL solution was loaded into 0.6% agarose gel, prestained with EtBr. The
samples were electrophoresed at 100 V for 60 min in TBE buffer (0.045 M Tris-borate; 0.001
M EDTA) and the bands were visualized on a UV trans-illuminator.

Cos-1 cells were cultured in a humidified atmosphere (5% CO») at 37 °C. The cells were grown
in Dulbecco’s modified eagle’s medium (DMEM, 4.0 g/L glucose) supplemented with 10%
fetal bovine serum and antibiotics (100 U/ml penicillin and 100 pg/ml streptomycin). All
transfection experiments were performed with complete growth medium without antibiotics
and in the presence of 100 uM chloroquine. Cells (1 x 10° per well) were seeded on a 24-well
plate 24 h prior the experiments. For GSH-OEt treatment, old medium was removed after 24
h of plating, and cells were incubated with fresh medium containing GSH-OEt for 1 h and
washed three times with PBS before adding transfection medium.?

Transfection Protocol

All experiments were done in triplicate. Nanoplexes were first prepared at room temperature
as follows (for 3 wells): (a) a 100 uL solution of 2.4 pg of plasmid and a 200 uL solution of
the required concentration of nanoparticles were prepared separately in PBS. (b) After 5 min,
particles were mixed with DNA and incubated together for 10 min. The nanoplexes were
diluted with 1600 uL of prewarmed DMEM with 100 uM chloroquine. The resulting
transfection medium was added into wells (600 pL/well, 3 wells) after washing cells once with
PBS. Six hours later, the medium was removed, cells were washed 3x with PBS, and complete
medium (600 pL/well) was added for another 42 h of incubation. Cells were transfected
similarly with polylysine/DNA at a mass ratio of 2.5 as previously reported (M, of pLys = 50
K).42 Gene expression and cytotoxicity were tested after 48 h of total transfection period.
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X-Gal Assay

Cells were stained following the assay kit (Genlantis, USA). After 3 h of staining, cells were
washed twice with PBS and visualized on an optical microscope (Zeiss, 20x%).

Reporter Gene Expression

B-Gal activity was assayed using chlorophenol red-p-D-galactopyranoside as a substrate
(CPRG kit, Genlantis, USA). Absorbance (As7q) was measured on a SpectroMax M5
microplate reader (Molecular Device), and the amount of expressed protein was calculated
from a calibration curve constructed with pure B-gal. Total cellular protein was determined by
bicinchoninic acid assay (Pierce, USA) according to the manufacturer’s protocol.

Cytotoxicity Assay
The alamar blue assay was performed according to the manufacturer’s protocol (Invitrogen
Biosource, USA). After 48 h of transfection, cells were treated with 10% alamar blue solution
and kept at 37 °C for another 2 h. Red fluorescence, resulting from the reduction of alamar
blue, was monitored (excitation/emission: 535/590) on a SpectroMax M5 microplate reader
(Molecular Device).

DLS and g-Potential

DLS experiments and {-potential measurements were carried out using a Malvern Zetasizer
(Nano series, Malvern Instruments Inc., USA). Nanoplexes were prepared as mentioned above
in transfection protocol using HEPES (10 mM, pH = 7.4) only, instead of PBS/media. After
10 min of incubation, data were collected and reported as an average of three measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Schematic illustration of the monolayer protected gold nanoparticles used as transfection
vectors in this study; (b) chemical structures of headgroups presented on the surface of the
nanoparticles.
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Figure 2.

Gel retardation assay demonstrating DNA-nanoparticle complexation. A constant amount of
DNA (333 ng/well) was complexed with nanoparticles at two different ratios in HEPES (10
mM, pH 7.4). No NP-DNA band is observed because of fluorescence quenching by NP
complexation.
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Figure 3.
Optical micrographs showing transfected cells turned into blue after 3 h of X-gal staining.
Cos-1 cells were transfected with B-gal reporter gene using (a) NP-LysG1 and (b) NP-Lys.
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Figure 4.

Enhanced transfection using NP-LysG1 and NP-Lys relative to positive controls, NP-TMA,
and polylysine (pLys). No appreciable enzyme activity was observed in the absence of vectors.
Inset shows solution colors during B-Gal activity assay performed after transfection. The color
changes from yellow (substrate) to red (product) in the presence of active enzyme.
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Cell viability determined by alamar blue assay at the end of transfection (total period 48 h)
using the optimum molar ratio (MR2qq0).
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Figure 6.

(a) Schematic depiction of place-exchange between native cationic ligands and cellular
glutathione (GSH) on nanoparticle surface. (b) Elevation in transfection level depending on
dose of glutathione monoester (GSH-OEt). Cells were preincubated with GSH-OEt for 1 h
then washed prior to transfection. (c) Decrease in transfection efficiency upon BSO treatment.
Cells were plated in BSO-containing (2 mM) media and incubated for 24 h.
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TABLE 1

Surface Charge and Size of Nanoparticle-DNA Complexes (mol Ratio 2000) in HEPES Buffer (10 mM, pH 7.4) at 25
oca

nanoparticles C-potential (mV) size (hm)

NP-LysG1 3042 9142

NP-Lys 341 112+1

NP-Gly 25+1 233+ 40

NP-TMA 34+2 118+ 10

3Size of DNA alone, 425 + 51.
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