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ene therapy offers great promise

for curing cancer and genetic dis-

orders of both innate and acquired
origin."? Successful therapy requires the
transport of nucleic acids into cells by deliv-
ery vehicles, as DNA is not efficiently trans-
located through the cell membrane.® Re-
combinant viruses provide effective
transfection vectors;* however, issues of im-
munogenicity, carcinogenicity, and inflam-
mation raise serious concerns for clinical
applications.®”” The challenges faced with
viral vectors have inspired the parallel de-
velopment of nonviral vectors based on
polymers,®° dendrimers,'®'" and
liposomes.'>"3 These synthetic systems,
however, are less efficient than viral
systems.'*'* Therefore, efforts continue to
focus on designing safe and efficient vec-
tors.'®

Inorganic nanoparticles including
silica,'” iron oxide,'® and CdSe,'® have been
exploited recently as alternate nonviral vec-
tors. Gold nanoparticles provide particu-
larly attractive scaffolds for the creation of
transfection agents.°~%? Gold colloids are
bioinert, nontoxic, and readily synthesized
and functionalized.”** They also provide a
multifunctional platform for both therapeu-
tic and diagnostic purposes.>®~ 28 Finally,
through proper functionalization, these par-
ticles can be engineered to accumulate
preferentially at tumor sites using targeting
ligands, providing a powerful tool for can-
cer gene therapy.?®3°
We report here the use of these nano-

particles for DNA transfection. There are
several challenges to the design of polyca-
tions for gene transfection, including the
need for effective complexation and con-
densation of the DNA, cellular uptake
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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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through endocytosis coupled with endoso-
mal escape, protection from nuclease in cy-
toplasm, and finally delivery of the DNA to
the nucleus.®' Nature provides insight into
DNA packaging where DNA wraps around
histone octamers; the nucleosome core pro-
teins 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.3? Using this
structure as a starting point we designed
DNA packaging agents using small spheri-
cal gold nanoparticles (core diameter, ~2
nm, overall diameter, 6 nm) functionalized
with amino acids (Figure 1). These particles
resemble histones in shape, size, and sur-
face 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 effi-
cient vectors, ~28-fold higher than polyl-
ysine for in vitro transfections. Amino acid-
coated particles showed no cytotoxicity.
Finally, we show that the gold-thiolate bind-
ing of ligands to particles allows the trans-
fection ability of these materials to be regu-
lated by manipulation of intracellular
glutathione levels.

glutathione - delivery - DNA
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Figure 1. (a) Schematic illustration of the monolayer protected
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condensation
- free
nanoplex DNA
o NP-LysG1 NP-Lys NP-Gly
o
o I Figure 2. Gel retardation assay demonstrating
o || DNA—nanoparticle complexation. A constant amount of
o DNA (333 ng/well) was complexed with nanoparticles at two
%n o HS R different ratios in HEPES (10 mM, pH 7.4). No NP—DNA band
o © 290 is observed because of fluorescence quenching by NP
e complexation.
b)
—_ R=—0  NHj' DNA was observed at MR,, suggesting incomplete
HaN & 4 complexation, electrophoretic mobility of DNA toward
_— the positive electrode was completely retarded at
5 NP-Lys  NHL MR, (Figure 2). In white light image, we observed
o & R= —CE NH3" that complexes were retained in the wells (Figure ST,
HN d see Supporting Information). Also, these complexes do
. NP-Gly not form extended aggregates over longer incubation
. NH,*[R = —NMej’ periods, as evident from absorbance spectra (Figure S2,
NP-LysG1 NP-TMA see Supporting Information). Binding was further veri-

fied by EtBr exclusion assay, which indicated complex-

ation between DNA and nanoparticles by quenching of
EtBr-fluorescence (Figure S3; see Supporting Informa-

gold nanoparticles used as transfection vectors in this study; (b)
chemical structures of headgroups presented on the surface of

the nanoparticles.

RESULTS AND DISCUSSION

Fabrication of Vectors. Amino acid-conjugated thiols
were synthesized in a straightforward procedure with
terminal ammonium group(s) (see Supporting Informa-
tion). 1-Pentanethiol-protected gold clusters (Au—C,,
core diameter ~ 2 nm) were functionalized with these
ligands via Murray place-exchange reaction providing
water-soluble particles.®® To explore the structural ef-
fect of headgroups on tranfection efficiency, we fabri-
cated 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.>* In our previous studies, we have
demonstrated that quaternary ammonium-
functionalized gold colloids effectively recognize DNA
strands.>> Nanoparticles bearing primary ammonium
groups (pK, ~ 10) on the surface are also expected to
bind with anionic DNA via ion-pairing at physiological
pH (pH = 7.4).3° Gel electrophoresis was carried out ini-
tially to test the association of nanoparticles with DNA
(gWiz B-gal plasmid). Nanoparticle-DNA mixtures at
molar ratios (MR = molp:molpy,, at a fixed amount of
DNA) of 200 (MR,,) and 2000 (MR,,,) Were electro-
phoresed on agarose gel and stained with ethidium
bromide (EtBr). While a band corresponding to free
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tion).

Characterization of Nanoplexes. Surface charge and size
of DNA complexes are two important parameters in de-
termining the efficiency of cellular uptake. {-Potential
measurements revealed that complexes of each head-
group (MR,0,) bear positive surface potentials ranging
from +25 to +34 mV (Table 1) that should promote ini-
tial adhesion on a negatively charged cell surface.” In
general, polycation—DNA complexes enter into mam-
malian cells via endocytosis, a process that is limited to
particles smaller than ~150 nm in diameter.3® Dy-
namic 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 pack-
ing with NP—LysG1 should prove useful for cancer

TABLE 1. Surface Charge and Size of Nanoparticle-DNA
Complexes (mol Ratio 2000) in HEPES Buffer (10 mM, pH
7.4) at 25 °C°

nanoparticles {-potential (mV) size (nm)

NP—LysG1 302 91=*2
NP—Lys 34*1 M2+1
NP—Gly 25*1 233 =40
NP—TMA 34=*2 11810

“Size of DNA alone, 425 = 51.
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gene therapy, where particles
~100 nm can more easily ex-
travasate through open endo-
thelial gaps in tumor
tissues. 340

Transfection of Mammalian Cells.
We have shown earlier that tri-
methyl ammonium-
functionalized nanoparticles
(NP—TMA) can protect DNA
substantially from DNase diges-

tion,*" and transfect 293T cells
in the presence of serum and
chloroquine.?® An X-gal stain-
ing assay was conducted to qualitatively assess the
amino acid-coated nanoparticles mediated transfec-
tion of monkey kidney cells (Cos-1) with B-galactosidase
(B-gal) reporter plasmid at MR,qq,. After 3 h of stain-
ing, blue spots were detected under an optical micro-
scope from cells transfected with NP—LysG1 and
NP—Lys, indicating that these particles serve as effec-
tive gene delivery agents (Figure 3).

The expression of the 3-gal reporter gene was moni-
tored 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 g0,
MR5000r MR4goor @nd MRg(0) to determine the optimal
ratio for transfection. Expression of B-gal was maximal
at MR, (Figure S4, see Supporting Information), con-
sistent with our previous studies.?® We next compared
transfection efficiency of the synthesized nanoparticles
at MR,o00. As illustrated in Figure 4, lysine-coated par-
ticles NP—Lys and LP-LysG1 efficiently expressed the re-
porter gene, whereas NP—Gly showed negligible en-
zyme activity. Cells were also transfected with two other
effective vectors as positive controls, previously re-
ported NP—TMA,?° and extensively studied
polylysine.**>** Lysine and lysine dendrimer-coated par-
ticles were significantly better than both positive con-
trols (Figure 4). In particular, NP—LysG1 and NP—Lys
were superior to polylysine by ~28-fold and ~5-fold,
respectively. As expected, no measurable 3-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 dis-
played no decrease in viability. However, trimethyl
ammonium-functionalized particles were moderately
toxic, which probably originates from their strong inter-
action with the cell surface.**

Glutathione Regulation of Transfection Efficiency. The cat-
ionic ligands of Au nanoparticles can be displaced by
glutathione (GSH), which would alter the surface charge
and loosen the DNA—NP association (Figure 6a).*>*
This mode of release utilizes the dramatic differential
between extra- and intracellular GSH levels. Moreover,

www.acsnano.org

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.

manipulation of intracellular GSH levels provides a po-
tential mechanism for external control of transfection.
We investigated the regulation of transfection effi-
ciency of nanoparticles, NP—Lys (MR,), by both in-
creasing and decreasing intracellular GSH concentra-
tion. The glutathione level was transiently increased by
treating cells with glutathione monoester (GSH—OEt).%®
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Figure 4. Enhanced transfection using NP—LysG1 and
NP—Lys relative to positive controls, NP—TMA, and poly-
lysine (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 pres-
ence of active enzyme.
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Figure 5. Cell viability determined by alamar blue assay at
the end of transfection (total period 48 h) using the opti-
mum molar ratio (MR,,).
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Figure 6. (a) Schematic depiction of place-exchange be-
tween 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.

Glutathione monoester is rapidly internalized by cells
and processed into glutathione (GSH) by esterases.*”
Transfection efficiency increased upon treatment of

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 hy-
dride. Flash column chromatography was carried out for purifica-
tion using silica gel (SiO,, particle size, 40—63 pum). gWiz B-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. To prepare each mixture (27 pL total vol-
ume), 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 pL of gel loading dye (6x)
was added into each mixture. A 25 pL aliquot from the resulting
30 pL 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.

Cell Culture. Cos-1 cells were cultured in a humidified atmo-
sphere (5% CO,) at 37 °C. The cells were grown in Dulbecco’s
modified eagle’s medium (DMEM, 4.0 g/L glucose) supple-
mented with 10% fetal bovine serum and antibiotics (100 U/ml
penicillin and 100 pwg/ml streptomycin). All transfection experi-
ments were performed with complete growth medium without
antibiotics and in the presence of 100 wM chloroquine. Cells (1 X
10° per well) were seeded on a 24-well plate 24 h prior the ex-
periments. For GSH-OEt treatment, old medium was removed af-
ter 24 h of plating, and cells were incubated with fresh medium
containing GSH-OEt for 1 h and washed three times with PBS be-
fore 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 L solution of 2.4 g of plasmid and a 200
wL 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

ACANT AN ] ]
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cells with GSH—OEt in a concentration-dependent fash-
ion (Figure 6b). In a complementary study, baseline
GSH production was suppressed by prolonged (24 h)
treatment of cells with L-buthionine-[S,R]-sulfoximine
(BS0), an inhibitor of y-glutamylcysteine synthetase.*®
As expected, BSO-treated cells showed lower transfec-
tion efficiency compared to untreated cells (Figure 6c).

CONCLUSION

In summary, we have demonstrated that coating
gold nanoparticles with lysine-based headgroups pro-
duces effective transfection vectors. DNA delivery effi-
ciency strongly depends 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 activ-
ity as well as being a potential tool for orthogonal con-
trol of transfection.

were diluted with 1600 L of prewarmed DMEM with 100 uM
chloroquine. The resulting transfection medium was added into
wells (600 wL/well, 3 wells) after washing cells once with PBS. Six
hours later, the medium was removed, cells were washed 3%
with PBS, and complete medium (600 pL/well) was added for an-
other 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).*? Gene expression and cytotoxicity were tested
after 48 h of total transfection period.

X-Gal Assay. Cells were stained following the assay kit (Genlan-
tis, USA). After 3 h of staining, cells were washed twice with PBS
and visualized on an optical microscope (Zeiss, 20X).

Reporter Gene Expression. 3-Gal activity was assayed using chlo-
rophenol red-B-p-galactopyranoside as a substrate (CPRG kit,
Genlantis, USA). Absorbance (As,,) was measured on a Spectro-
Max M5 microplate reader (Molecular Device), and the amount of
expressed protein was calculated from a calibration curve con-
structed with pure 3-gal. Total cellular protein was determined
by bicinchoninic acid assay (Pierce, USA) according to the manu-
facturer’s protocol.

Cytotoxicity Assay. The alamar blue assay was performed ac-
cording 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 fluo-
rescence, resulting from the reduction of alamar blue, was moni-
tored (excitation/emission: 535/590) on a SpectroMax M5 micro-
plate reader (Molecular Device).

DLS and {-Potential. DLS experiments and {-potential measure-
ments 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.
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Supporting Information Available: Nanoparticle and ligand

synthesis, binding studies, and transfection efficiencies at vary-

ing

particle/DNA ratios. This material is available free of charge

via the Internet at http://pubs.acs.org.
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