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T
he development of personalized
medicine for the treatment of disease
states at the cellular level using cell

therapy strategies is a global dream for
healthcare. Exploiting the full potential of
cell therapy requires the successful transfec-
tion of individual cells to induce specific
changes in protein expression profiles
within the cell.1 For clinical applications of
engineered cells, nonviral methods are pre-
ferred due to the drastically reduced risks of
immune response following transfection of
plasmid, small interfering RNA (siRNA), mes-
senger RNA, or a combination of therapeu-
tic agents.2�5 However, changes in protein
expression following transfection via non-
viral protocols can be highly variable.2,6�16

The variability in protein expression is be-
lieved to reflect endosomal sequestration
which leads to subsequent nucleic acid
damage and thus reduced levels of exogen-
ous protein expression.17�20 The nucleic
acid damage reflects an inability to escape
the endosome, resulting in degradation

from rising reducing agent levels and acid-
ity within the endosomal vesicle.21�23

In many cases, a lipid, polymer, or other
chemical agent is utilized to package the
nucleic acid and enhance the cellular
uptake.24�26 Recent studies have demon-
strated that gold nanoparticles (AuNPs)
show promise as carriers for appended nu-
cleic acid sequences with enhanced trans-
fection and protein yields when packaged
in liposomes.27�29 The improvement in pro-
tein yields has been hypothesized to be due
to reduced endosomal degradation of the
nucleic acid.14,15,21,30�37 Connecting the im-
proved transfection yields with the cellular
processing of the delivered agents requires
detailed insight into the important steps
for transfection when using a AuNP delivery
agent.
Critical progress in the rapidly developing

field of nanotherapeutics necessitates the
understanding of fundamental processes
such as agent uptake, endosomal encap-
sulation, timing of plasmid release and
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ABSTRACT Recent advances in cell transfection have suggested that delivery

of a gene on a gold nanoparticle (AuNP) can enhance transfection efficiency. The

mechanism of transfection is poorly understood, particularly when the gene is

appended to a AuNP, as expression of the desired exogenous protein is dependent

not only on the efficiency of the gene being taken into the cell but also on efficient

endosomal escape and cellular processing of the nucleic acid. Design of a

multicolor surface energy transfer (McSET) molecular beacon by independently

dye labeling a linearized plasmid and short duplex DNA (sdDNA) appended to a AuNP allows spatiotemporal profiling of the transfection events, providing

insight into package uptake, disassembly, and final plasmid expression. Delivery of the AuNP construct encapsulated in Lipofectamine2000 is monitored in

Chinese hamster ovary cells using live-cell confocal microscopy. The McSET beacon signals the location and timing of the AuNP release and endosomal

escape events for the plasmid and the sdDNA discretely, which are correlated with plasmid transcription by fluorescent protein expression within the cell. It

is observed that delivery of the construct leads to endosomal release of the plasmid and sdDNA from the AuNP surface at different rates, prior to endosomal

escape. Slow cytosolic diffusion of the nucleic acids is believed to be the limiting step for transfection, impacting the time-dependent expression of protein.

The overall protein expression yield is enhanced when delivered on a AuNP, possibly due to better endosomal escape or lower degradation prior to

endosomal escape.
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subsequent protein expression, as well as the fate of
the delivery agent. Whether the goal is delivery of a
therapeutic drug, siRNA to interfere with endogenous
protein expression, or a linearized plasmid to induce
exogenous protein expression, being able to follow the
progression of transfection to identify the limiting
steps for successful cargo delivery and activation is
important and not easily accomplished using standard
biochemical methods.
In this article, we examine the limiting steps in

cellular transfection of a AuNP delivery agent carrying
a gene and a short DNA sequence, encapsulated in
Lipofectamine2000. Liposome encapsulation allows
the broader applicability of the study to be realized
by the cellular biology community, as Lipofecta-
mine2000 is a commercially available standard trans-
fection technique. In the study, the coupling of the
AuNP delivery vehicle to multicolor surface energy
transfer (McSET) techniques allows the timing of re-
lease of both a linearized plasmid (4.7 kbp) and short
duplex DNA sequences (35 bp) from the surface of a
AuNP to be visualized. The dynamics of the events
within the cell are mapped by spinning disk confocal
microscopy, while locations of agents are character-
ized via z-contrast spectral confocal fluorescent micro-
scopy. Using McSET methods, the difference in release
dynamics and endosomal processing of sdDNA and a
full linearized plasmid are discretely mapped in sepa-
rate optical channels. The results of the study indicate
that the plasmid and sdDNA release at different rates
within the endosome, with the rate-limiting step being
endosomal escape. The results suggest that accessi-
bility of reducing agents to the Au�sulfur bond arising
from packaging of the linearized plasmid at the AuNP
surface may be critical in release but is not critical in
endosomal escape. The delayed release of the plasmid
relative to the short duplex DNA (sdDNA) from the
AuNP leads to delayed diffusion of the plasmid into the
cytosol and potentially lower expression levels. How-
ever, the transcription of the plasmid is not impacted
by AuNP transfection, with mCherry expression ob-
servedwithin 4 h of endosomal release, consistent with
expected expression rates for the fluorescent protein.
The developed McSET biophysical tracking tech-

nique is a universal tool that can give insight into the
individual events of transfection by providing optical
feedback on the processing of a delivered cargo
from a nanoparticle transfection agent. The McSET
beacon strategy allows the AuNP transfection agent to
report the AuNP�plasmid release event based upon a
visual “on�off” signature of the dye-labeled nucleic
acids.38,39 Several groups have utilized SET for biophy-
sical investigations and, more recently, to verify the
transfection of nucleic acids into cells when delivered
on a gold nanoparticle carrier.27,36,40�42 However, the
use of spatiotemporal profiling of delivery using time
lapse live-cell microscopy has not been carried out,

despite the capability of McSET combined with a AuNP
dual delivery agent to provide exquisite detailed in-
formation on the transfection event. The full potential
of SET for imaging dynamic intracellular events, such as
the release of nucleic acid sequences from the surface
of a AuNP carrier, can allow therapeutically relevant
intracellular events to be observed in real time, during
the normal cell cycle.43

RESULTS AND DISCUSSION

Assembling the AuNP�DNA�Plasmid Construct. The
McSET beacon uses a 6.6 nm AuNP to co-assemble a
blue-labeled (DyLight350, λem = 432 nm) linearized
plasmid (plasmid) and a green-labeled (DyLight488,
λem = 518 nm) 35 bp sdDNA as a mimic of siRNA or
antisense DNA. The choice of the DyLight dyes reflects
the reported low photobleaching and lack of pH or
reducing agent sensitivity.44 The plasmid is designed to
induce expression of the fluorescent protein mCherry
(λem = 610 nm) intracellularly following transcription
and provides correlated feedback on transfection and
subsequent transcription to verify plasmid integrity
following transfection. The selected wavelengths allow
distinct spectral resolution within a spinning disk con-
focal microscope with a frame rate for imaging at e1 s
averaging, collected every 0.5 h.

The McSET construct is assembled in a 50:1 ratio of
35 bp sdDNA and a 4.75 kbp plasmid on a 6.6 nmAuNP.
The plasmid is coupled in a 1:1 ratio to the AuNP.
Appendage of the thiol-modified nucleic acids to
the surface of the AuNP, previously coated in bis(p-
sulfonatophenyl)phenylphosphine (BSPP) protecting
group, is accomplished by sequential thiol place ex-
change reactions where the plasmid is loaded first and
then the AuNP is backfilled with the sdDNA to achieve
the desired ratio, following procedures described pre-
viously for the assembly of plasmid and short DNA
sequences onto AuNPs.27,45 The actual loading level
is stochastic.27 The McSET platform was measured
against controls consisting of AuNPs bound to only
the plasmid, only sdDNA, co-appended plasmid with
unlabeled sdDNA, co-appended unlabeled plasmid
with sdDNA, and unlabeled linearized plasmid alone
without the AuNP. Encapsulation of the transfec-
tion constructs into the cationic liposome, Lipofecta-
mine2000, is performed at a concentration of 4 μg/
10 μL, which produces spherical lipid-coated packages.

Formation of the McSET constructs is evidenced by
changes in the gel electrophoresis (1% agarose) mo-
bility (Supporting Information SF1). The gel electro-
phoresis image in Figure SF1 shows retention differ-
ences for the AuNP constructs when compared to
AuNP�BSPP. The retention of mobility of the AuNP
constructs implies that the plasmid dominates the
mobility in the gel, likely due to the large size and
charge density of the DNA. No emission from the dye
labels is observed under UV illumination as expected
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due to the strong SET quenching. The lack of emission
is consistent with formation of a Au�S bond to the
DNA and the maintenance of the construct under the
electrophoretic conditions.

Empirical evidence for formation of the AuNP trans-
fection construct can be deduced by contrasting the
dynamic light scattering behavior for the AuNP�BSPP,
AuNP�sdDNA, AuNP�plasmid/sdDNA, and plasmid
alone (Supporting Information Figure SF2). From the
dynamic light scattering (DLS) data, distinct hydro-
dynamic radii are observed for the AuNP�BSPP
(4.2 nm), the assembled AuNP�sdDNA (17 nm),
AuNP�plasmid/sdDNA construct (75 nm), and the
plasmid (126 nm). The DLSmeasurements were carried
out in nanopure water with six repeats of 10 measure-
ments each to ensure statistical validity of the data. The
hydrodynamic radius of the linearized plasmid is con-
sistent with a 4.7 kbp sequence exhibiting a globular
structure. The size of the AuNP�plasmid/sdDNA trans-
fection construct is smaller than the free plasmid, likely
reflecting compaction of the plasmid at the NP surface.
The compaction arises from van der Waals and electro-
static interactions. The hydrodynamic radius is often
larger than the TEM analysis for AuNPs reflecting the
observed size difference reported by TEM and DLS in
the literature.46 The Lipofectamine2000-encapsulated
size for linearized plasmid (538 nm), the AuNP�plas-
mid (372 nm), and the AuNP�sdDNA (361 nm) is
measured by DLS (data not shown). The size of the
liposome transfection package depends strongly on
the construct composition. The formation of a stable
liposome package will be influenced by differences in
zeta-potential and hydrophobicity in the AuNP�DNA
versus the AuNP�plasmid. The package size likely
reflects differences in the surface charge for the differ-
ent assemblies, which impacts the DLS values. The
increase in Lipofectamine2000 package size for the
plasmid, AuNP�plasmid, and AuNP�sdDNA is consis-
tent with expectation.

Cellular Transfection and Nucleic Acid Release. The McSET
molecular beacon toolset utilizes a AuNP and a dye
molecule to observe biological events. Using time-
resolved live-cell microscopy, McSET allows for inquiry
into the transfection of a single cell and the direct
spatiotemporal profiling of the steps of transfection to
be observed in real time during the normal cell cycle.
SET methods offer a distinct advantage over other
optical probe techniques, not only to analyze static
transfection events such as release and expression but
also to obtain dynamic information about transfection
as it progresses, shown schematically in Figure 1. The
McSET molecular beacon provides a wavelength-spe-
cific “off�on” response that indicates location, timing,
and magnitude of sdDNA versus plasmid release from
the AuNP once endocytosed by the cell. The time-
dependent changes in fluorophore intensity in the red
(mCherry), green (DyLight488), and blue (DyLight350)

channels (every 30 min for 24 h) collected using a live-
cell chamber coupled to a spinning disk confocal micro-
scope provide temporal and spatial resolution of the
transfection steps. Release of the nucleic acid cargo
from the AuNP surface is determined by the appearance
of the appropriate dye frequency (sdDNA, green; linear-
ized plasmid, blue), providing a snapshot of the discrete
release events and spatial localization which are then
analyzed over time to give dynamic information about
transfection progression at the single-cell level.

The time-dependent fluorescence microscopy
images in comparison to the differential image con-
trast (DIC) images are shown in Figure 2 at 0, 8, 12, and
24 h. Comparison of the fluorescence channels to the
DIC overlay allows the boundaries of the cell to be
visualized. A time-dependent increase in green and
blue emission intensity arises in the imaged Chinese
hamster ovary (CHO) cells over a 24 h time period. Note
that the higher ratio of sdDNA to plasmid is reflected in
the higher green intensity in Figure 2. The appearance
of green emission signals sdDNA release, while blue
indicates release of the plasmid from the AuNP. In-
spection of video capture in Supporting Information
SF3 shows that the initial packages are “off”, and slow
continuous appearance of emission occurs once pack-
aged within the cell. The lack of intensity outside the
cell boundaries indicates that no release occurs prior to
cell uptake. The observation of emission once endocy-
tosed implies that sdDNA and plasmid release occur
within the endosomal package, presumably reflecting
the change in pH and reducing environment for the
package as the endosome matures.

Figure 1. Schematic of AuNP transfection construct assem-
bly, Lipofectamine encapsulation, endocytosis of the pack-
age, and cellular processing to initiate fluorescent protein
production. The inserted image represents the McSET
molecular beacon that allows the endosomal plasmid
release from the nanoparticle surface event to spatiotem-
porally imaged.

A
RTIC

LE



MUROSKI ET AL. VOL. 9 ’ NO. 1 ’ 124–133 ’ 2015

www.acsnano.org

127

Spatial Distribution. In addition to changes in inten-
sity, the spatial distribution changes from strongly
punctate to diffuse within the cell. The observation
of the increasing emission within punctate packages
in time is indicative of endosomal packaging of the
transfected agent. The endosomal packaging is con-
sistent with models for nanoparticle uptake into cells
via endosomal pathways. The punctate pattern is time-
dependent with increasing spot size reflecting endo-
somal repackaging. Diffusion of the emission across
the entire cell at later times indicates cytosolic diffusion
of the delivered agent. No evidence of exocytosis is
observedwithin the 24 h time frame of the experiment.
The appearance of emission with a punctate pattern
over similar time scales is observed for the dye-labeled
AuNP�sdDNA and AuNP�plasmid controls, as well
(Supporting Information SF4).

The optical images in Figure 2 indicate that the
sdDNA and the plasmid remain bound to the AuNP
during Lipofectamine2000 transfection. Release of the

plasmid and the sdDNA appear to occur within the
endosomal packages with evidence of time-dependent
repackaging. Slow endosomal escape with cytosolic
diffusion occurs, indicative of the endosomal escape
being the slow step in the transfection process.

Temporal Dynamics. The temporal dynamics of re-
lease can be extracted from the time-dependent data
in the videos in Supporting Information by taking the
green and blue intensity at each time point corrected
for cell count. To predict the behavior, it is instructive to
write the process in terms of a set of discrete steps,
each with a rate (Scheme 1).

In the scheme above, LGD is the liposome�gold�
dye complex, GD represents dye still appended to the
gold nanoparticle, and D* represents the emitting dye
once released from AuNP surface in which the sub-
script “endo” refers to endosomally localized and
“cyto” refers to dye dispersed in the cytosol. Only k3
and k4 are experimentally observable by the “on” event
for the molecular beacon as k1 and k2 will take place in

Figure 2. Live-cell, wide-field microscopy imaging (20�) in CHO cells plated at 30 000 cells/cm2 at t = 0, 8, 12, and 24 h
following transfection by the AuNP�plasmid/sdDNA in (a) DIC, (b) fluorescence from Dylight350, plasmid linker dye, (c)
fluorescence from Dylight488, short duplex DNA dye. The wide-field images (20� magnification, scale bar = 50 μm) are
collected under 405 nm excitation (1 s) and 488 nm excitation (300 ms exposure) for (b) and (c), respectively.
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the dyes' “off” state and therefore not be measurable.
Solving for the kinetics of dye onset predicts a first-
order rate behavior for dye turn-on; if we do not
distinguish between events 3 and 4, the average
release rate can be extrapolated (kD*). Plots of the
time-dependent normalized (I/Imax) intensity of the
blue (plasmid) and green (sdDNA) channels for the
microscopy images corrected for cell count are shown
in Figure 3. Fitting the points reveals a rate for turn-on
of kD* (sdDNA) = 0.204 h�1 and of kD* (plasmid) =
0.063 h�1. The 95% CL for the rates are 0.0156 (sdDNA)
and 0.0092 (plasmid). The R2 values are 0.994 (sdDNA)
and 0.995 (plasmid). The results of the kinetics study
indicate that release of the sdDNA versus plasmid from
the AuNP surface occurs on different time scales, with
the sdDNA exhibiting a greater than 2-fold faster rate.
Statistical analysis using the unpaired student t test
reveals that the events are statistically significant
(p = 0.0002).

Onset of Exogenous Protein Expression. Endosomal re-
lease of the plasmid from the AuNP as implied by the
appearance of dye emission does not necessarily
translate to efficient protein expression in the CHO
cells since expression can only occur if an intact
plasmid migrates out of the endosome and is pro-
cessed by the cell. Comparing the time-dependent
evolution of red emission and percentage of cells that
expressmCherry (red) emission provides the necessary
insight into the total transfection process within the
CHO cells. In Figure 4A, the fluorescence microscopy
images formCherry expression for the AuNP�plasmid/
sdDNA and plasmid alone are shown at 0, 12, and 24 h.
Control sequences in which one of the nucleic acid
sequences is unlabeled or absent are shown in Sup-
porting Information SF4. It is clear from the image that
the plasmid alone exhibits low expression.

In Figure 4B, the percentage of cells exhibiting red
fluorescent protein expression over time are plotted
for the AuNP�plasmid/sdDNA construct and controls.
The percent expression can be fit to a sigmoid curve
reflecting the onset and rise in mCherry protein ex-
pression. The curves yield a half-life and percent cell
expression of 13.0 h (47.9%( 3.03) for the dual-labeled
AuNP�plasmid/sdDNA construct, 12.4 h (49.3% (
1.41) for the AuNP-unlabeled plasmid/labeled sdDNA,
13.0 h (54.6%( 4.70) for AuNP-unlabeled plasmid, and

20.6 h (32.8%( 2.64) for plasmid alone. Comparison of
the protein expression half-life to the release kinetics
reveals approximately a 3 h half-life for protein expres-
sion following release. The dynamics for mCherry
expression are corrected for cell count.

It is clear that the AuNP does not delay plasmid
expression and may actually result in enhancement of
plasmid expression by providing a more effective
endosomal escape of intact plasmids or a protective
environment within the endosome as suggested by
Mirkin et al.15 Furthermore, the statistically indistin-
guishable percentage of expressing cells for AuNP�
plasmid/sdDNA and the control AuNP�plasmid
indicates no observed influence of the short DNA
sequence or dye labeling on the yield of plasmid
expression for the data in Figure 4. The experimental
observation of transfection by the Lipofectamine2000-
encapsulated plasmid by standard transfection proto-
cols leading to delayed and lower level expression of

Figure 3. Kinetics plot of the normalized intensity per cell
for dye release collected at 30 min intervals for AuNP�
plasmid/sdDNA over 24 h. The data are fit to I(t) =
I0exp(�kt).

Scheme 1. Simplified reaction mechanism for dye release
from AuNPs following endocytosis of the transfection
platform.
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mCherry when compared to the AuNP�plasmid con-
struct is intriguing. The difference in protein expression
level is not due to AuNP, plasmid, liposome, or con-
centration differences, based on negligible cytotoxi-
city. The difference is believed to potentially reflect
a larger fraction of degraded plasmid for Lipofecta-
mine2000-delivered versus AuNP-delivered plasmid,
consistent with the suggestion that loading of nucleic
acid sequences onto a AuNP leads to decreased

degradation within the cell.47 The selected time points
are a representation, and the videos show that the events
occur stochastically (Supporting Information SF3).

Location, Repackaging, and Fate of Transfection Constructs.
In Figure 5A, the global confocal images at 0, 8, 12, and
24 h for the red, green, and blue channels are shown. In
the microscope images, it is clear that colocalization of

Figure 4. (A) Confocalmicroscopy image (20�) showing the
red channel at 0, 12, and 24 h for the transfected CHO cells
(scale bar = 50 μm). (B) Percent cell expression ofmCherry in
CHO cells over time. The data are fit to a sigmoidal function.
For the AuNP�plasmid with the sdDNA appended with and
without plasmid dye (( andf), the AuNP�plasmid without
the sdDNA appended (2), and the linearized plasmid with-
out an appended AuNP (b). The transfections were carried
out in Lipofectamine2000 for all samples on CHO cells
plated at 30 000 cells/cm2.

Figure 5. (A) Wide-field images (20�, scale bar = 50 μm) at
0, 8, 12, and 24 h of AuNP�plasmid/sdDNA transfected cells
showing DNA release and protein expression. (B) Digitally
zoomed images (20�, scale bar = 10 μm) at selected time
points showing endosomal repackaging of the gene follow-
ing mitosis, gene diffusion out of the endosomal package,
and gene expression for a single cell. (C) Selected Z-stack
slices imaged by confocal microscopy at 60� (scale bar =
10 μm), demonstrating (i) membrane association, (ii) non-
nuclear localization, (iii) endosomal encapsulation, (iv) cyto-
solic diffusion, and (v) mCherry expression.
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the green and blue dyes is observed within endosomal
packages and the cytosol. As themCherry is expressed,
the appearance of purple reflects the combination of
red, green, and blue in the cell. At the cell level, further
insight into the transfection and repackaging events
can be gained. In Figure 5B, the release of the plasmid
is visualized via the blue dye turn-on at 4 h as well as
release of the sdDNA with the green dye. In the
following cell division, the packages are observed to
split between the daughter cells at 14 h, with subse-
quent mCherry expression at 23.5 h. The observed
repackaging results in enhanced transfection yield
reported in our earlier paper.27

The location of the endosomal packages within the
cell can be spatially resolved using Z-contrast confocal
imaging. Cells transfected with AuNP-unlabeled
plasmid/sdDNA, then stained with WGA-594 surface
membrane stain and DAPI nuclear stain are shown in
Figure 5C. As the images proceed along the Z-direction,
from the top of each cell to its base, various events can
be observed that verify DNA release occurring during
endosomal encapsulation, followed by cytosolic diffu-
sion andmCherry gene expression. Figure 5C-i demon-
strates that the endocytosed packages near the base of
the cell associate with the plasma membrane at 3 h,
resulting in the observed overlap of red and green
channels producing a yellow signal due to colocaliza-
tion. The yellow color is not visible at higher Z-positions
in the cell. Non-nuclear localization of punctate en-
dosomally encapsulated packages is observed as
green packages and can be seen above the nucleus
but not in the plane of the nucleus (5C-ii). Additionally,
punctate endosomally encapsulated packages can be
seen at lower depths of the cell (5C-iii); at 12 h, both
punctate endosomal encapsulation as well as diffuse
cytosolic escape can be observed at different Z-depths
(5C-iv). Expression of mCherry can be observed at 12 h
throughout all Z-depths by diffuse red in the cytosol
and red/blue (purple) over the nucleus due to coloca-
lization with the DAPI nuclear stain (5C-v). The purple
colocalization allows for differentiation of the mCherry

from the red membrane stain, which does not coloca-
lizewith the cytosol or nucleus as observed in the other
cells of the 12 h image (5C-v vs 5C-iv).

CONCLUSION

By utilizing biophysical tools, including Lipofecta-
mine2000-assisted AuNP transfection, fluorescent
protein expression, and the McSET live-cell beacon,
the complete transfection cycle following treatment by
a AuNP transfection construct can be dynamically
visualized in live cells. The experimental results map
the steps of the cell transfection process and confirm
that endocytosis of a AuNP transfection agent leads to
rapid plasmid release, plasmid translocation, and even-
tual efficient plasmid expression. The slow step of the
process appears to be the unpackaging of the plasmid
from the AuNP surface. Following plasmid unpacka-
ging within the endosome, the plasmid is released
from the AuNP surface and diffuses into the cytosol.
The experimental results indicate that a slow but
continuous release process occurs within the cell. The
observed slow endosomal escape and cytosolic diffu-
sion within the molecular beacon study is consistent
with the suggestion that endosomal rupture leading to
endosomal escape of the intact plasmid is the crucial
step to ensure efficient plasmid expression following
transfection.12,21,23

Optically mapping the nonviral transfection of nu-
cleic acids delivered on a AuNP in real time allows for
elucidation of both the release rates from the particle
surface as well as the timing and efficiency of protein
expression within the cell. The observation that plas-
mid transcription levels are not influenced by the
co-assembly of a short DNA sequence onto the AuNP
suggests that a plethora of plasmid-regulating agents
could be simultaneously delivered by co-assembly
approaches onto the AuNP surface. Understanding
the parameters that effect efficient transfection and
subsequent genetic manipulation of cells will have an
important impact in the generation of biomedically
relevant cell therapeutics.

METHODS

Materials. Water-soluble, spherical 6.6 nm AuNPs were
synthesized by standard literature protocols for aqueous AuNP
citrate nanoparticles.48 Briefly, a sparged aqueous solution of
tetrachloroauric acid hydrate (Strem Chemicals) was reduced in
the presence of citric acid and tannic acid (Sigma) at 60 �C with
rapid stirring at a ratio of 1:4:0.5 mL of each 1% (by mass)
solution in 100 mL of H2O total volume. The prepared AuNPs
were exchanged with bis(p-sulfonatophenyl)phenylphosphine
(Sigma) as the protecting group. Stoichiometric displacement
of the coordinated BSPP passivation layer is accomplished by
thiol place exchange reactions using 50-thiol-terminated DNA
sequences, as described previously.27 The synthetic plasmid
linker and sdDNA sequences are purchased from Midland
Oligos and are listed in Supporting Information.

Preparation of AuNP�sdDNA. AuNP�sdDNA was prepared by
complete thiol place exchange of the BSPP passivation layer
using a 50-C6-thiol-terminated sdDNA. The sdDNA consisted of a
synthetic 35 bp sequence containing a 50-C6 thiol and an
internal dye label incorporated at the 30th bp through an
internal modification of the T base. The exchange was carried
out in a 50:1 mol ratio of sdDNA to AuNP, resulting in displace-
ment of∼50 passivating sites on the AuNP surface. The loading
of the sdDNA was confirmed by melting studies. Gel electro-
phoresis (2% agarose) indicated a single red band that was
retained stronger than the AuNP�BSPP, consistent with forma-
tion of AuNP�sdDNA.

Preparation of AuNP�Plasmid and AuNP�Plasmid/sdDNA Constructs.
The AuNP�plasmid and AuNP�plasmid/sdDNA constructs
were prepared by initial assembly of a linearized plasmid,

A
RTIC

LE



MUROSKI ET AL. VOL. 9 ’ NO. 1 ’ 124–133 ’ 2015

www.acsnano.org

131

appended to a linker sequence (with or without DyLight350
internal labeling), to the AuNP surface by thiol place exchange.
To achieve co-assembly, the sdDNA (with or without
DyLight488 labeling) was then back-loaded at a 50:1 ratio to
the AuNP�plasmid in the presence of reducing agent, tris(2-
carboxyethyl)phosphine (Sigma). The dye labels for each se-
quence were located on the 30th bp from the terminal thiol
modification via an internal labeling of the T base.

The linker-modified plasmid was prepared using a commer-
cially available mCherry-C1 plasmid (Clontech) digested with
PCII (New England Biolabs (NEB)) following the manufacturer's
protocol. The plasmid contained a CMV promoter to ensure
overexpression of the fluorescent protein within the cell follow-
ing the translation of the delivered plasmid. The digested
plasmid (single cut site) was analyzed on a 1% agarose gel to
validate digestion. A synthetic sdDNA linker strand (35/39 bp)
containing a 4 bp overhang and a protected 50-C6 thiol modi-
fication to the phosphate backbone was ligated to the linear-
ized plasmid by standard T4 ligation methods (NEB). The
sequences are available in Supporting Information. The ligated
plasmid containing the chemically protected C6 thiol spacer
was precipitated by addition of EtOH and stored at 4 �C.
Isolation of the linearized DNA was verified by UV�vis analysis
of the 260 nm absorption for DNA.

The protected thiol plasmid was appended to the AuNP
through formation of a AuNP�sulfur bond followed by stoichio-
metric thiol place exchange reactions in a 1.1:1 plasmid to AuNP
ratio. The AuNP�plasmid construct was achieved by initial
deprotecting of the thiol plasmid through treatment with
reducing agent dithiothreitol (20 mM, 2 h, RT). The deprotected
plasmid was then passed through a NAP-5 (Sephadex G-25 DNA
grade) gravity flow size exclusion column following the manu-
facturer's protocol to isolate the deprotected linearized plasmid
from the reducing agent and the free protecting group. The
deprotected thiol on the plasmid reacts with the AuNP surface
(stable for∼30 min at RT). Coupling of the plasmid to the AuNP
surface was carried out by addition of the deprotected plasmid
to a solution containing the AuNP and allowed to place ex-
change for 48 h. The assembled AuNP�plasmid was pelleted
out of solution by centrifugation at 3000 rpm to remove
unbound plasmid. Co-assembly of the sdDNA (dye-labeled or
unlabeled) onto the AuNP�plasmid construct was carried out
by backfilling, following the protocol described previously to
dual label a AuNP with separate nucleic acid sequences.27

Briefly, a 50:1 ratio of reduced thiol sdDNA was added to the
AuNP�plasmid construct. Gel electrophoresis (1% agarose) of
the AuNP�plasmid construct confirmed assembly and showed
<1% free AuNP present.

Transfection Agent. The AuNP transfection construct was pre-
pared by encapsulating AuNP�sdDNA, AuNP�plasmid, or
AuNP�plasmid/sdDNA intoLipofectamine2000 (LifeTechnologies).
Lipofectamine2000 encapsulation of the AuNP constructs was
carried out at a concentration of 4 μg of DNA agent to 10 μL of
Lipofectamine2000. The loading level of constructs into the
liposome was chosen to be consistent with concentrations
utilized in the protocol for a standard plasmid transfection in
Lipofectamine2000.49 Dynamic light scattering data (DynaPro-
Titan) was obtained at 20% laser power and used to analyze the
size of the transfection packages. The hydrodynamic radius is
calculated by averaging six replicates each containing 10
measurements with an acquisition time of 1 s, with the com-
plexes suspended in nanopure water.

Cell Transfection. Chinese hamster ovary cells, cultured at 37
�C with 5% CO2 in Alpha's modified Eagle's medium (a-MEM-
5523) (Sigma) supplemented with addition of 10% cosmic calf
serum (Hyclone), were plated at 30 000 cells/cm2 in 10 cm2

optical dishes of 1.5 coverglass treated with poly-L-lysine
(MatTec Corp). Cellular transfection was carried out 24 h after
plating. Medium was exchanged after 24 h of transfection to
remove any unreacted AuNP complex. Cell viability was verified
using Trypan blue exclusion test of cell viability after 24 h, in
addition to visual conformation on themicroscope to assess the
cell health. No evidence of chromosomal condensation or
changes in cell morphology was observed following transfec-
tion, indicative of no cytotoxicity at the transfection agent

concentrations employed in this study. Trypan blue assays
confirmed that cell viability was maintained at 90% following
transfection for all experiments relative to control cells. Cell
division was occurring over the time span of the experiment,
with a doubling rate of 2% per hour, resulting in confluence at
48 h. Due to confluence affecting cell growth behavior, the
experimental data were limited to 24 h measurements. Experi-
ments were conducted in triplicate.

Optical Microscopy. Confocal microscopy images were ob-
tained on a Nikon Eclipse Ti inverted microscope at 20�
magnification. Samples were excited using a Yokogawa auto-
mated 5000 rpm spinning disk confocal microscope equipped
with lasers to excite the DyLight350 (405 nm, 1 s exposure),
DyLight488 (488 nm, 300 ms exposure), and mCherry (561 nm,
200 ms exposure). Images were collected by an Andor Clara
high-resolution CCD at 20�. Measurements were taken at 30
min intervals for 24 h while incubated in a stage-mounted live-
cell chamber, kept in focus by a Nikon Perfect Focus system.
Images were analyzed for total intensity and cell number by
ImageJ software. Intracellular release kinetics were monitored
by tracking DyLight intensities normalized to cell count. The
Z-contrast scanning spectral confocal microscopy images were
obtained on a Nikon Eclipse Ti C1 spectral confocal inverted
microscope at 60� oil magnification. Cells were stained for
surface membrane with AlexaFluor594-labeled wheatgerm ag-
glutinin (WGA594, Life Technologies) and nucleus with 40 ,6-
diamidino-2-phenylindole dihydrochloride (DAPI, Sigma). A
new cell dish was used for each time point, due to the effects
of staining on cell health over time.

Image Analysis. The kinetics of the imageswere analyzedwith
ImageJ software, using a standard rolling ball radius of 50 pixels
to subtract the background to remove any cellular autofluores-
cence, and the total intensity of each image was measured per
time frame. The resulting intensity was corrected for cell count
and plotted to an exponential one-phase model, to fit the first-
order association kinetics of the release of the sdDNA and
plasmid from the surface of the AuNP, plotted with standard
deviation of the samples. Each experimental trial was imaged in
eight separate regions of the cell dish per time point, with n = 3
per sample. The plots were analyzed for differences using the
student's unpaired t test to determine statistical differences in
the samples. Protein expression was analyzed with ImageJ, and
measured fluorescence was corrected to cell count per time
fame.
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