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ABSTRACT: Covalently coupling nucleic acids to a gold
nanoparticle (AuNP) surface has been demonstrated for
generating effective gene therapy agents to modify cellular
protein expression. The therapeutic efficacy of the approach is
anticipated to be impacted by the length of time the nucleic
acid sequence resides in the endolysosomal pathway once
transfected into a cell. It is believed that the dynamics of the
processing should reflect the linkage chemistry of the DNA to
the AuNP surface. In this manuscript the dynamics of
nanotherapeutic uptake, nucleic acid release, and gene
processing are investigated in vitro for a AuNP-nucleic acid
delivery platform transfected into A375 human melanoma
cells, as a function of the nucleic acid-gold linkage chemistry.
The dynamics of cell processing of the single monodentate thiol (SX), bidentate dual thiol (SS), or mixed bidentate thiol plus
amine (SN) coordination of nucleic acids to the AuNP surface are evaluated using a multicolor nanosurface energy transfer bio-
optical transponder (SET-BOT) technology. The use of live-cell fluorescence microscopy allows for the direct visualization of
the uptake and localization of a lipofectamine-packaged SET-BOT using a dye (DL700) that is not quenched in the proximity
of the AuNP, while fluorescence “turn on” of a dye that is proximally quenched by the AuNP (DL488) is used to report on the
dynamics of release of the nucleic acid cargo within the cell. For protein expression following transcription of the gene, the
emission signature of a red fluorescent protein, tdTomato, is monitored. The intracellular rates of DNA release from the AuNP
surface once endosomally packaged within the A375 human melanoma cells were found to follow the binding activity series:
bidentate thiol > bidentate thiol plus amine > monodentate thiol, consistent with the strength of multidentate chelation, paired
with the stabilizing influence of π-backbonding of thiols compared to σ-donation in amines, when bound to a gold surface.

■ INTRODUCTION

The ability to image events live in vitro has skyrocketed in the
last few decades due to technological advancements in
instrumentation and new methodologies for cellular and
molecular visualization.1 Recent innovations in this field reflect
the use of live-cell fluorescence microscopy and Surface Energy
Transfer (SET) based nanoparticle bio-optical transponders
(BOT).2−6 In parallel with development of biophysical tools
utilizing nanoprobes for cellular interrogation, the ability of
nanomaterials to load multiple therapeutic agents has been
established for a variety of nanoparticle-bioconjugate con-
structs.7−10 The pairing of such techniques has been shown to
be effective in spatiotemporal mapping of intracellular
phenomena in real time, including delivery of therapeutic
agents and endosomal pH levels.11−13 Attempts to intention-
ally modulate cellular metabolites has led to in vitro studies
using the AuNP as a delivery agent of full plasmids and siRNA
for knocking-in and knocking-out fluorescent protein ex-
pression.7,12−14 Although protein expression modulation is
observed, the mechanism and endolysosomal metabolites that
are involved in controlling the timing of release of the plasmids
from the AuNP surface is not well understood.

Several researchers have demonstrated the ability to control
release through the use of external signals, such as chemical
activation or using electromagnetic radiation to heat and melt
the particle to induce therapeutic cargo release.15−17 However,
while exciting for in vitro studies, these approaches are difficult
to control for agents attached to the same nanoparticle delivery
vehicle, and likely would complicate a realistic treatment
approach in a living patient, where systemic interactions are
possible and direct observation of the cells being treated is not.
A more pragmatic approach to controlled therapeutic release
lies in utilizing surface appendage chemistry to control the
dynamics of nanoparticle release in cellular environments. It is
postulated that cellular reducing agents and changes in pH
levels likely play a role, suggesting the nature of coordination
may allow the timing of release to be manipulated.12,18,19 The
role of σ- and π-bonding interactions on stabilizing the metal
to ligand bond for typical functional groups (RCOOH, -NH2,
-SR, -PR3, etc.) is well studied for gold.20−25 Researchers have
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shown that thiols bind strongly to gold surfaces due to π-
backbonding between the metal d-orbitals and empty p-
orbitals on the sulfur.26,27 Similar arguments have been made
to understand binding of amines, carboxylates, imidazoles, or
ether functionalities at a gold surface.7,19,25,28−32 Analogous to
findings in inorganic coordination chemistry, enhanced
stability of the surface appended biomolecules has also been
reported for ligands with the potential for multichelation, as
exemplified by hexa-histidine ligand binding,28,32 the use of
dihydrolipoic acid links to stabilize coordination of polymer
chains,25,33−36 or chelation of duplex DNA to a AuNP surface
through two thiol linkages via the 5′ and complementary
strand 3′ phosphate backbone modification.6,31

In the current work, the control of intracellular release of
nucleic acids cargoes covalently coupled through mono- and
bidentate thiol and amine functional groups at the surface of a
6 nm AuNP is investigated by employing a multicolor surface
energy transfer (SET) bio-optical transponder (BOT) to
monitor uptake and release of a Dylight 488 (DL488) and
Dylight700 (DL700) labeled short, 39 base pair (bp) DNA, as
well as a dye labeled 6 kbp plasmid gene designed to initiate
production of the red fluorescent protein (RFP), tdTomato,
following transcription. The nucleic acid cargoes are bound to
the surface of the gold by appending a functionalized C6 spacer
from phosphate backbone (DNA-PO3O-C6H12-X, where X is
-NH2 or -SH). Functionalization of the 3′ end of one single
strand and the 5′ end of the complementary single strand of a
DNA duplex allows the intracellular endolysosomal stability of
a monodentate thiol (DNA modified at the 3′ only), a
bidentate dual thiol (3′ and comp 5′ DNA modifications), and
a mixed bidentate thiol plus amine coupling (3′ and comp 5′
DNA modifications) bound to a AuNP to be explored. It is
hypothesized that the strength of covalent attachment of the
therapeutic cargo to the AuNP will follow bidentate thiol (SS)
> bidentate thiol plus amine (SN) > monodentate thiol (SX).
The SET-BOT probe design allows monitoring of the
intracellular processing of the SET-BOT through tracking of
DL700, which does not exhibit energy coupling to the AuNP,
and by measuring the kinetics of intracellular release of nucleic
acids form the AuNP surface through the “turn-on” of the
DL488 fluorescent marker. Analysis of the turn-on events and
colocalization of the DL700 and DL488 provide the kinetics of
intracellular uptake and processing to be analyzed for each
coupling strategy in real time, via live cell fluorescence
microscopy. Understanding and utilizing AuNP surface
chemistry that is able to produce controllable, self-terminating
conjugation of biologically active cargo to the nanodelivery
agent may allow for the design of tunable release of
therapeutics once transfected into the intracellular environ-
ment. Advances in this technology have the potential to
control metabolite knock-in versus knockout timing in
biomedical studies. With the advancements in delivery and
imaging, it can be imagined that control over the timing and
location of delivered drugs or genes inside of target cells, such
as cancers or diseased tissue, could lead to insights relevant to
biomedical applications, such as controlled drug delivery and
coordinated gene therapy approaches for improved treatment
and prevention of disease.

■ RESULTS AND DISCUSSION
SET-BOT Construct Design. In Figure 1, the design of the

SET-BOT to test the influence of coupling strategies to
manipulate the timing of nucleic acid release from a 6 nm

diameter AuNP once endocytosed is shown schematically for
the appendage of a 39-mer duplex DNA sequence to the AuNP
surface. The 6 nm AuNP is prepared by literature methods
utilizing citrate as a reducing agent37 and the surface bound
citrate ligands are exchanged for bis(sulfonatophenyl)phenyl
phosphine (bSPP)2 prior to coordination of the functionalized
nucleic acid sequences. Use of the negatively charged bSPP
ligand as a AuNP surface passivant reduces electrostatic
interactions that can lead to nonspecific DNA backbone cou-
pling at the AuNP surface. Size distributions of the as-
synthesized AuNPs are extracted from transmission electron
microscopy (TEM) images, and the data is available in the
Supporting Information (Supporting Information Figure
SF1A).
The duplex DNA studies are carried out on a 39-mer

containing a 4 base overhang (35 base pair-duplex, and 4 bases
of single stranded DNA). The overhang is intentional to allow
ligation of the linearized 6 kbp plasmid for the plasmid
expression study. The 39 mer DNA incorporates two C6
functionalized linkers (3′ and 5′ end modification) for
coupling to the AuNP surface and two reporter fluorophores
incorporated via a modified thymine (T). The dyes are
incorporated to unique strands of the duplex (DNA sequences
provided in Supporting Information). The single stranded 35
mer incorporates a variable functionality at the 5′ end using a
C6-linker containing no modification(X), an amine (−NH2) or
a thiol (-SH) for coupling to the AuNP surface, as well as
a DL488 “release sensor” label at the seventh position relative
to the AuNP surface. The complementary 39-mer has a 3′-C6-
thiol (SH) modification to the single stranded DNA sequence
and incorporates theDL700 “uptake sensor” appended at the
30th bp relative to the AuNP surface (11th base pair from 5′
end). The duplex was annealed prior to coupling to the AuNP
surface by slow-cool annealing procedures to produce
duplexed nucleic acid sequences with 3′ monodentate thiol
(SX), 3′ and 5′ bidentate dual thiols (SS), and bidentate 3′
thiol with 5′ amine (SN) binding moieties.
For the 6 kbp linearized plasmid studies, the plasmid was

attached to the 39-mer sequence, mentioned above, to provide

Figure 1. Scheme of AuNP-DNA coupling strategy, showing
monodentate thiol (SX), bidentate dual thiols (SS), and mixed
bidentate thiol plus amine (SN) coordination of the DNA to the
AuNP with corresponding anticipated release times: t1, t2, and t3,
respectively. Cellular uptake is monitored by constant DyLight (DL)
700 emission, release from the AuNP is monitored by turn on of
DL488, according to SET theory, and gene expression is observed by
emission of the red fluorescent protein dimer, tdTomato.
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the surface linkers (SX, SN, and SS) and the fluorophore labels
(DL700 and DL488). The linearized gene sequence is cut from
a circular plasmid containing the gene for the red fluorescent
protein (RFP), tdTomato, and a cytomegalovirus (CMV)
promotor to drive overexpression38 of the tandem dimer RFP.
The plasmid was assembled onto the AuNP utilizing ligation of
the linearized plasmid sequence to the labeled 39-mer DNA
duplex sequence. Prior to ligation, the plasmid was linearized
using the restriction enzyme, PciI (New England Biolabs),
which leaves a 4 base overhang. The linearized plasmid was
isolated using ethanol precipitation. The 39-mer DNA duplex
contains the complementary 4 base overhang to allow for
direct ligation of the linearized plasmid to the dye labeled 39-
mer duplex using DNA T4 ligase (New England Biolabs), by
methods previously reported.2 Evidence of the successful
linearization can be seen in the agarose gel of the circular versus
restricted linearized plasmid (Supporting Information Figure
SF2A), and successful coupling to the AuNP surface is shown
via the agarose gel of the AuNPs with appended genes versus
as-synthesized AuNPs (Supporting Information Figure SF2B).
For ease of reference, the tdTomato plasmid gene will be
abbreviated as TSX-, TSS-, and TSN-Gene, respectively, to
identify the linkage chemistries and DNA length. The plasmid
SET-BOT probe allows for the reporting of uptake, timing of
release, and correlation with gene expression of the tdTomato
fluorescent protein as a mimic for gene therapy applications.
Appending Nucleic Acid to AuNP. In order to append

the DNA to the AuNP, reduction of the synthetic dithiol
protecting groups was accomplished through incubation with 5
mM tris(2-carboxyethyl)phosphine (TCEP), to deprotect the
dithiolated DNA, after which the synthetic DNA was added
directly to the AuNP at a 20:1 DNA to AuNP ratio, with a 24−
48 h mixing period to allow for DNA attachment. Although
not explicitly shown in Figure 1, the 6 kbp linearized plasmid
bound to the AuNP surface is assembled onto the AuNP
surface in analogy to the 39-mer short DNA.
Characterization of the SET-BOT. The UV−visible

absorption profile of the as-synthesized AuNP compared to
the DNA-complexes shows the appearance of the 260 nm
DNA peak, a shoulder arising from the DL488 absorption near
490 nm, and the DL700 peak at 700 nm, in addition to the 525
nm AuNP plasmon, when the DNA strands are appended
(Figure 2A). Calculation of the DNA loading levels on the
AuNP was performed by comparing the absorbance of the 260
nm DNA peak, corrected for AuNP absorption, compared to
the 525 nm plasmon of the AuNP. The loading ratios were
found to be 20:1 DNA:AuNP for AuNP-SX-DNA, 12:1 for
AuNP-SS-DNA, and 16:1 for AuNP-SN-DNA. Similar loading
levels are observed for the AuNP-plasmid studies. Observed
differences in loading between the experimental attachment
strategies may be due to steric repulsion forces for the
bidentate coordination approach or due to the higher
likelihood of a bidentate coordination displacing the BSPP
ligands. Additionally, the successful coupling of the DNA to
the AuNP was evaluated by 1% agarose gel electrophoresis,
which demonstrated retention of the AuNP-DNA complexes
compared to the AuNP-bSPP due to the increased molecular
weight of the attached DNA (Figure 2B).
For reference, the idealistic maximum possible number of

DNA molecules able to bind to the 6 nm AuNP surface was
calculated based on molecular diameter alone (ignoring more
complex steric and molecular interactions), where the area of a
6 nm AuNP is ∼113 nm2, and the footprint of a

perpendicularly attached 2 nm diameter DNA molecule is
3.14 nm2. Thus, the maximal loading level of DNA for this 6
nm AuNP would be 36 DNA per AuNP. However, prior to
DNA addition, the AuNPs are passivated with bSPP (diameter
of ∼1 nm) to increase particle stability and prevent DNA
molecules from laying their phosphate backbone down on the
AuNP surface. This means that, as observed experimentally,
the actual DNA loading levels are reduced from the calculated
ideal value due to the need to displace bSPP molecules prior
to DNA binding. Although only one size of AuNP was
explored for this work, it can be assumed that by increasing the
AuNP size, and thereby increasing the particle’s surface area,
more DNA would be able to bind to the AuNP to create a
larger deliverable payload. However, with increasing AuNP size
also comes a reduction in the particle’s surface curvature,
which would increase steric repulsion forces of the DNA
molecules as their highly charged phosphate backbones are
forced into tighter packing arrangements.33,39,40 Thus,
optimization of particle size and loading level may be useful
depending on the nature of future clinical applications.
Evidence of SET-BOT assembly is also provided by dynamic

light scattering (DLS). The DLS data in Figure 3 shows a
change in hydrodynamic radii for AuNP-bSPP versus AuNP-
DNA and AuNP-plasmids. Additionally, Figure 3 shows the
hydrodynamic sizes as assessed for each SET-BOT within the
commercial transfection reagent Lipofectamine2000, to
determine the change in size due to encapsulation within a
cationic liposome. The DLS data shows an increase in
hydrodynamic diameter from AuNP-bSPP (∼14 nm) <
AuNP-DNA (∼46 nm) < AuNP-plasmid (∼132 nm), as is
expected for successfully assembled constructs. It is postulated
the change in size for the AuNP-DNA systems reflects tilting at
the AuNP surface for the monothiol versus bidentate systems,
as well as DNA loading differences. For the AuNP-plasmid, the
coiling of the 6 kbp gene dominates the hydrodynamic ratio
and no statistical difference in size is observed. Additional
comparison of hydrodynamic size for the liposome encapsu-
lated transfection packages found only a slight increase in size
was observed for the lipid encapsulated gene constructs, but a
larger size increase was apparent for the short DNA and non-
DNA functionalized AuNPs, likely due to differences in charge
density from the decreased anionic contribution from DNA
phosphate backbone with decreased (or absent) DNA length

Figure 2. Characterization of the AuNP-DNA constructs showing (A)
UV−visible absorption spectroscopy of the as-synthesized AuNP-
bSPP (black dashed line), with the monodentate thiol appended
DNA (black solid line), the bidentate thiol appended DNA (red solid
line), and the mixed bidentate thiol plus amine appended DNA (blue
solid line). DL700 peak at 700 nm, AuNP peak at 525 nm, DL488
shoulder at 490 nm, and DNA peak at 260 nm. (B) 1% agarose gel
electrophoresis of the AuNP-bSPP (1), AuNP-SX-DNA (2), AuNP-
SS-DNA (3), and AuNP-SN-DNA (4) showing red bands indicative
of the plasmonic absorption of the AuNPs.
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(Figure 3). The variations in hydrodynamic sizes observed for
the different chemical appendage strategies of AuNP-DNA and
AuNP-plasmid constructions are within experimental error for
the measurements.
The design of the system allows verification of the SET-

BOT assembly by analysis of the change in the individual
fluorophore intensity for the fluorophore labels on the nucleic
acid sequence when bound to and when released from the
AuNP surface following the AuNP dissolution reaction with
cyanide ions (Supporting Information SF3).12,41 Complete
etching of the AuNP is carried out on the same sample
exposing the assembled complexes to a 0.1 M NaCN solution,
which can be verified by the loss of the AuNP absorption
plasmon at 525 nm (Supporting Information Figure SF3A).
SET theory predicts that the DL700 appended to the 30th bp
from the AuNP surface will not be SET active, while the
appended DL488 at the seventh bp position will be SET
active.42,43 At the distance of AuNP surface for DL488, the
DL488 emission intensity is theoretically reduced by >90% due
to efficient energy coupling to the surface plasmon on the
AuNP, as described by SET theory.42,43 In addition, the DL488
to DL700 energy transfer via Förster mechanism is <1% at the
separation distance on the sequence. In Supporting Figure SF3,
the emission profiles for the DL488 (λex = 488 nm, 298 K) and
DL700 (λex = 700 nm, 298 K) in DI H2O in cuvette are shown
before and after cyanide etching of the attached AuNP.
Evaluation of the emission data shows the DL488 exhibits
recovery of the emission intensity when compared to free
DL488 at identical conditions, while the DL700 signal was
unaffected (Supporting Information Figure SF3B,C). The SET
validation experiment confirms the assembly of the SET-BOTs,
consistent with the agarose gel and DLS observations. As an
added note, cyanide treatment can affect the PL properties of
FAM, but for DyLight dyes there was no observed adverse
effect on the photophysical properties of the dyes used within
the experimental time scale (15−30 min of coincubation),
although at long treatment times (>4 h of coincubation) the
DL488 and especially DL700 were observed be degraded in
the presence of the cyanide salt, as indicated by a loss of
absorption and emission features (data not shown).

Cell Transfection and Imaging. The uptake and
processing of the SET-BOTs (SX/SS/SN-DNA and TSX/
TSS/TSN-Gene) were analyzed in human melanoma cells,
A375, plated in 96-well plates with glass bottoms and were
incubated at 37 °C using a live cell chamber mounted on the
microscope stage. The cells were transfected 24 h after plating
using Lipofectamine2000 transfecting reagent containing 2.6
μM AuNP-SX/SS/SN-DNA and AuNP-TSX/TSS/TSN-plas-
mid complexes. Cell viability was analyzed using trypan blue
staining to confirm >90% cell viability in all experiments (data
not shown).
The optical images showing the individual color channels

and an overlay are presented in Figure 4 with larger images
available in Supporting Information Figure SF4 for the specific
linkage strategies for duplex DNA (Figure 4A-C) and for the
linearized plasmid gene (Figure 4D-F). To better visualize the
intracellular maturation of the SET-BOT packages via the
fluorescence profiles from punctate (endosomally encapsu-
lated) to diffuse (cytosolically escaped), digitally magnified
individual cell images are available in the Supporting
Information for the AuNP-SX/SS/SN-DNA constructs at 4
and 16 h post transfection (Supporting Information Figure
SF5).
In Figure 4, differential interference contrast (DIC)

brightfield images and fluorescence channel images of the
transfected A375 cells are shown for selected time points from
0 h (initial transfection) to 48 h. Control experiments for a
dithiol-protected nucleic acid, which remains unbound in the
presence of the AuNP were performed (Supporting
Information Figure SF6). The observed time dependent
changes in emission intensity, cellular localization, and degree
of colocalization of the fluorophores can be interpreted with
respect to the fluorophore-AuNP SET response. The DL700,
which is SET inactive, is always “on” providing dynamic
monitoring of the nucleic acid location in the cell, while an
emission “turn-on” signal for the SET active DL488 signals the
moment of nucleic acid release from the AuNP surface. In all
experiments, at early time points, DL488 and DL700
fluorescent packages are seen with punctate patterning inside
of the cells, indicating endosomal packaging, as is expected

Figure 3. Dynamic light scatter of as-synthesized AuNP-bSPP, with short DNA and plasmid Gene appended by monodentate thiol (SX/TSX),
bidentate thiol (SS/TSS), mixed bidentate thiol plus amine (SN/TSN), alone and encapsulated within Lipofectamine2000 (lipo) transfection
reagent. Error bars represent deviation.
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with the use of the cationic liposome (Lipofectamine2000)
transfection reagent. It can be qualitatively observed that in the
enlarged images of Figure 4 (Supporting Figure SF4) that for
the DNA (SX/SS/SN) and plasmid gene (TSX/TSS/TSN)
SET-BOTs during the transfection experiment the DL700
fluorescence signal is nearly constant, while the DL488
fluorescence is “off” at early time points and is observed to
increase in intensity over time. Qualitatively the release rate
appears to follow the predicted trend of (T)SS < (T)SN <

(T)SX. Closer inspection of the images reveals that the DL488
and DL700 appear within the same punctate packages early in
the experiment consistent with endosomal packaging. At later
time points, the cell images display diffuse fluorescence
intensity throughout, indicating endosomal escape of the
dye-labeled DNA and diffusion into the cytosol. Inspection of
Supporting Figure SF5 illustrates that at the earlier time point,
the majority of the SET-BOT packages are endosomally
entrapped, depicted by punctate fluorescence, but by the 16 h

Figure 4. Live cell fluorescence microscopy images of A375 melanoma cells incubated with short DNA (A) AuNP-SX-DNA, (B) AuNP-SS-DNA,
and (C) AuNP-SN-DNA and full plasmid gene (D) AuNP-TSX-Gene, (E) AuNP-TSS-Gene, and (F) AuNP-TSN-Gene over 48 h. DL700 denotes
nanocargo tracking throughout the experiment, DL488 shows DNA-cargo release, brightfield DIC shows normal cell morphology, and overlay
shows localization. Scale bar is 50 μm.
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time point each SET-BOT construction has experienced some
degree of cytosolic escape, as observed by the more diffuse
cellular fluorescence patterning.
The coupling chemistry of DNA attachment to the AuNPs

does not appear to qualitatively affect the uptake of the SET-
BOT in time based upon the DL700 intensity in the
fluorescence images (Figure 4). Plots of the average intensity
of DL700 fluorescence in time, specifically assessed within the
cellular boundaries, are provided in the Supporting Informa-
tion (Supporting Figure SF7) to better analyze the cellular
processing. From the plot, it can be seen that the short DNA
complexes (Supporting Information Figure SF7A) appear to
enter the A375 skin cancer cells at a steadier rate as compared
to the larger plasmid containing AuNP vectors (Supporting
Information Figure SF7B), which reach plateau values within
∼8 h, whereas the short DNA loaded AuNPs still show some
degree of intensity increase up to 24 h, despite the majority of
particles localizing within the cellular boundaries by 8 h. It is
worth noting that variations in uptake profiles between the
different assembly strategies may reflect differences in overall
DNA loading onto the AuNP surface and related charge
density effects within the cationic liposomes during formation,
creating slightly differentially sized liposomes, which may
experience nonuniform rates of cellular internalization due
slower diffusion of larger liposome toward the cellular surface.
As shown in Figure 3, the encapsulation of the SET-BOT in
Lipofectamine2000 increases the hydrodynamic radii for all
complexes, irrespective of coupling chemistry approach, and
with only partial effect from DNA length (Figure 3). Variances
in the sizes of the final packages likely reflects differences in the
initial AuNP-DNA size, and any potential mixing rates SET-
BOT and lipid molecules.
To ensure the changes in emission intensity for the

fluorophores were due to cellular processing of the SET-
BOT, the stability of the complexes was assessed in cuvette
using serum containing cell culture media with AuNP
complexes incubated at 37 °C for 48 h. It was found that
over the experimental time frame, the majority of DNA did not
release outside of the cellular environment, with greater than
70% of DNA remaining bound after 48 h for each AuNP-
construction. Specifically, the monodentate thiol (AuNP-SX-
DNA) showed release of 25%, the bidentate thiol (AuNP-SS-
DNA) showed release of 21%, and the mixed bidentate thiol
plus amine (AuNP-SN-DNA) showed release of 28% of the
DNA bound to the AuNP surfaces, as compared to full release
achieved though cyanide dissolution of the particles.
(Supporting Information Figure SF8). These results indicate
that the DNA release events from the AuNP surface are
primarily activated by intracellular processes, such as exposure
to cellular reducing agents and proteins, and not merely
disassembly of the complexes due to salinity or the presence of
serum proteins found in biological media. Although the exact
mechanism of AuNP-DNA release is not known, the findings
coincide with previous work on monodentate thiol attached
DNA-AuNP systems.12,44 Conversely, the surface chemistries
of other diagnostically relevant nanomaterials, such as
luminescent semiconductor quantum dots (QDs), have been
shown to maintain attachment within cellular environments,45

making the use of cleavable spacers located away from the
particle surface a viable alternative for non-AuNP nanomateri-
als.46

Colocalization Analysis. Analysis of the degree of
intracellular colocalization for the DL488 and DL700

fluorescent labels, each located on opposite complimentary
DNA strands, was carried out on the microscopy images in
order to evaluate any potential degradation of the nucleic acid
sequences over the course of the experiment. The cross
correlation function (CCF)47 analysis of the DL488 and
DL700 fluorescence channels for each SET-BOT construct is
shown in Supporting Information Figure SF9 at 8, 12, and 24 h
after transfection, for the short DNA and plasmid genes
attached to the AuNP by the various coupling strategies.
Assessment of the CCF method described by van Steensel and
co-workers provides the most unbiased measure of colocaliza-
tion for fluorophores with punctate fluorescence patterns,
especially when the fluorophores possess differential fluo-
rescence quantum efficiencies and detector sensitivities for
their emission windows.12 In CCF, the Pearson’s correlation
coefficient of colocalization (rP, eq 1) is calculated for and
compared between two potentially colocalizing fluorescence
channels, “A” (DL700), versus “B” (DL488), as they are
laterally shifted by 20 pixel increments.

=
∑ − −

∑ − ∑ −
r

A a x B b

A a x B b

( ) ( )

( ) ( )
i i

i i
p 2 2

(1)

Here i denotes intensity values for a given pixel, and a and b
denote the intensity averages over the whole image per
channel, A and B.48 The best Gaussian fit of the plot created by
this lateral pixel shifting of the fluorescence images versus the
calculated effect on the Pearson’s correlation coefficient gives
the CCF.47,49 Inferences about the colocalization are drawn
from the overall shape and amplitude of the CCF plot, where
maxima at the 0 pixel shift position indicates the presence of
colocalization, and the amplitude (0−1) indicates the degree of
spectral intensity matching between the channels.47,49

The CCF analysis of the data in Figure 4 shows Gaussian
shaped distributions are observed indicative of colocalization
of DL700 and DL488 at the 8, 12, and 24 h time points
(Supporting Information Figure SF9). The observed correla-
tion behavior supports an assumption that over the course of
the study no significant endosomal degradation of the nucleic
acid occurred, allowing the intensity behavior in Figure 4 to be
used to qualitatively evaluate release behavior for the nucleic
acid sequence as a function of the coupling strategy.

Dynamics of In Vitro Nucleic Acid Release. In Figure 5,
the analysis of the time-dependent fluorophore emission
intensity is plotted to extract the kinetics for the release of
the nucleic acid from the AuNP surface using the appearance
of the DL488 emission. A plot of the normalized intensity
versus time for DL488 is shown in Figure 5. Analysis of the
intensity per cell provides a quantitative measure of the
dynamics for intracellular release for the AuNP-SX/SS/SN-
DNA and AuNP-TSX/TSS/TSN-Genecoupling strategies.
The kinetics are extracted by analyzing the DL488 intensity
by processing the microscopy images using FIJI50 ImageJ
software to collect total fluorescence from each image. The
observed timing of nucleic acid release for each short (and
plasmid gene) DNA sequence follows the expected order of
binding strength SS > SN > SX (TSS > TSN > TSX). The
bidentate thiol exhibits nearly twice the half-life for DNA
release (t1/2 ∼ 16 h) when compared to the monodentate thiol
(t1/2 ∼ 8 h), and the mixed bidentate thiol and amine shows an
intermediate release (t1/2 ∼ 12 h) (Table 1). Overall displaying
faster rates of DNA release for the monodentate versus
bidentate and, similarly, a faster release rate for mixed strength
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coordinators (S and NH2) versus the dual thiol is consistent
with the amine having a bond dissociation energy from the
(111) Au surface of 28.9 kJ/mol51 compared to the thiol-Au
bond having a dissociation energy of253.6 kJ/mol.52 The half-
life (t1/2) and DNA release rate for each coupling strategy is
summarized in Table 1.
Impact of Coupling on tdTomato Expression. Func-

tional expression of the gene requires delivery of the intact
gene to the nuclear envelope, which may be time dependent
due to endolysosomal processing. Expression of the tdTomato
gene is signaled by whole cell fluorescence turn-on, as the RFP

is cytosolically overexpressed by the CMV promotor,
engineered into the plasmid sequence. The onset of tdTomato
fluorescence provides qualitative analysis of the influence of
coupling strategies and the observed delay in endosomal
release on gene expression yields.
In Figure 6A, fluorescence microscopy images reveal the

influence on the timing and extent of gene expression of the
TSX, TSS, and TSN linearized plasmids bound to the AuNP
surface, as compared to lipofectamine-alone delivered TSS
linearized plasmid in the absence of the AuNP. The
progression of fluorescent protein expression can be seen for
the various AuNP delivery constructs from 24 to 72 h. From
the microscope images, TSX is observed to maintain a
somewhat constant expression level after 36 h, whereas both
TSS and TSN exhibit a steady increase in brightness from
increased tdTomato expression in time (Figure 6A). The delay
in expression is longest for the TSS sequence, consistent with
the delayed intracellular release observed in Figure 5, and with
the expected binding strength of the bidentate thiol linkage
chemistry. Visual analysis of the number of expressing
cells reveals the TSX to have maximal expression within 24
h post transfection, corresponding to 28% gene expression per
cell, and after 36 h, expansion of the cell population exceeds
the number of new cells expressing the tdTomato RFP
(Supporting Information Figure SF9). However, comparing
these results to the quantitative analysis of the gene expression
intensity per cell over time, the observed fluorescence intensity
per cell continues to increase in time, indicating that while no
new cell transfection events are occurring, the tdTomato RFP
continues to be expressed throughout the experiment (Figure
6B). Figure 6B also shows that TSN and TSS experiences
maximal relative expression by 36 h, corresponding to 10% and
11% of cells expressing the RFP, respectively (Supporting
Information Figure SF10), with degrees of variation over time
being due to sampling statistics within a biological system. The
linearized plasmid exhibits approximately uniform relative gene
expression over the 72 h experimental time frame, with
approximately 13% of cells expressing RFP over the 72 h
(Figure 6B and Supporting Information Figure SF9). The
apparent decreases in relative cellular expression levels in time
seen in Supporting Information Figure SF10 can likely be
attributed to the observation that the proliferation of the cells
eventually exceeds the transfection rate.

■ CONCLUSION
Utilizing differential surface appendage strategies for coupling
nucleic acid cargo to a AuNP delivery vehicle was shown to
provide control over the timing of activation of nucleic acid
sequences designed to knock-in (linear plasmid) protein
expression in vitro. Through the use of SET-BOT probes,
the delivery agent uptake, endosomal encapsulation and
processing, and subsequent protein expression was visualized
and quantified. It was found that a monodentate thiol ((T)SX)
linkage to the AuNP surface provides the fastest intracellular
release, followed by the mixed bidentate thiol plus amine
((T)SN) attachment, and finally the bidentate dual thiol
((T)SS) attachment. The observed order is consistent with the
thermodynamics of a sulfur to gold versus sulfur to amine bond
and predictions from inorganic chemistry and earlier self-
assembled monolayer studies that show enhanced stabilization
arises from back bonding with the gold d-orbital to sulfur
empty p-orbital, which is more favorable in comparison to the
σ-donor interaction of the nonbonding electrons on the amine,

Figure 5. Kinetic data of SX (black circle), SS (red triangle), and SN
(blue square) coupling strategies for AuNP attachment showing
cellular cargo release, monitored by DL488 fluorescence intensity per
cell, for short DNA (A, open symbols) and plasmid gene DNA (B,
filled symbols), respectively. Trend lines reflect sigmoidal fits.

Table 1. Intracellular DNA Cargo Release Kinetics from 6
nm AuNP for Monodentate Thiol (AuNP-SX-DNA and
AuNP-TSX-Gene), Bidentate Dual Thiol (AuNP-SS-DNA
and AuNP-TSS-Gene), and Mixed Bidentate Thiol Plus
Amine (AuNP-SN-DNA and AuNP-TSN-Gene)
Attachment, for Short DNA Oligonucleotides and
Linearized Plasmids, Respectively.

AuNP-Construct t1/2 (h) DNA Release Rate (%·h−1)

SX-DNA 7.9 ± 4.9 6.3 ± 0.2
SS-DNA 15.9 ± 1.5 3.2 ± 0.7
SN-DNA 12.2 ± 2.0 4.1 ± 0.5
TSX-Gene 8.0 ± 4.9 6.3 ± 0.2
TSS-Gene 15.4 ± 1.5 3.3 ± 0.7
TSN-Gene 10.6 ± 1.9 4.7 ± 0.5
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when coupling to the gold surface. Likewise, enhanced
stabilization is attributed to the bidentate chelation.

Quantification of the expression of the various coupling
strategies compared to the linearized plasmid without the
AuNP further emphasizes the effect of delayed release on the

Figure 6. (A) Live cell fluorescent microscopy images of gene expression of the tdTomato red fluorescent protein from 24 to 72 h post transfection,
for the linearized-plasmid with ligated dithiol-protected BOT sequence (Linear TSS), as well as the BOT-gene delivered by the AuNP via
monodentate thiol (AuNP-TSX), bidentate thiol (AuNP-TSS), or mixed bidentate thiol plus amine (AuNP-TSN) DNA linkage. Scale bar is 100
μm. (B) Quantification of cellular gene expression of the tdTomato RFP from 24 to 72 h post transfection for the AuNP-TSX, AuNP-TSS, and
AuNP-TSN attachment strategies, along with the linearized plasmid functionalized with dithiol protected short DNA modifications, as a control.
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expression rate for the AuNP-TSX, -TSS, and -TSN, where for
AuNP-TSX the level of expression is significantly greater at 24
h than observed at 36 h, in contrast to the bidentate thiols and
mixed bidentate thiol plus amine. The similarity in total
expression suggests no endosomal damage to the linearized
plasmid occurs in the endosome, perhaps reflecting a pH
damping effect reported by our group previously.12 Interest-
ingly, in the A375 cells the uptake and release dynamics for
short DNA versus the plasmid is nearly identical. The
observation is in contrast to earlier studies where the timing
of release was observed to vary between the DNA lengths
presumed to be due to the added molecular weight and charge
density of the large plasmid compared to the short DNA
oligonucleotide.2 It is believed the differences are due to a
reduction of the DNA loading levels in these studies, allowing
access of small molecules in the endosome to cleave the
nucleic acid sequence from the gold surface more effectively.
Although not shown in this manuscript, the same coupling
strategy could be employed to control timing between knock-
in and knock-out of protein expression for cell biology studies.
Competitive knock-in and knock-out was shown previously by
our group to be effective for single thiol linkers.7

■ EXPERIMENTAL SECTION
Materials. Water-soluble, spherical 6.0 nm AuNP were

synthesized by standard literature protocols for aqueous AuNP
citrate nanoparticles.6 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% m/v
solution in 100 mL H2O total volume. The prepared AuNPs
were exchanged with bis(p-sulfantophenyl) phenylphosphine
(bSPP) (Sigma) as the protecting group. Stoichiometric
displacement of the coordinated BSPP passivation layer was
accomplished by thiol place exchange reactions using 5′ thiol
terminated DNA sequences, as described previously.7 The
synthetic DNA sequences were purchased from Midland
Oligos and are listed in Supporting Information.
Preparation of AuNP-SX/SS/SN-DNA. AuNP-SX-DNA

was prepared by complete thiol place exchange of the bSPP
passivation layer using a 5′-C6 thiol with or without a 3′-C6
thiol or amine terminated short duplex DNA, to give the SX
(monodentate thiol), SS (bidentate dual thiols), and SN
(mixed bidentate thiol and amine) linkages. The DNA
consisted of a synthetic 35 bp sequence with a 4 base
overhang containing a 5′-C6 thiol or amine and an internal
DL488 dye label incorporated at the 10th bp and a
complementary strand with 3′-C6 thiol (SS) or amine (SN)
modification, or unmodified 3′ (SX), with an internal DL700
dye label incorporated at the 30th bp. Dyes were incorporated
through internal modification of the dT base. The exchange
was carried out in a 20:1 mol ratio of DNA to AuNP, in the
presence of reducing agent, tris(2-carboxyethyl)phosphine
(Sigma), resulting in displacement of ∼20 passivating sites
on the AuNP surface. The loading of the DNA was confirmed
by gel electrophoresis (1% agarose) indicated a single red band
that was more strongly retained than the AuNP-bSPP,
consistent with formation of AuNP-DNA.
Preparation of AuNP-TSX/TSS/TSN-Plasmid Con-

structs. The AuNP-TSX/TSS/TSN-plasmid constructs were
prepared by initial assembly of a linearized plasmid, appended
to the SX/SS/SN linker sequences (with DL488 and DL700
internal labeling), to the AuNP surface by thiol place exchange,

in the presence of reducing agent, tris(2-carboxyethyl)-
phosphine (Sigma). The dye labels for each sequence 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 the

commercially available tdTomato-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 following the translation of the delivered
plasmid. The digested plasmid (single cut site) was analyzed
on a 1% agarose gel to validate digestion. The synthetic SX/
SS/SN-DNA linker strands (35/39 bp) contained a 4 base
single stranded DNA overhang in order to be ligated to the
linearized plasmid by standard T4 ligation methods (NEB) to
create tdTomato plasmids with protected 5′-C6 thiol
modification with or without (TSX) a complementary 3′-C6
protected thiol (TSS) or amine (TSN) modification to the
phosphate backbone. The sequences are available in
Supporting Information. The ligated plasmids, containing the
chemically protected functional spacers, were precipitated by
addition of ethanol and stored at 4 °C. Isolation of the
linearized DNA was verified by UV−visible analysis of the 260
nm absorption for DNA.
The protected dithiol on the ligated BOT-plasmid was

appended to the AuNP through reduction of the protecting
group via TCEP (20 mM, 2 h, RT) incubation and subsequent
formation of the AuNP-sulfur bond (AuNP-TSX-plasmid),
dual AuNP-sulfur bonds (AuNP-TSS-plasmid), or AuNP-
sulfur and AuNP-amine bonds (AuNP-TSN-plasmid), at a
ratio of 1:1 plasmid to AuNP. 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 exchange for 48 h. The assembled AuNP-TSX/TSS/
TSN-plasmids were pelleted out of solution by ethanol
precipitation followed by centrifugation at 3000 RPM to
remove unbound plasmid.

SET-BOT Characterization. Size and shape analysis of the
as-synthesized AuNPs was conducted using TEM images from
a JEM-ARM200cF (JEOL USA) using 300 mesh carbon grids
(Ted Pella), and particle diameters were measured in ImageJ
software for manual measurement of the 100 particles.
Preparation and analysis of 1% agarose gel electrophoresis of
the as-synthesized AuNPs as compared to the AuNP-DNA and
AuNP-plasmid constructs was performed at 25 °C, 80 V, and
500 mA to confirmed construct assembly, and showed <1%
free AuNP present. Absorbance spectroscopy (Cary Bio-50)
was performed to ascertain successful DNA loading on the
particle surface by observation of the 260 nm DNA absorbance
peak (ε260: 4.1 × 105), as well as the 490 nm DL488
absorbance peak (ε488: 7.0 × 104), and the 700 nm DL700
absorbance peak (ε700: 1.4 × 105), in addition to the 525 nm
absorbance peak of the AuNP plasmon (ε525: 9.7 × 107).
Photoluminescence emission spectroscopy (Varian Excite) was
used to verify SET behavior of the DL488 and non-SET
behavior of the DL700 fluorescent dye labels, by assessing peak
intensity (ex./em. were 480/520 nm and 670/720 nm,
respectively) before and after 0.1 M sodium cyanide incubation
of 20 min. Dynamic light scattering was performed using a
Möbius DLS (Wyatt) in DI water performed in triplicate with
10 scans of 10 s collection time, to determine average
hydrodynamic diameter and size dispersity.
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Transfection Agent. The AuNP transfection construct
was prepared by encapsulating AuNP-SX-DNA, -SS-DNA,
-SN-DNA, -TSX-plasmid, -TSS-plasmid, -TSN-plasmid into
Lipofectamine2000 (Life Technologies). Lipofectamine2000
encapsulation of the AuNP constructs was carried out at a
concentration of 3 pmol of AuNP, as determined by the AuNP
absorption plasmon at 525 nm, to 10 μL of Lipofect-
amine2000. 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 Lipofect-
amine2000.8 Dynamic Light Scattering (DLS) data (Wyatt
Möbius) was obtained at 20% laser power and used to analyze
the size of the transfection packages. The hydrodynamic radius
is calculated by averaging 3 replicates each containing 10
measurements with an acquisition time of 10 s, with the
complexes suspended in nanopure water.
Cell Transfection. A375 human melanoma cells, cultured

at 37 °C with 5% CO2 in Dulbecco’s Modified Eagle’s Medium
(DMEM-7777) (Sigma) supplemented with addition of 10%
fetal bovine serum (Sigma) were plated at 30,000/cm2 in 0.33
cm2 wells of a glass bottom 96-well plate or with 1.5 coverglass
treated with poly(L-lysine) (MatTek Co.). Cellular transfection
was carried out 24 h after plating. Media was exchanged after
48 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
the microscope to assess the cell health. No significant
evidence of chromosomal condensation or changes in cell
morphology was observed following transfection, indicative of
no cytotoxicity at the transfection agent concentrations
employed in this study. Trypan blue assays confirmed 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 kinetics data was limited to 48 h measurements,
and the gene expression studies were limited to 72 h.
Experiments were conducted in triplicate.
Optical Microscopy. Confocal microscopy images were

obtained on a Nikon Eclipse Ti Inverted Epifluorescence
Microscope at 20× magnification. Samples were excited to
collected emission of the DyLight700 (640 nm, 900 ms
exposure), DyLight488 (488 nm, 500 ms exposure), and
tdTomato (561 nm, 400 ms exposure). Images were collected
by a Coolsnap-HQ10 high resolution CCD at 20×
magnification. Measurements were taken over 48−72 h while
live cells were 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 uptake and release kinetics were
monitored by tracking DyLight700 and DyLight488 intensities,
respectively, normalized to cell count.
Image Analysis. The kinetics of the images were analyzed

with ImageJ software, using a standard rolling ball radius of 50
pixels to subtract the background to remove any cellular
autofluorescence and the total intensity of each image was
measured per time frame. The resulting intensity was corrected
for cell count and plotted to sigmoidal model fit using Igor
software, to compute the first order association kinetics of the
release of the short duplex DNA and plasmid from the surface
of the AuNP, plotted with standard deviation of the samples.
Each experimental trial was imaged in three separate regions

per well in a 96-well plate 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
RFP fluorescent intensity as well as the number of expressing
cells was corrected to cell count per time fame. Colocalization
of the DL700 and DL488 was analyzed using the JACoP53

plugin for ImageJ to assess the van Steensel Cross Correlation
Function (CCF) for DL700 versus DL488 fluorescence
channels, with best Gaussian fit calculated per image per
time point.
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