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L
iving organisms evolve numerousmol-
ecular machines to generate various
biological motions including intracellu-

lar material transport to accomplish diverse
cellular tasks.1,2 Recent advances in nano-
technology have spawned a plethora of re-
search efforts to mimic and regulate various
biological functions through the generation
of artificial nanomachines.3,4 However, the
deployment of such artificial nanomachines
in a living body, especially for therapeutic
purposes necessitates robust dynamic mo-
tion and highly exquisite multifunctional at-
tributes. In particular, nanomachines driven
by external stimuli such as light, temperature,
magnetic field and ultrasound or responsive
to intracellular stimuli such as enzymes, pH
and reductive environment could deliver
payloads or generate heat by modulating its
morphology or aggregation behavior after
cellular uptake.5�7

To this end synthetic DNA-based nano-
machines owing to their extreme sequence
specificity, favorable physiochemical prop-
erties, and programmable supramolecular
self-assembly emerge as an enticing pro-
spect for artificial nanomachines,8,9 and are

being exploited to yield molecular switches,
motors, and sensors10�12 by generating
forces andmotion through stimuli-responsive
conformational metamorphosis. Numerous
efforts have beenmade to exploit DNA nano-
machine in delivering payloads but are
mostly restricted to small molecules and
could be hardly extended toward nucleic
acid delivery under biological environment
due to their rudimentary design and structur-
al inadequency.13�16 Recently, we reported
a functionalized reduced graphene oxide
(PEG-BPEI-rGO) as a nanotemplate for photo-
thermally triggered cytosolic drug and gene
delivery by inducing endosomal disrup-
tion.17,18 We assume that an elaborately
designed DNA nanomachine can also be
escaped from endosome, which is a very
critical process during payload delivery.
Here, we describe a sophisticated effort

to engineer a DNA-based hybrid nano-
machine templated on gold nanoparticles
(AuNPs) (denoted asDNA-Au nanomachine)
through a rational design, and a successful
application of a dynamic therapeutic DNA-
Au nanomachine operating within living
cells. This nanomachine exploits the design
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ABSTRACT The present work illustrates unique design, construction and operation of an i-motif-based

DNA nanomachine templated on gold nanoparticles (AuNPs), which utilizes pH-responsive dynamic motion of

i-motif DNA strands and aggregational behavior of AuNPs to elicit programmed delivery of therapeutic siRNA.

The pH-sensitive nucleic acids immobilized on the AuNPs consisted of three functional segments, i.e., an i-motif

DNA, an overhanging linker DNA and a therapeutic siRNA. At neutral pH, the i-motif DNA is hybridized with the

overhanging linker DNA segment of the therapeutic siRNA. However, in endosomal acidic pH, the i-motif DNA

forms interstrand tetraplex, which could induce cluster formation of AuNPs resulting in endosomal escape of

AuNP clusters, and produce a high gene silencing efficiency by releasing siRNA in the cytosol. Furthermore, the

cluster formation of AuNPs accelerated photothermal ablation of cells when irradiated with laser. Precise and

synchronized biomechanical motion in subcellular microenvironment is realized through judicious integration of pH-responsive behavior of the i-motif DNA

and AuNPs, and meticulous designing of DNA.
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principles of an i-motif DNA nanomachine that trans-
duces pH gradients into crucial conformational
changes in nucleic acids conjugated on a AuNP
surface.19,20 The ability of i-motif sequence to form
DNA i-tetraplex consisting of two parallel-stranded C:
Cþ hemiprotonated base-paired duplexes intercalated
in an antiparallel orientation21,22 could be harnessed to
trigger gene silencing through the programmed re-
lease of therapeutic siRNA hybridized to i-motif
DNA via linker DNA (Figure 1a). Moreover, the DNA
i-tetraplex formation between i-motif DNA sequences
of AuNPs concomitantly induces the reversible forma-
tion of Au clusters (AuCs), eliciting coupled surface
plasmons and strong absorption at far-red and near-
infrared (NIR) wavelengths with efficient heat conver-
sion. This locally induced heat generation leads to
photothermal ablation (Figure 1b). Aiming at con-
structing a sophisticated and advanced nucleic acid
delivery system, our work judiciously utilizes highly
diverse and advantageous biophysical and optical
features of nucleic acids and AuNPs, respectively. Our
approach ingeniously integrates these desirable fea-
tures of nucleic acids and AuNP in an intriguing fashion
to develop a pH-responsive dynamic nanomachine.

In addition, the design of the DNA-Au nanomachine
provides a protective nucleic acid layer imparting
colloidal stability to bare AuNPs, which is perceived
to be critical physicochemical property for systemic
delivery. In this study, we examined the design princi-
ple of DNA-Au nanomachine, pH-triggered aggrega-
tion behavior and gene silencing efficiency by siRNA
delivery. We also carefully investigated the synergistic
effect of DNA-Au nanomachine for gene silencing and
photothermal cell ablation.

RESULTS AND DISCUSSION

Design of Nucleic Acid-AuNP Nanomachine. The pH-
sensitive nucleic acids immobilized on AuNP consisted
of three functional segments, i.e., an i-motif DNA,
an overhanging linker DNA and a therapeutic siRNA
(Figure 1a). 50-Thiolated i-motif DNA sequence consti-
tutes the motor segment of nanomachine and con-
tains cytosine (C) rich region, which is transformed into
a unique tetrameric i-motif structure under acidic
condition. At neutral pH, the 50-thiolated i-motif DNA
is hybridized with the overhanging linker DNA seg-
ment of the therapeutic siRNA. Thus, the overhanging
linker DNA acts as the fusion template for pH-sensitive

Figure 1. siRNA-loadedpH-responsiveDNAnanomachine. (a) Schematic descriptionof DNAnanomachine. The i-motif DNA is
covalently conjugated to AuNP, and siRNA was linked to AuNP via hybridization of i-motif DNA with linker DNA. (b) pH-
responsive aggregation of siRNA-i-motif-AuNP for endosomal escape, siRNA release, and photothermal ablation.
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i-motif-modified AuNP and the therapeutic siRNA. The
i-motif/linker DNA hybridizedmotor segment operates
as a tunable switch to release siRNA through the
pH-triggered conformational change in DNA at body
temperature. Therefore, the centerpiece of our design
is embodied in achieving the crucial control over
the conformational changes and thus triggering siRNA
release through the fine-tuning of the length and
sequence of linker DNA. The difference in thermal
stability of nucleic acids and external pH induces
sequence-dependent separation and conformational
change of double-stranded nucleic acids, which en-
sures the necessary dynamic and controlled associa-
tion/dissociation of pretailored nucleic acid structures.
Lastly, the therapeutic segment composed of thera-
peutic siRNA, to treat or detect target disease, can also

be replaced by other nucleotide-based therapeutics
such as antisense DNA and mRNA as per the therapeu-
tic needs.

Preparation and pH-Responsive Behavior of DNA-Au Nano-
machine. Citrate-stabilized AuNPs (∼15 nm) (Figure S1,
Supporting Information) were prepared and success-
fully functionalized with the thiolated i-motif DNA
or duplexes of i-motif DNA/siRNA-linker chimeric
strands through a salt aging process to yield densely
DNA-covered AuNPs having hydrodynamic sizes in the
following order: siRNA-loaded i-motif-AuNPs (siRNA-i-
AuNP) > i-motif-modified AuNP (i-AuNP) > AuNPs
modified with short C4 (CCCC) DNA (Figure 2a and
Figure S2, Supporting Information). Prior to the study
of pH-dependent aggregation behavior of the nano-
machine, buffer composition of this system was

Figure 2. pH-responsive aggregation of the DNA nanomachine. (a) Confirmation of DNA nanomachine by gel electrophor-
esis. (b) UV�vis spectroscopic study of DNA-modified AuNP aggregation at pH 5.5 and pH 7.2. Aggregation of i-motif-AuNPs
is monitored under acidic (left) and neutral (middle) pH. pH-insensitive deoxythymidine-modified AuNP (dT-AuNP) was used
as a control (right). (c) TEM images of i-motif-AuNPs are obtained at pH 5.5 with different elapsed times of 0, 1, 5, 10, 30, and
60 min. (d) The hydrodynamic size of i-motif-AuNPs at pH 5.5 are monitored by dynamic light scattering (DLS).
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optimized. Parameters such as crowding effect of the
surface-immobilized DNA strands and electrostatic
charge repulsion between negatively charged DNAs
should be considered as critical factors that have
highly affected the behavior of DNA-mediated AuC
formation. To offset electrostatic repulsion among
DNA strands and thus stabilize the DNA structure,
10 mM MgCl2 was added to the DNA-AuNP solution
(FigureS3, Supporting Information). Then, pH-dependent
reversible aggregation behavior of the i-AuNPs were

established by UV�vis spectroscopic studies, which
showed a resonance shift in absorption from 525 to
615 nm (Figure 2b) with decreasing pH from 7.2 to 5.5,
and the result was further substantiated by transmis-
sion electron microscopy (TEM) images (Figure 2c)
and hydrodynamic size measurement (Figure 2d). As
shown in Figure 2b,c,d, in acidic pH 5, i-motif-AuNP
formed large size aggregates, but no aggregation
behavior of AuNPs was observed in neutral pH or a pH-
insensitive deoxythymidinemodified AuNPs (dT-AuNPs).

The contrasting pH-dependent aggregation and
spectral behavior of i-AuNPs and control dT-AuNPs
(Figure 2 and Figure S4, Supporting Information) ex-
emplifies the indispensability of the sequence specifi-
city of i-AuNPs in enforcing pH-responsive aggregation
and the related spectral shift. Interestingly, formation
of parallel duplexes by polydeoxyadenosine (polydA)
at acidic pH23 prompted us to select polydA as a spacer
between i-motifs and AuNPs, anticipating its synergis-
tic effect in triggering pH-dependent AuC formation
(Figure S5, Supporting Information). Fueled by the
pH-induced conformational changes within DNA,
the i-motif-based nanomachine, consisting of i-AuNPs
and siRNA linked together by linker DNA, generated

TABLE 1. Sequence of Linker DNA, Melting Temperature

(Tm
a), and pH-Responsiveness of AuNPs

name sequence (50f30) Tm
a/�C pH-responsiveness

i-motif AA AAA AAA AAA AAA CCC CAA
L20-T14 TTG GGG TTT TTT TTT TTT TT 58.4 (41.5)b n.d.
L15-T9 TTG GGG TTT TTT TTT 52.3 (21.4)b n.d.
L15-T8A1 TTG GGG TTA TTT TTT 44.1 (20.4)b yes
polydT TTT TTT TTT TTT TTT TTT TT
L20-A20 AAA AAA AAA AAA AAA AAA AA 52.6 n.d.
L15-A15 AAA AAA AAA AAA AAA 43.9 n.d.
L15-A14T1 AAA AAA AAT AAA AAA 33.7 n.d.

a Tm was calculated by IDT's Tm calculator (OligoAnalyzer 3.0 in SciTools at www.
idtdna.com). b Calculatedwith oligo-dT except TTGGGG region. n.d. stands for not detected.

Figure 3. pH-dependent aggregation of i-AuNP/siRNA-linker. (a) L20-T14-siRNA/i-AuNP. (b) L15-T9-siRNA/i-AuNP. (c) L15-
T8A1-siRNA/i-AuNP.
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dynamic motions as evidenced by AuNP aggregation
and concomitant siRNA-release at endosomal pH.

Systematic Development of Linker DNA. To synchronize
the release of therapeutic siRNA with the motion of
the nanomachine, the hybridization between the pH-
sensitive i-motif DNA strand and the complementary
overhanging linker DNA carrying the therapeutic siRNA
must be tuned appropriately (Figure 1a). The hybri-
dized chimeric duplex (i-motif/siRNA-linker) should
remain stable at physiological pH and body tempera-
ture (pH 7.2 at 37 �C) until cellular internalization, but

upon internalization must ensure dehybridization at
endosomal pH at body temperature (pH 5.5 at 37 �C) to
elicit siRNA detachment from the surface of i-motif-
linkedAuNPs, and trigger AuNP aggregation and siRNA
release (Figure 1b). Since the half-protonated C-rich
region of the i-motif accelerates destabilization of the
chimeric duplex through i-motif formation, it is ex-
pected that the destabilization not only facilitates the
release of therapeutic siRNA but also induces AuNP
aggregation. If i-motif formation fails to exert sufficient
driving force to trigger complete dehybridization of

Figure 4. Monitoring of AuC formation. (a) Dark-field microscope images of NIH3T3 cells treated with 20 nM of i-AuNPs and
dT-AuNPs. (b) DIC images of intracellular AuC formed by i-AuNPs and dT-AuNPs with various incubation times.
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the chimeric duplex, thermodynamic stability should
be regulated by manipulating the length and number
of mismatched bases of linker DNA. Using a systematic
approach, we designed therapeutic siRNA having a 20-
base linker sequence (L20-T14 in Table 1 and Figure 3a)
as an overhanging region that was preset to be
hybridized with the i-motif DNA strand of AuNPs.
However, no UV�vis spectral and colorimetric changes
were observed at the lower pH of 5.5 at 37 �C, even
after 1 day, which indicated a strong hybridization
between the linker DNA and its complementary i-motif
DNA strand (Figure 3a). Theoretical calculation of the
melting temperature (Tm) of DNA hybridization using
Tm calculator revealed the Tm of the 20-base linker as
58.4 �C, in which the Tm of the oligo-dT region exclud-
ing TTGGGG was expected to be 41.5 �C. This result
implied that even after destabilization of the i-motif
region at a lower pH, the Tm of the 20-base linker still
remained too high to be dissociated. To reduce the
thermodynamic stability of the linker, we chose a
15-base DNA length (L15-T9 in Table 1) with a Tm of
52.3 �C as a spacer. The theoretical calculation pre-
dicted the Tm of the oligo-dT sequence, excluding the
i-motif TTGGGG region, as 21.4 �C, which lies below
body temperature and anticipated to trigger dissocia-
tion of the oligo-dT region once the i-motif sequence
formed its i-tetraplex at low pH. However, contrary to
our expectations, no aggregation of AuNPs was ob-
served, presumably due to enhanced stability con-
ferred by the multivalent effect of the DNA linked to
the AuNP template (Figure 3b).24 On the basis of this
assumption, we inserted a one-base mismatch into the
15-base linker (L15-T8A1 in Table 1) to reduce duplex
stability, which indeed accelerated the duplex disso-
ciation rate as evidenced by a color change from

red to purple accompanied by a red shift exhibiting
i-motif-mediated AuC formation (Figure 3c). Hence, a
careful design of the linker DNA furnished an intelli-
gent nanomachine actuated to function in response
to subtle pH changes at body temperature. Noticeably,
for dT-AuNP, no linker showed pH-responsive AuC
formation, rendering them incompatiblewith this device
(Figure S4a and S6, Supporting Information).

Study of Cellular Uptake and Endosomal Escape of DNA-Au
Nanomachine. Observed efficient cellular uptake through
endocytosis25�27 (Figure S7, Supporting Information)
provided an ideal platform for successful intracellular
pH-triggered action of the nanomachine, even without
the aid of transfection agents. To visualize in vitro pH-
triggered AuC formation and siRNA release as evidence
of proper functioning of the nanomachine, we utilized
the optical contrast arising from the coupled plasmon-
induced distance-dependent scattering properties of
AuNPs and investigated the intracellular performance
of the nanomachine triggered by pH drop along with
the AuC formation via i-motif formation. The size-
dependent light scattering property of AuNPs28,29 offers
direct evidence of macroscopic AuC formation within
living cells upon exposure to low endosomal pH. This
was evidenced as distinct change in scattered light color
from green-yellow to orange-red light (Figure 4a).
Mapping of the i-AuNPs and control dT-AuNPs within
NIH3T3 cells using dark-field optical microscopy clearly
showed the efficient cellular internalization of the
nanomachine over time. The i-AuNPs predominantly
formed AuCs (orange) with sizes of hundreds of nano-
meters, whereas dT-AuNPs lacking the i-motif sequence
remained discernible as discrete NPs (green) during the
cell endocytic process (Figure 4a). Upon exposure to
the pH drop in cell endosomes, i-AuNPs alone yielded

Figure 5. TEM images of subcellular localized AuNPs obtained in NIH3T3 cells (a�c) and in PC-3 cells (d�f). Cells were treated
with i-AuNPs (a, b, d, e and f) and dT-AuNPs (c).
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intracellular AuC formation and interparticle distance-
dependent optical behavior evidenced by surface
plasmons. This aggregation could also effectively pre-
vent the exocytosis of internalized AuNPs due to this
increased size and thereby induced greater cellular
accumulation of AuNP aggregates augmenting the
surface plasmon resonance and photothermal therapy
at the targeted site.30,31

Different interference contrast (DIC) images of the
internalized i-AuNPs (Figure 4b) revealed more precise
and prominent visualization of interspersed AuC as
black spots within the cytosol. The gradual growth of
AuC sizes up to several micrometers (∼μm, refer to

scale bar) after 12 h by coalescence of evenly distrib-
uted smaller AuCs within the cytoplasmic region was
clearly evident. As expected, dT-AuNPs, corroborating
dark-field microscopic analysis (Figure 4a), appeared
as blurred and smaller black spots without dis-
cernible intracellular accumulation and cluster forma-
tion (Figure 4b).

TEM-assisted visualization of AuCs at the submic-
rometer level revealed interesting subcellular details
such as the precise location of AuC formation during
the endocytosis and endosomal escape, which re-
mained inconspicuous during confocal microscopic
studies. Most i-AuNPs were detected as clusters

Figure 6. Photothermal ablation by DNA nanomachine. (a) Schematic description of DNA nanomachine-mediated photo-
thermal ablation. (b) Cell deathprofile. NIH3T3 cellswere incubatedwith i-AuNPs (left), dT-AuNPs (middle) andwithoutAuNPs
(right). Laser fluence rates are 9, 13, 18, 22, 27, 31, 40, and 44W/cm2 from top to bottom row. Circles denote the position of the
laser spot.
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(100�300nm) exclusively inside vesicles inNIH3T3 and
PC-3 cell lines (Figure 5a,b,d,e,f) even at high magnifi-
cation, implying consistent aggregation of i-AuNPs
at endosomal pH. In contrast, dT-AuNPs in these cell
lines were located discretely throughout the cytosol
or confined within the vesicles in small clusters
(Figure 5c). The AuCs also displayed a highly interest-
ing and intriguing feature of endosomal escape in real
time. Microscopic images vividly captured precise mo-
ments with immaculate clarity when AuCs perforated
the endosomal membrane during endosomal escape
(Figure 5e). Other images confirmed the presence of
relatively large AuCs (>100 nm) protruding through the
ruptured vesicle membranes (red arrow in Figure 5b,f).
Importantly, the presumed AuCs-mediated endosomal
disruption during i-motif formation facilitated the re-
lease of endosomal contents (therapeutic siRNA) to the
cytosol enabling endosomal rupture unaided by any
cationic moiety or cell-penetrating peptide.32,33 Suc-
cessful internalization, intracellular AuC formation, and
viable endosomal release advocated the therapeutic
potential of these fabricated hybrid nanoconstructs
(Figure 5 and Figure S7 and S8, Supporting Information).

DNA-Au Nanomachine-Mediated Photothermal Ablation in
Cells. As designed, a pH trigger turns on i-motif forma-
tion, which in turn sets off a dynamic action within the
endosome leading to siRNA release and AuC forma-
tion, deemed crucial to generate heat. Nanomachine-
mediated photothermal effects on NIH3T3 cells were
studied using CW diode laser irradiation at 660 nm as
described in Figure 6a. Only aggregated variants of
AuNPs should absorb this wavelength (Figure 2b).
Normally, the threshold laser power to impose cell
death is inversely proportional to the extent of AuNP
aggregation; higher aggregation facilitates absorption
of laser light at lower laser fluence. The observed
threshold laser power required to inflict cell death
was found to be 13 and 27 W/cm2 for i-AuNP-treated
and dT-AuNP-treated cells (Figure 6b), respectively.
This clearly indicates that pH-responsive aggregation
of i-AuNP enhances their thermal production. Further-
more, a higher laser power of 44 W/cm2 failed to inflict
cell death on untreated cells (Figure 6b).34 The absence
of dead cells outside the laser spot, regardless of the
DNA-AuNP and laser power densities, accentuated
the potency of the nanomachine in imparting target
specificity and minimal cytotoxicity at low laser power
emulating reported Au nanostructures35�37 in eliciting
photothermal ablation.

In Vitro Synergistic Effect of Gene Silencing and Photothermal
Ablation. The second facet of the therapeutic applica-
tion involves the siRNA gene silencing studies estab-
lished by luciferase gene expression assay in NIH3T3
cells as a model gene silencing system. As described in
the earlier sections, the internalization and aggregation
of AuNPswere clearly evident from themicroscopic and
photothermal studies; however, these observations

did not shed any light on the programmed release
of siRNA strand (Figure 6a) and its efficacy in inducing
gene silencing. Therefore, successful gene silencing
remained crucial in establishing the potency and fate
of the DNA nanomachine as therapeutic device.

The developed model of the therapeutic nano-
machine, namely, siRNA-i-AuNPs containing therapeu-
tic siRNA, in comparison to pH-insensitive siRNA-dT-
AuNPs and DNA-AuNPs lacking siRNA(i-AuNPs and
dT-AuNPs), demonstrated highly efficient gene silen-
cing. Notably, siRNA-i-AuNPs demonstrated a gene
silencing efficiency comparable to that of BPEI25K
(branched polyethylenimine, Mw 25K) polyplex, the
gold standard in polymeric gene silencing, 48 h post-
transfection (Figure 7a). Such rapid and efficient gene
silencing by siRNA-i-AuNPs in a dose- and intracellular
pH-dependent manner can collectively be attributed
to several important properties, including resistance of
the densely immobilized hybrid DNA-Au nanomachine
to nuclease degradation, highly effective pH-response
for endosomal escape, and efficient release of siRNA in
the cytosol.38,39

As mentioned above, the merit of our DNA nano-
machine is the ability to accomplish simultaneous gene

Figure 7. Therapeutic evaluation of DNA nanomachine. (a)
DNA nanomachine-mediated gene silencing. Cells were
treated with siRNA-i-AuNPs or siRNA-dT-AuNP loading siR-
NA against luciferase. Control cellswere treatedwith i-AuNP
or dT-AuNP without siRNA and BPEI25K/siRNA polyplex
(N/P ratio: 10). (b) Synergistic effect of DNA nanomachine in
gene silencing and photothermal effect. siRNA against PLK1
was employed. The power of laser irradiation is 2 W/cm2

(n = 5). The symbol * indicates the statistical significance at
levels of p < 0.05, and ** indicates p < 0.01.
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silencing and photothermal effect for efficient cell
death. Therefore, the synergistic effect of DNA nano-
machine in gene silencing and photothermal ablation
was evaluated. siRNA targeting polo-like kinase 1
(siPLK1) was employed to demonstrate gene silencing
effect. PLK1 is an important enzyme in themaintenance
of genomic stability and mitosis in cells.40,41 Thus, the
suppression of PLK1 induces apoptosis of cells. The
cells were incubated with siPLK1-loaded nano-
machine, followed by laser irradiation for photo-
thermal ablation. Then, the synergistic effect of gene
silencing and photothermal ablation was estimated
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Figure 7b). The cell viability
was dramatically decreased in siPLK1-modified AuNPs
(siPLK1-i-AuNP) with laser irradiation, which implies
that cell death was synergistically accelerated by gene
silencing and photothermal ablation. The scrambled
scPLK1-i-AuNP showed negligible cell viability com-
pared with siPLK1-i-AuNP, representing the sequence
specific gene down-regulation. Therefore, our precisely

designed nanomachine was proved as an effective
therapeutic agent, maximizing both gene silencing
and photothermal effect.

CONCLUSION

In summary, DNA-based Au nanomachine devel-
oped in this study demonstrated excellent gene silen-
cing efficacy and highly precise photothermal effect in
in vitro experiments, and also bears seemingly high
potential toward practical therapeutic realization. The
ingenious design, successful construction, judicious
integration of several favorable traits and effective
therapeutic outcome of this hybrid DNA-AuNP nano-
device further advocates the immense possibilities
for multimodal exploitation of environmentally re-
sponsive devices in regulating biological processes.
Successful in vivo validation and imparting target
specificity could further broaden the scope of thera-
peutic applications of the nanomachine and may
uncover infinite potential for the diverse frontiers of
DNA nanotechnology.

EXPERIMENTAL SECTION

Synthesis of Gold Nanoparticles (AuNPs). Citrate-stabilized AuNPs
were prepared using well-established procedures.42 An aqu-
eous solution of hydrogen tetrachloroaurate hydrate (100 mL,
0.05 mM, 99.999%) in ultra pure water was boiled at 120 �C
for 20 min, followed by addition of sodium citrate tribasic
dehydrate solution (1.5 mL, 1.5 mM). The mixture was boiled
for 10 min. The color of solution gradually changed from yellow
to purple and finally became red within 5 min. The mixture was
subsequently cooled for 30 min at room temperature. Then the
mixture was concentrated and purified by filtering through
Amicon ultra centrifugal filters (Mw cut off: 100 kDa) three times.
The size and morphology of AuNPs were determined by trans-
mission electronmicroscopy (TEM) analysis (Figure S1, Support-
ing Information). The absorption coefficient value of AuNPs
was estimated to be∼2� 108 cm�1 M�1 using the relationship
between core size and extinction coefficient for citrate-
stabilized AuNPs. It was observed that AuNPs having 15 nm
in diameter were well dispersed into discrete particles in the
solution (Figure S1, Supporting Information).

Preparation of Nucleic Acid-Modified AuNP. To prevent the degra-
dation of RNA, all buffers and vials were treated with 0.1%
diethylpyrocarbonate (DEPC) for 12 h and autoclaved at 121 �C
for 20 min. Prior to use, the disulfide functionality at the end of
thiolated DNAwas deprotected by incubating with DTT at room
temperature for 2 h (0.1MDTT, 10mMphosphate buffer, pH 7.5)
and subsequently purified by using a PD-10 column. AuNPs
were then mixed with purified thiolated DNA strands at a molar
ratio (AuNP/DNA) of 1:100. TheDNA/AuNP solutionwas allowed
to incubate at room temperature for overnight. Then, the
concentration of NaCl solution was gradually increased from
0.1 to 0.3 M by adding 1MNaCl, and incubated for additional 48
h. Finally, the mixture was centrifuged at 13 000 rpm for 1 h and
the supernatant containing free DNA was removed. The pre-
cipitated DNA-AuNPs were washed with 10 mM phosphate
buffer thrice. The size and morphology of AuNPs were deter-
mined by TEM analysis. A high surface coverage (99/AuNPs)
was achieved by salt aging process43 followed by purification
through repeated centrifugation and washing. To quantify
the average number of DNA immobilized on each AuNP, the
known amount of AuNPs was incubated at room tempera-
ture with 2 mM KCN solution until reddish solution became
transparent to confirm complete dissolution of AuNPs.

These mixtures were further incubated at room temperature
for 10 min with SYBR Green I (1X), which is a well-known DNA
intercalating reagent. The fluorescence intensity of the sample
solution was measured with excitation at 497 nm and emis-
sion at 520 nm by a spectrofluorophotometer (RF-5301PC,
SHIMADZU). Calibration curve was obtained by mixing SYBR
Green I with free DNA solution ranging from 0.05 to 1.5 μM.
The fluorescence intensities of the samples correlate with the
amount of DNA in calibration sample solution. The average
number of DNA per AuNP for each aliquot was calculated by
dividing the concentration of DNA by the concentration of
AuNPs. All experiments were repeated three times using fresh
samples to obtain reliable standard curve. Then, siRNA-loaded
i-motif AuNPs were prepared bymixing siRNA having overhang
with i-motif-AuNPs. siRNA is expected to be hybridized with
partly complementary i-motif-AuNPs. Quantification of siRNA
loaded onto the i-motif-AuNPs was carried out by SYBR Green
assay, following same procedure as described above. Overall
34 mol of siRNA was found to be loaded on the surface of each
mol of AuNP.

pH- and Sequence-Dependent AuNPs Aggregation. The pH- and
sequence-dependent AuNP aggregation experiments were
performed with i-AuNPs, dT-AuNPs, and dA-AuNPs (3 nM,
200 μL) in 10 mM phosphate and acetate buffers containing
10 mM MgCl2. The kinetics of pH (ranging from 2.1 to 7.2) and
DNA-sequence dependent AuNP aggregation were evaluated
by monitoring optical absorbance changes (from 525 to
615 nm) in AuNPs at different time intervals from 0 to 140 min.

In Vitro Cell Assays. Cells were grown on 12 mm glass cover-
slips for dark-field and confocal imaging, or directly in gelatin-
coated 12-well plates for TEM and photothermal study at a
density of 3� 105 cells/well at 37 �C under 5% CO2. After 1 day,
cells were coincubated for predetermined periodswith i-AuNPs,
dT-AuNPs, or without AuNPs in 10% serum-containing culture
media. For dark-field and confocal imaging, coverslips were
fixed using 3.5% formaldehyde and mounted on slide glass
using an aqueous mounting media with an antifading agent
(Vector Laboratories Inc., Burlingame, CA). For photothermal
studies, cells were exposed to a 660 nm CW laser light for 5 min
at various power densities, and trypan blue staining was used
to reveal cell mortality. For TEM imaging, the cells were fixed
in 2.5% glutaraldehyde that was prepared in a 0.1% sodium
cacodylate buffer. The samples were subsequently postfixed
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and stained with 1% aqueous osmium tetroxide and then
dehydrated by a series of ethanol solutions (30, 50, 70, 80, 90,
and 100% for 10 min each; and twice at 100% for 15 min) prior
to being resin-embedded. Thin sections containing the cells
(donebyultramicrotome,MT-X, RMC, Tucson, AZ)wereplaced on
grids prior to TEM observation (JEM-1011, JEOL, Tokyo, Japan).

Evaluation of Synergistic Effect of DNA-Au Nanomachine in siRNA-
Induced Gene Silencing and Photothermal Ablation. For gene silencing
assay, NIH3T3 cells were seeded in 24-well plates and trans-
fected with polyplexes of BPEI25K/pDNA (branched polyethy-
lenimine/pCMV-Luc) (N/P ratio of 10) for 3�4 h in serum free
culture media. The media was replaced with fresh 10% serum-
containing media with siRNA-i-AuNPs (3 nM and 6 nM AuNPs
concentration, siRNA/AuNP= 34) directed against luciferase and
further incubated for 2 days. For comparison,we transfected the
same amount of luciferase siRNA (siLuc) duplex (100 nM) using
BPEI25K as a positive control. Luciferase gene expression was
evaluated using amicroplate spectrofluorometer (VICTOR3 VTM
Multilabel Counter, PerkinElmer�Wellesley MA). Quantification
of luciferase expression was normalized to control that had not
been transfected. For the synergistic effect of siRNA-i-AuNPs in
gene silencing and photothermal effect for cell death, NIH3T3
cells were seeded in 96-well plates at a density of 5� 103 cells/
well. After 24 h, the media was changed with the culture media
solutions of siRNA-i-AuNPs containing siPLK1 (50-AGA UCA CCC
UCC UUA AAU Att ttg ggg tta ttt ttt-30 , 50-UAU UUA AGG AGG
GUG AUC Utt-30) or scPLK1 (50-CUU ACG CUG AGU ACU UCG Att
ttg ggg tta ttt ttt-30 , 50-UCG AAG UAC UCA GCG UAA Gtt-30), and
further incubated for 2 days. Each well was washed twice with
DPBS, and the fresh culture media was added, followed by laser
ablation (808 nm CW laser, beam spot size: 1 mm) for 5 min at
2 W/cm2, and further incubated 24 h at 37 �C under 5% CO2

humidified condition. After incubation, MTT solution was trea-
ted and incubated for 4 h. Then dimethyl sulfoxide (DMSO) was
added, and the absorption of 570 nm was measured using
a microplate spectrofluorometer (VICTOR3 VTM Multilabel
Counter, PerkinElmer-Wellesley MA). The results are presented
as themean and standard deviation of the mean obtained from
three samples.
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