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ABSTRACT: Efficient approaches for intracellular delivery of nucleic acid
reagents to achieve sensitive detection and regulation of gene and protein
expressions are essential for chemistry and biology. We develop a novel
electrostatic DNA nanoassembly that, for the first time, realizes
hybridization chain reaction (HCR), a target-initiated alternating hybrid-
ization reaction between two hairpin probes, for signal amplification in
living cells. The DNA nanoassembly has a designed structure with a core
gold nanoparticle, a cationic peptide interlayer, and an electrostatically
assembled outer layer of fluorophore-labeled hairpin DNA probes. It is .
shown to have high efficiency for cellular delivery of DNA probes via a  mRNA™-,
unique endocytosis-independent mechanism that confers a significant
advantage of overcoming endosomal entrapment. Moreover, electrostatic
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assembly of DNA probes enables target-initialized release of the probes
from the nanoassembly via HCR. This intracellular HCR offers efficient
signal amplification and enables ultrasensitive fluorescence activation imaging of mRNA expression with a picomolar detection
limit. The results imply that the developed nanoassembly may provide an invaluable platform in low-abundance biomarker

discovery and regulation for cell biology and theranostics.

B INTRODUCTION

Nucleic acid-based reagents represent an essential tool in
detection and regulation of gene expression and protein activity
for chemistry and biology.” Major challenges of using these
nucleic acid reagents for cell biology and theranostics are the
efficiency for their delivery into different cells and the sensitivity
for target detection and regulation.” Recent advance in
nanotechnology has fueled the development of nanoscale
nucleic acids assemblies for intracellular applications.> Notably,
spherical nucleic acids (SNA), structures with a template core
of inorganic or organic nanoparticles and a shell of oriented
nucleic acid reagents, have been extensively explored.* These
SNA nanostructures are demonstrated to facilitate the internal-
ization of nucleic acid reagents into cells of diverse types,*
making them a useful strategy for intracellular detection and
gene regulation.‘ﬂ”c Nevertheless, current nucleic acid nano-
structures typically exhibit limited sensitivity for intracellular
detection and regulation with a detection limit at the
nanomolar level.®> This shortcoming is largely due to the lack
of signal amplification mechanisms in these methods. A viable
embodiment of signal amplification strategies that are able to be
realized in living cells using a specific nucleic acids nano-
assembly, therefore, remains an unresolved challenge.

Here we develop a novel electrostatically assembled nucleic
acid nanostructure that enables the realization of hybridization
chain reaction (HCR)® for signal amplification in living cells. A
key design to the intracellular signal amplification strategy is a
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novel nucleic acid nanoassembly with a core gold nanoparticle
(AuNP), an interlayer of cysteine-terminated cationic peptides,
and an outer layer of fluorophore-labeled nucleic acid probes, as
illustrated in Scheme 1. The AuNP core acts as a well-defined
template for self-assembly of the cationic peptides, and it also
allows efficient quenching for fluorophores labeled at the
nucleic acid probes due to surface energy transfer (SET).

Scheme 1. Ilustration of the Electrostatically Assembled
Nucleic Acid Nanostructure
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Assembly of the peptides CAAAAAAK'(Me), via thiol—Au
bond generates a compact interlayer through hydrophobic
interactions between the six alanine side-chains® with cationic
terminals exposed on the surface. The cation, a trimethylated
lysine residue which is ubiquitous in methylated proteins,” is
designed to mimic a quaternary ammonium phospholipid
phosphatidylcholine and thus expected to have low toxicity.
Moreover, it is a pH-independent cationic layer, which confers
stable electrostatic assembly for nucleic acid probes in varying
acidic or basic biological surroundings.

Unlike classical SNA with oriented nucleic acid probes, the
designed nanostructure has a randomly oriented nucleic acid
assembly stabilized by synergistic or multiple-site electrostatic
interactions between the interlayer and the nucleic acid
backbones. Such synergistic interactions typically require a
suitable conformation for the probes, implying that target
interaction may release these probes away from the particles, as
the responsive conformation changes of the probes decrease
their affinity. Moreover, dissociation from the particles enables
the probes to freely participate in cyclic reactions and ordered
assembly, which are essential for nucleic acid amplification."
Motivated by this hypothesis, we develop a new HCR-based
ultrasensitive signal amplification strategy and in the present
study demonstrate its potential for fluorescence activation
imaging of mRNA expression in living cells, as shown in
Scheme 2. We choose survivin mRNA, a mRNA known to be

Scheme 2. Illustration of Intracellular HCR for mRNA
Detection”
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“Hybridization of mRNA target with probe H1 on DNA nano-
assembly yields a single-strand tail in H1, which then hybridizes with
probe H2 and restores a single-strand tail in H2 with the same
sequence of target. In this way a chain reaction of alternating
hybridization between HI and H2 was triggered, producing a chain-
like duplex assembly of HI and H2 that dissociates from the
nanoassembly and activates a FRET signal.

overexpressed in most cancers,'' as the model target. Two
hairpin-structured DNA probes H1 and H2 are designed, one
labeled with a fluorescence donor carboxyfluorescein (FAM)
and the other labeled with a fluorescence acceptor
tetramethylrhodamine (TMR). The loop regions of H1 and
H2 are flexible enough to synergistically interact with the
cationic surface, enabling H1 and H2 probes to be stably
assembled on the peptide-coated particles. This situation gives
very weak fluorescence signals for both fluorophores due to
efficient quenching by the core AuNPs.'> The presence of a
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mRNA target initializes the hybridization with H1 and
produces a single stranded tail in H1, which may dissociate
or increase the mobility of H1 on the particles, facilitating its
hybridization with H2 and restoring a single-strand tail in H2
with the same sequence of target. In this way, a chain reaction is
triggered for alternating hybridization between H1 and H2,
producing a chain-like assembly of H1 and H2.° The HCR
product has a rigid duplex conformation, which has decreased
affinity to the nanoassembly and thus dissociates from the
surface. The dissociated product also draws the fluorescence
donors and acceptors into close proximity, activating a Foster
resonant energy transfer (FRET) signal indicating target
mRNA expression. To our knowledge, this is the first time
that efficient intracellular signal amplification has been realized
in live cells using a specifically designed nucleic acid
nanoassembly. This DNA nanoassembly possesses a unique
structure with a cationic interlayer and a gold core, so it offers
high efficiency for cellular delivery and fluorescence quenching
of the nucleic acid probes. Moreover, the HCR amplification
offers very high sensitivity for intracellular detection and thus
creates a useful nanosensor platform in low-abundance
biomarker discovery and regulation for cell biology and
diagnostics.

B RESULTS AND DISCUSSION

Synthesis and Characterization of DNA Nanoassem-
bly. The electrostatically assembled DNA nanostructure was
readily synthesized using a two-step self-assembly procedure
using cetyltrimethylammonium bromide (CTAB) stabilized
AuNPs as the starting material. First, the peptide-coated AuNPs
were prepared via ligand exchange by incubating the cysteine-
terminated peptides with CTAB-stabilized AuNPs. Then, the
nucleic acid nanoassembly was directly obtained by incubating
peptide-coated AuNPs with two hairpin DNA probes H1 and
H2. This two-step self-assembly procedure allows a rapid (~4
h) synthesis of the nucleic acid nanostructure. Moreover, the
as-prepared nanoassembly was found to be dispersed very
stably in human serum and high salt (0.5 M NaCl) solutions
(Figure S1 in Supporting Information), indicating the
possibility of using this nanoassembly in complicated biological
systems.

The synthesis of the nanoassembly was characterized by
transmission electron microscope (TEM) using negative
staining (Figure 1 and Figure S2 in Supporting Information).
After displacement of CTAB by the cationic peptides, the
nanoassembly showed a very thin peptide coating (~3 nm) on
the gold core (~16 nm). The thickness of the peptide layer was
close to the contour length (~3.4 nm) for the peptide (0.38 nm
per animo acid).'® After electrostatic assembly of the DNA
probes, the nanoassembly gave a typical image for a core—shell
structure with a shell thickness ~6 nm. Dynamic light scattering
(DLS) analysis showed stepwise increases of the average
hydrodynamic diameters from ~17 to ~24 nm and up to ~65
nm during the two-step assembly processes. Zeta potential
measurements revealed remarkable alterations of surface
charges during the synthesis and manifested a highly negatively
charged surface for the DNA nanoassembly. These results gave
clear evidence for the successful two-step self-assembly
synthesis of the nanoassembly. The loadings of the cationic
peptides and the DNA probes on AuNPs were estimated to be
~796 + 26 molecules and ~42 + 5 molecules per particle,
respectively, via decomposition of the AuNP cores using
KCN.'"* The loading of peptides was consistent with those
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Figure 1. (a) TEM images, (b) DLS analysis, (c) zeta potential
analysis for CTAB-coated AuNPs, peptide-coated AuNPs, and DNA
nanoassembly.

previously reported for peptide-modified AuNPs,"® indicators
of a compactly packed peptide interlayer that was ascribed to
the hydrophobic side-chain interactions.® The loading of DNA
probes was slightly lower but in the same order of magnitude
for SNA,'® suggesting the capacity of the electrostatic
assembled DNA nanostructure for high-loading intracellular
delivery of nucleic acid reagents. Moreover, the nanoassembly
displayed a weak fluorescence signal in the wavelength range of
500—600 nm with estimated fluorescence quenching efficien-
cies of ~94% and 91%, respectively, for FAM and TMR (Figure
$3 in Supporting Information). According to the SET model,'”
the distance from the AuNP surface to the FAM labeling site
(stem region of the hairpin probe) was calculated to be ~3.6
nm. Such a small distance suggested that electrostatic assembly
was stable enough to retain the DNA probes in a lying-down
conformation on the cationic surface.

In Vitro Response of DNA Nanoassembly. Because of
the FRET-based design and the activation of both of the
fluorescence donor and acceptor, the HCR-based nanosensor
strategy showed a particular fluorescence response for in vitro
detection of a synthetic RNA target (Figure 2a). The
nanoassembly merely displayed very weak fluorescence at
both emission peaks of FAM and TMR, validating the high
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Figure 2. (a) Fluorescence spectral responses obtained by incubating
nanoassembly carrying H1 and H2 with target RNA (brown), 10%
bovine serum (red), C166 cell lysate (blue), nonhomologous RNA
(green), and assay buffer (pink) as well as incubating nanoassembly
carrying H3 and H4 with target RNA (black). (b) Fluorescence
spectral responses to RNA target of varying concentrations.
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quenching efficiencies for these fluorophores by AuNPs. In the
presence of 100 nM target RNA, an intense peak was obtained
at 582 nm on excitation at 488 nm, indicating an efficient FRET
from FAM to TMR. The fluorescence peak for FAM also
exhibited a substantial increase, which was attributed to the fact
that in the HCR product TMR showed lower quenching
efficiency for FAM, while in the nanoassembly AuNPs had
higher quenching efficiency for FAM. The peak for TMR gave a
very high signal-to-background ratio of ~13.9-fold in response
to 100 nM RNA target, while the peak for FAM showed a
relatively smaller signal-to-background ratio of ~4.5-fold. In
contrast, no appreciable fluorescence enhancement appeared in
response to a nonhomologous RNA (a synthetic RNA with the
most similar sequence to target RNA in human tralnscripts).18 A
control experiment with a nanoassembly carrying two different
hairpin probes H3 and H4 also did not give an activated
fluorescence response to target RNA. These results testified
that the nanosensor strategy was selective to the HCR reaction
between target RNA and its specific hairpin probes. On the
other hand, the nanosensor was found to only display marginal
fluorescence activation when incubated with a lysate for C166
cells, which had no expression of target mRNA." This finding
manifested that the nanosensor was able to offer high selectivity
for target RNA detection in cells. In a cell growth medium
containing 10% bovine serum, we observed that the near-
excitation region (<575 nm) showed an appreciable fluo-
rescence increase, but the FRET signal obtained at the emission
peak of TMR (582 nm) did not display remarkable
fluorescence activation. Such a fluorescence response was
ascribed to the autofluorescence background of the serum
matrix. This result revealed that, by taking advantage of the
long Stokes shift for the FRET signal, we were able to eliminate
the interferences from autofluorescence of biological matrices.

Gel electrophoresis analysis revealed that many bright bands
with a maximum size over 5000 base-pairs were obtained for
incubating target RNA with two DNA probes H1 and H2 or
with the nanoassembly carrying both H1 and H2 (Figure S4 in
Supporting Information). These bands evidenced the formation
of chain-like duplex assemblies consisting of hundreds of H1
and H2, indicating the potential of the HCR reactions for
>100-fold signal amplification in target detection. A control
experiment using nonhomologous RNA did not yield a band
with large molecular weight. These results evidenced the
success of HCR between the nanoassembly and target RNA
and verified its specificity. In addition, we found that no bright
bands were obtained for the nanoassembly solution unless it
was incubated target RNA. This finding verified the stable
adsorption of DNA probes on the particle surface and the
dissociation of HCR products away from the nanoassembly,
which gave a clear evidence for the response mechanism of
HCR-based nanosensor strategy.

A close inspection was performed using nanoassembly
merely carrying probe L1, a linear and truncated version of
H1 (Figure SS in Supporting Information). Incubation of this
Ll-carrying nanoassembly with 100 nM RNA target gave a
strong fluorescence peak, indicating the dissociation of probe
L1 after it formed a duplex with target RNA. This finding
manifested that duplex conformation had decreased affinity and
tended to dissociate from the nanoassembly. Further experi-
ment by incubating 1 nM RNA target with the Ll-carrying
nanoassembly showed much smaller fluorescence signal than
that obtained with the nanoassembly carrying H1 and H2.
These data confirmed efficient signal amplification for our
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nanoassembly-based HCR method. Other experiments by using
nanoassembly merely carrying H1 or H2 revealed that
hybridization of RNA target with H1 could cause dissociation
of H1 from the surface but had no effect on H2 on the
nanoassembly. The dissociation of H1 was also attributed to the
formation of a duplex conformation with target RNA. This
result gave clear evidence for the dissociation of the HCR
product from the nanoassembly, verifying the fluorescence
activation mechanism for our nanoassembly-based HCR
method.

The nanosensor showed fluorescence activation signals
dynamically correlated to the concentrations of target RNA
through a five-decade range from 1 pM to 100 nM (Figure 2b).
A quasi-linear correlation was obtained for the peak intensities
at 582 nm to the target RNA concentrations (logarithmic scale)
in the range from 1 pM to 1 nM with an estimated detection
limit as low as 0.5 pM (Figure S6 in Supporting Information).
Assuming a typical diameter of ~10 ym for human cells,** such
a detection limit actually meant <1 molecule in a cell. This
result suggested that the developed nanosensor held the
potential for highly sensitive analysis, which might realize
detection of a single molecule in a single cell.

In addition, we found that the nanoassembly-based HCR
strategy gave much faster kinetics than the standard HCR
(Figure S7 in Supporting Information), indicating an improved
speed for the developed assay. Presumably, such a faster
kinetics was ascribed to possible adsorption of the intermediate
product on the nanoparticle surface through its single-strand
tail, which might facilitate its hybridization with probes
adsorbed on the same particle and thus accelerate the chain
reaction.

To apply the nanosensor strategy for mRNA detection in live
cells, the toxicity of the nanoassembly and the stability of DNA
probes against nuclease were major concerns. It was observed
that the nanoassembly only exhibited marginal toxicity to HeLa
cells at a concentration up to 200 sg mL™" with the cell viability
decreased by ~7% after 8 h incubation (Figure S8 in
Supporting Information). These data demonstrated the
excellent biocompatibility for the nanoassembly. Interestingly,
a thiolated quaternary ammonium compound was previously
reported for modification of gold nanorods with low toxicity
and efficient cell uptake.”’ Our design of using trimethylated
peptides for AuNPs’ modification might create a more low-toxic
and simple strategy because of its biological origin and common
availability from solid synthesis.

The designed DNA nanoassembly was also found to exhibit
resistance to degradation by nuclease such as DNase I (Figure
S9 in Supporting Information). Actually, there was no
substantial degradation for the DNA nanoassembly when
incubated with DNase I, and the initial degradation rate was
more than 10-fold slower than that for the corresponding DNA
probe. This improved nuclease resistance was attributed to the
too high steric hindrance for nuclease to interact the DNA,
which indicated a high-affinity electrostatic assembly of the
probes on the cationic surface. The enzyme—substrate
association constants K, were calculated to be 1.4 and 14.8
UM, respectively, while the maximum reaction velocity V..
were 0.45 and 0.04 nM s™', respectively, for the DNA probe
and the nanoassembly. These data implied that the improved
nuclease resistance originated from the remarkably decreased
enzyme-binding constant and hydrolysis rate for the nano-
assembly.”” The findings of biocompatibility and nuclease
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resistance of the nanoassembly, therefore, supported its
potential for biomedical applications.

Cellular Uptake and Localization of DNA Nano-
assembly. Further investigation of cellular uptake of the
nanoassembly in HeLa cells was performed using dark-field
resonant light scattering imaging (Figure S10 in Supporting
Information). The dark-field microscopy image showed a
crowd of bright spots with typical cytosolic localization when
cells incubated with the nanoassembly at 37 °C for 1 h. These
bright spots were ascribed to the nanoassembly or its
aggregates,” evidencing rapid and efficient internalization of
the nanoassembly into the cells. Surprisingly, for cells incubated
with the nanoassembly for 1 h at 4 °C, we also observed lots of
bright spots in the dark-field image. This temperature-
independent internalization suggested that intracellular uptake
of the nanoassembly did not involve the endocytic pathway.”*
Another experiment by pretreating the cells with NaNj, an
inhibitor for ATPase involved in all energy-dependent
endocytic pathways,>® also showed no reduced uptake for the
nanoassembly. This finding gave additional evidence that
cellular internalization process of the nanoassembly was
independent of normal endocytosis.

A further experiment using single-particle ICP-MS detec-
tion®® revealed that there was no substantial difference in the
concentrations for AuNPs in the cells, regardless of the
incubation temperatures of 37 or 4 °C or the pretreatment with
NaN, (Figure S11 in Supporting Information). These data
confirmed that the nanoassembly transported across the plasma
membrane without being endocytosed. This endocytosis-
independent mechanism was very attractive, because it
conferred an advantage over routine nanoparticle delivery
systems in overcoming insufficient endosomal escape and
subsequent lysosomal degradation. To our knowledge, similar
cellular internalization behavior had been merely described for
cell penetrating peptides, but very rarely reported for
nanoparticles.”” In addition, the concentrations for AuNPs in
these cells were estimate to be ~4.2 X 10° particles per cell.
Such a high cytosolic concentration suggested a high
internalization efficiency of the nanoassembly in living cells,
implying its potential for live cell detection and theranostics.
Furthermore, TEM imaging of microtomed cross sections (~75
nm thickness) of the cells was performed to show a more
precise localization of the nanoassembly (Figure S12 in
Supporting Information). It was observed that most of
nanoparticles were localized outside the lysosomes in the cell
cross sections, which were consistent with the endocytosis-
independent mechanism for cellular uptake of the nano-
assembly.

Live Cell Imaging of mRNA with DNA Nanoassembly.
The in vitro response and efficient cytosolic delivery of the
nanoassembly provided us the possibility for ultrasensitive
imaging of mRNA expression in living cells (Figure 3). When
HeLa cells incubated with the nanoassembly carrying probes
H1 and H2, we obtained very bright and faint fluorescence
images, respectively, at the orange (575—610 nm) and the
green (510—550 nm) channels with clear cytosolic localization
under the excitation at 488 nm. The activation of an intense
FRET signal at the orange channel suggested the formation of
chain-like assemblies of H1 and H2, a direct evidence for the
successful realization of HCR and the expression of target
mRNA in the cells. The weak green image was attributed to
slightly enhanced fluorescence for the FAM labels, because in
the HCR product TMR showed lower quenching efficiency for
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FRET toTAM

Figure 3. Fluorescence images for cells. (a) HeLa cells incubated with
nanoassembly carrying HI and H2, (b) C166 cells incubated with
nanoassembly carrying H1 and H2, (c) HeLa cells incubated with
nanoassembly carrying L1, and (d) HeLa cells incubated with
nanoassembly carrying H1 and HS.

FAM, while in the nanoassembly AuNPs had higher quenching
efficiency for FAM. A control experiment using C166 cells with
no expression of target mRNA'® revealed that there was no
fluorescence activation after incubation with the nanoassembly
carrying probes H1 and H2. This observation manifested the
specificity of the HCR-based strategy for target mRNA imaging.
On the other hand, incubation of HeLa cells with a
nanoassembly merely carrying probe L1, a linear and truncated
version of H1, gave a low-contrast green fluorescence image.
Note that L1 formed a duplex conformation with target mRNA
and gave a response correlated to target concentration. Thus,
this result indeed indicated a much lower fluorescence signal in
the absence of HCR amplification. To provide direct evidence
for sensitivity enhancement of the HCR-based strategy, we then
performed an additional experiment by incubating HeLa cells
with a nanoassembly carrying probe HI1 as well as HS, a
nonlabeled version of H2. As anticipated, we achieved a very
bright fluorescence image at the green channel, which was
much more intense than that obtained only with probe L1. This
finding verified substantial sensitivity enhancement for the
developed HCR-based strategy for live cell imaging. Further
inspection using flow cytometry also confirmed that the HCR-
based strategy offered remarkable enhancement in sensitivity
for fluorescence detection of living cells (Figure S13 in
Supporting Information). In addition, further control experi-
ments using nanoassembly merely carrying H1 showed a low-
contrast green image, indicating possible dissociation of the
hybridization product between H1 and target mRNA. No
fluorescence signal was obtained for cells incubated with
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nanoassembly merely carrying H2. These results gave further
evidence for the specificity of the FRET signal to HCR reaction
(Figure S14 in Supporting Information). A colocalization study
of the fluorescence signals revealed that the HCR product
exhibited typically cytosolic localization outside the lysosomes,
further verifying the endocytosis-independent mechanism for
cellular uptake of the nanoassembly (Figure S15 in Supporting
Information). An additional gel electrophoresis analysis showed
that HCR products with large molecule weights were obtained
from cytoplasm extracts of the cells incubated with nano-
assembly carrying H1 and H2. This finding confirmed the
successful realization of HCR in living cells using the
nanoassembly, implying its potential for efficient signal
amplification (Figure S16 in Supporting Information).

Next, the potential of the developed strategy for quantitative
evaluation of the mRNA expression in living cells was explored.
It was found that, after HeLa cells treated with increasing
concentrations of YMISS, an imidazolium-based compound
specifically repressing survivin mRNA expression,”® the cells
displayed fluorescence images with decreased brightness
(Figure 4). This result suggested that YMI1SS was a potent

1.2 nM YM155

0 nM YM155

2.5 nM YM155

Figure 4. Fluorescence images for Hela cells treated with varying
concentrations of a survivin expression repressor YM155 followed by
incubation with the nanoassembly. (a) Orange fluorescence, (b)
merged fluorescence, and differential interference contrast image.

suppressant for survivin mRNA expression, and the mRNA was
down-regulated significantly in a manner dependent upon the
dose of YMISS. A further analysis for quantification of the
intracellular mRNA using a large pool of cells was performed by
fluorescence imaging, flow cytometry, and real-time reverse
transcription polymerase chain reaction (RT-PCR) (Figures
S17—S19 in Supporting Information). The results revealed that
the developed strategy was able to give fluorescence signals
dynamically correlated to the expression level of target mRNA,
confirming that this strategy had the potential for quantifying
mRNA expression in living cells.

On the other hand, the relative expression levels of the
mRNA in different cell lines, MCF-10A, MCEFE-7, and SKBR-3
cells, were also determined using the developed strategy
(Figure 5). We obtained fluorescence images of varying
brightness in different cells, and SKBR-3 cells showed the
highest expression of survivin mRNA, while MCF-10 had the
lowest expression. This result was consistent with previous
report for the relative expression levels of survivin mRNA.>
Moreover, the images showed fluorescence brightness dynam-
ically correlated to the relative concentrations of target mRNA
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MCF-10A

MCF-7
a)

Figure S. Fluorescence images for different cells incubated with the
nanoassembly. (a) Orange fluorescence, (b) merged fluorescence, and
differential interference contrast image.

in these cells analyzed by RT-PCR (Figure S20 in Supporting
Information). Such concentration-dependent fluorescence
image responses to target mRNA implies the potential of the
HCR-based strategy for quantitative imaging of target mRNA
in living cells.

H CONCLUSION

We have developed a novel electrostatically assembled nucleic
acid nanostructure that, for the first time, realizes HCR in living
cells. This intracellular HCR strategy creates enormous signal
amplification and, thus, enables ultrasensitive fluorescence
activation imaging of mRNA expression with a detection limit
close to single molecule per cell. This specifically designed
nucleic acid nanoassembly can be prepared easily and rapidly
through a two-step assembly process. It is demonstrated to
exhibit excellent biocompatibility and high resistance to DNase-
mediated degradation. Because of its unique structure with a
cationic peptide interlayer and electrostatically assembled DNA
shell, the nucleic acid nanoassembly offers high efficiency for
cellular delivery and fluorescence quenching of the nucleic acid
probes. It is shown to facilitate highly efficient cellular delivery
of DNA probes via a unique endocytosis-independent
mechanism that confers an advantage in overcoming endo-
somal entrapment. Moreover, live cell assays reveal that the
developed strategy is very selective to target mRNA and has the
potential for quantitative imaging of mRNA expression. In
virtue of these advantages, the nanoassembly might provide an
invaluable platform in low-abundance biomarker discovery and
regulation for cell biology and theranostics.

B EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate (III) (HAuCl,-4H,0,
99.99%), sodium azide (NaNj;), hexadecyltrimethylammonium bro-
mide (CTAB), phosphotungstic acid, and survivin expression repressor
YM1SS were purchased from Sigma-Aldrich (St. Louis, USA). HelLa
cells (human cervical carcinoma cell line) and C166 cells (mouse
endothelial cell line) were obtained from the cell bank of Central
Laboratory at Xiangya Hospital (Changsha, China). MCF-7 (human
breast adenocarcinoma cell line), MCF-10A cells (immortalized
nontumorigenic human mammary epithelial cell line), and SKBR-3
cells (human breast cancer cell line) were purchased from Cell Bank of
the Committee on Type Culture Collection of Chinese Academy of
Sciences (Beijing, China). Cell culture media was obtained from
Thermo Scientific HyClone (MA, USA). CellTiter96 AQueous One
Solution Cell Proliferation Assay kit was purchased from Promega
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(Madison, WI). TRAPeze 1X CHAPS Lysis Buffer was purchased
from Millipore (Billerica, MA). All other chemicals were of analytical
grade and obtained from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). All solutions were prepared uBillerica, MA) with an
electric resistance >18.3 MQ. The peptide CAAAAAAAK(ME); (N-
to-C direction) with C-terminal amidation was chemically synthesized
by a solid-phase method from China Scilight Biotechnology Co. (95%
purity). Oligonucleotides used in this work were synthesized from
Takara Biotechnology Co. Ltd. (Dalian, China). Thermodynamic
parameters of oligonucleotides were calculated using bioinformatics
software (http://www.bioinfo.rpi.edu/applications/). Sequences of the
synthesized oligonucleotides are given in Supporting Information
Table SI.

Synthesis of DNA Nanoassembly. The peptide-modified AuNP
was prepared by adding dropwise 30 uL of 1 mM peptide solution in
2.5 mL of 3 nM CTAB-stabilized AuNPs (~17 nm). The resulting
mixture was gently stirred for 3 h followed by centrifuging twice at
15,000 rpm for 10 min to remove excessive unbound peptide. The
sediments were redispersed in 2.5 mL sterile ultrapure water. The final
concentration of peptide-modified AuNPs was estimated to be ~3 nM,
assuming that there was only a negligible loss during the peptide
modification processes.

The DNA nanoassembly was prepared by mixing 25 uL of 10 uM
probe H1 and 25 uL 10 uM probe H2 solution with 1 mL of 3 nM
peptide-modified AuNPs followed by vortex agitating at room
temperature for 30 min. The mixture was centrifuged twice at
15,000 rpm for 10 min to remove excessive DNA probes. The
nanoassembly sediments were resuspended in 1 mL phosphate buffer
saline (PBS, pH 7.4) containing 10 mM phosphate, 2.7 mM KCl, 137
mM NaCl, and S mM MgCl,. The final concentration of DNA
nanoassembly was estimated to be ~9 nM, assuming that there was
only a negligible loss during the synthesis.

in Vitro Detection of RNA Target. In 100 pL of 3 nM
nanoassembly solution, 20 yL sample of a given concentration of
target RNA was added followed by incubation at 37 °C for 3 h. The
resulting mixture was immediately subjected to fluorescence measure-
ments. Fluorescence spectra were recorded using an F-7000
spectrofluorometer (Hitachi, Japan) with excitation at 488 nm. The
slit was set to be S nm for both the excitation and the emission.

The control bovine serum sample was obtained by diluting fetal
bovine serum by 10-fold with PBS. The control cell lysate sample was
obtained by mixing 10° C166 cells with TRAPeze 1X CHAPS Lysis
Buffer, followed by incubation on ice for 30 min and collection of the
supernatant after centrifuging at 14,000 g for 10 min at 4 °C.

Cell Culture and Optical Imaging. HeLa cells and MCF-7 cells
were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 100 U mL™" penicillin, and 100 U mL™" streptomycin.
MCEF-10A cells were grown in Dulbecco’s-modified Eagles medium
(DMEM) containing 100 ng mL™" cholera toxin supplemented with
10% fetal bovine serum, 100 U mL™! penicillin, and 100 U mL™!
streptomycin. SKBR-3 cells were grown in McCoy’s SA medium
(modified with tricine) supplemented with 10% heat-inactivated fetal
bovine serum. C166 cells were incubated in DMEM supplemented
with 10% fetal bovine serum. All cell lines were maintained at 37 °C in
a 100% humidified atmosphere containing 5% CO,. The cell density
was determined using a TC20 automated cell counter (BIO-RAD,
USA).

Fluorescence imaging of cells was performed as follows: Cells were
plated on a 35 mm Petri dish with 10 mm well in 2 mL culture
medium at 37 °C for 24 h, then incubated with 1 mL culture medium
containing 0.3 nM nanoassembly at 37 °C for 3 h. After washing three
times with cold PBS, the cells were incubated with 1 mL fresh medium
at 37 °C before imaging. The experiments in which survivin mRNA
expression was downregulated were performed as follows: HeLa cells,
plated on a 35 mm Petri dish after 24 h incubation, were first
pretreated at 37 °C for 48 h with 1 mL culture medium containing
YMISS of a given concentration. Then, the cells were washed and
incubated with 1 mL culture medium containing 0.3 nM nanoassembly
at 37 °C for 3 h followed by incubation with 1 mL fresh medium at 37
°C before imaging.
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Fluorescence imaging of intracellular localization for the nano-
assembly was performed as follows: Cells plated on a 35 mm Petri dish
were incubated with 1 mL culture medium containing 0.3 nM
nanoassembly at 37 °C for 3 h. After washing three times with cold
PBS, the cells were incubated with fresh RPMI 1640 medium
containing 25 nM Lysosome traker (Lyso@tracker green) for 1S min
followed by imaging.

Dark-field microscopy image for cellular uptake of DNA nano-
assembly was performed as follows: Cells were grown on glass
coverslips placed at the bottom of 6-well tissue culture plates at 37 °C
for 24 h and then incubated with 1 mL culture medium containing 0.3
nM nanoassembly at 37 °C for 1 h. The coverslips were taken out and
washed three times with cold PBS before imaging. For cellular uptake
experiment at 4 °C, cells grown on glass coverslips were first incubated
at 4 °C for 0.5 h and then grown in 1 mL culture medium containing
0.3 nM nanoassembly at 4 °C for 1 h followed by imaging. For cellular
uptake experiment in the presence of NaNj, cells grown on glass
coverslips were first pretreated at 37 °C for 1 h with 1 mL culture
medium containing 1% NaNj; and then incubated with 1 mL culture
medium containing 0.3 nM nanoassembly and 1% NaNj at 37 °C for 1
h followed by imaging.

All fluorescence images were acquired using an oil dipping objective
(100x , 125 NA) on a confocal laser scanning fluorescence
microscope setup consisting of an Olympus LX 81 inverted
microscope with an Olympus FV1000 confocal scanning system. A
488 nm laser was used as the excitation source, and emission was
collected using a 100 pm pinhole at two separate channels, green
(510-550 nm) and red (575—610 nm).

Dark-field microscopy images were acquired on an upright optical
microscope Nikon 80i (Japan). White light from the halogen lamp was
focused onto the sample obliquely via an oil immersion dark-field
condenser (NA 1.43—1.20). Scattered light from the nanoassembly
was collected using a 60X objective and then captured using a color
CCD camera (DP72, Olympus).
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