Nature-Inspired DNA Nanosensor for
Real-Time in Situ Detection of mRNA
in Living Cells

Chor Yong Tay, Liang Yuan, and David Tai Leong™

Department of Chemical and Biomolecular Engineering, National University of Singapore, 4 Engineering Drive 4, 117585 Singapore, Singapore

ABSTRACT Rapid and precise in situ detection of gene expressions within a Nano-sensor Target mRNA

single cell is highly informative and offers valuable insights into its state. Detecting
mRNA within single cells in real time and nondestructively remains an important
challenge. Using DNA nanotechnology and inspired by nature's many examples of

Nano-shell

“protective-yet-accessible” exoskeletons, we designed our mRNA nanosensor,

nano-snail-inspired nucleic acid locator (nano-SNEL), to illustrate these elements.

Snail inspired functional

The design of the nano-SNEL is composed of a sensory molecular beacon module to DNA
nanosensor

detect mRNA and a DNA nanoshell component, mimicking the functional anatomy

of a snail. Accurate and sensitive visualization of mRNA is achieved by the exceptional protection conferred by the nanoshell to the sensory component from
nucleases-mediated degradation by approximately 9—25-fold compared to its unprotected counterpart. Our nano-SNEL design strategy improved cell
internalization is a demonstration of accurate, dynamic spatiotemporal resolved detection of RNA transcripts in living cells.
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etection of intracellular elementary

biomolecules such as proteins and

nucleic acids in living cells, forms
the foundational tenets of advancing our
understanding in many aspects of cell biol-
ogy, disease pathophysiology, drug discov-
ery, medical diagnostics, and therapeutic
applications.' ® Key to the successful and
effective monitoring of single-cell dynamics
is the development of quantitative and
ultrasensitive imaging based detection of
related biomarkers with specific recognition
of targets in living cells. It is known that the
cell fate, function, and phenotype are signifi-
cantly dictated through the spatiotemporal
control of messenger ribonucleic acid (mRNA)
expression. Presently, several techniques for
detecting mRNAs are available, which include
in situ hybridization*> and polymerase chain
reaction (PCR).>” However, these single-point
and end-point techniques require the killing
of the cells and are thus unable to capture the
expression of mRNA in real time and real
locality and high precision. More importantly,
there is a seismic shift from total popula-
tion gene expression measurements toward
single-cell profiling. For example, this single-
cell profiling is important in cancer, as the
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cancer tissue is complex and heterogeneous,
consisting of cells of diverse genetic makeup.
Working with the entire cancer tissue could
provide only a population average of RNA
expression and totally misses the important
gene expression differences that occur in
small subpopulations of cells or even single
cells. The diversity thus gets drowned out in
the sea of averaged noise. Even the cell-
destructive RNA sequencing platform applied
to single cells further supports our point of
the need to investigate at the single-cell level.
Genetically identical cells under the same
situation may also exhibit diversified pheno-
types due to the inherent stochasticity in gene
expression.® To address these challenges,
there has been growing interest in the devel-
opment of optical probes for imaging RNA
expression in live cells with high spatiotem-
poral resolution and at the single-cell level.
The use of molecular beacons (MBs) as an
RNA sensor in a purified RNA environment,
devoid of any other components except for
nucleic acids, offers several advantages such
as the possibility of detecting targets without
the need to separate the bound and an
excess of unbound probes and their rela-
tively high signal-to-background ratio.'®~"2
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Figure 1. Design and working principle of nano-SNEL. (a) Image of the Asian tramp snail (Bradybaena similaris) that shows the
typical anatomy of the gastropoda species, comprising a shell that is meant to provide essential protection from the harsh
environment and whose movement is guided by the sensory organs. (b) Two-step synthesis scheme employed to construct
nano-SNEL. The nanosensor (MB) is chemically conjugated to a pyramidal-shaped nanoshell that was designed to facilitate
cellular entry and protect the sensor from nondiscriminatory digestion, which could lead to false negatives.

Obviously, a purified RNA environment would destroy
the cell whose gene expression is what the MB is trying
to probe. However, when applied for real-time detec-
tion of mRNA in intracellular environments, their usage
is still hindered by some limitations including (a) the
inability to pass through the cell membrane effectively
and (b) nonspecific degradation of MB by intracellular
enzymes such as DNase, which can lead to false
positive signals.'®'* To circumvent these drawbacks,
the probe should therefore be protected from any
potential unintended chemical change in the cytosol
and yet be accessible to the mRNA of interest. Con-
ventional approaches to protect the sensor with a
physical barrier though conceptually sound may hin-
der the target molecules from reaching the sensor,
leading to low signal gain and a drastic decrease in its
sensing efficacy. So we reasoned that if we could strike
the right balance between protecting the sensor and
allowing it to bind freely to the RNA of interest and
to facilitate its entry into the cell in the first place for
any real-time and nondestructive detection of mRNA
to occur, we might solve this important problem of
detecting mRNA in the cell without destroying the cell.

The recent emergence of several bioinspired sys-
tems to sense biological molecules prompted us to
turn to nature for inspiration.'>'® Fortunately, nature
has provided numerous simple yet elegant engineer-
ing solutions to this paradox as observed in numerous
organisms such as the snail, which utilizes a “protective-
yet-accessible” concept. For instance, snails' shells
protect them from the harsh environment. When
threatened, the soft body of the snail retracts into the
protective shell. By integrating this biological system de-
sign concept using DNA nanotechnology,'®~2* we show
that it is possible to construct a complex yet predictable
DNA nanodevice to visualize targeted RNA in living cells.

In this study, inspired by the structural composition
of the snail (Figure 1a), we designed a DNA-based
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MRNA nanosensor, termed nano-snail-inspired nucleic
acid locator (nano-SNEL). Nano-SNEL was formed by
conjugating a glyceraldehyde 3-phosphate dehydrogen-
ase (GAPDH)-specific MB with a DNA-based nanoshell to
provide both in silico and in vitro semiquantification
measurement of GAPDH mRNA transcripts in living cells.
We showed that nano-SNEL could synergistically present
itself as an excellent intracellular probe, without inter-
fering with either specific targeting by or hybridization-
induced fluorescence of the beacon probes. Using
human colorectal cell lines as in vitro models, nano-SNEL
was shown to be noncytotoxic, display an innate ability
to transfect the cells, and highly stable against non-
specific enzymatic degradation, which further decreases
the likelihood of generating false positive signals. Con-
sequently, when the cells were treated with nano-SNEL,
robust in situ hybridized MB signals were attained and
the associated intracellular spatial distribution could be
mapped. The devised bioinspired nano-SNEL hybrid
functional nanostructure is a highly stable and effective
platform for the rapid detection of mRNA expression in
living cells with a high level of specificity and at nano-
molar sensitivity.

RESULTS AND DISCUSSION

Design of Snail-Inspired DNA-Based mRNA Sensor. Nano-
SNEL is made up of two main components: (i) nano-
sensor and (i) nanoshell (Figure 1b). The MB sensory
apparatus is based on a fluorophore—quencher pair
held close together by a complementary neck of a
DNA hairpin. When hybridized with the complemen-
tary RNA target, the fluorophore separates from the
quencher to generate an intense fluorescence signal.
However, without protection, the sensor could gener-
ate false positive signals due to nonspecific degrada-
tion and interactions. To protect the DNA sensor,
we hypothesized that attaching an additional DNA
nanoshell?> 2% to the sensor could shield the sensor
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Figure 2. Characterization and in silico performance of nano-SNEL. (a) PAGE analysis showed reduced electrophoretic
mobility of the nano-SNEL compared to the empty nanoshell counterpart. (b) DLS measurement revealed that the nano-SNEL
has a mean hydrodynamic diameter of approximately 14 nm. (c) Complementary gene target specificity of nano-SNEL was
validated by measuring the fluorescence enhancement upon hybridizing with the GAPDH-cDNA and scrambled form of the
complementary target. Background fluorescence was established with a phosphate-buffered saline (PBS) solution. (d) The
relative fluorescence intensity, AF = (F — Fo)/Fo, measures the fold change in fluorescence intensity after hybridization with
GAPDH-cDNA has occurred. F and F, were the fluorescence signals produced by the nanosensor measured with and without
the complementary target. A linear relationship between AF and GAPDH-cDNA concentration (log scale) from 1 to 500 nM
was observed. (e) In silico RNA detection of GAPDH transcript was also demonstrated with human SW480 colon
adenocarcinoma derived total RNA samples. All data represent mean + standard deviation from three replicates. * denotes

statistical significance compared to the samples without the addition of complementary target. *p < 0.05.

from degradation, just like how the shell protects
the snail body. Unlike other conventional nanocarriers,
the nanoshell is unique because it is an “open” archi-
tecture, whereby the bioactive agents are exposed to
a certain degree to target mRNA, yet being protected
by virtue of its unique 3D nanoarchitecture against
enzymatic breakdown.?’?® Furthermore, these DNA
nanostructures have high cell-uptake efficiencies.?*>°
The nanoshell was self-assembled from single-stranded
DNA oligomers (P1—P4), averaging 55—65 base pairs
(bp) each (see Supporting Information, Table S1).
Characterization and Validation of Nano-SNEL to Detect
GAPDH mRNA Transcripts. Successful formation of the
nanoshell was validated by use of polyacrylamide gel
electrophoresis (PAGE) (see Supporting Information,
Figure S1). Conjugation of the sensor to the DNA
nanoshell was reflected with an almost 2-fold increase
in the proportion of N—C(=0)—C species using X-ray
photoelectron spectroscopy (Figure S2) due to the
formation of amide bonds. Moreover, we observed a
significant reduction in the electrophoretic mobility of
the nano-SNEL compared to the DNA nanoshell alone
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(Figure 2a), which could be attributed to the increased
molecular mass and more complex spatial structure
of the nano-SNEL. Dynamic light scattering (DLS) mea-
surement revealed nano-SNEL has a mean hydrody-
namic diameter of approximately 14 nm (Figure 2b).
GAPDH mRNA was chosen as our target due to
its ubiquity and biological significance.®' As shown in
the Figure 2c inset, a fluorescence maximum at 564 nm
could be detected when the 19 bp synthetic GAPDH-
cDNA hybridized with the MB component of the nano-
SNEL. Furthermore, there is a lack of significant fluo-
rescence increment when the probes were incubated
with the scrambled form of GAPDH-cDNA, suggesting
that nano-SNEL is highly specific in recognizing the
intended target (Figure 2c). We also showed that the
MB sensor was stably attached to the DNA nanoshell
(Figure S3). We observed a gradual linear increase in
AF with increasing cDNA concentrations from 1 nM
to 500 nM (Figure 2d). The detection limit was 0.94 nM
for in silico GAPDH-cDNA sensing. Next, we used nano-
SNEL to measure total RNA samples isolated from
SW480 cells (Figure 2e). Negligible fluorescence signal
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Figure 3. Nano-SNEL exhibits protective effects to the MB against nuclease-mediated degradation. Nonspecific degradation
of the MB sensor may lead to the generation of no specific Cy3 fluorescence signal, even in the absence of complementary
target. Fluorescence—time graph depicting probe opening of the sensor due to (a—c) human DNase | and (d—f) Exo lll induced

degradation.

was detected in the total RNA, sensor, and nano-SNEL
groups without the complementary target. Conversely,
the nano-SNEL and sensor samples generated a signif-
icant increase in fluorescence signal when incubated
with the total RNA samples, suggesting that nano-SNEL
could detect mRNA target without any reverse tran-
scription reaction, an important point in any real-time
in-cell mRNA detection application.

Nano-SNEL Displays Excellent Enzymatic Resistance. It is
important to protect the sensor from both extracellular
and intracellular degradation during the perilous pas-
sage to the vicinity of target mRNA, as degradation
would produce false positives.3*** To examine the ability
of nano-SNEL to resist nuclease attack, the samples were
treated with 3U/mL of human deoxyribonuclease
(DNase) | and exonuclease Ill (Exo lll). DNase | is a potent
endonuclease capable of degrading both single- and
double-stranded DNA completely to yield 5'-phosphate-
terminated polynucleotides,** whereas Exo Ill facilitates
progressive removal of nucleotides from the 3’-hydro-
xyl-terminated ends of duplex DNA.3> Any digestion of
the sensor could be detected as spontaneous fluores-
cence, due to the physical separation of the fluorophore
(Cy3) from the quencher. Figure 3a—f shows the
fluorescence—time curves that are representative of
the degradation process. DNase | treatment caused the
“naked” sensor to degrade, as exemplified by a gradual
increase in Cy3 signal with increasing incubation time
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(Figure 3a). The fluorescence signal plateaus at around
40 min, corresponding to an approximately 6-fold in-
crease. The same but unassembled oligomers used to
construct the nanoshell offered little protection from
the nucleases (Figure 3b), indicative that increasing DNA
content alone did not confer any form of protection
to the sensor. In contrast, DNase | treatment did not
lead to any significant fluorescence enhancement in
the nano-SNEL sample (Figure 3c), suggesting that the
conjugated nanoshell is capable of protecting the sensor
from the nuclease. When the samples were treated with
Exo Il we again observed that the unprotected sensor
was susceptible to nuclease attack (Figure 3d,e). Yet, in
the nano-SNEL configuration, there is a substantial
improvement in terms of shielding the sensor from the
digestive effects of the Exo lll enzyme throughout the 1 h
treatment time (Figure 3f).

Probing deeper into the protective mechanism,
we monitored the structural integrity of the nano-SNEL
using PAGE. Samples were treated with either DNase |
or Exo lll at 37 °C and collected at predetermined time
points. With increasing incubation time with DNase |,
a gradual smearing of the bands could be detected,
indicative that the nano-SNEL component was being
degraded (Figure 4a). This suggests that the nanoshell
is playing a sacrificial role that shields the sensor from
the effects of DNase I. Compared to the unprotected
sensor, there is a substantial delay before any apparent

VOL.9 = NO.5 = 5609-5617 = 2015 ACS\[A

J

WL

N

Na

WWwWW.acsnano.org

5612



a
Time (min)
0 10 20 30 40 50 60
DNase | ' \
11 -
Exolll v

b Endonuclease

5 »3
3 S Exonuclease
5 ID
3 5 /ﬁo
8
< S
é 2Se e
:";.’-: E“dO“UC\e i >€
..‘i 3
28 5 & D
> Xo""clease ‘y:;;L
*. 5%
l'J &

Figure 4. Distinctive protective mechanism against endo and exo nuclease by nano-SNEL. (a) PAGE gel analysis of nuclease-
treated samples to examine the structural integrity of nano-SNEL. (b) Schematics to illustrate how endonuclease and
exonuclease cleave the phosphodiester bonds and the proposed protective mechanism conferred to the sensor by the nano-
SNEL. Our results suggest that the DNA shell can function like a nanoarmament to the sensor and/or provide steric hindrance,
protecting it from digestion and thus reduce the likelihood of generating false positive signals.

degradation of nano-SNEL that could be detected. This
phenomenon could be attributed to the enzymatic
resistant property that is intrinsic to the DNA nano-
shell,?”*% making DNA-based 3D complex nanostruc-
tures extremely useful as vehicles. Conversely, Exo Il
treatment has minimal degradation effects on the
nano-SNEL (Figure 4a, lower panel). Unlike DNase |,
which could bind randomly to the DNA, Exo Il exhibits
site-specific binding at the 3’ end to cleave the phos-
phodiester bond of DNA (Figure 4b). We reasoned that
the nanoshell was designed to adopt a “closed loop”
configuration, thus avoiding any free-hanging 3’ ter-
mini. As shown in Figure 3f, the presence of the nano-
shell, although reduced, could not entirely inhibit
Exo lll-mediated digestion of the sensor, suggesting
that a more subtle protective mechanism might be
at play. Since the sensor was anchored at the vertex
of the nanoshell (Figure 1b), its actual relative position
is in close proximity to the DNA nanoshell or even
inside the void of the shell, making it difficult for the
nucleases to access the MB sensor sufficiently to
degrade it. Such steric impediment is possible since
the exact position of the sensor is not spatially fixed.
Conceptually, the sensor is covalently tethered to the
shell, separated by a thymine-based nucleotide arm
that is 10 bp long. This is more than half the length
(17 bp) of the pyramidal strut, and thus the sensor
can move with certain degrees of freedom with the
nanoshell vertex as a pivot point. Collectively, we
show that the nanoshell could impart nuclease resis-
tance to the sensor, reminiscent of how the shell
protects the vulnerable snail from harsh environmen-
tal threats. (Figure 4b).

In Vitro Cellular Uptake and Biodistribution of DNA Nano-
structure. In order for the proposed nano-SNEL to be
effective as an intracellular mRNA sensor, there is a
need to determine the biocompatibility and subcellu-
lar distribution upon gaining entry into the cells. Inter-
nalization of nanoscale materials is a highly complex
process that is influenced by a plethora of factors
including particle size, surface chemistries, and cell
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types.3’~* Understanding the intracellular fate and
mechanisms of nano-SNEL will aid in rational future
design for more advanced applications. Using DLD-1
and SW480 human colon adenocarcinoma cells, we
observed that nano-SNEL was essentially noncytotoxic
and highly biocompatible for at least 24 h (Figure S4).
Next, the Cy3-tagged nanoshell was used as a surrogate
to determine the uptake and intracellular distribution of
the nano-SNEL. As shown in Figure 5a, cellular uptake
of the DNA nanostructure was drastically reduced at
4 °C as compared to 37 °C, regardless of the cell type.
This suggests that nano-SNEL uptake is most likely to
proceed via an energy-dependent process. Once inter-
nalized, nano-SNEL might be transported and degraded
in the lysosomes, thus missing the intended target
RNA." The fluorescent nanoshell was found to be dis-
tributed within the cytoplasm but not in the nucleus.
Low PCC and M1 and M2 (all <0.15) values suggest that
the majority of the internalized nanoshell did not reside
within the lysosomes (Figure 5b), making them suitable
as an intracellular mRNA sensor.

Application of Nano-SNEL to Image GAPDH mRNA Expression
in Living Cells. Next, we examined the capability of
the nano-SNEL to detect GAPDH mRNA expression in
both DLD-1 and SW480 cells. Within 1 h of incubation
with 2.5 nM nano-SNEL, fluorescence signals (GAPDH-
hybridized nano-SNEL) were readily visible in both cell
types (Figure 6¢ and f). Conversely, cells treated with
the “naked” sensor (Figure 6b and e) did not express
any red fluorescent signals. This could be attributed
to the sensor's inherent inability to penetrate into the
cells. Attachment of the nanoshell to the sensor greatly
enhanced cellular internalization. Furthermore, in agree-
ment with our colocalization studies, we noted that there
was no overlapping of hybridized nano-SNEL signal with
lysosomes. Previous studies have tried numerous meth-
ods such as reversible cell membrane permeabilization,**
microinjection,*> and electroporation® to deliver DNA
materials into the cells for real-time detection of the
mRNA target in living cells. The invasive nature of
such approaches also limited their applications in vivo.
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Figure 6. In vitro spatiotemporal mapping of GAPDH mRNA transcript in human colorectal adenocarcinoma cell lines.
Composite fluorescence and bright-field images of DLD-1 and SW480 cells costained for cell nucleus (blue) and acidic
lysosomal compartments (green). Untreated samples serve as negative control (a and d). Cells were treated with either
2.5 nM MB alone (b and e) or nano-SNEL (c and f). Detection of cytoplasmic GAPDH mRNA complementary target
in both cell types (red) could be observed only in the nano-SNEL-treated groups, while the MB-treated group did not
show any detection. In both MB and nano-SNEL treatment groups, there is no coaddition of any transfection reagent.
Scale bar = 10 um.

In contrast, our proposed platform offers unprecedented CONCLUSION

delivery of the mRNA sensor into the cells in a noninva- In summary, our results demonstrated the potential
sive manner. Our results are consistent with previous  of the devised snail-inspired nanosensor to detect and
studies that showed complex DNA-based nanostructures map the spatiotemporal distribution of mRNA tran-
possess the innate ability to cross the cell membrane and script in living cells. The concept of the nano-SNEL
have been exploited to deliver therapeutic agents such exploited the natural synergy between the nanosensor
as doxorubicin,*® cytosine-phosphate-guanosine (CpG) and nanoshell motifs to facilitate delivery of the nano-
oligonucleotide,*® actinomycin D,** and siRNA.*° SNEL into the cells, without the misleading issues of
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false positive signals due to enhanced resistance to
enzymatic degradation and avoiding the lysosomal
pathway. The four vertices of the DNA nanoshell are
simple but profoundly useful, as they can also allow
multiplexing of up to four different RNA sensors on the
same unit. This first generation of DNA nanosensors
based on the concept of protective-yet-accessible for
biosensing applications can be further improved to
have increased stability through using optical isomers

METHODS

Preparation of the Nano-SNEL. A two-step synthesis approach
was employed to synthesize the nano-SNEL. The first step entails
the formation of the DNA nanopyramidal shell. The nanoshell
was self-assembled according to previous reports.>>~2> Four
customized oligonucleotide strands (P1, P2, P3, and P4) were
diluted with TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) to a
common final concentration of 10 uM. The four oligonucleotide
solutions were then mixed in equimolar quantities in TM buffer
(20 mM Tris, 50 mM MgCl,, pH 8.0), heated to 95 °C for 2 min
using an MJ Mini Personal Thermal Cycler (Bio-Rad Laboratories
Ltd., Singapore), and then immediately cooled on ice for at
least 1 min. Next, to the as-synthesized nanoshell, the GAPDH
molecular beacon nanosensor was conjugated to the carboxyl-
functionalized P1 oligonucleotide at the 5’ terminus. The third
base from the 3’ end on the quencher arm of the sensor was
functionalized with a modified nucleotide dT-amine group
linked through a six-carbon spacer. Conjugation reaction
of the DNA nanoshell and GAPDH nanosensor was carried
out for 2 h at room temperature under continuous shaking in a
tube with a final volume of 400 uL containing equimolar
concentrations of the nanoshell and sensor (50 nM), 2 uM
1-ethyl-3-[3-(dimethylamino)propyllcarbodiimide hydrochloride
(EDQ) (freshly prepared), and 1x PBS (pH 7.4). The obtained
nano-SNEL complex was purified by centrifugation at 12000g for
5 min by using Thermo Scientific Pierce concentrators (MWCO-
30K, 0.5 mL). The nano-SNEL conjugate in this manner was
dispersed in 1x PBS (pH 7.4) and stored at 4 °C with a final
concentration of 200 nM.

Characterization of the Nano-SNEL. The nanoshell and nano-
SNEL were characterized using PAGE, DLS, and X-ray photo-
electron spectroscopy (XPS). PAGE gel analysis for the nanoshell
and nano-SNEL was conducted using a 12.5% or 10% non-
denaturing polyacrylamide gel in ice-cold 1x TBE (tris borate-
EDTA) buffer, respectively. The gels were run at a constant
voltage of 120 V for 2 h. DLS was employed to measure the
hydrodynamic size of the nano-SNEL. Briefly, 50 uL of nano-
SNEL solution (200 nM) was first centrifuged at high speed at
13000g for an hour at 4 °C, before the supernatant (35 ul) was
retrieved and the hydrodynamic diameter in ultrapure water
was determined using the Zetasizer Nano ZS (Malvern). For the
XPS analysis, the nano-SNEL (200 nM) samples were dropped
onto a glass slide and air-dried overnight, before the samples
were analyzed with the XPS (AXIS HIS, Kratos Analytical),
equipped with a mono Al Ko radiation source (hv = 1486.71
eV). The analysis was conducted with the following operating
parameters: 15 kV and 5 mA. The raw XPS signal was then
processed and deconvoluted with the XPSPEAK 4.1 software
using the C 1s peak (284.5 eV) as an internal control.

Detection of Complementary GAPDH Targets with Nano-SNEL. The
ability for the nano-SNEL to detect GAPDH mRNA targets was
determined using the Synergy H1 hybrid multimode microplate
reader (Bio-Tek). Cy3 fluorescence signal was determined with
an excitation and emission wavelength of 512 and 564 nm.
The concentration of the pristine sensor or nano-SNEL used for
the fluorescence studies was 10 nM in 1x PBS (pH 7.4), and
probe—target hybridization was detected in an excess amount
of synthetic complementary GAPDH strands (Table S1) or total
RNA that was isolated from SW480 cell lines, using the RNeasy
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of nucleotides.*” By incorporating stimuli-responsive
switches,?'*® one can give several levels of respon-
siveness and sophistication for more intricate bio-
applications in cancer, metabolic diseases, and stem
cell areas. Conceptually, we can now monitor any RNA
species, including viral RNA (e.g., Ebola, HIV, and dengue),
without any extensive processing steps (as compared to
classical gPCR), which could prove to be very important
in an epidemic situation.

mini kit (Qiagen). The fluorescence signal of the hybridized
sensor was recorded as the background signal.

Nuclease-Mediated Degradation of the Nano-SNEL. Digestion of the
GAPDH-sensor was probed using the Synergy H1 hybrid
multimode microplate reader (Bio-Tek) to detect genera-
tion of nonspecific Cy3 fluorescent signals. For both human
DNase | (Thermo Scientific) and exonuclease Ill (New England
Biolabs) digestion, a common concentration of 3U/mL was
used to digest 10 nM DNA samples in PBS. Cy3 signal was
monitored and recorded over a period of 1 h at 10 min
intervals at 37 °C. Solutions of digested mixtures were ana-
lyzed with PAGE using 12.5% gel, run at 150 V for 1 h in ice-cold
1x TBE buffer.

Cell Viability Assay. DLD-1 and SW480 human colorectal ade-
nocarcinoma cells (ATCC) were cultured at an initial seeding
density of 50000 cells/cm? in 24-well plates overnight in
Dulbecco's modified Eagle's media (DMEM; Gibco) supplemen-
ted with 10% fetal bovine serum (FBS, Thermo Scientific) and
1% penicillin and streptomycin solution (PAA Laboratories Inc.)
respectively. Thereafter, the cells were treated with varying
concentrations of nano-SNEL for 24 h and the cells were
harvested using trypsin. To differentiate the viable and nonvi-
able cells, the cells were stained with TALI Viability kit-Dead Cell
Green that is normally impermeable to viable cells but able to
stain the nucleus of dead cells green. Percentage of viable cells
was analyzed using the TALI image cytometer.

Cellular Uptake and Subcellular Distribution of Nano-SNEL. DLD-1
and SW480 cells were cultured overnight at an initial seeding
density of 50,000 cells/cm? in Dulbecco's Modified Eagle's
Media (DMEM; Gibco) supplemented with 10% FBS (Thermo
Scientific) and 1% penicillin and streptomycin solution (PAA
Laboratories Inc., USA), and cells were cultured under standard
culture conditions. Following this, the cell nucleus were labeled
with Hoechst 33342 fluorescent DNA dye (1 ug/mL) at 37 °C for
30 min, before the cells were treated with fluorescently labeled
DNA nanostructures, prepared using the Cy3-conjugated oligo-
nucleotide strand P1 during the formation of the nanoshell.
Cells were incubated with the fluorescent DNA nanostructure
for 2 h at either 4 or 37 °C. Samples were subsequently retrieved
and washed three times with PBS, and the fluorescence signals
were measured with the Cytation 3 multimode plate reader
(BioTek) with em 512/ex 564 and em 350/ex 420 to detect
the presence of the nano-SNEL and cell nucleus, respectively.
The fluorescence signal produced by the internalized nanosen-
sor was normalized to the number of cells (as indicated by the
Hoechst 33342 DNA dye signal) to reflect the overall uptake
of the nano-SNEL. To examine the subcellular localization of the
nano-SNEL, the cells were prelabeled with LysoTracker Green
DND-26 (Molecular Probes) for 30 min at a concentration of
75 nM at 37 °C, before incubating with the DNA samples for
a further 1 h. To visualize the Cy3-conjugated nanoshell or
hybridized nano-SNEL and lysosomes, high-resolution confocal
microscopic images were captured using a 60 oil immersion
objective lens on the Olympus FV100 confocal microscope and
processed using the Olympus Fluoview software. All images
were taken the same day using the same exposure and gain.
Computation of the colocalization parameters was done on the
Image)J platform via the “Just Another Colocalization” Plugin
(JACoP). Seventeen randomly selected cells were chosen to
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examine the degree of overlapping signals that were derived
from the lysosome and Cy3-conjugated nanoshell.

Statistical Analysis. All experiments were conducted in tripli-
cate. Data are mean = standard deviation. Statistical analysis was
performed using Original 9 (OriginLab). Experimental data were
subjected to Student's t test where applicable, and statistical
significance was ascertained at a confidence level of p < 0.05.
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