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ARTICLE INFO ABSTRACT

In the quest of greater sensitivity and specificity of diagnostic systems, one continually searches for alternative
DNA hybridization methods, enabling greater versatility and where possible field-enabled detection of target
analytes. We present, herein, a hybrid molecular self-assembled scaffolded DNA origami entity, intimately
immobilized via capture probes linked to aminopropyltriethoxysilane, onto a glass optical fiber end-face
transducer, thus producing a novel biosensor. Immobilized DNA nanorobots with a switchable flap can then be
actuated by a specific target DNA present in a sample, by exposing a hemin/G-quadruplex DNAzyme, which
then catalyzes the generation of chemiluminescence, once the specific fiber probes are immersed in a luminol-
based solution. Integrating organic nanorobots to inorganic fiber optics creates a hybrid system that we
demonstrate as a proof-of-principle can be utilized in specific DNA sequence detection. This system has
potential applications in a wide range of fields, including point-of-care diagnostics or cellular in vivo biosensing
when using ultrathin fiber optic probes for research purposes.
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1. Introduction

DNA origami technology enables increased control in self-assembly
of 2D (Endo et al., 2011; Kozyra et al., 2017; Marini et al., 2011;
Piantanida et al., 2015; Rothemund, 2006) and 3D nanoscale complex
structures (Andersen et al., 2009; Douglas et al., 2009, 2012; Schiiller
et al., 2011; Torelli et al., 2014; Zadegan et al., 2012) of purpose
designed shaped nanomaterials exhibiting high precision and specifi-
city (Torring et al., 2011). The method uses hundreds of short
oligonucleotide ‘staple’ strands to direct the folding of a long single
‘scaffold’ strand of DNA into a pre-programmed arrangement
(Rothemund, 2006).

To date, self-assembled DNA nanostructures have demonstrated a
great potential in a wide range of innovative applications due to its
programmable control of shape and size, precise spatial addressability,
easy and high-yield preparation, and biocompatibility (Pandian and
Sugiyama, 2016; Wang et al., 2013). Previous applications with DNA
origami were found in photonics, therapeutics, nanofabrication and
nanomechanics (Angell et al., 2016; Chandrasekaran et al., 2016; Chao
et al., 2014; Peng et al., 2016; Kearney et al., 2016; Kuzuya and Ohya,

2014; Yang et al., 2015a; Yonamine et al., 2016). DNA nanostructures
have been used previously for sensing applications. Self-assembled
nucleic acid probe tiles were created for label-free detection of RNA: a
ssDNA overhang can act as hybridization probes for specific RNA
targets in solution and the ability to detect single molecule hybridiza-
tion was explored (Ke et al., 2008). Also Koirala et al. (2014) used 2D
and 3D DNA origami nanoassembly for the detection of multiple DNA
synthetic targets anticipating a new sensing strategy. In a different
approach, a switchable 2D DNA origami was used to detect the
presence of synthetic DNA target (Marini et al., 2011).

Many applications are not only dependent on the structural design
of the origami, but also on its immobilization to solid phase interphases
or surfaces (Pillers et al., 2015). The immobilization of DNA nanos-
tructures on a glass surface is a key step for the integration of DNA
nanorobot onto optical fiber tips for sensing applications. Some
immobilization on glass methodologies of 3D purpose DNA are known
(Gietl et al., 2012), including with nanoantennas (Puchkova et al.,
2015), nanopores (Bell et al., 2013; Hernandez-Ainsa et al., 2013) and
wafer pattern (Linko et al., 2015). DNA nanostructures can be
selectively guided and anchored on glass capillaries by trapping them
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once a positive voltage is applied to a reservoir (Bell et al., 2013;
Hernandez-Ainsa et al., 2013). Recently, it has been shown that DNA
origami can be uniformly deposited by a spray-coating technique
without using pre-treatment of the substrate (Linko et al., 2015).

Nevertheless, the aforementioned methods could anchor the na-
nostructures on the glass interface in a way that would inhibit the
actuation mechanism of the immobilized 3D DNA nanorobots, includ-
ing changing its conformation from a closed state to an open one or
making it unresponsive. Herein we utilized a DNA origami immobiliza-
tion strategy that allows their immobilization to glass optical fibers,
thereby enabling the use of a DNA origami, acting as a functional smart
molecular device without losing its switchable feature, despite its solid-
phase immobilization.

The motivation to combine the undisputed potential of DNA
origami (i.e. addressability, versatility and loading capabilities) to the
unique advantages of optical fiber transducers has been the key factor
at the base of our new organic-inorganic hybrid system. We are the
first, to the best of our knowledge to conjugate 3D DNA origami to an
optical fiber transducer thereby producing a DNA origami genosensor.
This new system could find use in many applications, such as
diagnostics or water monitoring for pathogens.

2. Material and methods
2.1. Materials and reagents

Hemin was purchased from Porphyrin Products (Logan, UT) and
used without other purification. A hemin stock solution (5 mm) was
prepared in DMSO and stored in the dark at — 20 °C. Oligonucleotides
without any modification and with Alexa 488 label at the 5' end were
purchased from Integrated DNA Technologies Pte Ltd. (Singapore) and
were resuspended in sterile MilliQ water to give stock solutions of
100 pM. Capture sequence, anchor sequence and labeled nucleotide
sequences are shown in Supplementary information, Table S1. In the
3D DNA origami used in this work, 6 previously published sequences
(Torelli et al., 2014) were labeled with Alexa 488 and one sequence
(anchor sequence) was elongated in order to permit the attachment of
the complementary capture sequence. 3D DNA nanorobot design was
produced in caDNAno software from Douglas et al. (2009). M13mp18
was purchased from Bayou Biolabs, LA, USA. XmnlI enzyme and bovine
serum albumin molecular biology grade were purchased from New
England Biolabs, Singapore. All other chemicals were purchased from
Sigma-Aldrich Pte Ltd (Singapore).

SFS400/440B Superguide G UV-vis silica fibers (Fiberguide
Industries, Stirling, USA) were used for all experiments. The fibers
had an original numerical aperture (NA) of 0.22, a core diameter of
400 pum (refractive index of 1.457 at 633 nm) and a surrounding silica
cladding with a width of 40 um (refractive index of 1.44 at 633 nm), in
addition to a 150-pm-thick silicon buffer and a 210-pm-thick black
Tefzel® jacket. The length of a single fiber used in the experiments was
20 cm. The black Tefzel® jacket and silicon buffer were mechanically
stripped away using a fiber stripping tool (Micro-Strip®, from Micro-
Electronics Inc., USA) to expose a 2 mm naked optical fiber core tip.

2.2. 3D DNA origami

The square-lattice version of the caDNAno software from Douglas
et al. (2009) was used and 3D DNA origami was synthesized and
purified as previously described (Torelli et al., 2014). Image J was used
for gel image analysis to estimate the yield of purification (Abramoff
et al., 2004).

2.3. Probe and target design

Sequences were previously drawn using the program BioEdit
v.7.0.9 (Marini et al., 2011; Torelli et al., 2014). The probe was

210

Biosensors and Bioelectronics 99 (2018) 209-215

designed to target the TMV nucleocapsid gene whose gene sequence
was retrieved from the NCBI database (accession number LN651239.1,
KM407602.1, KJ406323.1, GQ370524.1, AJ239099.1). The specificity
was confirmed in silico by aligning the probe sequences using BLASTn,
available at the NCBI GenBank database.

2.4. 3D DNA origami gel electrophoresis

Folded and purified DNA-origami were run on a 0.7% (w/v) agarose
gel (SeaKem Agarose, Lonza): gels were previously added with 0.5x Gel
Red™ nucleic acid stain (Biotium, Hayward, CA) and run in 1x TAE
(for 200 ml of a 50x buffer solution: 400 mm Tris-HCI, 11.42 ml acetic
acid, 20 ml EDTA 0.5 m, pH 8.0) at 75 V for 45 min and then visualized
and photographed under UV light (Molecular Imager Gel Doc™ XR+
Imaging System, Biorad). The 1kb DNA ladder (Sigma-Aldrich,
Singapore) was used as a molecular weight marker.

2.5. 3D DNA origami and Transmission Electron Microscopy (TEM)
imaging

For TEM imaging 10 pl of the samples were adsorbed for 3 min on
carbon-coated copper grids and imaged with a JEOL JEM 1011
transmission electron microscope (Tokyo, Japan) operating at
100 kV. The samples were stained for 2 min with a 2% (w/v) uranyl
acetate solution and washed in milliQ water for three times.

2.6. 3D DNA origami and Atomic Force Microscopy (AFM) imaging

Samples were dispersed on the negative mica surface using 10x
TAEM buffer and let deposit for 5 min. AFM images were obtained as
previously described (Torelli et al., 2014).

2.7. Silanization of glass slides, capture probe binding and DNA
origami attachment

The initial solid phase support used were microscope cover glasses,
then silanized (Manzano et al., 2015; Marcello et al., 2013) with some
modifications. The cover glasses were treated with 10% (w/v) NaOH at
room temperature for 1 h, rinsed with deionized water and treated with
0.1 m HCI for 15 min. After a washing step with deionized water, the
glass slides were rinsed in acetone and dried at 50 °C for a few minutes,
and immersed in a 0.5% (v/v) APTES solution in deionized water for
30 min at room temperature. Slides were then rinsed three times in
deionized water, dried at 160 °C for 1 h and cooled at room tempera-
ture for 30 min. 10 pl drops of the capture probe at 100 ng/ul were
deposited in triplicate on each glass slide and incubated at 4 °C
overnight to conjugate the microscope cover glass surface.

The glass slides with the bound capture probe were washed twice in
deionized water prior to utilization. Then, 1 pl or 10 pl of the 3D DNA
origami samples was spotted on each slide. The microscope cover
glasses were incubated at room temperature for 2 h in the dark and
they were washed twice in sterile deionized water to eliminate the
unbound DNA nanostructures.

2.8. Silanization of the optical fiber tips and capture probe binding

In preparation for the silanisation procedure, fibers were soaked in
a 1:1 methanol/37% (v/v) HCI solution for 10 min to purify the newly
exposed fiber core from micro-contaminants. After sonication for
10 min, the fiber tips were dried under N, and dipped in Piranha
solution (35% H>0,: 96% H,SO, in the ratio 3:7) for 15 min at 90 °C to
enhance the exposure of the hydroxyl groups on the silica surface. After
a washing step with deionized water, the glass tips were rinsed in
acetone and dried at 40 °C for a few minutes, and immersed in a 0.5%
APTES solution in sterile deionized water for 30 min at room tem-
perature. In the presence of water, the hydrolysis of ethoxy groups of
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APTES and their condensation into siloxane (Si-O-Si) occur, leading to
the formation of a silane layer. The amino group it self is believed to act
as a catalyst and enhance the adsorption rate of APTES molecules on
glass surfaces (Metwalli et al., 2006). Fiber tips were then rinsed three
times in deionized water and acetone. APTES films were cured in an
oven at 80 °C for 3 h: heat treatment helps to inter-crosslink the silane
molecules on the surface though the elimination of water molecules
forming a relatively more robust silane layer. Curing at high tempera-
ture in the presence of surface water increased the number of siloxane
bonds in APTES film. During heat curing, silanes condensed rapidly to
siloxanes (Vandenberg et al., 1991). After incubation at room tem-
perature for 30 min, fibers were incubated in 25 pl of the capture probe
at 100 ng/ul at 4 °C overnight. The fibers with the bound capture probe
were washed twice in deionized water prior to utilization.

2.9. Field Emission Scanning Electron Microscopy (FE SEM)

Silanized optical fibers were visualized using Supra 55 Field
Emission SEM, Carl Zeiss. Since the surface was non-conducting, the
operating gun voltage and detectors (In-Lens or SE) were chosen in a
manner to get clear images of the silanized surface.

2.10. Fluorescence microscopy

Glass slides and optical fibers with fluorescently labeled 3D DNA
origami were imaged using a Leica fluorescent microscope AF6000
equipped with a 10x and 20x magnification objectives. The external
light source was a Leica EL6000 lamp (HXP 120 W 45 C VIS-Osram,
Metal Halogenide bulb). The Alexa 488 labeled DNA nanostructures
were excited at 501 nm and the fluorescence emission at 521 nm in
wavelength was collected. The fluorescence emission intensity was
calculated using Image J (Schneider et al., 2012).

2.11. 3D DNA origami attachment to fiber tips and actuation
mechanism

In order to ensure the 3D DNA origami attachment to the glass
surface through the protruding anchor probe sequence complementary
to the capture probe, fibers were immersed in a solution of 3D DNA
origami and incubated for 2 h and 30 min at 25 °C. After washing
steps, fibers with immobilized 3D DNA origami were placed in a 0.5 ml
conical tube containing 8 ng/ul or 4 ng/ul of nucleic acid target in 1x
TAEM hybridization buffer (10x TAEM solution:125 mm MgCl,,
400 mm Tris-HCl, 10 mm EDTA pH 8.0) or in the same solution
without target, and allowed to react for 1 h. Then, hemin (1.6 uM)
was added to the same solution and fibers were incubated for 30 min at
25°C to allow the hemin/G-quadruplex stuctures conjugation. A
hemin/DNAzyme standard solution was used with the fiber without
immobilized DNA origami as positive control.

2.12. Chemiluminescent assay

Chemiluminescence measurements were conducted using a
Hamamatsu HC135-01 Photo Multiplier Tube (PMT) Sensor Module,
combining the sensitivity of a photomultiplier tube with the intelli-
gence of a microcontroller. The instrument was placed in a light-tight
box and to prevent damage to the photon-counting unit by environ-
mental light a manual shutter (71430, Oriel) was placed in front of the
detector. To move the slide shutter of the photon counting unit, a
custom-made lever was placed outside the box. After the incubation in
the hybridization buffer, the optical fibers were removed from the
0.5 ml conical tubes and the fibers tips were washed twice in sterile
deionized water: the far end of each fiber was held by a fiber holder
(FPH-DJ, Newport) and placed into an adjustable single-fiber mount
(77837, Oriel), as previously reported (Eltzov et al., 2009; Polyak et al.,
2001). Then the optical fibers tips were dipped in a solution containing
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6.6 pul of 5 mm luminol and 20 pl of H>O, solution (98 mm): the light-
tight box was closed and the slide shutter was moved using the outside
custom-made lever. DNA origami opening was measured immediately
analyzing the light emission intensity as the mean value of the photon
counts for a period of 15 s: each measurement is presented as the mean
of 3 fibers set and reported in arbitrary units (a.u.).

3. Results and discussion
3.1. Device fabrication

Fiber optics are a convenient material for optical sensor design, because
they are inexpensive, flexible and provide miniaturized sensor probe
surfaces while being easy to handle and enabling efficient signal delivery
and measurement. Several fiber-based technologies have been developed in
the past that take advantage of optical fiber's cost effectiveness and its
waveguiding capabilities (Cecchini et al., 2012; Fan et al., 2008; Petrosova
et al., 2007; Ricciardi et al., 2015; Salama et al., 2007; Sobarzo et al., 2007;
Stevens et al., 2016; Torelli et al., 2017; Yang et al., 2015b).

Here, we consider a device consisting of DNA nanorobots immo-
bilized at the endface interfacial surface of the optical fiber core itself
acting as the transducing element of the genosensor (Fig. 1). After
optical fiber silanization and capture probe binding, 3D DNA origami
has been immobilized through hybridization between the protruding
anchor probe and the capture probe (Fig. 1B1). The immobilized 3D
DNA origami is able to respond to an external molecular target
stimulus and actuates by a physical switch from a disarmed to an
armed configuration. In the presence of a small amount of TMV target
DNA, the robot moves a flap promoting the exposition of its cargo DNA
and the self-assembly of a stable hemin/G-quadruplex horseradish
peroxidase (HRP)-mimicking a DNAzyme (Torelli et al., 2014). The
DNA origami-optical fiber sensor was first immersed in a solution
containing TMV target sequences enabling molecular recognition and
hybridization (Fig. 1B2) and then the test probe was dipped into a
luminol-based solution for evaluation of the presence of the target in
the test sample (Fig. 1B3). The well-folded DNAzyme catalyzes the
H>0,-mediated oxidation of luminol to yield chemiluminescence. The
light emitted is collected by the optical fiber and then a measurement is
made by a PMT module and analyzed by a computer.
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Fig. 1. Schematic of DNA origami-optical fiber genosensor. The reactive part of the fiber
optic is the core. This 2 mm part is exposed by mechanically strip away the external
protective jacket (A). The biorecognition elements (3D DNA nanorobot) are immobilized
on the surface of the core using a capture sequence (green) and an anchor sequence
(purple) (B). The closed 3D DNA origami with the unreacted probe (light blue) is shown
in B,1. When the hybridization between 3D DNA origami probe and the target (red)
occurs (B,2), the flap opens and the DNA nanorobot exposes an hemin/G-quadruplex
DNAzyme (orange) (B,3). The incorporation of hemin (black dots in B,3) defines a
cofactor-utilizing nucleic acid that catalyzes oxidative reaction in the presence of
luminol/H»0, (Torelli et al., 2014). The resulting chemiluminescent signals arrive at a
photomultiplier tube (PMT) and after passing through the detector/sensor module, they
are sent to a computer. 3D DNA origami drawing (B) is reproduced with permission.
Copyright Wiley-VCH Verlag GmbH & Co. KgaA (Torelli et al., 2014). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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3.2. DNA nanorobot origami

DNA nanorobots were prepared by folding the XmnI digested
M13mpl8 scaffold strand with staple strands, as previously re-
ported. In our previous work (Torelli et al., 2014), the 3D DNA
origami nanorobot was designed, produced, characterized and
tested in solution: TEM and AFM images confirmed the correct
formation of the 3D DNA origami and the average value of the
nano-object was calculated on 1500 nanostructures: their length
were estimated at 55 + 9 via AFM and 40 + 7 nm with TEM, smaller
than predicted and possibly due to negative staining and air drying
(Torelli et al., 2014).

In order to immobilize DNA nanostructures onto the glass
surface and verify their attachment using fluorescence microscopy,
we used a protruding anchor sequence complementary to a capture
sequence and Alexa 488 labeled staple strands from six sites of the
origami structure. Detail on CaDNAno project are showed in
Supplementary information (Fig. S1). The selective hybridization
of anchor and capture sequences was previously demonstrated
using fluorescein-labeled oligonucleotides (Strable et al., 2004).
3D DNA origami was successfully self-assembled as shown by
agarose gel electrophoresis, TEM and AFM images (Figs. 2 and 3
and Fig. S2). The synthesis resulted in a stable well-folded
construct, that migrated during electrophoresis as a distinct band
well separated from non-integrated staple strands: the yield of the
synthesis and purification process was estimated to be 20%,
percentage in accordance to our published data. TEM and AFM
imaging showed well-folded DNA origami, similar to our previously
reported observations (Torelli et al., 2014).

Fig. 2. Agarose gel electrophoresis of well-folded nanorobot. The assembly reactions of
the DNA origami were run on a standard agarose gel GelRed™ stained and imaged under
UV light. Lane from left to right: 1) 1 Kb DNA ladder; 2) M13mp18 single stranded; 3)
Xmnl digested M13mp18 DNA, used as negative control: the lower band is the 2289 nts
fragment used as scaffold and incorporated into the three dimensional DNA origami; the
upper band is the remaining M13mp18 single stranded; 4) well-folded DNA nanorobot.
The arrow shows the folded structure.
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3.3. DNA nanorobot immobilization on cover glass slips and optical
fiber tips

Optical fibers require that the active biological recognition mole-
cules be immobilized at their surface usually using the procedure of
silanization, which is known to offer a robust and internally cross-
linked layer of reproducible thickness (Metwalli et al., 2006), with said
monolayers modified with oligonucleotides shown to be stable
(Belosludtsev et al., 2001; Chiu et al., 2003), oftentimes, using 3-
aminopropyltriethoxysilane (APTES) immobilization on various glass
substrates (Manzano et al., 2015; Marcello et al., 2013; Taglietti et al.,
2014). In detail Belosludtsev et al. (2001) obtained the electrostatic
adsorption of oligonucleotides in water to an amino-derivatized glass
surface: after the glass silanization with APTES and the stable silane
monolayer formation, capture probes were “trapped” upon the surface
and were free to form a double helix with complementary DNA. More
recently, the same strategy has been reported to produce sensitive
biochip for protein or DNA fluorescence detection (Manzano et al.,
2015; Marcello et al., 2013). Taking this into account, we, at first,
linked short oligonucleotide capture sequences to a glass support by
electrostatic adsorption onto positively charged glass surfaces obtained
after silanization. The immobilization method consists of five main
steps: Piranha solution treatment to introduce hydroxyl group, silane
grafting of the glass surface of the optical fiber tips using an aqueous
solution of APTES, curing at high temperature to increase siloxane
bonds (Metwalli et al., 2006; Vandenberg et al., 1991; Vashist et al.,
2014), deposition of capture polynucleotide sequences dispersed in a
water solution for immobilization onto the cationic amino-silanized
surface, and finally, hybridization between the adsorbed capture
sequence and the DNA nanorobot protruding anchor sequence as
developed earlier (Fig. S3).

Silanized optical fibers were characterized by Field Emission SEM
(Fig. 4). The silane layer over the optical fiber surface, as compared to
that of a bare fiber was observed. Deposition of APTES from water
resulted in a uniform monolayer with occasional aggregates, as
previously reported (Metwalli et al., 2006; Vandenberg et al., 1991).
In the presence of aggregates, the visualization of DNA nanostructures
on silanized glass using AFM is difficult: for this reason fluorescence
microscopy was instead used in order to demonstrate the feasibility of
our method.

Indeed, others have exploited a spray-coating technique in order to
deposit different 2D and 3D DNA origami nanostructures and the
results were then verified using either AFM or fluorescence microscopy
depending on the shape of the DNA origami (Linko et al., 2015). If 3D
DNA origami was deposited, optical microscopy was used instead of
AFM in order to demonstrate the deposition; indeed, structural details
of 3D DNA origami on glass surface were hardly visible. Thus, we also
used fluorescence microscopy to demonstrate DNA origami nanostruc-
tures immobilization on glass surface considering also that the
presence of APTES islands clearly interfered with AFM imaging of
thin nanostructures which required a smooth surface to enable optimal
imaging.

The amino-silanization of a glass surface, creates a negatively
charged surface, which enables the stable capture of the negatively
charged phosphate backbone of the capture-anchor DNA oligonucleo-
tide sequence Belosludtsev et al. (2001)), thus, enabling, after several
washing steps and incubation with Alexa 488-labeled DNA origami
nanorobots to attach the latter. This was verified by optical fluores-
cence microscopy. Green fluorescence microscopy images (at 501 nm
excitation) of both cover glasses and optical fibers with and without
DNA origami confirmed high fluorescence intensity (the cover glass
fluorescence emission intensity was 2,735,330 a.u. and the optical
fibers fluorescence emission intensity was 1,133,228 a.u.) with only
functionalized labeled DNA nanorobot surfaces, also implying success-
ful APTES silanization (Luo et al., 2014; Wang et al., 2009). 3D DNA
origami nanostructures were successfully immobilized on silanized
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Fig. 3. TEM images of the well folded 3D DNA origami nanorobot adsorbed on carbon-coated copper grids and stained with a 2% (w/v) uranyl acetate solution. The uranyl ions bind to
nucleic acid phosphate groups generating an high contrast essential for imaging DNA nanostructures (white arrows). Scale bar: 20 nm.

glass optical fibers (Fig. S4A). On the other hand, when optical fibers
were not silanized, the nanostructures were removed from glass surface
during the washing steps required after the incubation of the optical
fibers in the solution of 3D DNA origami (Fig. S4B).

Even though, fluorescence microscopy demonstrated that the spray
large-scale deposition of 3D DNA origami on glass (Linko et al., 2015),
does not require washing steps it may, however, affect the opening
mechanism of dynamic DNA origami. Here we pioneered a simple
approach to immobilize 3D DNA origami on glass surfaces which
permits the unrestricted actuation mechanism of 3D nanostructures,
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requiring fewer steps and being less expensive compared to other
methods based on biotin-streptavidin linkage (Gietl et al., 2012;
Puchkova et al., 2015).

3.4. DNA nanorobot-optical fiber genosensor

To test the switchable nature of DNA origami, Marini et al. (2011)
characterized a 100 nm 2D circular DNA origami nanoactuator with a
prototype flap by combining Forster resonance energy transfer (FRET),
AFM and TEM. The flap movement process has been monitored by
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Fig. 4. Field Emission SEM micrograph of silanized (A, B) and bare (C, D) optical fiber tip (lateral side view). After purification from micro-contaminants and Piranha treatment, the
optical fibers tips are treated with a 0.5% APTES solution. Deposition of APTES from water results in a silane layer with occasional aggregates (black arrows underline some aggregates,
A) as previously reported (Metwalli et al., 2006; Vandenberg et al., 1991). The bare fiber is not treated with APTES solution and its surface appears completely smooth (C, D).
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Fig. 5. Light emission intensity (expressed in arbitrary units, a.u.). From left to right: a)
background, b) hemin/G-quadruplex DNAzyme standard solution, ¢) hemin/G-quad-
ruplex DNAzyme complex in the absence of the target sequence (closed DNA nanorobot),
d) hemin/G-quadruplex DNAzyme complex in the presence of the target sequence at a
final concentration of 4 ng/ul and e) at a final concentration of 8 ng/ul (actuated DNA
nanorobot). (mean + standard deviation, n = 3).

microscopy: both AFM and TEM images clearly showed a hole within
the circular DNA origami due to the flap movement. Moreover
fluorescent signal intensity increased after the target addition when
6'-FAM fluorophore and a BHQ-1 quencher has been used as FRET
couple. Subsequently, the flap developed on the 2D DNA origami
(Marini et al., 2011) has been reduced in size and included in the
smaller cylindrical 3D DNA origami nanorobot. The flap opening (due
to the same TMV target sequence and probe sequence) has been
demonstrated using FRET, colorimetric assay based on the oxidation of
ABTS* by H,0, and chemiluminescent assay in the presence of
luminol/H»0, (Torelli et al., 2014). Herein, we conjugated the switch-
able 3D DNA nanorobot to optical fiber tips to detect target DNA via
chemiluminescence generation due to the nanoactuation mechanism
previously carefully characterized.

As shown in Fig. 5, the activation of the flap movement with a
minimum amount of 4 ng/ul of target DNA was detected using a PMT
module. Once an origami nanorobot has been conjugated to the surface
of fiber optic endface, one can expose it to a target analyte. Our
particular origami nanorobot has been engineered to bind to target
TMYV ssDNA. Thereafter the flap exposed in the exterior an horseradish
molecule whose presence was detected using a substrate, luminol. The
oxidized luminol produced light as a side-reaction, which was quanti-
fied and thus provided us with the estimated number of target analytes
sought. The graphs (Fig. 5) clearly shows a two-fold signal increase
with a doubling of the concentration of the analyte. As the chemilu-
minescence system DNAzyme-luminol-H,O, promotes a fast reaction,
an high light production was observed at the beginning (in red, Fig.
S5), immediately after the slide shutter movement. Then the light
emission intensity decreased until reaching a stable low level compar-
able to the background and to the negative control (non-actuated DNA
origami; in grey, Fig. S5). The light emission values of the non-actuated
DNA origami (in grey, Fig. S5) were comparable to the background
values (in black, Fig. S5): indeed the DNAzyme can be available for the
interaction with hemin only after the activation of the flap movement
due to the target addition.

The limit of detection corresponding to a light emission intensity
value of 104 arbitrary units was calculated based on the standard
deviations of the blank (10 independent measurements). Significant
variations in chemiluminescence intensities were obtained with ssDNA
complementary to the probe. Thus, origami-based probes, designed to
be complementary to the nucleocapsid gene of TMV, hybridized
specifically with the target. No variation in chemiluminescence was
recorded when a non target nucleic acid was added to the origami
solution. The specificity, evidenced by the clear discrimination between
signals produced by the detection of the target and non-target, were
promising for the future implementation of our hybrid system.

The above results were in agreement with our previous data. To
confirm the movement of the flap in an open position, an assay based
on the generation of chemiluminescence in the presence of luminol/
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H>0, was reported. In our previous work, all the experiments were
conducted using micro-cuvettes containing H»O, and actuated DNA
origami: the luminol solution was injected into a micro-cuvette and the
DNA origami opening was measured immediately with a CCD detector
analyzing the light emission intensity (Torelli et al., 2014). Here we go
a step further introducing a portable genosensor. In summary, at first
we coupled DNA origami intimately to the surface of a glass optical
fiber. The detection scheme combines the intrinsic recognition abilities
of the immobilized switchable DNA nanorobots with a chemilumines-
cence signal collection coupled to a portable transducer. Therefore, we
constructed a fully functional and self-contained sensing device for
viral detection of TMV without the need for a lab as it may be
dispatched with our proprietary portable photodetector.

4. Conclusions

Due to the self-recognition properties of DNA molecules, it is
possible to create numerous artificial DNA nanostructures with well-
defined structures and DNA nanodevices with precisely controlled
motions (Taglietti et al., 2014). Recently a DNA nanorobot triggered
by a target DNA strand was designed, produced, characterized and
tested (Torelli et al., 2014). Herein, a genosensor was developed based
on an APTES-ssDNA capture probe, which functionalized optical fiber
tips, and were conjugated with a dynamic 3D DNA origami bioreceptor
for the specific DNA sequence detection of picomoles target analyte in
90 min. Fluorescence imaging demonstrated their immobilization at
the tip of an optical fiber, and switchable DNA origami can be
successfully deposited on glass without loss of their functionality.
This novel DNA nanorobot-optical fiber biosensor system, combines
the useful solid phase transducer optical fiber with the vast detection
possibilities of DNA origami nanotechnology. Based on our proof-of-
principle, the proposed hybrid system can be a candidate for different
applications. The opening mechanism exposed a DNAzyme useful for
the biosensing process, but the cargo can easily be adapted to permit
the controlled delivery of therapeutic nucleic acid, e.g. small interfering
RNA, aptamers and rybozyme, when ultrathin fiber optic probes are
used. The above mentioned nucleic acids can be available only after the
activation of the flap opening due to the recognition event probe-target.
Future directions of this research may also comprise point-of-care
diagnostics and cellular in vivo biosensing.

Safety considerations

Piranha solution is highly toxic, corrosive and reactive and can
become extremely hot when prepared; it is corrosive and irritating to
the eyes, skin, and respiratory tract. When working with Piranha, it is
highly recommended to use only glass containers. During Piranha
solutions preparation, it is compulsory to add peroxide solution to acid
very slowly in a ventilated fume hood wearing gloves, a lab coat, and

goggles.
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