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Introduction

Surface-enhanced Raman scattering (SERS) has the capability to detect single
molecules for which high field enhancement is required. Single-molecule (SM)
SERS is able to provide molecule-specific spectroscopic information about individual
molecules and therefore yields more detailed chemical information than other SM
detection techniques. At the same time, there is the potential to unravel information
from SM measurements that remain hidden in Raman measurements of bulk material.
This protocol outlines the SM SERS measurements using a DNA origami nanoantenna
(DONA) in combination with atomic force microscopy (AFM) and Raman spectroscopy.
A DNA origami fork structure and two gold nanoparticles are combined to form
the DONAs, with a 1.2-2.0 nm gap between them. This allows an up to 10""-fold
SERS signal enhancement, enabling measurements of single molecules. The protocol
further demonstrates the placement of a single analyte molecule in a SERS hot spot,
the process of AFM imaging, and the subsequent overlaying of Raman imaging to

measure an analyte in a single DONA.

DNA origami is a nanotechnology technique that involves
folding DNA strands into specific shapes and patterns.
The ability to create structures with precise control at the
nanoscale is one of the key advantages of DNA origami1.
The ability to manipulate matter at such a small scale has
the potential to revolutionize a wide range of fields, including
medicine, electronics, and materials science?. For example,

DNA origami structures have been used to deliver drugs

directly to cancer cells®#, create nanoscale sensors for

5'6, and create intricate patterns on the

detecting diseases
surfaces of materials®'7. Furthermore, the ability to use
DNA origami to create complex nanoscale structures has
created new opportunities for studying fundamental biological

processes at the nanoscale®.

Surface enhanced Raman scattering (SERS) is a robust

analytical technique that detects and identifies molecules at
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extremely low concentrations®. It is based on the Raman
effect, which is a change in the wavelength of scattered
Iight10. SERS requires a plasmonic metal substrate to
enhance the Raman signal of molecules adsorbed onto
it. This enhancement can be up to 10" times greater
than the signal obtained from the same molecule measured
by conventional Raman spectroscopy, making SERS a
highly sensitive method for analyzing trace amounts of

substances'!.

The Raman signal enhancement of nanoparticles is mostly
due to electromagnetic enhancement based on the excitation
of localized surface plasmon resonance (LSPR)12. In this
phenomenon, electrons within the metal nanoparticle oscillate
collectively around the surface of the metal nanoparticle
during light incidence. This results in the creation of a
standing wave of electrons known as a surface plasmon,
which can resonate with the incident light. The LSPR greatly
enhances the electric field near the particle's surface, and
the optical absorption of the particle is maximum at the
plasmon resonant frequency. The surface plasmon's energy
depends on the shape and size of the metal nanoparticle,
as well as the properties of the surrounding medium’3. A
higher enhancement could be further achieved by plasmonic
couplings, such as when two nanoparticles are close to
each other at a distance of approximately 2.5 times the
diameter length or less'4. The proximity causes the LSPR of
both nanoparticles to interact with each other, enhancing the
electric field in the gap between the particles by several orders
of magnitude, far exceeding the enhancement of a single
nanoparticle15’16'17. The magnitude of the enhancement
is inversely proportional to the distance between the

nanoparticles; as the distance decreases, a critical point

appears where the enhancement is sufficient to detect single

molecules (SMs)18.

DNA origami represents a key technology that can efficiently
arrange plasmonic nanoparticles to exploit and optimize the
plasmonic coupling19 . At the same time, molecules of interest
can be placed precisely at the place where optical detection
is most efficient. This has been demonstrated with DNA
origami-based plasmonic nanoantennas for fluorescence
detection®C. In contrast to the detection of fluorescent labels,
SERS provides the possibility to detect a direct chemical
fingerprint of a molecule, making the single-molecule SERS
very attractive for sensing as well as monitoring chemical
reactions and mechanistic studies. DNA origami can also be
used as a mask to fabricate plasmonic nanostructures with
well-defined shapes21, although the possibility to position

target molecules precisely into the hot spot is then lost.

Using colocalized atomic force microscopy (AFM) and Raman
measurements, we can obtain the Raman spectra from a
single DNA origami nanoantenna (DONA) and potentially a
single molecule if placed at the position of highest signal
enhancement. The DONA comprises a DNA origami fork
and two precisely positioned nanoparticles, fully coated with
DNA complementary to extended staple strands attached to
the DNA origami. Upon DNA hybridization, the nanoparticles
are bound to the DNA origami fork with a 1.2-2.0 nm
gap between the nanoparticle surfaces?2. Such assembly
creates a hot spot in between the nanoparticles with a
signal enhancement of up to 1011-fold, as calculated from
finite difference time domain (FDTD) simulations?2, thus
permitting SM SERS measurements. However, the volume
of the highest enhancement is small (in the 1-10 nm?3
range), and consequently the target molecules need to be

positioned precisely into this hot spot. The DNA origami fork

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

July 2023-197 - €65310 - Page 2 of 13


https://www.jove.com
https://www.jove.com/

jove

allows the positioning of a single molecule between the two
nanoparticles using a DNA fork bridge and suitable coupling
chemistry. Nevertheless, observing such SMs in Raman
spectra is very chaIIengingZZ. Alternatively, the nanoparticles
can be fully coated with the target molecule, such as a
TAMRA dye, to allow for single DONA measurements with
a higher SERS intensity?!. In this case, the TAMRA is

covalently attached to the DNA coating strand (Figure 1).

Protocol

1. DNA origami fork assembly

1. Self-assemble the DNA origami structure in one pot.
First, add 2.5 nM circular scaffold strand M13mp18
(7,249 nucleotides,
100 nM of 201 short oligonucleotides (Table 1) in

see Table of Materials) and

1x TAE (tris[hydroxymethyllJaminomethane [tris], acetic
acid, ethylenediamine acetic acid [EDTA]) supplemented

with 15 mM MgCl, buffer. Then, adjust the total volume

to 100 yL using ultrapure water.

2. Anneal the solution subsequently by a temperature
gradient in a thermocycler, first by rapidly heating to 80
°C, then by cooling down from 80 °C to 20 °C at 1 °C/12
min, then from 20 °C to 16 °C at 1 °C/6 min, followed by
rapidly cooling down from 16 °C to 8 °C.

3. Use 100 kDa molecular weight cut-off (MWCQO) Amicon
filters (see Table of Materials) to purify the mixture from

excess staples.

1. Add 100 pL of the DNA origami solution to the
Amicon filters, as well as 400 pL of ultrapure water,
then centrifuge at 6,000 x g for 8 min at room

temperature (RT).

2. Discard the filtrate by removing the filter and flipping
the tube to remove the wash-out in the sink, then add
400 L of ultrapure water to the filter and centrifuge

again. Repeat this step one more time.

3. To collect the purified nanostructure solution, flip
the filter upside down in a new tube and centrifuge
(1,000 x g, 2 min, RT) following the manufacturer's
instructions (see Table of Materials). This solution
can be stored in a fridge at 8 °C for up to 2 weeks.
NOTE: Use 1x TAE buffer or 1x TAE supplemented
with 15 mM MgCl, buffer instead of ultrapure water
for the Amicon filter purification step, since water
decreases the stability and lowers the concentration
of the DNA origami forks obtained. For a single
dye molecule measurement, the DNA staple strand
mixture is replaced with a modified strand mixture
containing a TAMRA dye on the 5' end. This modified
strand is in the middle of the nanofork bridge (Table

2).

2. Gold nanoparticle (AuNP) coating

NOTE: A modified version of the Liu et al.23 protocol was used
to coat the AuNPs, and the coating process involved freezing

the AuNP-DNA solution.

1. Centrifuge (3,500 x g, 5 min, RT) 400 pL of 60 nm
diameter AuNP solution (commercially obtained; see
Table of Materials), and using a pipette, remove the
supernatant. Then, resolubilize the pellet in 25 pL of
ultrapure water. The final concentration of the AuNPs is

~0.3 nM.

2. Add 1 pL of 100 mM tris-(2-carboxyethyl)phosphine
(TCEP) solution to 4 pL of thiol-modified DNA (100 uM as
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supplied by the manufacturer; see Table of Materials)

and incubate for 10 min at RT.

Following incubation, add the 5 pL mixture to the
concentrated AuNP solution (step 2.1), vortex for 5 s, and

freeze for at least 2 h at -20 °C.

After thawing at RT, centrifuge (3,500 x g, 5 min, RT) the
mixture to remove the excessively added coating DNA.
Using a pipette, remove the supernatant, and resolublize
the pellet in 10 yL of water.

NOTE: There are two coating strands for each of the
AuNPs on the nanofork (Table 2). The steps are the
same except for the sequence of the DNA coating strand.
Once the particles are coated, they are very stable; they
can stay as they are for months in the fridge and can even
be frozen. For fully coated dye AuNPs, the coating DNA
strands have an internal TAMRA dye.

3. DONA assembly

Add the coated AuNP solution to the nanofork solution,

with a concentration molar ratio of 1.5:1.

Add MgCl, to a final concentration of 4 mM using a 50
mM MgCl, stock solution. Adjust the final volume to 20
WL using ultrapure water.

Hybridize the DONAs using a temperature gradient in a
thermocycler. First, rapidly heat to 40 °C, then cool from
40 °C to 20 °C at 1 °C/10 min, and then rapidly cool from
20°Cto 8 °C.

4. Gel electrophoresis

NOTE: The unbound nanoparticles in the DONA solution are

removed by agarose gel electrophoresis.

Prepare 1% agarose gel. For this, dissolve 0.8 g of
agarose in 80 mL of 1x TAE supplemented with 5 mM
MgC|2.

Add 2.25 pL of loading buffer (30% glycerol, 13 mM
MgCl,; see Table of Materials) to 18 uL of DONA
solution to reach a final concentration of 5 mM MgCl,
from 4 mM in step 3.2. The loading buffer also ensures

that the sample stays inside the pocket of the gel.

Run the gel for 60 min at 70 V in an ice water bath. The
running buffer is 1x TAE supplemented with 5 mM MgCl,

Cut out the band of interest and place it on a paraffin
plastic film-wrapped microscopy slide, and then squeeze
out the solution using a second paraffin plastic film-
wrapped microscopy slide. Using a pipette, collect the

squeezed liquid into a 500 pL tube.

5. Colocalization of AFM and Raman
measurements

Plasma treat a silicon chip (see Table of Materials) for
10 min, then incubate 10 pL of the purified DONA solution
plus 10 pL of 100 mM MgClI, on the chip for 3 h. Then,
wash the chip two times with a 1:1 mixture (by volume)
of ethanol and water and blow-dry with compressed air.
Then, tape the chip on a magnetic disc and insert it into
the instrument for imaging.

NOTE: Before starting the measurements, the position of
the Raman excitation laser is adjusted to be on top of the
AFM probe tip. In the present work a HORIBA LabRAM
HR Evolution Raman microscope coupled to a HORIBA
Omegascope AFM is used. The instrument is controlled

using the software LabSpec and AIST.

For the AFM measurement, use tapping mode (AC

mode) with ACCESS-NC-A (resonance frequency: 300
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kHz; spring constant: 45 N/m) tip324. The AC mode
automatically controls all the parameters except for the
scan rate, which is set to 1 Hz.

NOTE: Following AFM imaging, the AFM tip is withdrawn
so that it is not in the path of the Raman laser. This is
done using a macro function, "Probe away", programmed
in the system. In this way, for any chosen point in the
AFM image, the laser will be in the same position with no

offset compared to AFM.

3. Choose the desired laser wavelength, power, and
accumulation time for the Raman measurements, as all

these parameters depend on the measured sample.

1. Use the mentioned parameters for a fully coated
TAMRA AuNP measurement: 633 nm laser, 100 yW

power, and 1 s integration time.

2. Use the mentioned parameters for a single TAMRA
measurement: 633 nm laser, 400 yW power, and 4

s integration time.

4. After adjusting the parameters, place the cursor on top of
the desired DONA in the AFM image; the "move cursor"
function in the software does this. Then, start the Raman
measurement.

NOTE: There are different modes for acquiring the
spectra: single point measurement-one-dimension time
mapping-where a single point is measured over time2®;

and two-dimension XY area mapping, where a motorized

stage is moved under the laser to acquire spectra from

an array of points in an XY grid26.

Representative Results

Following the protocol, one should ensure that the DNA
origami fork is correctly assembled; the preferred method for
examining the structure of the forks is AFM imaging. Most
forks are expected to be solid, with no broken arms. On
the other hand, the bridge between the arms is difficult to
image because of its small diameter and high flexibility; it also

requires a very sharp AFM tip (Figure 2).

The solution color change at each step of the AuNP coating
process indicates that everything works correctly. The color
starts deep red with just the AuNPs, but as soon as the DNA
is added, it changes to dark-purplish red. Freezing changes
the color to purple and, after thawing, returns it to deep red
(Figure 3A). Figure 3B depicts the absorbance spectra of
bare AuNPs and DNA-coated AuNPs.

After that, in the DONA assembly steps, the color stays deep
red throughout the whole process. During the agarose gel
purification, a dimer band appears above the free AUNP band,
the fastest-running band in the sample. This dimer band
corresponds to the DONAs and is subsequently cut out and

squeezed to extract the sample (Figure 4).

Finally, for colocalization measurements, AFM imaging of
the sample is performed in search of DONAs (Figure 5).
Following that, Raman spectra from single DONAs are
collected and compared to ensure that the spectra obtained

are from TAMRA molecules (Figure 6).
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~71nm

Figure 1: Schematic representation of the DNA origami fork and the fully assembled DONA. (A) Dimensions of the
DNA origami fork with a bridge 90 nucleotides long. (B) Schematic side-view of an assembled DONA, with two AuNPs and
the DNA origami fork in between. (C) Schematic top-view of the assembled DONA showing the placement position of the SM

in the middle of the bridge. Please click here to view a larger version of this figure.

3.47 nm
3.00
2.50
2.00
1.50
1.00
0.50

Figure 2: AFM image of the DNA origami forks after assembly. The forks are well formed, with the bridge visible in some
of the forks. The forks have a height between 1.5-2 nm. Scale bar = 500 nm. Please click here to view a larger version of this

figure.
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Figure 3: Color development and absorbance spectra of AuNPs. (A) Tubes showing the color of the AuNP solution in
different steps. (1) Deep red color of the bare AuNP solution. (2) Dark-purplish red after the addition of the coating DNA to
the AuNPs. (3) Purple color after freezing the coating DNA-AuNP mixture. (4) The color returns to deep red after thawing of
the mixture. (B) Absorbance spectra of the 60 nm AuNPs, showing the shift in absorbance peak from bare AuNPs (tube 1) to

DNA-coated AuNPs (tube 4). Please click here to view a larger version of this figure.
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<4—AuNPs dimers

i " <Free AuNPs

Figure 4: Agarose gel of the DONA solution. Both lanes have the same sample, and both the dimer band (DONA) and the

free AuNP band are clearly visible. Please click here to view a larger version of this figure.
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Figure 5: AFM image of DONAs. (A) The image shows multiple DONA structures; this AFM image is used for the

colocalization measurements. (B) Zoomed-in image of the circled DONA and vertical cross-section of the DONA.
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Figure 6: SERS spectra of DONAs equipped with fully coated TAMRA AuNPs and with a single TAMRA molecule.

The vertical gridlines indicate the main TAMRA peaks. The main TAMRA peaks are visible in the fully coated TAMRA AuNP.

Although the signal-to-noise ratio for the SM TAMRA spectra is lower, the main peaks are identifiable: 1,360 cm':c-C

stretching; 1,509 cm™': c=C stretching; 1,536 cm1: C=C stretching; 1,654 cm!: C=0 stretching. Please click here to view a

larger version of this figure.

Table 1: List of DNA origami fork staples. Please click here

to download this Table.

Table 2: List of modified DNA strands. Please click here to

download this Table.

Discussion

SM SERS is a powerful tool that allows researchers to study
the behavior and interactions of individual molecules within
a sample. Such a technique allows the analysis of systems
at an unprecedented level of sensitivity, providing new
insights into the fundamental behavior of single molecules
and the distribution of chemical or physical properties over
an ensemble of molecules, and helps to identify relevant
intermediates in chemical processes. However, placing a
single molecule in the hot spot while also making sure that
the hot spot has enough surface enhancement can be quite
challengin927. The described DONAs in this protocol can

precisely place a single molecule in the hot spot between

two gold nanoparticles while ensuring a 10" -fold surface

enhancement is reached.

The gap between the nanoparticles is critical for the DONA
assembly to reach the required surface enhancement for
SM SERS studies. The DONAs are optimized for spherical
nanoparticles with sizes between 60 and 80 nm. Furthermore,
the quality of the nanoparticles can significantly impact the
hybridization of the nanoparticles with the DNA origami forks;
when the nanoparticles that are used in the coating step are
older than 6 months, the efficiency of hybridization begins to

decline.

Another critical aspect of the protocol is that the steps that
require an exact ratio between components must be followed
precisely, or the DONAs will not be formed correctly. The DNA
origami fork is extremely sensitive to the temperature ramping
protocol, with changes affecting the structure's integrity or

preventing forks from forming.

Copyright © 2023 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

July 2023-197 - 65310 - Page 10 of 13


https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/65310/65310fig06large.jpg
https://www.jove.com/files/ftp_upload/65310/65310fig06large.jpg
https://www.jove.com/files/ftp_upload/65310/65310_Table 1_Nanofork staple strands list.xlsx
https://www.jove.com/files/ftp_upload/65310/65310_Table 1_Nanofork staple strands list.xlsx
https://www.jove.com/files/ftp_upload/65310/65310_Table 2_DNA modified strands.xlsx
https://www.jove.com/files/ftp_upload/65310/65310_Table 2_DNA modified strands.xlsx

jove

Amorphous carbon generation is a significant issue during
SERS measurements because its peaks are typically in the
same range as the fingerprint area for many molecules
(1,200-1,700 cm™ ). While the formation is not yet fully
understood, it is usually associated with high laser power or
long integration times2®. As a precaution, the lowest laser
power and the shortest integration time possible should be
used. However, this is not easily accomplished because a
balance must be achieved between obtaining the desired
SERS signal and avoiding the generation of amorphous

carbon.

The DONAs are very versatile as an SM system regarding
the different types and shapes of nanoparticles that could
be used, such as silver spheres, gold flowers, or stars.
Additionally, the molecule under investigation can be easily
replaced by changing only the DNA strand in the middle
of the bridge, with no changes to the procedure. Switching
to proteins like cytochrome C could be done by having a
pyridine-modified DNA capture strand in the bridge, which
would bind the cytochrome C and ensure that it is in the hot
spot for SM SERS measurementsZ2. This also translates to
flexibly choosing the laser for irradiation, potentially using a

laser that gives maximum enhancement.

In summary, this method is reliable for assembling DONA
structures and using them for single-molecule surface-

enhanced Raman spectroscopy measurements.
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