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DNA molecules are hard to catch using traditional optical
trapping due to the nanometer width of their chains. Here
we experimentally demonstrate a label-free optical trap-
ping of a single micrometer A-DNA in solution by the aid
of plasmonic gold nanoparticles (GNPs), where a double-
laser trap induces strong optical interparticle forces for
the tweezer. We examine such sub-resolved interparticle
forces by tracking the GNP dynamics in solution. Moreover,
surface-enhanced Raman scattering signals of trapped A-
DNA have also been measured simultaneously in the same
setup. In comparison with prior works, ours benefit from the
excitation in a dynamic configuration without fabrication.
This technique opens a new avenue for all-optical manipu-
lation of biomolecules, as well as ultra-sensitive bio-medical
sensing applications. ©2021 Optical Society of America

https://doi.org/10.1364/0L.420957

Optical tweezer/trapping technology has emerged as a prime
tool for biological research over the last three decades, ever since
the pioneering works by Ashkin and co-authors [1,2]. However,
biomolecule form factors such as size and shape greatly lower
the trapping efficiency of optical tweezers [3], which are mainly
based on an optical gradient force in the limit of a diffraction
spot. Specifically, for single DNA molecule trapping, traditional
trapping techniques encounter problems mainly due to the
nanoscale size and irregular chain-like shapes of these molecules.
So far, many studies have been made on DNA in which it is
stretched or transported by attaching DNA to a polystyrene
bead and using an optical tweezer to exert force on the bead [4].
Although this optical technique has often been used in recent
biophysical studies, chemical modification of the chain end is
almost unavoidable [4,5], such that biophysical properties of
DNAs are studied through indirect manipulation. Meanwhile,
direct DNA trapping is also possible with designed electrodes
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according to the dielectrophoresis effect [6,7], but involving
complicated microfabrication.

With the aid of plasmonic structures, optical trapping has
successfully demonstrated the possibility of single molecule
trapping in a label-free manner [8]. Similarly, several improved
methods have been proposed to enhance the electromagnetic
field of light, including the use of near-field optical devices such
as slot waveguides [9], whispering-gallery mode resonators
[10], and photonic crystals [11]. However, plasmonic trapping
techniques based on surface plasmon polaritons (an electromag-
netic excitation existing on the surface of a good metal) not only
can enhance trapping, but also can serve as biosensors through
nonlinear surface-enhanced Raman scattering (SERS) [8]. So
far, most of these composite nanostructures are permanent
structures, via nanofabrication or nanoparticle self-assembly
[12,13]. Recently, controlled metallic nano-aggregations in
solution offer a convenient and lower-fabrication alternative
with single molecule sensitivity [14]. This technique may pave a
new way for trapping and sensing biomolecules in an all-optical
fashion.

In this Letter, based on our previous work [14], we exper-
imentally demonstrate label-free optical trapping of a single
micrometer-scale A-DNA molecule in solution with the
aid of plasmonic GNPs, where a double-laser trap induces
strong near-field optical interparticle forces for the tweezer.
Furthermore, this induced optical force rising from strong
localized plasmon resonance strongly affects the interparti-
cle separation deep below the optical diffraction limit. We
investigate indirectly such sub-resolved interparticle forces in
trapped nano-aggregates by analyzing the particle motion in
liquid, which is more intuitive and convenient than the pre-
vious spectroscopic method based on SERS monitoring [14].
Meanwhile, the SERS spectra of trapped DNA molecule is
revealed simultaneously based on the current trapping scheme.
Although several special optical tweezers rely on metallic
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Fig. 1. Schematic of the double-laser trapping scheme. The signal
generator is used to modulate the oscillation frequency of the cuvette
through the piezo stage. The beam telescope sends the laser to slightly
overfill the back aperture of the high-NA (1.25) trapping objective.
The trapping and aggregation are observed with a charge-coupled
device (CCD) camera, and SERS spectra are collected by a commercial
spectrometer. The lamp on the right top is used for imaging.

nanostructures have confined biomolecules in a potential well,
in practice these techniques suffer drawbacks such as high pre-
cision requirements in fabrication and fixed-trapping regions.
By contrast, our technique circumvents the need of fabricating
the required and usually permanent plasmonic nanostructures
and architectures (e.g., tips, nanoholes, and metallic assem-
blies) [15—17] for DNA trapping and manipulation. This new
technique enables new possibilities for all-optical manipulation
of biomolecules, as well as ultra-sensitive bio-chemical sensing
applications.

Figure 1 shows optical trapping of a single DNA molecule
assisted by GNPs in a double-laser trap experimental apparatus,
where the first laser from a 1064 nm continuous-wave fiber
laser (NKT Photonics, Y10) acts as a “macroscopic” trap to
confine GNP in its focus region; in the meantime, a 532 nm
green laser is used to induce the interparticle interactions when
particles are in close proximity. The gold nanoparticles (GNDs)
used are spherical with an average diameter of 20 nm. A lens
3 (f =60 mm) is used to separate the focal plane of 532 and
1064 nm lasers; thereby, the 532 nm laser is loosely focused in
the trapping spot to avoid possible photo-thermal damage. The
power of the incident laser at the sample is 100 mW; the sample
is usually located 2—-3 um below the focal plane of the high-NA
objective lens, giving the actual laser intensity 2 mW/pum?, at
which the photo-thermal effect is negligible during the exper-
iments. More details of the experimental setup and sample
preparation are given in Supplement 1. Consequently, hot
spots inside a trapped GNP greatly reduce their average spac-
ing (<10 nm) due to a strong attractive force [14], acting as a
tweezer tunable by laser illumination. Such an optical tweezer is
perfectly suitable for trapping molecules such as DNA, which
has a width ~1 nm, but a length of over a micrometer. Unlike
previous methods, this trapping scheme is capable of manipu-
lating a single DNA molecule without the need for a label as
in DNA-bead complex techniques and further benefits from
the excitation in a solution without rigid fabrications. Here the
optical interparticle forces play a crucial role for the nanometer
interparticle spacing which is important not only for trapping
long-chain DNA in this Letter, but also may create a strong
gradient force for smaller molecules.

Figure 2 demonstrates the trapping process for the single
DNA molecule using our technique. First, a 1064 nm laser is
switched on to trap GNDPs in the focus region, where GNPs
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Fig. 2. Optical micrographs of trapping behavior of (a) GNPs and

(b) A-DNA recorded using a CCD camera. The length of the scale bar
(black line in the lower right corner) is 3 um. The blue arrows indicate
the direction of reference point motion. The red arrows indicate the

trapped GNDPs.

gather in the center of the focal spot and form nano-aggregates.
To confirm that the GNRs are stably trapped, Fig. 2(a) exhibits
the dynamic trapping process of GNPs when the cuvette moves
along the horizontal direction. As can be seen, the trapped
GNPs firmly stay in the same position, while the position of
the reference point moves along with the piezoelectric stage.
The number of trapped particles is estimated through the sin-
gle particle counting [18], according to the video recording
(see Visualization 3). Note that the laser intensity (100 mW)
used here is insufficient to trap and manipulate DNA directly
under the conventional optical tweezer setup. As a result, the
DNA molecule cannot be trapped directly with a sole 1064 nm
trap due to the large average spacing between trapped GNPs.
Sequentially, we introduce a secondary 532 nm laser to encour-
age interparticle attraction forces in order to shrink gap spacing
between GNPs for DNA trapping. As soon as we turn on the
532 nm laser combined with the 1064 nm laser, a single DNA
is observed to be trapped. Figure 2(b) shows a series of optical
micrographs of representative DNA trapping behavior under
double-laser illuminations. The molecule used is double-
stranded A-DNA (48.5 kbp) with sample concentrations of
0.3 ug/pul. When moving the sample cuvette, the reference
point moves along with it, while the trapped A-DNA stays in
the same place, which indicates that the A-DNA can be stably
trapped in this plasmonic trapping system. The location of the
trapped GNPs with respect to the DNA molecule is illustrated
intuitively in Fig. S1. The direct evidence of sequential data is
given in Visualization 1 and Visualization 2.

Here the induced interparticle forces are strongly influenced
by the interparticle separation deep below the optical diffrac-
tion limit; this further affects the trapping efficiency on DNA
molecules. Previously, we adapt an SERS signal measurement
to estimate such nanometer gap separation [14]. Here we indi-
rectly examine such sub-resolved interparticle forces in trapped
GNPs in a mechanical way by tracking the GNP motion in the
solution in order to evaluate the trapping efficiency of DNA.
An external driving force (£;) exerts on the particles through a
piezo-driven stage by a signal generator (see Fig. 1). The attrac-
tive optical force (Fop) glue trapped GNPs together against the
external driving force, i.e., when Fy, < F, the trapped GNPs
fall apart. We can approximate the total optical force as the
sum of two terms Fope = Fineer + Frrap due to the interparticle
coupling and the other associated with trapping, respectively.
Since the driving force arising from the friction between GNPs
and the solution which can be controlled by the oscillation
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Fig. 3. (a), (b) Successive images of trapping process of GNPs

recorded using a CCD camera when the oscillation frequency is below
(a) and reaches (b) a critical frequency .. The image sequence is
from left to right with a time interval between images of 0.04 s. The
dotted circle indicates the reference point. The blue arrow indicates the
reference point moving direction. The red arrows indicate the trapped
GNPs. The length of the scale bar (black line in the lower right corner)
is 3 pm. (c) Critical frequency as a function of 1064 nm laser power at
polarized and elliptical polarized excitation. (d)—(f) Critical frequency
as a function of 532 nm laser power, as the polarization of a 532 nm
laser varies along the motion direction parallel to the driving force and
perpendicularly and elliptically. The insets donate the polarization of
the 532 nm laser.

frequency (w) of the cuvette driven by the piezo stage, we can
evaluate the optical force magnitude by modulating the driving
force.

Figures 3(a) and 3(b) show the dynamic trapping process
of GNPs when the oscillation frequency is below [Fig. 2(a)]
and reach a critical frequency (w.) [Fig. 2(b)], which represent
the balance point of Fy, = F,. Clearly, the trapped GNPs
remain a perfect circle in the entire trapping process indicating
a stable trapping as shown in Fig. 2(a). In contrast, the trapped
GNPDs fall apart in a comet-like tail when they reach the critical
frequency [Fig. 2(b)], because the interparticle forces between
GNPs cannot resist the driving force to keep steady trapping.
Furthermore, the GNPs can fall apart or even float away at a
higher frequency.

In our experiment, the trap stiffness of GNPs can be altered
dynamically by modulating the light intensity. To investigate the
interparticle forces inside GNPs, we exam critical frequency (w,)
variation with respect to trapping laser power. First, we explore
the “macroscopic” trap force with sole 1064 nm. Figure 3(c)
shows laser power-dependent of the critical frequency with the
1064 nm trap. Here the incident power of 2 1064 nm laser range
from 40 to 100 mW, keeping both the driving force and laser
polarization along the horizontal direction. As can be seen, the
critical frequency varies from 1.5 to 6 Hz by increasing the laser
power and saturates at 90 mW. To exam the polarization influ-
ence of the 1064 nm laser on the results similar to prior work
[14], we compare the critical frequencies of linear polarization
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and elliptical polarization. Obviously, the polarization state of
the 1064 nm laser can hardly influence the results, which clearly
indicates the main role for such a “macroscopic” trapping laser
without interfering GNP interparticle interaction.

As soon as we turn on the 532 nm laser trap simultaneously
[Fig. 3(d)], the interparticle force is induced to reinforce the
whole GNP package. Here the 1064 nm laser power is fixed at
50 mW); the polarization of the 532 nm laser varies along the
motion direction parallel to the driving force (blue dots) and
perpendicularly (red dots). As a result, the critical frequency
increases compared to Fig. 3(c) (2 Hz), one major contribution
arises from the induced interparticle attractive forces among
GNPs. Similarly, the critical frequency increases from 2 to 10 Hz
when increasing the incident power of the 532 nm laser with
a parallel polarization to the motion direction, whereas the
critical frequency remains almost constant (2 Hz) when the
driving force is perpendicular to the 532 nm laser polarization in
Fig. 3(d). This indicates that the induced interaction is sensitive
to the 532 nm laser polarization, where GNPs may be attracted
by interparticle forces and form nano-aggregates along with
the polarization. To be more persuasive, we also verify the same
results when altering the motion direction as shown in Fig. 3(e).
On the other hand, for the elliptical polarized case in Fig. 3(f),
the critical frequency exhibits almost the same trend independ-
ent of the driving force direction, which is an outcome of the
two-dimensional axial symmetry of the interparticle forces
induced by the elliptical polarized laser. This method provides
us another important way to investigate the interparticle inter-
actions inside GNPs in the micro-scale below the diffraction
limit.

We also estimate the total force exerted on the particle from
experimental particle movements following Ref. [19] (Fig. 4).
The analytical procedure is based on Fop = mv + Fy, where v
is the acceleration of the particle. The velocity v and acceleration
v for the particle dynamics can be extracted from the videos
captured using the CCD camera. The driving force exerted on
particles in solution can be calculated from Fy=pv with drag
coefficient = 6w na, where 1 is the viscosity of water and «
particle radius. The temperature distribution in the focused
plasmonic tweezers system at different incident laser intensities
is experimentally examined in Fig. S2, which shows that the
maximum temperature increase of GNDPs at an incident laser
intensity is only about 5 K. This value for the laser-induced
heating is comparable to the values measured before [16]. It
should be noted that such a photothermal effect hardly induces
thermal denaturation of DNA, because the elevated tempera-
ture is lower than the DNA melting point (99°C) [20]. Since
the thermal temperature shows a negligible change with laser
power, we take the viscosity of water as a constant of 0.7, which
may result in deviations in these estimations. It can be seen that
the force reaches the level of tens of piconewtons which almost
equals the magnitude of the force required to stretch DNA (typ-
ically ~ 25 pN) [21]. Therefore, we expect that this technique
may offer an alternative method for these DNA biophysics
studies in the near future.

Based on the above double-laser trap scheme, we also perform
a simple method for A-DNA detection based on SERS signals,
since metal nanostructures can produce great electromagnetic
field enhancement, which is the main contribution of SERS.
A typical SERS spectrum measured from a trapped A-DNA

molecule using our two-color excitation setup is given in Fig. 5.
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Fig. 5.  Spectrum (top plot) from a typical SERS measurement
of a single DNA molecule plotted against a background spectrum
(bottom plot). The raw data (gray line) are plotted with their smoothed
counterparts (Savitzky—Galey, 30 points) for both the DNA (top
plot) and background (bottom plot) spectra and are shifted for clarity.
The SERS detection is conducted using our experimental setup in
Fig. 1 under 523 nm laser excitation. The laser intensity of 532 nm is
2.5 x 10° W/cm?. The Integration time is 5 s.

The spectrum shown in gray is plotted directly from the spec-
trometer, without any smoothing or background removal. A
background curve was also measured, at the same conditions,
with the DNA moved away from the trap until the signal disap-
peared from the short time live scans. The SERS peaks at 712
and 1143 cm™! in Fig. 5 are consistent with previous reports
[22], while the peaks centered at 1877 cm™! is shifted to a
higher wavenumber. This shift of Raman frequencies might
indicate the different stretching states of DNA molecules which
probably influence the Raman frequencies. Combined with
the above molecule trapping, we can expect that the current
technique offers a new way for single molecule trapping and
sensing simultaneously in bio-medical applications.

In summary, we experimentally demonstrate label-free
optical trapping of A-DNA in solution assisted by plasmonic
GNPs in a double-laser trap with SERS sensing capability. This
technique can also be used to manipulate other biomolecules
such as nucleic acids, proteins, and polysaccharides and will
prove to be a useful tool in the application of biosensors. Our
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experiment has yet to be expanded, as in most cases, all nanopar-
ticles are trapped and aggregated in the center of the potential
well, producing chaos and disorder that leads to non-uniform
and unpredictable enhancement factors in the nano-gaps. In
future work, we will investigate methods to accurately control
the number of nano-gaps and explore the potential for ultrahigh
spatial resolution SERS imaging.
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