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Abstract: Conventional optical trapping using a tightly focused beam is not
suitable for trapping particles that are smaller than the diffraction limit
because of the increasing need of the incident laser power that could
produce permanent thermal damages. One of the current solutions to this
problem is to intensify the local field enhancement by using nanoplasmonic
structures without increasing the laser power. Nanoplasmonic tweezers
have been used for various small molecules but there is no known report of
trapping a single DNA molecule. In this paper, we present the trapping of a
single DNA molecule using a nanohole created on a gold substrate.
Furthermore, we show that the DNA of different lengths can be
differentiated through the measurement of scattering signals leading to
possible new DNA sensor applications.

©2014 Optical Society of America

OCIS codes: (350.4855) Optical tweezers or optical manipulation; (240.6680) Surface
plasmons; (250.5403) Plasmonics; (140.7010) Laser trapping; (310.6628) Subwavelength
structures, nanostructures; (240.3695) Linear and nonlinear light scattering from surfaces.
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1. Introduction

Optical trapping is an effective tool for trapping and manipulating micrometer scale objects.
With a careful selection of the wavelength of the laser so that the absorption causing heat to
the target object is avoided, even heat-sensitive biological specimens can be also trapped [1,
2]. The ratio between the gradient force and the scattering force is proportional to 7~ [3],
where r is the radius of the object. This simple relation between the forces predicts stable
trapping for extremely small particles. However, trapping becomes less favorable as the size
of the object becomes extremely small (below 100 nanometer). The solution to this problem
is to increase the trapping force by increasing the laser power. However, there is a limit to this
solution due to the possible heat damage to the specimen at the high laser intensity. Recent
works have overcome this problem by using the localized optical field enhancement, which
can be devised by fabricating nanometer scale plasmonic structures that produces
extraordinary field enhancement when illuminated by light [4—6]. This field enhancement
results from the surface confined electromagnetic field that strongly couples with the free
electrons on metal surfaces. This strongly confined electromagnetic field is called surface
plasmons [7, 8]. The interplay of the surface waves with subwavelength nanostructures results
in localized intensity that becomes several orders greater than the incident intensity [9]. This
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extraordinary transmission has been studied for metallic structures of various dimensions and
shapes [10, 11]. Recently, plasmonic structures have found applications in optical trapping
and have led to the discovery of sub-100 nanometer sized dielectric particles trapping with
only sub-10 mW pm™ intensity, also known as self-induced back-action (SIBA), the term
coined by Juan et al. [12]. SIBA allows the trapping of nanometer scale objects with
significantly less laser intensity and the trapping of 100 nm particles for five minutes was
demonstrated with only 1 mW pm™ of intensity. Reducing the laser intensity is important
because it reduces the danger of photo damage. Furthermore, a double nanohole made of
overlapping holes drilled on a gold substrate was used for trapping nanoparticles [13] and a
single protein molecule [14, 15]. This method combined with the scattering signal
measurements can also work as a sensor for size based characterization of nanoparticles [16].
Shoji et al. have similarly demonstrated the trapping of lambda DNA molecules in the
vicinity of the gold nanostructure using localized surface plasmons [17]. A different approach
using high dielectric materials such as silicon combined with nanoscale structures that also
results in a high field enhancement was also reported. Yang et al. have used a slot waveguide
for trapping 75 nm particles and lambda DNA flowing in a medium [18]. The result was
verified using a fluorescence imaging. Chen et al. have demonstrated similar work with
silicon nitride photonic crystal resonators for trapping 10 nm protein molecules [19]. The
results were also verified through fluorescence imaging. Even further, there are many
researches related to trapping of nanoscale objects using different shapes of plasmonic
nanostructures [20—24].

In summary, nanometer scale structures are excellent tools for enhancing the trapping
force and have been used for trapping extremely small single molecules. When we narrow our
scope for trapping DNA molecules, only the field enhancement using waveguides and
localized surface plasmons were reported. Although waveguides and localized surface
plasmons are quite capable of immobilizing a large quantity of DNA molecules, they have not
been used for trapping a single DNA molecule. Furthermore, to our best knowledge, trapping
of a DNA using plasmonic structures was also not reported. In this paper, we demonstrate the
trapping of a single DNA molecule using the field enhancement from plasmonic structures. A
nanohole is made on a gold substrate by focused ion milling. Then a PDMS chamber is
created with the hole milled substrate as the ceiling. Subsequently, the chamber is filled with
DNA molecules and a laser beam is incident on the gold substrate with a nanohole. The DNA
is then trapped and the trapping is verified using the scattering signal collected on an
avalanche photodiode. We expect that the proposed method can be used to characterize DNA.
Previous biosensors detected specifically sequenced DNA by using complementary DNA
coated particle aggregations [25], toehold-mediated strand displacement reaction [26],
electrostatic effects taking place upon DNA hybridization in dense DNA arrays immobilized
on a layer of Au nano-particles deposited on the surface of a field-effect-based DNA
capacitive biosensor [27] and electrochemical techniques that detect target-regulated
grapheme-DNA interaction [28, 29], etc. However, those methods have not shown to classify
DNA based on its length. Length classification has mostly relied on the gel electrophoresis,
which requires dyeing with invasive fluorescent chemicals such as ethidium bromide and
SYBR Green, etc. In the result section, we present a new method to differentiate DNAs by
their lengths using the scattering signals. This approach requires no invasive modification to
the target DNA.

2. Experimental setup

Figure 1 illustrates the schematic layout of the nanoplasmonic trapping system. The incident
beam from a TEMy, 1050 nm wavelength fiber laser (IPG Photonics, YLM-10) is delivered to
the PDMS chamber from the top left corner through two achromatic lenses L1 and L2 that
works as a beam expander. The expanded beam is reflected by a mirror M1 and the beam
diameter is scaled down by a second beam expander formed by L3 and L4. The resulting
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beam diameter is just the right size to overfill the back aperture of the objective lens
(Olympus, UPLSAPO 60XW, 1.2 NA) mounted on a three axes piezo stage (Mad City Labs
Inc., Nano-LP200) sitting on a two axes motorized stage (Thorlabs, MT1/M-Z8). The
combined use of the motorized and piezo stages allows the exact positioning of the nanohole
drilled on the gold substrate with the resolution of 0.4 nm. The workspace is 13 mm in the
lateral direction and 200 um in the axial direction. A fast CMOS camera (Microtron, Eosens
CL) is used for obtaining the bright field image. The scattering beam from the sample plane is
collected by a condenser lens and reduced in the intensity using a neutral density filter and
measured by an avalanche photodiodes (Hamamatsu, G§8931-04) mounted on a manual stage.
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Fig. 1. Schematic of the nanoplasmonic system; Lens: L, Mirror: M, Dichroic mirror: DM,
Neutral density: ND.

3. Preparation of microchamber

Figure 2 shows the process of sample preparation for the experiment. Before the DNA
trapping experiments are performed, the DNA is placed on a several micrometer deep
chamber. This chamber is made of Polydimethylsiloxane (PDMS) and following steps are
carried out for the preparation. Firstly, a commercially available Sylgard 184A and Sylgard
184B (Dow Corning) are mixed at 10:1 ratio (Fig. 2(a)) and stirred (Fig. 2(b)). Vapor bubbles
formed during the stirring is removed using an evaporator (Fig. 2(c)). The resulting mixture is
spread on a coverglass (Fig. 2(d)) and spin coated so that the thickness is even and the coating
covers the whole coverglass (Fig. 2(e)). The thickness of the PDMS is determined by the
rotational speed of the spin coater. For 30 um thickness, spin rotation speed is set to 3000 rpm
for duration of 30 seconds. The resulting spread is still in a liquid state and needs to be
solidified. For this purpose the spin coated coverglass is placed on a hot plate and baked for
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30 minutes at 80 °C (Fig. 2(f)). Subsequently, the PDMS is cut in a rectangle whose
dimensions are equal to that of the gold substrate using a cutter (Fig. 2(g)). Finally, the
chamber is filled with a DNA solution being careful of not overfilling (Fig. 2(h)) and covered
with the gold substrate (Fig. 2(i)). Nanoholes were drilled with a focused ion beam on a 100
nm thick gold substrate which is made from depositing Au (EMF Corp., TA124) on a glass
with 5 nm thick Ti that works as the adhesive layer between the two. The purpose of
fabricating this chamber is to slow down the quick evaporation of the DNA solution during
the experiment.
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Fig. 2. Process of sample preparation for experiment.
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Fig. 3. Transmission intensity vs. nanohole size drilled on 100 nm thick gold substrate.

Bethe has done the theoretical work of a light transmission through a sub-wavelength
nanohole [30]. He derived the mathematical equation of a light transmission through a
circular hole on a zero thickness perfect conductor. His theory predicts the total radiation
transmitted through this hole as a function of the hole diameter [31]. His theory only works
for the ideal plate of zero thickness. On the contrary, Roberts [32] proposed a numerical
calculation on the transmission coefficient dependence on k,a . k(=27 /A) and a are wave

number and radius of aperture, respectively. The calculations were only done for /4 (thickness
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of conducting screen) values, zero, a, 5a and 10a . However, in case of our experiment, 4 (
=100 nm) is smaller than @ (=200 nm) thus direct comparison is not possible. If we let the
thickness of the screen be equal to the radius, the peak value is 368 nm when 1050 nm
wavelength laser is used. The authors also showed that the transmission is increased up to a
cut off limit and then drops down and plateaus. To maximize the trapping force we need to
find this peak hole diameter of 400 nm. We have conducted experiments with varying hole
sizes to find this diameter. Later, trapping was done using this diameter.

450 nm 400 nm

©)

210 nm

Fig. 4. Microscope and SEM images of nanoholes fabricated on the gold substrate.

We have fabricated holes ranging from 210 nm to 450 nm diameters at 10 nm increments
and measured the transmission intensity resulting from illuminating each hole with a focused
laser. Because we trapped a single DNA molecule in deionized water, the measurement was
conducted with a sample chamber filled with deionized water. Figure 3 plots the transmission
measurements on a diameter varying nanoholes for an incident beam of 7.8 mW. We can
verify that from 210 nm to 400 nm, the transmission increases as the hole diameter increases.
The rate of the increase also increases rapidly and peaks at 400 nm. Afterwards, from 400 nm
to 450 nm, we see an abrupt drop of the transmission. This experiment follows the trend of
the transmission calculations as a function of hole diameter reported by Roberts [32].
Although we have not measured beyond 450 nm, it is conceivable that it will plateau as
predicted by Roberts. We would also like to make a note that Juan et al. have chosen 310 nm
for the optimally strong field enhancing diameter [12] but our experiment shows 400 nm is
best. Figure 4 shows the optical microscope image of nanoholes ranging from 210 nm to 450
nm on a gold substrate and a SEM image of a 400 nm nanohole.

5. Experimental results and analysis
(a) (b)

2.04 2.0
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Fig. 5. Measurement of transmission intensity by trapping of a plasmid DNA using laser power
of (a) 7.8 mW and (b) 13.2 mW, all intensity values are normalized by the original intensity
value of B and this is why B is 1.0.
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We have used two types of DNA for the trapping experiments. The first is a 4.7 kbp plasmid
DNA (pAcGFP-C1), and the other is a 48 kbp lambda DNA. 1 bp is about 0.34 nm when
stretched. Both DNA solution concentrations are same as 50 ng/ul. Figure 5 shows the result
of intermittent trapping of a plasmid DNA for 90 seconds by illuminating the 400 nm hole
with a focused laser beam. Figure 5(a) shows the result of using a 7.8 mW laser for trapping
plasmid DNA where the trapping duration totals to 38 seconds and Fig. 5(b) is the same with
the laser power raised to 13.2 mW and the total trapping duration is 61 seconds. After the
laser is turned on the transmission intensity rises up to line B and then rises for the second
time to line A. Afterwards, the measurement oscillates only between the two lines. We can
deduce that the higher value at line A is due to the increase in the transmission with the help
from the DNA scattering the incident beam.

(@) (b)

Trapping Trapping
2.04 2.04
-~ -
3 . A
315 2 154
< =<
< <
i gy
Z Lo ‘7z 1.049B
g g
E 0.5 E 0.54 Non-trapping
Turn on
0.04 - 0.04 _/thc laser S
7.8 mW, 400 nm 13.2 mW, 400 nm
T v T T T T T T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s)

Fig. 6. Measurement of transmission intensity by trapping of lambda DNA using laser power
of (a) 7.8 mW and (b) 13.2 mW, all intensity values are normalized by the original intensity
value of B and this is why B is 1.0.

We have also witnessed similar results for trapping lambda DNA. Figure 6 shows trapping
of a lambda DNA using a 400 nm nanohole. Figure 6(a) and 6(b) shows lambda DNA trapped
for the duration of 38 and 65 seconds, respectively. There is also a similar oscillation between
two lines A and B, and A is again higher than B because of the increased transmission
resulting from the scattering of DNA when trapped. We can also compare the transmission
intensity when plasmid DNA and lambda DNA are trapped with the same power. Lambda
DNA results in higher intensity and this is due to the fact that lambda DNA is longer and
bigger than the plasmid DNA resulting in stronger scattering signal. We think that DNA of
different length can be differentiated by scattering signal.

2.0
1.5
1.04

0.5

Intensity (a.u.)

L) L) L} LJ L} v
0 200 400 600 800 1000
Time (s)

Fig. 7. Transmission intensity as a function of medium height that decreases as time increases.
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Now we come to the reason of the normalization of the scattering signal by the value B.
When we measure the scattering signal of the chamber without the DNA being trapped, the
value varies based on the incident laser power and more importantly, the value was found to
be very sensitive to the medium height. Because the chamber only contains small amount of
medium and the fact that we are putting heat through the laser irradiation, we found gradual
decrease of the scattering signal as a function of time. This is shown in Fig. 7 where we have
monitored the change of the scattering signal when the laser was incident to the chamber
without DNA in the medium. As can be seen from the plot, there is a gradual and noticeable
drop of the scattering signal. To remove the effect of the chamber height decrease due to the
evaporation of the medium, we have normalized all signals by the signal value pertaining to
the signal when there is only medium present in the plasmonic trapping region. This in effect
also cancels the effect of the laser power, allowing us to compare directly even between
scattering graphs coming from different incident power. For example, at the incident power of
7.8 mW, the trapped signal value subtracted by the normalization 1.0 of B gives 0.326 (Fig.
5(a)) and 0.714 (Fig. 6(1)) for the plasmid DNA and lambda DNA, respectively. Also for 13.2
mW laser, we obtained 0.317 (Fig. 5(b)) and 0.639 (Fig. 6(b)). Those subtraction values are
named simply the delta values that is obtained by subtracting the trapped signal with the
reference signal pertaining to the situation when there is no trapping but only medium present
at the focus. Moreover, we have demonstrated trapping of DNAs using different incident laser
powers. In case of plasmid DNA, the delta values are 0.281 and 0.349 (Fig. 8(a)) at 9.2 and
16.7 mW incident power, respectively. Similarly, in case of lambda DNA, the delta values are
0.676 and 0.662 (Fig. 8(b)) at the same incident powers, respectively. The beauty of this
normalization allows us to compare directly these delta values irrespective of the medium
chamber height and the incident laser power. The errors (standard deviation) of these two
values are only less than 7% and 4% for plasmid DNA and lambda DNA, respectively. We
believe that this simple normalization allows us to discern between DNAs of variable lengths.
Additionally, we could also confirm the trapping duration of two DNAs linearly increases
depending on the incident laser power. In case of plasmid DNA, the trapping duration is 42.0,
47.7,68.0 and 72% at 7.8, 9.2, 13.2, 16.7 mW incident power, respectively (Fig. 9(a)). In case
of lambda DNA, the trapping duration is 42.0, 52.2, 72.0 and 86.7% at the same laser powers

(Fig. 9(b)).
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Fig. 8. Difference between average intensity value of line A and B. (a) Trapping delta value of
plasmid DNA, (b) Trapping delta value of lambda DNA.
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Fig. 9. Trapping duration of (a) plasmid DNA and (b) lambda DNA during 90 seconds.

Fundamentally we are determining the length of the DNA through the light scattering. If
we approximate the DNA as a small ball of having the radius value equal to the radius of
gyration, 7, . This value is 0.73 pum [33] for the lambda DNA and even smaller for the
plasmid DNA. Since the ratio of the radius to the wavelength of the laser (1050 nm) is less
than 10%, we can approximate the scattering intensity using the Rayleigh equation [34] which
is in the order of 7, that equation is
_1287°! ’

e —1
1_ r
3!

E +2

r

M

where A is the wavelength of the incident laser, and ¢, is the ratio of the effective DNA

permittivity to that of the medium. The relation between 7, and the number of base pairs is
complex. In the literature for the linear DNA, the equation is

/s
L 2a aY -l
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where a is the persistence length and L is the DNA contour length that can be calculated by

multiplying the number of base pairs with the base pair unit length (0.34 nm). The expression
is different for circular DNAs as shown below.
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where «,k,,k, are functions of L as detailed by Yamakawa [35]. If we can assume that
L>>a then 7y 0 s 7o cirentar ~ JL and by substituting r, with VL in Eq. (1), we can state

that 7 ~ I*. Although we should not have directly compared the intensity of the linear DNA
with circular DNA, we justify this because L of the linear DNA was an order (x10) longer
than the circular DNA. Hence, the intensity signal difference was quite large. We postulate
that the proposed method can  distinguish the Ilength difference as

(L+AL)2 -I’'= 2LAL+(AL)2 = LAL . In other words, the intensity signal difference for a

pair of DNAS that are comparatively longer will be stronger. In summary, we can differentiate
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the difference between two DNAs in the order of the difference times the shorter base length.
However, because we have conducted the experiments using only two lengths of DNAs, we
could not verify this sensitivity.

The hole depth and diameter is smaller than the radius of gyration of the DNA and thus
the DNA at the nanohole will undergo a motion that would be vastly different from
conventional optical trapping that occurs in an open space. The intensity fluctuation when
entering and exiting the trapped state could be an invaluable source for understanding what is
going on. However, we don’t have clear understanding of the trapping motion since it
involves the understanding of the behavior of a worm-like-chain model in an optical trap.
Nevertheless, we are quite confident that the trapping happens along the edges of the
nanohole because this is where the intensity is maximum as shown by other calculations in
the literature [12].

6. Conclusion

In this paper, we have demonstrated the trapping of a single DNA using a plasmonic
nanohole. The trapping was verified through the measurement of a transmission signal that
oscillates between the two states. Based on the scattering theory we can deduce that the
higher state is when a scatterer is trapped as opposed to when there is no scatterer. We have
conducted the experiment with a 4.7 kbp plasmid DNA and a 48 kbp lambda DNA. We have
shown that the increased laser power results in longer trapping, and the longer lambda DNA
results in stronger scattering signal. Transmission signal can also work as a barometer for
distinguishing DNA of various lengths potentially opening new sensor applications such as
DNA fractionations. In summary, this paper reports for the first time of using plasmonic
structure for trapping a single DNA and proposes new possibility of using the proposed
method for characterizing DNA based on its length.
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