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Abstract: We present a plasmonic near-field tweezers in water with gold nanosphere pairs on various substrates. An 

enhanced near field localized in the nanometric gap space pumped with 800 nm femtosecond laser is to trap and kill 
small viruses. The maximal optical trapping force obtained is larger than 20 pN at an incident optical peak intensity of 1 

mW/μm
2
. We also propose a new system consisting of a gold nanosphere and a gold nanoridge. In this system, the 

enhanced near field stems mainly from the image charge effect, exhibiting an optical trapping in an asymmetric space. 
The calculated trapping force is equivalent to the system of gold nanosphere pairs. The trapped viruses may easily be 

inactivated using a unfocused 800 nm femtosecond laser. 
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1. INTRODUCTION 

Nanotechnology has developed rapidly, and the 

importance of manipulating nanoscale objects has 

been growing. Optical tweezers (trapping) is a state of 

the art technology. Far-field optical tweezers were 

reported by Ashkin et al. in 1986 [1]. Since then, optical 

tweezers have been studied extensively and have used 

in laboratory for the manipulation of micrometer-scale 

objects mainly in the field of biology and chemistry [2]. 

In addition to the Gaussian profile laser beam for 

trapping, many laser beam profiles have been used for 

optical trapping: rotational alignment of rod-like 

particles along the Bessel beam [2], optical trapping of 

atoms by using a doughnut beam [3], and optical 

trapping with holographic optical tweezers [4] were 

reported. Together with optical trapping performances, 

their applications were also reported: a subwavelength 

nanopatterning was done by the trapped microsphere 

as an objective lens [5] and two-photon luminescence 

from a trapped microsphere excited by femtosecond 

(fs) laser was observed [6]. 

Conventional optical trapping by using far-field 

optics can manipulate dielectric particles with several 

and tens of micrometers diameter. However, for 

nanoparticles, trapping force becomes very weak, and 

the Brownian motion becomes equivalent to the 

trapping force. The trapping volume of far-field optical  
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tweezers cannot become smaller than a half optical 

wavelength due to the diffraction limit. Therefore, a 

near-field trapping using a surface plasmon-enhanced 

optical field is attractive for nanoparticle trapping [8]. 

Plasmonic 2D size-selective near-field trapping of 

micrometer-sized dielectric beads using 3.5-μm-

diameter gold pillars was demonstrated [9]. This 

system requires no objective lens for laser focusing, 

and can trap multiple objects in multiple trapped areas 

by an unfocused single 785-nm laser beam. 3.5-μm 

particles were trapped 21 min after the laser irradiation. 

Plasmonically coupled pairs of gold nanodots have 

been also used for plasmonic optical trapping. Arrays 

of gold pairs exhibited a significant increase in trapping 

efficiency [10]. If the particles are aligned, higher 

optical field enhancement is generated between the 

particles due to the plasmon coupling [11]. The space 

for optical trapping is localized in the gap which is 

below the diffraction limit. The Brownian motion of a 

trapped nanoparticle is quenched more strongly by an 

order of magnitude than conventional optical tweezers, 

due to the enhanced optical near-field.  

The nanometer and micrometer-scale structured 

substrates for near field optical trapping were 

fabricated mainly by using electron beam lithography. 

In addition, nanoimprint lithography [12] and 

nanolithography based on an atom pinhole camera [13] 

were reported. In addition, sophisticated self-

assembling technology [14], nanosphere lithography 

[15-17], laser induced transfer (LIT) [18, 19], and others 

[20-22] were also proposed. These techniques are 
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promising for high throughput fabrication of plasmonic 

nanostructured substrates. 

In the meantime, gold nanoparticle pairs by simple 

technology are widely-used structures giving a high 

optical field enhancement factor in a nano-gap space. 

The spectral shift of plasmon resonance [23, 24], 

dependence of inter-particle distance [23, 24], and 

performance in heterodimer system [25, 26] were 

studied in detail. In these fields, many studies were 

focused on surface enhanced Raman spectroscopy 

(SERS), where the inter-particle distance of gold 

nanoparticle pairs is only a few nanometers [11, 25, 

27].  

In this paper, we present a plasmonic near-field 

tweezers in water with gold nanosphere pairs on 

various substrates of SiO2, Si, and gold. The effect of 

substrate on the enhancement of near field of gold 

sphere between the substrate and the gold sphere was 

investigated primarily for nanocrater ablation 

processing: The near-field properties are studied for 

the case of a single isolated particle and 2D 

nanoparticle array [28, 29]. However, the effect of the 

substrate on the near field in the gap between the two 

gold particle pairs has not been made clear. An 

enhanced near field localized in the gap space 

between the two gold nanospheres pumped with 800 

nm laser is used for near-field optical trapping, aiming 

at trapping and killing small viruses. The dependence 

of the enhanced plasmonic near field distribution on the 

substrate material is evaluated. In addition, we propose 

a new simple nanostructured trapping system 

consisting of a gold nanosphere and a gold nanoridge. 

The proposed structures exhibit a strong optical 

trapping force in an asymmetric space. The trapping 

force calculated is enough to trap nanometer scale 

viruses. The trapped viruses may be inactivated with 

an 800 nm fs laser pulse. Although plasmonic sensing 

of viruses was proposed [30, 31], the viruses trapped in 

a 3D nanospace with a unfocused 800 nm laser may 

be optically killed in the new system. The proposed 

system may potentially be used for plasmonic dialysis 

of viruses ex vivo in the blood flow of patients suffering 

from sepsis and/or an infectious disease like kidney 

dialysis. The water is optically quite transparent at 800 

nm of fs laser. The average optical intensity of the fs 

laser is as low as 4 W/cm
2
. This system is operating in 

water environment, which has a large heat capacity. 

Therefore, the thermal effect may be negligible in this 

scheme. The merit of using not cw laser but fs laser is 

to give trapping force digitally by the laser pulse 

number. Commercially available 80 MHz to 100 MHz-

repetition-rate fs laser of 1 W average output without 

chirped pulse amplification (CPA) can easily be used to 

trap viruses in an enhanced plasmonic potential and 

simultaneously the trapped viruses may be deactivated 

by the enhanced pulsed optical field, while by reducing 

the intensity of fs laser pulses we can make non-

destructive trapping of single viruses, being interesting 

to immobilize them and inspect them via multi-photon 

excitation. The average optical intensity of the 

unfocused fs laser is quite low and the thermal effect 

may be negligible in this scheme.  

2. SIMULATION PROCEDURE 

We first simulate near-field trapping characteristics 

in water by using gold nanosphere (NS) pairs on 

various substrate materials of SiO2, Si, and Au. Figure 

1 shows a schematic of size-selective near-field optical 

trapping to inactivate the trapped viruses by using 800 

fs laser. An enhanced near field localized in the gap 

space between the two gold NSs pumped with 800 nm 

fs laser can be used for near-field optical trapping. The 

dependence of the enhanced optical near-field 

distribution on the substrate material was calculated 

using a 3D Finite-Difference Time-Domain (FDTD) 

method. The FDTD method gives good agreement with 

the experiments for the calculation of the enhanced 

optical field distribution of near-field light [32, 33].  

 

Figure 1: Schematic of concept for size-selective optical 
trapping and killing of viruses by using a 800 nm fs laser and 
gold NP pair. 

Figure 2 shows a schematic of the simulation 

model. The model consists of a pair of gold NPs 

(diameter: d, gap distance: g) placed on a substrate in 

water (refractive index n = 1.329 at 800 nm). A y-

polarized plane wave source of 800 nm wave length is 

set 1.2 μm above the substrate. Water shows little 
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optical absorption in a 800 nm region of the spectrum. 

Therefore, a 800 nm fs laser is suitable for bio-

photonics applications. The minimum cell size is set to 

be 2.5 2.5 2.5 nm
3
. The used boundary condition of ± 

x and ± y is periodic, and that of ± z is the Mur 

(absorbing) boundary condition. The simulation time is 

long enough to become a steady state (40 fs 

approximately after the start of laser irradiation). We 

defined enhancement factor |E|
2
/|E0|

2
 as enhanced 

optical intensity at the steady state. The incident optical 

E field is set at 1 V/m. 

 

Figure 2: Schematic of the simulation model for gold NS pair. 

3. SIMULATION RESULTS AND DISCUSSION 

3.1. Dependence of Maximal Enhancement Factor 
in a Gap between Gold NS Pairs on Inter-Particle 
Distance  

First, we calculated the optical field enhancement 

distribution around a pair of gold NSs (d = 200 nm) for 

gap distances of 5, 10, 20, 50, 100, 200, and 300 nm. 

The substrate material is a SiO2 (nsub = 1.538) 

substrate. Figure 3 shows the gap distance 

dependence of maximal enhancement factor. In this 

logarithmic graph, the dashed line shows a maximal 

enhancement factor obtained with a single gold NS (the 

inter-particle distance is infinite). The results indicate 

that the maximal enhancement factor decreases with 

increasing gap distance g. In the case of g > 100 nm, 

the maximal enhancement factor for the gold NPs is 

approaching that of a single gold NS. Then, we focus 

on a pair of gold NPs with gap distance of g = 50 nm, 

as shown by the red dotted line in Figure 3, because it 

still exhibits a sufficiently high enhancement factor. 

Relatively small viruses such as yellow fever virus, 

norovirus, hepatitis B or C virus, etc. are smaller than 

50 nm in dimension. 

 

Figure 3: Dependence of the maximal enhancement factor 
on the gap distance. The diameter of gold NS is kept 
constant at d = 200 nm. The substrate material is SiO2. A 
black dashed line shows the maximal enhancement factor 
achieved with a single gold NP on SiO2. 

3.2. Dependence of Enhancement Factor on NS 
Diameter and Substrate 

We investigate the dependence of the field 

enhancement factor on the gold NS diameter at a gap 

distance of 50 nm. The enhancement factor distribution 

was calculated for diameter d ranging from 100 nm to 

200 nm. The substrate materials are SiO2, Si (nsub = 

3.68 + 0.00522i), and Au (nAu = 0.188 + 5.39i). The 

optical properties (dielectric function) of the materials 

used in the calculations at 800 nm are taken from Ref. 

[34]. Figure 4 shows plots of the enhancement factor at 

the center of a gap (x = 0, y = 0, z = d/2) as a function 

of the diameter. The optimal diameter d for exhibiting a 

high enhancement factor was dependent upon the 

substrate material. The gold substrate exhibited the 

largest field enhancement factor among them.  

 

Figure 4: Dependence of the enhancement factor on the 
diameter at the gap center for the three different substrate 
materials, SiO2, Si, and Au. The gap distance is constant at g 
= 50 nm. 
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Figure 5 shows the enhancement factor 

distributions for the three substrates. Each inter-particle 

distance giving respective highest factor is used based 

on the data shown in Figure 4. Enhanced field zones 

also appear under the gold NSs for Si and Au 

substrates, which do not appear in the case of SiO2 

substrate. The enhanced zone at the contact point is 

due to the contribution of the image charge in the high-

refractive-index and metal substrates [29, 32, 33].  

The amount of image charge q '  inside dielectric 

material is written as the following equation 

q ' = sub m

sub + m

q,           (1) 

where q  is the amount of the charge, m  is permittivity 

of the surrounding medium, and sub  is that of the 

substrate. If the Si substrate has a higher permittivity, 

the plasmon coupling between NSs and the Si 

substrate becomes stronger. However, an optical 

intensity is not enhanced at the contact point between 

gold NS and the SiO2 substrate, because the difference 

of permittivity between SiO2 and water is little.  

Figure 6 shows the charge density distribution. This 

charge density distribution determines the optical field 

distribution. Figure 6a shows a low density charge 

distribution for the SiO2 substrate, while Figure 6b 

shows the higher charge density distribution for the Si 

substrate. The amount of image charge inside an ideal 

conductor metal is written by the following equation 

q ' = q.             (2) 

As for the Au substrate, the charge density is 

significantly higher than either SiO2 or Si (Figure 6c). 

As the plasmon coupling between NPs and the 

 

Figure 5: Enhanced field intensity distributions at the gap center for the three different substrate materials, SiO2, Si, and Au. 
The gap distance is kept constant at g = 50 nm, while respective optimal diameter is different. Note that each intensity scale is 
different. 

 

Figure 6: Charge density distributions around gold NSs derived from the enhanced field intensity distribution shown in Figure 5. 
The substrate materials in a, b, and c are SiO2, Si, and Au, respectively. The steady state charge density at 39.365 fs after the 
fs irradiation is shown. 
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substrate becomes stronger, an enhancement factor is 

also increased in the gap of gold NP pairs.  

M13 bacteriophages are inactivated at a threshold 

intensity of about 60 MW cm
2
, while Tobacco mosaic 

virus (TMV) is inactivated at a threshold intensity of 

about 250 MW cm
2
 [35]. Therefore, these data provide 

strong support that target viruses have an inactivation 

threshold of the order of a few hundred MW cm
2
 or 

lower when illuminated with a near-IR 80 fs laser. The 

HIV samples are irradiated with 776 nm, 500 fs pulse 

[36]. It is found that HIV in vitro remains infectious 

when irradiated with laser intensities of lower than 

about 500 MW cm
2
. However, as the laser intensity 

exceeds 1.1 GW cm
2
, HIV loses its infectivity.  

In the case of Au substrate, we obtained a 150-fold 

increase in the optical intensity in the gap in relation to 

the incident intensity. Therefore, this highly enhanced 

intensity can inactivate such trapped viruses with 800 

nm fs laser at incident intensities of tens of MW cm
2
, 

which are easily obtainable with commercially-available 

fs laser oscillators without CPA.  

3.3. Optical Trapping Force Distribution in a Gap 
Space  

The optical force for trapping a polystyrene sphere 

(PSS) of 50 nm diameter as a model sample of virus is 

calculated from the result shown in Figure 5c. The PSS 

is widely used for the evaluation of optical trapping 

force [1, 4, 5, 9, 10]. If the trapped particle’s diameter is 

smaller than the incident laser wavelength, optical force 

F is written as the following equation 

F =
nm
2

E2 ,             (3) 

where 
m

n  is the refractive index of the surrounding 

medium and   is the polarizability of the trapped object. 

The effective particle polarizability  is expressed by 

= 4 r3 p m

p + 2 m

,           (4) 

where r  is radius of the trapped particle, m  is 

permittivity of the surrounding medium, and p  is 

permittivity of the trapped particle.  

The obtained optical force is shown in Figure 7. The 

incident laser intensity is assumed as 1 mW/μm
2
. At 

this laser intensity, a maximal trapping force is larger 

than 20 pN, as shown in Figure 7c. As the high 

trapping force is generated only in the gap, larger 

objects than the gap size cannot be trapped. The 

trapping stiffness reported in a plasmonic near-field 

trapping is 0.013 pN/nm/W [10] for trapping of a PSS of 

200 nm diameter (  = 1064 nm) and 6.6 pN/nm/W [37] 

for trapping of a PSS of 50 nm diameter (  = 1064 nm). 

The values of trapping stiffness are not directly 

compared, because the experimental parameters of the 

 

Figure 7: Optical force distribution for a 50-nm-diameter PSS in the gap space. The gold NPs are on the Au substrate (see 
Figure 5c). a, b, c show the optical force of x direction (y = 0, z = d/2 = 65 nm), y direction (x = 0, z = d/2 = 65 nm), and z 
direction (x = 0, y = 0), respectively. The incident laser intensity is assumed as 1 mW/μm

2
 (0.1 MW/cm

2
). Yellow dotted circles 

indicate the lineation of gold NP. 
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used substrate material and the incident wavelength 

are different. In the present scheme, a similar value of 

trapping stiffness to the previous reports was achieved. 

The proposed system may potentially be used for 

plasmonic dialysis of viruses ex vivo in the blood flow 

of patients suffering from sepsis and/or an infectious 

disease like kidney dialysis. The water is optically quite 

transparent at 800 nm of fs laser. Commercially 

available 80 MHz to 100 MHz-repetition-rate fs laser of 

1 W average power without chirped pulse amplification 

(CPA) can trap viruses in an enhanced plasmonic 

potential and simultaneously the trapped viruses may 

be deactivated by the enhanced pulsed optical field. 

With low intensity fs laser pulses we can make non-

destructive trapping of single viruses, that is interesting 

to immobilize them and inspect them via such as multi-

photon excitation. 

The water is optically quite transparent at 800 nm of 

fs laser. The average optical intensity of the fs laser is 

quite low. This system is operating in water 

environment, which has a large heat capacity. 

Therefore, the thermal effect may be negligible in this 

scheme. 

3.4. Optical Trapping Using a Gold NS and a Gold 
Nanoridge  

We also investigate a new nanostructure system, in 

which the one gold NS in pairs is replaced with a gold 

nanoridge (NR, height h, thickness l). This concept 

comes from the mirror image structure in laser 

resonators. In far-field optics, the confocal Fabry-Perot 

type resonator is identical to the semi-confocal one with 

a half reflectors separation, in which the resonator 

mode volume is asymmetric. In near field optics, this 

nano-structure system would be identical to the NS 

pairs from the electromagnetics viewpoint. A schematic 

of the 3D FDTD calculation model for this new 

nanostructure system is shown in Figure 8. The gap 

distance g is 50 nm in order to reserve a space for 

trapping yellow fever virus, norovirus, etc. The merit of 

this system is to trap a specimen three dimensionally, 

while the gold slot geometry with the two ridges is to 

trap a specimen only one dimensionally. 

The field intensity enhancement factor distribution 

for different thickness l is shown in Figure 9. In this 

case, the substrate material is SiO2. If a gold NR of l = 

50 nm and h = 140 nm is used, a high enhancement 

factor is obtained in a gap space of 50 nm separation, 

being equivalent to the system of gold NP pairs 

described above. The enhancement factor distribution 

shown in Figure 9b is consistent with that in Figure 9a, 

mainly due to the image charge effect in the gold NR.  

 

Figure 8: Schematic of the simulation model for a gold NP 
and a gold NR. 

 

Figure 9: Enhanced field intensity distributions factor around a gold NP and a gold NR on the SiO2 substrate. a shows the 
distribution of gold NP pairs with gap distance of 100 nm. Thickness l of a gold NR in b, c, and d is 50 nm, 140 nm, and 400 nm, 
respectively. The height of the gold NR is kept constant at h = 140 nm. The gap length for b, c and d is 50 nm. 
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Figure 10 shows the charge density distributions 

calculated from the enhancement field distribution 

shown in Figure 9. This charge density distribution 

determines the optical field distribution. Calculating the 

Poynting vector (data not shown), it can be seen that 

the incident optical energy is efficiently delivered into 

the gap space. This structure well behaves like the gold 

NP pairs system. As the thickness l of the gold NR 

increases, the optical enhancement factor at the 

bottom edge of the gold NR is increased. Because the 

plasmon coupling between the gold NS and the bottom 

of gold NR becomes stronger, the high intensity zone 

moves toward the substrate. Conversely, by using a 

gold substrate and a high gold NR (h = 200 nm), the 

plasmon coupling between the gold NS and the edge of 

the gold NR is decreased, and a high enhancement 

factor is achieved in the gap of 50 nm, even if the gold 

NR is 400 nm thick, as shown in Figure 11. The optical 

force for trapping is shown in Figure 12 in this system 

is found comparable to that of gold NP pairs shown in 

Figure 7. 

4. CONCLUSION 

In this paper, we proposed and revisited a size-

selective asymmetric near-field optical trapping system 

using gold NS pairs. The dependence of the field 

intensity enhancement factor distribution on the 

substrate material was presented. By using a 130-nm-

diameter gold NS pairs on the Au substrate, a high 

enhancement factor (about a 150-fold increase of the 

incident 800 nm laser intensity) is obtainable even for 

the wide gap distance (g = 50 nm). By using this 

structure, a maximal optical trapping force is larger 

than 20 pN for a 50-nm-diameter PSS at an incident 

optical peak intensity of 1 mW/μm
2
 (0.1 MW/cm

2
). The 

average optical intensity of the fs laser is quite low and 

the thermal effect may be negligible in this scheme. 

This system is operating in water environment, which 

has a large heat capacity. 

We also proposed a new structure system 

consisting of a gold NS and a gold NR on the Au 

substrate. It is shown that the asymmetric gap space 

gives a high enhancement factor. From the 

 

Figure 10: Charge density distributions calculated from the field intensity distribution in Figure 9. Thickness l of gold NR in (a), 
(b), and (c) is 50 nm, 140 nm, and 400 nm, respectively. 

 

 

Figure 11: Enhanced field intensity distribution around a gold NP and a thick gold NR on the Au substrate (diameter d = 140 
nm, thickness l = 400 nm, and height h = 200 nm). 
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electromagnetics viewpoint, this system would be 

identical to the gold NS pairs geometry.  

A plasmonic near-field trapping with these 

nanostructures has the advantage over conventional 

far-field optical tweezers, because the proposed 

nanostructures enable optical size-selective trapping of 

smaller samples than the gap space. This system has 

a potential to trap and inactivate viruses with one 800 

nm fs laser pulse irradiation. Of course, we can 

optimize the trapping system to give highest trapping 

force for respective size of specimen in plasmonic 

near-field optics. The proposed system may potentially 

be used for plasmonic dialysis of viruses ex vivo in the 

blood flow of patients suffering from sepsis and/or an 

infectious disease like kidney dialysis. 
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