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Abstract 

 
We take advantage of graphene nano-taper plasmons to design tunable plasmonic tweezers for 

neuroblastoma extracellular vesicles manipulation. It consists of Si/SiO2/Graphene stack topped 

by a microfluidic chamber. Using plasmons of isosceles-triangle-shaped graphene nano-taper with 

a resonance frequency of 6.25 THz, the proposed device can efficiently trap the nanoparticles. The 

plasmons of graphene nano-taper generate a large field intensity in the deep sub-wavelength area 

around the vertices of the triangle. We show that by engineering the dimensions of the graphene 

nano-taper and an appropriate choice of its Fermi energy, the desired near-field gradient force for 

trapping can be generated under relatively low-intensity illumination of the THz source when the 

nanoparticles are placed near the front vertex of the nano-taper. Our results show that the designed 

system with graphene nano-taper of L = 1200 nm length and W = 600 nm base size and THz source 

intensity of I = 2 mW/μm2, can trap polystyrene nanoparticles with diameters of D = 140, 73, and 

54 nm, and with trap stiffnesses of ky = 9.9 fN/nm, ky = 23.77 fN/nm, and ky = 35.51 fN/nm at 

Fermi energies of Ef = 0.4, 0.5, and 0.6 eV, respectively. It is well known that the plasmonic 

tweezer as a high-precision and non-contact means of control has potential applications in biology. 

Our investigations demonstrate that the proposed tweezing device with L = 1200 nm, W = 600 

nm, and Ef = 0.6 eV can be utilized to manipulate the nano-bio-specimens. So that, at the given 

source intensity, it can trap the neuroblastoma extracellular vesicles, which are released by 

neuroblastoma cells and play an important role in modulating the function of neuroblastoma cells 

and other cell populations, as small as 88 nm at the front tip of isosceles-triangle-shaped graphene 

nano-taper. The trap stiffness for the given neuroblastoma extracellular vesicle is obtained as ky = 

17.92 fN/nm. 

 

 

Introduction 
 

Nowadays, optical tweezers have been known as powerful and favorable tools for the manipulation 

of particles, which have various potential applications, particularly in the research of biological 

systems [1, 2]. Considering the subwavelength trapping challenges in optical tweezers, the 

plasmonic tweezers can overcome this obstacle by breaking the diffraction limit [3-7]. Hence, the 

progress of plasmonic tweezers can open up a significant evolution in nanomanipulation. 



Plasmonic tweezers use the highly localized evanescent fields of plasmons in metallic 

nanostructures to trap nanoparticles. The significant loss and the resulting heat generation in metals 

that may harm the biological tissues are the main deterrents of using metallic structures in 

plasmonic tweezers [8-10]. Furthermore, due to the opaqueness of the structures made of metal, 

the monitoring and watching of the nanoparticles in plasmonic tweezers based on metal 

nanostructures is a challenge. Researchers have demonstrated that graphene, owing to its 

outstanding thermal, mechanical, electrical, and optical properties, can be a promising alternative 

plasmonic material to noble metals [11-16]. Graphene is a thin film transparent to light with a high 

thermal conductivity that can overcome the aforementioned challenges in metals. Due to high 

thermal conductivity, the heat absorbed from the incident light can be effectively removed from 

the graphene surface [17]. Graphene’s transparency facilitates the observation of the trapped 

nanoparticles [18]. Moreover, the biocompatibility nature of graphene makes it a really promising 

candidate for biological, medical, and chemical applications [19, 20]. Longer lifetimes due to high 

carrier mobility and exceptional strong optical confinement are the advantages of graphene 

plasmons over metal plasmons [21]. Tunability is another interesting property of graphene 

plasmon so that at a fixed incident light power, the plasmon’s field intensity can be adjusted via 
altering the chemical potential of graphene [22-24], and consequently changing the carrier 

concentration, like what can be seen in TCOs [25].   

Plasmonic tweezers based on various graphene structures such as ribbon [23], hole [18, 26], sheet 

[27], ring [24], and nanodisk [28, 29] have recently been demonstrated. To date, the trapping 

capability of graphene nano-taper has not been studied in the literature. In this paper, taking the 

exceptional advantage of graphene plasmons, we propose a novel plasmonic tweezer based on 

graphene nano-taper. In addition, we investigate in detail the effective factors such as length, base, 

and chemical potential of nano-taper on its plasmon’s field intensity and the resulting trapping 
capability. This lab-on-a-chip optophoresis system, benefiting from the low power consumption 

and remarkable tunable plasmonic properties of graphene, is capable of manipulating nano-bio-

particles with acceptable sensitivity.  
 

 

 

Proposed structure and operating principles 
 

Figure 1 (a) illustrates a three-dimensional (3D) schematic of a unit cell of the proposed lab-on-a-

chip plasmonic tweezers. It is made of an isosceles-triangle-shaped graphene nano-taper with a 

given length (L) and base (W). The substrate is a Si wafer covered with a 100 nm thin layer of 

SiO2. As a real situation in optical tweezers for trapping bio-targets [30, 31], we consider a 

microfluidic chamber filled with water, above the graphene nano-taper. Therefore, we assume that 

the polystyrene (PS) nanoparticles (n= 1.55) as trapping targets are suspended in water (n = 1.33) 

above the graphene surface. Optical components in Fig. 1 (b) illustrate how to excite the plasmons 

of graphene nano-taper, and detect the trapping nanoparticles. So that, a THz laser excites the 

surface plasmons of graphene nanotaper, an objective lens focuses the laser beam on the surface 

of graphene nanotaper, and a charge-coupled device (CCD) camera reveals whether the nanotaper 

plasmons are able to trap the nearby nanoparticles. 

 



 
Figure 1. (a) 3D schematic of the proposed plasmonic tweezer system (b) Schematic illustration of the optical setup. 

 

Before proceeding further, we briefly describe the operation principle of the proposed plasmonic 

tweezers. Consider a laser beam with a frequency centered about the resonance frequency of 

graphene nano-taper, normally illuminated on the surface of graphene nano-taper. At the resonance 

frequency and at an appropriate laser intensity, the surface plasmons of graphene nano-taper can 

be strongly stimulated. As will see, the plasmon’s field maximizes at the front tip of graphene 
nano-taper. Hence, the nearby nanoparticles above the tip of graphene nano-taper experience an 

optical gradient force. This gradient force and the resulting potential well can trap the nanoparticles 

for which the trapping condition is satisfied, i.e., potential well depth ≤ -10 KBT, where KB and T 

are the Boltzmann constant, and the ambient temperature, respectively [1].  

 

The trapping capability of the proposed plasmonic tweezers based on graphene nano-taper depends 

on the length, base, and chemical potential of the graphene nano-taper. As we will see, the chemical 

potential and dimensions (L and W) of the graphene nano-taper affect the resonance frequency and 

the plasmon’s field intensity. Hence, to design an optimal device plasmonic tweezer, the 

dimensions of the nano-taper are engineered and the effect of chemical potential is considered. 

 

 

 

Theory behind the trapping 

 
To obtain stable trapping, the depth of the potential well should be at least -10 KBT to compensate 

the particle delocalization due to its Brownian motion [1]. The potential energy can be obtained 

by integrating the exerted force on the nanoparticle [32]: 
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This force comes from the interaction between the electromagnetic field and the dielectric 

nanoparticle that can be calculated using the Maxwell stress tensor (MST). Accordingly, the 

average optical force exerted on a nanoparticle is given by [33, 34]: 
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where, 
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is the MST, n is the unit vector normal to the surface S enclosing the particle volume Ω, ɛ and μ 

are the medium permittivity and permeability, E and H are the electric and the magnetic field 

vectors, and r and t are the position vector and time, respectively.  

 

When there is a significant gradient in the intensity of the surface plasmon’s field, the gradient 

force can be approximated by [35, 36]: 
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Where V = (4/3)πR3 is the particle volume, I is the intensity, c is the light speed, ɛwater and ɛp are 

the relative permittivity of water and dielectric particle, respectively. 

 

 

Therefore, the resulted potential energy sensed by a dielectric nanoparticle with a diameter of D, 

can be simplified to [28, 35, 36]: 
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As can be seen in Eqs. (1) and (2), the force depends on the electromagnetic field of plasmons. 

The plasmon's field originates from the excitation of surface plasmons of graphene nano-taper; its 

intensity depends on the length and base, chemical potential, relative permittivity, and optical 

conductivity of the graphene nano-taper. 

 

In the case where graphene is placed between materials with dielectric constants ɛwater and ɛsubstrate, 

the relative permittivity of graphene can be evaluated using the following equation [19, 28, 37]: 
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Where ɛ0 is the permittivity of free space, ∆ = 0.34 nm is the single-layer graphene thickness, ω is 

the angular frequency, and σ is the optical conductivity of graphene. σ is principally given by 

intraband transitions in the THz and far-infrared ranges and by interband carrier transitions in the 
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visible and near-infrared ranges. In the absence of an external magnetic field, and neglecting the 

insignificant quantum size effects of graphene plasmons [38], σ can be evaluated using the 

simplified Kubo formula [22, 39]:  
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Where e, KB, T, μc, ħ = h/2π, 2

g e C F
ev    are the electron charge, the Boltzmann constant, the 

ambient temperature, the chemical potential of graphene, the reduced Plank’s constant, and the 

carrier relaxation time in graphene, respectively. In g relation, µe = 104  cm2∙V−1∙s−1 and F
v  

= 108  cm∙s−1  are the mobility and Fermi velocity, respectively. 

After stating the theory governing the trapping, now we briefly explain how to simulate the device. 

Consider a plane wave single-mode THz source with sufficient intensity, polarized along the x-

direction that is normally radiated on the surface of graphene nano-taper. At the resonance 

frequency, the surface plasmons of graphene can be efficiently excited. The evanescent field of 

plasmons with adequate intensity can trap the nearby nanoparticles if the trapping condition 

(potential energy depth ≤ -10 KBT ) is satisfied. For this purpose, the potential energy must be 

calculated. As seen in Eq. 1, it depends on the force. The force depends on the electromagnetic 

field (see Eqs. 2 and 3). The electromagnetic field distribution can be obtained using Maxwell’s 
equations. Using the three-dimensional-finite-difference-time-domain (FDTD) numerical method, 

Maxwell’s equations are solved. To solve these equations, the periodic boundary conditions along 

the x-, and y-directions, and the perfectly matched layer (PML) boundary condition along the z-

direction are used. Having the field distributions above the surface of graphene nano-taper, the 

average force exerted on the nanoparticle and the resulting potential energy can be computed. It 

should be noted that to obtain the simulation results, a mesh size as small as 1 nm is used.  

Moreover, the refractive index of polystyrene nanoparticles, n = 1.55, that are suspended in the 

water with the refractive index of n = 1.33, is considered.  

 

Results and discussions 

Generally, the resonance frequency of graphene plasmons depends on the Fermi energy, the shape 

and dimensions of the graphene nanostructures, and the relative permittivities of the surrounding 

materials of graphene. As an instance, the resonance frequency of a graphene ribbon differs from 

that of a graphene nanodisk. The resonance frequency of graphene ribbon depends on the ribbon 

width, while it depends on the nanodisk diameter in graphene nanodisk [40-44]. Hence, each 
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graphene nanostructure has its own resonance frequency, which is affected by its dimensions and 

Fermi energy. In this paper, we present a design of CMOS compatible graphene-based plasmonic 

tweezer. It is composed of an isosceles triangle-shaped graphene nano-taper that is deposited over 

a Si wafer covered with a 100 nm layer of SiO2. First, we investigate the influence of dimensions 

of an Isosceles triangle-shaped graphene nano-taper on the resonance frequency and mode 

intensity of surface plasmons. In this regard, we assume a plane wave laser light of intensity I = 2 

mW/μm2 with linear polarization along the x-direction is normally illuminated to a unit cell 

including a graphene nano-taper, as seen in Fig. 1.  

The L (the length) and the W (the base) of the proposed graphene nano-taper are varied to further 

explore their effect on the resonance frequency and the mode intensity, as seen in Fig. 2. At the 

resonance frequency, the surface plasmons can be strongly excited, and the resulting plasmon’s 
field intensity maximizes. 

 

 

Figure 2. Dependency of (a) Resonance frequency and (b) Normalized intensity on the variations of the dimensions 

(L and W) of graphene nano-taper.  

 

As it is indicated in Fig. 2(a), the resonance frequency of the graphene plasmons, for a given Fermi 

energy of Ef = 0.6 eV, depends on the dimensions (L and W) of the graphene nano-taper. So that, 

with increasing the length (L) of the nano-taper we observe a red-shift in the resonance frequency 

while increasing the base (W) of the nano-taper causes a blue shift in the resonance frequency. Fig. 

2 (b) shows the mode intensity versus the variations of L and W. As shown in this figure, at lower 

lengths (L ˂ 800 nm), increasing the base (W) size leads to slight changes in the amount of 

intensity. At higher lengths especially for L > 1000 nm, increasing the W causes a greater 

normalized mode intensity. So that the maximum surface plasmon mode intensity occurs for L= 

1200 nm and W= 600 nm at the resonance frequency of f = 6.25 THz. To begin with, for the 

highest mode intensity obtained above, a nano-taper with L = 1200 nm and W = 600 nm is selected. 

The reason why we choose this size (L = 1200 nm, and W = 600 nm) is the trapping capability of 

the proposed device in this selected size, because the proportional relation of the gradient force to 



the gradient of intensity, is higher. Now we are ready to obtain the field distribution and examine 

the trapping capability of the proposed device. 

A notable feature of the plasmonic tweezers is that they can trap subwavelength particles along the 

near-field of surface plasmons. Surface plasmons of graphene are highly confined close to the 

graphene surface. Therefore, they generate high field intensity in the deep sub-wavelength area 

close to the surface of the graphene nano-taper, which is capable of trapping the nearby 

nanoparticles. Since they are highly concentrated close to the surface of graphene nano-tapers, 

nanoparticles are trapped provided that they move close to the surface of graphene, within the 

plasmonic active nano space, i.e., about 10-15 nm above the graphene surface [31, 45]. Hence, we 

will consider z = 10 nm as the reference point, where the field intensity and the resulted force are 
strong enough to trap the nanoparticles. 

Solving Maxwell’s equations, using the 3D FDTD method, we can obtain the field distribution on 

the graphene surface. Fig. 3 shows the plasmon’s field and the resulting intensity on the surface of 
graphene (z = 0), and 10 nm (z = 10 nm) above its surface. The plasmon's field (E) is normalized 

to the field amplitude of the incident light (E0). As can be seen in Fig. 3, the distribution of the 

field in the isosceles triangle is non-uniform and it is greater at the vertices of the triangle. It is 

maximum at the front tip of the nano-taper, which is supposed to be the origin of coordinates 

through all the figures. A comparison of Fig. 3 (a) and 3 (b) reveals that as the distance from the 

graphene surface increases, the field evanesces through fluid and its value decreases. There is a 

similar scenario for the intensity as shown in Fig. 3 (c) and 3 (d). The mode intensity maximizes 

at the front tip of the nano-taper. Therefore, it is more likely to trap nanoparticles at this position 

as F I  (see Eq. 4). 

 

 

Figure 3. (a) and (b) Normalized field distribution on the surface of graphene nano-taper, and 10 nm above its surface, 

respectively. Normalized mode intensity (c) on the surface, and (d) 10 nm above the surface of graphene nano-taper.  

Having the field distribution on the surface of graphene nano-taper, we can now use the MST 

method to compute the average optical force that is exerted by the corresponding field on the 

nearby nanoparticle. 



To determine the smallest nanoparticle that can be trapped within the plasmonic active nano-space, 

a comprehensive investigation is performed. The trapping capability of the proposed graphene 

nano-taper structure at the distance of z = 10 nm from the surface of graphene nano-taper, which 

satisfies the minimum necessary potential (-10 kBT), is considered as the criteria of nanoparticles 

entrapment. The polystyrene (PS) particles with n=1.55 are the standard particles generally 

employed for this reason both in numerical simulations and device tests. Using Eqs. 1-3, we can 

calculate the average plasmonic force and the resulting gradient potential sensed by a nanoparticle 

that is traveling along the y-direction, and 10 nm above the front tip of the nano-taper, i.e., at 

coordinate (0, y, 10 nm). Fig. 4(a) illustrates the average force exerted on a PS nanoparticle with a 

diameter of D = 54 nm for the proposed graphene nano-taper with L = 1200 nm, W = 600 nm, and 

Ef = 0.6 eV. The negative value of the forces in the x- and y-direction represents the attractive force 

toward the tip of the nano-taper. The y-component of force changes its sign at the tip of the nano-

taper showing that the corresponding potential well (Fig. 4 (b)) at the tip is deep enough (potential 

energy depth ≤ -10 KBT) to trap the PS nanoparticles as small as D = 54 nm. Similarly, we can 

obtain the potential energy elsewhere across the nano-taper and investigate the ability to trap 

throughout the nano-taper, as shown in Fig. 5. As demonstrated in Fig. 5, the potential energy well 

is deeper in the vertices of the triangle. In fact, as previously discussed, the field distribution and 

intensity are greater at the vertices, which provides a stronger gradient force and a deeper potential 

well. On the other hand, only at the front tip of the nano-taper, the well depth is deep enough (< -

10 KBT) to stably trap the PS nanoparticle as small as 54 nm. 

 

 

Figure 4. (a) components of the plasmonic force exerted on a PS nanoparticle with a diameter of D = 54 nm moving 

along the y-direction (b) the corresponding potential energy. 

 



 

Figure 5. Transverse potential energy (Uxy) is experienced by a PS nanoparticle with D = 54 nm. 

The nanoparticle diameter and its refractive index are two important parameters that affect the 

trapping functionality of the proposed device. Fig. 6 represents the potential energy variations 

versus the nanoparticle's diameter and refractive index. Fig. 6 (a) shows the potential energy along 

the y-direction experienced by PS nanoparticles with different diameters of D = 52, 54, and 56 nm 

traveling above the front tip of the nano-taper. It is obvious that for PS nanoparticles with d<54nm 

the trapping potential is less than -10 kBT and the tweezing mechanism of the plasmonic tweezer 

can not be reliable enough. Larger nanoparticles can be trapped simply because the gradient force 

is proportional to the third power of nanoparticles’ diameter. Therefore, as the size of the 

nanoparticles grows, the gradient force and the resulting potential well’s depth increase. In Fig. 6 

(b), the effect of the refractive index of the nanoparticles with D = 54 nm is shown. As can be seen 

from this figure, with increasing the refractive index, the potential energy increases. Moreover, it 

reveals that the plasmonic tweezer system-based graphene nano-taper with Ef = 0.6 eV is capable 

of trapping the nanoparticles as small as D = 54 nm with refractive indices n ≥ 1.55. As a 

consequence, the proposed graphene nano-taper with L = 1200 nm, W = 600 nm, and Ef = 0.6 eV 

can trap PS (n = 1.55) nanoparticles with diameter of D = 54 nm and larger.  

 



Figure 6. Variations of potential energy along the y-direction versus (a) diameter of PS nanoparticles and (b) refractive 

index of nanoparticles with D = 54 nm. 

To further study the nano-taper dimension effects, a constant value of the Fermi energy (Ef = 0.6 

eV) of graphene nano-taper and PS nanoparticle diameter (D = 54 nm) is supposed. The effect of 

length (L) and base (W) of the nano-taper on optical force components and optical trapping 

potential is investigated at z = 10 nm above the front tip of the nano-taper. Fig. 7 illustrates the 

effect of the base size of nano-taper, at a given length (L = 1200 nm), on the plasmon’s field, force 
components, and the resulting potential energy. As shown in this figure, as the base size (W) 

increases, the plasmon’s field increases too. It leads to increasing the gradient force and the 

resulting potential energy. On the other hand, the potential energy depth for the base size of less 

than 600 nm, is not deep enough to overcome the Brownian motion of nanoparticles and satisfy 

the stable trapping condition criteria [1]. 

The same scenario is seen for the effects of the nano-taper length on the trapping capability, as 

shown in Fig. 8. Plasmon’s field, force components, and potential energy for L = 1000, 1100, and 

1200 nm, while W = 600 nm, are depicted in this figure. Increasing the length causes the 

enhancement of these parameters. For L = 1200 nm, the attractive force at the front tip of the nano-

taper leads to potential energy deeper than -10 kBT to stably trap PS nanoparticles as small as 54 

nm. 

 

Figure 7. Normalized field (left side), force components and potential energy (right side) versus the base size of (a) 

and (b) W= 400 nm, (c) and (d) W = 500 nm, and (e) and (f) W = 600 nm. 



 

Figure 8. Normalized field (left side), force components and potential energy (right side) versus the length size of (a) 

and (b) L = 1000 nm, (c) and (d) L = 1100 nm, and (e) and (f) L = 1200 nm, of graphene nano-taper. 

Having obtained all the aforementioned results for graphene nano-taper with Fermi energy of Ef = 

0.6 eV resulted in trapping minimum size PS nanoparticles of D = 54 nm to be effectively trapped 

at the front tip of the nano-taper. In addition to the interesting mechanical, thermal, optical, and 

electrical properties of graphene, its tunability is another exceptional feature that plays a key role 

in its various applications. Here, this property helps us to control the plasmon’s field intensity at a 
fixed incident laser power. Hence, we investigate the effects of the Fermi energy variations, which 

may be realized by chemical or electrostatic doping [41], on the proposed device operation. Fig. 9 

represents the plasmon’s field, force components, and potential energy experienced by a PS 

nanoparticle with D = 54 nm, moving in the y-direction above the front tip of graphene nano-taper 

with L = 1200 nm, W = 600 nm, and different Fermi energies of Ef = 0.4, 0.5, 0.6 eV. Our 

investigations show that increasing the Fermi energy of graphene nano-taper leads to a blue shift 

in the resonance frequency so that the resonance frequency of f = 5.27, 5.63, and 6.25 THz are 

obtained for Fermi energies of Ef = 0.4, 0.5, and 0.6 eV, respectively. Furthermore, increasing the 

Fermi energy causes increasing the density of free electrons, and hence, the plasmon’s density 
increase on the surface of graphene, which enhances the plasmon’s field and its intensity 

accordingly, as shown in Fig. 9. This will, as a result of the proportional relation of the gradient 

force to the gradient of intensity, increase the force, and the resulting potential energy depth. It is 

clear that graphene nano-taper with Ef < 0.6 eV can not satisfy the necessity of -10 kBT potential 

depth to stably trap the PS nanoparticle as small as 54 nm. To further explore the trapping 

capability of the proposed device by controlling the Fermi energy of graphene nano-taper, we have 



investigated the smallest nanoparticles that can be trapped at each Fermi energy. It is noteworthy 

that if we determine the smallest nanoparticles that can be trapped, evidently larger nanoparticles 

can also be trapped (because gradient force is proportional to the third power of nanoparticle 

radius, as seen in Eq. 4). As illustrated in Fig. 10, the smallest PS nanoparticles that can be trapped 

at the front tip of the graphene nano-taper with Fermi energies of Ef = 0.4, 0.5, and 0.6 eV are the 

PS nanoparticles with D = 140, 73, and 54 nm, respectively. Hence, the trapping ability of the 

proposed device at the constant incident laser intensity of I = 2 mW/μm2 can be tuned by changing 

the Fermi energy of graphene nano-taper.     

 

Figure 9. Normalized plasmon’s field (left side), and force components and resulting potential energy (right side) 

versus the variations of Fermi energy of (a) and (b) Ef = 0.4 eV, (c) and (d) Ef = 0.5 eV, (e) and (f) Ef = 0.6 eV. 

 

Figure 10. The potential energy sensed by the smallest PS nanoparticles, which can be trapped at the tip of graphene 

nano-taper with Fermi energies of Ef = 0.4, 0.5, and 0.6 eV. 



So far, we have estimated the trapping capability of the proposed plasmonic tweezers based on the 

potential well depth obtained from the simulation methods. Therefore, the preciseness of the 

achieved potential energy is important. To ensure the accuracy of the results, we compare our 

simulation results with theory. Fig. 11 shows that there is good agreement between the simulation 

results and theory. Fig. 11 (a) represents the theoretical / simulation results of the depth of potential 

energy at the front tip of graphene nano-taper with L = 1200 nm, W = 600 nm, and Ef = 0.6 eV 

versus the variations of PS nanoparticle diameter. U0y is the potential well depth for a PS 

nanoparticle with D = 52 nm. To obtain the theoretical results we have used Eq. 5. As can be seen 

from this figure, increasing the nanoparticle diameter causes an increase in the gradient force as 

Fgrad α (D/2)3, and the resulting potential energy increases consequently. Fig. 11 (b) illustrates the 

potential depth above the front tip of graphene nano-taper with L = 1200 nm, W = 600 nm, and Ef 

= 0.6 eV versus the changes of nanoparticle refractive index at a given diameter of D = 54 nm. 

Here, U0y is the potential depth for a nanoparticle with D = 54 nm and a refractive index of n = 

1.5. As shown in this figure, the potential depth has a direct relationship with the refractive index 

of the nanoparticle. To further increase the accuracy of the simulation results, the mesh size should 

be decreased as small as possible. In this case, the simulations will be very time-consuming and 

need a computer system with high specifications. 

 

Figure 11. Normalized potential depth versus (a) diameter of PS nanoparticle, (b) refractive index of nanoparticle 

with D = 54 nm. 

To continue, we consider the stiffness analysis for the proposed device. Using the equipartition 

theorem and thermal fluctuations of the trapped nanoparticle in the potential well, we can calculate 

the trap stiffness of the proposed plasmonic tweezers. So that the trap stiffness (k) for a 

nanoparticle in a harmonic potential well can be estimated using 
2(1 / 2) (1 / 2) Bk T k y     [46-48]. 

Where ∆y is the nanoparticle displacement from its entrapment equilibrium position. Using the 

potential energy profile (Fig. 6 (a)), the trap stiffness of PS nanoparticles with various diameters 

of D = 52, 54, and 56 nm at the equilibrium position, i.e., at the minimum potential energy point 

in Fig. 6 (a), is calculated as ky = 22.39 fN/nm, ky = 35.51 fN/nm, and ky = 38.29 fN/nm along the 

y-direction, respectively. So it is concluded that with growing the PS nanoparticle size, the trap 

stiffness increases. 



Similarly, using the potential energy profile (Fig. 6 (b)), the trap stiffness of nanoparticles with 

diameter of D = 54 nm and various refractive index of n = 1.5, 1.55, and 1.6 are found to be ky = 

21.74 fN/nm, ky = 35.51 fN/nm, and ky = 41.42 fN/nm, respectively. Therefore, increasing the 

refractive index of nanoparticle lead to an increase in trap stiffness. 

The trap stiffness is also calculated for the smallest PS nanoparticles that can be trapped at different 

Fermi energies of graphene nano-taper. In Fig. 10, we mentioned that graphene nano-taper with 

various Fermi energies of Ef = 0.4, 0.5, and 0.6 eV can trap PS nanoparticles as small as D = 140, 

73, and 54 nm, respectively. Using the potential energy profile of Fig. 10, the trap stiffness of PS 

nanoparticles with D = 140, 73, and 54 nm are obtained as ky = 9.9 fN/nm, ky = 23.77 fN/nm, and 

ky = 35.51 fN/nm, respectively. 

Now, we examine the trapping sensitivity of the proposed device to minute changes in the 

refractive index and diameter of the nanoparticle. Fig. 12 (a) shows as the PS nanoparticle diameter 

grows slightly, the depth of potential energy increases with an almost constant slope. From the 

slope of the linear fitting of data in Fig. 12 (a), the trapping sensitivity to the small changes in the 

PS nanoparticle diameter is calculated as SD = dU/dD ≈ −0.4 kBT/nm. Fig. 12 (b) represents the 

variations in the potential depth sensed by a nanoparticle with a diameter of D = 54 nm versus the 

tiny changes in its refractive index. As can be seen in this figure, a slight increase in the refractive 

index leads to an increasing the potential depth with a nearly constant slope. Identically, from the 

slope of the linear fit of data, the trapping sensitivity to the tiny changes in the nanoparticle 

refractive index is estimated as Sn = dU/dn ≈ −51.3 kBT/RIU per refractive index unit (RIU). 

 

Figure 12. Effect of minute changes in (a) PS nanoparticle diameter, and (b) refractive index of nanoparticle with D 

= 54 nm, on the potential energy. 

 

 

 



Finally, we examine the bio-manipulation capability of the proposed device. The proposed 

tweezing device is able to trap neuroblastoma extracellular vesicles (EVs). Neuroblastoma is the 

most prevalent embryonal tumor in children. This tumor is mostly observed in the adrenal gland 

and then in the neck, chest, pelvic, and abdomen [49, 50]. Neuroblastoma EVs have a crucial 

function in the disease; they regulate the growth of the tumor and metastasis and help 

neuroblastoma cells to escape from the immune system. These EVs contain suppressive molecules 

or express them on their surfaces and consequently can inhibit the function of immune cells 

including T lymphocytes and natural killer cells [51, 52]. Neuroblastoma EVs are also absorbed 

by other cells and contribute to spreading the tumors to other parts of the body [53]. It has been 

suggested that the content of neuroblastoma EVs (such as GLI1 and EZH2 mRNAs) could be 

utilized as diagnostic biomarkers for neuroblastoma [54]. In this regard, isolation and examination 

of neuroblastoma EVs play an important role in better understanding of neuroblastoma biology 

and early diagnosis of the disease, which are important in the treatment process. Available methods 

for isolating neuroblastoma EVs are laborious and time-consuming [55, 56], while plasmonic 

structures as a means of isolating and trapping neuroblastoma EVs can overcome these challenges 

and provide a feasible platform for examination and identification of neuroblastoma EVs [57]. Our 

investigations show that the proposed plasmonic tweezer based on graphene nano-taper with L = 

1200 nm, W = 600 nm, and Ef = 0.6 eV is capable of trapping the neuroblastoma EVs with the 

reported refractive index value of n = 1.428 [58]. Fig. 13 illustrates the force components exerted 

on neuroblastoma EVs of various sizes. The x- and z-components of forces are negative and attract 

the neuroblastoma EVs toward the front tip of the nano-taper. The y-component of force changes 

its sign at the front tip of the nano-taper. Hence, the depth of the corresponding potential well at 

this position can trap the nearby neuroblastoma EVs. Fig. 13 (a) illustrates a cross-section side (x-

z plane) view of the trapped neuroblastoma EV above the front tip of the graphene nano-taper. As 

shown in Fig. 13 (b), the depth of the potential well is not deep enough to efficiently trap 

neuroblastoma EVs with the size of D = 87 nm. While it is deep enough (potential energy depth ≤ 

-10 KBT) to catch the neuroblastoma EVs with sizes of D = 88 nm and larger, as shown in Fig. 13 

(c) and (d). The trap stiffnesses for these vesicles with sizes of D = 87, 88, and 89 nm are obtained 

as ky = 15.78 fN/nm, ky = 17.92 fN/nm, and ky = 18.41 fN/nm, respectively. 

 

 



 

Figure 13. (a) Schematic side (x-z) view of the trapped neuroblastoma extracellular vesicle using the proposed 

tweezing device. (b-d) components of the plasmonic force exerted on a neuroblastoma extracellular vesicle and the 

resulting potential energy for different diameters of (b) D = 87 nm, (c) D = 88 nm, and (d) D = 89 nm. 

 

Conclusion 

In this study, we have presented a lab-on-a-chip tweezer device based on graphene plasmons that 

can trap sub-wavelength nano(bio)particles. It is composed of isosceles-triangle-shaped graphene 

nano-taper. Surface plasmons of the graphene nano-taper are excited under normal irradiation of 

the THz source. Graphene plasmons generate a strong gradient field at the front vertex of the nano-

taper. The nano-taper size and its Fermi energy are the effective factors that affect the plasmon’s 
field intensity. The results show that increasing the length and base size of nano-taper cause a red-

shift and blue-shift in the resonance frequency, respectively. Moreover, at length sizes greater than 



L > 1000 nm, increasing the base size strengthens the plasmon’s field intensity. On the other hand, 

the tunability of the proposed device stems from graphene Fermi energy. Accordingly, at an 

appropriate fixed laser power, the plasmon's field intensity can be adjusted by changing the Fermi 

energy of the graphene nano-taper. Hence, with a proper selection of Fermi energy of graphene 

nano-taper, the strong plasmon field intensity and the resulting gradient force suitable for 

nanoparticles trapping can be obtained. Our simulation results show that the graphene nano-taper 

with L = 1200 nm, W = 600 nm, and Fermi energies of Ef = 0.4, 0.5, and 0.6 eV can respectively 

trap the PS nanoparticles as small as D = 140, 73, and 54 nm at a source intensity of I = 2 mW/μm2. 

Furthermore, for the given nano-taper, the trap stiffnesses of PS nanoparticles with D = 140, 73, 

and 54 nm are obtained as ky = 9.9 fN/nm, ky = 23.77 fN/nm, and ky = 35.51 fN/nm, respectively. 

Moreover, for the given nano-taper, our investigations show that the proposed device can trap 

neuroblastoma EVs as small as 88 nm. The trap stiffnesses for the neuroblastoma EVs with D = 

87, 88, and 89 nm are obtained as ky = 15.78 fN/nm, ky = 17.92 fN/nm, and ky = 18.41 fN/nm, 

respectively. It is worth noting that the neuroblastoma EVs are biological vesicles that carry 

important information of cancer cells.  

The trapping sensitivity of the proposed tweezer to minute changes in the refractive index and 

diameter of the nanoparticle is calculated as Sn = dU/dn ≈ −51.3 kBT/RIU and SD = dU/dD ≈ −0.4 
kBT/nm, respectively. 

 

 

 

Data Availability 
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