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Stable optical trapping of gold nanoparticles is essential and desirable because of its wide applications in
nanotechnology. While several factors have been proposed to affect optical trapping stability, the sample’s
volume fraction during optical trapping has often been neglected. To address this, by utilizing the effective
medium theory, we analyze the stability of optical trapping of a gold nanoparticle in human serum albumin
solutions, HIV-1,virus solutions, and gold nanoparticle solutions in this article. Our comparative analysis of

the optical force and potential on a single gold nanoparticle in solutions of varying volume fractions reveals
that both parameters decrease with increasing volume fraction. This finding can aid in more effective control
of gold nanoparticles in various applications.

1. Introduction

Optical tweezer has yielded many interesting applications over the
past few decades since Ashkin developed the first laser trapping and
captured micrometer-size particles [1]. For example, it can be used
as a highly sensitive force transducer [2-4] to monitor forces in the
pico-Newton regime and to measure distances in the nanometer range.
Metallic nanoparticles, especially gold nanoparticles, are efficient and
natural probes. Compared to other probes, such as quantum dots and
organic dyes, gold nanoparticles can be biologically harmless when ex-
posed to light for prolonged periods [5]. In addition, the optical forces
exerted on gold nanoparticles are several times greater than those
exerted on dielectric nanoparticles [6]. Gold nanoparticles have been
widely used in biomedical experiments, for instance, in the diagnosis
of cancer cells [7], the detection of DNA [8,9], delivery of therapeutic
drugs [10], and monitoring the motion of protein [11]. Therefore, it is
important to analyze optical forces and potentials for the stable optical
trapping of a single gold nanoparticle in a wide range of applications.

Optical trapping of gold nanoparticles in liquid has made significant
progress since its first report in 1994 [6], including the extension
of nanoparticle size to diameters between 5 and 250 nm [12], and
even controlling the orientation of nanorods [13,14]. However, due
to the strong scattering force and the unavoidable Brownian motion
in the water, it is challenging to achieve stable optical trapping of
gold nanoparticles with a radius ranging between 1 and 50 nm [15].

* Corresponding authors.

Quantitative analysis of the optical force is crucial for optimizing the
stability of optical trapping. Stable optical trapping is the consequence
of the interplay of different factors. The optical forces depend highly
on the size of the particle. When the particle size is smaller than,
or on the order of the skin depth of the gold, the gradient force is
proportional to the polarized volume of the particle on the basis of
experiment results [16]. When the radius is significantly larger than
the skin depth of the gold for a given wavelength, the gradient force
increases slowly because of the attenuation of the incident field in the
particle. An increase in the size of the nanoparticle also leads to a
larger extinction cross-section, which results in an enlargement of the
scattering force. Besides the factors mentioned above, for the sample in
the liquid environment, the effect of its volume fraction on the optical
trapping of a gold nanoparticle has not yet been investigated.

In practical biological experiments, the presence of aqueous solu-
tions with high bio-sample concentrations is inevitable [17,18]. This
study highlights the critical role of the volume fraction of the sample
in the stability of optical trapping of a gold nanoparticle in various
solutions, including gold nanoparticle solutions, human serum albumin
solutions, and HIV-1 virus solutions. The effective refractive index of
the composite material is analyzed for three different sample solutions.
The focused optical field can be expressed analytically using the theory
of vectorial diffraction. [19]. By achieving comparative studies of the
optical force and potential on a single gold nanoparticle with three
different volume fractions in each solution, we demonstrate that stable
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optical trapping depends on the volume fraction of the sample. Our cal-
culations show that the optical force on the trapped gold nanoparticle
weakens, and the depth of the potential well reduces as the volume
fraction of the corresponding sample increases. These results provide
valuable insights for optimizing the stability of optical trapping in
various applications.

2. Theory

The time-average optical forces on a particle (radius < 1) are
usually described as the sum of two terms [20]:

<F>lmal = <F>grad + <F>scatler > (1)
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where « is the scalar polarizability of the gold nanoparticle, ¢, is the
permittivity of the vacuum, c is the speed of light in vacuum, E and
H are the electric field and magnetic field. ¢, is the permittivity of the
vacuum. k (k = 2zng/A) is the wave number of the incident optical
field in the liquid containing the nanoparticles. ny; is the complex
refractive index of the mixture material. The first term of Eq. (1) is
the gradient force that is originally from the inhomogeneous electric
energy density. The absorbing and scattering forces are written in the
approximation of small spheres through the absorbing and scattering
cross sections [21]. In this paper, following the traditional convention,
the second term is defined as the scattering force. Especially for metallic
nanoparticles, the absorption of light by the particle can significantly
contribute to the scattering force [22,23]. The total cross section is the
sum of the scattering cross section o,,, and absorptive cross section o,
(6 = 044 + gy = kIm{a}/ey) [20]. In addition, the spin curl force
arises from the spin angular momentum, but this can be neglected for
optical fields with linear polarization [20]. The whole optical trapping
process can be seen as a gold nanoparticle being trapped in a composite
medium with an external electromagnetic field focused on it.

In the Rayleigh regime (r < 1/20), a small particle can be modeled
as an electric dipole in response to the incident optical field. For a gold
nanoparticle with relative permittivity £, embedded in a host medium
with relative permittivity ¢,, the scalar polarizability «, can be deduced
using the conservation law of momentum at the boundary between the
metallic particle and the host medium [24]. After adding the radiative
reaction correction [25], an accurate formula for the polarizability «
for a dipole can be derived as [26,27]
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The gradient force and the scattering force are strongly size depen-
dent. For gold nanoparticles with refractive index n, = n; + ix, the
depth of the skin of gold can be described as ¢ = 1/27k,[28]. When
a large particle cannot be approximated as a dipole, the optical force
on a particle can be calculated with a rigorous electromagnetic model
such as the Maxwell stress tensor (MST) method [29].

The magnitude of the minimal potential determines the stiffness and
efficiency of optical trapping. The trapping potential is normalized to
kT, which is usually used to describe the energy of Brownian motion
of the particle in the aqueous environment. A requirement for stable
optical trapping is that the depth of the potential well is deeper than
10 kgT [30]. Here, kp is Boltzmann constant and T is the absolute
temperature of the environment, which is chosen to be equal to 300 K.
Three orthogonal paths r were chosen to obtain the potential U(r) using
the expression below.

U = - / ()} g . ®)

o
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Fig. 1. Schematic picture of the calculation. An x-polarized Gaussian beam propagates
through a high NA objective. A gold nanosphere with a 15 nm radius is trapped in
the focused optical field. The NA of the objective is 1.2 and the average power is
500 mW. Three kinds of composite medium (the human serum albumin solution, the
HIV-1 solution, and the gold nanoparticle solution) are used in the simulation.

For the dispersal of metal nanoparticles in liquid, the Maxwell-
Garnett (MG) mixing rule can be used to describe the equivalent
permittivity of a composite medium. The effective permittivity can be
written as [31]

Eof = €1 [1+3f1’(1+i§(kr)31")], @
X (Ep—Eh)
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where g4 is the permittivity of the liquid containing the particle and
f (f = 4zNr3/3V) is the volume fraction of the gold nanoparticle in
the solution and N is the number of dipoles in a volume V. Eq. (7) is
called the MG mixing rule. The radius of the gold particle is 15 nm in
our simulation.

HIV-1 virus with 50 nm radius [32] is selected as the large bio-
sample in our simulations. For the optically soft sample of large size
in the solution, such as the virus or soft tissue, the interface scattering
and absorption is negligible [33]. The simple mixing rule is often used
in biology applications without considering the shape of the inclusions
and the topology of the composite material [34]. The effective index of
refraction can be obtained as a function of volume fraction f;:

nege = 1, f1 + (1= f)ny,. (C)]

where n is the effective refractive index of the composite material; 7,
is the refractive index of the sample; n, is the refractive index of the
host medium. f; is the volume fraction of the sample in the solution.

For the composite medium consisting of small sample and liquid,
such as protein solution or DNA solution, we introduce the extended
Lorenz-Lorenz equation [35]:

2 2 _
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/> is the volume fraction of the dipole in the solution. Human serum
albumin with a radius of 2.74 nm [36] is used as a small sample in our
simulation.

The configuration with the coordinate system is shown in Fig. 1. The
host medium is water in our simulation. For a stable optical trapping
of small gold nanoparticles, a high-intensity focused beam is necessary
to provide a force large enough to counteract Brownian motion. An
x-polarized Gaussian beam with an average power of 500 mW is used
as incident light. The wavelength of incident light A is set at 633 nm
for the gold nanoparticle solution. The refractive index of the HIV-1
virus is 1.5 and 4 = 633 nm [32]. The wavelength of incident light 4
is 589 nm for the human serum albumin solution and the refractive
index of human serum albumin is 1.603 [35]. The refractive index of
the gold nanoparticle is 0.274+2.94i at 589 nm and 0.183+3.43i at 633
nm [37].
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Fig. 2. Comparison in the effective refractive index of three composite mediums: (a) gold nanoparticle solution at 4 = 633 nm, (b) Virus solution (HIV-1 virus) at 4 = 633 nm,
and (c) protein solution (human serum albumin) at A = 589 nm. The real and imaginary parts of the refractive index are plotted by the blue line and red line. The surrounding
environment is water.
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Fig. 3. Distribution of optical forces and potentials on a gold particle with 15 nm radius along x-axis. (a) the gradient force in the gold nanoparticle solution, (d) the scattering
force and (g) the corresponding optical potential. The black, red, and blue denote the volume fraction of the gold nanoparticle f = 0.000, f = 0.025, and f = 0.05, respectively.
(b), (e) and (h) plot the gradient force, the scattering force and the potential in the virus solution. The black, red, and blue color denote the volume fraction f, = 0, f; = 0.25
and f, = 0.5. For the protein solution, the optical force and potentials are illustrated in (c), (f) and (i). Its volume fraction f, is set to 0, 0.25, and 0.5, respectively.

An objective with high NA (NA = 1.2) is selected to focus the where,

incident light. 6,,,. is determined by the NA of the objective lens Top = foe,m 1(6) sin (1 + cos 0)

and the real part of the refractive index of the composite material as X Jy(kp sin 0)exp(ikz cos 0)d0, 13)
0,nax = arcsin(NA/Re{ng}). According to the vector diffraction theory, 0 5
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Fig. 4. The optical force and the potential along the y-axis for a gold nanoparticle with a radius of 15 nm. (a), (b) and (c) show the gradient force for different values of the
volume fraction along the y-axis in gold nanoparticle solution, virus solution and protein solution, respectively. (d), (e), and (f) plot the scattering force. The corresponding potential

along the y-axis in three composite materials is shown in (g), (h), and (i).

where F is the focal distance in the composite material. Z,, is the wave
impedance of the medium where Z,, = \/(uou)/(€o€ef)- J, is nth-order
of the Bessel function of the first kind. The amplitude of the incident
light |EOO|2 = 4P /(zw?ec) and the beam radius of incident light is w.
We set the filling factor of the objective lens f,, = 1 and fix the average
power of the incident light at 500 mW in the simulation.

3. Results and discussion

The effective refractive index (n) of the composite material with
a volume fraction from low to high is calculated using Egs. (7)-(9).
Fig. 2 plots the real and imaginary parts of the refractive index of three
composite materials colored blue and red, respectively. In practice,
the gold nanoparticle solution is highly dilute in the optical trapping
experiment. Therefore, the volume fraction of the gold nanoparticle f
is set from 0 to 0.05 in our simulation, as shown in Fig. 2(a). Both the
volume fraction of the virus solution f, and the protein solution f, are
set from O to 0.5, as shown in Fig. 2.(b) and (c). All of the refractive
indices increase at the same time as the volume fraction increases.
As the volume fraction gradually increases, changes in the optical
properties of the composite material will exert an influence on the
optical trapping. For comprehensive analysis, the figure below shows
optical forces on gold nanoparticles along three orthogonal directions
in three different solutions.

Fig. 3 shows the distribution of optical forces along the x-axis on
the gold sphere with a radius of 15 nm in three different solutions. The
first solution investigated is the gold nanoparticle solution itself with an
incident wavelength of 633 nm. Fig. 3(a), (d), and (g) show the gradient
force, scattering force, and potential, respectively, along the x-axis with

volume fractions of f = 0.000, f = 0.025, and f = 0.05 (black, red,
and blue colors, respectively). In Fig. 3(a), gradient forces are shown
as an odd function of x for different values of the volume fraction,
while the scattering forces are negligible on the focal plane, as shown
in Fig. 3(d). Fig. 3(g) shows the potential with four volume fractions
along the x-axis. Although all the depth of the potential well exceed 10
kT, the decrease in the depth of the potential well show the reduction
of the stability of optical trapping as the increase in volume fraction.
Next, the optical trapping in the virus solution is investigated based
on the very dilute gold nanoparticle solution (f = 0.000), as shown
in Fig. 3(b), (e), and (h) with volume fractions of f; = 0, f; = 0.25,
and f, = 0.5 (black, red, and blue colors, respectively). The calculation
results show that the optical forces and potentials of a gold nanoparticle
in the virus solution decrease along the x-axis as the volume fraction
increases. Finally, the optical forces and depth of the potential wells in
the protein solution are studied based on the optical trapping of a gold
nanoparticle with an incident wavelength of 589 nm in Fig. 3(c), (),
and (i) with volume fractions of f, = 0, f, = 0.25, and f, = 0.5 (black,
red, and blue colors, respectively).

The optical forces along the y-axis are shown in Fig. 4(a)-(f). The
gradient forces on a gold nanoparticle in the gold nanoparticle solution,
virus solution, and protein solution are plotted with different volume
fractions, as shown in Fig. 4(a), (b), and (c). In the virus solution and
the protein solution, the black, red, and blue color indicate the volume
fraction f = 0, f = 0.25, and f = 0.5, respectively. Scattering forces in
three composite materials are plotted in (d), (e), and (f). The potential
along the y-axis is shown in Fig. 4(g), (h), and (i). All optical forces and
potentials decrease along the y-axis with increasing volume fraction.
Fig. 3 and Fig. 4 demonstrate that the focal point (0,0) is a position for
the stable trapping of a gold nanoparticle in the transverse plane.



Z. Zhu, Y. Zhang, A.J.L. Adam et al.

Gold nanoparticle solution

Virus solution

Optics Communications 541 (2023) 129572

Protein solution

(@) 2t(b)

Gradient force (pN)

scattering force (pN)

[
2 10 -10
N —_—f=
> — 120025
— £=0.05
-20 -20
0 1 2 0
z/ A

Fig. 5. Distribution of gradient, scattering forces and potentials along the z-axis in three composite materials. (a)-(c) Gradient forces in gold nanoparticle solution, virus solution,
and protein solution. (d)—(f) Scattering forces in three solutions. (g)-(i) Optical potentials along z-axis in three solutions.

In the longitudinal plane, (F),.,q and (F)g,.- are calculated along
the optical axis (z- axis). In Fig. 5(a)-(c), the magnitude of the gradient
force decreases as the volume fraction increases from low to high.
Similarly, the scattering force also decreases when the volume fraction
increases but always points toward the positive direction of the z-axis,
as shown in (d), (e) and (). (F),y, is the sum of the gradient force and
scattering force. The optical potential well is obtained by the Eq. (6)
with volume fractions along z-axis, as can be seen in Fig. 5(g), (h),
and (i). It has been demonstrated that enhancement and reduction of
the transverse trapping stiffness depend on whether the equilibrium
position in the focusing or defocusing of the optical field [38,39]. The
equilibrium position of the optical trapping is slightly away from the fo-
cal plane, as shown in Fig. 5(g), (h) and (i). Therefore, the impact of this
displacement of the particle away from the focal point on the trapping
stiffness is negligible. According to the calculation results in Figs. 3-5,
stable optical trapping can be achieved in three dimensions because
all the depth of potential well can exceed 10 kzT along the x-, y-,
and z-axis. Additionally, the results indicate that the volume fraction of
the sample is a critical factor affecting the stability of optical trapping
in the composite medium. When the volume fraction is increased, the
gradient force and potential depth are reduced, leading to a decrease in
the stability of optical trapping. Therefore, it is important to consider
the volume fraction of the sample when optimizing the conditions for
optical trapping.

4. Conclusion

In summary, for the first time to our knowledge, the effect of volume
fraction on optical force and potential is analytically investigated based
on dipole approximated optical force theory. The correlation between
the effective refractive index of the composite material and the volume

fractions from low to high is presented for the gold nanoparticle
solution, the HIV-1 solution, and the human serum albumin solution.
The time-averaged force is calculated on a gold particle with a radius
of 15 nm along three orthogonal directions at three different volume
fractions. The optical potential is studied in a comparative manner for
a given incident power. The stability of the optical trapping is strong
enough to allow a gold particle to remain trapped in three composite
materials for a long time. According to the calculation results, the
greater the volume fraction, the shallower the potential well depth.
Thus, at a high volume fraction, it is more difficult to achieve stable
optical trapping in the sample solution. The model can therefore be
used to provide theoretical support for achieving more efficient optical
trapping of gold nanoparticles in a wide range of applications.
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