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Huiling Pan, Weina Zhang and Hongxiang Lei*

There is a strong desire for sizing and identification of nanoparticles in fields of advanced nanotechnology

and environmental protection. Although existing approaches can size the nanoparticles, or identify

nanoparticles with different refractive indexes, a fast and simple method that combines the two

functions still remains challenges. Here, we propose a versatile optical method to size and identify

nanoparticles using an optical tapered fiber. By detecting reflection signals in real time, 400–600 nm

SiO2 nanoparticles can be sized and 500 nm SiO2, PMMA, PS nanoparticles can be identified. This

method requires only an optical tapered fiber, avoiding the use of elaborate nanostructures and making

the device highly autonomous, flexible and compact. The demonstrated method provides a potentially

powerful tool for biosensing, such as identification of nano-contaminant particles and biological

pathogens.
Introduction

The sizing and identication of nanoparticles are becoming
increasingly important for applications in various elds, such
as environmental protection, disease diagnosis and treatment,
as well as scientic research applications.1–3 For example, many
of the body's physical diseases, including allergies and lung
cancer, are caused by the inhalation of tiny particles, as well as
particulates emitted from automobiles and industries, which
also cause environmental pollution.4–6 Therefore, more atten-
tion should be paid to nanoparticles, including sizing and
identication. There are many ways to size nanoparticles today,
such as by using a scanning mobility particle sizer,7 laser
particle analyzer8 and Scanning Electron Microscopy.9

Compared to the traditional methods, recently developed
optical sizing techniques show great superiority in time
response, low cost, and non-invasiveness in sizing particles.10,11

Especially for the techniques of microcavity sensing,12–14 inter-
ferometric scattering and photothermal microscopy,15–17 the
detection limit is down to single nanoparticles. Among these
methods, the microcavity sensing pursuits high Q factors up to
108 and small mode volumes to enable signicant enhancement
of light–matter interactions; it can detect the nanoparticles as
low as 30 nm, but it needs elaborate cavity system and a tunable
laser source; the interferometric scattering can detect
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individual proteins with size less than 60 kDa via the interfer-
ence of the light created by Rayleigh scattering and the reec-
tion of the incident laser beam, and the photothermal
microscopy can detect and count 20 nm gold nanoparticles, but
both require carefully designed light path, a highly stable light
source and extra imaging systems. By contrast, optical ber-
based sizing technique attracts much attention, because it is
cavity-free, real-time and portable.18–20 The technique relies
mainly on the nanober pairs or nanober-array structure with
a strong evanescent eld. The modied nanoparticles with
positive charge could attached to the negatively charged nano-
ber in an aqueous environment, and thus an ultrasensitive
sizing sensor can be obtained by detecting the transmitted
power of the ber. In the methods, the structure is generally
disposable and the thin nanober also may lead to weaker
mechanical properties. In addition to the sizing sensing of
nanoparticles, refractive index sensing is also crucially impor-
tant. Typical refractive index sensing21–23 relies on local surface
plasmon resonance (LSPR) to achieve high accuracy and
sensitivity. The sensitivity can reach to 3.2 � 10�5 RIU, but
when applied to nanoparticles, the range of detectable refrac-
tive indices is about 1.33–1.40, which cannot meet the actual
requirements.

These above difficulties make us have a strong demand to
explore a fast, simple, sensitive and stable technique can both
size nanoparticles and identify particles with different refractive
index. Since the recently reported ber optical tweezers is
a good platform for stable trapping and precise manipulation of
nanoparticles24–26 and for real-time detecting and analysis of
nanoparticles or cells,27,28 all these motivate us consider to use
ber optical tweezers to size and identify nanoparticles.
Therefore, in the work, we present a simple, low-cost and high-
This journal is © The Royal Society of Chemistry 2018
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sensitivity system for quickly sizing and identifying nano-
particles in an aqueous environment by a tapered ber (TF).
Aer being stably trapped under an action of optical force,
different nanoparticles can be identied by monitoring the step
changes of their reecting signals. This method requires only
an optical tapered ber that can be used to both trap and
monitor different nanoparticles, avoiding the use of elaborate
nanostructures and making the device highly autonomous,
exible and compact.
Experimental schematic

Fig. 1(a) shows the schematic of experimental setup. A tapered
ber (TF), fabricated by drawing a commercial single-mode
optical ber through a ame-heating method,28 was sheathed
partly by a glass capillary and then mounted on the tunable six-
axis ber positioners (Kohzu Precision Co., Ltd.). The tip of the
ber was immersed in a solution with nanoparticles. The other
end of the TF was connected to a 1 � 2 ber coupler. A 980 nm
laser beam, which is weakly absorbed by most nanoparticles
and biological samples (see the detailed description in Fig. S1 in
ESI†). The 980 nm laser was directly injected into one arm of the
coupler, while the other arm of the coupler was connected to an
oscilloscope through an InGaAs-based photoelectric detector
(Thorlabs DET01CFC, bandpass: 790–1200 nm) in order to
detect the reection signal in real time. As a result, in this
conguration, both trapping and detection were performed
with only a tapered ber. To observe and capture the experi-
mental process, a computer interfaced microscope with a CCD
camera was used. The mechanism of trapping and identifying
nanoparticles is shown in Fig. 1(b). Because the 980 nm laser
beam is strongly focused at the tip of the ber, thus the nano-
particles near the tip will be stably trapped under an action of
optical force. At this time, the trapped nanoparticle will reect
a portion of the eld energy to the environment. Because the tip
of the TF also acted as a high NA objective, the reection signal
of the trapped nanoparticle can be detected in real time. By
monitoring the step changes in the reecting signals, sizing and
identication of a single nanoparticle can be demonstrated
experimentally. Based on the method, for some small
Fig. 1 (a) Schematic of experimental setup. The red and blue arrow
indicate the 980 nm light input into the TF and the reflecting signals
delivered to the oscilloscope, respectively. (b) Schematic of sizing and
identifying a single nanoparticle. The wavy red and blue arrows indi-
cate the input light and reflecting signal, respectively. (c) Optical
microscopic image of the TF used in the experiment.

This journal is © The Royal Society of Chemistry 2018
nanoparticles those are difficult to be distinguished directly
with an optical microscope, we can obtain the size and refrac-
tive index of the nanoparticles by observing the feedback
reecting signal from the oscilloscope. The TF used in the
experiments is shown in Fig. 1(c). The diameter is gradually
reduced from 4.1 to 2.4 mm over a length of 26.2 mm and then
the TF is rapidly ended up with a taper in the 1.6 mm range. It
has a good mechanical property and can be used repeatedly (see
the fabrication of TF in details in Methods). It should be
pointed out, the structure parameters of ber, including the
effective length of the fused zone (2.0 mm), diameter (2.4 mm)
and taper angle (70�), are very important for trapping nano-
particles. Too long or too short length of the fused zone will
induce a strong transmission loss of ber. Inappropriate length
of diameter and taper angle will induce an unstable or failed
trapping. As examples, Fig. S2 and S3 in ESI† show the simu-
lated optical eld of a trapped 500 nm SiO2 particle by the
tapered ber with different diameter and taper angle, which
further proves that the structure parameters of ber we choose
is suitable for trapping the nanoparticles. As an experimental
example, Fig. S4 in ESI† shows that, a 500 nm SiO2 particle can
also be trapped using a taper ber with diameter of 2.4 mm and
taper angle is 45�, which is consistent with the simulated
conclusion in Fig. S3.† Here, it should also be pointed out that,
the multi-mode ber (MMF) can not affect the trapping situa-
tion of the nanoparticles and then the reected signals (see
Fig. S5 in the ESI†).
Results and discussion

In our experiment for sizing nanoparticles, we used ve
different suspensions of silica (SiO2) monodisperse nano-
particles with diameters of 400, 450, 500, 550, 600 nm, respec-
tively. To clearly characterize the morphologies of
nanoparticles, as an example, Fig. 2(a)–(c) present scanning
electron microscope (SEM) images of SiO2 nanoparticles with
the diameter of 400, 500, and 600 nm, respectively. We can see
that the size of SiO2 nanoparticles are uniform. Fig. 2(d)–(f)
present their diameter distribution and the corresponding
Fig. 2 Characterization of the SiO2 nanoparticles. (a)–(c) SEM images
of 400, 500 and 600 nm SiO2 particles, respectively. (d)–(f) Diameter
distribution of 400, 500 and 600 nm SiO2 particles, respectively. The
green lines are the corresponding Gaussian fitting.

RSC Adv., 2018, 8, 32916–32921 | 32917
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Gaussian tting, respectively. The standard deviation of particle
size is less than 10 nm.

Optical power of the trapping light from the tip of the TF was
set to 12 mW. Once the light was launched into the tip, a single
SiO2 nanoparticle near the tip can be stably trapped under an
action of optical force. Moreover, by monitoring the reecting
signal of the trapped nanoparticle, an obvious step change can
be observed in the oscilloscope. In addition to observing the
diameters of the nanoparticle directly, the sizes of the nano-
particle can also be obtained and analyzed through the real-
time reection signals. For the different size of nanoparticles,
the intensities of reecting signal and thus the height of step
change are also different. For examples, Fig. 3(a)–(c) show three
optical microscope images of a single 400, 500, 600 nm SiO2

nanoparticles trapped stably by the TF, respectively. Compared
with the bare ber in Fig. 1(c), the captured nanoparticle is at
the end of the ber and along the ber axis. Fig. 3(d)–(f) show
the corresponding reecting signals monitored in the oscillo-
scope, respectively. The vibration of trapping a nanoparticle was
observed because of the strong Brownian motion, indicating
that the nanoparticle was trapped rather than stick on the
surface of the TF. Moreover, when the nanoparticle was trapped,
the signal intensity was higher than that of uncaptured signal
and the step changes of the signal can be used to size and
identify the nanoparticles. In our experiment, the mean
uncaptured nanoparticle signal value (indicated with blue lines)
and captured nanoparticle signal value (indicated with red
lines) are set to I1 and I2, respectively. The signal increasing rate
(Ii) was obtained from Ii¼ (I2� I1)/I1, and the measured Ii values
of particles with the diameter of 400, 450, 500, 550, 600 nm are
1%, 4.3%, 7.25%, 9.2%, 10.9%, respectively. Fig. 3(g) shows the
increasing rate for single captured nanoparticles with different
diameters. The increasing rate Ii is increased exponentially with
Fig. 3 Sizing of a single SiO2 nanoparticle. (a)–(c) The optical micro-
scope images of trapped SiO2 nanoparticle with diameters of 400, 500
and 600 nm, respectively. (d)–(f) Real-time capture of reflection
signals for the trapped SiO2 particle with diameters of 400, 500 and
600 nm, respectively. (g) Signal increasing rate as a function of particle
diameter.

32918 | RSC Adv., 2018, 8, 32916–32921
the diameter D. It is mainly because that the increasing diam-
eter can induce much more reection light. A tted exponential
expression between Ii and D is given by

Ii ¼ A1 exp(�D/t1) + Ii0 (1)

where the tted values of A1, t1, and Ii0 are�1.47, 168.16 nm and
0.147, respectively. This expression intuitively provides the
relationship between the particle diameter and the increasing
rate of the reection signal. Thus, we can directly obtain the
diameter of the SiO2 particles of unknown size with this
expression. In our experiment, the tted exponential expression
can be used for the sizing of SiO2 particles of 400–600 nm,
which is difficult to be directly measured under optical micro-
scope. The sensitivity S of the system is dened as S ¼ |DI/Dd|,
where DI is the change of the step changes of the signals and Dd
is the corresponding size difference of two particles. From
Fig. 3(g), we have calculated that the sensitivity is about 1.4 �
10�4/nm. Since the resolution of the oscilloscope used is 1 �
10�3, therefore, the detecting precision for different size is
about 7 nm in this system.

The above experimental results show that the TF can be used
to trap and size SiO2 nanoparticles. In order to explain this
phenomenon numerically, a nite-element method using
COMSOL Multiphysics (see the Methods section for details) was
applied to simulate the distribution of the light eld and
calculate the force acted on the trapped nanoparticles. In the
simulation, the shape of the optical ber was set to be the same
as that of Fig. 1(c). The shape of the SiO2 nanoparticles was set
to be a sphere, and the diameter was set to be the same as the
actual size. The refractive indices of the TF, water, and SiO2

particle were set to be 1.44, 1.39, and 1.44, respectively. The
optical power of 980 nm laser beam was set to be 1 W. The
optical eld distribution output from a single ber is shown in
Fig. 4(a). The output light is highly concentrated at the tip of the
TF so that nanoparticles can be stably trapped. As an example,
Fig. 4(b) shows the simulated optical eld distribution of
a trapped 500 nm SiO2 particle. In order to perform the trapping
Fig. 4 Simulation and calculation results. Simulated optical energy
density distributions of (a) a single TF and (b) a 500 nm SiO2 particle
trapped by the TF. (c) Energy density intensity in the direction of white
line of (a and b) and other sizes of SiO2 particles. (d) Signal increasing
rate as a function of diameter.

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 (a) Reflection signal from the trapping and pushing process in
real time; inset I–III show the capture images of a 500 nm SiO2 and
PMMA particles and the propel image of a 500 nm PS particle,
respectively. (b)–(d) Simulated optical energy density distributions of
a 500 nm SiO2, PMMA and PS nanoparticles manipulated by the TF,
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ability of the TF, the optical force (FO) exerted on the nano-
particle is calculated by integrating the time-independent
Maxwell stress tensor hTMi on the surface of SiO2 particle
according to ref. 29

FO ¼
ð
S

ðhTMi$nÞdS (2)

where the integration is performed through a closed S surface
around the nanoparticle, n is the surface normal vector of S, and
hTMi is the time-averaged Maxwell stress tensor, which is given
by

hTMi ¼ 1

2
Re

�
3EE*þ mHH*�1

2

�
3jEj2 þ mjHj2

�
I

�
(3)

where I is the unit dyadic, and 3 and m are the dielectric constant
and magnetic permeability of the surroundings, EE* and HH*

stand for the outer product of the optical elds, respectively.
Using this method, the optical force exerted on the nano-
particles can be calculated. As a result, the Fx in the x direction
(along the ber axis) of 400, 500, 600 nm SiO2 particles is�33.9,
�39.7, �65.2 pN, respectively, indicating that the optical force
exerted on the nanoparticle is optical gradient force, which
increases with an increasing diameter of particle. These values
are in good agreement with the reection signal results
described above. The optical force becomes signicantly
stronger as the nanoparticles become larger in a manner is
proportional to the cubic power of size.30 This is because as the
particle size increases, the Brownian motion is relatively weak-
ened and it is more difficult for the particles to escape the
capture of the ber.

To theoretically analyze the relationship between the
reection signal and the size of the nanoparticles, we compare
the difference between the reection signal of the bare ber
and the captured particles with different diameter. Line scans
were performed through the white dotted lines of Fig. 4(a) and
(b), and the results show that all curves show similar shapes in
Fig. 4(c). In order to facilitate observation and comparison of
the reected signals at different particle diameters, the inset of
Fig. 4(c) shows an enlarged view of a selected area. The
intensity of energy density decreases in order of 600, 550, 500,
450, 400 nm SiO2 nanoparticle, bare TF. We noticed that the
highest value of energy density was also showing this trend.
Because the reection signal of captured nanoparticle
contains the signal of bare ber, in order to obtain the real
reection signal of nanoparticles, the signal of bare ber need
to be removed. Here, we set the energy density of the bare ber
to R0 and the energy density for trapping different sizes of SiO2

nanoparticles as Ri (i ¼ 1, 2, 3.). Thus, the real reection
signal of nanoparticle is (Ri � R0) and the increasing rate Rr ¼
(Ri � R0)/R0, which are similar to the parameters set by the
experimental results above. Fig. 4(d) shows the increasing rate
for trapping a single SiO2 nanoparticle with different diame-
ters. The increasing rate Rr is increased exponentially with the
diameter D, which is consistent with the previous
This journal is © The Royal Society of Chemistry 2018
experimental results. A tted exponential expression between
Ri and D is given by

Rr ¼ A2 exp(�D/t2) + Rr0 (4)

where the tted values of A2, t2, and Rr0 are �1.50, 165.58 nm
and 0.145, respectively. The simulated exponential results agree
shows a good agreement with the previous experimental results,
where A1, t1, and Ii0 are �1.47, 168.16 nm and 0.147, respec-
tively. This also conrms that the signal transmitted by the
captured nanoparticles to the ber is reection signal.

In the above experiment, we utilized the step changes of the
reection signal to size the SiO2 nanoparticles. We consider that
the size change of the particles will affect the reection signal,
and changes in the refractive index may also produce the
similar result on the signal. In order to distinguish the nano-
particles with different refractive indices by the optical ber, we
used 500 nm SiO2, PMMA (polymethyl methacrylate) and PS
(polystyrene) particles for experiments, respectively. The results
show that the SiO2 nanoparticle and PMMA nanoparticle were
trapped by the TF with an optical power of 12 mW, but the PS
nanoparticle was pushed away. This is mainly due to the
refractive index of PS nanoparticle is larger than the rst two. In
our experiment, the reection signal of the manipulating
process was monitored in real time. Fig. 5(a) shows the ve real-
time signal regions, which correspond to ve manipulating
process. Inset I–III show the trapping images of a 500 nm SiO2

and PMMA microsphere, and the propel image of a 500 nm PS
particle, respectively. With the 500 nm SiO2 particle trapped
(inset I), the intensity of the reection signal was enhanced and
the step changes were formed. Compared with 500 nm SiO2

particle, the 500 nm PMMAmicrosphere (inset II) has a stronger
reection signal intensity and step changes. Although the
500 nm PS particle was pushed away by the TF (inset III), it still
has the strongest reection signal among the three nano-
particles. Part 5 (green line) shows that the reection signal
returned to the original uncaptured state when the ber was
moved away from the trapped particles or the particles was
pushed far away while the laser was still on.

To further explore the reasons for the formation of this
phenomenon, we analyze the simulated light eld distribution
respectively.

RSC Adv., 2018, 8, 32916–32921 | 32919
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of the three particles. Fig. 5(b)–(d) show the simulated light eld
distribution of trapping a 500 nm SiO2, PMMA, and pushing
a 500 nm PS particle, respectively. The parameters setting was
the same as those of Fig. 4(a) and (b). The refractive indices of
SiO2, PMMA, and PS were set to be 1.44, 1.49, and 1.58,
respectively. When the incident light power of 980 nm laser was
normalized to be 1 W, the calculated forces (Fx) of 500 nm SiO2,
PMMA, and PS particle were �39.65, �75, 213 pN, respectively,
indicating that the optical forces exerted on the SiO2 and PMMA
particles is the trapping forces, and the force applied on the PS
is the driving force,23 which is consistent with the experimental
results above. Additionally, according to the energy density
distribution in the simulation diagram, it can be clearly seen
that the reected energy density of the PMMA particle is
stronger than that of the SiO2 particle, and it is weaker than that
of the PS particle, which is consistent with the above conclu-
sion. The reason for the above phenomena can be attributed to
the difference in the refractive indices of the three nano-
particles. The experimental results indicate that, for the same
size of nanoparticles, higher refractive index will generate
stronger reecting signal. Moreover, for the nanoparticles with
a high refractive index, their capture state will become the
pushing state, which can be used to selectively trap nano-
particles and separate the nanoparticles.

Theoretically, our system can detect the optically transparent
samples (for 980 nm wavelength) with refractive index larger
than that of the surrounding liquid (1.33 in our work). They can
be dielectric nanoparticles, semiconductor nanoparticles, bio-
logical samples and so on. For dielectric nanoparticles, in
addition to SiO2 nanoparticles, other dielectric nanoparticles,
such as PS and PMMA particles can be also sized. For example,
Fig. S6 in ESI† shows the optical microscope images and real-
time capture signals of a single PMMA particle with diameters
of 500, 700 nm and 1 mm, respectively. For large-size semi-
conductor optical transparent materials, such as TiO2 nano-
particle with hundreds of nanometers in diameter (the
refractive index: 2.49), it can be also detected. For example,
Fig. S7 in the ESI† shows that an 800 nm TiO2 particle can be
trapped by the tapered ber with diameter of 2.4 mm and the
taper angle of 45�, and the corresponding reected signals can
be also detected. Therefore, the refractive index range we can
detect in the experiment is 1.44–2.49. In addition, this method
is also applicable to biological samples with optically trans-
parent properties, for example, Staphylococcus aureus (S. aureus)
with similar morphology with nanoparticles. S. aureus is an
important pathogen of human beings, closely related to food
safety issues, and can cause many serious infections. Therefore,
the detection of S. aureus is of great signicance. Fig. S8 in ESI†
shows the optical microscope images and real-time capture
signals of a single S. aureus with different diameters. Addi-
tionally, for the optically transparent samples (for 980 nm
wavelength) with excitation properties, such as down-
conversion luminescent material, the excitation light and the
emission light are generally UV-light or visible light and the
short wavelength light can't be detected by the photoelectric
detector in our system (bandpass: 790–1200 nm), so the exci-
tation spectral properties can't affect the reected signals.
32920 | RSC Adv., 2018, 8, 32916–32921
Based on the above, the proposed tapered ber can be used
to trap and distinguish 400–600 nm nanoparticles those are
almost blurry in the optical microscope, which is of great
signicance to the physical sciences. Moreover, due to the bare
ber's capture limit, the use of a single, unmodied tapered
ber to trap particles as small as 400 nm is also a major tech-
nological advancement in this experiment. This optical method
is simple and fast, does not require special treatment of the
sample, and does not require complicated equipment. Only
a tapered ber and a laser source are sufficient. Furthermore, it
can be also used to identify other materials, such as cells or
bacteria. Here, cell or bacteria viability was not affected by the
incident laser at the low optical power. The ber can also be
manipulated in living bodies, such as the plant,31 which will be
of great signicance for the bioscience. Therefore, in future
applications, this method not only can be used to identify
pollution particles in the environment, but also can identify
pathogens that are harmful to the human body. In addition,
because bers with different shapes can trap particle of
different sizes and refractive index ranges, and due to the
reusability of optical bers, the preparation of multiple optical
bers allows us to broaden the species of detection object. If the
end of the ber were decorated with a microsphere to form
a photonic nanojet, it can overcome the diffraction limit and be
further used to detect and identify sub-100 nm nanoparticles,
which will have an important impact on the elds of biology,
physics, environment, materials and so on.

Conclusion

In summary, an optical method was performed for trapping and
distinguishing nanoparticles using a tapered ber. By launch-
ing a 980 nm laser beam with an optical power of 12 mW into
the ber probe, the nearby nanoparticles can be trapped or
pushed under an action of optical force and their reection
signals can be detected in real time. Based on this method,
different sizes of SiO2 particles between 400–600 nm can be
discerned with a measurement resolution of 50 nm in our
experiment, and 500 nm SiO2, PMMA, PS particles with different
refractive index can also be distinguished. This exible and
simple particle capture and analysis strategy provides a new
approach for nanoparticle detection, sensing and real-time
analysis. Moreover, this optical method also provides new
opportunities for the discrimination of contaminant particles
and biological pathogens.

Methods
Fabrication of the TF

The tapered ber was fabricated by a ame-heating technique
from a commercial single-mode optical ber (connector type:
FC/PC, core diameter: 9 mm, cladding diameter: 125 mm). A ber
stripper was used to strip the ber's buffer layer and polymer
jacket to produce a bare ber with a length of 3 cm and
a diameter of 125 mm. Before heating, the bers were wrapped
in glass capillaries to ensure ber stability. When the naked
optical ber outside the capillary is heated by an alcohol lamp,
This journal is © The Royal Society of Chemistry 2018
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the external ame was about 480 �C, and it was held for 20 s to
reach its external melting point. The ber was drawn at a speed
of �2 mm s�1 with a heating zone about 3 mm, the ber was
gradually tapered off, its diameter was reduced from 125 to 5
mm, and the length is about 1.5 mm. Finally, the stretching
speed was increased to �10 mm s �1 until the ber ends with
a tapered tip.
Preparation of the particle suspension

Commercially available monodisperse silica (SiO2), polymethyl
methacrylate (PMMA) and polystyrene (PS) particles (Shanghai
Huge Biotechnology Co., Ltd, Shanghai, China) have refractive
indices of 1.44, 1.49, and 1.58, respectively. The SiO2 particles of
different sizes were separately added with deionized water
according to the same concentration, and then ultrasonically to
make them uniform, the concentration was approximately 2.1
� 103 particles per ml. SiO2, PMMA and PS particles were
prepared in the same way. Then the particle solution was
dropped onto the glass slide by a pipette for the following
experiment.
Simulation and calculations

Using COMSOL Multiphysics 5.3 with radio frequency modules
(electromagnetic waves, frequency domain) and matching layer
boundary conditions, the simulated optical eld distribution
was simulated by the nite element method. The incident light
introduced into the ber probe is set to a Gaussian beam with
a wavelength of 980 nm. The refractive indices of the ber
probe, SiO2 nanoparticles, PMMA nanoparticles, PS nano-
particles, and water were set to 1.44, 1.44, 1.49, 1.58, and 1.33,
respectively.
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