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Plasmonic nano-apertures are commonly used for the detection  of small particles such as nanoparticles and proteins by 

exploiting electrical and optical techniques. Plasmonic nanopores are metallic nano-apertures sitting on a thin membrane 

with a tiny hole. It has been shown that plasmonic nanopores with a given geometry identify internal molecules using 

Surface Enhanced Raman Spectroscopy (SERS). However, label-free identification of a single dielectric nanoparticle 

requires a highly localized field comparable to the size of the particle. Additionally, the particle’s Brownian motion can 

jeopardize the amount of photons collected from a single particle. Here, we demonstrate that the combination of optical 

trapping and SERS can be used for the detection and identification of 20 nm polystyrene nanoparticles in plasmonic 

nanopores. This work is anticipated to contribute to the detection of small bioparticles, optical trapping and nanotribology 

studies.

Introduction 

Plasmonic nano-apertures are proven to have several 

applications for the detection of molecules and nanoparticle 

by localizing both the optical field and fluidics in small 

volumes
1–12

. There are a variety of optical detection 

techniques used with those structures. The most common is 

the red-shift in plasmon resonance of those nanostructures as 

molecules are bound inside
11

. For fluorescence detection, the 

locally enhanced field is exploited to detect molecules and 

particles in small volumes
12

. The optical trapping methods are 

also used to detect nanoparticles and proteins to investigate 

their kinetics
1,7,9,10

. Plasmonic nanopores allow the use of 

more techniques to study the kinetics. They are metallic nano-

apertures placed on a free standing membrane with a tiny 

hole
3,11–22

. The kinetics of nanoparticles and molecules can be 

manipulated by applying electric potential across the 

nanopores 
3,11,12

. Plasmonic nanopores are mainly used for 

combining electrokinetic manipulation with optical detection 

techniques
3,11–13,

 . Cecchini et al. have shown that tagged 

molecules on translocating metallic nanoparticles can be 

identified by Surface Enhanced Raman Spectroscopy (SERS) in 

plasmonic nanopores
3
.  

SERS stands out as an optical technique providing information 

about the vibrations of the molecules present in a thin (sub-

nm) detection region and allows label-free identification. 

Several studies have shown that SERS allows the detection of 

single molecules
4,23,24

. Although extensive work has been done 

on SERS detection of single molecules and single metallic 

nanoparticles
3,4,23,25–27

,
 
little research has been performed on 

the detection of single dielectric nanoparticle
5,28,29

. Most 

biological nano-objects such as viruses, large proteins, small 

organelles etc. can fall under the category of dielectric 

nanoparticles. It is feasible to localize the optical field into a 

region (called ‘hot spot’) close to the size of the nanoparticle in 

order to detect and identify single particles with the use of 

SERS. However, ~µs diffusion time of nanoparticles through a 

plasmonic hot spot does not allow for the detection of the 

SERS signal produced by single particle due to the relatively 

long acquisition time required (~ms). By exploiting the strong 

gradient of the plasmonic field used for SERS, optical trapping 

can be used to keep the particle in the detection region
1
. It is 

desirable to combine SERS with optical trapping for the 

detection and identification of single nanoparticles. SERS 

provides a new insight on optical trapping studies and gives 

the opportunity to observe the transient state of nanosized 

particles (damaged or undamaged)and may extend the optical 

trapping studies down to the molecular scale.        

SERS detection attempts on individual nanoparticles 

performed to date  have been mainly performed on metallic 

nanoparticles coated with molecular labels. The localized 

plasmonic field around the metallic particle is exploited for 

detection
3,4,23,25–27

. There is limited research work on the 

identification of dielectric nano-particles  and most of which 
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that is pertained to bio-particles such as viruses and proteins. 

SERS measurements of single polystyrene particles (100-1000 

nm) and DPPC vesicle (1 µm) have been reported by using 

rough Ag surface
28,29

. However, to identify particles even 

smaller than the diffraction limit, an efficient platform for 

subwavelength focusing is required. It is well known that the 

diffraction limit can be overcome by generating plasmons 

localized in a designated spot
2
. In a gap-type plasmonic 

structure, the enhancement of the field increases for 

decreasing gap width. Nevertheless, the gap size is limited by 

the size of the nanoparticles. Therefore, the main challenge to 

design a platform for nanoparticle identification is having an 

efficiently enhanced localized spot with a size as small as the 

particle. Recently, Wheaton et al.
5
 presented their results on 

extraordinary acoustic Raman detection of single 20 nm 

polystyrene nanoparticles and globular proteins in double 

nanohole structures. The particles are trapped by the 

plasmonic field and small wavenumbers of Raman spectrum 

(0-5 cm
-1

)  are used to probe the low-frequency thermally 

driven motion of the nanoparticles. This range of the Raman 

spectrum gives information about the shape, size and 

mechanical properties of the particle. However, a feasible  

method used to identify the particle can rely on the molecular 

vibrations modes of Raman spectroscopy.  The ‘fingerprints’ of 

molecules appear to be at higher wavenumbers (600-2000 cm
-

1
), which brings the need for more information particularly in 

this part of the spectrum to identify the nanoparticle.  

SERS and Particle Trapping in Plasmonic Nanopores 

Fig. 1 a shows the setup used to perform the SERS 

experiments. Fig. 1 b displays the state-of-art gold coated 

plasmonic nanopores
6
 which  are shown to be capable of 

optically trapping 20 nm polystyrene beads
7
 and localizing the 

SERS detection region in small volumes with high 

enhancement
8
. Fig. 1 c depicts the intensity profile in those 

nanopores calculated by finite-difference time-domain (FDTD) 

simulation. In order to detect the SERS of a single 20 nm 

nanoparticle and benefit from optical trapping, we make use 

of this platform based on a single rectangular nanopore-cavity; 

rather than the aforementioned   SERS measurements of 

dielectric nanoparticles, (e.g. Ag rough surface)
28,29

.  

Upon addition of the solution containing nanoparticles, a peak 

as shown in Fig. 1 d began flickering.  The main difference with 

the other optical trapping experiments conducted before
1,7,9,10

 

is here, we monitor the Raman spectrum changing in time. 

This brings more information about the state of the trapped 

nanoparticle; for instance, it makes it possible to monitor 

chemical changes in the nanoparticle such as 

photodegradation as plasmonic structures that have high 

enhancements may damage specimens and leave amorphous 

carbonaceous. Compared with other tracking methods 

developed for trapping studies, such as reflection/transmission 

spectroscopy or fluorescence, utilizing SERS is a 

straightforward method to monitor the surface molecules and 

molecular changes of nanoscaled trapped objects. 

Using SERS to study optical trapping enlightens other 

questions such as what actually is being trapped. It was 

difficult to define the material being trapped by measuring the 

intensity of the light transmitted through the plasmonic 

structure, which is currently the most common technique used 

for optical trapping of nanoparticles
1,7,9,10

. By using Raman 

spectroscopy, different particles, or materials can be 

differentiated by their characteristic molecular vibrations. This 

analysis eliminates the question whether or not something 

other than the designated particle is affecting the platform.  It 

is crucial for nanoparticle trapping platforms since they are 

highly vulnerable to contamination. 

 

 
Fig. 1  Experimental setup and the study principles. (a) Schematics of Raman tweezer 

setup: a 785 nm laser, beam splitter, 60x (NA 0.9) water immersion objective, long-pass 

filter,  Raman spectrometer (b) 3D representation and SEM image of the gold coated 

nanopore (c) FDTD simulation intensity profile of the nanopore (left - from the side, 

right – from the top ) (d) Examples of Raman spectra with and without  a 20 nm 

carboxyl modified polystyrene particle inside the nanopore. 

Experimental Results and Discussion 

 

SERS of 20 nm Polystyrene Nanoparticles 

 

The Raman spectrum of polystyrene is long studied and well 

known. Raman spectroscopy provides information about the 

vibrations of molecules in bulk polystyrene. However, unlike 

Raman spectroscopy, SERS carries highly local information due 

to its fast decaying nature away from the metal surface
30

. The 

properties at the interface of functionalized 20 nm polystyrene 

nanoparticles can be different than the bulk state. Therefore, it 

is necessary to look into the SERS of functionalized 20 nm 

polystyrene nanoparticles with different functionalization and 

compare those results with the bulk Raman spectrum of 

polystyrene particles.  

Fig. 2 a shows the comparison of SERS spectra under three 

conditions: a single 20 nm polystyrene nanoparticle in a 

nanopore, a collection of the same nanoparticles in water on a 

rough gold surface and the bulk Raman spectrum of 

aggregated particles. Fig. 2 b shows the SERS spectra for 
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polystyrene nanoparticles with different molecular surface 

terminations. We first test nanoparticles with amidine and 

carboxyl modifications by using rough gold surfaces as the 

SERS substrates. 

 

 

 
Fig. 2 Comparison between the Raman and SERS spectra of the nanoparticles and the 

SERS intensity fluctuation in the nanopore. (a) Comparison between the bulk Raman 

spectrum from the aggregation of nanoparticles, the SERS signal of a nanoparticle 

inside the nanopore, and the SERS of the nanoparticles on Au rough surface (b) The 

rough gold surface background, the SERS spectrum of amidine and carboxyl modified 

nanoparticles on the rough gold surface (c)  The time series of  the integrated SERS 

intensity of the peak at 785 cm-1 inside the nanopore, the dashed lines indicate when 

there is no particle inside the nanopore and when the particle gives the maximum SERS 

intensity. 

The amplitude of the SERS peaks and signal-to-noise ratio are 

not comparable between the different platforms presented 

here as the number of particles detected, integration time and 

the laser intensity used are different (see Methods). Therefore, 

we focus on the spectral differences. 

The first thing that strikes our attention is that the strongest 

peak at 998 cm-1 in the bulk Raman spectrum of polystyrene, 

assigned to the aromatic ring breathing mode
31

, is absent in 

the SERS spectra taken on both the rough surface and inside 

the nanopore (see Fig. 2 a). The only visible Raman peak in 

both SERS spectra is near 785 cm
-1

, also appearing in the bulk 

Raman spectrum at 792 cm
-1

, assigned to vibration of aromatic 

rings linked through gauche-gauche conformations of the 

aliphatic chain
31

.   

Unfortunately, there is little existing literature on the SERS of 

polystyrene nanoparticles as small as 20 nm in the literature so 

far. For 100-1000 nm particles
28,29 

it is shown that the ring 

breathing mode can be observed. From the data reported it 

can be seen that there is a stable peak around 790 cm
-1

. 

Another report has compared the SERS signal from 200 and 20 

nm polystyrene nanoparticles
32

. It can clearly be seen that the 

intensity of the ring breathing mode (at ~1000 cm
-1

) is 

decreasing with the shrinking size of nanoparticles. 

Unfortunately, in that work, no spectral data below 900 cm
-1

 is 

provided.    

So far, the disappearance of the ring breathing mode peak at 

~1000 cm
-1

 is usually considered to be related to the flat 

orientation of phenyl rings to the metal surface
33,34

. However, 

the reason is not fully understood as it is a nonpolarizable 

symmetrical vibrational mode
35

, which should be enhanced 

independent of the molecular orientation. When the aromatic 

rings in polystyrene lie flat on the metal surface, it is shown 

that the peak around ~785 cm
-1

 becomes stronger
36

 as it is 

known to be a polarizable vibration peak
31

. However, the 

aromatic rings in polystyrene nanoparticles are completely 

randomly aligned, except at the interface of the particles. It 

has been shown that the organization of the water molecules 

at the polymer/water interface can orient the aromatic rings 

flat
37

. This interpretation suggests that we mainly observe the 

nanoparticle/water interface in the SERS on both the rough 

gold surface and the nanopore. The localization of SERS on the 

surface of the nanoparticle can be explained by the fast decay 

of the electric field away from the metal surface
38

 and the 

refractive index contrast between water (n = 1.33) and 

polystyrene (n = 1.56) (see Supporting Information S3). In the 

case of such highly heterogeneous electric field localization, it 

is also important to consider the gradient of electric field 

effect on SERS, which brings quadrupole-quadrupole and 

dipole- quadrupole contributions into the dipole-dipole 

contribution
39

. Present literature has detailed the theoretical 

and experimental work  carried out for benzene rings and 

proven that certain peaks may appear more prominently due 

to this effect
40

.  

The second observation made is that the functionalization of 

the particle is not detected by SERS. As shown in Fig. 2 b, the 

similar SERS spectra from different surface functionalized 

nanoparticles imply that the peak we observe at ~785 cm
-1

 

originates from polystyrene. The reason that only the 

polystyrene peak is observed can be due to the low surface 

coverage of the functional group. 

The third point can be made by comparing the SERS spectrum 

from the nanopore and rough gold surface. The peak in the 

nanopore is considerably narrower when compared to the 

rough surface, suggests that a smaller amount of molecules 

were observed in nanopore
41

. This is expected because in the 

case of the rough surface we obtain the signal from many 

particles.  

Fig. 2 c shows the fluctuation of the integrated SERS peak at 

785 cm
-1

 in the nanopore as a function of time. The stable 

appearance and disappearance of the peak and events of 

several seconds can be observed (see Supporting Information 

S1). 

 

Temporal SERS and Trapping of 20 nm Nanoparticles in Nanopores 
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SERS and optical trapping experiments are performed on the 

carboxyl modified 20 nm polystyrene particles in the gold-

coated nanopores. Fig. 3 shows the time dependence of the 

peak observed in the SERS spectrum. It can be observed that a 

stable peak appears for tens of seconds. 4 different laser 

powers are used to observe how the SERS peak and trapping 

stiffness are affected by the intensity. Although no sign of 

photodegradation is observed, a clear fluctuation in the SERS 

signal can be seen in Fig. 3 a.  Besides the small fluctuations of 

~10 cm
-1

, two different states of the SERS peak can be spotted, 

one at ~785 cm
-1

 and the other one at ~815 cm
-1

.  A third state 

signifies the appearance of both peaks in the same spectrum, 

which rarely occurs (~4% probability within Fig. 4 a). It should 

be noted that the peak at ~785 cm
-1

 is the expected peak 

according to the rough gold surface SERS measurements. 

Therefore, for further analysis the states observed are 

classified as “state 0” for when there is no peak, “state A” 

when the peak is around 785 cm
-1

, “state B” when it’s around 

815 cm
-1

 and “state M” when both peaks appear. 

 

 
Fig. 3 Time series and SERS of a 20 nm polystyrene nanoparticle in the nanopore. (a) 

Waterfall plot of a trapped nanoparticle SERS in nanopore showing the temporal 

fluctuation of the peak position  (b) The SERS of a single nanoparticle in different 

states. 

To gain a better insight of the transitions between these states 

and their power dependence, we model the time-series data 

of peak positions as a Markov process. Fig. 4 a shows the 

probabilities of transitions from one state to another. It clearly 

shows that as the power increases, the transition probability 

from state 0 to A decreases while state 0 to B is not influenced 

by the power. Moreover, state A to 0 and state A to B 

transitions increase as the power increases, and state B to A 

transitions decrease while state B to 0 transitions seems to be 

stable. All the probability analyses are performed on the data 

where state M does not occur.   

From the power dependence of the probability of the 

transitions, it can be inferred that state A seems to lose its 

stability as the power increases; on the other hand, state B 

seems to be irresponsive to the power change. 

Fig. 4 b  displays multiple histograms of the peak positions for 

different laser powers. The instability of state A with the 

increasing power can also clearly be observed. The probability 

of the peak position being at state A decreases gradually as the 

laser power increases and state B increases. 

 

 

 

The possible mechanism behind state A and state B 

 

The possible reasons of the temporal changes in the Raman 

peak position are further elaborated and a model is sketched.  

Temporal shifts in the Raman spectrum are usually related to 

molecule tilting in single molecule Raman experiments
41,42

. 

However, it is not plausible to assume that the observed SERS 

signal originates from a single molecule when nanoparticles 

are considered. Phase shifts can also explain the occurrence of 

temporal changes. Nevertheless, the glass transition 

temperature of polystyrene
43

 (~100 
o
C) is above the local 

temperature that is achieved with the highest laser power 

according to the simulations (see Supporting Information 

Figure S2), and this phase change does not cause a peak shift 

as has been observed
44

. 

 

 
Fig. 4 Dynamics of SERS states in the nanopore by changing laser power. (a) Markov 

decision process probabilities for different laser powers for states 0, A and B (b) 

Histogram of SERS peak positions for 4 different laser powers, indicating the transition 

of Raman peak positions from 785 to 815 cm
-1

. 

Moreover, a phase change or chemical reaction would not 

cause smooth temporal shifts of peak position but rather end 
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up causing two discrete peak positions. One other possibility is 

a change in temperature depending on the particle’s position 

inside the nanopore. However, since gold is a good thermal 

conductor, the temperature does not change significantly 

inside the detection area (see Supporting Information S2). 

Compressive stress on the molecules is known to increase the 

wavenumber of the Raman peaks
45

. It is reported for 

polystyrene that under hydrostatic pressure
46

, the peak at 785 

cm
-1

 shifts approximately 4.6 cm
-1

/GPa. The nanoparticle 

inside the nanopore may undergo different stress states 

according to its position. In particular, a large change may be 

caused by contact pressure due to the adsorption of the 

particle. Since an increase in the wavenumber for state B 

compared to the expected peak position (state A) has been 

observed, it is proposed that state B represents the adsorbed 

state of the particle while state A represents the free state, i.e. 

where the particle is mostly moving inside the nanopore 

during one integration time. Fig. 5 a depicts those 2 possible 

states. The probability of state A decreasing and state B 

increasing by increasing laser power also supports this 

hypothesis since increasing laser power also increases the 

temperature. At a higher temperature, it is conceivable that a 

free particle, in state A, would be more mobile than an 

adsorbed particle, in state B, and this particle can escape from 

the detection region. Referring back to the Markov’s process, 

it has been observed that when the particle is adsorbed, its 

state is minimally affected by any laser power change while 

the chances of freely moving particle leaving the detection 

area increases with increasing laser power. 

 

 
Fig. 5 Possible two states and the forces acting on the particle. (a) Representation of 

possible cases for state A, free, and state B, adsorbed state of nanoparticle (b) The 

forces acting on the particle inside the nanopore as it moves from one wall (6 nm) to 

the middle of the nanopore (0 nm) 

To elaborate the adsorption of the nanoparticle to the 

nanopore’s wall, the forces acting on the particle are 

calculated. The significant forces acting on the particle are van-

der Waals force, electrostatic force due to image charge of the 

particle and optical force. Fig. 5 b shows those forces acting on 

a particle from the adsorbed state (6 nm position) to the 

middle of the nanopore (0 nm position). According to 

calculations, the electrostatic force is a few orders of 

magnitude larger than the other forces and therefore the 

primary factor responsible of possible adsorption. The 

magnitude of the electrostatic force, 14.4 nN, is also 

considerably higher than the force required to create plastic 

deformation on a 20 nm polystyrene particle in contact, ~48 

pN (see Supporting Information). The strain due to the 

compressive stress applied on the molecules close to the 

interface of the particle should be inferred in order to estimate 

the Raman shift.  Unfortunately, rigorous calculations are 

required, such as combined molecular dynamics and finite 

element method (FEM) simulations
47

  to further analyse the 

elastoplastic contacts at the nano-scale. Therefore, currently  

the full information does not exist  regarding the mechanical 

changes undergone by the nanoparticle and its effect on the 

Raman spectrum when it is adsorbed. 

Conclusions 

In conclusion, the goal of this research is to identify a single 

dielectric nanoparticle. The experiments reported on single 

nanoparticle SERS detection prior to this report have been 

performed on random substrates, where the detection area 

and number of particles cannot be controlled. The first 

experiments performed for SERS of 20 nm polystyrene 

nanoparticles were done on similar substrates in order to 

compare with single particle SERS. After analysing the SERS of 

the particles,  the electric field was localized down to the 

nanoparticle’s scale by using gold-coated nanopores to ensure 

single particle detection. However, this localization can also 

cause the particle to rapidly escape the detection area as 

mentioned before. Therefore, this investigation also 

considered the optical trapping properties of the nanopore 

with changing power. It was observed that up to ~10 s of 

trapping was possible without damaging the particle. It was 

observed that the single SERS peak at ~785 cm
-1

 was 

temporally changing position and as the laser power increased, 

the probability of jumping into a second state at ~815 cm
-1

 

increases. This change was related to the adsorption of the 

particle. The same experiment with different nanopores was 

conducted multiple times and the reproducibility was 

approved (see Supporting Information Figure S4). This 

phenomenon is open to further studies and requires further 

explanation. Apart from the SERS of nanoparticles we 

observed that with higher concentration of nanoparticles, it is 

possible to aggregate the nanoparticles
11

. It should be noted 

that the aggregation resulted in bulk Raman spectrum of 

polystyrene, different than the SERS of nanoparticles. 

This research is anticipated to contribute to the label-free 

detection of nano-bio-particles such as viruses and proteins. 

Conventional Raman spectroscopy of a solution consisting of 

different particles would result in an incomprehensible signal 

of peaks from all particles.  Because the platform ensures the 

detection of a single particle, it is possible to detect a variety of 

such particles in a mixed solution, one by one
48

. It can also 

provide information on any change the particle undergoes, 

which can be used for a variety of research applications such 

as biological transformations, chemical reactions in nanoscale 
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and mechanical properties of nanoparticles.  Using optical 

trapping and local detection techniques for measuring the 

forces acting on the particles in the micro scale is a common 

technique
49,50 

and it is expected that this work will contribute 

to that research in the nano-scale. 

Methods 

Device Fabrication The nanopore wafers were previously 

fabricated by the 200 mm wafer scale silicon nanocavity array 

process flow
51

 and diced into 21x21 mm samples containing 36 

nanopores. The sample was dipped into 1% hydrogen fluoride 

(HF) solution for 10 minutes and a drop of 49% HF was put on 

the back-side of the sample for 90 seconds to remove the 

buried oxide layer. The Si surface was cleaned by RCA-1 

cleaning. The width of the nanopore was decreased to 33 nm 

by sputtering 10 nm Ti adhesion layer and 130 nm Au on top-

side of the nanopore. 

The size of the nanopores  is matched with the size of the 

nanoparticle studied. It is designed to be just slightly larger 

than the size of nanoparticles, in order to obtain high SERS 

signals. Wider pores were tested and resulted in low or no 

SERS signals. No SERS signals were observed from the pores 

smaller than nanoparticles because the particles cannot enter 

into the nanopores. Since 20±5 nm polystyrene beads are 

used, nanopores are designed at the size of 30 ± 5 nm. The 

measured size variation of the nanopores is determined by 

three factors: the size uniformity of Si nanopores, uniformity 

of gold deposition and measurement errors. First, it should be 

noticed that a 200 mm CMOS pilot line is used to fabricate  the 

silicon nanopores using deep UV lithography yielding in a high 

precision. More errors arise from the subsequent Au 

deposition process. This process was done in the 150 mm 

research-level lab. The sputtering is not very uniform across 

the whole chamber. A scanning electron microscope (SEM) is 

used to check the size of nanopores after each sputtering. The 

two factors that can influence the reproducibility are: (1) the 

grain size of the gold deposition is ~ 5 nm, and (2) the 

resolution of the SEM is 2~3 nm.   

The rough gold surface sample was transferred from a rough 

Ag surface, as Au is a more stable material during 

measurements and is also the identical material with our 

nanopores in account of any potential chemical effects 

contributed to SERS. The Ag surface is prepared by dipping a 

glass slide into 125 mg/ml of 100 nm Ag nanoparticles in 

ethanol solution (Blue Nano, Inc., US). After the slide is dried in 

air, 5 nm Ti and 30 nm Au were sputtered on top to copy the 

rough surface of Ag particles.   

Experimental Setup All experiments were performed with a 

linearly polarized 785 nm laser and the signal was collected 

with a Witec α300 Raman setup equipped with an EMCCD. For 

all experiments with nanoparticles, the nanoparticle solution 

was ultrasonicated before the experiment to prevent 

aggregation.   

For rough gold surface experiments, the laser (5 mW) was 

focused on the sample by a 10x (NA 0.25) Zeiss objective.  To 

obtain a smooth spectrum, the signal was averaged over 20 

spectra of 10 s integration time.  For each experiment, one set 

of data was taken before and after placing a drop of deionized 

water (18 MΩ) containing 0.004% w/v 0.02 µm IDC surfactant-

free latex beads.  

Before each nanopore experiment, the samples were cleaned 

of contaminants by placing the sample in O2 plasma chamber 

for 10 minutes for both sides of the sample. To ensure the full 

wetting of the sample, right after O2 plasma, a drop of 1:1 

isopropyl alcohol and water solution was spread over it. Upon 

wetting, the sample was placed in a container only with DI 

water and the data for background spectrum was collected by 

focusing 60x water immersion Olympus objective (NA 0.9) with 

polarization parallel to the short axis of the nanopore, using 

the laser power at 20 mW. After making sure that the sample 

was clean by observing no peaks in the spectrum, it was placed 

in a container with 0.0008% w/v 0.02 µm carboxyl modified 

(CML) IDC surfactant-free latex beads and the spectrum was 

collected with 0.3 s integration time, as long as the nanopore 

was contaminant free as observed from the spectrum. For 

analysis, ~7 minutes of data was used.   

Numerical Calculations In order to estimate the optical 

enhancement factor of the nanopore and calculate the optical 

forces acting on the 0.02 µm polystyrene particles, simulations 

were performed on Lumerical  finite-difference time domain 

(FDTD) software v8.6 
7
. All simulations were performed in 3D 

using the size of the nanopore we obtained by scanning 

electron microscope (SEM) images. The optical forces were 

calculated by volumetric optical force analysis provided with 

the FDTD software. 
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