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Aggregation of metal nanoparticles plays an important role in surface enhanced Raman scattering (SERS). Here, a
strategy of dynamically aggregating/releasing gold nanoparticles is demonstrated using a gold-nanofilm-coated
nanofiber, with the assistance of enhanced optical force and plasmonic photothermal effect. Strong SERS signals
of rhodamine 6G are achieved at the hotspots formed in the inter-particle and film-particle nanogaps. The
proposed SERS substrate was demonstrated to have a sensitivity of 10−12 M, reliable reproducibility, and good
stability. © 2018 Chinese Laser Press

OCIS codes: (060.2370) Fiber optics sensors; (350.4855) Optical tweezers or optical manipulation; (130.3130) Integrated optics

materials.

https://doi.org/10.1364/PRJ.6.000357

1. INTRODUCTION

A Raman spectrum, known as the footprint of a molecule, has
great potential in applications such as food inspection, cell im-
aging, heritage science, and disease diagnosis [1,2]. However,
the detection of Raman signals is of great difficulty because of
the extremely small cross section associated with the Raman
scattering process (typically 10−30 to 10−25 cm2 per molecule)
[3–5]. To amplify the weak Raman signals, surface-enhanced
Raman scattering/spectroscopy (SERS) has been proposed, tak-
ing advantages of the surface-plasmon [6] enhanced electro-
magnetic (EM) field on metal structures [7]. For example,
SERS has been realized by metal nanoparticle dimers [8,9].
The adjacent nanoparticles will lead to the coupling of surface
plasmons and generate a tiny region with high EM field inten-
sity in the nanogap between the nanoparticles, which is called a
hotspot [10–12]. To further enhance the SERS signals, abun-
dant hotspots have been formed by aggregating metal nanopar-
ticles [13]. The aggregating methods include chemical binding
using linker molecules [14], salt-driven aggregation of metal
colloids [15–17], and physical deposition [18–20]. However,
these methods have a challenge controlling the dynamic aggre-
gating of metal nanoparticles, which is of great importance to
achieve a reusable SERS substrate and metal nanoparticles.
Optical manipulation provides key advantages over chemical

or physical aggregation methods in terms of controlling the
aggregating process, as well as chemical-free operation and sim-
plicity [21]. By this optical manipulation technology, reversible
aggregation of metal nanoparticles and SERS can be achieved
simultaneously. For example, optical tweezers, which are based
on standard microscopes by focusing free-space laser beams us-
ing a high numerical aperture lens, have been utilized to
dynamically aggregate metal nanoparticles and then to realize
the SERS [22]. When the laser was turned off, the assembled
nanoparticles can be redispersed in the fluid. Additionally, as
another optical manipulation method for SERS measurements,
controllable aggregation of metal nanoparticles was obtained
on the surface of the metal nanofilm using an evanescent-wave
optical excitation based on a Dove prism, onto which a silver-
coated glass coverslip was adhered through an optically
matched oil [23]. A theoretical analysis has reported that hot-
spots can also be generated in the nanofilm-nanoparticle gaps
due to the surface plasmon coupling [24] beside the inter-
particle hotspots [25], which is beneficial to increasing the sen-
sitivity of the SERS. Despite these, the above optical methods
have a challenge in integrating to lab-on-a-chip devices, which
is one of the perspectives of the SERS platform [7]. To over-
come this challenge, a Si3N4 waveguide has been used for trap-
ping single silver nanoparticles and realizing SERS [26].
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However, it is difficult to trap nanoparticles stably due to the
scattering force, and the enhanced local fields by single metal
nanoparticles are typically much weaker than those in nanogaps
[13]. Optical fiber, a basic component of integrated optical de-
vices with more flexibility than a Si3N4 waveguide, is appro-
priate for lab-on-a-chip application due to its merits such as
compactness, electromagnetic immunity, remote sensing, and
low cost. In this work, we reported the dynamical aggregating
of gold nanoparticles (GNPs) by a gold-nanofilm (GNF)-
coated nanofiber. The aggregation is reversible, and the GNPs
can be further dispersed in the fluid as the laser is turned off.
Based on the aggregation, strong, stable, and reproducible
SERS of rhodamine 6G (R6G) molecules has been demon-
strated with a detection limit of 10−12 M (1 M � 1 mol∕L).

2. SIMULATIONS

To illuminate the mechanism of the aggregating of GNPs by
GNF-coated nanofiber and sequential SERS, a schematic is
shown in Fig. 1(a). As a beam with a wavelength of 785 nm
is injected into the GNF-coated nanofiber, surface plasmon res-
onance (SPR) of the GNF will be excited owing to the evan-
escent field (pink region around the GNF) transported outside
the nanofiber. For the GNPs in the vicinity of the nanofiber, a
gradient force Fg directing to the nanofiber will be exerted on
the GNPs, and as a result, the GNPs will be dragged to the
surface of the nanofiber. To demonstrate this, simulations were
performed based on finite-difference time-domain (FDTD)
methods using a commercial software (Lumerical FDTD
8.6). The inset of Fig. 1(a) shows the model used for simula-
tion. The gap distance (d g ) between the GNP and GNF is as-
sumed to be 2 nm due to the electrostatic repulsion force
between them [16]. The thickness of the GNF is set to be
20 nm. The diameters of GNP and nanofiber were set to be
200 nm and 600 nm, respectively. Figure 1(b) shows the elec-
tric field distribution and the gradient force (1.8 × 103 pN)

calculated by integrating a Maxwell stress tensor. Under the ac-
tion of gradient force, the GNP will be captured on the nano-
fiber surface. It is noteworthy that the surface plasmon coupling
between GNP and GNF actually gives rise to the gradient
force. As a comparison, GNPs near a bare nanofiber were also
simulated, and Fg was calculated to be 86.1 pN [Fig. 1(c)],
which is 21 times smaller than that exerted on the GNP near
the GNF-coated nanofiber. Figure 1(d) shows the comparison
in more detail with different gap distance d g . It is obvious that
the gradient force for the case with GNF coating (red line, in
order of 103 pN ) is enhanced compared with the case without
GNF coating (black line, in order of 10 pN). The enhanced
gradient force is beneficial for the stable capturing of the
GNPs, which is the foundation for the aggregation of GNPs.
However, it also indicates that Fg will be decreased as the GNPs
depart from the nanofiber. Nevertheless, due to the convection
in the solution caused by the plasmonic photothermal effect,
the long-range capturing of GNPs far from the nanofiber can
also be achieved [23,27]. The convection makes the GNPs
move toward the nanofiber, and as the GNPs approach the
nanofiber, they will be captured by the enhanced optical gra-
dient force. Thus, the aggregating of the GNPs can be realized.
Here, the surface plasmon coupling plays a role not only in
increasing the optical gradient force, but also enhancing the
electric field and generating hotspots. It can be seen from
Fig. 1(b) that there is a hotspot in the gap between the GNP
and GNF, where the electric field (E) normalized to the inci-
dent field (E0) is 58. For the GNP near the bare nanofiber, the
maximum of normalized electric field is only 8, and no hotspot
exists. The strong field enhancement is favorable for SERS.
Besides the hotspot caused by the plasmon coupling between
GNP and GNF, the inter-nanoparticle plasmon coupling
will also generate hotspots, which is the reason why the aggre-
gation of GNPs is attracting interest for SERS. To investigate
the inter-GNPs field enhancement, the normalized electric
fields for multi-GNPs were simulated, taking two and three
GNPs as an example, respectively [Figs. 1(e) and 1(f )]. It can
be seen that hotspots exist in both the GNP-GNF gaps and
inter-GNP gaps. The maximum normalized fields are further
enhanced to 61 and 95 for two and three GNPs, respectively.
The corresponding enhancement factors (EFs) are calculated
to be 1.4 × 107 and 8.1 × 107, respectively, according to EF �
jE loc∕E0j4, where E loc is the local electric field intensity
[9,24,28]. Therefore, enhanced SERS can be realized based
on the increasing number of hotspots and enhanced field of
the hotspots.

3. EXPERIMENTS

To verify the simulated result, experiments were performed.
Figure 2(a) is the schematic of the experimental setup. A nano-
fiber coated with gold nanofilm was placed on a glass slide. One
pigtail of GNF-coated nanofiber was connected to a diode laser
with a wavelength of 785 nm to realize the aggregating of
GNPs and SERS simultaneously. The reason for using the
785 nm laser beam is to prevent the fluorescence excitation
of R6G aqueous solution. A drop of gold nanoparticles
(GNPs)/R6G solution was injected on the slide by a micro-
syringe, immersing the GNF-coated nanofiber. A microscope

Fig. 1. Schematics and simulation results. (a) Schematic of the ag-
gregating process and SERS. (b) Distribution of electric field (E) nor-
malized to incident electric field (E0) and calculated optical gradient
force (Fg ) exerted on the GNP near a GNF coated nanofiber.
(c) Normalized electric field and gradient force for the GNP near a
bare nanofiber. (d) Gradient forces as a function of the gap distance
(d g ) between the GNP and nanofiber with/without a gold nanofilm
coated. Inset: enlarged gradient force for GNP near the bare nanofiber.
(e), (f ) Distributions of normalized electric field for two and three
GNPs, respectively.
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with a charge-coupled device (CCD) camera was used to ob-
serve and acquire the dynamics of the GNPs. The microscope
was also interfaced with a Raman spectrometer to obtain the
Raman spectrum of R6G solution.

The GNF-coated nanofiber was fabricated using a flame-
heating method. Figure 2(b) is the scanning electron micro-
scope (SEM) image of the nanofiber. It can be seen that the
average diameter was 600 nm, and the nanofiber was of a high
uniformity (diameter variation ∼30 nm). The gold nanofilm
was deposited on the nanofiber in an ETD2000/3000 sputter
coater with the vacuum level, sputtering current, and sputtering
time set at 10−1 mbar, 15 mA, and 2 min, respectively. It
should be noted that, to coat the gold film uniformly, the dep-
osition was performed again with the nanofiber spun for 180°.
To measure the thickness of the GNF, a glass slide was also
coated with GNF under the same conditions. The atomic force
microscope (AFM) image of the gold nanofilm on the glass
slide is shown in Fig. 2(c). The black (left) and golden (right)
regions are glass and GNF, respectively. The height distribution
at the white cutline marked in Fig. 2(c) is shown in the inset.
It can be seen that the average thickness of the GNF was
about 17 nm. The SEM image of GNPs (purchased from
Nanoseed Co.) used in the experiment is shown in Fig. 2(d)
with an average diameter of 200 nm. As the purchased GNPs
were in aqueous solution, to investigate the SERS of R6G sol-
ution, the GNPs were first centrifuged at a rotation speed of
104 r/min and dried at room temperature. Then, the dried
GNPs were dispersed in R6G solutions with the assistance
of ultrasonicator to get the uniform GNP R6G solutions.

A. Aggregating/Releasing of GNPs
At the beginning, GNPs were dispersed in the solution
uniformly. As the 785 nm laser with a power of 10 mW
was launched into GNF-coated nanofiber, GNPs far from
the nanofiber began to be moved toward the nanofiber due

to convection caused by the plasmonic photothermal effect
and finally be aggregated around the nanofiber due to enhanced
optical gradient force. Figure 3(a) shows the GNPs aggregated
at ton � 20 s, and the scattering light indicated that light can
be detected by the microscope, making the detection of SERS
signals possible. It should be noted that the big particles around
the nanofiber are the impurity (SiO2 microparticles) intro-
duced accidently, which will not impact the detecting of R6G
Raman signals ranging from 1220 to 1720 cm−1 [26]. As time
went by, more and more GNPs were aggregated on the surface
of the nanofiber [ton � 40 s, Fig. 3(b)]. Meanwhile, the scat-
tering light was enhanced, implying that the field enhancement
was increased, which is beneficial for further enhancing SERS
signals. The detailed aggregation process for ton � 20 − 40 s is
shown in Visualization 1. When the laser was turned off, the
optical force and the thermal convection vanished. To realize
the releasing of aggregated GNPs, the action of van der Waals
force between GNPs must be less than the Brownian motion.
According to the expression [29] F �r� � −AR2∕�12r2�, the
van der Waals force (F ) is calculated to be 3.8 × 10−7 pN,
where R is the radius of particle (100 nm), r is the distance
between particles’ surfaces (2 nm), and A is the Hamaker co-
efficient, which is set to be 1.8 × 10−19 J [30]. However, forces
need to be in the order of pN to overcome Brownian motion
[31], and thus, the action of van der Waals force is much less
than that of the Brownian motion. Even for larger nanoparticles
(700 nm in diameter), it has been demonstrated that the action
of van der Waals force is less than that of Brownian motion, and
the complete release can be achieved when the laser is turned
off [32]. Therefore, under the dominant Brownian motion, the
aggregated GNPs can be released in water after the laser is
turned off. Figures 3(c) and 3(d) show the releasing process
of aggregated GNPs. It can be seen that GNPs have been

Fig. 2. Setup and characterization. (a) Schematic of the experimen-
tal setup. (b) Scanning electron microscope (SEM) of the nanofiber.
(c) Atomic force microscope (AFM) image of the GNF. Inset: height
distribution along the white cutline. (d) SEM image of the gold nano-
particles used in experiment.

Fig. 3. Aggregating and releasing of GNPs. (a) Aggregation of
GNPs after the laser (785 nm, 10 mW) was turned on
(ton � 20 s). (b) Aggregation of GNPs at ton � 40 s. The detailed
aggregation process for ton � 20 s to 40 s is shown in
Visualization 1. (c) Laser was turned off (toff � 0 s). (d) Releasing
of aggregated GNPs at toff � 40 s. The detailed releasing process
for toff � 0 to 40 s is shown in Visualization 2.
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released into the fluid gradually. Especially in the yellow rec-
tangle region, GNPs have been released in the solution com-
pletely and are not static on the surface of the GNF [Fig. 3(d)].
As the releasing process based on Brownian motion is very slow,
other disturbances, such as fluid flow, may be utilized to speed
up the releasing process. The detailed releasing process for
toff � 0 − 40 s is shown in Visualization 2.

B. SERS of the R6G Solution
As the GNPs were aggregated on the surface of the GNF-coated
nanofiber, hotspots will be generated in both the GNP-GNF
gaps and inter-GNP gaps due to the surface plasmon coupling
(as shown in Section 2), and thus SERS can be achieved. To
demonstrate this, Raman spectra of R6G solutions with con-
centrations ranging from 10−12 M to 10−4 M were obtained
with the integration time of 10 s, while the GNPs were aggre-
gated on the nanofiber [as shown in Figs. 4(a) and 4(b)].
Raman peaks are at 1310, 1362, 1510, and 1649 cm−1, which
are consistent with the reported R6G Raman spectra [33–35].
Additionally, the intensities of the Raman spectra were
decreased for R6G solution with a lower concentration. For
clarity, Raman spectra of R6G molecules with a concentration
of 10−10 M (green curve) and 10−12 M (purple curve) are plot-
ted in Fig. 4(b). It is obvious that the Raman peaks of R6G
solutions with concentrations of 10−10 M and 10−12 M are
sharp and distinguishable. The SERS background is not cor-
rected, which may be caused by the inelastic scattering process
of metal deriving from electro-hole excitation [36–38]. Besides,
it may also arise from the charge transfer between the metal and
molecules [39]. Therefore, with an increasing concentration of
R6G, the increasing number of molecules in the nanogaps led

to the growth of the background as shown in Fig. 4(a). A log-
log plot of the intensity of the Raman peak at 1362 cm−1

(I 1362) and R6G concentration (C) was presented in Fig. 4(c).
The log-log plot follows a good linear relationship (red line):
log I 1362 � 5.27� 0.20 log C , with R2 � 0.99. The green
line in Fig. 4(c) is the main blank signal, and the blue line
is the blank signal added by a value of 3σ, where σ is the stan-
dard deviation of the blank signal [40]. According to 3σ cri-
terion [20,40], the predicted detection limit is obtained to
be 2 × 10−14 M by the abscissa of the interception point A.
Experimentally, the detection limit is 10−12 M, which is com-
parable to the result reported previously [19]. The stability of
Raman peaks as a function of R6G molecule concentration was
also studied [Fig. 4(d)]. The variances of Raman peak positions
are 0.47, 0.06, 0.44, and 1.17 nm for Raman peaks at 1310,
1362, 1510, and 1649 cm−1, respectively. The result indicates
that the Raman peak position is of good stability for different
R6G concentrations.

Since the reproducibility has become one of the key issues in
SERS substrates [41], it was also investigated. Raman spectra
were obtained in 10 min with a time interval of 1 min, taking
a R6G concentration of 10−6 M as an example [Fig. 5(a)].
The Raman spectra appear to be essentially similar, indicating
the good reproducibility of the aggregation. To show the inten-
sities in more detail, a histogram of intensities of Raman peaks
is presented in Fig. 5(b). The relative standard deviation (RDS)
of intensities of Raman peaks at 1310, 1362, 1510, and
1649 cm−1 are 5.3%, 2.6%, 1.6%, and 2.3%, respectively,
which demonstrates that the reproducibility of the GNPs’ ag-
gregation is extremely good compared to the RDS (14.8%)
reported in Ref. [42]. Additionally, the histograms of peak
positions are also plotted [Figs. 5(c)–5(f )]. The variances are
0.48, 0.53, 0.47, and 0.52 nm for Raman shifts at 1310,
1362, 1510, and 1649 cm−1, respectively. Therefore, the inten-
sity and position of the Raman peaks are both stable, demon-
strating the good reproducibility of SERS by the GNPs
aggregated by GNF-coated nanofiber. The small spectra fluc-
tuation can be caused by the thermal fluctuation of the aggre-
gated GNPs, which changes the size of the nanogap and
impacts the field enhancement and quantity of R6G molecules

Fig. 4. SERS of the aggregated GNPs. (a) Raman spectra of R6G
molecule solutions with concentrations ranging from 10−12 M to
10−4 M. (b) Raman spectra of R6G molecule solutions with concen-
trations of 10−10 M and 10−12 M. (c) Intensities of the Raman peak
at 1362 cm−1 (I 1362) as a function of R6G molecule concentrations.
The red line is the linear fit curve of experiment data (square points).
The green and blue lines are the main blank signal and blank signal
added by a value of 3σ, where σ is the standard deviation of the blank
signal. (d) Raman peak positions as a function of R6G molecule
concentrations.

Fig. 5. SERS reproducibility of the aggregated GNPs. (a) Raman spec-
tra obtained with a time interval of 1 min with a R6G concentration of
10−6 M. (b) Intensities of Raman peaks. (c)–(f) Distributions of Raman
peak positions at 1310, 1362, 1510, and 1648 cm−1, respectively.
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in the nanogaps. Additionally, the slightly different size of
GNPs and adjusted microscope objective in the sampling
intervals to focus accurately on the aggregation can also result
in the spectral fluctuation.

4. CONCLUSIONS

In summary, we have theoretically and experimentally demon-
strated an optical manipulation method for dynamically aggre-
gating gold nanoparticles and detecting the surface enhanced
Raman scattering signals simultaneously by a gold-nanofilm-
coated nanofiber. The SERS substrate presents a reliable repro-
ducibility, a good stability, and a superior detection sensitivity
of 10−12 M for the R6G molecule. We believe that this com-
pact, flexible, and low-cost substrate structure will pave the
way for lab-on-a-chip SERS platforms.
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