
Nanoscale

PAPER

Cite this: Nanoscale, 2019, 11, 20589

Received 11th July 2019,
Accepted 2nd October 2019

DOI: 10.1039/c9nr05892c

rsc.li/nanoscale

Optothermal microbubble assisted manufacturing
of nanogap-rich structures for active chemical
sensing†

Farzia Karim, a Erick S. Vasquez, b Yvonne Sunc and Chenglong Zhao *a,d

Guiding analytes to the sensing area is an indispensable step in a sensing system. Most of the sensing

systems apply a passive sensing method, which waits for the analytes to diffuse towards the sensor.

However, passive sensing methods limit the detection of analytes to a picomolar range on micro/nano-

sensors for a practical time scale. Therefore, active sensing methods need to be used to improve the

detection limit in which the analytes are forced to concentrate on the sensors. In this article, we have

demonstrated the manufacturing of nanogap-rich structures for active chemical sensing. Nanogap-rich

structures are manufactured from metallic nanoparticles through an optothermally generated micro-

bubble (OGMB) which is a laser-induced micron-sized bubble. The OGMB induces a strong convective

flow that helps to deposit metallic nanoparticles to form nanogap-rich structures on a solid surface. In

addition, the OGMB is used to guide and concentrate analytes towards the nanogap-rich structures for

the active sensing of analytes. An active sensing method can improve the detection limit of chemical sub-

stances by an order of magnitude compared to a passive sensing method. The microbubble assisted man-

ufacturing of nanogap-rich structures together with an active analyte sensing method paves a new way

for advanced chemical and bio-sensing applications.

Introduction

The evaluation of a chemical sensing system depends on two
key parameters namely detection sensitivity and time. These
are two important however contradictory parameters among
other parameters in a sensing system. The signal-to-noise ratio
of a sensor increases with the decreasing size of the active
sensing area, which helps ultrasensitive sensing at extremely
low concentrations. However, a smaller sensing area also
means that the analytes will take longer time to diffuse
towards the sensor to generate an effective sensing signal,
especially when the analytes are in a highly diluted solution.1,2

For instance, theoretical calculations have shown that it takes
around one hour for the first analyte to bind to a micro-sensor
when the concentration of analytes is one femtomolar. It can

even take several days if the size of the sensor is on the
nanoscale.2

The impractical long waiting time is a result of the passive
sensing method that is used in most of the sensing systems,
where the binding takes place after waiting for the analytes to
freely diffuse towards the sensor surface. This passive sensing
method works when the analytes are at high concentrations
because the chances of analytes to interact with the sensor are
higher. However, the passive sensing method fails to work
when the analytes are in a highly diluted solution because the
analytes spend unrealistically long times to diffuse towards the
small sensing area, or in other words, this is a diffusion-
limited method.3–6 Sheehan et al. have predicted that “individ-
ual nanoscale sensors will be limited to picomolar-order sensi-
tivity for practical time scales”.2

To overcome the diffusion limit, active sensing can be
applied to force the analytes towards the sensor. Therefore, it
can significantly reduce the waiting time for an effective
analyte-sensor binding and thereby improve the detection
limit by locally increasing the concentration of analytes.
Several active sensing methods have been demonstrated in the
literature. For example, a superhydrophobic artificial surface
combined with an evaporating liquid droplet has been demon-
strated to break the diffusion limit.5 The droplet containing
analytes can slide on the superhydrophobic surface as it evap-
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orates without being pinned at its initial contact point.7–10 The
recognition and localization of a single lambda DNA molecule
have been successfully demonstrated using this system. A slip-
pery substrate that allows for the free movement of a droplet
on a substrate to achieve similar functions is also demon-
strated by Yang et al.11 However, these methods require the
preparation of a superhydrophobic substrate with artificially
designed nanostructures, which typically involves an expensive
nanofabrication process and also limits the type of substrate
that can be used in the sensing process.

Another effort to actively control the localization of analytes
is achieved by forcing the analytes to flow through nanochannels
with an external electric field.12,13 An array of nanoholes in a
gold film is integrated with a microfluidic system to serve as both
a plasmonic sensor and flow-through nanochannels. Voltage is
applied across the solution to force the analytes to concentrate
on the sensor. However, this method is only applicable to the
sensors consisting of nanoholes and the liquid solution needs to
be specially modified to work under an electric field.

In addition to these efforts, nano-sensors consisting of free-
moving nanoparticles with surface modifications can be used
to target the analytes to increase the binding rate.14–18

However, the problem of the diffusion limit is still not solved
in this case because the nano-sensor together with the ana-
lytes must diffuse to a small exciting light source to create an
effective detection. Recently, another active sensing method is
demonstrated by Garcia-Guirado et al. based on an electrother-
moplasmonic effect on a localized surface plasmon resonance
(LSPR) sensing chip.19

Micro/nano-sensors consisting of nanogap-rich structures
are one important category of sensors which have been widely
used for surface enhanced Raman scattering (SERS). For
example, Liu et al. have fabricated gold nanosphere arrays with
rich nanogaps by using a self-assembly process.20–22 The large
electromagnetic field in the nanogaps leads to large SERS
enhancement and enables a wide range of applications such
as sensing, catalysis and biology.21,22 Another nanogap-rich
structure has been fabricated through the chemical synthesis
of aluminum nanocrystals and used for SERS based DNA
detection.23 Yang et al. have fabricated Ag nanoplate arrays for
SERS biosensing applications through electrodeposition and
an in situ electro-corrosion method.24 Several other structures
such as 3D Ag@ZnO nanostructures,25 porous silicon nano-
pillar arrays,26 split wedge antennas,27 and Ag ring arrays28

have been fabricated for SERS based sensing. However, most
of these sensors still rely on passive sensing, i.e. waiting for
the analytes to diffuse towards the sensors. Therefore, these
are still diffusion limited.

In this work, a microbubble assisted manufacturing
method is demonstrated which allows us not only to rapidly
fabricate nanogap-rich structures under ambient conditions,
but also to actively guide and concentrate analytes to the
nanogap-rich structures for the active sensing of analytes. The
active sensing method works based on an optothermally gen-
erated microbubble (OGMB), which is a micron-sized bubble
that is formed on a liquid–solid interface by laser heating. The

position and size of an OGMB can be remotely controlled by
the laser. The OGMB induces a strong Marangoni convective
flow29–34 around it which can be used for many applications
including particle trapping,30 plasmofluidic lenses,35 photo-
thermal motors,36 fabrication of pattern structures,37–40 and
microfluidic applications.41 More details about the OGMB can
be found in a review article by Xie et al.33 Recently, OGMB
based chemical sensing28 and biosensing42 have been demon-
strated. This work differs from the work presented in refs. 28
and 42 as follows: the OGMB is used not only to fabricate
SERS substrates under ambient conditions but also to concen-
trate analytes for active sensing. The Rhodamine 6G (R6G)
molecule and Malachite Green (MG) fungicide can be detected
at a concentration as low as 10 femtomolar. The active sensing
method can improve the detection limit of analytes by an
order of magnitude compared to a passive sensing method.

Results and discussion
Fabrication of nanogap-rich structures through an OGMB

Fig. 1a schematically shows the working principle of OGMB
assisted manufacturing of nanogap-rich structures for the
active sensing of analytes. A detailed working flow can be
found in Fig. S1.† Briefly, a nanogap-rich structure consisting
of gold nanoparticles is first fabricated at a solid–liquid inter-
face through an OGMB. The OGMB is generated by laser
heating and induces a strong Marangoni convective flow
around it which helps to rapidly deposit nanoparticles to form
nanogap-rich structures on a substrate [Fig. S1 and Movie S1†].
The Marangoni convective flow around the OGMB also guides
and concentrates analytes on the nanogap-rich structure for
active sensing. It should be noted that nanogap-rich structures
are used here solely for the proof of concept. The active
sensing method demonstrated in this article is also applicable
to other types of sensing platforms.

Nanogap-rich structures consisting of two types of nano-
particles (gold nanospheres and gold nanoshells) are fabri-
cated on a gold-coated glass substrate by using an OGMB
through the same procedure as described in our previous
work.43 Briefly, a droplet of gold nanosphere (or nanoshells)
solution is placed on a gold-coated glass substrate. An OGMB
is generated inside the droplet by focusing a laser on the gold-
coated glass substrate [Fig. S1†]. The OGMB induces a strong
convective flow around it, which helps to deposit nanospheres
(or nanoshells) on the gold-coated-glass substrate [Movie S1†]
to form nanogap-rich structures. Gold nanospheres have a dia-
meter of 200 nm as shown in the TEM image of Fig. 1d which
were purchased from BBI Solution. Gold nanoshells (silica
core) with a diameter of 240 nm consist of a 200 nm silica core
coated with 20 nm gold nanospheres as depicted in the TEM
image of Fig. 1g which were purchased from NanoComposix.
Nanogap-rich structures fabricated from gold nanospheres
and gold nanoshells (silica core) are referred in this work as
gold-nanosphere-structures and gold-nanoshell-structures,
respectively. The optical images of a gold-nanosphere-structure
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and a gold-nanoshell-structure are shown in Fig. 1b and e,
respectively. These are ring-shaped structures with diameters
of (97 ± 1) μm and (102 ± 1) μm, respectively. Fig. 1c and f illus-
trate the scanning electron microscopy (SEM) images of two
nanogap-rich structures corresponding to the areas marked by
a white box in Fig. 1b and e, respectively. Gold nanospheres
and gold nanoshells in the nanogap-rich structures form many
nanogaps that are ideal for SERS enhancement due to the plas-
monic resonance.44–46 Nanogap-rich structures fabricated
through the OGMB are stable even after 10 minutes of soni-
cation in DI water [Fig. S2†].

Performance of gold-nanosphere-structures

Passive sensing. First, the performance of the gold-nano-
sphere-structure fabricated from gold-nanospheres is tested by
recording the SERS spectra of Rhodamine 6G (R6G) molecules
at different concentrations with passive sensing as shown in
Fig. 2a. Under these passive sensing conditions, R6G mole-
cules are let freely diffuse to the nanosphere structure and the
SERS spectra of R6G are obtained on the nanosphere structure
by using a Raman spectrometer (Renishaw inVia Reflex Micro-
Raman). We refer this procedure as passive sensing as schema-
tically shown in the inset of Fig. 2b. A laser with a wavelength
of 785 nm and a power of 30 mW is focused on the gold-nano-
sphere structures to record the SERS spectra of R6G. An acqui-
sition time of 10 seconds is used in the data acquisition.

The following characteristic Raman peaks of R6G are
clearly shown which closely correspond to the Raman peaks of
R6G as reported in the literature:47,48 C–C stretching
(1364 cm−1, 1510 cm−1, 1651 cm−1), N–H in-plane bending
(1310 cm−1, 1575 cm−1), C–H in-plane bending (1130 cm−1,
1183 cm−1), C–H out-of-plane bending (775 cm−1), and C–C–C
ring in-plane vibration (613 cm−1). Fig. 2b shows the SERS
spectra of R6G at lower concentrations. The intensity of the
SERS signal decreases with the decreasing R6G concentrations.
R6G is detectable at a concentration of 10 pM on the gold-

nanosphere-structure with passive sensing as shown in Fig. 2b.
The gold-nanosphere-structure gives an average SERS enhance-
ment factor (EF) of 1.2 × 106 [Fig. S3(a)†].

Active sensing. Here, active sensing means actively guiding
and concentrating the analytes towards a sensor. For example,
Fig. S4† shows the accumulation of R6G molecules on a gold
film by applying this active sensing method. An OGMB is gen-
erated on a gold film inside a droplet of R6G solution as sche-
matically shown in Fig. S4(a).† Due to Marangoni convective
flow associated with the OGMB, R6G molecules are success-
fully guided and concentrated on the gold film where the
OGMB is located as shown in Fig. S4(b).†

To test the performance of the gold-nanosphere-structure
under active sensing, an OGMB is generated on the gold-nano-
sphere-structure from R6G solution as schematically shown in
the inset of Fig. 2d. Because of strong convective flow induced
by the OGMB, R6G molecules are guided and concentrated on
the surface of the gold-nanosphere-structure in the same way
as they concentrated on the gold film [Fig. S4(b)†]. Once R6G
molecules are concentrated on the surface of the gold-nano-
sphere-structure, the SERS spectra of R6G molecules at
different concentrations are recorded. SERS spectra for active
sensing are collected under the following similar experimental
conditions of passive sensing: 785 nm laser wavelength,
30 mW laser power, and 10 second acquisition time. Fig. 2c
shows the SERS spectra of R6G molecules at different concen-
trations after applying the active sensing method. Fig. 2d
shows the SERS spectra of R6G at lower concentrations. R6G
can be successfully detected at a concentration of 1 pM by
applying the active sensing method. In contrast, it is not
detectable on the same gold-nanosphere-structure by the
passive sensing method. Fig. 2e shows the normalized SERS
intensity of R6G at 1364 cm−1 through passive sensing (dashed
line) and active sensing (solid line) as a function of the R6G
concentration. Experimental error bars of SERS intensity at
1364 cm−1 for all the concentrations of R6G for both active

Fig. 1 (a) Schematic of the active sensing by a nanogap-rich structure with an OGMB. (b) Optical image of a nanogap rich structure fabricated from
gold nanospheres (gold-nanosphere-structure). (c) SEM image of the corresponding area indicated in (b) by a white box. (d) TEM image of 200 nm
gold-nanospheres used to fabricate the gold-nanosphere-structure (e) Optical image of a nanogap-rich structure fabricated from gold nanoshells
(gold-nanoshell-structure). (f ) SEM image of the corresponding area indicated in (e) by a white box. (g) TEM image of 240 nm gold-nanoshells
(200 nm silica core coated with 20 nm gold nanospheres) used to fabricate the gold-nanoshell-structure.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2019 Nanoscale, 2019, 11, 20589–20597 | 20591



sensing and passive sensing are calculated from four sets of
SERS spectra recorded at four different spots of the gold-nano-
sphere-structure. The experimental data are well fitted with the
following functions: active sensing, log10(y) = 0.47 log10(x) +
2.82 with R2 = 0.998 and passive sensing, log10(y) =
0.30 log10(x) + 0.26 with R2 = 0.994. Here, x represents the con-
centration of R6G, and y represents the normalized SERS
intensity of R6G at 1364 cm−1. The gold-nanosphere-structure
achieves higher sensitivity by active sensing than by passive
sensing.

Besides the SERS enhancement of the Raman signal, active
sensing can give rise to an additional enhancement factor due
to the analyte concentration. It should be noted that the
enhancement due to the analyte concentration is different
from the SERS enhancement. The SERS enhancement is a
result of the enhanced electric field in the nanogaps of the
gold-nanosphere-structure. In contrast, the enhancement due
to the analyte concentration is a result of the OGMB based
analyte concentration. The enhancement factor due to the
analyte concentration is calculated as the ratio of the Raman

Fig. 2 (a) SERS spectra of R6G at different concentrations (100 nM to 1 pM) collected from gold-nanosphere-structures with the passive sensing
method. (b) Magnified spectra at lower concentrations (100 pM to 1 pM) marked in (a) by an arrow. Inset: schematic of passive sensing methods. (c)
SERS spectra of R6G at different concentrations (10 nM to 100 fM) collected from the gold-nanosphere-structure by the active sensing method. (d)
Magnified spectra at lower concentrations (10 pM to 100 fM) marked in (c) by an arrow. Inset: schematic of the active sensing method. (e)
Normalized SERS intensity of R6G at 1364 cm−1 as a function of the R6G concentration through active sensing (solid line) and passive sensing
(dashed line) methods with error bars indicating the experimental standard deviations. (f ) Enhancement factor of the gold-nanosphere-structure as
a function of R6G concentrations because of active sensing.
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peak of R6G at 1364 cm−1 for active sensing (Fig. 2c) to that for
passive sensing (Fig. 2a) at the same concentration. Fig. 2f
shows the enhancement factor due to the analyte concentration
as a function of the R6G concentration for the gold-nanosphere-
structure. The experimental data are fitted with the equation y =
0.99x + 22.33x + 130.59 with R2 = 0.991. Here, x represents the
log of concentration of R6G and y represents the enhancement
factor due to the analyte concentration. Besides the SERS
enhancement factor of 1.2 × 106 achieved on the gold-nano-
sphere-structure, the additional enhancement factors due to the
analyte concentrations of around 5 ± 0.3 and 32 ± 1.5 are
achieved at a concentration of 10 pM and 1 µM, respectively. A
higher concentration of analytes results in a higher enhance-
ment because the molecules have a larger probability to be cap-
tured and concentrated on the surface of the nanogap-rich
structure due to the convective flow induced by the OGMB.

Performance of the gold-nanoshell-structure

The gold-nanosphere-structure can achieve a detection limit of
1 pM by applying the active sensing method. This detection
limit can be further improved by using a gold-nanoshell-
structure. The gold-nanoshell-structure is fabricated on a gold-
coated glass substrate as shown in Fig. 1e and f. Fig. 3a shows
the SERS spectra of R6G at different concentrations obtained
by the passive sensing method, i.e. letting R6G molecules
freely diffuse to the gold-nanoshell-structure. Fig. 3b shows
the same SERS spectra at lower concentrations. A detection
limit of 100 fM is achieved with the gold-nanoshell-structure,
indicating an improvement of the detection limit as compared
to the gold-nanosphere-structure. Fig. 3c shows the SERS
spectra of R6G molecules at different concentrations by the
active sensing method, i.e. generating an OGMB on the gold-
nanoshell-structure to actively guide and concentrate R6G on
the gold-nanoshell-structure. Fig. 3d shows the SERS spectra at
lower concentrations. The active sensing method can push the
detection limit to 10 fM concentration of R6G. The same
experimental parameters (laser wavelength of 785 nm, laser
power of 30 mW and exposure time of 10 seconds) which are
used in the case of the gold-nanosphere-structure are also
used to obtain the SERS spectra of R6G collected from the
gold-nanoshell-structure. The average SERS enhancement
factor (EF) of the gold-nanoshell-structure is 1.1 × 107

[Fig. S3(b)†], which is an order of magnitude higher than that
of the gold-nanosphere-structure. Fig. 3e shows the normal-
ized SERS intensity of R6G at 1364 cm−1 with passive sensing
(dashed line) and active sensing (solid line), respectively, as a
function of the R6G concentration. The experimental data are
a good fit with the following functions: active sensing, log10(y)
= 0.42 log10(x) + 2.46 with R2 = 0.998 and passive sensing,
log10(y) = 0.29 log10(x) + 0.08 with R2 = 0.999. Here, x rep-
resents the concentration of R6G, and y is the normalized
SERS intensity of R6G at 1364 cm−1.

The additional enhancement factor of the gold-nanoshell-
structure due to the analyte concentration as a function of the
R6G concentration is plotted in Fig. 3f. The experimental data
are fitted with the function of y = 0.72x2 + 19.02x + 130.58 with

R2 = 0.995. Here, x is the log of concentration of R6G and y is
the enhancement factor of the gold-nanoshell-structure due to
the analyte concentration. An enhancement factor due to the
analyte concentration of 5 ± 0.6 is achieved even at a concen-
tration of 100 fM. It should be noted that the enhancement
factor due to the analyte concentration not only depends on
the concentration of analytes but also depends on the type of
nanogap-rich-structure. For example, the enhancement factor
of 1 µM R6G on a gold-nanoshell-structure is 43 ± 1.6. In con-
trast, the enhancement factor is 32 ± 1.5 on a gold-nano-
sphere-structure at the same concentration of R6G.

Comparison of two nanogap-rich-structures

Based on the data shown for the two nanogap-rich-structures
(gold-nanoshell-structure and gold-nanosphere-structure), the
gold-nanoshell-structure has better performance than the
gold-nanosphere-structure because of the higher electric field
and more hot-spots available on the gold-nanoshell-structure.
Fig. 4a and b show the electric field profile of an array of the
gold-nanosphere-structure and gold-nanoshell-structure,
respectively, which are simulated by the finite-difference-time-
domain (FDTD) method. A laser wavelength of 785 nm is used
in the simulation, which is the same wavelength used in the
experiment to record the SERS spectra of R6G. Here, an array
of the gold nanospheres (inset of Fig. 4a) and nanoshells
(inset of Fig. 4b) is used in the simulation to mimic the
nanogap-rich structures fabricated in the experiment. The
maximum electric fields (14 V m−1), or hot-spots, are mainly
located between the gold nanospheres for the gold-nano-
sphere-structure as shown in Fig. 4a. In contrast, the
maximum electric fields (57 V m−1) are mainly located on the
surface of the gold nanoshells (silica core) for the gold-nano-
shell-structure as shown in Fig. 4b. In addition, there are more
hot-spots for the gold-nanoshell-structure than for the gold-
nanosphere-structure as shown in Fig. 4(b) due to the structure
of the gold nanoshell (silica core). Each gold nanoshell (silica
core) consists of a 200 nm silica core coated with 20 nm gold-
nanospheres. Therefore, the highest electric fields or hot-spots
are observed between the gold nanospheres coated on the silica
core of the gold-nanoshell. The more hot-spots and higher elec-
tric fields on the gold-nanoshell-structure compared to the
gold-nanosphere-structure result in a higher Raman signal on
the gold-nanoshell-structure because the Raman signal is
approximately proportional to the fourth order of the electric
field.49 Fig. 4c shows the SERS spectrum of 1 µM R6G molecules
collected from the gold-nanosphere-structure and gold-nano-
shell-structure, respectively. The Raman peak of R6G at
1364 cm−1 on the gold-nanoshell-structure is around 13 times
higher than that on the gold-nanosphere-structure.

In addition, the uniformity of the two nanogap-rich struc-
tures (gold-nanosphere-structure and gold-nanoshell-structure)
is estimated from the SERS signals collected from 15 different
positions of two nanogap-rich structures. The histogram of
SERS intensity of 100 pM R6G at 1364 cm−1 from the gold-
nanosphere-structure and gold-nanoshell-structure is depicted
in Fig. 4(d) and (e), respectively. The SERS signals of R6G are
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recorded from 15 random sites of the gold-nanosphere-struc-
ture and gold-nanoshell-structure. The variation of SERS inten-
sity, ΔI, with respect to the average SERS intensity, Iave (the red
solid line in Fig. 4d and e), is calculated as follows:

ΔI ¼ Im � Iavej j
Im

� 100% ð1Þ

where Im is the minimum or maximum SERS intensity in the
measurement. According to the above formula, the minimum
and maximum variations of SERS intensity are 5% and 20%

for the gold-nanosphere-structure, respectively. For the gold-
nanoshell-structure, the minimum and maximum SERS inten-
sity variations are 3% and 15% respectively. The variation in
SERS intensity is a result of different numbers of nanogaps
that exist within the Raman exciting laser spot, which is deter-
mined by the OGMB-assisted fabrication process. A large vari-
ation of SERS intensity is not observed in the experiment,
which indicates the good uniformity of the nanogap-rich struc-
tures that are fabricated through the OGMB.

In this work, R6G molecules are used to test the active
sensing method and are commonly used as a benchmark for

Fig. 3 (a) SERS spectra of R6G with different concentrations (1 nM to 10 fM) collected from the gold-nanoshell-structure by the passive sensing
method. (b) Magnified spectra corresponding to lower concentrations (1 pM to 10 fM) of R6G marked in (a) by an arrow. Inset: schematic of passive
sensing. (c) SERS spectra of different concentrations (1 nM to 1 fM) of R6G collected from the gold-nanoshell-structure by the active sensing
method. (d) Magnified spectra of R6G at lower concentrations (1 pM to 1 fM) indicated in (c) by an arrow. Inset: schematic of active sensing. (e)
Normalized SERS intensity of R6G at 1364 cm−1 versus R6G concentration by active sensing (solid line) and passive sensing (dashed line). (f )
Enhancement factor of the gold-nanoshell-structure versus R6G concentrations due to active sensing.
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Raman spectroscopy.50,51 We have also tested the active
sensing method on a gold-nanoshell-structure through the
detection of malachite green (MG) fungicide down to 10 fM
concentration [Fig. S5†].

Conclusions

We have demonstrated an active sensing method based on an
OGMB. The OGMB is used to fabricate two types of nanogap-
rich-structures under ambient conditions: gold-nanosphere-
structure and gold-nanoshell-structure. The SERS enhance-
ment factors of 1.2 × 106 and 1.1 × 107 are achieved from the
gold-nanosphere-structure and gold-nanoshell-structure,
respectively. In addition to the SERS enhancement, active
sensing can provide an additional enhancement factor due to
the analyte concentration ranging from 5 ± 0.6 to 43 ± 1.6 for
the gold-nanoshell-structure depending on the concentration
of analytes. A detection limit of 10 fM is achieved for the detec-
tion of R6G and MG molecules on the gold-nanoshell-structure
by the active sensing method. The fabrication of a nanogap-
rich structure and active sensing are separated in the current
experiment. For example, gold nanoparticles are first de-
posited on a substrate by using an OGMB to form a nanogap-
rich structure. The analyte solution is then concentrated on
the nanogap-rich structure with another OGMB for active

sensing. However, these two processes can be combined. For
example, the gold nanoparticle solution can be premixed with
the analyte solution. Then the surface of gold nanoparticles
can be modified to bind a specific analyte. An OGMB can be
used to deposit nanoparticles and concentrate analytes on the
surface. For example, Tantussi et al. demonstrated this
concept in their most recent article, where they premixed gold
nanoparticles with extracellular membrane vehicles (EVs) to
concentrate EVs through an OGMB.42 It should be noted that
an OGMB can be generated on other types of sensors for active
sensing. Therefore, the active sensing method can be easily
adopted in other sensing systems to improve the detection
limit and thus pave the way for advanced chemical and biosen-
sing applications.

Materials and methods
Materials

Gold nanospheres with a diameter of 200 nm were purchased
from BBI solutions. 240 nm gold nanoshells (200 nm silica core
coated with 20 nm gold nanospheres) were purchased from
NanoComposix. Rhodamine 6G (R6G) molecules were pur-
chased from Sigma-Aldrich. Malachite Green (MG) Oxalate was
purchased from MP Biomedicals. All the chemicals were used
in our experiment as received without further purification.

Fig. 4 (a) Electric field profile of the gold nanosphere array at an exciting laser wavelength at 785 nm. Inset: structure of the gold nanosphere array.
(b) Electric field profile of the gold nanoshell (silica core) array at 785 nm laser wavelength. Inset: structure of the gold nanoshell (silica core) array.
(c) SERS spectrum of 1 µM R6G collected from the gold-nanosphere-structure and gold-nanoshell-structure respectively. (d, e) The histogram of
SERS intensity variation of 100 pM R6G at 1364 cm−1. SERS spectra are collected from 15 different positions of (d) a gold-nanosphere-structure and
(e) a gold-nanoshell-structure.
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Nanogap-rich structure fabrication

The nanogap-rich structures were fabricated by following the
same procedure as described in our previous publication.43

Briefly, a droplet of gold nanoparticles was placed on a 10 nm
thick gold-coated glass substrate. Then an OGMB was gener-
ated inside the droplet of nanoparticle solution. The convec-
tive flow induced by the OGMB helps to deposit gold nano-
particles on the gold-coated glass substrate to form ring-
shaped nanogap-rich structures. It should be noted that the
gold coating on the glass substrate is not a pre-requirement to
generate the OGMB in this experiment. More discussion can
be found in Fig. S6 and S7 in the ESI.† The two nanogap-rich
structures (gold-nanosphere-structure and gold-nanoshell-
structure) were fabricated under a laser intensity of 34 mW
μm−2 and a laser exposure time was 2 minutes. A near-infrared
continuous-wave laser of wavelength 1064 nm was used to
generate the OGMB. The laser was focused on the substrate
with a beam waist of around 0.7 µm. Therefore, the laser-based
heating can deliver a high energy density to a small confined
area for localized heating, which is challenging to achieve by
using other methods such as thin-film resistive heaters.

SERS measurement

The SERS spectra of R6G and MG on the gold-nanosphere-
structure and gold-nanoshell-structure were recorded with a
Raman spectrometer (Renishaw inVia Reflex Micro-Raman)
equipped with a near infrared diode laser source (maximum
laser power: 300 mW and laser wavelength: 785 nm). R6G and
MG were contained inside a sealed chamber that consists of a
clean cover-glass on the top surface and a gold-coated glass
substrate with the fabricated ring-shaped nanogap-rich struc-
ture as the bottom surface. The Raman exciting laser was care-
fully focused on R6G and MG molecules on the nanogap-rich
structure with an objective lens (50×, NA = 0.75) to get the
maximum Raman signal from the sample. Laser power on the
sample was kept at 30 mW. Raman signals from all samples
were collected for 10 second exposure time. It is worth noting
that the heating laser and the Raman exciting laser can be the
same laser to simplify the experimental setup.

Active sensing of analytes with an OGMB

During the active sensing of analytes, the size of the OGMB
was around 175 ± 2 µm [Fig. S8(a)†] and the time duration of
the OGMB was 2 minutes for all experimental data. The OGMB
can be generated on the nanogap-rich structures at a laser
intensity of 10 mW µm−2 for the active sensing of analytes,
which is lower than the laser intensity of 34 mW μm−2 used for
the fabrication of nanogap-rich structures. This reduction of the
required laser intensity for the generation of an OGMB on
nanogap-rich structures during the active sensing of analytes is
a result of enhanced heating from gold nanoparticles, which
has been studied in the literature.52–54 The SERS signal
increases with the increasing duration of the OGMB generation
during the active sensing of analytes until it saturates at around
3.5 minutes of OGMB generation as shown in Fig. S8(b).†
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