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Harnessing large hotspot volumes is key for enhanced gas-phase
surface-enhanced Raman scattering (SERS) sensing. Herein, we
introduce versatile, air-stable 3D ‘Plasmonic bubbles’ with bi-
directional sensing capabilities. Our Plasmonic bubbles are robust,
afford strong and homogenous SERS signals, and can swiftly detect
both encapsulated and surrounding 4-methylbenzenethiol vapors.

Three-dimensional (3D) surface-enhanced Raman scattering
(SERS) platforms offer tremendous potential in the detection
of gaseous analytes due to the presence of micrometer-scale
hotspot volumes, which allow complete utilization of the laser
collection volume for maximum signal enhancement."? This,
coupled with the potential for omnidirectional laser irradia-
tion, is superior to conventional 2D SERS platforms when
harnessing molecule-specific fingerprint signals from highly
diffuse molecules in the gas-phase.® Currently, top-down litho-
graphic approaches such as electron beam lithography produce
3D SERS platforms with immaculate features but require long
processing time and high operational costs. On the other
hand, self-assembly of colloidal nanoparticles into extensive
and compact supercrystals may inhibit effective analyte pene-
tration and SERS signal collection from the internal regions.’
To address this, plasmonic liquid marbles and plasmonic
colloidosomes have been developed for sensing at the liquid-
liquid interface, where emulsified microdroplets are encapsu-
lated with a thin but extended network of plasmonic nano-
particles which act as substrate-less 3D SERS platforms.®’
While this concept has been extended to accommodate gaseous
analytes through the formation of aerosolized plasmonic col-
loidosomes, they tend to be transient.’> Consequently, there is
still a need to design simple fabrication techniques to rapidly
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create air-stable 3D SERS platforms tailored for gas-phase
molecular sensing.

Herein, we introduce a swift and easy method to create
‘Plasmonic bubbles’, which function as a versatile, air-stable 3D
SERS platform with bi-directional gas sensing capabilities and
provide significant analytical enhancement of 2.5 x 10'.
Inspired by the childhood bubble blower, a Plasmonic bubble
can be formed by gently passing a stream of gas through a
modified bubble film created using our customized formula-
tion comprising Ag nanocubes in an aqueous solution with
sodium dodecyl sulfate (SDS), gellan gum and glycerol
(Scheme 1). We demonstrate the importance of each compo-
nent in maintaining the structural integrity of the Plasmonic
bubble, allowing it to remain air-stable for up to 7 days, which
is 20000-fold longer than a typical air bubble. By tuning the
packing density, we achieve a bubble film that is compact with
Ag nanocubes to give strong and homogenous SERS signals
across both the x-y and x-z plane and detect methylene blue
(MB) down to 10~ '® M. The Plasmonic bubble demonstrates
homogenous SERS signals and high tolerance to laser misalign-
ment, both of which are crucial in attaining reproducible
signals during measurement. Importantly, we realize bi-
directional analyte sensing across the bubble film, with
comparable SERS signals when exposed to gaseous 4-
methylbenzenethiol (MBT) from the bubble interior and exter-
ior. Collectively, the relative ease of fabrication, low-cost and
robust nature of the Plasmonic bubble greatly boosts its
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Scheme 1 Inspired by the childhood bubble blower, a Plasmonic bubble
is formed by the addition of Ag nanocubes into a judiciously modified
bubble gel.
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applicability as a practical 3D SERS-based gas sensor, which is
exceptionally useful for biomedical and environmental
applications.

To fabricate the Plasmonic bubble, we first synthesize Ag
nanocubes (edge length = 117 £ 6 nm), which demonstrate
strong electromagnetic enhancement at the sharp cube edges
and allow intense inter-cube plasmonic coupling (Fig. S1,
ESIT).%° The synthesized nanocubes were functionalized with
1H,1H,2H,2H-perfluorodecanethiol (PFDT) to imbue surface
hydrophobicity and remove capping agents before being added
to a judiciously modified bubble gel mixture which comprises
water, SDS, gellan gum and glycerol.'® Importantly, SDS and
glycerol are critical in lowering the surface tension of water and
stabilizing the bubble film at the air-liquid interface.'*'? Also,
glycerol and gellan gum provide a cumulative increase in
dynamic viscosity, creating a set gel under room
conditions.'>'* Prior to bubble formation, the gel mixture is
heated to 80 °C to lower its dynamic viscosity, allowing gradual
expansion of the aqueous film into a 3D Plasmonic bubble as a
stream of gas is passed through (Fig. 1A). The amount of gas
can be carefully controlled to create Plasmonic bubbles of a
desired size. The dynamic viscosity is regained as the tempera-
ture lowers, accelerated by the increase in surface area of the
bubble film. High dynamic viscosity reduces the drainage and
evaporation of the aqueous layer, allowing the Plasmonic
bubble to remain air-stable while retarding the diffusion of
gases across the bubble film.'"* We demonstrate that an opti-
mized combination of 2% w/v SDS, 2% w/v gellan gum and
10% w/v glycerol allows the formation of a Plasmonic bubble
that is stable for up to 7 days, which is 20 000-fold longer than a
typical air bubble (Table S1, ESIT). The enhanced stability is key
to ensuring that the bubble film can withstand laser irradiation
during SERS measurements without rupturing.

To investigate the effect of increasing Ag nanocube concen-
tration on the particle density within the bubble film, we create
Plasmonic bubbles with five different Ag concentrations (0, 5,
20, 100, 250 mg mL ™). All Plasmonic bubbles were inflated
with approximately 1 cm® of nitrogen gas to attain a diameter of
0.6 cm (Fig. 1B). From the digital images, we observe a distinct
increase in opacity of the Plasmonic bubble as the nanocube
concentration increases, reflecting an increase in particle den-
sity across the bubble film. Next, we conduct scanning electron
microscopy (SEM) analysis of the bubble surface and bubble
film cross-section using the freeze-fracture technique to corro-
borate our experimental observations (Fig. 1C-E, Materials and
methods). From the SEM images, we affirm that there is an increase
in nanoparticle packing density from 7 to 58 particles per um” with
an increase in Ag nanocube concentration added (Fig. 1E). This
increase in particle density adheres to a strong sigmoidal
relationship, with a low reduced chi-square (red %*) value of
0.09 and a coefficient of determination (R?) of 0.98 (Fig. 1C).
The low reduced y? value indicates excellent goodness-of-fit,
while an R* of close to 1 describes good replicability of the
observed particle densities using the sigmoidal function. At a
Ag concentration of 250 mg mL™ ", the surface coverage by Ag
nanocubes in the Plasmonic bubble film is estimated to be 79%
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Fig.1 (A) Formation of a Plasmonic bubble. (B) Plasmonic bubble with

varying Ag nanocube concentrations (mg mL™Y): (i) 0, (i) 5, (iii) 20, (iv) 100
and (v) 250. (C) Relationship between nanocube concentration and pack-
ing density in the bubble film. (D) The bubble surface and bubble film
cross-section. (E) SEM images for Ag nanocube concentrations (mg mL™?):
(i and ii) 5, (iii and iv) 20, (v and vi) 100 and (vii and viii) 250.

(Supplementary note 1, ESIt). From the sigmoidal relationship,
we deduce that a further increase in Ag concentration will result
in diminishing increase in packing densities as the nanocubes
cannot form perfectly compact structures within the 3D bubble
film. In fact, a further increase in packing density is not ideal as
the large amount of Ag would hinder laser penetration as well
as make the platform particle inefficient."” Finally, we note that
the Plasmonic bubbles show a consistent film thickness of 16.5
£ 0.5 pm as averaged over five distinct bubble measurements
(Table S2, ESIY).

Using MB as a model analyte, we investigate the SERS
performance of the Plasmonic bubble embedded with different
amounts of Ag nanocubes. The intense aromatic C—C ring
stretching mode of MB at 1633 cm™ " serves as a stable reference
peak to compare the relative analytical enhancements at

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (A) SERS spectra of MB added to the Plasmonic bubble film with
varying nanocube concentrations. (B) Signal intensity of the 1633 cm™*
peak. (C) Hyperspectral SERS map for increasing Ag concentrations
(mg mL™Y): (i and ii) 5, (iii and iv) 20, (v and vi) 100 and (vii and viii) 250.
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different nanocube packing densities (Fig. 2A)." Without Ag
nanocubes, MB Raman signals cannot be detected due to the
inherently weak Raman scattering in the absence of plasmonic
enhancement. As the nanocube concentration increases from 5
to 250 mg mL ™", the packing density increases, creating
significant inter-cube plasmonic coupling, which boosts the
SERS signals by about 20-fold from 882 to 15 653 counts (Fig. 2B
and Table S3, ESIt). The effect of plasmonic coupling can be
clearly observed through hyperspectral SERS mapping of the
acquired analyte signals across both the bubble surface (x-y
plane) and the bubble film cross-section (x-z plane) (Fig. 2C). At
a Ag concentration of 250 mg mL ™", the x-y plane SERS map is
uniformly filled with regions of strong plasmonic activity,
indicating homogenous distribution of densely packed Ag
nanocubes within the bubble film (Fig. 2Cix). Similarly, the
x-z plane SERS map shows strong plasmonic activity concen-
trated within the bubble film, signifying effective laser penetra-
tion across the entire thickness of the film (Fig. 2Cx). Achieving
this is critical to ensure maximal enhancement of the SERS
signals and good signal reproducibility when utilizing the
Plasmonic bubble as a sensor for gaseous analytes. Henceforth,
all Plasmonic bubbles are fabricated with the addition of
250 mg mL~* Ag nanocubes and inflated using approximately
1 cm® of gas, unless otherwise stated.

Subsequently, we demonstrate the excellent signal consis-
tency of the Plasmonic bubble with different directions of laser
irradiation (Fig. 3A). 25 unique SERS spectra were acquired with
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Fig. 3 (A) SERS spectra showing high signal homogeneity across different

laser irradiation angles along the (i) bubble surface and (ii) bubble film
cross-section. (B) SERS spectra showing the 1633 cm ™! peak changes with
varying concentrations of MB. (C) Computing the detection limit and
analytical enhancement factor of the Plasmonic bubble using the
1633 cm™! peak.

the Plasmonic bubble in the x-y (bubble surface) and x-z
(bubble film cross-section) planes by varying the angle of laser
irradiation slightly with each acquisition. Using the MB refer-
ence peak, the relative signal standard deviation for SERS
spectra across the bubble surface and bubble film cross-
section is 5.4% and 6.0%, respectively. The relatively low signal
standard deviation signifies that the Plasmonic bubble has
high tolerance to laser misalignment, which is crucial in
practice where slight deviations occur during sample measure-
ments. Notably, the high signal consistency also explicates the
robustness of the Plasmonic bubble even with repeated laser
irradiation.

To quantify its sensing efficiency, we assess the detection
limit of the Plasmonic bubble by adding decreasing concentra-
tions of MB into the bubble gel. We demonstrate that the
Plasmonic bubble can detect MB down to 10~ '° M, which
corresponds to an analytical enhancement factor of
2.5 x 10" (Fig. 3B, Supplementary note 2, ESIf). The MB
reference peak exhibits a strong sigmoidal relationship from
107% to 107 '° M, with a low reduced y* value of 0.02 and
excellent R*> of 0.99 (Fig. 3C). The sigmoidal relationship
between the MB concentration and SERS signal intensity
afforded by the Plasmonic bubble signifies a unique advantage
in acquiring relatively stronger signals at low analyte concen-
trations, which is crucial for the detection of diffuse gaseous
analytes (Supplementary note 3, ESIt).

As a proof of concept, we demonstrate the ability of the
Plasmonic bubble to achieve bi-directional gas sensing using
saturated MBT vapor (vapor pressure = 0.807 mmHg) (Fig. 4A,
Materials and methods). Specifically, bi-directional sensing
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Fig. 4 (A) Two different modes of gas sensing. (B) Time-dependent SERS

spectra of MBT show the increase in the intensity of the 1077 cm™ peak.
(C) Comparing the SERS signal intensity of MBT using two different modes
of analyte sensing.

refers to the ability to detect MBT vapor that is encapsulated
within the Plasmonic bubble (referred to as internal) as well as
external MBT vapor that is exposed to the Plasmonic bubble
surface (referred to as external). For both configurations, we
observe a strong and distinct peak at 1077 cm™ ', which is
characteristic of the concurrent ring breathing and C-S stretch-
ing vibrational mode of MBT (Fig. 4B)."

We further conduct a temporal study to study the diffusion
mechanism in each configuration. In general, we observe an
increase in SERS signal intensity with time for the first
30 minutes of MBT exposure, which translates to diffusion of
MBT vapor into the Plasmonic bubble film from the bubble
interior and exterior, respectively (Fig. 4C). In both cases, we
observe a sharp increase in SERS signal intensity in the first 5
minutes, which correlates to rapid diffusion of MBT molecules
into the plasmonically active aqueous film of the Plasmonic
bubble in accordance with Fick’s law.'® After which, the rate of
increase in SERS signal intensity is slowed down and plateaus
at about 20 minutes. Importantly, the increase in signal inten-
sity shows an exponential relationship with excellent reduced
7> and R? values for both internal and external configurations
(internal: red x> = 0.02, R> = 1.00; external: red 3> = 0.09, R*> =
0.95) (Fig. 4C). Also, the relatively constant signal intensity from
20 to 30 minutes upon exposure to MBT signifies the ability of
the Plasmonic bubble to trap gaseous analytes within the
bubble film as it sets, avoiding signal loss over time and
potential interferences from external sources. Moreover, both
the internal and external configurations show comparable
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trends for the MBT SERS signal intensity, indicating the versa-
tility of the Plasmonic bubble and the potential for multiplex
gas sensing.

In conclusion, we showcase our design of a versatile, air-
stable centimeter-sized 3D Plasmonic bubble with bi-
directional gas sensing capabilities, strong SERS analytical
enhancement of 2.5 x 10" and a low limit of detection of
10~'° M. With an internal volume of approximately 1 cm® and
diameter of 0.6 cm, a Ag concentration of 250 mg mL ™" creates
a densely packed bubble film with highly homogenous and
reproducible SERS signals and strong tolerance to laser mis-
alignment. Notably, unlike conventional air bubbles, the Plas-
monic bubble can retain its structural integrity for an extended
period of 7 days due to high dynamic viscosity of the aqueous
layer. The high stability permits laser irradiation for SERS
measurements with ease without any risk of disrupting the
bubble structure. Finally, the ability to conduct bi-directional
gas sensing from the bubble interior and exterior imbues
significant flexibility to the Plasmonic bubble as a 3D SERS
platform for easy integration with various biomedical and
environmental applications.
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