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On-chip monitoring of toxic gases: capture and
label-free SERS detection with plasmonic
mesoporous sorbents+

Marta Lafuente, @3° Fernando Almazan, @3° Eduardo Bernad, @2°
lleana Florea, ¢ Raul Arenal, @3 Miguel A. Urbiztondo, ©°
Reyes Mallada @29 and Maria P. Pina () *39

The detection of the spread of toxic gas molecules in the air at low concentration in the field requires a
robust miniaturized system combined with an analytical technique that is portable and able to detect and
identify the molecules, as is the case with surface enhanced Raman scattering (SERS). This work aims to
address capability gaps faced by first responders in real-time detection, identification and monitoring of
neurotoxic gases by developing robust, reliable and reusable SERS microfluidic chips. Thus, the key
performance attributes of a portable SERS detection system that must be addressed in detail are its limit of
detection, response time and reusability. To this purpose, we integrate a 3D plasmonic architecture based
on closely packed mesoporous silica (MCM48) nanospheres decorated with Au nanoparticle arrays,
denoted as MCM48@Au, into a Si microfluidic chip designed and used for preconcentration and label-free
detection of gases at a trace concentration level. The SERS performance of the plasmonic platform is
thoroughly analyzed using DMMP as a model neurotoxic simulant over a 1 cm? SERS active area and over a
range of concentrations from 100 ppbV to 2.5 ppmV. The preconcentration-based SERS signal
amplification by the mesoporous silica moieties is evaluated against dense silica counterparts, denoted as
Stober@Au. To assess the potential for applications in the field, the microfluidic SERS chip has been
interrogated with a portable Raman spectrometer, evaluated with temporal and spatial resolution and
subjected to several gas detection/regeneration cycles. The reusable SERS chip shows exceptional
performance for the label-free monitoring of 2.5 ppmV gaseous DMMP.

Introduction

Nowadays, Surface Enhanced Raman Scattering (SERS) stands
out as a powerful and highly sensitive method to probe
molecules in the close vicinity of a plasmonic substrate, even at
a single-molecule level.”> As Raman scattering analytical
technique, SERS enables the detection, identification and
quantification of target species in complex mixtures based on
their unique molecular vibrational fingerprint in a
nondestructive and multiplexed manner. In spite of being the
oldest known plasmon-enhanced spectroscopy technique, the
routine analysis of surfaces and traces of chemical and biological
species using SERS is not still widely used in real-world
environments® and making contributions to our daily life.

t Electronic supplementary information (ESI) available: Microfabrication of the
microfluidic SERS chips. Characterization of the SERS microfluidic chips:
profilometer analyses and breakthrough testing. Synthesis and characterization
of plasmonic silica sorbents: TEM images, nitrogen physisorption analyses, pore
volume distribution, FTIR-IR characterization, Z-potential. DMMP uptake values
estimated by TGA analyses. Optical and SERS characterization of the supported
silica@Au films. Determination of analytical enhancement factor (AEF).
Experimental vibrational frequencies of pure DMMP. See DOI: https://doi.org/
10.1039/d31c00136a
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Over the last decade, sustained efforts have been made to
push the SERS transition from an intriguing scientific
method into a practical technology, as revealed by the
growing number of companies commercializing SERS
substrates®® and the continuous progress that has been
made in affordable, robust and portable Raman
instrumentation.’®** In particularly, SERS has great
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applicability in the area of defense and homeland
security,”™® and more specifically for the detection of
extremely toxic nerve agents,'**° e.g., Sarin gas where 10 min
exposure at 64 ppbV provokes life-threatening health
effects.”® According to the International Forum to Advance
First Responder Innovation (IFAFRI), first responders (FRs)
still need technologically advanced tools and equipment that
are affordable, lightweight, easy to use and innovative so that
FRs may rapidly detect, identify and monitor (DIM)
hazardous agents and contaminants on the scene in real time
to facilitate timely and appropriate actions in the event of a
chemical incident.>* Meeting these requirements of end users
and addressing their capability gaps using SERS is a way to
move the field significantly forward.

SERS platforms combined with microfluidic systems offer
a win-win combination as it has been recently reviewed,
mainly for liquid phase applications.>*** Successful results
have also already been reported in the gas phase for
environmental monitoring, for example in simultaneous
bioaerosol sampling and real time SERS analysis,> and for
the detection of trace levels of explosive vapors within a
continuously flowing gas stream.*® Considering the low
number of vapor molecules available per unit volume and
the frequently encountered weak interactions with the metal
surface, gas collection efficiency is an essential criteria for
SERS platform design in gas sensing applications. This claim
is even more important when dealing with highly diluted
gaseous mixtures of nerve agents®’ due to their small cross
sectional values.”® When target molecules do not show any
affinity for the plasmonic surface, the most common strategy
is to increase their fraction within the illuminated area. This
strategy involves the incorporation of functional coatings on
the SERS active surface to promote its physical or chemical
adsorption.””?° The sticking probability®* of the target
analytes is also utilized for the microfluidic chip design to
maximize the fluid-solid interfacial area.

Microporous and mesoporous materials have great
potential in the development of efficient SERS platforms for
gas sensing because their huge and highly ordered porosity
allows selective adsorption and preconcentration of analytes.
The latest advances in the field of SERS-active nanoparticle/
metal-organic-framework (MOF) hybrids have been reviewed
by Huang et al.>" In a recent work, we validated the use of thin
films made from close-packed core-shell Au@Ag nanorods
individually encapsulated within a ZIF-8 (zeolitic imidazolate
framework) for early SERS detection of chemical warfare
agents (CWAs).”” In that work, we reported the experimental
detection, in ambient air using a portable Raman
spectrometer, of 2.5 ppmV of dimethyl methylphosphonate
(DMMP, simulant of sarin gas) and 76 ppbV of 2-chloroethyl
ethyl sulfide (CEES, simulant of mustard gas) with response
times of 21 s and 54 s, respectively.

Examples of gas sensing with microfluidic SERS chips in the
absence of an active liquid medium are rarely encountered in the
literature. The array-assisted SERS microfluidic chip developed by
Yang et al.** combines a PDMS (polydimethylsiloxane) chip with
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a prism array patterned in the microfluidic channel and Au@Ag-
nanocubes@?ZIF8 nanostructures. The Ag surface has cysteamine
anchored on it as an aldehyde-specific recognition molecule to
capture the gas. The recorded limit of detection value was 1 ppbV
for benzaldehyde and 3-ethylbenzaldehyde in air. Herein, we
propose an alternative concept based on mesoporous silica
nanospheres decorated with Au nanoparticles (Au NPs), which
not only aims to boost the preferential concentration/enrichment
of the target molecules over the interfering molecules but also to
exploit their dynamic sorption properties for real time detection
in practical applications. In addition to preconcentration-based
signal amplification, our microfluidic Si chip allows long-term
monitoring while maintaining its SERS efficiency well during
multiple “detection-heating™ cycles thanks to the higher thermal
stability of the silica in comparison to the MOF.

This manuscript explores the integration of mesoporous
silica spheres, individually decorated with Au NPs, in
microfluidic Si chips for the continuous, real-time and
quantitative SERS detection of nerve gases at trace levels. The
detection occurs under ambient conditions without the need
for prior physical collection or sample conditioning (Fig. 1).
The preconcentration of target molecules is accomplished
through the accumulation of adsorbed molecules both in the
silica mesopores, and in close proximity to the SERS-active
sites dispersed on the external silica surface. A special focus
is devoted to the reusability of the microfluidic SERS chip, an
important property for evaluating the usefulness of a SERS
technique in practical applications. Finally, in an attempt to
characterize the potential adoption of the platform by FRs,
preliminary results carried out with hand-held Raman
equipment are discussed.

Unlike previous publications on SERS gas sensing, this work
significantly contributes to the simultaneous achievement of
the following milestones: i) label free detection of toxic
compounds thanks to preconcentration-based SERS signal
amplification facilitated by the mesoporous silica moieties; ii)
portable SERS detection with handheld Raman instrumentation
thanks to the integration of the core-shell plasmonic sorbent

Fig. 1 Illustration of the preconcentration effect and efficient SERS
examination of the target analyte. The variation of the target analyte
concentration in the proximity of the plasmonic mesoporous sorbent
embedded in the microfluidic SERS chip is shown.

Lab Chip, 2023, 23, 3160-3171 | 3161


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lc00136a

Open Access Article. Published on 20 June 2023. Downloaded on 7/12/2025 1:45:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

within a silicon microfluidic chip; iii) real-time detection/
monitoring of toxic vapors/gases thanks to the dynamic
sorption properties exhibited by the microfluidic SERS chip;
and iv) cost-effectiveness for practical applications thanks to the
reusability of the microfluidic SERS chip.

Experimental

Materials

Cetyltrimethylammonium bromide (CTAB, >99%), tetraethyl
orthosilicate (TEOS, 98%), triblock copolymer Pluronic® F127
(F127), 3-aminopropyl-triethoxysilane (APTES, 98%), chloroauric
acid (HAuCly;-xH,O, ~50%), sodium hydroxide (NaOH),
tetrakis(hydroxymethyl)phosphonium chloride (THPC, 80%),
potassium carbonate (K,COj3), formaldehyde (37%), rhodamine
6G (R6G, 99%) and dimethyl methylphosphonate (DMMP, 97%)
were purchased from Merck and employed without further
purification. Ammonium hydroxide solution (NH,OH, 28-30%
NH;) and hydrochloric acid (HCI, 37%) were also purchased
from Merck and toluene, dichloromethane, and diethylether
were purchased from Fisher Chemical. Potassium hydroxide
(KOH) and absolute ethanol were purchased from PanReac
AppliChem. All aqueous solutions were prepared in Milli-Q
water (18.2 MQ cm ™).

Synthesis of gold seeds

Gold seeds (Au-seeds) were synthesized by a modified THPC
reduction method.>®> This protocol consists of reducing
chloroauric acid (HAuCl,) with tetrakis(hydroxymethyl)
phosphonium chloride (THPC). Briefly, 1.0 mL of THPC (12
puL of THPC in 1 mL of water) and 0.5 mL of NaOH (1 M)
were mixed with 50.0 mL of water under magnetic stirring at
room temperature. After 5 min, 2.5 mL of chloroauric
aqueous solution (1% wt) was added and when the solution
changed from colorless to brown, it was maintained for 10
min more. The Au-seeds colloidal suspension (0.27 mg Au
mL™" nominal content) was stored at 4 °C.

Synthesis of mesoporous silica particles (MCM48)

The spherical MCM48 nanoparticles were synthesized by a
modified protocol of Kim and co-workers.** For this purpose,
0.5 g of CTAB and 2.0 g of F127 were mixed in 95.0 mL of
water. Once dissolved, 43.0 mL of absolute ethanol and 11.5
mL of NH,OH were added at room temperature. After that,
1.93 mL of TEOS was added into the mixture. The reaction
was maintained for 4 h at a magnetic stirring rate of 650
rpm. Then, the mixture was kept in static conditions for 24 h
at room temperature and a dark-environment for further
silica condensation. The white solid product was recovered
by centrifugation, then washed three times with water and
dried overnight at 70 °C. The final template-free MCM48
nanoparticles were obtained after calcination at 550 °C in air
for 6 h with a heating rate of 1 °C min™".

3162 | Lab Chip, 2023, 23, 3160-3171
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Synthesis of dense silica nanoparticles

This synthesis was based on the well-known Stéber process.*?
In summary, 3.0 mL of NH,OH and 1.5 mL of TEOS were
added to 50.0 mL of absolute ethanol under magnetic stirring
and at room temperature. The solution completely changed
color from colorless to white in 270 min.

Synthesis of core-shell MCM48@Au plasmonic mesoporous
sorbents

The preparation of core-shell mesoporous silica-gold
nanoparticles MCM48@Au involves three main steps (the
same for their dense counterparts). The first step is the
synthesis and functionalization of the silica nanoparticles
with amine groups. The second is the Au seeding of the silica
nanoparticles and the last step of the procedure involves the
controlled growth of Au-seeds over the aminated silica
surface (see Fig. 2(a)). Following a similar protocol, core-shell
nanostructures based on dense silica were prepared, denoted
as Stober@Au for the remainder of this work.

1) Functionalization of the silica nanoparticles. The
procedure is the same as for the mesoporous and dense silica
nanoparticles.®® 300 mg of silica nanoparticles were
dispersed in 15 mL of toluene in a three-neck round-bottom
flask under continuous stirring of 400 rpm in an Ar
atmosphere during 15 min. Afterwards, the flask was
immersed in a temperature controlled oil bath at the toluene
reflux temperature (110 °C). When the mixture reached the
desired temperature, 150 uL of APTES was added into the
flask and it was stirred for 1 h. Then, the solid product was
vacuum filtered and washed with a dichloromethane/diethyl
ether (1:1 v/v) mixture and dried at 50 °C for 12 h.

2) Seeding of the silica nanoparticles with Au-seeds
(system “MCM48-Au seeds”). 10 mL of Au-seed suspension
and 1 mL of amine-MCM48 (17.0 mg SiO, mL™" in absolute
ethanol) were mixed (1:20.6 Au:Si molar ratio) and the pH
of the mixture was adjusted to around 2.5 by addition of HCI.
The resulting mixture was kept at room temperature for 2 h
in a dark environment. The collected product was centrifuged
3 times at 4000 rpm for 20 min and the obtained pellet was
redispersed in 5 mL of water (3.4 mg SiO, mL™ nominal
content). This step was also carried out with Au-seed
suspension volumes of 3 and 6 mL.

3) Growth of the Au seeds on the silica surface (system
“MCM48-Au”). To this end, an aquachlorohydroxo gold
complex [AuCl(OH);]” solution was prepared by mixing 25 mg
of K,CO; with 1.5 mL of HAuCl, (1 wt%) in 100 mL of water
and stirring for 30 min. 4 mL of this solution (0.34 mg Au),
146 uL of Au-seeded amine-MCM48 (0.50 mg SiO, nominal
content) and 10 pL of formaldehyde, as a reducing agent,
were added to a 10 mL round-bottomed flask in an ice-bath
(1:4.8 Au:Si molar ratio). The reaction time was fixed at 50
min at a stirring rate of 670 rpm. Then, the MCM48@Au
nanoparticle solution was centrifuged at 2500 rpm for 15 min
and redispersed in 1 mL of water. The growth step was also

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Scheme showing the three main steps of the core-shell MCM48@Au synthesis. (b) TEM images of the resulting nanoparticles and (c) UV-

vis-NIR spectra of the amine-MCM48/Au seeds_1:10 data set as a function of the Au seed growth time (0, 15, 30 and 50 min). Highlighted image
(iv) is illustrative of the MCM48@Au plasmonic sorbent used in this work. Scale bar is 100 nm.

carried out for shorter periods (15 and 30 min) resulting in
three different Au-seeded amine-MCM48 solutions.

Microfluidic SERS chip fabrication

The microfabrication process for the functional microfluidic
SERS chip comprises five different steps: cavity etching,
MCM48@Au plasmonic sorbent incorporation, microdevice
sealing, heater element integration and inlet/outlet port
mechanization. A detailed explanation of the fabrication
process, described in our previous work,”” is provided in
section S1 of the ESIf and Fig. S1.1. A similar process was
carried out for the fabrication of the “MCM48-Au seeds”
microfluidic chip, which is mainly used here for reference
purposes.

SERS substrates preparation

In this work, silica@Au films supported on a Si/SiO, wafer
(0.4 cm x 0.8 cm) were prepared to assess on the analytical
enhancement factor (AEF) and for preliminary detection
experiments of DMMP in the gas phase at different
concentrations. Likewise, SERS substrates supported on
Borofloat (0.4 cm x 0.8 cm) were used for determining the
UV-vis-NIR extinction spectra. Thus, the substrates were
sequentially washed for 10 min in acetone, isopropanol and
water in an ultrasound bath and finally dried under an N,
stream. Afterwards, silica@Au nanoparticles were deposited
by spin-coating (25 cycles of a 0.15 wt% Si ethanolic solution)
on Borofloat supports or by an opaline method (0.05 wt% Si
aqueous solution) on Si/SiO, supports.

This journal is © The Royal Society of Chemistry 2023

Materials characterization

The size and morphology of the core-shell nanostructures
were examined throughout the synthesis procedure using
transmission electron microscopy (TEM, FEI TECNAI T20).
The samples were prepared by adding a drop of
ultrasonicated ethanol suspension onto copper carbon holey
grids. Z-potential measurements of the solutions in 1 mM
KCI were carried out in a Brookhaven 90 plus using Zeta Pals
software. Scanning electron microscopy (SEM, CSEM-FEG
Inspect) images were used to characterize the functional
microchannel coated with MCM48@Au nanoparticles. The
UV-vis-NIR extinction spectra of the silica@Au nanoparticles
in aqueous suspensions were acquired on a UV-vis double
beam spectrophotometer Jasco V670. A Varian Cary 50
spectrometer was used for the UV-vis-NIR spectra of the
silica@Au films supported on glass. Fourier-transform
infrared (FTIR) spectra were measured with a Bruker VERTEX
70 instrument with a Golden Gate diamond attenuated total
reflectance (ATR) accessory to assess the silica surface
amination. Spectra were recorded by averaging 40 scans in
the range 6000-400 cm . Nitrogen physisorption isotherms
of the MCM48 nanoparticles before and after amination were
studied with a Micromeritics TriStar 300 analyzer. The
samples were degassed at 13.3 kPa and 200 °C for 8 h. The
commercial software, MicroActive v4.03 (Micromeritics), was
used for data processing. The surface area was evaluated
according to the Brunauer-Emmett-Teller (BET) theory in the
relative pressure range from 0.05 to 0.20. The pore volume
and pore size distribution were evaluated using non-local
density-functional theory (NLDFT). The thickness of the

Lab Chip, 2023, 23, 3160-3171 | 3163
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sorbent coating in the microfluidic SERS chip was evaluated
by contact profilometry using a mechanical profilometer P-6
Stylus Profiles (KTA Tencor) with a 5 um diamond stylus tip
with a 60° cone angle. For each microfluidic chip, 3 to 5
randomly selected cross sections were measured 3 times and
its thickness was calculated as an average of these
measurements.

Electron tomography characterization of core-shell
MCM48@Au nanostructures

The electron tomography measurements were performed
using the scanning transmission electron microscopy (STEM)
mode of a probe-corrected STEM FEI Titan-Low-Base 60-300
operating at 80 keV (equipped with a X-FEG® gun and Cs-
probe corrector (CESCOR from CEOS GmbH)). The large
inner radius of the high-angle annular dark-field (HAADF)
detector used for the acquisition of the tilt series allowed us
to deem that the intensity in the corresponding images is
proportional to the atomic number (Z), having access to a
Z-contrast.”®**! The acquisition of the STEM-HAADF tilt series
was performed using the tomography Inspect-3D software.
The HAADF tilt series was acquired by tilting the specimen in
an angular range of +70° using an increment of 2° in the
equal mode, thus giving a total number of images in the tilt
series equal to 71. The recorded images of the tilt series were
spatially aligned using a two-step alignment; a first rough
alignment by cross correlating consecutive images, followed
by a fine step alignment using the Au NPs. Both procedures
were implemented in the IMOD software.*” For the volume
calculations, we used algebraic reconstruction techniques
(ART) implemented in the Tomo] plugin working in the
Image] software.*>** Finally, the visualization and the
analysis of the final volumes were carried out using the
displaying capabilities and the isosurface rendering method
in the Slicer software.*®

Raman and SERS measurements

Raman and SERS measurements were carried out using a
confocal WITec Alpha 300 (spectral resolution 2 cm™) and a
portable Raman BWTEK i-Raman® Pro (spectral resolution 6
em™"). Both instruments were coupled to a 785 nm laser line.
The measurements with the benchtop WITec equipment were
recorded with a 0.1 mW laser power, exposure time of 1 s
and a 20x objective (spot diameter, 1.92 pum; 0.034 mW
um?). The SERS spectra recorded with the Raman BWTEK
were measured at 0.044 mW um > and an integration time of
2 s. For the AEF evaluation, the MCM48@Au and Stober@Au
films supported on Si/SiO, were immersed in R6G solutions
(1 uM) and, after air-drying, more than 20 measurements
along the SERS substrates were performed and averaged.

SERS detection of gaseous DMMP

SERS measurements with both silica@Au systems were
conducted in a homemade aluminum chamber (circa 100 pL
gas free volume), into which a N, gas stream of 10 STP cm’

3164 | Lab Chip, 2023, 23, 3160-3171
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min!, with the desired concentration of DMMP, was fed
continuously."**”*® A gaseous stream of DMMP in nitrogen (2.5

ppmV, 12.7 mg m) was generated using a calibrated
permeation tube (MT-PD-experimental 107-100-7845-HE3-C50,
126.8 ng min~" + 4.8 ng min" at 80 °C, from VALCO) immersed
in a thermostatic bath at a controlled temperature (80 °C). In
the case of lower concentrations of DMMP, Tedlar gas sampling
bags were used. These were prepared by the accurate injection
of the proper DMMP liquid amount (0.4 uL of DMMP in 10 L of
N,) followed by homogenization. Then, DMMP bags with
concentrations of 900 ppbV, 250 ppbV and 100 ppbV were
prepared by step-by-step dilution with dry N,.*”

Static DMMP adsorption properties

The as-synthesized and amine-functionalized MCM48 and
dense silica nanoparticles were degassed overnight at 150 °C
and used to quantify the DMMP adsorption properties when
exposed to its vapor pressure at 20 °C ie. 739 ppmV (3748
mg m>) in a sealed container. Aliquots of the exposed
materials were taken and analyzed using thermogravimetry
on a TA Instruments TGA-Q5000 (using N, up to 600 °C at 10
°C min™" as heating rate).

Dynamic DMMP adsorption experiments on the microfluidic
SERS chip

Breakthrough-type adsorption experiments on the SERS chips
were carried out at room temperature. While circulating the
DMMP/N, stream at 10 STP cm® min~" with 16 mg m™ DMMP
through the microdevice, the outlet stream was analyzed
online using gas chromatography coupled with a mass
spectrometer (Shimadzu GCMS-QP2010). In order to
characterize the dynamic sorption properties, the experiment
was performed until the outlet concentration (C,) was equal
to the feed concentration (C,). For this work, the
breakthrough point is considered as the moment where C,/C,
= 0.1, which implies that the adsorbent is becoming saturated
and unable to trap all the analyte molecules carried by the
feed gas. A detailed explanation of the breakthrough testing is
provided in section S1 of the ESI and Fig. S1.2 and S1.3.

Continuous monitoring of gaseous DMMP on the
microfluidic SERS chip with a portable Raman spectrometer

The SERS performance of the microfluidic SERS chip coated
with MCM48@Au was evaluated by continuous monitoring of
2.5 ppmV DMMP (14 mg m ) in N, 10 STP cm® min™" with
temporal and spatial resolution using a portable i-Raman®
Pro. At the end of the experiment, the SERS-chip was
regenerated by sweeping at 10 STP cm® min™" with dry N, for
5 min followed by degassing at 200 °C using the heating coil
printed on the backside of the chip (DC voltage supply 15 V).
For reference purposes, similar experiments were conducted
with an uncoated chip (blank experiment), and with
microfluidic chips coated with “MCM48-Au seeds.”

This journal is © The Royal Society of Chemistry 2023
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Results and discussion

Synthesis and characterization of MCM48@Au plasmonic
mesoporous sorbents

The core-shell MCM48-Au nanostructure has a spherical
mesoporous silica particle (MCM48) as the core, to provide
the surface area for adsorption and concentration of target
molecules, and an array of individual Au NPs randomly
distributed on the outer surface to provide the SERS
enhancement. The synthesis of such MCM48@Au
nanoparticles involves three main steps as schematically
shown in Fig. 2(a).

The first step is the synthesis of spherical MCM48 type
mesoporous silica particles with a size distribution centered
at 187 + 34 nm, pore size of 3.5 nm and a BET surface area of
1237 m*> g' (see Fig. S2.1 and Table S2.1 in section S2 of
ESIY). Afterwards, the silica nanoparticles were functionalized
with amine groups by 3-aminopropyl-triethoxysilane (APTES)
grafting in order to: i) facilitate the anchoring of Au seeds on
the external surface of the silica by electrostatic interactions;
and, ii) enhance the DMMP sorption thanks to the increased
hydrophilicity of the aminated silicas.””*® In fact, the
presence of co-adsorbed water vapor could benefit DMMP
uptake due to the shift of the energy distribution probability
curve, attributed to the DMMP affinity, towards the water
molecules.”® Specific peaks in the FTIR spectra (see Fig. S2.2
in section S2 of the ESIf) evidenced the presence of specific
organic functionalities after the aminosilane grafting. The
aminated sample, denoted as MCM48-NH,, exhibits a broad
band at 1560 cm ™' and additional peaks from 2800 to 3300
em™' characteristic of the N-H bending of primary amines
and C-H stretching vibrations, respectively. In addition, the
band around 1450 cm ™' can be attributed to the N-H
bending vibration of the ammonium cations.

The second step is the electrostatic anchoring of the pre-
formed gold seeds (3-4 nm in size) on the MCM48-NH,
surface. The electrostatic anchoring is performed at 2.5 pH
as the Au seeds exhibit a negative surface charge (-12 mvV)
and the MCM48-NH, particles a positive charge (+50 mV), as
measured by zeta potential analysis (see Fig. S2.3 in section
S2 of the ESIT).

The last step involves the controlled growth of the Au
seeds over the silica surface to obtain Au NPs with an intense
localized surface plasmon resonance (LSPR) peak in the
visible range, while preserving the access to the MCM48
mesopores. This is an important improvement over previous
works®*>* where silica particles are individually encapsulated
within a nonporous gold shell. Via delicate optimization of
the reaction conditions, the particles undergo controlled
growth and the formation of a continuous gold coating is
prevented, maintaining the free access of vapors to the
aminated mesopores. Three MCM48-NH,/Au seed solutions
with different volumetric ratios (1:3, 1:6 and 1:10) were
tested in order to achieve a uniform distribution of Au seeds
over the MCM48-NH, surface (see Fig. S2.4 in section S2 of
the ESIf). A solution containing particles of “MCM48-Au
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seeds” was mixed with the growth solution for reaction times
varying from 0 to 50 min. Fig. 2(b) shows representative TEM
images of the resulting SERS probes whilst Fig. 2(c) shows
the normalized extinction spectra as a function of reaction
time. The LSPR characterization is shown in Fig. 2(c) and in
Fig. S2.4 in section S2 of the ESL} As can be observed, the
MCM48@Au nanoparticles from the 1:10 ratio grown for 50
min show a more intense and narrower LSPR peak while
avoiding a continuous Au shell (see Fig. 2(b) panel (iv)). This
increase in intensity of the resonant absorption peak with
the growth time is accompanied by a red shift of the LSPR
spectrum (maximum of absorption, from 527 nm to 585 nm)
due to the plasmonic coupling between adjacent Au NPs and
the formation of Au aggregates on the silica surface.
Accordingly, the sample obtained by re-growing the MCM48/
Au seeds_1:10 for 50 min (Fig. 2(b) (iv)) was selected for the
fabrication of the microfluidic SERS chip studied in this
work.

The nanoarchitecture of the selected SERS probe was
investigated using electron tomography. Fig. 3(a)-(c) display
three different STEM-HAADF representative projections at
three different tilt angles extracted from the tilt series used
to reconstruct the volume. In these images, one can easily
identify two different contrast regions corresponding to the
MCM48 silica particle; and, respectively, a high amount of Au
NPs which seem to be located on the external surface of the
MCM48 silica particle. The analysis of some typical slices
taken at different depths and orientations through the
corresponding reconstructed volume confirms this, as shown
in Fig. 3(d) and (e). The corresponding 3D model,
Fig. 3(f) and (g), depicts the homogeneous distribution of the
Au NPs on the surface of the MCM48 material.

A detailed analysis of the obtained volume allowed the
size of the anchored Au NPs to be estimated to be varying in
a range between 2.5 nm (pristine seeds) and 15 nm (grown
seeds). Fig. 3(h) shows the size distribution of both Au
nanostructures, the individual Au NPs and the aggregates.
Thus, the size distribution of these Au nanostructures is
responsible for the broad plasmonic response band in
observed aqueous solution and depicted in Fig. 2(c).
Moreover, by counting the pixels located at the interface of
the MCM48 material and the Au NPs, we estimated a 40%
coverage of the external surface of the MCM48-NH, particle
by the Au nanostructures.

SERS performance of the silica@Au substrates: AEF
evaluation and detection of gaseous DMMP

The optical response of the two silica@Au supported films on
Borofloat substrates (see Fig. S3.1 in section S3 of the ESIY)
reveals a broadening of the original plasmonic band and a
clearly noticeable red shift due to plasmonic coupling
between adjacent core-shell nanoparticles in agreement with
the multilayer-type structure observed by SEM (see Fig. S3.2
in section S3 of the ESI).
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Fig. 3 (a)-(c) 2D projections extracted from the STEM-HAADF tilt series
used to reconstruct the volume of the core-shell MCM48@Au
nanostructure, for three different tilt angles marked in red (-70°, 0° and
+700). (d) and (e) Typical orthoslices through the reconstructed volume,
showing the exact localization of Au NPs on the external surface of the
spherical mesoporous silica particle. (f) and (g) 3D model representation of
the system obtained from the reconstruction of the STEM-HAADF tilt
series employing a data segmentation procedure and a surface-rendering
method. The surface of the mesoporous silica MCM48 material is
represented in red and the Au NPs in blue. The Au NPs located on the
external surface of the silica particle can form aggregates, highlighted by
the dashed green circles in Fig. 3(g). (h) Histogram obtained from the
tomogram volume reconstruction showing the size distribution of the Au
NPs as well as the distribution of the aggregates.

Preliminary evaluation of the SERS efficiency of the
mesoporous sorbent versus that of the dense probe was
accomplished by evaluation of the analytical enhancement
factor, AEF, using rhodamine 6G (R6G) and its characteristic
Raman peak at 1510 cm ' (attributed to C-C stretching
mode). The comparison of the SERS spectra of an aqueous 1
UM R6G solution of both the MCM48@Au and Stoder@Au
supported films (see Fig. S3.3 in section S3 of the ESI{) was
utilized to elucidate the differences in SERS-active area. The
SERS activity of the MCM48@Au substrate outperforms its
Stober@Au counterpart. The 99% confidence interval for the
R6G SERS intensity average value at 1510 cm™" is 4556 + 436
cts for MCM48@Au versus 1029 + 154 cts for the Stober@Au
substrate (see Table S3.1 in section S3 of the ESIT).
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The textural properties of the synthesized MCM48 silica,
ie. its highly ordered porosity (0.43-0.95 cm® ¢™') on the
nanometer scale (2.7-3.5 nm pore size) and its large specific
surface area (1052-1237 m?> g™') vs. that of its dense silica
counterpart (12 m> g™') (see Table S2.1 in section S2 of the
ESIT), are the main drivers responsible for the spontaneous
adsorption of target molecules on its pore walls. Herein, we
intend to leverage the unique characteristics of the MCM48
particles in our core-shell nanostructure, thanks to
preconcentration-based signal amplification, to provide a
more intense SERS response compared to that exhibited by
analogous probes based on dense silica spheres.

To assess the effectiveness of our silica core for
preconcentration, the DMMP uptake was evaluated for
MCM48, MCM48-NH, and dense SiO, systems, when exposed
to 739 ppmV at 20 °C in dry air (see Fig. S2.5 in section S2 of
the ESIT). In these experiments, after exposure to DMMP, the
mesoporous silicas clearly desorbed a greater amount than
the dense silica (up to 11 and 18 times more for the MCM48-
NH, and MCM48 samples, respectively). In the case of
MCM48-NH,, the DMMP uptake value was 133.7 mg g * (see
Table S2.2 in section S2 of the ESIf).

Fig. 4(a) shows the SERS spectrum of DMMP in N, at 2.5
ppmV recorded for the MCM48@Au and Stober@Au
supported films using a customized gas chamber'®*”*® and
benchtop Raman instrumentation. The characteristic Raman
fingerprint of DMMP is clearly distinguishable in the SERS
spectrum of the MCM48@Au substrate and up to six
characteristic Raman features (denoted as (a) to (f) for the
remainder of this work) are displayed. The Raman band
assignments of DMMP are described in Table S3.2 in section
S3 of the ESL{ As can be observed, the relative intensity of
the SERS peaks differs from those acquired under normal
Raman conditions due to the preferential orientation of the
DMMP molecules adsorbed on the silica surface.*® The more
intense bands at 710 cm " and 1270 cm™!, denoted as bands
(a) and (f) in Fig. 4(a), are assigned to the symmetrical
stretching of the P-C and P—O bonds, respectively. On the
contrary, the DMMP spectrum recorded on the Stober@Au
substrate scarcely shows the vibrational band characteristic
of the P-C stretching.

When comparing the normalized SERS signal at 710 cm™
acquired on both silica@Au platforms in the presence of 2.5
ppmV of DMMP, the response exhibited by MCM48@Au is
almost one order of magnitude higher than that obtained over
the dense counterpart, 1575 + 365 cts mW ' s™' vs. 172 + 41 cts
mW ™" 57", Once again, these results demonstrate that the larger
surface area of MCM48-NH, substantially increases the intensity
of the SERS response due to a denser population of DMMP
molecules in the vicinity of the Au nanostructures. Remarkably,
it was possible to use the intense MCM48-NH, peak recorded at
456 cm™* (Si-O mode®), labelled with (*) in Fig. 4(a), as a
Raman internal standard since it does not overlap with the
SERS signal of DMMP. As previously demonstrated for core-
shell Au@Ag@ZIF8 nanostructures,””** the use of a ratiometric
SERS response, I714/l456, improves the spatial uniformity of the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Average SERS spectra of DMMP (2.5 ppmV) recorded on the
MCM48@Au and Stéber@Au supported films compared to the Raman
fingerprint of pure DMMP in the liquid phase and blank MCM48@Au
and Stober@Au samples, respectively. The characteristic Raman band
of MCM48-NH, used as a Raman internal standard is labelled with *.
(b) Spatial distribution of the DMMP peak (at 710 cm™) and MCM48 (at
456 cm™Y) over 20 different points of the surface of the MCM48@Au
substrate. Right axis (green dots): SERS intensity ratio between peak
710 cm™ of DMMP and 456 cm™* of MCM48.

SERS response. Fig. 4(b) shows the characteristic SERS signal of
DMMP and MCM48-NH, over a centimeter scale area of the
substrate (20 random spots). In fact, the use of a ratiometric
SERS response, I710/I456, allows the correction of local variations
in the SERS signals improving the relative standard deviation
(RSD) of the SERS measurements, i.e. 0.58 + 0.08 (15%).

Moreover, the sensitivity of the MCM48@Au multilayer
platform was tested by monitoring the SERS response as a
function of the DMMP concentration ranging from 100 to 2500
ppbV, see Fig. S2.6 in section S2 of the ESL} The
preconcentration-based SERS signal amplification provided by
the mesoporous silica moieties allows detection of up to 100
ppbV of DMMP. The average SERS spectra show the expected
gradual intensity increase with DMMP concentration,
corresponding to a higher number of molecules adsorbed on
the MCM48-NH, core and, consequently, in close vicinity of the
plasmonic surface. In all cases, the average standard deviation
of the SERS signal at 710 cm ™" remains below 20%.

This journal is © The Royal Society of Chemistry 2023
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Plasmonic mesoporous sorbents integrated in microfluidic
SER chip: fabrication and evaluation of dynamic sorption
properties towards DMMP

The microfluidic SERS chip is composed of two parts: a
microfluidic channel on a Si substrate coated with the
MCM48@Au plasmonic mesoporous sorbent and a glass
substrate suitable for Raman interrogation (see Fig. 5(a)). The
novelty of the approach herein presented is that the
incorporation of the functional material is accomplished
before sealing the device, thus enabling the controlled
deposition of the material and its quantification.

The spin-coating conditions lead to dense films with
close-packed silica-Au nanoparticles distributed along the
cavity (see Fig. 5(b) and (c)). Microchannel depth and
thickness of the SERS active coating have been confirmed by
profilometry (see Fig. S1.4 in section S1 of the ESI}).
Specifically, the SERS active coating of the microfluidic chip
is circa 2.1 pm thick, i.e., more than 10 layers of close-packed
assembly of MCM48@Au nanostructures; and the estimated
mass loading is 527 ug. In our previous work,>” a monolayer
of close-packed Au@Ag@ZIF-8 nanoparticles, homogeneously
distributed over the whole substrate with a surface coverage
circa 60%, is applied for CWAs SERS detection in the vapor
phase. This work, by contrast, deploys a 3D plasmonic
architecture to better utilize the laser excitation volume,
while maximizing the analyte capture and its accumulation
in the vicinity of the enhancing metallic surface.

Dynamic retention capacities towards DMMP vapors were
estimated from breakthrough curve analysis, as presented in
Fig. 6(a). In addition, a blank experiment with a sealed and
uncoated microdevice was carried out for baseline
subtraction. A stream of 10 STP cm® min™" at a concentration
of 16 mg m™ DMMP in dry N, at room temperature was
continuously fed to the microfluidic chip during the
adsorption stage. The MCM48@Au modified microfluidic
SERS chip exhibits the breakthrough point after having
processed a total feed volume of 190 STP cm®. This value

(a) Borofloat

Si substrate ) =

33 mm

7 ~\MCM48@Au
nanoparticles

Heating element

Fig. 5 (a) Scheme of the components of the microfluidic SERS chip
(43 mm x 15 mm, length x width). (b) Photograph of the microfluidic
SERS chip before assembly of the connections. (c) Top view of the
microfluidic channel after spin-coating of MCM48@Au nanoparticles.
Inset: MCM48@Au coating at higher magnification.
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Fig. 6 MCM48 coated microfluidic chips for DMMP preconcentration: (a) comparative breakthrough testing for microdevices containing MCM48
nanoparticles with Au seeds on the surface (denoted as MCM48 - Au seeds) and MCM48@Au plasmonic nanoparticles (MCM48@Au); (b)
adsorption (room temperature) - desorption (200 °C) performance of the SERS microfluidic chip when exposed to cyclic operation. Experimental
conditions: 16 mg m > (3 ppmV) of DMMP in 10 STP cm® min* of dry N,. The performance of an empty microdevice, i.e. uncoated, is also plotted

for reference purposes.

implies a DMMP dynamic adsorption capacity of 3.2 ug (circa
6mgg ).

Interestingly, a nearly identical breakthrough profile was
recorded on microfluidic chips coated with mesoporous silica
spheres decorated with Au seeds 3-4 nm in size (i.e., not yet
subjected to the growth procedure). This observation
demonstrates that the access of DMMP vapors to MCM48
mesopores is not hindered by the Au nanostructures
dispersed on the external silica surface.

The reusability of the microfluidic SERS chips was
confirmed by assessment of the sorption properties upon
exposure to several DMMP sorption-desorption cycles (see
Fig. 6(b)) carried out according to the experimental protocol
described in Fig. S1.3 in section S1 of the ESL{ According to
online GC-MS measurements of the outlet stream, the
regeneration of the plasmonic sorbent is almost achieved
after 60 min at 200 °C under dry N,, in agreement with the
baseline recovery of the GC-MS signal (see Fig. S1.5 in section
S1 of the ESIY).

Continuous monitoring of gaseous DMMP using the
microfluidic SERS chip and a portable Raman spectrometer

The SERS spectra recorded for DMMP at the ppb level on
MCM48@Au (Fig. S2.6 in section S2 of the ESIT), combined
with the DMMP adsorption dynamics in the microfluidic chip
(Fig. 6(a)), prompted us to test its suitability for real-time
monitoring in practical applications. Thus, continuous
detection of 2.5 ppmV of DMMP was attempted using the
microfluidic SERS chip and a portable Raman spectrometer,
as would be the case in a realistic emergency scenario. It
should be noted that the microfluidic SERS chip previously
employed in the consecutive DMMP adsorption-desorption
cycles was used for the SERS measurements described in this
section to corroborate the robustness of the microsystem.

3168 | Lab Chip, 2023, 23, 3160-3171

First, the spatial uniformity of the SERS response
registered on the microfluidic chip was verified via
measurements with the portable Raman spectrometer and
calculation of the ratiometric signal, I510/l4s6, at five different
positions on a 4 mm pitch along the microfluidic channel
(see Fig. 7(a)).

Then, the evolution of the DMMP fingerprint versus
exposure time was recorded. Fig. 7(b) shows the SERS
spectrum measured at the entrance of the chip for exposure
times of up to 240 s. In fact, stationary conditions on the
SERS active surface are reached at this time. In this work,
due to the high signal to noise ratio (see inset in Fig. 7(b)),
the response time 549, is defined as the time to reach the
50% of the maximum SERS signal. Accordingly, the 50,
value is 120 s; validating a fast response of the microfluidic
chip towards DMMP 2.5 ppmV.

Fig. 7(c) and (d) show the resolved time SERS responses at
the inlet and outlet zones of the microfluidic chip
throughout the DMMP adsorption (at room temperature) and
desorption process (at 200 ©°C), respectively. The time
evolution profile of the SERS intensity ratio (I710/lss6)
recorded at the inlet and outlet is rather similar, although
shifted 19 min in accordance with the DMMP breakthrough
curves shown in Fig. 6(a). The ratiometric signal at the outlet
remains unchanged during the first 10-15 min of the
desorption cycle (see inset of Fig. 7(d) and S1.5 in section S1
of the ESIf) in agreement with a sustained release of
accumulated DMMP molecules inside the silica mesopores.
This effect is attributed to our core-shell architecture for
which the electromagnetic field density distribution is at its
maximum at the external surface of the MCM48 particle
where the SERS active centers are dispersed, and through
which the desorbed DMMP molecules from its inner pores
travel. After desorbing at 200 °C for more than 30 min, the
ratiometric SERS signal does not recover its baseline value
recorded at room temperature. We mainly attribute this

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Detection of DMMP vapours (2.5 ppmV) using the microfluidic SERS chip and a portable Raman spectrometer: (a) optical image of the
microfluidic SERS chip and SERS intensity ratio, /710//456, recorded at the indicated positions in the presence of 2.5 ppmV DMMP under stationary
conditions. (b) Evolution of the SERS spectra of DMMP measured at the entrance of the microfluidic SERS chip as a function of time. (c) and (d)
Evolution of the ratiometric SERS signal during the adsorption/desorption cycle measured at the inlet (c) and outlet (d) zones of the microfluidic
SERS chip, respectively. In both (c) and (d), the enlarged section corresponds to the beginning of the desorption cycle. For clarity, in (c) and (d), a
grey shadow area has been included to indicate the chip sweeping with N, previous to heating at 200 °C.

behavior to the temperature dependence of the SERS
response, ie., the dielectric functions of silica and gold,
respectively.

The reusability of the SERS chip, an important issue for
those chips that have a certain complexity and significant
cost, as is the case with ours, is also addressed. The in situ
regeneration of the MCM48@Au SERS probes is achieved by
thermal cycling for several minutes following a similar
protocol to that used during breakthrough testing. This
procedure provokes the release of the adsorbed molecules
from the silica mesopores and leads to a refreshed system for
subsequent ~ Raman  interrogation. = Online  GC-MS
measurements of the outlet stream from the chip indicate
that the DMMP molecules are mostly desorbed from the
plasmonic sorbent within 60 min. The time evolution profile
of the fractional coverage of the sorption sites (6) evaluated
from GC-MS analysis (refer to eqn (S1.1) in section S1 of the
ESIY for details on 6 calculations) is plotted against the SERS
intensity ratio (I510/I456) recorded at the outlet of the chip for
an intercomparison of both analytical techniques (see Fig.
S1.5f). As an example, at 30 min desorption time the
estimated value of @ is 0.17, whereas the ratiometric SERS
response (I710/I456) is 0.25. Accordingly, the herein developed
microfluidic SERS chip goes beyond the state of the art in

This journal is © The Royal Society of Chemistry 2023

miniaturized and reusable devices for label-free and rapid
identification and quantification of neurotoxic gases at ppm
level with a portable Raman spectrometer.

Conclusions

In this work, we have demonstrated the efficiency of an
MCM48@Au mesoporous plasmonic sorbent that consists of
a core-shell structure made of mesoporous silica surrounded
by a plasmonic Au shell. The efficiency with which this
material concentrates molecules in its pores was validated
against the same core-shell architecture with a dense silica
core. The deployment of this nanostructure has revealed clear
advantages for the less studied field of Surface Enhanced
Raman Scattering (SERS) detection of gaseous molecules at
low concentration, where the number of molecules per unit
volume decreases dramatically. The porous core acts as a
sponge for adsorbing and concentrating the gaseous analyte
in the proximity of the SERS-enhancing gold nanostructures.
In fact, the uptake of the simulant gas nerve agent dimethyl
methylphosphonate (DMMP) on aminated mesoporous silica
particles is up to 10 times higher than on its dense silica
counterparts. In addition, the characteristic Raman peak of
MCM48-NH, at 456 cm ' acts as an internal standard that
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enables quantitative detection by correcting for signal
fluctuation between analyzed spots.

In a further step, we have developed a robust, reliable and
reusable SERS platform for detection in the field by
combining the MCM48@Au nanostructured material and a
microfluidic Si chip. The microfluidic chamber contains the
plasmonic sorbent that concentrates the gaseous analyte, and
at the same time its glass window enables Raman
interrogation with portable equipment. Remarkably, the SERS
chip demonstrates good capabilities to detect 2.5 ppmV
DMMP using portable Raman equipment with a ¢5, response
time of 120 s. We have verified the on-chip monitoring at
various points of the microfluidic channel, at a scale of
centimeters, and followed the time-resolved
concentration of DMMP along the adsorption process. The
regeneration of the SERS platform is achieved by degassing
at 200 °C using the heating coil printed on the backside of
the chip. The SERS efficiency is well-maintained after
multiple detection-regeneration cycles enabling several uses
of the microfluidic chip without losing its performance.
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