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ABSTRACT: We present a simple, versatile and low-cost approach for the preparation

of SERS-active regions within a microfluidic channel 50 cm in length. The approach

involves the UV-light-driven formation of polyoxometalate-decorated gold

nanostructures, Au@POM (POM: HzPW1,040 (PW) and H3PMo01,049 (PM0)), that self-

assemble in situ on the surface of the PDMS microchannels without any extra

functionalization procedure. The fabricated LoCs were characterized by SEM, UV-Vis,

Raman, XRD and XPS techniques. The SERS activity of the resulting Au@POM-coated

lab-on-a-chip (LoC) devices was evaluated in both static and flow conditions using
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Rhodamine R6G. The SERS response of Au@PW-based LoCs was found superior to

Au@PMo counterparts and outstanding when compared to reported data on

oNOYTULT D WN =

1 metal @POM nanocomposites. We demonstrate the potentialities of both Au@POM-

14 coated LoCs as analytical platforms for real time detection of the organophosphorous

18 pesticide Paraoxon-methyl at 10 M concentration level.
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INTRODUCTION

Surface Enhanced Raman Spectroscopy (SERS) is one of the current leading

techniques for the ultrasensitive detection of organic molecules. SERS combines the

high specificity of Raman scattering with the signal amplification provided by the

excitation of surface plasmon resonances in metallic nanostructures (electromagnetic

enhancement), together with the charge transfer mechanisms established between

analytes and metal surfaces (chemical enhancement).l2 One crucial aspect for

prompting results is the stability and homogeneity of large scale SERS-active

substrates. Au® surfaces, with superior thermal and chemical stability, are the most

extensively explored in this area over the more affordable Cu® 3* and Ag® surfaces with

higher SERS activity.>’

Metal ions such as Au'", Ag', Pd" or PtV are known to reduce easily to colloidal metal

nanoparticles (NPs) through light-driven reactions, under mild conditions, with

polyoxometalates (POMs) acting as photocatalysts.®1© POMs are photoactive metal-

oxygen anionic clusters that behave as electron reservoirs thanks to their ability to

undergo fast, reversible and multi-step proton-coupled redox processes upon excitation

ACS Paragon Plus Environment
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with UV radiation, without experiencing any substantial structural impact. These

features make POMs ideal vehicles for the synthesis of well-dispersed metal NPs,

playing the role of both, reducing agents and stabilizers of the resulting metal

nanostructures. Thanks to the formation of an outer protective shell of oxidized clusters,

further aggregation processes are prevented. Unlike for the most commonly used

protective ligands (i.e. citrate, phosphate, thiolates), POM-stabilized colloidal metal NPs

exhibit unique reactivity, thus increasing the scope for their effective application in a

wide range of fields including photo- and electro-catalysis, liquid-phase oxidation,

biosensing, energy storage and medicine.!*'?2 In comparison, the SERS activity of

metal@POM hybrid nanostructures has remained largely unexplored. Some

representative examples are: the morphologically diverse Ag°® dendrites stabilized by

PW clusters that were assembled by Liu ef a/. on Al surfaces through a galvanic

displacement process;!? the collection of composites made of bimetallic NPs prepared

by Bansal and co-workers through galvanic replacement on colloidal TiO, impregnated

with PW;!4 the hexagonal 2D arrays of densely packed Au® NPs obtained by Lai et al.

within the channels of a mesostructured PW-silicatropic template;®* and Baruah and

ACS Paragon Plus Environment
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Miller’s colloidal Au® NPs prepared by partial replacement of capping citrate ligands with

decavanadate clusters.16

The scarcity of SERS studies dealing with POMs based heterostructures is somehow

surprising when considering the fact that, compared to other plasmonic metal surfaces,

such metal@POM nanostructures can offer remarkable advantages arising from

synergistic effects between the plasmonic metal cores (i.e. local electromagnetic field

intensification) and the metal-oxygen cluster shells due to the electronic characteristics

and energy levels of the latter (i.e. charge transfer mechanism). For example, Baruah

and Miller attributed the moderate improvement of the SERS signal by ca. one order of

magnitude exhibited by their decavanadate-capped colloidal Au® NPs to the adjunctive

chemical enhancement of the stabilizing POM shell.16

In this study, the exceptional characteristics of SERS, the potentialities of

metal@POM hybrid nanostructures and the advantages of microfluidic technology are

combined for the first time to be employed efficiently in SERS applications. The so-

called Lab on a Chip (LoC) SERS systems benefit from the ultrasensitivity provided by

SERS while reducing the required sample volume thanks to the LoC. These advantages

ACS Paragon Plus Environment
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are at the origin of LoC-SERS devices becoming a hot topic in the field of chemical and

biological sensing.’*° In this context, innovative fabrication protocols for the integration

of SERS substrates into microfluidic chips have been developed in the past few years.

These protocols include: the sputtering and patterning of noble-metal films on Si

nanopillars manufactured by oxygen-plasma-stripping of photoresists;?° the femtosecond

laser direct writing of Ag® microflower arrays within glass microchannels;? the aerosol

jet printing with Au® NP inks of polystyrene-based microfluidic channels obtained from

roll-to-roll hot embossing;?? or the remote metal writing of Au® nanopatterns within glass-

fabricated microfluidic channels by two-photon lithography.?® In all of them, expensive

instrumentation and intricate fabrication steps are involved. On the contrary, this work

presents a simple, versatile and low cost approach towards the reproducible fabrication

of large SERS-active regions in a microfluidic PDMS chip. Soft lithography is among the

most relevant techniques for fabricating microfluidic systems due to the ease of

manufacture and low in capital cost by replica molding again elastomeric or rigid molds.

Nowadays, molds can be easily fabricated with good replica resolution by 3D printing. In

fact, this emerging technology contributes even more to the expansion of microfluidic
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chips thanks to its well-known characteristics such as versatility, accessibility and low

cost.?#?6 These features, together with the excellent optical (transparency above 240

nm) and mechanical (elasticity) properties of polydimethylsiloxane (PDMS), make

microfluidic PDMS platforms ideal for novel SERS developments.?’-2°

The first part of this work is devoted to the LoC fabrication and the “in situ”

functionalization with SERS active nanostructures based on Au@POM composites. The

influence of the POM cluster on the NP size, surface coverage and plasmonic

properties of the Au@POM coatings is extensively investigated by SEM, XRD, XPS,

UV-Vis, and Raman techniques. In the second part, the SERS activity of the resulting

LoC-SERS devices is evaluated in both static and flow conditions using Rhodamine

R6G as probe molecule. Finally, the performance for real time detection of Paraoxon-

methyl pesticide is characterized, with special emphasis on SERS response recovery

for reusability purposes. Finally, their application for the continuous monitoring of the

Paraoxon-methyl pesticide, as Iillustrative example of emerging contaminant, is

demonstrated.

EXPERIMENTAL SECTION

ACS Paragon Plus Environment
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Materials

The following materials were purchased from commercial sources and used as

received: Sylgard 184 silicone elastomer from Dowsil, HAuCl,;-3H,O from Merck (=

99.9%), H3PW,,04 hydrate from Sigma-Aldrich (ACS reagent), HsPMo0,,040 hydrate

from Sigma-Aldrich (ACS reagent), Propan-2-ol from Scharlau (99.5%), Rhodamine 6G

from Sigma-Aldrich (99%) and Paraoxon-methyl (Dimethyl 4-nitrophenyl phosphate)

purchased as analytical standard from Sigma-Aldrich.

Fabrication of PDMS Microfluidic Chips

The PDMS-based microfluidic chips were fabricated by polymer casting over 3D-

printed molds. The method followed in this work was reported previously in the

literature,2° but has been slightly modified to our end (Figure 1a). A serpentine-shaped

model with semicircular section (diameter 1 mm, depth 500 um, total volume 210 mm3)

was designed by using the computer-aided design software AutoCAD®. The negative

mold of such design was fabricated by 3D printing stereolithography with a B9Creator

V1.2 high-resolution 3D printer using BO9R-6 resin (B9Creations). The as-fabricated 3D

mold was carefully washed with propan-2-ol, dried and baked in an oven at 160 °C for
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1 h in order to remove any rest of the precursor resin. The PDMS polymer solution,

consisting in a mixture of Sylgard 184 silicone-based elastomer and curing agent (w/w =

10:1), was poured on the 3D-printed master mold. The casted mold was fully outgassed

under vacuum and cured in an oven at 80 °C for 30 min. Afterwards, the PDMS replica

was peeled off from the master mold and attached to a PDMS-fabricated flat cover by

using corona plasma treatment (BD-20AC Electro-Technic Products) for 30 s over both

pieces, which were then pressed together and baked again at 80 °C for 1 h. A standard

cover glass (Labbox CCVN-020-100, thickness of 0.15 mm) was glued on the top cover

to enable the SERS measurements. Finally, Nordson EDF microfluidic connections

were inserted on the inlet/outlet ports. All the PDMS microfluidic chips displayed a

thickness of ca. 5 mm and a footprint of 4x4 cm?, thus making such chip design a very

compact system.

ACS Paragon Plus Environment
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Figure 1. (a) 3D-printing-assisted fabrication procedure of PDMS microfluidic chips. (b)

Direct UV-light-driven synthesis of Au@POM nanostructures inside the PDMS

channels.

In-situ Synthesis of Au@POM Nanostructures

The photo-assisted synthesis of hybrid Au@POM nanostructures was carried out

directly inside the channels of the PDMS microfluidic chips as illustrated in Figure 1b.

The experimental set-up is shown in Figure S1 in the Supporting Information. Firstly,

stock solutions of HAuCl; (2 mM), H3sPW;,04 denoted as PW (0.7 mM) and

HsPMo0,,049 denoted as PMo (0.7 mM) dissolved in aqueous 0.5 M propan-2-ol were

ACS Paragon Plus Environment
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prepared. Then, equal volumes of the HAuCl, and the corresponding POM solutions

were mixed together, deoxygenated by bubbling Ar for 5 min, and injected by a syringe

pump through the PDMS microchannels at a rate of 1 mL-hl. These experimental

conditions were defined on the basis of previous results not shown here. The PMo and

PW species have been selected to explore how the type of addenda metal (MoY' vs WV)

affects the POM performance and the SERS activity of the LoC devices.

To induce the in situ formation of the Au@POM nanostructures, the precursor solution

passing through the microchannel was irradiated with UV light for 2 h (reaction time).

For this purpose, a 365 nm UV LED lamp (LZ1-00UV00-Led Engin, 1.2 W illumination

flux) was centered over the PDMS chip at a distance of 25 mm to provide 4.5 mW-cm-2

of irradiance. Such coatings were characterized by SEM (FEI Quanta scanning electron

microscope), UV-Vis absorbance (Varian Cary 50 UV-Vis spectrometer), XRD (Bruker

D8 Advance High Resolution Diffractometer) and XPS (Kratos Axis X-ray spectrometer).

Particle size was determined from statistical analysis of SEM images by using the processing

software ImageJ. In addition, the NPs collected in the outlet solution were characterized

ACS Paragon Plus Environment
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by UV-Vis absorbance (Flame Ocean Optics spectrophotometer) and STEM (FEI

Tecnai F30 transmission electron microscope), respectively.

oNOYTULT D WN =

11 SERS Experiments

14 SERS measurements were carried out in a WITec Alpha 300 Raman spectrometer

18 equipped with a confocal optical microscope (480 nm as lateral spatial resolution). All

21 the spectra were recorded at room temperature with an excitation wavelength of

25 A =785 nm and optical lens of x20. Such conditions were the resulting from a previous

28 screening in order to optimize the Raman signal. The Au@POM-coated PDMS

microfluidic chips were mounted in the experimental set-up displayed in Figure S2 in the

35 Supporting Information. Both parameters, the laser power and acquisition time were

finely tuned depending on the sample (Table S1 in the Supporting Information).

42 The analytical enhancement factor (AEF), also denoted as SERS Gain, quantifies the

increase of signal intensity that can be expected from SERS as compared to normal

49 Raman spectroscopy under given experimental conditions, and is calculated with

Equation 1:

60 ACS Paragon Plus Environment
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Isgrs/(tsers X Psers X Csers)

AEF = Equation 1

IRaman/ (¢Raman X PRraman X CRaman)

Where Cgraman @and Csers are the R6G concentration in the Raman (1 mM) and SERS
(1 pM) measurements conditions, respectively; /z.man and /sgrs are the intensity values
of the R6G characteristic band at 1510 cm, corresponding to the stretching vibration of
the C-C bonds, for the normal Raman and SERS measurements, respectively.

Similarly, Praman, &raman @nd Psgrs, fers refer to the laser power and acquisition time

values for the normal Raman and SERS measurements, respectively. The normal Raman

R6G spectrum was measured focusing the laser beam inside the stock solution 1x10-3 M of R6G.
Thus, lraman COrresponds to the intensity of the R6G molecules measured in liquid phase. For
SERS measurements, a R6G solution 1x10¢ M was pumped through the microfluidic device for

1 hour; then, the chip was flushed with distilled water. Thus, Isgrs is the intensity of the R6G

molecules that remain adsorbed on the SERS substrate. The real time detection experiments

of Paraoxon-methyl were carried out for an agueous solution 1x10®M pumped at

0.5 mL-min-t through the microfluidic device.

RESULTS AND DISCUSSION

Fabrication and Characterization of Au@POM-Coated PDMS Microfluidic Chips

ACS Paragon Plus Environment
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The direct synthesis of Au@POM nanostructures inside the PDMS microchannels

was carried out by irradiation with UV light of a continuous flow of an aqueous mixture

oNOYTULT D WN =

1 of Au", the corresponding POM and propan-2-ol (see Figure 2). In this process, the

14 POM plays the roles of: i) transferring electrons from the sacrificial electron-donor

18 propan-2-ol to the Au'' atoms through photo-induced redox cycles; ii) stabilizing the Au®

21 NP cores generated in situ by forming a POM shell; and iii) hampering aggregation by

25 electrostatic repulsion between protective POM shells. Two different HzPA%,049

28 commercial POMs have been studied in this work: PW (M= WV') and PMo (M= MoV).

Both show the a-Keggin-type structure, in which four trimers of three edge-sharing MOg

35 octahedra each arrange in ideal 7, symmetry around a central XO, tetrahedron (X = P)

by sharing vertices (Figure S3 in the Supporting Information).

60 ACS Paragon Plus Environment

15



oNOYTULT D WN =

ACS Applied Materials & Interfaces

Figure 2. Optical and SEM images of the PDMS chips coated with: (a) pristine Au?; (b)

Au@PW nanostructures; (c) Au@PMo nanostructures; (d) HRTEM cross-section of

Au@PW nanostructures. (e) UV-Vis absorbance spectra of the Au nanostructures on

the PDMS surfaces.

Although the XPS measurements give only a semiquantitative elemental composition,

the presence of C, O, W/Mo and Au elements in the coatings was confirmed (see Figure

3). The calculated atomic ratio Au/Mo and Au/W accounts for 5.5 and 7.3, respectively.

The two characteristic Mo 3d peaks (232.9 and 236 eV) of the pristine H3PM01,040,

ACS Paragon Plus Environment
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corresponding to the MoV' oxidation state, remain in the Au@PMo nanostructure.

However, the W 4f peaks of the H3PW1,040 (35.9 and 38.1 eV) are shifted towards

higher binding energies in the Au@PW analogue. For both Au@POMs, the binding

energy of the Au 4f signals 88.1 eV and 84.4 eV coincides with that for bulk gold,

indicating that majority of the gold of the hybrid nanostructures is in a metallic state.3!

The O 1s core level spectra were fitted with two peaks at 530.5-531 eV ascribed to the

Mo-O and W-O bonding present in POMs, and at higher binding energy of 531.5-532 eV

related to —OH groups.3? The contribution of these hydroxyl groups is largely diminished

on pristine HzPM01,049 and H3zPW;,0,49 samples (see O1s XP spectra deconvolution in

Figure S4 in the Supporting Information).

The XRD patterns of Au@POM coated chips clearly display the {111}, {200} and {220}

Bragg reflections of face-centered cubic (fcc) of gold (Figure 4). As expected, the

characteristic diffraction peaks of the protective POM shell, observed at 26.5° - 26.7°

and 33.1° - 33.3°, appear highly attenuated. In addition, they do not coincide with those

observed for the pristine POMs diffraction pattern. This observation is explained by

ACS Paragon Plus Environment
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considering the occurrence of a strong interaction POM-Au capable to introduce

distortions within the POM tertiary structure.33

Figure 3. High resolution XP spectra of: a) Mo 3d; b) W 4f; ¢) Au 4f; d) O 1s.

ACS Paragon Plus Environment
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Figure 4. XRD pattern of Au@POM drop-coated films (left) and pristine POMs in powder

form (right).

The reaction conditions, shown in Figure 1b, lead to a preferential synthesis of

Au@POM nanostructures on the wall surface of the PDMS microchannels for both

POMs. The SEM and STEM images displayed in Figure 2b and Figure 2c show how the

Au@POM nanostructures are uniformly distributed along the serpentine channel. The

surface coverage values have been calculated to range from 20 to 30% for both types

of POMs. The SPR spectra (Figure 2e) of the Au@POM nanostructures assembled at

the PDMS surface feature broad bands with maxima centered at 550-555 nm, which

are consistent with the sizes of 100 + 27 and 89 + 20 nm estimated for the Au@PMo

and Au@PW nanostructures, respectively. Therefore, the larger size of the Au® core in

ACS Paragon Plus Environment
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the Au@PMo nanostructures is attributed to the superior redox activity of the PMo

cluster compared to the PW analogue.3*

The preferential synthesis on the PDMS surface is supported by a nucleation-growing

mechanism in which the roughness, i.e. 95 nm, and zeta potential®® of the PDMS

surface are promoting the heterogeneous nucleation of Au® seeds (Figure 2d). Such

nuclei grow further in presence of POMs and remain attached to the microfluidic wall via

electrostatic interactions due to reaction pH is below the isoelectric point of PDMS. The

POM clusters are grafted at the naked surfaces of the Au® assemblies while forming,

thus acting as protective capping ligands to lead to the final Au@POM nanostructures.

To corroborate our hypothesis, similar experiments conducted in the absence of any

POM cluster, led to Au® NPs but also aggregates on the PDMS surface. The presence

of a significant amount of uncovered areas is clearly visible in the SEM images shown in

Figure 2a. In addition, the naked AuC individual NPs were comparatively smaller in size

and more polydisperse (65+21 nm) than the Au@POM nanostructures, leading to a less

intense band centered at 575 nm in the SPR spectrum (Figure 2e). Indeed, the larger

ACS Paragon Plus Environment
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Au@POM surface coverage when compared to the naked-Au® counterpart is explained

by the strong acidity of the POMs.% In absence of POMs, the PDMS surface is

negatively charged; and consequently, the heterogeneous nucleation is notably

hindered. On the contrary, the addition of the POM clusters to the reaction mixture

provokes the acid hydrolysis of the PDMS surface with the consequent increase of

hydroxyl groups on the PDMS surface as XPS measurements shown (Figure 3d).

Although to a limited extent, homogeneous nucleation and growing also took place

during UV irradiation, but only when the POM was present. Thus, a small fraction of

colloidal Au@POM NPs was also collected from the outlet solution (Figure S5 in the

Supporting Information). The analysis of the STEM images afforded comparable

average sizes for the NPs synthesized with both POMs, the dimensions being ca.

29 £ 5 and 24 £ 6 nm for the Au@PMo and Au@PW colloids, respectively. The UV-Vis

spectra of the colloidal NPs show intense absorption lines at 522 nm for PW and

535 nm for PMo, which are narrower than those observed for Au@POM coatings at

550-555 nm. This substantial blue-shift and narrowing is consistent with the presence of

smaller and less polydispersed Au@POM moieties in the liquid phase.

ACS Paragon Plus Environment

21



oNOYTULT D WN =

ACS Applied Materials & Interfaces

SERS Activity of Au@POMMicrofluidic Devices

Figure 5 compares the SERS spectra of the Au@POM-coated chips and the Raman

spectra of the pristine PW and PMo species at 785 nm laser wavelength. In general, the

maximum SERS response of the as prepared nanostructures would be expected by

using 532 nm as laser line.3’-38 However, in this work, the expected superior SERS

performance at shorter wavelength laser has been sacrificed to prevent paraoxon-

methyl photodegradation during the measurement.

The specific spectral signature for each POM, with the bands originating from

stretching vibrations of analogous metal-oxygen bonds, is occurring at frequencies

higher for the PW anion than for PMo. Thus, the lines at 995 and 975 cm in the

spectrum of the PMo species, as well as those at 1010 and 988 cm? in the case of PW,

are readily assigned to the symmetric and antisymmetric stretching vibrations of the

M = Oq4 bonds, respectively, where Oy accounts for the double-bonded terminal O

atoms.3° In addition, the less intense bands at 931 and 889 cm™ for PW, as well as at 906 cm!

for PMo, are observed in the magnification inserts of Figure 5. These Raman signals are

attributed to the antisymmetric stretching vibrations of the M-Ob-M bonds, where where Oy,

ACS Paragon Plus Environment
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accounts for the bridging O atoms between corner-sharing [MOg] octahedral. The fact

that the signal intensities found in the spectrum of PMo are significantly lower than

those afforded by PW is fully consistent with the weaker polarization of the electron

distribution determined for the former anion according to computational DFT-

calculations.34

The spectra of the Au@POM-coated PDMS chips indicate that the primary Keggin

structure remains intact in the hybrid nanostructures. However, the favored orientation

of the POM cluster at the Au® surface induces a remarkable blue-shift and intensity

enhancement for those signals located at ca. 890 cm! for the Au@PMo and at 957 cm™?

for Au@PW-coated chips. These lines are assigned to the u,s(Mo-O,-Mo) and v,s(W-

Op-W) vibrational modes, respectively. Accordingly, we propose the grafting of Keggin-

type anions to noble-metal NPs via O, chemisorption at the surface of the Au® cores in

agreement with previous works.*%-41 In this configuration, the POM shell consists in a

monolayer of clusters oriented with the four-fold symmetry axis perpendicular to the

metal surface so as to maximize the metal-oxygen interactions. This hypothesis would

also support the difractograms of the drop-casted Au@POM films shown in Figure 4.
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Figure 5. Raman spectra of the pristine PW (left) and PMo (right) POMs compared to

the SERS spectra of the corresponding Au@POM-coated PDMS chips. Inserts:

magnification of the Raman spectra of the pristine POMs in the 850-950 cm-! region.

Figure 6 shows the comparison of the Raman spectrum of R6G as a bulk solid with

the SERS spectra of an aqueous 1 uM R6G solution recorded for the chip with the

pristine Au® coating and for the two Au@POM-coated chips. The SERS activities of the

Au@POM-coated chips are both higher than that shown by the pristine Au® coating.

Among the two POM coated chips, the SERS activity of the Au@PW substrate is

outperforming when compared to that of the Au@PMo counterpart. This fact evidences

that some compositional changes for a given POM framework with certain charge (Mo

ACS Paragon Plus Environment
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versus WV!'in our case) can substantially modify the SERS response of morphologically

comparable substrates.

oNOYTULT D WN =

1 The AEF of R6G* increases from 7.08 x 10° for the Au@PMo-coated chip up to

14 1.65 x 107 for the Au@PW analogue. This latter value also stands out as far superior to

18 those reported for Au@POM hybrid nanostructures with the decavanadate [V19O2g]®

21 cluster, among which a maximum 2.6 x 10° AEF of crystal violet at 633 nm is achieved

25 for nanostructures 51 nm in size.'® Above all, the as-prepared low cost the Au@PW

28 devices exhibit a SERS gain, ~107, similar to the ones shown by LoCs prepared

following other more sophisticated approaches.'” Finally, the AEF of Au®~coated chip is

35 1.24 x 10°, in accordance with its low Au NPs surface coverage (Figure 2a) motivated

by the hindered Au-PDMS interactions.
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Figure 6. SERS spectra of 1 pM R6G solution acquired in static conditions for the

PDMS chips coated with pristine Au® assemblies (left), Au@PW nanostructures

(center), and Au@PMo nanostructures (right).

We hypothesize that the higher SERS activity found for the Au@PW-coated chip is

mainly attributed to a more effective chemical coupling between the Au® NP cores and

the PW clusters in the outer shell. The chemical enhancement mechanism, which can

lead to EF values in the range from 10 to 102 depending on the nature of the probe

molecule and its surface complex with the SERS-active substrate,*® has been reported

to be likely strong in molecules with significant stabilization of the HOMO-LUMO gap.*

And this could be our case, because the HOMO-LUMO gap of the PW anion is

significantly larger than that of the PMo analogous species according to DFT

calculations (2.8 eV versus 2.03 eV).3* Herein, it is worthy to mention that the laser we

have used in our experiments (1.58 eV) cannot promote any resonance mechanism by

producing photo-excited electrons and holes in the R6G molecule due to the band gap

of the latter being 2.3 eV. Thus, the PW based system benefits from larger synergistic
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effects between the Au® NPs, the protective POM shells and the target analyte, which

provoke an efficient charge transfer from the Au® cores to the LUMO level of the PW

ligands, and then to the LUMO level of the R6G molecules.

On line measurements with dye solutions were also carried out to evaluate

performance of our large Au@POM SERS active regions in analyte capture. It is well

known that surface selectivity is a key aspect in SERS detection as the enhancement

effect only occurs in the very close vicinity of the metallic nanostructures. Thus, POMs

with negatively charged oxo-enriched surfaces are likely to show high efficiency and

selectivity towards the adsorption of organic dye molecules driven not only by

electrostatic interactions between areas with positive and negative charge densities, but

also by classical hydrogen bonding and weak C—H---O or M-O---x interactions.

To corroborate our hypothesis, an aqueous 1 pM R6G solution was continuously

pumped at a rate of 0.5 mL-min-! through the microfluidic chips. The SERS intensity of

the main band of this cationic dye at 1516 cml, used as reference, was constantly

monitored while the R6G solution (detection) or distilled water (recovery) was pumping

through the microfluidic channel during 5 consecutive on/off cycles of 10 min each. The
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reproducibility of the SERS response for Au@PMo coated device is illustrated in Figure

7a, where the average signal is plotted for each measuring cycle. The relative standard

deviation (RSD) results analyzed at 100 random spots within the optical window were all

below 20 %. The homogeneity of the SERS response along 1200 microns length of the

central microfluidic channel is shown in Figure S6 of the Supporting Information for both

Au@POM coated chips. Besides, a fast and reversible adsorption of the R6G probe dye

was observed for at least five consecutive adsorption-desorption cycles, throughout

which the reference signal intensity displayed nearly full recovery in less than 6 min

upon water flushing (Figure 7b).

Figure 7. (a) Evolution of the Raman signal at 1516 cm? (average and standard

deviation of 100 spectra) measured on the Au@PMo-coated chip exposed to five
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consecutive adsorption (green) and desorption (blue) cycles of aqueous 1 pM R6G

solution pumped at 0.5 mL-min-t. The inset exemplifies the SERS spectra for the fifth

adsorption—-desorption cycle. (b) Evolution of the Raman signal at 1516 cm, recorded

at a given position, during the first desorption stage carried out by flushing water

through the microchannels.

Under similar conditions, the average SERS signal along the Au@PW microfluidic

channel recorded on the first detection cycle is clearly superior to that of the Au@PMo

counterpart, but also the RSD value (Figure S7 in the Supporting Information). In this

case, a major fraction of R6G adsorbed during the first cycle was retained after the

washing step (Figure 7b). This observation agrees with the strength of the interactions

between the PW species and the dye molecules already described in the literature.*

Although the reactivity of the outer PW shell might hinder the integration of Au@PW

active regions in non-disposable sensing devices, it is paving the way for a novel

generation of single-use selective chips for SERS detection in real complex matrices.

Real time SERS Detection of Pesticides with Au@POM Microfluidic Devices
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The remarkable results obtained with the organic dye prompted us to test the

suitability of our Au@POM-coated chips in practical applications. We attempted the

continuous detection of the organophosphorous paraoxon-methyl in aqueous solution

1 uM (0.275 mg-L-1), as representative of the largest group of chemical insecticides

globally used in crop protection. The lethal concentration (LC50) values of Paraoxon-

methyl as reported in Daphnia magna (a small planktonic crustacean base of the food

chain) are 233 and 2.33 ug L after 1 h and 24 h, respectively.*® The established WHO

(World Health Organization) guidelines for the quality of drinking water regarding the

presence of pesticides vary from 100 to 0.03 ug-L1.4” SERS constitutes a promising and

easier alternative to the standard chromatographic methods of pesticides detection.*®

The limit of detection (LOD) for pesticides is generally reported in the parts-per-million

(ppm) or parts-per-billion (ppb) level, mainly as a result of advances in substrate

development. However, the reproducibility of results becomes an issue for routine high

throughput analysis in environmental samples, where only low cost and large SERS

substrates are affordable.
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Figure 8a shows the comparison of the recorded SERS spectra with the Raman

spectrum of pure Paraoxon-methyl. The main characteristic absorption bands of the

pesticide (Figure S8 and Table S2 in the Supporting Information) undergo slight blue

shift upon interaction with the Au@POM substrates. Thus, the signal originating from

the symmetric stretching vibration of the NO, group shifts from 1346 to 1365 cm in our

SERS spectra; and, that associated with the vibration of the phenyl ring is displaced

from 1590 cm-! for the pure analyte to 1600 cm- due to the interactions with the POM shell

as further explained with Figure 8b.

In close analogy to the R6G results, the SERS response of the Au@PW-coated chip

is clearly superior to that of the Au@PMo counterpart for the Paraoxon-methyl

detection. Once again, the Au-PW-adsorbate charge transfer contributes more

effectively to the final SERS response. The spatial uniformity of the pesticide SERS

signal along the microfluidic channel was also assessed by means of the average value

and relative standard deviation (RSD) for the SERS intensity of the peak displayed at

1365 cm recorded over a centimeter scale area of the substrate (100 random spots).

The values so-obtained during the first cycle were 393 + 21 ctsmW-1s?! and
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1368 + 369 cts-mW-1.s1 for the Au@PMo and Au@PW devices, respectively. The

averaged data of the Au@PMo chip results in a low RSD value, <7% which is

considerably reliable for SERS measurements.® The theoretical limit of detection (LOD)

is calculated as three times the noise level. From the noise signal of the above

mentioned data set, /e. 31-and 76 cts-mW-1.s'1 for the Au@PMo and Au@PW devices;

the LOD accounts for 2.11 x 10’ M (52.1 pg-L') and 1.67 x 10" M (41.4 pug-L 1) for

Au@PMo and Au@PW chips, respectively.

Figure 8. Continuous detection of an aqueous 1 pM Paraoxon-methyl solution pumped

at 0.5 mL-min-! through the LoC SERS devices. (a) SERS spectra for the Au@PW (left)

and Au@PMo (right) nanostructures; * denotes the symmetric stretching vibration of the
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NO, group; ** denotes the stretching vibration of the phenyl ring. (b) Evolution of the

Raman signal at 1365 cm, recorded at a given position, during the first desorption

stage carried out by flushing water through the microchannels.

As shown in Figure 8b, the adsorption of Paraoxon-methyl at the Au@PMo substrate

is fully reversible and the device can be completely recovered for subsequent SERS

experiments in less than 2 min by flushing distilled water. Thus, the Au@PMo-coated

chip could be reused for the SERS detection of Paraoxon-methyl throughout at least

three consecutive adsorption-desorption cycles without any significant loss of the signal

intensity (Figure S7 in the Supporting Information).

In contrast to Au@PMo, the Au@PW substrate displays irreversible adsorption of

Paraoxon-methyl in close analogy with R6G results. Detailed inspection of the shift of

the spectral bands and the ratio between their intensities affords information about the

analyte-surface bonding mechanism. In the case of the Au@PW substrate, the strong

interaction between Paraoxon-methyl and the PW cluster shell would take place mainly

through the phenyl ring. Aromatic-POM interactions involving n-electron-deficient rings
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have been well established in the literature,*® and their occurrence indicates that the

Au@PW substrate could be envisioned for developing microfluidic devices that couple

the SERS detection of organophosphate compounds with their catalytic degradation.>-5

The results discussed above highlight the significance of the POM shell in the

performance of the SERS-active substrates fabricated in this work and open a number

of possibilities of tunable properties by changing the nature of the POM cluster.

CONCLUSIONS

Two types of microfluidic devices based on Au@PMo or AuPW nanostructures (~100

nm in size) have been successfully fabricated, characterized and demonstrated for real

time detection of paraoxon-methyl at micromolar range in synthetic samples. Our

fabrication method provides a straightforward, simple, versatile and low cost route for in-

situ integration of large SERS-active regions in microfluidic devices. The protective

POM shell not only contributes to enhance the SERS enhancement factor by the charge

transfer mechanism but also has advantages especially in analyte capture due to the

unigue reactivity of the metal —oxygen anionic clusters.
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The so obtained Au@POM chips show a remarkable spatial uniformity of the SERS

oNOYTULT D WN =

response and can be employed efficiently in SERS, i.e. AEF for R6G up to 1.65 x 107;

11 similarly to Au based LoC-SERS prepared by other more sophisticated approaches.

14 This fact contributes to the development of low-cost LoC-SERS systems for high

18 throughput analysis in practical applications. The preliminary SERS detection results of

21 organophosphorous pesticides in dynamic conditions reveal adequate for considering in

25 qguality monitoring of drinking water. Depending on the nature of the stabilizing POM

28 shell, either single-use selective SERS chips (Au@PW) or reusable ones (Au@PMo)

are straightforward obtained. Overall, the prospect of these LoC-SERS as alternative

35 detection systems for water pollutants seems feasible.
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Experimental set-up for the UV-light-driven synthesis of Au@POM nanostructures

(Figure S1); Experimental set-up for the SERS detection experiments (Figure S2);

Molecular structure of the PMo and PW anions (Figure S3); XPS analyses of the Ols

core level of Au@POM structures (Figure S4); Characterization of the colloidal

Au@POM nanopatrticles collected from the outlet solution (Figure S5); Evolution of the

Raman signal of R6G peak displayed at 1540 cm™! measured at steady state conditions

along 1200 um on the central microfluidic channel of Au@POM coated chips (Figure

S6); Evolution of the Raman signal measured on the Au@POM-coated chips exposed

to consecutive adsorption-desorption cycles of aqueous 1 uM Paraoxon-methyl and

R6G (Figure S7); Raman spectrum of Paraoxon-methyl (Figure S8); Experimental

conditions of the SERS measurements (Table S1); Main specific Raman absorption

bands for Paraoxon-methyl (Table S2) (PDF)
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