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fingerprint, and the development of portable and handheld equipment for
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in situ measurements underpin its predominance among other \

spectroscopic techniques. Among the SERS nanoparticle substrates, e

those composed of plasmonic and magnetic components are prominent (C N " l
*

ABSTRACT: Surface-enhanced Raman scattering (SERS) has become a
promising method for the detection of contaminants or biomolecules in
aqueous media. The low interference of water, the unique spectral

examples of versatility and efficiency. These substrates harness the ability
to capture the target analyte, concentrate it, and generate unique *
hotspots for superior enhancement. Here, we have evaluated the use of (C i |

Counts

gold-coated magnetite nanorods as a novel multifunctional magnetic—
plasmonic SERS substrate. The nanostructures were synthesized starting
from core-satellite structures. A series of variants with different degrees of
Au coatings were then prepared by seed-mediated growth of gold, from core-satellite structures to core—shell with partial and
complete shells. All of them were tested, using a portable Raman instrument, with the model molecule 4-mercaptobenzoic acid in
colloidal suspension and after magnetic separation. Experimental results were compared with the boundary element method to
establish the mechanism of Raman enhancement. The results show a quick magnetic separation of the nanoparticles and excellent
Raman enhancement for all the nanoparticles both in dispersion and magnetically concentrated with limits of detection up to the nM
range (~S0 nM) and a quantitative calibration curve. The nanostructures were then tested for the sensing of the antibiotic
ciprofloxacin, highly relevant in preventing antibiotic contaminants in water reservoirs and drug monitoring, showing that
ciprofloxacin can be detected using a portable Raman instrument at a concentration as low as 100 nM in a few minutes, which makes
it highly relevant in practical point-of-care devices and in situ use.

R. Shift

1. INTRODUCTION Among the substrates used in SERS, gold NPs (Au NP) are
particularly interesting as the localized surface plasmon
resonance (LSPR) takes place in the visible and near-infrared
range of the electromagnetic spectrum, which makes it suitable
for a large variety of sensing applications, including biomedical

Raman scattering is a remarkable analytical technique for the
analysis of environmental and biomedical matrices, thanks to
the low interference of water and the specific fingerprint of the

analyte molecules." However, Raman inelastic scattering is a ones.*>” Different from Ag, which usually shows superior
very inefficient process, limiting its use to applications that do Raman enhancement, Au offers unique chemical stability and a
not require low limits of detection. Surface-enhanced Raman wider range of morphologies. Indeed, a large variety of Au NP
scattering (SERS) overcomes the sensitivity drawback, as it morphologies have been developed and applied in SERS
extraordinarily enhances the Raman signal when a molecule detection. Although spherical NPs (isotropic) have been
gets close to a rough metal surface or metal nanoparticle (NP), largely studied as SERS substrates,”” anisotropic NPs present
making this technique an outstanding tool for ultrasensitive several advantages, including the capability to tailor the LSPR
analysis.' ™ Being not only applicable to qualitative analysis but and the appearance of regions with strong near-field enhance-
also quantitative analysis, this technique is characterized by its

specificity, simplicity, minor or no sample preparation, and Received: September 21, 2022

minimum amount of sample and use of chemicals in the Accepted: November 17, 2022

sample preparation.® Besides, the appearance of portable and Published: November 29, 2022

handheld instruments allows easy in situ analysis of samples
with the possibility of the integration of software for the
automatic identification of the compounds under analysis.
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Figure 1. (A) Schematic representation of the synthesis procedure, starting with the solvothermal synthesis of magnetite NRs, which are modified
with APTES, then by electrostatic binding of gold nanoclusters, and a final growth of a gold shell. (B) Schematic representation of the measurement
procedure, by adding the NR@Au to an antibiotic-containing solution, magnetic separation and accumulation, and Raman measurement at the

pellet spot.

ment, a.k.a. intrinsic hotspots, that typically appear at the edges
and corners of the NPs.* Among the most used anisotropic
NPs are nanorods (NRs),“’lo’ll nanostars,'>"? nanotriangles
(nanoplates),'*"® and nanocubes.' Other NPs such as
nanoshells have also been explored.'” In this last case, although
the LSPR can be tuned through the shell thickness, they
require an assembly to generate extrinsic hotspots. Finally,
assemblies of NPs can be also used to generate extrinsic
hotspot at the NP junctions.'®"”

Together with plasmonic NPs, magnetic NPs have been
widely applied in analytical applications. They offer the ability
to capture, separate, and preconcentrate the analytes at the
position where the analytical technique is applied.””*" This
strategy harnesses the magnetic NP properties to decrease the
limits of detection (due to analyte preconcentration) while
minimizing or avoiding the matrix effect (due to analyte
isolation). In recent years, novel magnetic—plasmonic hybrid
NPs have appeared underpinning a multifunctional approach
for a unified nanoplatform that can magnetically separate and
concentrate the target analytes while offering the plasmonic
enhancement required for SERS.”” Further additional advan-
tages are the guiding and trapping of the NPs at specific
locations, for instance, in a microfluidic system, or the
generation of higher intensity extrinsic hotspots through the
magnetically induced assembly.”” Finally, magnetic—plasmonic
NPs have shown unparalleled versatility to be used in a variety
of fields, such as biomedicine, where they can be used in
theranostics applications, combining properties such as
photothermia, magnetothermia, magnetic guiding, or multi-
modal contrast agent capabilities.”* ™’

In this context, several approaches for the synthesis of NPs
based on iron oxide and gold with different morphologies have
also been reported for SERS substrates. Among them, core—
shell structures are the most abundant, including here relatively
smooth spherical shells”® > and spiky/branched shells.”*~*’
Other morphologies are, for instance, core-satellite nanostruc-
tures,>* ™+ Janus NPs,”>*** core-multishell,* inverse struc-
tures of Au@Fe;0,""** NP aggregates,”” > or bigger
assemblies.”> ™' Here, we report the use of iron oxide@Au
NPs with a novel morphology of the rod core—shell shape as a
plasmonic—magnetic SERS substrate. From the plasmonic
point of view, this morphology presents hybrid modes of
nanoshells and NRs, tunable LSPR through the shell thickness,
and hotspots at the NP edges.””®® Furthermore, the magnetic
rod cores present a ferrimagnetic behavior together with a
marked magnetic shape anisotropy.®”***> The NPs were
obtained through a seed-mediated-growth method starting
from core-satellite NRs, which allows control of the shell
thickness and morphology (Figure la). This offers the

opportunity to study their performance for magnetically
manipulable SERS substrates as a function of shell coverage
and thickness. Here, the SERS performance of each of the
nanostructures was evaluated over the detection of a widely
studied model molecule 4-mercaptobenzoic acid (4-MBA),**°
in two types of measurements: in colloidal suspension and after
magnetic separation and accumulation (Figure 1b). We
performed the experiments using portable Raman equipment.
It is to notice that portable instruments have far lower
performances than the benchtop instrument used in most
studies, with limits of detection of more than 15 times higher
than benchtop instruments.”” However, this instrument has
shown to be enough for the NPs assayed here and offers higher
versatility toward on-site applications. The obtained results
were compared with boundary element method (BEM)
simulations to further understand the plasmonic behavior of
the NPs.

As a proof of concept, the NPs were tested with
ciprofloxacin (CIP). CIP is a broad-spectrum fluoroquinolone
antibiotic used to treat several bacterial infections such as
urinary tract infections or pneumonia.”® CIP, as a contaminant
of emerging concern, has been found on the feces of animals,
wastewater, soil, and aquatic ecosystem among others, which
raises the alarm for its limitation and monitoring. Continuous
and sub-lethal doses encourage genetic changes in bacteria that
survive those doses and can lead to antimicrobial resist-
ance.”””° In excess, it also can reduce the efficacy of biological
nitrogen and phosphorus removal, affect intracellular poly-
hydroxyalkanoates and glycogen transformation,”’ damage a
wide range of organisrns,71’72 or lead to diverse diseases and
allergies.”" Thus, its monitorization is highly relevant both in
environmental remediation and monitoring and in improving
the comprehension of the dose—effect relationship toward a
personalized medicine strategy. Here, its Raman signal was
analyzed as a function of the concentration using a portable
Raman, underpinning its feasibility to be translated to a point-
of-care and in situ analysis.

2. EXPERIMENTAL SECTION

2.1. Materials. Oleic acid 90%, hexadecylamine (HDA)
synthesis grade, iron(0) pentacarbonyl, 1-octanol synthesis
grade, formaldehyde 37 wt % in H,O, polyvinylpyrrolidone
powder (average M, ~ 55,000 g'mol™'), and K,CO; were
purchased from Sigma-Aldrich (MERCK). (3-Aminopropyl)-
triethoxysilane 98% (APTES), chloroform >99.8%, and
hydrogen tetrachloroaurate(III) hydrate 99.9% (HAuCl,)
were purchased from Alfa Aesar. Absolute ethanol, EPR
Ph.Eur. >299.5% V/V, was purchased from Labbox.
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Table 1. Amount and Concentration of Fe;O,-NR Satellites Added and HAuCl,/Fe;O, Molar Ratio

sample Fe,0,-NR satellites (uL)* Fe (mM)” Au (mM)” Fe (mM)/Au (mM)° Au (mM)? length, L (nm) width, W (nm) aspect ratio, AR

NR@Aul 250 0.061 0.993
NR@Au2 500 0.115 1.103
NR@Au3 1000 0.215 1.185
NR@Au4 3000 0.702 1.493
NR@AuS 5000 0912 1.249
NR@Au6 10,000 1.283 1.321

0.061 3.262 503.5 + 94.8 2504 + 44.1 2.1 £ 06
0.104 2.334 473.0 £+ 36.9 245.0 £+ 62.1 2.0 £ 04
0.181 1.103 4529 + 44.9 172.5 + 33.7 2.7 £ 0.6
0.470 0.425 407.6 + 33.1 1369 + 25.8 3.0+ 06
0.734 0.272 384.9 + 61.6 90.6 + 32.6 46 + 1.3
0.971 0.137 372.8 + 784 67.6 £ 9.7 5.6+ 1.5

“Amount of Fe;0,-NR satellites added to K-gold solution. YFinal iron and gold sample concentrations. “Iron/Au final ratio. 9Gold concentration of

samples for SERS measurements (Fe = 0.2 mM).

2.2. Synthesis. The synthesis was performed based on our
previously published method.”” Magnetite NRs were synthe-
sized by the solvothermal method. HDA (0.71 g) and 5.33 mL
of oleic acid were dissolved in 21.33 mL of 1-octanol at 40 °C
under magnetic stirring until a homogeneous solution was
obtained. Then, after the solution cooled down to room
temperature, 5.33 mL of Fe(CO); was added and stirred for 2
min. Then, the mixture was transferred to a 50 mL Teflon-
lined autoclave, sealed with its stainless-steel shell, and heated
at 200 °C for 6 h, without a heating ramp and after preheating
the oven. After cooling to room temperature, the product was
washed three times with ethanol and dispersed in 10 mL of
chloroform (26.4 mg-mL™").

The well-dispersed NR solution (100 yL) was added drop
by drop into a solution of 600 yL of APTES and S mL of
ethanol and mixed using a rotary tube mixer overnight. Then,
the NRs were washed twice with ethanol and dispersed in 3
mL of ethanol. On the other side, spherical Au NPs (2—3 nm)
were synthesized in parallel. For that, 1.8026 g of PVP was
dissolved in 100 mL of ultrapure H,O, and then 428 uL of a
solution of HAuCl, (100.36 mM) was added to the solution.
NPs were finally formed by adding 30 mL of NaBH, solution
as a reducing agent (5.24 mM) and left for a few minutes to
react. The NP solution was then stored in the fridge until
further use.

The APTES-functionalized NRs (3 mL) were added drop by
drop into 30 mL of Au NP solution and mixed with a rotary
tube mixer for 2 h. The resulting core-satellite NRs were
purified by centrifugation and dispersed in water. This process
was repeated once more to improve the satellite coating of the
NRs.

For the Au shell coating, a K-gold solution was prepared as a
gold growing solution. For that, 0.0264 g of K,CO; was
dissolved in 105.86 mL of ultrapure H,O for 15 min under
magnetic stirring. Then, 265.6 uL of HAuCl, solution (149.1
mM) was added and mixed for 30 min, where the solution
becomes colorless because of the reduction of Au** to Au’.
The solution (250—10,000 uL) of Fe;0,-NR satellites (Fe;O,
= 4.73 mM; Au = 0.25 mM) was added under orbital stirring
(see Table 1) to 106 mL of K-gold solution. Finally, after 1
min, 260 uL of formaldehyde was added as a reducing agent.
After 2 h, the reaction was completed, and no change was
further observed in the ultraviolet—visible (UV—vis) spectrum.
The NPs were then purified by centrifugation twice and
dispersed in 25 mL of water.

2.3. Characterization Methods. 2.3.1. Transmission
Electron Microscopy. Transmission electron microscopy
(TEM) images were acquired in a JEOL JEM-1400 PLUS
instrument operating at 100 kV after NPs were deposited on a
carbon-coated TEM grid. The NP morphological features were
analyzed with the ImageJ software package.

2.3.2. UV-Vis Spectroscopy. The absorbance of NP
solutions was recorded using a Cary 60 (Agilent) over the
300—1100 nm range in a standard Macro cuvette using diluted
aqueous solutions.

2.3.3. Surface-Enhanced Raman Spectroscopy. SERS
measurements were performed using a Raman portable
instrument (iRaman Plus, BWTEK), using a 785 nm excitation
laser and equipped with a microscope accessory. The amount
of iron oxide of all nanostructures was dosed according to the
Fe content, so that the same amount of particles, despite
different Au coverages, was used for all measures. 0.2 mM Fe
(4.69 x 10° NPs/mL) of the core@shell structures was
therefore mixed with analytes of study (MBA or CIP). After 15
min, 15 pL of this mixture was then inserted in 1 mm glass
capillary and mounted on a hand-made holder that allows
locating the capillary and the magnet under the microscope of
the portable Raman. For measurements of magnetically
accumulated samples, a neodymium magnetic disc, 10 nm in
diameter and 4 mm height (380 mT), was placed below the
capillary forming approximately 45° angle, so NPs could
accumulate close to the magnet edge forming a small line
instead of a bigger area. SERS spectra were then measured after
1S min of accumulation. For measurements of samples in
suspension, the same holder without the magnet was used. All
SERS spectra were collected using a 10 objective magnification
(numerical aperture NA = 0.25) with an integration time of 50
s and a laser power of about S mW. All spectra were treated by
correcting the background using MATLAB R2020b software
and smoothing with Origin 8.5 software.

2.4. Simulations. Simulations were run using the BEM by
the related libraries developed by Hohenester in the MATLAB
environment.”” Enhanced local fields were calculated by
exciting at 785 nm, propagating, and polarizing along x, y,
and z, according to previously published methodologies.”*”*

2.5. SERS Enhancement Factor Calculation. The
enhancement factor (EF) was calculated according to the
following formula (eq 1)7

ISERS

EF — NSERS

Ian:m
N 1)

where Igpps and Ip,,.. are the intensity, or count number,
received by the instrument under the same conditions, for
SERS and Raman, respectively. This intensity was weighed by
the laser power used and time, which can be different for the
Raman and SERS measurements. Ngprg and Np,n.., are the
number of molecules measured for SERS and Raman,
respectively. Given a certain laser focus volume (V;), the
number of molecules will be V; multiplied by the concentration
(C). For the case of SERS, this value was taken as proportional
to the concentration of the analyte in the solution, while in the
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Figure 2. a) TEM image of Fe;O, NRs. (b) TEM image of the NR core-satellite structure. (c) TEM images of core@shell structures synthesized by
adding different amounts of Fe;O,-NR satellites: NR@Aul 250 uL, NR@Au2 500 uL, NR@Au3 1000 uL, NR@Au4 3000 yL, NR@AuS 5000 uL,
and NR@Au6 10,000 uL, from the thickest (NR@Aul) to the least complete (NR@Au6). The scale bar corresponds to 200 nm.

case of Raman, due to its low signal, the experiment was
performed as a solid, and the concentration was calculated by
its density and molecular weight.

3. RESULTS AND DISCUSSION

Figure la represents the different steps followed in the
synthesis of the multicomponent core@shell Fe;O,@Au NRs
exhibiting ferromagnetic and plasmonic behavior. Figure 2A
shows the representative TEM image of the initial magnetite
NRs synthesized by the solvothermal method in 1-octanol
using iron pentacarbonyl as the iron source and oleic acid and
HDA as capping ligands. The size of the NRs can be controlled
by the amount of HDA added to the synthesis.”> For this work,
relatively large NRs were selected (length = 378.8 + 56.1 nm,
width = 42.2 + 6.9 nm, and AR = 89.2 + 2.1) to promote a
good formation of the Au shell while maintaining a high aspect
ratio for thick shells and high magnetic volume for fast
magnetic accumulation.”® This synthesis gives rise to iron
oxide NRs, mainly single-crystal morphologies of magnetite, as
previously reported by high-resolution TEM, X-ray diffraction,
and X-ray photoelectron spectroscopy.®”

Once the magnetite NRs were synthesized, the Au coating
was carried out following a multistep approach (see Section
2.2). After silanization with APTES and transfer to a water
phase, Au nanospheres (<3 nm) were electrostatically bound
to form NR core@satellite (NR-satellite) structures that act as
seeds for further growth of gold (Figure 2b). The growth of
gold was carried out from a K-gold growing solution in the
presence of a reducing agent. The gold grows on top of these
satellites and finally merges to form a complete shell
surrounding the magnetite core. Figure 2c (1—6) shows
representative TEM images of the different core@satellites and
core@shell structures synthesized following this process. Shell
growth was controlled by adjusting the ratio between NR-
satellites seeds and K-gold growing solution (see Table 1 in
Section 2.2). Satellites act as autocatalytic growing sites, so that
the gold layer grows more when the proportion of satellites
with respect to K-gold solution is lower, obtaining shells with
different morphologies: from the complete and thicker one,
NR@Aul (length = 503.5 + 94.8 nm, width = 250.4 + 44.1
nm, and AR = 2.1 + 0.6), to the least complete and thinner,
NR@Au6 (length = 372.8 & 78.4 nm, width = 67.6 + 9.7 nm,
and AR = 5.6 + 1.5). As shown in Figure 2, complete shells

were only obtained for NR-Aul, NR-Au2, and NR-Au3 with
different thicknesses of shell, while the satellite structure is still
visible for the other samples, indicating a partially coated
surface. Finally, Figures S1—S7 show low-magnification TEM
images of the synthesized NPs, with a high number of coated
NPs together with a few NPs with other morphologies, mainly
spheres, and a few aggregates.

Figure 3 shows the UV—vis spectra of all the six synthesized
nanostructures. These spectra correspond to the light

1,0 4
—~ 0,91
)
S
2 —— NR@Au1
< 08 —— NR@AU2
7 —— NR@Au3
—— NR@Au4
—— NR@AU5
07 —— NR@Au6
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300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 3. Representative UV—vis spectra of the synthesized NPs
described in Figure 1.

extinction which will be composed to an absorption
component and a scattering component, which cannot be
measured in a standard UV—vis spectrophotometer but is not
negligible, although it takes place in a similar range of
wavelengths, and should be taken in consideration when
describing the system.77 Typically, plasmonic NR shells show
two plasmon bands on their UV—vis spectra, which correspond
to transverse and longitudinal hybrid dipolar modes.”” The
transversal hybrid mode is present in all NPs as a shoulder at
500—550 nm. Regarding the lower energy longitudinal hybrid
modes, the first three core—shell structures, NR@Aul, NR@
Au2, and NR@Au3, present an LSPR band centered at ~600,
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Figure 4. BEM simulations of several morphology configurations: (a) Fe;0, NRs functionalized with different amounts of Au nanospheres; (b)
smooth (top) and rough (bottom) core@shell Fe;O,@Au NRs; (c) tip-to-tip assembled smooth (top) and rough (bottom) core@shell structures;
(d) side-to-side assembled rough core@shell structures; (e) average local field enhancements of the different nanostructures (Fe;O, NRs
functionalized with different amounts of Au nanospheres randomly located, isolated Au nanospheres, and smooth and rough core@shell
structures); and (f) average local field enhancement tip-to-tip assemblies of smooth and rough core@shell NRs compared with the individual ones.

~650, and ~700 nm respectively. The decrease in wavelength
with the shell thickness is due to the change in hybrid
plasmonic modes, considering a rod shape cavity and a solid
rod, and has been already described for nanorice particles
(gold-coated hematite prolate spheroids).”> This, in fact,
shares similar blue-shift trends to spherical nanoshells with
increasing thickness’® and Au NRs with a decrease in aspect
ratio.”” The band of NR@Au2 is broader than the other two
with extension to higher wavelengths, probably due to some
small aggregation during the synthesis and its more irregular
shape. In the case of non-complete shells, NR@Au4 and NR@
AusS present a broad absorption peak between ~600 and 1100
nm and NR@Au6 between ~600 and 900 nm. These bands
could be attributed to the more complex structure of the
partial shell where part of the satellites has already merged,
giving rise to additional plasmonic modes at these irregu-
larities.”” Finally, the relative absorbance A, ../Aioonms
indicative of the total extinction coefficient (Ayponm iS
proportional to the amount of Au),* tends also to increase
with the size of the shell, suggesting more uniform plasmonic
modes.

To further understand the behavior of the synthesized core—
shell NRs upon their use in SERS, BEM simulations were
carried out to determine the near-field enhancement in respect
of the density of satellites and shell homogeneity (Figure 4).
First, these simulations were obtained by magnetite NRs
functionalized with Au nanospheres at different amounts and
randomly positioned (Figure 4a). As more NPs were added,
the packing became denser, which increased the probability of
building up effective hotspots between the AuNPs. As
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expected, the higher coverage of the surface increased the
proximity of spheres and therefore increased both average and
maximum local field enhancement (Figure 4e). This part
would be somehow analogous to the growth of the spheres for
samples NR@Aul and NR@Au2, where a decrease in distance
between spheres is also produced. Although not simulated
here, it is expected that the merge of nanospheres, especially
for further growth, would also create new hotspots, which
would contribute to the enhancement of the near electro-
magnetic field. Interestingly, a uniform and 50 nm-spaced
AuNP assembly (high number of particles but well separated)
does not develop the same local field enhancements as the
relative core@satellite system (Figure 4e) as the proximity
among Au NPs is the main parameter to form such hotspots,
and it is much more important than simply the overall Au NP
number.

For a complete shell, two situations were simulated, a
smooth and a rough homogeneous core@shell structure
(Figure 4b). As shown in Figure 2, the rough shell is the
closest to the real samples due to the synthesis method that
produces small protrusions where the initial satellites were
located. The smooth core—shell has a limited average local
field enhancement (Figure 4e) because of the formation of
hotspots restricted to the edges of the NR-shaped particles. On
the other hand, the rough core—shell structure presents a much
higher local field enhancement than the rest of the structures
(Figure 4e), arising from the combination of the hotspots at
the NR edges and at the protuberances of the rough surface.

Together with the intrinsic hotspots observed for the core—
shell NRs, new hotspots emerge by the assembly of these NPs.
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structure.

This is highly relevant due to the dual functionality of these
particles that enables magnetic separation and concentration.
Due to the magnetization of the NRs in the easy axis direction,
which corresponds to the geometrical axis, an abundance of
tip-to-tip configurations is expected.g1 Moreover, as has been
observed for Au NRs, this configuration could give rise to very
intense hotspots.”” Therefore, tip-to-tip assembled core@shell
rough and smooth structures were simulated (Figure 4c, where
the colormaps are set at a maximum of 10® local field
enhancement for clarity of comparison). For the case of the
smooth shell, when it is tip-to-tip assembled, a net local field
accumulation is observed at the rod junction, in respect of the
isolated single rod. The results are different for the case of the
more realistic rough shell structures, where a lower increase in
the average local field enhancement was observed for tip-to-tip
assembled structures with respect to the individual one (Figure
4f). This is probably due to the plasmonic nature of the rough
nanostructure already rich in intrinsic hotspots, especially at
the region characterized by the highest curvature, that is, the
tips. In addition, a magnetic assembly could also give rise to
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side-to-side configurations by the assembly of rows of NRs.
Figure 4d shows this configuration for rough NRs. Interest-
ingly, it shows a similar EF (Figure 4f) to the tip-to-tip
configurations or individual rough NRs, pointing out the high
relevance of surface roughness in the plasmonic behavior of
these NPs. On the whole, the generated extrinsic hotspots
correspond to similar gain. This differs quite dramatically from
other spherical core—shell nanostructures, which do not
present intrinsic hotspots and require the assembly to form
extrinsic ones and generate a relatively high SERS signal.*®
The SERS performance of the synthesized nanostructures
was evaluated using 4-MBA as a model molecule (Figure 5).
All measurements were performed using the same concen-
tration in the number of NPs, 4.69 X 10° NPs/mL (ie.,
maintaining a Fe concentration of 0.2 mM), to make a proper
comparison among different measurements. At first, the
magnetic separation was assayed by measuring both in
colloidal solution and after magnetic separation/concentration
(Figure Sa). The magnetic concentration was produced by
placing a small magnet close to the glass capillary surface (as
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schematically depicted in Figure 1B). A dense spot of NPs was
produced in less than 15 min. This rapid separation, in
comparison with other systems,45 was enabled, thanks to the
relatively large size of the NPs, which generates a high
magnetization and therefore a high attraction force. The SERS
measurement was produced by focusing the exciting laser at
that spot. Figure Sa shows an example of that measurement
using NR@Aul as the SERS substrate. As a result of the
magnetic concentration, the intensity of the signal was several
times higher than the one in the solution.

As discussed before in the BEM simulation, the assembly of
the NRs and the generation of new hotspots are probably not
the main causes of intensity gain in this situation as far as the
particles themself already present bright hotspots. Thus, the
higher SERS signals due to the magnetic attraction are
expected to be caused by the capture of the analyte on the NP
surface and accumulation at the laser spot. It generates an
analyte-rich region that indeed produces a signal gain as high
as 1 order of magnitude for the characteristic peak of MBA at
1072 ecm™" (Figure Sa,b).

To evaluate the SERS efficiency, the EF was calculated
according to the formula (eq 1). In the case of the best
performing structure, NR@Aul, 6 X 10* EF is achieved for
NPs in dispersion, which is further increased to 3 X 10° EF
when the NPs are magnetically concentrated. Note here that
although EF values are in line with other syrstems,‘%"gz’84 most
of them were performed with a benchtop instrument, therefore
lacking the flexibility of a portable instrument.

To compare the SERS performances of different core@shell
structures and to provide evidence about the effectiveness of
this setup for quantitative SERS analysis using a portable
Raman instrument, a more complete investigation was
performed by recovering calibration curves under magnetic
accumulation. Figure Sc shows SERS spectra of MBA at 1 mM
using each core@shell structure as the substrate. A very clear
monotonic increase in intensity versus the Au-shell coverage is
appreciated. Figure Sd represents the intensity of the first
characteristic peak at 1072 cm™" at different concentrations. A
higher intensity appears as the MBA concentration increases
up to a saturation concentration for all samples of the series. At
saturation, a similar monotonic trend of the core@shell
structure series is found. A higher amount of gold (NR@
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Aul) reports higher SERS intensities along all the curves and a
higher MBA saturation concentration. These results are in
agreement with the trend observed in the simulations, where
the SERS performance is directly related to the amount of gold
coverage (Figure 5d), achieving the lowest signal with the less
complete shell (NR@Au6) and the highest with the thickest of
the complete shells (NR@Aul). The lowest limit of detection
(LOD), achieved with NR@Aul, was on the nanomolar
regime (S0 nM, corresponding to 750 fmols of MBA). For
values lower than the saturation, the results can be fit to a
linear function (Figure 5d), allowing its quantitative analysis.

Given the abovementioned results, NR@Aul was selected as
the best SERS performing structure, and it was used to detect
CIP in water samples. CIP presents amines and carboxylate
groups in addition to an extended aromatic cycle, which makes
it suitable for binding to the gold surface. Figure 6a shows
SERS spectra of CIP collected at different concentrations. The
more prominent signals are at 1382 and 1624 cm™' which
correspond to the carboxylic and aromatic stretching modes,
respectively.””

Figure 6b shows the intensity of the highest intensity peak of
CIP (1382 cm™) at different concentrations until no signal
was detected. On the other end, at high concentrations, the
measurements were limited up to the solubility of CIP, so the
calibration curve was performed only up to 1 mM. The lowest
concentration detected was in the sub-micromolar regime (100
nM, 1.5 pmols), while the lowest concentration that could be
quantified was 10 M, making it suitable for the detection of
subinhibitory concentrations of CIP in water reservoirs.”> CIP
concentrations are toxic at much higher concentrations, for
instance, LC,, in zebrafish is 5.9 mM,*® while inhibition of
mexican freshwater algae growth is around 0.12 M,”* in line
with other aquatic organismsw’88 On the other hand, the
worldwide median concentration of CIP in the freshwater
ecosystem has been reported to be 0.164 mg/L (4.9 X 107*
mM) and the maximum 6.5 mg/L (2.0 X 107> mM),” also
above the detection limit of this system.

Calibration curves were obtained with each substrate and
analyte, probing the potential of the method for quantitative
purposes,”” as Table 2 shows, where the linear regression
parameters and detection limits have been summarized for
each analyte and substrate.
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Table 2. SERS Quantification/Calibration Parameters after
Linear Fit in the Log—Log Plot

regression fit log(I) = a + blog C

LOD“
analyte ~ NPs a b R? (nM)
MBA NR@ 3.124 + 0.036 0.419 + 0.020 0.981 S0
Aul

MBA NR@ 2.691 + 0.047 0.491 + 0.029 0.989 100
Au2

MBA NR@ 2.649 + 0.065 0.487 + 0.052 0.956 500
Au3

MBA NR@ 2.459 + 0.077 0.399 + 0.064 0.906 500
Au4

MBA NR@ 2.304 + 0.036 0.383 + 0.034 0.984 1000
AuS

MBA NR@ 2261 + 0.127 0.368 + 0.098 0.823 1000
Aub

CIp NR@ 2.801 + 0.039 0.254 + 0.017 0.978 100
Aul

“Limit of detection.

4. CONCLUSIONS

It has been proven that multicomponent NPs of gold and
magnetite with a core—shell-rod morphology can be applied as
colloidal SERS sensing substrates with magnetic capture and
concentration. While the synthesis method allows the
formation of NPs with partial shells and therefore with
intrinsic hotspots, the performance was better for a complete
shell with rough surfaces with a monotonic increase in signal
with the increase in gold thickness. Moreover, the enhance-
ment highly increased with the magnetic concentration, with
respect to colloidal dispersion, which is ascribed to a higher
increase in analytes in the Raman measurement region instead
of the generation of new extrinsic hotspots. Finally,
quantitative calibration curves were obtained with these NPs
with 4-MBA and the antibiotic CIP in water and using a
portable Raman. Limits of detection as low as 50 nM for 4-
MBA and 100 nM for CIP were obtained, opening the path for
in situ detection of contaminants or in point-of-care
biomedical applications.
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