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1. Introduction

Surface-enhanced Raman scattering (SERS) offers enormous
opportunities for the detection of Raman-active molecules, as
demonstrated by the increasing number of analytical and spec-
troscopic studies involving this technique.[1–4] Important advan-
tages of SERS are easy sample preparation (often requiring just
mixing), the wide gamut of analytes that can be traced (some
examples are DNA bases, explosives, drugs, and glucose), and
the ultralarge sensitivity (capable, in the best cases, of single-
molecule spectroscopy and live-cell imaging).[1–4]

The SERS effect arises from strong electromagnetic field am-
plification generated in the proximity of nanostructures.[1, 5]

Also, charge-transfer processes between the substrate and ana-
lyte can contribute to SERS, if these transitions are in reso-
nance with the excitation wavelength.[1, 2, 4] Usually, noble-metal
nanostructures, such as patterned surfaces[2, 4, 6–9] or nanoparti-
cles (NPs),[2–4, 6, 10–12] are used as SERS substrates, although
Raman enhancement has also been observed in layers of semi-

conductor and oxide NPs.[13] In noble metals, the SERS effect is
prevalently due to plasmon enhancement of the electromag-
netic field at nanometer distances from their surface.[1, 5] In this
way, acting much like a nanoantenna, noble-metal nanostruc-
tures can boost, by orders of magnitude (up to 108–1012 times),
the Raman scattering cross section per molecule, which is usu-
ally very small (10�30–10�25 cm2).[1, 2, 5] As a substrate for SERS,
silver nanostructures show the largest enhancement factors,
due to a superior combination of plasmon properties and
chemical physical stability relative to other metals, such as
gold or aluminum.[1, 6, 14, 15] On the other hand, transition metals,
such as iron, are of limited interest for SERS,[14–18] due to the
absence of plasmon resonance in the visible region and insta-
bility in air, but their magnetic properties find multiple analyti-
cal applications, for instance, in the realization of responsive
nanotools for the separation of analytes in complex mix-
tures.[19–23] Hence, a single nanostructure with the plasmonic
response of silver and the magnetic properties of iron is ex-
ploitable as a powerful SERS substrate that can be manipulat-
ed and controlled by external magnetic fields.[24, 25] For in-
stance, multiple analytes, such as viral biomarkers,[26, 27] dopa-
mine,[28] melamine,[29, 30] arylthiols,[31] aromatic pollutants,[32]

toxic molecules,[33, 34] or targeted cells,[35] have been separated
and detected by SERS with magnetic–plasmonic substrates. On
the other hand, the application of external magnetic fields can
be used to direct the assembly of magnetic–plasmonic NPs
into arrays of SERS substrates.[36] Interestingly, these substrates
are achievable in a reproducible and scalable way, allowing the
preparation of arrays of variable dimensions (varying the
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number of magnets), and that can be cleaned and deposited
again.[3, 37] In recent years, this approach was applied to detec-
tion systems with the help of microfluidics,[38] or to the crea-
tion of substrates for the detection of analytes such as aromat-
ic molecules[37, 39, 40] or organic pollutants.[41–43]

All of these studies concerned hybrid structures composed
of magnetic NPs with a noble-metal moiety, such as hetero-
structures[27, 28, 31, 35, 42] or core–shells,[26, 30, 38, 40, 41, 44–50] which re-
quire multiphase synthesis. Sometimes these chemically syn-
thesized NPs showed limitations related to colloidal stability
and surface functionalization on demand.[51]

In recent years, laser ablation in liquid (LAL) has emerged as
a reliable approach for the preparation of magnetic and plas-
monic NPs in one step, even with unconventional structures or
thermodynamically inhibited compositions.[52] Nanostructures
with magnetic and plasmonic responses obtained so far by
this method include gold–iron[14, 18, 53, 54] and silver–iron nanoal-
loys,[25] nanocrescents,[54] and core–shell structures with either
a plasmonic core and magnetic oxide shell[54] or a magnetic
iron core and plasmonic shell.[55] Similarly, interesting nanosys-
tems were also obtained by laser irradiation of a mixture of
NPs, such as solid solutions of gold and nickel,[56, 57] iron,[58] or
cobalt.[59]

Herein, to achieve a versatile nanomaterial endowed with
magnetic and plasmonic properties, easy surface chemistry,
and complete colloidal stability, as required for the realization
of magnetically assembled and reusable SERS substrates, we
synthesized iron-doped silver NPs by LAL. By this approach,
NPs with magnetic and plasmonic properties are obtained in
one step, and the particle surface remains available for func-
tionalization with the desired thiolated ligands. We tested the
effect of different types of ligands anchored to the surface of
NPs for magnetic assembly into SERS substrates and relative
SERS performances. After selection of the best surface coating,
regeneration of the SERS substrate for the detection of typical
analytes, such as fungicides or pesticides, was successfully as-
sessed. Overall, we show a simple way to obtain magnetically
assembled arrays of plasmonic NPs for use as regenerable
SERS substrates, which can be of inspiration for the realization
of other self-assembled and reconfigurable magnetic–plasmon-
ic arrays.

Experimental Section

The LAL of Fe-doped Ag NPs was performed by focusing l=
1064 nm (6 ns, 50 Hz, 120 mJ/pulse) laser pulses with a 15 cm focal
lens on a bimetallic target (66 % atomic Ag � 34 % atomic Fe, from
MaTeck GmbH) dipped in ethanol (HPLC grade, from Sigma–Al-
drich), with a fluence of 7 J cm�2. After the synthesis, thiolated li-
gands were added to the Fe�Ag NP colloids and sonicated for
20 min. The following ligands were used for surface functionaliza-
tion of Fe�Ag NPs: 2-mercaptoethanol (ME; 78.13 Da, from Fluka),
sodium-3-mercapto-1-propanesulfonate (MPS; 178.21 Da, from
Sigma–Aldrich), glutathione (GSH; 307.32 Da, from Sigma–Aldrich),
O-(2-mercaptoethyl)-O’-methylhexa(ethylene glycol) (PEG350;
356.48 Da from Sigma–Aldrich), and poly(ethylene glycol) methyl
ether thiol (PEG800; 800 Da average molecular weight, from
Sigma–Aldrich). These ligands were selected for the absence of

background Raman signals under our experimental conditions.
Thiols were added at a final concentration of 2 mm to
a 0.1 mg mL�1 solution of Fe�Ag NPs in ethanol (10 mL of added
ligand solution per mL of Fe�Ag NP solution, corresponding to
�500 ligands per Fe�Ag NP). The solution was then reduced in
volume by using a rotating evaporator, diluted 1:1 with demineral-
ized water, and treated with a 2 mg mL�1 aqueous solution of
ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA;
from Sigma–Aldrich) at 30 8C for 1 h. This temperature was selected
because surface oxidation of silver NPs in an aqueous environment
could occur at higher temperatures, with subsequent release of
Ag+ ions.[60] Then, the solutions were purified by at least four dialy-
sis runs with Sartorius Vivaspin concentration membranes (cutoff:
10 000 Da), and finally the NPs were resuspended in demineralized
water. EDTA and dialysis were required to remove byproducts of
the synthetic process, such as amorphous iron oxides and hydrox-
ides, according to a previously reported procedure.[14, 18, 53]

Ag NPs were obtained by using the same LAL procedure and pa-
rameters, with a silver (99.99 %) bulk target dipped in ethanol solu-
tion.

Plasmonic substrates were obtained by pouring the colloid on
a soda lime glass slide placed on top of an array of NdFeB cylindri-
cal magnets (4 mm in diameter per 8 mm of length). The poles of
the magnets (located on the cylinder faces) were oriented towards
the surface of the slide, and magnets were packed with the high-
est density corresponding to a distance of 4 mm between their
axes. The volume of the colloid was set to have 20 mL of
a 4 mg mL�1 dispersion of NPs (80 mg of NPs) for each magnet.
After deposition, the solution was left to dry at 20 8C for overnight
(16 h).

For the SERS experiments, we used 4-{[4-(dimethylamino)phenyl]-
(phenyl)methylidene}-N,N-dimethylcyclohexa-2,5-dien-1-iminium
chloride (MG, also called malachite green; from Sigma–Aldrich) and
sodium (diethylcarbamothioyl)sulfanide (DTC; from Sigma–Aldrich).
All analytes were dissolved in water, and 5 mL of the solution
(10 pmol) was drop-casted on the SERS spot prior to analysis. In
the case of 2D Raman maps, the analytes were mixed with the Fe�
Ag NP colloids before deposition. All spectra were subjected to
baseline subtraction with the built-in Renishaw WiRe 3.4 spline
cubic interpolation routine.

Regeneration of SERS substrates was performed in three steps by
1) redispersing the NPs in a 10�4

m aqueous solution of NaCl (1 mL)
by bath ultrasonication for 30 min with a Branson CPXH sonicator;
2) washing twice with distilled water by centrifugation for 10 min
at 15 000 rcf with an Eppendorf centrifuge model 5430 equipped
with a fixed-angle rotor model FA-45-24-11-HS; and 3) bringing the
colloid to the pristine NP concentration and repeating the magnet-
ic assembly of the plasmonic substrate, according to the above-
mentioned array-formation procedure.

Optical absorption spectroscopy was performed with a Varian Cary
5 UV/Vis spectrometer by using 2 mm optical path quartz cells.
TEM was performed with a FEI Tecnai G2 12 instrument operating
at 100 kV and equipped with a TVIPS charge-coupled device (CCD)
camera. EDS analysis was performed at 300 kV with a JEOL JEM
3010 microscope by using a Gatan Multiscan CCD 794 camera and
an EDS spectrometer (Oxford Instruments). Fe�Ag NPs were depos-
ited by drop-casting on a carbon-coated copper grid.

Dynamic light scattering (DLS) and Z spectroscopy was performed
with a Malvern Zetasizer Nano ZS in DTS1070 cells.

ChemPhysChem 2016, 17, 1 – 10 www.chemphyschem.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2&

�� These are not the final page numbers!�� These are not the final page numbers!

Articles

http://www.chemphyschem.org


Metal concentrations were determined by inductively coupled
plasma mass spectrometry (ICP-MS) performed with an Agilent
Technologies 7700x ICP-MS instrument (Agilent Technologies Inter-
national Japan, Ltd. , Tokyo, Japan). The instrument was equipped
with an octopole collision cell operating in kinetic energy discrimi-
nation mode, which was used for the removal of polyatomic and
argon-based interferences. The operating conditions and data ac-
quisition parameters were reported elsewhere.[61] The multielement
calibration standard-3 (Agilent Technologies) for Ag and CLPP-CAL-
1 (Inorganic Ventures’ Calibration Standard 1) for Fe were used.
Multielement standard solutions for calibration were prepared in
5 % aqua regia by gravimetric serial dilution at six different concen-
trations (from 0.5 to 1000 mg L�1). The non-parametric Theil regres-
sion was used.[62] A microwave acidic digestion was performed
with a CEM EXPLORER SP-D PLUS instrument. NPs were digested in
aqua regia according to the following microwave acid mineraliza-
tion procedure: ramp temperature from room temperature to
200 8C in 5 min, then 200 8C for 15 min; pressure 400 psi and
power 300 W.

Magnetic characterization was performed by using a Quantum
Design superconducting quantum interference device (SQUID) op-
erated at a maximum field of m0Hmax = 2.5 tesla. Specific magnetiza-
tion (M) as a function of applied magnetic field (H) was obtained
at 5 and 300 K, and magnetization temperature dependences
under zero-field-cooled (ZFC), field-cooled (FC), and thermoremn-
ant magnetization (TRM) protocols were measured at 5 K min�1 by
using a dc field of 4 kA m�1 (50 Oe). Measurements were performed
on liquid or frozen colloids, depending on the measurement tem-
perature. The colloidal suspension (50 mL) at a concentration of
0.29 mgFe mL�1 were sealed into a heat-shrinkable tube to prevent
sample evaporation and spillage. Data were shown after subtract-
ing the diamagnetic contribution due to solvent and Ag.

Raman spectroscopy was performed with a Renishaw InVia micro-
Raman spectrometer equipped with a Leica 5X microscope objec-
tive, a motorized piezo stage controlled by the WiRe 4 software,
and a He�Ne l= 633 nm laser line with 0.3 mW of excitation
power and acquisition times of 30 s for each analysis.

2. Results

The iron-doped silver NPs obtained by the LAL procedure de-
scribed in Figure 1 A have an average size of (15�5) nm, as
observed by TEM (Figure 1 B), and they appear to be com-
posed of a mixture of small NPs with spherical shapes and
some large “truffle-like” nanostructures, in agreement with
a previous report.[25] To obtain more insights into the formation
of Fe�Ag NPs, we followed an early report by Mafun� et al. ,[63]

who suggested that NP formation included a stage of coales-
cence of smaller nuclei. This was inferred from the experimen-
tal observation that the size of the NPs was much lower when
the liquid contained an appreciable amount of ligands that
could bind and stabilize the surface of NPs, while maintaining
all other synthetic parameters the same.[63, 64] Therefore, we
performed a similar experiment to compare the size and mor-
phology of Fe�Ag NPs obtained in the absence and in the
presence of ligands capable of strong binding to the surface of
the particles, while maintaining all other experimental parame-
ters the same. For this experiment, we selected the thiolated
ligand PEG350, dissolved at a concentration of 2 mg mL�1 in
ethanol, before or after LAL. TEM images clearly show that Fe�
Ag NPs are grouped into small agglomerates and are sur-
rounded by an amorphous matrix typically ascribable to iron

Figure 1. A) Sketch of Fe�Ag NP preparation: NPs are obtained by LAL in ethanol, then mixed with thiols and EDTA, and finally cleaned by dialysis. B) Repre-
sentative TEM image and size distribution of Fe�Ag NPs. C) TEM image of Fe�Ag NPs obtained after LAL followed by the addition of PEG350. D) TEM image
of Fe�Ag NPs obtained after LAL in a solution of PEG350 added before the synthesis. E) UV/Vis absorption spectra of the solution of Fe�Ag NPs obtained by
LAL with PEG350 added after (black line) or before (red line) the synthesis. F) EDS spectrum collected on a Fe�Ag NPs deposit, showing the Ag La and Fe Ka

peaks.
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oxide byproducts (Figure 1 C). This matrix is efficiently dis-
solved during the purification procedure with EDTA and dialy-
sis, as appreciable by comparison of Fe�Ag NPs in Figure 1 B
(after purification) and C (just after the synthesis and addition
of PEG350), releasing the final mixture of small NPs with spher-
ical shapes and some large truffle-like nanostructures. Con-
versely, the addition of PEG350 before LAL dramatically
changes the average size and morphology of Fe�Ag NPs, with
a drastic reduction in the size of the NPs and aggregation, as
well as almost complete disappearance of the truffle-like nano-
structures (Figure 1 D). This is further corroborated by UV/Vis
spectroscopy: the surface plasmon band maximum at
l�420 nm is much broader in case of the agglomerated Fe�
Ag NPs for which PEG350 is added after LAL (black line in Fig-
ure 1 E), than in the sample for which PEG350 is added before
LAL (red line in Figure 1 E). According to these findings, we de-
finitively concluded that the formation of FeAg NPs involved
a stage of nuclei coalescence, as proposed by Mafun� et al. ,[63]

and we could exclude the possibility that truffle-like nanostruc-
tures were directly formed by ejection of liquid droplets from
the solid target during laser ablation.

The composition of Fe�Ag NPs was qualitatively assessed by
EDS analysis performed on the purified and dried sample de-
posited on a soda lime glass by drop-casting, and evidenced
by the presence of both Ag La (3.0 keV) and Fe Ka (6.4 keV)
peaks (Figure 1 F). This is in agreement with the line scan EDX
mapping results performed on individual Fe�Ag NPs agglom-
erates reported in our previous study.[25] In particular, in the
same study, we showed by various investigation techniques
that Fe�Ag NPs were composed of ordered Ag crystalline do-
mains alternated with disordered Fe�Ag regions that were ran-
domly distributed inside the volume of each NP.[25]

Quantitatively, the composition of the Fe�Ag NPs was as-
sessed by ICP-MS, resulting in (80�6) at % Ag and (20�5) at %
Fe. The composition of Fe�Ag NPs deviates from that of the
bulk target, which means that a fraction of Fe is lost during
the synthesis. Therefore, we analyzed the elemental composi-
tion of synthetic products in the main stages of the synthetic

procedure, and we found that just after the synthesis there
was (40�8) at % Fe and (60�10) at % Ag. This ratio is compa-
rable to the target composition within experimental error.
After the purification stage, this composition changes to a final
value of 20 at %/80 at % Fe/Ag, and the dialyzed waste solution
contains (83�8) at % Fe and (17�3) at % Ag. Interestingly, we
found that (52�7) % of the total ablated mass was lost during
the purification procedure; part of it was dissolved during heat
treatment to form molecular compounds or small NPs with
sizes below the cutoff of the dialysis membrane [(24�5) % of
the total ablated mass] , and part was irreversibly attached to
the dialysis membrane after centrifugation [(28�5) % of the
total ablated mass] .

The magnetic properties of the Fe�Ag NPs were investigat-
ed by dc magnetometry, which showed that M(H) has a typical
superparamagnetic behavior. This means that Fe�Ag NPs are
single magnetic domains. At 300 K, the hysteresis loop was
well fitted with two Langevin functions, which indicated two
characteristic sizes of (2.0�1.6) (52 % of the particles) and
(7.1�0.3) nm (48 %), plus a small linear (positive slope) contri-
bution known as high-field susceptibility (Figure 2 A). The ob-
servation of two different populations of magnetic NPs is in
agreement with the polycrystalline and highly defective nature
of these bimetallic particles obtained by LAL. We previously re-
ported the alternation of large metal Ag domains and small
disordered Fe�Ag ones.[25] At room temperature, we measured
a fitted saturation magnetization of (81�2) Am2 kgFe

�1 (Fig-
ure 2 A). At 5 K, the magnetization curve shows a hysteresis
with a coercive field of Hc = (434�10) Oe (Figure 2 B), and satu-
ration magnetization is not reached within the experiment.
This is ascribable to high-field susceptibility related to surface
magnetic disorder induced by the lack of symmetry.[65] Howev-
er, saturation magnetization derived from the fit is (87�
39) Am2 kg Fe

�1. ZFC/FC/TRM measurements (Figure 2 B) are
consistent with a distribution of energy barriers for magnetiza-
tion reversal, and suggest that the blocking temperature of
Fe�Ag NPs is moderately greater than room temperature. ZFC
data were well fitted with the model reported by Tournus and

Figure 2. A) Hysteresis loops collected at 300 K (black squares) and 5 K (blue circles), and relative Langevin fits (red and cyan lines for 300 K and 5 K, respec-
tively). B) Temperature dependence of ZFC/FC/TRM magnetization measured with a 4 kA m�1 probe field (black squares) and fitted with a Tournus model (red
line).
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Bonet,[66] by considering the two characteristic sizes derived
from M(H) analysis, and we obtained an extrapolated mean
blocking temperature of 319 K.

The coating of Fe�Ag NPs with thiolated ligands is necessary
to prevent irreversible sedimentation of the colloidal system in
aqueous solution and in organic solvents, as required for mag-
netic assembly and reusability of the plasmonic substrate. To
this aim, we tested five types of thiolated molecules: three
neutral ligands with increasing chain length (ME, PEG350, and
PEG800) and two anionic ligands (GSH and MPS). By UV/Vis ab-
sorption spectroscopy, a sharp plasmon band maximum at
l�420 nm is observed in the aqueous dispersions of NPs
coated with MPS, PEG350, or PEG800 (Figure 3 A); this can be
used to assess the satisfactory colloidal stability of the three
samples. The absorption band of Fe�Ag NPs coated with GSH
is redshifted to l�500 nm (blue line in Figure 3 A), which sug-
gests that extensive particle aggregation occurs with this
ligand. ME caused the dissolution of NPs, forming an opales-
cent Ag–thiol layered compound, as demonstrated by the
characteristic absorption band at a wavelength shorter than
l= 390 nm (magenta line in Figure 3 A).[67–69]

The magnetic response of the ligand-coated Fe�Ag NPs was
easily probed by placing some drops of each colloid on a soda
lime glass lying on top of an array of NdFeB magnets ; this as-
sisted the collection of NPs in millimeter-sized spots corre-
sponding to the positions of the magnets after overnight incu-
bation and evaporation of the liquid (Figure 3 B). Although NPs
in MPS, PEG350, PEG800, and GSH samples all responded to
the magnetic field and accumulated in concomitance to the
magnets, the sharpest deposits are observed for the MPS and
the PEG800 samples; this is indicative of the superior colloidal
stability of these NPs and subsequent superior ability to accu-
mulate in the region with the largest magnetic field on the
timescale of the experiment. Due to NP degradation in pres-

ence of ME, no response to the magnetic field was observed
for the ME sample, which was not considered further. The NPs
in PEG350 and GSH samples are spread over a wider area,
which suggests that sedimentation competes with magnetic
assembly. In the case of GSH coating, one can also note that
carboxylic groups may have stronger affinity to the glass sur-
face than the other ligands,[70, 71] accelerating the sticking of
NPs on the substrate before migration to the area with greater
intensity of magnetic field can occur. However, DLS and z-spec-
troscopy measurements suggest that a more rapid sedimenta-
tion of GSH-coated NPs is the main reason for their lower abili-
ty to accumulate in concomitance to magnets; these particles
have lower z potential and a much larger hydrodynamic size
[(�22�13) mV and (1005�577) nm] than those of MPS-coated
NPs [(�47�13) mV and (78�34) nm]. In particular, MPS-
coated NPs have a lower hydrodynamic size and larger z-po-
tential than NPs obtained after LAL or after the addition of
EDTA (see Table 1). It is worth noting that solution pH was not
regulated by the addition of saline buffers, and resulted in
pH = 5.0 in both the solutions of GSH and MPS. Therefore, the
addition of a pH buffer may change the parameters for colloi-
dal stability, although at the price of adding salt residuals
during sample drying on the glass substrate.

The SERS performances of the four plasmonic arrays were
tested by monitoring the intensity of the ñ= 1617 cm�1 band
of MG in the plasmonic spots, and we found that the MPS pro-
vided the best signals (Figure 3 C). One possible explanation is
that MPS has the lowest molecular weight among the four;
thus allowing the lowest distance between analytes and parti-
cles surface in the magnetically assembled NPs spot, and ana-
lyte diffusion into NPs interstices is facilitated when the surface
of the particles is coated with short-chain ligands. This is rele-
vant for the SERS performances because the largest electro-
magnetic field enhancements are observed at interstices and

Figure 3. A) UV/Vis absorption spectra of Fe�Ag NPs coated with different ligands. B) Photographs of magnetically assembled Fe�Ag NPs on soda lime glass.
The distance between spots is 4 mm. C) Intensity of the MG Raman band at ñ= 1617 cm�1 measured on Fe�Ag NPs with different surface coatings. D) 2D
Raman map of the ñ = 1617 cm�1 band of MG collected on the two best performing substrates (Fe�Ag NPs coated with MPS or GSH).
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tight or concave junctions between plasmonic NPs.[1, 4, 6, 11] As
shown in Figure 3 C, SERS signals in Fe�Ag NPs obtained from
LAL are the lowest. This is clearly explained by the presence of
iron byproducts embedded in the plasmonic NPs before treat-
ment with EDTA and the washing procedure (see, for instance,
Figure 1 C). Additionally, magnetic assembly is poor due to the
rapid sedimentation of these NPs, which show a lower z poten-
tial and larger hydrodynamic size than those of MPS-coated
Fe�Ag NPs (see Table 1). It is worth emphasizing that the same
experiment cannot be performed on Fe�Ag NPs treated with
EDTA and dialyzed without the addition of stabilizing ligands
because, in this case, there is no recovery of NPs after dialysis
with concentration membranes, due to 100 % NP adsorption
on the dialysis membrane.

Additional evidence about the best performance of the MPS
sample is obtained when looking at the bidimensional Raman
map of the ñ= 1617 cm�1 band of MG (Figure 3 D). In the array
obtained from the MPS sample, the SERS signal is well local-
ized on the plasmonic spot, whereas in the GSH sample the
Raman signal is spread over a large area and the average
signal intensity in the plasmonic spots is three times lower.
This finding suggests that localization of NPs in a small area by
magnetophoresis is beneficial for the SERS signal, and we ob-
tained further direct evidence of it by measuring the SERS
signal on the MPS sample with and without magnetic assem-

bly, by keeping all other experimental parameters
the same (Figure 4 A). A 28-fold difference in the
Raman scattering intensity is observed in magneti-
cally focused substrates, although the plasmonic
nanomaterial is the same in both cases. Additionally,
we compared the SERS performances with MPS-
coated pure Ag NPs obtained by the same LAL pro-
cedure and brought to the same silver concentration
of the other spotted solution. Because Ag NPs do
not respond to the applied magnetic field, that is,
no assembly in a localized area is possible, the SERS
signal is much lower than that of the magnetically
assembled Fe�Ag NPs, although it is comparable to
that of Fe�Ag NPs without application of the

magnet. It is worth noting that, in this experiment, the solution
of analyte was spotted on the already formed plasmonic sub-
strates, with or without magnetic assembly; thus providing the
analyte under the same conditions independent of the magne-
tophoretic collection of NPs. This definitively substantiated the
role played by the localization of metal nanostructures in a con-
fined area, rather than spread over the glass slide after liquid
evaporation. It is worth stressing that, without magnetic focus-
ing, about 15 times more material would be necessary to
obtain the same concentration of NPs over the whole spotted
area as that reached in the magnetically assembled plasmonic
spot.

We further explored the dependence of the SERS response
on the amount of plasmonic NPs accumulated in the spot, by
monitoring the intensity of the ñ= 1617 cm�1 MG peak as
a function of the concentration of NPs in the solution exploit-
ed for magnetic assembly, while maintaining the same volume
of liquid spotted on the glass slide during the process. The re-
sults reported in Figure 4 B show little dependence on the con-
centration of NPs, although an optimum concentration of
4 mg mL�1 is found. The decrease in the SERS signal for con-
centrations lower than 4 mg mL�1 can be ascribed to the lower
amount of plasmonic NPs in the magnetically assembled spots,
and is in agreement with the same trend observed in Fig-
ure 4 A for non-assembled Fe�Ag NPs or pure Ag NPs, for
which the same amount of plasmonic NPs was spread over
a larger surface than that of the magnetically assembled spot.
Instead, the decrease in the SERS intensity at a concentration
higher than 4 mg mL�1 may be ascribed to NP self-absorption
of the excitation laser beam and Raman scattered radiation, if
the optimal thickness of the plasmonic spot is exceeded.

By maintaining the optimal concentration of NPs and
volume of colloid per magnet, while increasing linearly the
number of magnets exploited for the assembly, we obtained
a 5 � 11 array of plasmonic spots (Figure 5 A). SERS was detect-
ed in all plasmonic spots of the array (Figure 5 B), although, in
some cases, the spots at the borders of the array generated
a less-intense SERS signal. Indeed, a lower amount of material
is accumulated in spots along the perimeter due to the drag
force of the liquid during its evaporation. Under our experi-
mental conditions, this problem can be prevented by maintain-
ing a distance of the order of 5 mm between the array of mag-

Table 1. Hydrodynamic size, z potential, and pH of Fe�Ag NPs with various coatings
at different stages of the synthetic procedure. The liquid environment is indicated for
each sample.

Sample Liquid DLS size
[nm]

z potential
[mV]

pH

Fe�Ag NPs after LAL ethanol/water 1:1
(diluted 1:1 in water
after LAL)

307�145 �27�5 6.5�0.5

Fe�Ag NPs after addi-
tion of EDTA

ethanol/water 1:1 241�132 �14�8 4.0�0.5

MPS-coated Fe�Ag NPs water 78�34 �47�13 5.0�0.5
GSH-coated Fe�Ag NPs water 1005�577 �22�13 5.0�0.5

Figure 4. A) Average intensity of the MG Raman band at ñ= 1617 cm�1 in
different SERS substrates: magnetically assembled Fe�Ag NPs, Fe�Ag NPs
deposited without external magnetic field for assembly, and Ag NPs. In all
cases, NPs were coated with MPS. B) Average intensity of the MG Raman
band at ñ= 1617 cm�1 in SERS substrates of magnetically assembled Fe�Ag
NPs deposited from a colloidal solution with concentrations varying from 16
to 1 mg mL�1. Each point is obtained from the average of at least six mag-
netically assembled spots.
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nets and the border of the underlying liquid at the moment of
its deposition on the glass slide.

Stabilization of Fe�Ag NPs with a thiolated ligand is key to
the reversibility of the magnetic assembly, even after complete
drying of the dispersing solvent. We exploited this feature for
the regeneration of SERS substrates by redissolving NPs in
water, washing the analyte by centrifugation, and repeating
the magnetic assembly on a new glass slide. We successfully
applied this procedure to the detection, in sequence, of MG,
which is an antifungal and antibacterial additive,[38] and DTC,
which is a pollutant pesticide,[72] by exploiting the same Fe�Ag
NPs after regeneration (Figure 6).

3. Discussion

Using Fe-doped Ag NPs obtained by LAL, the magnetic assem-
bly of plasmonic NPs into an ordered array of SERS substrates
was possible. In this way, we observed a 28-fold increment of

the SERS signal collected from the plasmonic spots, relative to
the same NPs spotted on the glass slide without magnetic as-
sembly or to a reference of nonmagnetic pure Ag NPs. There-
fore, the coexistence of magnetic and plasmonic properties in
the same NPs allowed better exploitation of the SERS poten-
tials of these nanomaterials. The increment in SERS signal is
due to increased scattering of light in the plasmonic substrate
and to a higher concentration of electromagnetic hot spots in
the magnetically induced aggregates.[36, 51] However, our experi-
ments showed that light scattering and absorption in the plas-
monic spot could be detrimental to SERS analysis, if a critical
NP concentration threshold was exceeded in the solution de-
posited for the magnetic assembly.

The colloidal stability of NPs was crucial to permit the mag-
netophoretic assembly instead of bare precipitation onto an
area extended by more than about 15 times. This means that,
without magnetic focusing, the same SERS performances
would be obtained by using about 15 times more NPs in the
same volume of liquid. The appropriate selection of ligands is
important to obtain the best compromise between colloidal
stability and short distance between analyte and the surface of
the plasmonic NPs, as required for the largest enhancement of
the electromagnetic field at interstices and tight or concave
junctions between metal particles. Therefore, it is possible that
MPS provided the best results among the five ligands tested
because of the chemical stability of the MPS–NP system and
small molecular structure (178.21 Da). When longer thiols, such
as PEG350, were used, no appreciable Raman enhancement
was observed, which suggested that such ligands formed
a layer impenetrable to analytes that could not reach the tini-
est junctions between NPs, where SERS is more efficient.
Indeed, according to reports in the literature, about 2 nm is
the critical distance required for achieving enhancements of
the order of at least 104.[3, 6, 37, 73] This is larger than the length
of two MPS molecules, which is roughly in the order of
2 � 0.6 nm = 1.2 nm.

On the other hand, passivation of Fe�Ag NPs with small
thiolated ligands was key to the reversible magnetic assembly
of plasmonic spots, which enabled the reusability of the SERS
substrates. The need for reusable substrates for SERS analysis
appeared recently as a cost-effective strategy for repeated ana-
lytical assays.[3, 37] Different approaches to this problem have
been used in the past, with promising results, such as electro-
chemical stripping,[74] dipping in solutions of concentrated
acid,[75] ultraviolet–ozone (UVO) cleaning,[76] or metal nano-
structures supported on photocatalytic oxides (e.g. TiO2 or ZnO
microspheres).[77–80] However, photocatalytic SERS substrates in-
itiate the degradation of analytes during sample preparation
and Raman measurement, due to light exposure, and this re-
quires the analysis to be performed a short time after sample
deposition.[79] Solutions of concentrated acid may destroy both
the analyte and nanostructured noble-metal surface.[81] UVO
cleaning and metal stripping can be performed on demand,
but they require a UVO cleaning chamber or complete electro-
chemistry setup, respectively.[74] Our method has the advant-
age of requiring minimal equipment that is easily available in
almost every laboratory, such as a benchtop centrifuge, small

Figure 5. A) Photograph of an array of 5 � 11 magnetically assembled SERS
substrates obtained in one step from a single solution of Fe�Ag NPs depos-
ited on a glass slide. B) 2D map of the ñ= 1617 cm�1 Raman band of MG col-
lected on the SERS array.

Figure 6. Raman spectra of magnetically assembled MPS-coated Fe�Ag NP
substrates before the addition of MG (black line); after the addition of MG
(red line); after cleaning of the same Fe�Ag NPs, according to the procedure
described in the text (green line); and after the addition of DTC (blue line).
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magnets, and a ultrasonic bath, while maintaining comparable
results in terms of substrate reusability. Additionally, the opera-
tor is free to decide the best time to regenerate the substrate.

4. Conclusions

We reported the use of laser-ablated Fe�Ag NPs for the mag-
netic assembly of plasmonic arrays that could serve as regener-
able SERS substrates. To this aim, LAL played a crucial role for
achieving, in one step, bimetallic NPs composed of two ther-
modynamically immiscible metals, such as iron and silver, and
with a clean surface available for functionalization with the de-
sired thiolated molecules. The iron-doped silver NPs obtained
by LAL showed SERS performances, ready responses to exter-
nal magnetic fields, and complete flexibility in surface coating.
The magnetic assembly of Fe�Ag NPs, performed with a set of
small NdFeB magnets, allowed a 28-fold increase of the SERS
signal relative to that of non-assembled NPs. The ease of sub-
strate preparation and SERS performances were investigated as
a function of NP surface coating for different thiolated ligands,
and the best compromise between colloidal stability and small
interparticle gaps was observed with MPS. Additionally, due to
NP surface stabilization, the SERS arrays could be regenerated
after use by a relatively simple procedure, exploiting only an
ultrasonic bath and a small benchtop centrifuge. These results
can be of inspiration for the realization of other self-assembled
and reconfigurable magnetic–plasmonic devices.
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Magnetically Assembled SERS
Substrates Composed of Iron–Silver
Nanoparticles Obtained by Laser
Ablation in Liquid

Joining forces: Bimetallic iron–silver
nanoparticles (NPs) can be synthesized
by laser ablation, with surface-enhanced
Raman spectroscopy (SERS) performan-
ces, ready responses to magnetic fields,
and complete flexibility in surface coat-
ing, and used for the magnetic assem-
bly of SERS substrates. Magnetic assem-
bly allows a significant increase in the
SERS signal of analytes compared with
non-assembled NPs (see figure).
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