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Plasmonic nanostructures are intensively studied for their ability to create electromagnetic hot spots, where
a great variety of optical and spectroscopic processes can be amplified. Understanding how to control the
formation of hot spots in a dynamic and reversible way is crucial to further expand the panorama of plasmon
enhanced phenomena. In this work, we investigate the ability to modulate the hot spots in magnetic—
plasmonic iron-doped silver nanoparticles dispersed in aqueous solution, by applying an external
magnetic field. Evidence of magnetic field induction of hot spots was achieved by measuring the
amplification of surface enhanced Raman scattering (SERS) from analytes dispersed in the solution
containing Ag—Fe NPs. A polymeric shell was introduced around Ag—Fe NPs to confer colloidal stability,
and it was found that the length and density of the polymer chains have a significant influence on SERS
performance, and therefore on the formation of electromagnetic hot spots, under the action of the
external magnetic field. These findings are expected to provide an important contribution to
understanding the growing field of tuneable electromagnetic enhancement by external stimuli, such as
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Introduction

The collective oscillation of conduction electrons in metal
nanostructures, known as localized surface plasmon (LSP),
attracted a great wealth of interest in the last few decades due to
the rich variety of physical phenomena and chemical processes
that can be originated."* In particular, many research efforts
have been directed towards the generation and control of elec-
tromagnetic hot spots, which are the portion of space in close
proximity to the surface of metal nanoparticles (NPs) where the
LSP generates the enhancement of the incident electromagnetic
field, acting like a nanometric lens.>” The hot spots are espe-
cially observed at the junctions between metal nanoparticles,
where the local field can be several orders of magnitude larger
than the background field, making the amplification of optical
phenomena in the neighbourhood of the plasmonic NPs
possible.®*® This includes, for instance, surface enhanced
Raman scattering (SERS),*® surface enhanced infrared and
optical absorption,>"* surface enhanced fluorescence," surface
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magnetic fields applied to magnetic—plasmonic nanoparticles.

enhanced chiroptical effects,”® enhanced multiple harmonic
generation' and magneto-optical effects."”> Among these, SERS
is the most widely investigated phenomenon, because of the
diffusion of Raman spectroscopy, the ability to obtain appre-
ciable enhancement of the scattering from analytes adsorbed
on metal surfaces, the variety of analytes that can be detected
(from DNA to anticancer drugs, toxic compounds, pollutants,
etc.), and the usually very small Raman scattering cross section
of the same compounds without SERS (10 °° to 10~ 2° cm?).4%1¢

A more recent evolution in the field is concerned with the
ability to control hot spot formation in a reversible and remote
way, by acting on the physical properties of the plasmonic
nanostructure itself or of its environment, i.e. the embedding
matrix or the substrate.>'***° These experiments allow a better
understanding of the electromagnetic and plasmonic processes
at the basis of surface enhanced optical phenomena,*>” and
introduce new ways to finely tune the interparticle distance
towards optimal distribution and intensity of hot spots.>***7->°
Besides, the localization of probe molecules or analytes exactly
at the hot spots can be facilitated by the dynamic and reversible
formation of narrow gaps between metal nanostructures.”® To
date, hot spot tuning has been achieved in different ways: by
supporting plasmonic NPs in elastic substrates which can be
mechanically deformed to change the interparticle distance;*
by using thermosensitive or pH responsive matrixes;*»* by
using focused laser beams in a fluid matrix to optically pinch
and manipulate the NPs;** by chemical transformation of metal
NPs in arrays by growing or shrinking their size;>** and by using
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a magnetic field in magnetic-plasmonic nanostructures.”** In
particular, the final approach has been considered frequently,
due to the various magnetic-plasmonic nanostructures
proposed in the literature, such as nanoshells with a magnetic
core coated with a noble metal shell,*3* core-satellite
NPs,'#2%%735 dumbbells or heterostructures made of magnetic
and plasmonic components,* and dielectric matrixes embed-
ding mixtures of noble metals and iron oxides.' Another
advantage of magnetic-plasmonic NPs is the possibility to
control their position in the liquid phase as well as on
a substrate, by removal of the dispersing liquid after magnetic
assembly.>**” These nanosystems were exploited for the detec-
tion of multiple analytes of interest by SERS, such as dyes,* viral
DNA,” melamine,*® arylthiols,* pesticides*® or other toxic
molecules,***® for biomedicine, food safety, chemical reaction
monitoring and environmental analysis. Sensitivities in the nM
range, or even lower, have been reported also in the case of
complex matrixes which interfere with sensitivity and the
signal-to-noise ratio, thanks to the magnetic separation of the
plasmonic substrate after absorption of the analyte.”**”
According to several authors,**' the preparation of these
magnetic-plasmonic systems is not straightforward due to the
multiple stages of synthesis. Other commonly encountered
issues are low yield, poor colloidal stability restricting their use
to only one time after deposition on a solid substrate (i.e. not
reusable),>*> the lack of flexibility in surface functionalization
on demand,**** and the presence of background spectro-
scopic signals due to the constituents of the magnetic-plas-
monic nanostructures (such as the polymeric matrix).* To date,
this has limited the thorough investigation of hot spot forma-
tion in a magnetic field under conditions of reversibility, such
as in the liquid phase, and as a function of different densities
and types of surface coatings.

In this work, we have synthesized magnetic-plasmonic Ag-
Fe NPs by an easy procedure based on laser ablation in liquid
(LAL),***> which is compatible with surface functionalization of
the metal NPs with desired molecules,***” like stabilizing
hydrophilic polymers. Ag NPs are renowned for their large
plasmonic performance and local field enhancement,*® while Fe
atoms introduce the magnetic properties required for the real-
ization of nanostructures that are responsive to an external
magnetic force, allowing for instance the separation of bound
analytes from complex mixtures.**”** The mixing of Ag and Fe
inside the same metal nanoparticle, that is not thermodynam-
ically allowed® and would also require tedious procedures to
avoid Fe oxidation,® became straightforward with the laser
ablation in liquid method.***” Several previous reports showed
the laser synthesis in liquid of gold-iron® and silver-iron metal
nanoparticles,***” nanocrescents,* and core-shell structures
with either a plasmonic core and magnetic oxide shell** or
a magnetic iron core and plasmonic shell.>® By LAL we easily
synthesized polymer-coated Ag-Fe NPs required to study the
formation of electromagnetic hot spots in the liquid phase, after
the application of an external magnetic field, and as a function
of the density and thickness of the surface coating, through the
detection of the SERS signal coming from analytes interacting
with the metal surface.
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Results and discussion

Magnetic-plasmonic Ag-Fe nanoparticles were achieved by laser
ablation with 1064 nm (6 ns) pulses of a bulk target composed of
25 at% Ag and 75 at% Fe dipped in pure ethanol.***” Taking
advantage of the great flexibility in surface functionalization of
laser generated Ag-Fe NPs, colloidal stability was ensured by
mixing the NP dispersion in ethanol with an aqueous solution
containing ethylenediaminetetraacetic acid (EDTA) and thio-
lated polyethyleneglycol (PEG), following the simple procedure
described in the Experimental methods. While thiolated PEG
molecules react with the surface of Ag-Fe NPs by establishing S—-
Ag chemical bonds,” EDTA molecules dissolve the synthesis by-
products like oxidised iron species, which in this way are easily
washed away by dialysis in water, according to a previously re-
ported procedure.***” After dialysis, the aqueous solution of Ag-
Fe NPs was finally subjected to a selective sedimentation based
separation (SBS) protocol,”® in order to collect only the larger
particles among those stably dispersed in the liquid phase.
Transmission electron microscopy (TEM, Fig. 1A and S1 in the
ESIT) shows that the collected sample is composed of groups of
NPs (i.e. 5-10), welded into larger agglomerates with an average
size of 156 £ 47 nm, and characterized by an irregular shape that
motivated their description as “nanotruffles” in a previous
report.*® Such an irregular shape is renowned for the ability to
support multiple hot spots when the nanostructures are isolated
or coupled together, because tips, edges and swellings are
preferential sites of local electromagnetic field amplification,
especially when compared to smoother geometries like compact
spheres.">**

In all Ag-Fe NPs examined, both Ag La (3.0 keV) and Fe Ka.
(6.4 keV) peaks were found by energy dispersive X-ray spec-
troscopy (EDS, Fig. 1B), with a relative intensity corresponding
to 73 &+ 5% atomic Ag and 27 £ 5% atomic Fe. Coexistence of Ag
and Fe within the same NPs was further confirmed by EDS
linescans and bidimensional maps (Fig. S2 in the ESIt). The
decrease of the iron fraction with respect to the bulk target (Fe
75% atomic) is in agreement with that previously observed for
laser ablation synthesis of Fe-doped Ag and Au NPs,**** and it
has been explained with the strong tendency of iron to react
with oxygen atoms in the liquid solution (coming from ethanol
molecules and the atmosphere) during the fast ablation
dynamics.** Besides, thin film and nanoparticle synthesis
experiments showed that metallic Ag and Fe do not form
substitutional alloys, not even as a metastable state.*>*” Hence,
the two elements can be coupled at the nanoscale only by
forming disordered domains or defects inside a metallic crys-
talline matrix, when element segregation is prevented with
ultrafast quenching of the atomic diffusivity.**>*® This is further
confirmed by the high concentration of structural defects
observed by low (Fig. 1A) and high resolution TEM (Fig. 1C) and
by the concomitant selected area electron diffraction (SAED)
pattern of a single Ag-Fe NP (Fig. 1D), which precisely matches
all the reflections of face centered cubic (fcc) silver. Hence, we
find more appropriate referencing to these particles as Fe-
doped Ag NPs instead of Fe-Ag nanoalloys.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (A) TEMimage of a representative Ag—Fe NP, showing the irregular “nanotruffle” shape. (B) EDS spectrum showing the Ag La (3.0 keV) and

Fe Ka. (6.4 keV) peaks. (C) HRTEM image of a portion of a Ag—Fe NP, showing several stacking faults and regions with different electronic contrast.
(D) SAED pattern with reflections ascribable to fcc Ag. In particular, the reflections from the (111), (200), (220) and (311) planes are highlighted. (E)
UV-visible spectra of PEG-coated Ag—Fe NP dispersion in water before (black, “H off") and after (red, “H on") the application of a magnetic field
with a cylindrical NdFeB permanent magnet (2 mm diameter). The decrease in absorbance is due to the migration of nanoparticles towards the
permanent magnet. (F) Pictures showing a cuvette filled with the Ag—Fe NP dispersion before ("H off") and after ("H on”) placing the permanent

magnet on its top lying face.

As a consequence of the dominating metal Ag character of the
Ag-Fe NPs, their UV-visible absorption spectrum clearly shows
a sharp plasmon resonance band at 410 nm (black line in
Fig. 1E), and the colloidal solution exhibits the typical yellow-
green colour of Ag NPs (Fig. 1F). However, the magnetic
response of the Ag-Fe NPs can be readily observed by the naked
eye due to their accumulation in the proximity of a permanent
magnet placed near the cell containing the nanoparticle disper-
sion (Fig. 1F), in a timescale of 1 hour, and by the simultaneous
drop in the optical density (red line in Fig. 1E). Since the NPs
remaining in solution after placing the magnet are smaller, the
plasmon peak is slightly blue shifted compared to the initial
value, according to what has been previously reported.* In fact,
previous studies evidenced the superparamagnetic properties of
laser generated Fe-doped Ag NPs, due to the presence of Fe atoms
with unpaired electrons which confer a permanent magnetic
dipole moment.***” In the presence of an external magnetic field,
the magnetic dipoles in NPs are aligned with the applied field
and experience a magnetic force that is proportional to the field
gradient.® The resulting motion of the magnetic material in
a viscous medium is called magnetophoresis.®® The intensity of
the magnetophoretic force scales linearly with the volume of the
object;*>* hence the SBS protocol was crucial for the selection of
Ag-Fe NPs with large mass and maximum response to the
magnetic field. Also, the local field enhancement is size-depen-
dent,*®*** with optimum conditions in the size range comparable
to that achieved for Ag-Fe NPs by the application of the SBS
protocol, that is between tens and few hundreds of nm.

This journal is © The Royal Society of Chemistry 2019

Since the magnetic-plasmonic Ag-Fe NPs are stably
dispersed in water, they represent a powerful platform for the
investigation of hot-spot formation and tuning by an external
magnetic field. The simplest way to monitor local field
enhancement in a liquid solution of plasmonic nanostructures
is the detection of SERS signals from an analyte in their prox-
imity.>*'® Hence, SERS was investigated at 633 nm with a micro-
Raman spectrometer, by mixing the Ag-Fe NP dispersion in
a solution of 4-[(4-dimethylaminophenyl)phenyl-methyl]-N,N-
dimethylaniline (MG) at a final concentration of 8.3 nM. Fig. 2A
exhibits a representative Raman spectrum collected with a 5x
objective at 3 mW of a quartz cuvette containing the mixture of
Ag-Fe NPs and MG (black line). All of the Raman peaks asso-
ciated with MG, i.e. those related to C-C stretching (1295, 1595
and 1617 cm '), N-phenyl stretching (1367 and 1397 cm %),
C-H in-plane bending (1172 and 1220 cm™ '), C-H out of plane
bending (803 cm™ "), ring vibrations of radical orientation (530
and 917 em™ "), and phenyl-C*-phenyl out of plane bending
(439 ecm™"), are in agreement with previous reports.®>® Taking
the dominant vibrational band at 1616 cm ™' after background
subtraction as a reference, it was possible to calculate that the
spectrum is 15 times more intense in the mixture than in the
bare MG solution without Ag-Fe NPs (grey line in Fig. 2A and S4
in the ESIt). MG is a cationic molecule which can interact with
negatively charged nanoparticles'*** and, in fact, Z-
spectroscopy showed that Ag-Fe NPs have a negative Z-poten-
tial of —30 mV under our experimental conditions. Since Ag-Fe
NPs are coated with PEG, the addition of the cationic analyte

Nanoscale Adv., 2019, 1, 2681-2689 | 2683
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Fig. 2 (A) Raman spectra of the Ag—Fe NP dispersion in a solution of 8.3 nM MG before ("H off", black line) and after ("H on”, red line) magnetic

focusing. The reference spectrum collected from a MG solution with the same concentration is also shown (grey line). (B) Magnetic amplification
of the SERS signal as a function of thiolated PEG concentration added during the Ag—Fe NP coating procedure. (C) Magnetic amplification of the
SERS signal as a function of the PEG molecular weight and the corresponding estimated chain length according to ref. 65 and 66.

does not induce the coagulation of the colloid, and instead
remains stable. Nonetheless, the cationic dyes become part of
the electrical double layer surrounding the particle, so a certain
number of molecules stay near the metal surface, where the
local electromagnetic field is amplified, as required to have
SERS. The fact that the Raman signal of MG undergoes only
a 15-fold increase can be explained by the structure of the metal
NPs and the low ionic strength of the solution. Regarding metal
NPs, their polymeric coating interferes with the disposition of
cumbersome cations like MG at the Stern layer, that is the
innermost layer of counterions temporarily bound to the
charged surface in an electrolyte solution.® On the other hand,
the Debye length, ie. the thickness of the diffuse layer of
counterions around the charged surface, turns out to be of the
order of 3 um at the electrolyte concentration used in this
experiment (8.3 nM), meaning that most of the MG molecules in
the electric double layer are too far from the metal surface to
benefit from local field enhancement.

It should also be noted that Ag-Fe NPs are well dispersed in
solution, and that electromagnetic hot spots in isolated plas-
monic nanostructures are orders of magnitude less effective
than in the same nanostructures coupled together at a nano-
metric distance.>'* However, Ag-Fe NPs can be focused by the
external magnetic field within an area as small as the face of the
permanent magnet, in our case a cylinder with a diameter of 2
mm. In this configuration, a further ~10-fold amplification of
the Raman signal was measured (red line in Fig. 2A and S4 in
the ESIt), corresponding to a ~150-fold growth in the intensity
compared to MG alone (after background subtraction). It is
worth mentioning that the focal point was adjusted each time to
the position of the highest signal, which was in the middle of
the cell in the absence of the magnetic field, or at the bottom of
the cell after application of the permanent magnet, where
particles have been accumulated.

Interestingly, we found that PEG coating plays a relevant role
in the SERS amplification induced by the magnetic field. As
shown in Fig. 2B, a ~2-fold increase of the magnetic amplifi-
cation is obtained by adding PEG at a concentration lower than

2684 | Nanoscale Adv., 2019, 1, 2681-2689

0.1 uM during the synthetic procedure described above, while
the amplification reaches a plateau for a PEG concentration
higher than 2 uM, suggesting that this is the threshold required
for the saturation of the Ag-Fe NP surface. We also probed the
effect of PEG molecular mass, namely of its chain length, on the
magnetic amplification, by keeping the PEG molar concentra-
tion unchanged at 2 uM, and using either 2000 Da or 20 000 Da
PEG. While there was no trend in Z-potential values versus the
PEG molecular weight (Fig. S3 in the ESIt), shortening the PEG
chain to 2000 Da has a positive effect of doubling the magnetic
amplification of the SERS signal (23 & 10 for 2000 Da versus 9 +
1 for 5000 Da), as shown in Fig. 2C, while the effect is negative
when using 20 000 Da PEG, because the magnetic amplification
is reduced to 6 £ 2.

In addition to the formation of new electromagnetic hot
spots when the plasmonic nanostructures are pushed together
by the attractive magnetic force, several other factors may be
considered in the amplification of the Raman signal from
magnetically focused Ag-Fe NPs. First of all, due to the elec-
troneutrality principle, the accumulation of negatively charged
Ag-Fe NPs in a small volume of solution is associated with
a process of reverse osmosis which tends to increase the
concentration of counterions in the electric double layer;*
hence magnetic focusing also increases the concentration of
MG molecules. However, magnetic amplification changed with
PEG concentration and length, which can be explained by the
reverse osmotic effect only if the polymer coating also influ-
ences the overall concentration of Ag-Fe NPs attracted at the
site of analysis. For instance, although PEG chains are indis-
pensable for Ag-Fe NP stability and reversibility of the magnetic
amplification process, it should be noted that polymer coating
also influences the hydrodynamic friction coefficient of the
nanostructure,®*>*” which measures the resistance to particle
migration under the action of the magnetic force. However, the
efficiency of magnetic migration, expressed as the ratio of
solution absorbance at the surface plasmon resonance
maximum (at 410 nm) before (Abs (H = 0)) and after (Abs (H #
0)) magnetic focusing of Ag-Fe NPs, was not correlated to the

This journal is © The Royal Society of Chemistry 2019
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PEG length in our experiments. Therefore, the reverse osmotic
effect is not responsible for changes of magnetic amplification
versus the PEG concentration or length.

Instead, it is likely that PEG chains hamper the electro-
magnetic coupling between Ag-Fe NPs accumulated in the
proximity of the permanent magnet by steric repulsion.*****” To
gain more insights into hot spot formation as a function of the
polymeric coating of magnetic-plasmonic NPs, we performed
numerical calculations of the local field enhancement and SERS
enhancement factor (Gsgrs) at 633 nm with the discrete dipole
approximation method. Gsgrs is representative of hot spot
formation in plasmonic nanostructures because it can be eval-
uated as the 4th power of the local electric field normalized to
the value of the incident field, according to the widely used
approximation valid for excitation with visible light.>*® Based on
the TEM observations and the optical absorption analysis re-
ported above, we adopted a representative “nanotruffle” struc-
ture with a size in the 10> nm range for the Ag-Fe NPs (Fig. 3),
and we used the optical constant of silver. In particular, Gsggrs
maps were calculated for a dimer of Ag-Fe NPs with increasing
interparticle distance (gap) ranging from 2 nm to infinity
(monomer, see Fig. 3), and immersed in a non-absorbing
dielectric environment with the same refractive index of
water. Although the Ag-Fe NP dimer cannot be fully represen-
tative of the complexity of the real samples, useful information
on the hot spot distribution and dynamics in the magnetic-
plasmonic nanostructures when passing from the dispersed
state to the coupled state can be obtained by evaluating the
Gggrs versus interparticle distance. At an infinite gap, the Ag-Fe
NPs alone already support several hot spots in concomitance
with surface irregularities, where Gsgrs can reach values of the
order of 10°. As expected, the local field enhancement inside the
gap further increases when two identical NPs are used, reaching
the maximum Ggggs of ~10” for 2 nm of interparticle distance,
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although the local field enhancement becomes appreciable only
for gaps smaller than ~30 nm.

To obtain a more handy picture of the Ggggs trend, in Fig. 4A
we plotted the maximum SERS enhancement factor measured
in the middle of the gap (red circles) and at 2 nm from the NP
surface (black squares), versus the interparticle distance. Since
the interparticle distance encompasses two orders of magni-
tude, and the Gsgrs seven orders of magnitude, a log-log plot
was adopted. Clearly, the local field enhancement is higher in
the proximity of the NP surface than in the middle point;
however both trends are essentially linear in the logarithmic
scale. In particular, in the 10-80 nm gap range, the linear
interpolation provides a slope of —4.84 4 0.13 (R> = 0.99576) in
the middle of the gap and —2.23 + 0.14 (R*> = 0.97784) at 2 nm
from the surface. This result can be related to the PEG coating,
assuming that PEG chains have the effect of limiting the
minimum interparticle distance when Ag-Fe NPs are focused by
the external magnetic force. According to this hypothesis, the
local field enhancement should be lower when PEG with
a longer chain is used, or when the PEG density on the particle
surface is higher. In fact, both trends are observed in the results
in Fig. 2B and C, meaning that magnetic amplification of the
Raman signal is compatible with hot spot formation by
magnetic attraction.

To further substantiate this result, we fitted magnetic
amplification versus the PEG length expressed in nm (Fig. 2C),
evaluated according to the literature,**” and we found a slope
of —0.65 + 0.30 (R* = 0.82835). Although this value cannot be
compared directly with the theoretical slopes in Fig. 4A which
are related to just one representative dimer of Ag-Fe NPs, one
can observe that the magnetic amplification recalls the trend
expected for Gggrs for molecules at few nm from the metal
surface, instead of that for molecules in the middle of the gap.
As pictorially represented in Fig. 4B, the latter case is ascribable
to MG molecules dispersed in solution, while the former
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Fig. 3 Calculated Gsgrs maps of Ag—Fe NP dimers in water, with the gap distance variable between 4.8 nm and infinity (monomer), for an
incident electromagnetic wave of 633 nm linearly polarized along the dimer axis.
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(A) Logarithmic plot of maximum Gsgrs measured in the middle of the gap (red circles) or at a distance of 2 nm from the PEG-coated Ag—

Fe NP surface (black squares) versus the dimer gap. Dashed lines are linear fit of the Ggsgrs data in the 10-80 nm range. Horizontal continuous
lines represent the maximum Gsgrs values at 2 nm (black) and at an infinite distance (red) from a single Au—Fe NP. (B) Schematic representation of
hot-spot formation in PEG-coated Ag—Fe NPs when attracted by a permanent magnet in a liquid dispersion of MG: by reducing the thickness of
the PEG layer, interparticle gap also decreases, and local field enhancement increases.

requires that MG molecules are located in the Stern layer of NPs
as counterions. Hence, the slope value is in agreement with
what has already been hypothesized on the basis of signal
enhancement just after mixing Ag-Fe NPs with the solution of
the analyte. This is reasonable considering that Gsggs is several
orders of magnitude larger in the proximity of the metal surface.
In fact, multiple studies have shown that the majority of the
SERS signal originates from only a small fraction of molecules
located in the areas of strongest local field enhancement.*®%°

It should be noted also that, as shown in Fig. 4, Gsgrs
increases approximately by ~50 times when the gap is reduced
from 80 to 10 nm, whereas the Raman signal changes by ~4
times when the PEG length is changed in the same range. This
can be explained with the uncertainty related to experiments or
calculations, or to the higher density of low molecular weight
PEG chains on the metal surface, which limits the accessibility
to MG molecules. The results in Fig. 2B, where magnetic
amplification of the Raman signal is higher when the density of
PEG coating is lower, are also well explained by the interference
of a dense polymeric coating with the absorption of cationic
molecules on the metal surface, and with the minimum
distance between Ag-Fe NPs in the presence of a magnetic field
due to PEG steric repulsion. In fact, also at parity of the PEG
molecular weight, the thickness of the polymeric coating
depends on the chain density, due to the transition from
a brush-like configuration at high density to a mushroom-like
configuration at low density.®***%”

Taken together, the above considerations can reasonably
explain the observed increase of SERS signals with decreasing
PEG coating and chain length as due to the formation of new
electromagnetic hot spots under the application of an external
magnetic field. This process is reversible by removing the
magnetic field, thanks to the polymeric coating around the
magnetic-plasmonic NPs. It is worth pointing out that the
electric double layer is a dynamic and reversible phenomenon
as well, especially when the polymeric coating prevents stable

2686 | Nanoscale Adv., 2019, 1, 2681-2689

absorption of the analyte on the metal surface. Hence, MG
molecules nearby the colloidally stable PEG-coated Ag-Fe NPs
can be removed and replaced with a different analyte. In fact,
contrary to what happens in solvent drying on a solid substrate,
which is commonly used for the concentration of SERS active
nanostructures, magnetic focusing can be performed within the
colloidal dispersion in an optical cuvette.”*® Thus, the process
can be repeated multiple times, and the SERS substrate can be
regenerated, namely the analyte can be removed and the
substrate can be reused virtually an unlimited number of times.
This is demonstrated in Fig. 5, where we show the magnetically
amplified SERS spectra collected from Ag-Fe NPs by cyclically
alternating two different analytes, MG and HITC (1,1,3,3,3',3'-
hexamethylindotricarbocyanine iodide), both at the same molar
concentration of 8.3 nM, which is comparable to or even lower
than values reported for similar experiments with magnetic-
plasmonic SERS substrates.'?%*”>° Before changing the analyte
type, Ag-Fe NPs were subjected to a simple regeneration
procedure consisting of centrifuge washing with water. Raman
measurements on the regenerated Ag-Fe NPs prior to the
addition of the next analyte show no signal, while an intense
spectrum with all the characteristic peaks was found each time
after the addition of the analyte and magnetic focusing of
nanoparticles. In more detail, the magnetic amplification of the
SERS signal in the results in Fig. 5 was 10 + 3 for MG and 14 £ 6
for HITC, evidencing the regenerability of the polymer-coated
magnetic-plasmonic Ag-Fe NPs.

From the signal-to-noise ratio under our experimental condi-
tions (3 mW and 10 s of accumulation), a limit of detection (LOD)
of 60 pM can be estimated. This value is compatible with that
reported in the literature for magnetic-plasmonic SERS.'**%*"*
However, it is worth noting that longer accumulation times
during Raman measurements can be used, with a consequent
decrease of the noise background (which scales with the square
root of accumulation time in our setup) and a consequent
decrease of the LOD. This is especially possible when working in

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Raman spectra of a magnetically focused Ag—Fe NP dispersion
mixed with MG (1, blue plot), after the regeneration procedure (2, black
plot), mixed with HITC (3, green plot), after the second regeneration
procedure (4, black plot), mixed with MG (5, blue plot), after the third
regeneration procedure (6, black plot), mixed with HITC (7, green plot)
and after the fourth regeneration procedure (8, black plot) ready for
the next analyte.

water, where heat dissipation is more efficient than in air.
Another advantage of SERS assays in liquid is the possibility of
increasing the concentration of nanoparticles prior to the addi-
tion to the solution of the analyte. In the present study, nano-
particles can be easily concentrated to 10-50 times to minimize
dilution of the solution of the analyte while mixing the two
moieties. Finally, magnetic attraction of the SERS substrate
allows concentration of the probed molecule in the same small
volume in the proximity of the permanent magnet, independent
of the above lying liquid volume. This makes it possible to use
larger volumes of the analyte solution to increase the Raman
signal at parity of the analyte concentration. All these factors
suggest the possibility of a further increase of the LOD beyond the
value estimated under our experimental conditions.

Conclusions

In summary, we reported for the first time a study of dynamic
electromagnetic hot spot formation in magnetic plasmonic NPs
coated with polymers to confer colloidal stability. Fe-doped Ag
NPs were obtained by an efficient laser ablation in liquid
procedure, conjugated with thiolated PEG with different levels
of surface coating density and thickness. Magnetic response
allowed the concentration of Ag-Fe NPs in a small area, while
the plasmonic and electrostatic interactions with cationic dyes
paved the way to the study of local field enhancement before
and after the magnetophoretic process, by monitoring the SERS
signal and with the support of numerical calculations about hot
spot formation. The results showed that magnetic focusing
induced new hot spots between the Ag-Fe NPs. This corre-
sponds to an enhancement of the Raman signal from nearby
dyes of more than two orders of magnitude compared to the

This journal is © The Royal Society of Chemistry 2019
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pure dye solution. The reverse osmotic effect, which locally
increases the analyte concentration, and the increase of local
electric field required for SERS, both contribute to this result.
The PEG coating played a relevant role in the formation of hot
spots, with better performances observed for incomplete Ag-Fe
NP surface coverage and shorter polymer chains. The depen-
dence of the Raman signal on the PEG molecular weight is in
general agreement with theoretical predictions of hot spot
formation in coupled silver nanoparticles, thus supporting the
evidence of electromagnetic hot spot formation during
magnetic accumulation of Ag-Fe NPs. Moreover, the colloidal
stability introduced by the polymeric coating conferred revers-
ibility to the SERS process, and multiple regeneration of the
magnetic-plasmonic substrate was also demonstrated by
simple washing cycles, followed by the sequential detection of
different analytes. Overall, this study opens the way to the
exploitation of Ag-Fe NPs for various fundamental and practical
applications based on magnetically reconfigurable plasmonic
materials, and contributes to the understanding of the dynamic
and tuneable formation of electromagnetic hot spots in
response to external stimuli, which is crucial to further expand
the panorama of plasmon enhanced phenomena.

Experimental methods
Ag-Fe NP synthesis

The laser ablation synthesis was performed with 1064 nm (6 ns, 50
Hz) pulses with a fluence of 6.7 x 10~* ] mm™>. The pulses are
focused with a 15 cm lens on a bimetallic target composed of 25
at% Ag and 75 at% Fe (from Mateck) placed at the bottom of a cell
containing HPLC ethanol (>99.8% pure, from Sigma Aldrich).
Then, the Ag-Fe NP dispersion (0.1 mg mL™") in ethanol was
mixed with an aqueous solution containing ethyl-
enediaminetetraacetic acid sodium salt dihydrate (EDTA, from
Sigma Aldrich, 2 mg mL ") and thiolated polyethyleneglycol (PEG,
2 uM) and kept for 60 minutes at 30 °C. We used thiolated poly-
ethylene glycol with a molar mass of 2000, 5000 and 20 000 Da
from Sigma-Aldrich. After 60 minutes, the Ag-Fe NP dispersion
was washed multiple times with distilled water using dialysis
concentration membranes (cut-off 10 000 Da, working at 2000
rcf). Finally, Ag-Fe NPs were subjected to a selective sedimenta-
tion based separation (SBS) protocol®® in two steps with a bench
centrifuge, which consisted of (i) centrifugation for 1 hour at 70
ref in 1.5 mL tubes, discarding the sediment, and (ii) centrifuga-
tion for 1 hour at 300 rcf of the remaining solution and collection
of the sediment, which represents our final Ag-Fe NP sample.

Characterization

UV-visible spectra were recorded with a Varian Cary 5 using quartz
cells with a 2 mm optical path. TEM analysis was carried out at 300
kv with a JEOL JEM 3010 microscope using a Gatan Multiscan
CCD 794 Camera and an X-ray energy dispersive spectrometer
(EDS, Oxford Instruments). The sample for analysis was obtained
by drop casting of a diluted solution of Ag-Fe NPs onto a Cu grid
coated with a holey carbon film (Agar Scientific). High dilution was
used in order to avoid agglomeration of the nanoparticles during
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liquid evaporation on the TEM grid. EDS analysis and line scans
were performed with a SEM model Zeiss Sigma VP equipped with
a Bruker Quantax 200 detector (window size 30 mm?) and a Si drift
detector. The Ag L lines and the Fe K lines were considered for the
line scans and quantitative analysis on NPs deposed on the same
grid previously analysed by TEM. In fact, the Fe L lines are in
a region affected by the interference from elements composing the
grid for electron microscopy (C, O and Cu), while the Ag K line is at
a much higher energy than the Fe K lines and Ag L lines.” Z-
spectroscopy was performed with a Malvern Zetasizer Nano ZS.

Raman measurements were carried out at 633 nm with
a micro-Raman spectrometer equipped with a He-Ne laser,
using a power of 3 mW, and using a 5x objective. Three Raman
measurements, each of 10 s, were carried out on each sample
placed in 2 mm quartz cells. SERS experiments were performed
by mixing 0.5 mL of a 0.2 mg mL " Ag-Fe NP dispersion with
0.1 mL of a 5 10~ M solution of either 4-[(4-dimethylamino-
phenyl)phenyl-methyl]-N,N-dimethylaniline (MG, from Sigma
Aldrich) or 1,1',3,3,3',3’-hexamethylindotricarbocyanine iodide
(HITC, from Exciton).

Magnetic focusing and NP regeneration

Ag-Fe NPs were focused by placing a cylindrical NdFeB
permanent magnet (2 mm diameter and 4 mm length) on
a quartz cuvette containing the nanoparticle dispersion for 1
hour. Measurements were performed on samples which consist
of a liquid solution contained in a quartz cuvette; therefore
microscope objectives with a focal distance exceeding the
cuvette wall thickness were required. The 5x objective used (NA
0.12, surface coverage 0.36) has a spot size of 18 um and a spot
volume of 3000 pm®, which is small enough to stay within the
region in proximity of the permanent magnet where nano-
particles are accumulated, but at the same time allows sampling
of a volume containing a large number of nanoparticles. Since
the nanoparticle concentration is in the nM range (calculated
following the data reported in ref. 71), a rough estimation of hot
spots contained in the probed volume is of the order of 10°.

In SERS spectra collected cyclically from the two different
analytes (MG and HITC), the Ag-Fe NP substrates were regen-
erated with 3 centrifuge runs at 15 000 rcf for 10 minutes with
water and NaCl 10 * M, followed by a cycle at 25 000 rcf in
distilled water for 10 minutes to eliminate the salt.

Numerical calculations

Local field enhancement and Gsgrs were evaluated through
numerical calculations based on discrete dipole approximation
(DDA), using the DDSCAT code and the related DDFIELD
routine.”> A minimum of 2 x 10> dipoles for each NP in the
target was used to ensure that the interdipole spacing was
smaller than the NP size and incident wavelength of 633 nm. In
fact, for metal particles in the 2-200 nm size range, an error
smaller than 10% is achieved using a number of dipoles at least
of the order of 10" and using an interdipole spacing much
smaller than the wavelength of interest.”>”® The effect of the
water solvent was accounted for by setting the refractive index of
the non-absorbing matrix to n = 1.334. The complex dielectric
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constant of Ag was obtained from the study by Palik.”* Gggrs Was
calculated on the equatorial plane of the dimer for an incident
electric field linearly polarized along the dimer axis.
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