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Abstract: Chemical analyses in the field using surface-
enhanced Raman scattering (SERS) protocols are expected to
be part of several analytical procedures applied to water
quality monitoring. To date, these endeavors have been
supported by developments in SERS substrate nanofabrica-
tion, instrumentation portability, and the internet of things.
Here, we report distinct chemical strategies for preparing
magneto-plasmonic (Fe;0,:Au) colloids, which are relevant in
the context of trace-level detection of water contaminants
due to their inherent multifunctionality. The main objective of

this research is to investigate the role of poly(amidoamine)
dendrimers (PAMAMs) in the preparation of SERS substrates
integrating both functionalities into single nanostructures.
Three chemical routes were investigated to design magneto-
plasmonic nanostructures that translate into different ways
for assessing SERS detection by using distinct interfaces.
Hence, a series of magneto-plasmonic colloids have been
characterized and then assessed for their SERS activity by
using a model pesticide (thiram) dissolved in aqueous

samples.
)

Introduction

In recent years, many strategies have been reported for
designing multifunctional systems that combine the physico-
chemical properties of two different materials in a single-
nanostructure. A particular interest in preparing magneto-
plasmonic systems, which intertwine magnetic properties with
their plasmonic activity, has emerged."” Magneto-plasmonic
nanomaterials present a set of promising properties to be
explored in several areas, such as biomedicine or sensing.?
Their development has attracted significant attention in recent
years as probing platforms for trace-level detection of chemical
species through surface-enhanced Raman scattering (SERS).”
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SERS has been extensively used for probing analytes at ultra-
low concentrations by taking advantage of the intensification of
the Raman signal when a target analyte adsorbs onto (or is
near) the surface of metals with localized surface plasmon
resonances (LSPR). Consequently, the coupling of the magnetic
component to the plasmonic counterpart has several advan-
tages for SERS probing. For instance, it offers the ability to
improve SERS signal sensitivity by preconcentrating a target
analyte through magnetic separation and subsequent measure-
ments in a single substrate.”

Gold nanoparticles have been extensively investigated in
plasmonics, due to tunable plasmonic response as function of
size and shape, resulting in unique optical profiles such as Mie
scattering, surface plasmon resonance (SPR), surface-enhanced
fluorescence, and surface Raman scattering.”*® Moreover, the
high chemical stability of Au nanoparticles, along with the
ability to functionalize their surface with an extensive library of
functional groups, are advantageous for developing versatile
magneto-plasmonic nanostructures.”” Concerning the magnetic
phases, common magneto-plasmonic materials involve transi-
tion metals, such as Fe, Co, or Ni, or their alloys.”” However,
such magnetic nanometals are prone to oxidation and require
additional surface coatings to avoid degradation of their
physicochemical properties.” An alternative approach relies on
the combination of a noble metal (e.g., Au) with a magnetic
metal oxide such as magnetite (Fe;0,)."**® Indeed, Fe;O,
nanoparticles have been used in several applications due to
their well-established chemical synthesis, allowing the prepara-
tion of nanoparticles with morphological dependent magnetic
properties.” However, the number of chemical methods
available for preparing such multifunctional particles is still
limited, with the chemists facing several challenges in the
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search of stable magneto-plasmonic structures. On the other
hand, the extensive library of strategies for their surface
functionalization offers an open field for exploring new
strategies towards multifunctional materials, namely colloidal
magneto-plasmonic nanostructures."” For example, a typical
procedure involves the silica coating of the magnetic phase,
increasing the chemical robustness of the magnetic core while
providing additional surface derivatization ability for attaching
plasmonic particles.”**® Chemical strategies for controlling the
final properties of more complex magneto-plasmonic nano-
structures require merging synthetic routes and surface mod-
ification methods usually employed in distinct contexts. As an
illustrative example of this integrated strategy is the recent
report by Mehdipour et al., describing the flow-based synthesis
of magneto-plasmonic nanoparticles comprising gold and
silica-coated iron oxide nanoparticles."

Dendrimers have been employed as basic building blocks
for designing several types of nanoarchitectures."” Among this
class of polymers, poly(amidoamine) (PAMAM) dendrimers are
commercially available with well-defined sizes depending on
the required generation. Moreover, the high number of end
groups of PAMAM dendrimers and the ability to tune their
surface chemistry allow their incorporation in different hybrid
materials, thus making them good candidates for exploring
their integration in magneto-plasmonic nanostructures." Saedi
etal. have reported the synthesis of Fe;O, nanoparticles
modified by third generation PAMAM dendrimers grown in situ,
through the convergent approach at the surface of the
magnetic particles.™ The resulting magnetic hybrid material
was then used to incorporate Ag nanoparticles in the interior of
the dendrimer, to produce a series of carrageenan-based
nanocomposites with antibacterial activity. Ma etal. have
reported the synthesis of multifunctional Fe;0,/P(MMA-DVB)/
PAMAM/Au microspheres, where third generation PAMAM
dendrimers were grown at the surface of magnetite and then
used for the incorporation of Au nanoparticles in the void
spaces of the dendrimer. The resulting hybrid material was
investigated in the catalytic conversion of 4-nitrophenol,
displaying good performance for at least ten cycles."” Kannap-
pan etal. described the preparation of Fe;0,@S5i0,-PAMAM
nanohybrids which were then used as templates for the
encapsulation of Au nanoparticles. The ensuing magnetically
recyclable hybrids were then used for the selective oxidation of
alcohols, displaying good efficiency for at least five cycles." Cai
et al. reported the facile synthesis of Fe;0,@Au nanocomposite
particles as dual-mode contrast agents for magnetic resonance
and computed tomography imaging applications."®

Unlike the methods reported so far, where the dendrimer is
grown in situ at the surface of magnetic nanoparticles, we wish
to report here distinct alternative strategies for coating magnet-
ite with fifth generation PAMAM dendrimers. The resulting
magnetic hybrid materials were then investigated as platforms
to produce magneto-plasmonic nanostructures using the den-
drimer as an essential chemical in defining the multifunction-
ality of the final materials. The ensuing dendrimer-based
materials were then investigated as SERS substrates for
detecting a model pesticide in water, discussing the context of
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potential application for each type of magneto-plasmonic
nanostructure proposed here.

Results and Discussion
Synthesis of dendrimer-based magnetite nanomaterials

In this research, several strategies are described for coupling
magnetite cores to G5-NH, PAMAM dendrimers, which in turn
have been used for the in situ growth of plasmonic nanophases.
Contrary to common routes found in the literature, where the
PAMAM dendrimers are grown insitu at the surface of the
magnetic nanoparticles,”” herein, commercial high generation
PAMAM dendrimers were conjugated to magnetic nanoparticles
using distinct surface chemical modification routes. The strat-
egies explored in this work describe an alternative route for the
preparation of multifunctional materials containing dendrimers
of higher generation (e.g., PAMAM G5), while reducing the
number of preparative steps involved in the in situ divergent
growth of the dendritic molecules over the magnetic phase. In
line with this goal, Figure 1 illustrates the strategies investigated
here to synthesize multifunctional dendrimer-based nanostruc-
tures.

Briefly, in Route 1, citrate coated Fe;O, NPs were explored
for the incorporation of the dendritic macromolecules by the
conventional carbodiimide crosslinking chemistry. In this case,
AuNPs were grown in situ without requiring additional reducing
agents, where the citrate molecules and the PAMAM den-
drimers aid in the reduction and growth kinetics of the
plasmonic phase. Route 1 stands out for its simplicity as
compared to the other routes. Hence, Route 2 introduces the
one-step grafting of the PAMAM dendrimer to a magnetic core
protected by a siliceous shell. This strategy promotes a more
robust conjugation of the dendritic molecule to the magnetic
phase, while allowing the entrapment of seed particles required
for the nucleation of the plasmonic phase. This is demonstrated
here by growing alloyed Au:Ag nanostructures with the
dendrimer acting as reducing agent. In Route 3, the magnetite
core was coated with several polyelectrolyte layers followed by
crosslinking of PAMAM dendrimer-entrapped Au nanoparticles.
The versatility of this method allows the controlled assembly of
the plasmonic phase to the magnetic core in terms of available
functional groups for the conjugation of Au DENPs (i.e., which
increases with a greater number of polyelectrolyte layers) as
well as the possibility to tune the SERS response as the distance
of the plasmonic phase to the magnetic core increases (i.e.,
reduction of the attenuation effect caused by the magnetic
core). Hence, these three chemical routes demonstrate the
versatility of dendritic macromolecules, such as PAMAM den-
drimers, in the preparation of multifunctional materials contain-
ing magnetic and a plasmonic phases depending on the
envisaged application. As will be discussed below, this is an
attractive aspect for SERS screening of target analytes by
allowing the synthesis of hybrid materials with optical response
based on the selected chemical route.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 1. Surface chemical modification routes for preparing magneto-plasmonic dendrimer-based multifunctional structures: 1) citrate-activated conjugation
using EDC as crosslinker; 2) conjugation onto silica shells by using an alkoxysilane coupling agent; 3) layer-by-layer polyelectrolyte assembly followed by EDC
crosslinking. AuNPs = gold nanoparticles; Au-AgNPs = alloyed gold-silver nanoparticles; Au DENPs =Au dendrimer entrapped nanoparticles.

Route 1: Citrate activated conjugation using EDC as
crosslinker

In route 1, citrate-capped Fe;O, nanoparticles were firstly
prepared, and then the G5-NH, PAMAM dendrimer was
conjugated with Fe;O, through EDC chemistry by crosslinking
the primary amine terminal groups of PAMAM with the
carboxylic acid groups of citrate.?? Figure 2 shows the FTIR and
zeta potential measurements of the resulting magnetic nano-
particles confirming the successful conjugation of the PAMAM
dendrimer to the magnetite core. The FTIR spectrum of the
Fe;O,-citrate nanoparticles shows the typical bands of citrate
adsorbed on the surface of colloidal Fe;O, nanoparticles (1630
and 1385cm™ region), which are attributed to the asym-
metrical and symmetrical stretching modes v,(COO < C >) and
v,(CO0 < C >), respectively.'” The weak intensity of the citrate
band has been previously attributed to the close-packed
assembly of the stabilizing molecules at the surface of magnet-
ite, resulting in constrained molecular motion."” In the FTIR of
the final Fe;O,-citrate-PAMAM composite, the characteristic
bands of the amide group (—CONH-) can be observed in the
whole spectral region. Namely, the intense band at 1635 cm™'
(amide 1) is associated with the C=0 stretching vibration, while
the amide Il band at the 1550 cm™' region is related to the in-
plane C—N—H bending and C—N stretching.”® The bands located
540 cm™' are attributed to lattice Fe-O stretching of
magnetite."®**! Furthermore, the surface charge measurements
further confirm the successful conjugation of the PAMAM
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dendrimer to the surface of the magnetite nanoparticles. Thus,
the zeta potential measurements show an upper shift of the
isoelectric point after dendrimer conjugation, which agrees with
the presence of primary and tertiary amine groups with higher
pK, values.”

TEM analysis of the Fe;O,-citrate nanoparticles reveals that
the particles display an average size of 30 nm=+7 nm, in which
the conjugation of the dendrimer did not result in significant
morphological changes (Figure 3). The powder XRD analysis
also confirms magnetite as the main phase showing the typical
patterns of the cubic inverse spinel structure of Fe,0, (JCPDS
file no. 19-0629; Figure S1 in the Supporting Information).”*

The magnetic profile of the Fe;O,-citrate nanoparticles
before and after G5-NH, PAMAM conjugation is detailed in
Figure 4. Both systems display magnetic hysteresis typical of
magnetic nanoparticles with the size over the blocking radius at
300 K27 Moreover, the inset of Figure 4 shows that particles
display a very small hysteresis loop, indicating low coercivity
and remanence. The values of remanent magnetization (Mr),
saturation of magnetization (Ms), and coercivity (Hc) are
detailed in Table 1. The normalized Ms for the Fe,O,-citrate is
63 emu/Qe.,0,, Which is close to other reported values for
similarly sized magnetite nanoparticles."” The conjugation of
the PAMAM dendrimer resulted in the slight reduction of Ms to
49 emu/g,,0, due to the nonmagnetic layer at the particles’
surface.”™ Despite this reduction, the particles still show enough
magnetization that allows their fast collection (<20 s) from an
aqueous solution by applying an external magnetic gradient.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 2. Top: FTIR-ATR spectra Fe;O,-citrate, G5-NH, PAMAM and Fe;0,-
citrate-PAMAM-NH, (the band at 898 cm™" arises from excess citrate and

nitrate adsorbed to the surface of the particles). Bottom: zeta potential Figure 3. TEM micrographs of A) Fe;O,-citrate nanoparticles and B) the same
measurements of the corresponding colloids at different pH values. particles after conjugation with G5-NH, PAMAM.
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In this chemical strategy, the PAMAM dendrimers with amine
groups were attached to amorphous SiO, shells previously
grown over the Fe;0O, cores. The presence of the shells protects
the magnetic core in harsher chemical environments and
promotes long-term grafting of the dendrimer to the surface of
the magnetic nanoparticles (e.g., minimizing possible leaching
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nanoparticles prepared through strategy 2. In Figure 5 (top), KikCE)
typical bands of the amide group (—CONH-) of the G5-NH, ) o )
PAMAM dendrimer are observed at 1648 and 1625 cm", Figure 4. Magnetization hysteresis loop measured at 300 K for the Fe;O,-

o . . citrate nanoparticles and of the same particles after conjugation with G5-
confirming the successful grafting of the dendrimer to the  NH, PAMAM (M=magnetization and H=magnetic field strength).

magnetic core. Moreover, the band located at 1031 cm™' (Si—-O
stretching vibration) along with the shift of the band located at

Chem. Eur. J. 2022, 28, €202202382 (4 of 14) © 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202202382

Table 1. Summary of the relevant magnetic properties measured at 300 K of all magnetic systems investigated in this work.
Sample Ms [emu/g,mpel Ms [emU/gre,o,] Mr [emu/gre,o0,] Hc (Oe, £2)
Fe;O,-citrate 14 63 1.8 12
Fe;0,-citrate-PAMAM-NH, 47 49 1.8 12
Fe;0, 80 86 3.4 65
Fe;0,@Si0,-PAMAM-NH, 75 89 1.4 89
Fe;0,@Si0,-PAMAM-COOH 47 89 3.4 75
Fe;0,@PAH-PAA-2 L-PAMAM-NH, 70 86 7.0 48
Fe;0,@PAH-PAA-4 L-PAMAM-NH, 69 91 8.7 48
Fe;0,@PAH-PAA-6 L-PAMAM-NH, 71 88 8.7 70
protonation state of the primary amine groups of the
dendrimer.
Fe;0,@Si0,-PAMAM-NH, Figure 6 shows a TEM image of the final hybrid materials
o with G5-NH, PAMAM, where the magnetic core of the hybrid
o
= nanostructures displays a typical size of 47 nm+9 nm with a
E=]
5 shell thickness of 3.4 nm 40.8 nm.
2 |G5-NH,PAMAM . , : . .
= The magnetic profile of the intermediate magnetic nano-
\ particles and of the final hybrids is presented in Figure 7. All
} systems possess a magnetic hysteresis characteristic of ferri-
magnetic materials with the size over the blocking radius at
Fe.0, 300 K. The inset of Figure 7 shows that the sample exhibits a
4000 3500 3000 2500 2000 1500 1000 500 small hysteresis loop, indicating low coerCI.V|ty e.md remanence.
' The values of Mr, Ms, and Hc are detailed in Table 1. The
Wavenumber (cm™') ) . S
& normalized Ms for the Fe;0, is 86 emu/g, which is close to the
- % GS5-NH, reported values for bulk magnetite and nanoparticles prepared
L B .
60 1 SRR i through the same method."® The conjugation of the den-
-
401 drimers did not induce any significant changes in the
%‘ =] = normalized magnetic profile of the hybrid materials, suggesting
- A that after conjugation, the particles still retain a good magnetic
E 0+ - response for facile separation from aqueous solutions.
8 20-
o
N 40 - .
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-60 EDC crosslinking
80 -
. . . . - . . This strategy employed magnetite cores like Route 2. However,
4 5 6 7 8 9 10 . . .
i the magnetic phase was previously coated with polyelectrolyte
p

Figure 5. Top: FTIR-ATR spectra of Fe;0, nanoparticles; G5-NH, PAMAM
dendrimer; Fe;0,@Si0,-PAMAM-NH, and bottom: zeta potential measure-
ments of the Fe;0,@Si0,-PAMAM-NH, hybrid nanoparticles. For comparative
purposes the zeta potential measurements of the corresponding pristine
dendrimers at the same pH values are also presented (lines are merely
guides for the eye).

565 cm ™' (Fe O-Si bond) are indication for the presence of the
silica shells.>”

The surface charge measurements as a function of pH
(Figure 5, bottom) further confirm the successful conjugation of
the PAMAM dendrimers to the magnetic phase. At pH 7, the
hybrids with the primary amine surface groups still present a
positive surface charge, but as the pH increases, there is a shift
of the zeta potential to negative values given the change in the

Chem. Eur. J. 2022, 28, €202202382 (5 of 14)

bilayers of PAH/PAAP" followed by conjugation of the G5-NH,
PAMAM dendrimer through EDC chemistry. An excess of EDC
was also used in this strategy to enable the crosslinking of the
electrolyte shells and ensure greater chemical stability of the
final material.®? The layer-by-layer (LbL) assembly and shell
crosslinking were monitored through FTIR and zeta potential
measurements (Figure 8). The analysis of the FTIR spectra of the
final magnetic materials confirms the successful conjugation of
the G5-NH, PAMAM dendrimer as the final layer given the
appearance of the typical amide | and amide Il bands (1648 and
1625 cm™') of the dendrimer (dotted line, Figure 8h—j). In this
work, EDC was also used to crosslink the PAH/PAA layers
through the activation of the carboxylate moiety of PAA with
the diimide of EDC, where the resulting intermediate species
react more easily with the amine groups of PAH under mild
conditions.®® In this case, the crosslinking of the PAH/PAA
layers was more difficult to monitor through FTIR as the amide
bands of PAMAM appear in the same spectral region.?*

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 6. TEM image of Fe;0,@SiO,-PAMAM-NH, particles detailing the
siliceous outer shells.
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Figure 7. Magnetization hysteresis loop measured at 300 K for the Fe,;0,,
Fe;0,@Si0O, and Fe;0,@Si0,-PAMAM-NH, (M =magnetization and H=mag-
netic field strength).

Despite that, the bands located between 1600 and 1300 cm™
in the Fe;0,@LbL-PAH-PAA composite materials (Figure 8e-g)
are typical from the carboxyl and amine groups of the
polyelectrolytes, indicating their assembly over the magnetic
phase[32c]. In fact, after crosslinking, these bands ascribed to
the presence of PAA and PAH tend to decrease in intensity due
to the formation of the amide bond.*™ Moreover, the close
inspection of the 1800-1200 cm™' spectral region of the
Fe;0,@LbL-PAH-PAA materials provide valuable information
regarding the LbL assembly (Figure S2). Firstly, there is an
almost complete disappearance of the band associated with
the carboxylic acid group of PAA at 1700 cm™' (Figure 8¢c) with
the appearance of a new band at lower wavenumbers
(1540 cm™) related to the vibrational mode v,(COO<C > of
the carboxylate anion (Figure 8e-g). This suggests the predom-
inance of the anionic form of PAA at the surface of the particles
after the LbL assembly.?® In addition, the small shoulder
located at 1621 cm™' may be attributed to the J,(NH;*) from

Chem. Eur. J. 2022, 28, €202202382 (6 of 14)
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Figure 8. Top: FTIR-ATR spectra of a) Fe;0,; b) PAH; c) PAA; d) G5-NH,-
PAMAM; Fe;0,@LbL-PAH-PAA with e) 2, f) 4 or g) 6 layers and

h)-j) Fe;0,@LbL-PAH-PAA-PAMAM-NH, of the corresponding particles. Bot-
tom: Zeta potentials of each intermediate material at pH 6.6 until the final
Fe;0,@LbL-PAH-PAA-PAMAM-NH, composite with 2, 4 and 6 polyelectrolyte
layers (the asterisk marks the layer with the G5 NH, PAMAM).

the PAH polyelectrolyte as a consequence of the assembly and
packing with PAA."” The prevalence of these charged species is
essential for an optimal LbL assembly under buffered
conditions.®” Zeta potential measurements were used to
monitor the LbL polyelectrolyte coating of the magnetic core.
The alternating charge reversal observed at the end of each
step confirms the successful electrostatic assembly of oppo-
sitely charge layers of polyelectrolytes. As expected, an
increasing number of layers may result in reduced colloidal
stability with formation of agglomerates.®* This was observed
after the third layer, in which the net charge of the assemblies
starts to decrease and becomes closer to zero.

The Fe;0,@LbL-PAH-PAA-PAMAM-NH, were also character-
ized by TEM imaging, as detailed in Figure 9. After layer-by-layer
assembly, no significant changes were observed in any of the
systems regarding the particle size and morphology of the
magnetic core (47 nm 49 nm; Figure S3). Also, with an increas-

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 9. TEM images of Fe;0,@LbL-PAH-PAA-PAMAM-NH, composite materials with a) 2, b) 4, and c) 6 polyelectrolyte layers.

ing number of polyelectrolyte layers, a higher amount of
organic content can be observed around the magnetic phase,
confirming the successful assembly of the layers. The XRD
analysis of the Fe;0,@LbL-PAH-PAA-PAMAM-NH, does not
reveal any changes in the typical patterns of the cubic inverse
spinel structure of Fe;O, (JCPDS file no.19-0629)%° after
functionalization (Figure S4). Considering the size of the
particles and their magnetic profile (Figure 10), we suspect that
the assembly of the layers occurs around multiple magnetic
particles instead of each particle. However, the formation of the
composite in this way does not seem to be critical to alter any
of its magnetic properties or the applicability of this material for
the purposes envisioned in this work.

The magnetic profile of the Fe;0,@LbL-PAH-PAA-PAMAM-
NH, composite materials with a distinct number of polyelec-
trolyte layers is detailed in Figure 10. Like the previous strategy,
all systems possess a magnetic hysteresis characteristic of
ferrimagnetic materials with the size over the blocking radius at
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Figure 10. Magnetization hysteresis loop measured at 300 K for the Fe;0,
nanoparticles and the corresponding Fe;0,@LbL-PAH-PAA-PAMAM-NH,
composite materials containing 2, 4, and 6 layers of polyelectrolyte
(M=magnetization and H=magnetic field strength).
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300 K2 Moreover, all the materials display a small hysteresis
loop, indicating low coercivity and remanence. The values of
Mr, Ms, and Hc are detailed in Table 1. The non-normalized Ms
values show that the particles containing the PAH/PAA-
PAMAM-NH, assembly display a lower magnetization value due
to the mass fraction corresponding to the nonmagnetic organic
phase. However, this change does not affect the facile magnetic
separation of the particles of the solution. Despite that, the
normalized Ms values for the composite materials are close to
the bare magnetite, suggesting that the assembly process does
not significantly impact the magnetic properties of the final
material.

SERS studies of dendrimer-based multifunctional hybrid
materials

In this research, the magneto-plasmonic materials were ob-
tained by coupling plasmonic nanoparticles onto the above
hybrid nanostructures. We expect that the distinct chemical
surface modifications explored for the magnetic phase confer
different behavior regarding the final arrangement of the
plasmonic colloids. This is of great relevance for SERS
applications using solid substrates because it is well known that
their sensitivity is strongly dependent on the arrangement of
metal particles over the surfaces. Figure 11 details the different
types of dendrimer-based magneto-plasmonic nanostructures
prepared in this work along with their corresponding TEM
micrographs. These multifunctional materials were explored
regarding their ability for the magnetic assisted uptake of the
pesticide thiram from spiked water samples followed by in situ
SERS screening. In the first study, the citrate-stabilized magnet-
ite nanoparticles were prepared, and the G5-NH, PAMAM
dendrimer was conjugated to the surface of the particles by
crosslinking. The resulting magnetic materials were used as
substrates for the in-situ growth of Au nanoparticles without
adding any other reducing agent but the surface dendrimer
macromolecules. The resulting magneto-plasmonic particles
were then investigated to probe pesticide thiram dissolved in
water.

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH



Chemistry
Research Article Europe .
Chemistry—A European Journal doi.org/10.1002/chem.202202382 Societes publiahing

Table 2 indicates the Raman bands of thiram, which have
been assigned according to reported literature data.”®* As
detailed in Figure 12, after incubation for 30 minutes, the Fe;O,-
citrate-PAMAM-Au magneto-plasmonic nanoparticles display
the SERS bands of thiram, suggesting that the resulting
composite can be effectively used to probe thiram at the
concentration of 100 uM. The dissociation of dithiocarbamate
molecules such as thiram is essential for their successful SERS
detection.®® Consequently, the marked decrease in intensity of
the band located at 559 cm™' confirms the cleavage of the
disulfide bond at the Au surface. This is further confirmed by
the absence, in the SERS spectrum, of the band at 390 cm™,
which is related to the S-S stretching vibration. In addition, the
presence of the shoulder at 1513 cm™' in the three SERS spectra

Caption
@ Citrate stabilized Fe;0, NPs OAU NPs

Q@ Fe,0,@si0, NPs OAU phase
@ Fe,0, with polyelectrolyte layers OAS phase

Figure 11. Dendrimer-based magneto-plasmonic nanostructures and their

use as SERS substrates in different types of studies. A) Study 1: citrate-
capped Fe;0, PAMAM-NH, with Au DSNPs; B) Study 2: Fe;0,@SiO,-PAMAM- S |
NH, Au:Ag DSNPs; C) Study 3: Fe;0,@LbL-PAA/PAAH-PAMAM Au DENPs, the )I\ s N
red arrows indicate the Au phase distributed along magnetite. | | \N s~ \"/ ~N
o | |
2 & ® ®
%) -
5
£
c
©
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Table 2. Raman bands of thiram and corresponding assignments based on 1
literature data.®®* WMM
Raman [cm™']  SERS [cm™'] Assignments
- 1513w Vv(CN) .
1458sh - SaslCHy) ’~-'\J‘A-'\-JL e e ThiTAM
1394w - v(C—N) T ' ' J T T y
1372w 1370-1380vs  0,(CH,) 200 400 600 800 1000 1200 1400 1600 1800
1138w 1145w p(CH,) and v(N—CH;) Raman shift (cm™)
973 m - v(C=S)
845 - —CH; groups (several vibrational modes)
558vs 557-564w {(CSS) coupled to ¥(S—S) Figure 12. SERS experiments using Fe;0,-citrate-PAMAM-AuUNPs to probe
437 m _ 6(CSS) and 6(CNC) thiram at 100 uM. Top: Optical microscopy image of the magneto-plasmonic
390s _ (S—S) substrates and bottom: the corresponding SERS spectra at the marked
358w Y(CHsNC) points. For comparative purposes, the Raman spectrum of thiram powder is
also presented. Note that the band located at ~650 cm™' is due to
vs: very strong; s: strong; m: medium; w: weak; vw: very weak; sh: shoulder magnetite.
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emphasizes the hypothesis of the prevalence of the thioureide
tautomer as the main adsorbate to the surface of the Au
nanophases.”® The enhancement of the band at 1386 cm™
arises from the short distance of the CH; and CN groups to the
metal surface.®® No SERS activity was observed for concen-
trations lower than 100 uM. These magneto-plasmonic nano-
structures show polydispersity which might explain the varia-
bility of the Raman signal, thus indicating lack of homogeneity
for trace concentrations in the pesticide. The observed morpho-
logical heterogeneity of AuNPs can be due to the reduction
process employed during the in situ synthesis of the AuNPs.
The conjugated presence of citrate and PAMAM can result in
different kinetics for Au nanoparticle formation,“” ensuing
structures with multiple sizes and shapes as detailed Figure 11.

In the second study, the Fe;0,@Si0,-PAMAM-NH, hybrids
were used for the in situ growth of alloyed Au:Ag nano-
particles. We have used in this case metal alloys just to
demonstrate the feasibility of this approach when using other
plasmonic nanostructures. However, like the procedure re-
ported above, no additional reducing agents were used besides
the PAMAM dendrimer present at the particles’ surfaces.
Figure 13 shows the SERS activity of the Fe;0,@SiO,-PAMAM-
NH,-Au:Ag magneto-plasmonic substrates for probing thiram.
Similarly, to the previous case, the pronounced decrease of the
band intensity at 564 cm™' indicates the molecular breakdown
of thiram as the primary mechanism for probing this dithiocar-
bamate. Moreover, in some of the SERS spectra, a shoulder at
1512 cm ™' is observed, indicating the predominance of thiour-
eide tautomer as the main adsorbate on the metallic surface.®®
No SERS signal was observed for analyte concentrations below
1 mM of thiram, thus indicating lower SERS sensitivity of the
substrates as compared to the previous ones. This behavior can
be explained by the relative heterogeneity of the metal
particles over the magnetite nanoparticles, rather than the use
of the Au:Ag alloy instead of Au. In fact, in our previous
research it was demonstrated that Au:Ag colloids show
comparable or superior SERS sensitivity as compared to mono-
phase Au generated insitu in the presence of the PAMAM
dendrimer. In addition, other effects may arise which
influence the SERS activity of the Fe;0,@Si0,-PAMAM-NH,-Au-
Ag (1:1) hybrid nanoparticles. Namely, during the in situ growth
of the plasmonic phase, the influence of the magnetic phase
over the Au:Ag nanoparticle growth cannot be disregarded,
which leads to different optical profile of the final hybrid
material when compared with Au:Ag colloids prepared in the
sole presence of the dendrimer. Moreover, taking in consider-
ation that the reaction parameters between both Route 1 and
Route 2 are quite different, the variable noble metal loading
can also contribute for different SERS activities. Nevertheless,
Figure 13 shows that the magneto-plasmonic systems prepared
by Route 2 can be used as SERS probing systems, opening a
new opportunity for research in this type of dendrimer-based
multifunctional materials.

In the third scenario, dendrimer-entrapped Au nanoparticles
(Au DENPs) were coupled to magnetite nanoparticles by
conjugation onto the surfaces previously coated with polyelec-
trolytes layers (PAH/PAA). For comparative purposes, bare
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Figure 13. Results of SERS experiments using Fe;0,@Si0,-PAMAM-NH,-Au-
Ag (1:1) nanoparticles to probe thiram at 1 mM. Top: Optical microscopy
image of the magneto-plasmonic substrates and bottom: the corresponding
SERS spectra at the marked points. For comparative purposes, the Raman
spectrum of thiram powder is also presented.

magnetite nanoparticles were also assembled with the Au
DENPs, that is, in the absence of polyelectrolytes. In this study,
the Au DENPs were firstly prepared by adding an additional
reducing agent™ and then the resulting plasmonic nano-
particles were crosslinked with the magnetic phase. Figures S5
and S6 show the UV/VIS spectra and TEM images for these
nanostructures, highlighting the presence of the dendrimer
entrapped Au nanoparticles.

Figure 14 shows the SERS spectra of thiram when probed
by using Fe;0,@LbL-PAH/PAA-PAMAM-Au nanostructures hav-
ing a variable number of polyelectrolyte layers. These experi-
ments indicate an improvement of the SERS signal by
increasing the number of layers around the magnetic core,
which can be due to attenuation of the absorbing effect of the

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Figure 14. Preliminary SERS experiments using Fe;0,@LbL-PAH/PAA-PA-
MAM-AUNPs to probe thiram at 100 uM. Top: Optical microscopy image of
the magneto plasmonic substrate with 4 layers of PAH/PAA and bottom: the
corresponding SERS spectra at the marked points. The Raman spectrum of
thiram powder and the typical SERS spectra of the magneto-plasmonic with
0 and 2 layers are presented for comparative purposes.

magnetite cores.*"’ The lower concentration of thiram probed
in these experiments was 100 uM, thus comparable to nano-
structures prepared by the methods described above.

Table 3 provides examples of reported magneto-plasmonic
materials with their SERS sensitivity for probing analytes of
diverse chemical nature. The main objective of this table is to
provide a concise overview of the materials investigated to date
and how they compare between each other, highlighting some
of their important features. However, caution should be present
in doing a direct comparison in terms of SERS activity between
the indicated systems. Indeed, different operational probing
conditions and Raman setups have been used in these studies
(e.g., type of incident laser, laser power, or focal configurations).

Chem. Eur. J. 2022, 28, €202202382 (10 of 14)

Although there are magneto-plasmonic systems reported in the
literature with better SERS sensitivity, the systems reported here
also detected a low amount of thiram and, in addition, provide
versatility for combining magnetic and plasmonic nanophases.
Thus, the strategies reported herein contribute for the design of
magneto-plasmonic nanostructures whose SERS response can
be further optimized for specific analytical contexts.

Conclusions

We have explored three chemical routes to conjugate G5
PAMAM dendrimers to cores containing magnetite nanopar-
ticles. The ensuing dendrimer-based magnetic materials were
fully characterized, confirming the successful conjugation of
PAMAM dendrimers to the magnetic core through each one of
the strategies explored: crosslinking, chemical grafting, or layer-
by-layer assembly. These hybrid nanostructures were then used
as platforms to grow plasmonic nanoparticles, which were then
applied in proof-of-principle experiments to demonstrate their
feasibility as magneto-plasmonic substrates for SERS applica-
tions such as monitoring water quality. Overall, all the
magneto-plasmonic nanostructures displayed SERS activity for
probing samples of thiram dissolved in water at concentrations
as low as 100 uM, after their adsorption and magnetic
separation from spiked aqueous samples. However, the multiple
chemical surface modifications confer distinct potential on the
resulting SERS substrates depending on the envisaged uses.
Hence, the crosslinking strategy (Route 1) stands for simplicity
of preparation compared to the other routes. Among the routes
investigated, chemical grafting of the dendrimer onto SiO,
outer shells (Route 2) is the most laborious but it is the elective
option for SERS analysis of aqueous samples in which magnetite
is susceptible to leaching. This was clearly observed in the
magnetization decrease for the magnetite samples not coated
with SiO, shells. Finally, layer-by-layer assembly offers un-
matched versatility regarding the final architecture and compo-
sition of the hybrid nanostructures, such as for the type of
particle morphology and the distance of the plasmonic particles
from the magnetic cores. In this regard, coupling magnetic
phases on plasmonic nanostructures with tunable composition
and integration into lab-on-a-chip devices could be a major
advance for ultrasensitive SERS analysis.*¥ Further research
could unlock the full potential of these materials by testing
their SERS activity by using other molecular probes and more
complex aqueous matrices.

Experimental Section

Materials

The following chemicals were used without further treatment: G5-
NH, PAMAM dendrimers in methanol (Dendritech, Midland, MI,
USA); ferrous sulfate heptahydrate (FeSO,-7H,0, >99%, Panreac);
Sodium citrate tribasic dihydrate (CgHgNa;O, >99%, Sigma-
Aldrich), potassium hydroxide (KOH, >86%, Pronolab); sodium
hydroxide (NaOH, >99%, JMGS); potassium nitrate (KNO;, >99%,
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Magnetic Plasmonic phase  Target analyte/reporter
phase of

Table 3. Concise overview of magneto-plasmonic materials reported to date based on ferrite cores for SERS screening applications.

SERS limit

detection

Main features Ref.

Fe,0,+PA-
MAM-NH,

variable Au/Ag thiram

phases

Fe,,0,@SiO, star-shaped Au thiram

shell

Fe,0,@5i0,-
PAMAM-NH,

star-shaped ziram/thiram

AuNPs

Fe;O0,@PEI spherical AuNPs  tetracycline (TC)

Fe;0, spherical AuNPs  penicillin G (PG)

Fe;O, Spherical AgNPs  4-mercaptobenzoic acid

Fe;0,@Si0O, Au shell with
different

morphologies

2-mercaptopyrimidine

rhodamine 6G (R6G) and mon-  R6G:
itoring of catalytic reduction of

4-nitrothiophenol

Fe;0, chains Au@Ag

nanoflowers

Fe;0, stabi-
lized with
oleic acid

Au nanostars Malachite Green (MG) and Crys- MG:
capped with tal Violet (CV)

polystyrene (PS) CV:

clusters of
spherical AuNPs

ZrO,@CoFe,0, thiolated MG (SERS reporter) -

1x107*

1x10°8

1x107° M

1x10°M

1x107*M

2x107°M

1x10°M

1x107"M

5x107°M

11072 M

this
work

M Multiple chemical strategies for the conjugation of Fe;0, NPs
with several plasmonic phases of Au/Ag.
PAMAM dendrimer facilitate the combination of magnetic and
plasmonic phases and provides additional chemical function-
ality.
High magnetization of the NPs allows their fast separation for
subsequent SERS probing of adsorbed thiram.
M Fe,, 0, multicores coated with SiO, and Au branched shells.
Good magnetization allows the magnetic assisted uptake of
sorbents and in situ SERS screening of thiram.
Hybrid magnetic nanoparticles containing PAMAM dendrimer
which promotes the entrapment of Au seeds for posterior
anisotropic growth into nanostars.
Multiple operational Raman setups which allow the probing of
ziram/thiram under different analytical conditions (e.g., solid
state, solution or in loco using a portable Raman device).
Multilayer encapsulation of Fe;0, and Au nanoparticles
assisted by PEI.
Magnetic assisted uptake of TC and SERS sensing up to 10 nM.
Seed-mediated growth of AuNPs with different sizes.
Magnetic assisted uptake of PG and variable SERS response
depending on the size of the plasmonic phase.
Magneto-plasmonic material obtained by the physical blend-
ing of Fe;0, and AgNPs.
Ability to tune the amount of deposited AgNPs during the
blending process.
Magnetic assisted SERS sensing resulting on improved re-
sponse than the equivalent bare AgNPs.
Spiky or bumpy Au shells grown in situ on silica coated
magnetite cores.
The SERS activity is still observed for at least 1 month, despite
the morphological changes of the material.
The topographical properties of the shell provide variable SERS
response, where more anisotropic shells provide improved
results.
1D magneto-plasmonic nanochains were obtained by mag-
netic field assembly of Fe;0,@AuNPs.
In situ growth of Ag phase results in Fe;0,@Si0,@Au@Ag
nanoflowers in magneto-plasmonic chains.
High SERS sensitivity for probing the dye R6G, with the
possibility to also monitor the catalytic reduction of 4-nitro-
thiophenol.
Co-encapsulation of plasmonic and magnetic phases driven by
self-assembly of PS capped Au nanostars and Fe;O, NPs
stabilized by oleic acid.
The previous assembly was further encapsulated by block
copolymers resulting on colloidal particle clusters.
Magnetically assisted pre-concentration results on good SERS
response for the trace probing of organic dyes.
Mesoporous ZrO, NPs were firstly loaded with magnetic
CoFe,0, NPs and then with AuNPs by laser ablation.
The resulting magneto-plasmonic clusters can be used for the
magnetic assisted SERS sorting of target analytes based on the
response of a reporter molecule.

[42a]

[42b]

[8b]

[42c]

[42d]

[42e]

[42f]

[42 4]

[42 h]

Sigma-Aldrich); ethanol (CH;CH,OH, >99%, Panreac); tetraethyl
orthosilicate  (TEOS, Si(OC,Hs),, >99%, Sigma-Aldrich);  3-
(glycidyloxypropyl)trimethoxysilane (GLYMO, C4H,,05Si, > 98 %, Sig-
ma-Aldrich);  3-aminopropyltriethoxysilane  (APTES, C,H,;NO,Si,
>98.0%, Sigma-Aldrich); ammonia solution (NH,OH, 25%, Riedel-
de-Hden); N-(3-dimethylaminopropyl)-N-ethylcarbodiimide (EDC,
CgHisN;,  >97%, Sigma-Aldrich);  N-hydroxysuccinimide  (NHS,
C,HsNO;, >97 %, Sigma-Aldrich); tetrachloroauric(lll) acid trihydrate
(HAuCl,-3H,0, 99.9%, Sigma-Aldrich); poly(allylamine
hydrochloride) (PAH, [CH,CH(CH,NH,-HCl)],, M, ~17500, Sigma-
Aldrich), polyacrylic acid (PAA, (C;H,0,),, M,,~ 1800, Sigma-Aldrich);
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phosphate-buffered saline (PBS tablets, Sigma-Aldrich, pH 7.4); (N-
morpholino)ethanesulfonic acid (MES, C¢H,;NO,S, >99%, Sigma-
Aldrich); thiram (CgH,,N,S,, >98.0%, Sigma-Aldrich). All the aque-
ous solution were prepared using ultrapure water (18.2 MQ-cm,
25°C, MilliQ, Millipore). CAUTION! thiram is a biocide that should be
handled in small amounts and under adequate safety conditions
due to its toxicity. Waste should be placed in containers for further
treatment and disposal.
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Synthesis of nanomaterials

Citrate-capped Fe;O, nanoparticles and conjugation to PAMAM:
Citrate capped magnetite nanoparticles were prepared according
to a previously reported procedure with some modifications."”
Briefly, 882 mg of citrate, 480 mg of sodium hydroxide, and 51 g of
sodium nitrate were mixed in 80 mL of ultrapure water. This
mixture was mechanically stirred (700 rpm) at 100°C until a
translucid solution was obtained. Then, 1.2 mL of an aqueous
solution of FeSO,-7H,0 (1 M) was injected into the above solution,
and the reaction was left to proceed at 100°C with mechanical
stirring for 1 h. After that time, the resulting particles were collected
magnetically and washed with ultrapure water. The black solid was
then left to dry at 40°C. The PAMAM dendrimer was conjugated
with the magnetic nanoparticles by dispersing 40 mg of Fe;O,
along with 80 mg of PAMAM dendrimer on MES buffer at pH 6. The
resulting mixture was then mechanically dispersed at 900 rpm,
room temperature, for 15 min. After that time, 150 mg of EDC and
60 mg of NHS were added to the previous mixture, and the reaction
was left to proceed for 24 h while keeping the mechanical stirring.
The resulting particles were then collected magnetically, washed
with ultrapure water, and left to dry at 40°C.

Fe;0,@Si0,-PAMAM-NH, hybrid nanostructures: The magnetite core
was obtained following the oxidative hydrolysis of FeSO,-7H,0
under alkaline conditions."”® To 25 mL of deoxygenated water,
1.90 g of KOH and 1.52 g of KNO; were added, and the resulting
mixture was heated to 60 °C with N, bubbling and with mechanical
stirring at 500 rpm. After complete dissolution, 25 mL of an
aqueous solution containing FeSO,-7H,0 was slowly added, and
the stirring was increased to 700 rpm. The resulting solution
displayed a dark-green color after adding the whole Fe" precursor.
This mixture was left to react for 30 minutes. After that time, the
resulting product was placed at 90°C with N, bubbling for 4 h
without stirring. The resulting black powder was then extensively
washed with deoxygenated water and ethanol and dried by
evaporating the solvent. The G5-NH, PAMAM dendrimer was
conjugated to the magnetite core in a single step with the
simultaneous formation of the siliceous shell. To this end, 100 mg
of PAMAM dendrimer were dispersed in 45 mL of ultrapure water,
and the pH was adjusted to 12 using 5 M NaOH. Then, 50 mg of the
prepared Fe;O, nanoparticles were dispersed in the dendrimer
solution at 40°C with mechanical stirring (900 rpm). After disper-
sion, 260 uL of GLYMO and 260 uL of TEOS were sequentially
added, and the reaction was left to proceed for 7 h. After that time,
the particles were collected magnetically and extensively washed
with ethanol. The resulting black solid was then left to dry at 40°C.

Layer-by-layer assembly of PAMAM dendrimers onto Fe;O, The
magnetic core was prepared following the same procedure detailed
in Section 4.2.2. Then 40 mg of negatively charged Fe;O, nano-
particles were firstly dispersed in 25 mL of a PAH aqueous solution
(2.5 mg/mL in PBS, pH 6.6, 0.5 M NaCl) for the deposition of the first
layer. The resulting mixture was left to incubate for 30 min at room
temperature with vertical rotation (200 rpm). After that time, the
particles were collected magnetically and washed with ultrapure
water. Then, the second layer was added by dispersing the Fe;O,-
PAH nanoparticles again in 25 mL of PAA aqueous solution (5 mg/
mL, pH 6.6, 0.5 M NaCl). The magnetic nanoparticles were then left
to incubate with PAA for 30 minutes at room temperature and with
vertical rotation (200 rpm). The resulting particles were then
collected magnetically and washed with ultrapure water to obtain
the Fe;0,-PAA-PAH nanoparticles protected by two layers of
polyelectrolyte. The same procedure was sequentially repeated to
obtain magnetic nanoparticles with 4 and 6 layers. The G5-NH,
PAMAM dendrimer was then conjugated with each magnetic
system containing 2, 4, and 6 layers. To this end, 40 mg of Fe;0O,
with 2, 4, or 6 layers of PAA/PAH were dispersed in 30 mL of PBS,
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pH 6.6, 0.5 M of NaCl. Then 80 mg G5-NH, PAMAM were added
along with 160 mg of EDC and 60 mg of NHS. The reaction was left
to proceed at room temperature for 24 h with vertical rotation
(200 rpm). After that time, the magnetic particles were separated
magnetically and extensively washed with ultrapure water.

Citrate-capped Fe;0, PAMAM-NH, conjugates with Au: The Au nano-
particles were grown insitu using the Fe;0,-PAMAM-NH, nano-
particles prepared in Section 4.2.1. Consequently, 10 mg of Fe;O,-
citrate-PAMAM nanoparticles were dispersed in 29 mL of ultrapure
water for 5 min. Then, the particles were placed at 90°C with
mechanical stirring (700 rpm) for 15 min. After that time, 1.5 mL of
an aqueous solution of HAuCl,-3H,0 (65 mg in 2.3 mL) was injected
into the Fe;0,-citrate-PAMAM dispersion. The reaction was left to
proceed at 90°C for 24 h while keeping the mechanical stirring.
After that time, the particles were collected magnetically, exten-
sively washed with ultrapure water, and left to dry at 40°C.

Fe;0,@Si0,-PAMAM-NH, Au/Ag magneto-plasmonic systems: The
magnetic particles containing the G5-NH, PAMAM dendrimer
described in Section 4.2.2 were used for the in-situ growth of
Au:Ag alloy nanoparticles with a molar ratio of 10:10:1 Au:Ag:PA-
PAMAM. To this end, 16 mg of Fe;0,@Si0,-PAMAM-NH, nano-
particles were dispersed in 20 mL of ultrapure water at 800 rpm
(mechanical stirring), 35°C for 15 min. After that time, 200 pL of an
aqueous solution of AgNO; (227.3 mM) and 1.8 mL of an aqueous
solution of HAuCl,-3H,0 (25.38 mM) were sequentially added, and
the reaction was left to proceed for 24 h. Then, the particles were
collected magnetically, extensively washed with ultrapure water,
and left to dry at 30°C.

Fe;0,@LbL-PAA/PAAH-PAMAM Au magneto-plasmonic systems: The
Fe;0,@LbL-PAA-PAH nanoparticles were prepared according to the
procedure reported in Section 4.2.3. However, in this case, the G5-
NH, PAMAM dendrimer was conjugated only after the encapsula-
tion of Au nanoparticles in a prior step.'” Consequently, the
PAMAM dendrimer entrapped Au nanoparticles (Au DENPs) were
firstly prepared by dispersing 30 mg of G5-NH, PAMAM dendrimer
in 9.5 mL of methanol. Then, an aqueous solution of HAuCl,-3H,0
in a 200:1 molar ratio Au:PAMAM was added in dropwise fashion
under vigorous stirring. The coordination of the Au(lll) in the
interior of the PAMAM dendrimer was allowed to proceed for
30 min. After that time, an ice-cold solution of sodium borohydride
(24 mg in 3.70 mL of ultrapure water and 1.30 mL of methanol) was
added. The reaction was left to proceed for 2 h at room temper-
ature with magnetic stirring. After 2 h, the resulting PAMAM
entrapped Au nanoparticles were dialyzed against ultrapure water
for 3 days (six times, 4L). The dendrimer entrapped Au nano-
particles were then conjugated with the Fe;O,@LbL-PAA/PAH by
adding 10 mL of PAMAM-Au to 5mg Fe;0,@LbL nanoparticles
containing 2 or 4layers. The resulting mixtures were left to
incubate for 30 min at room temperature with vertical rotation
(200 rpm). Then, the resulting particles were collected magnetically,
washed with ultrapure water, and redispersed in 5 mL MES buffer
(pH 5.5). To the resulting mixture, 20 mg of EDC was added to
crosslink the Au DENPs to the Fe;0,@LbL-PAA-PAH nanoparticles.
The reaction was left to proceed with vertical rotation (100 rpm) at
room temperature overnight.

SERS experiments: The SERS studies were performed by dispersing
the dendrimer-based magnetoplasmonic nanoparticles (0.5 mg) to
aqueous solutions of thiram (5 mL) with different concentrations
(1 mM to 100 uM). The mixtures were incubated for thirty minutes
at 25°C+1°C, using a vertical rotor (200 rpm) to promote the
adsorption of thiram to the surfaces of the Au/Ag nanophases. After
that time, the samples were separated magnetically from the
solution using a Nd-Fe-B magnet, and the nanoparticles were
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washed once with ultrapure water. The substrates were transferred
to glass sides for SERS analysis and left to dry at room temperature.

Instrumentation: Transmission electron microscopy (TEM) micro-
graphs were obtained using the STEM HD2700 electron microscope
operating at 200 kV. Samples for electron microscopy were
prepared by diluting the original colloids and depositing them on a
carbon-coated Cu grid. The reported nanoparticle average sizes
were determined by measuring at least 100 individualized particles
identified among multiple TEM images. Fourier transform infrared
(FTIR) spectra of all the systems were acquired over the range of
4000-450 cm™' using a Bruker Optics Tensor 27 spectrometer
coupled to a horizontal attenuated total reflectance (ATR) cell. The
samples were placed on the ATR crystal, and 512 scans were
acquired at 4 cm™' resolution.

The magnetic profile of the samples was determined using the
Quantum Design MPMS3 SQUID magnetometer, as a function of
the applied magnetic field (from +50 to —50kOe), at 300 K.
Geometrical effects were corrected using the methodology
described in ref.[20]. Additional measurements were also per-
formed using a paramagnetic standard to correct the remanent
fields of superconducting coil.

To estimate the Fe;O, content for each sample, all the materials
were analyzed using atomic absorption spectrophotometry (AAS)
using the Perkin Elmer Analyst 100 apparatus. The X-ray powder
diffraction (XRD) data were obtained using the PANalytical Empyr-
ean X-ray diffractometer equipped with a Cu—Koa monochromatic
radiation source at 45 kV/40 mA. The UV/VIS spectra were acquired
using the GBC Cintra-303 UV-VIS spectrophotometer. The surface
charge of the nanoparticles was determined by zeta potential
measurements through electrophoretic light scattering performed
using a Zetasizer Nano ZS instrument equipped with a He:Ne laser
operating at 633 nm and a scattering detector at 173°, from
Malvern Instruments. Raman imaging studies were accomplished
using a combined Raman AFM-SNOM confocal microscope WITec
alpha300 RAS+ with a He:Ne laser sample excitation source
operating at 633 nm (0.2 mW) with a spot size of 858 nm. All the
SERS spectra were obtained with 30 acquisitions for 0.5 s each. The
spectra were built based on an analyzed area of 30x30 um where
the points giving rise to the best SERS signal were selected.
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