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Abstract

®

CrossMark

Multifunctional particles with combined magnetic and optical properties are promising materials
for applications such as sensing and detection of analytes, and contrast agents for imaging
techniques such as MRI, and photocatalysis. While the magnetic property allows for non-contact
manipulation of the nanoparticles, optical properties can be harnessed for such sensing
applications. We present the synthesis and large-scale assembly of inter-layered magnetic-
plasmonic nanoparticles with graphene oxide (GO) spacer (Fe;0,@GO@Ag). The
multifunctional composite particles were prepared using simple chemical methods and had an
average size of 225 nm. The prepared samples were characterized using different techniques
including powder XRD, FT-IR, Raman scattering, SEM, and TEM imaging. By using an

external magnetic field, it is possible to form an assembly of these multifunctional particles on a
large scale. Due to the chain-like formation in the presence of a magnetic field, such assemblies
are good substrates for surface-enhanced Raman scattering (SERS). Here, we demonstrate the
application of these magnetically-assembled particles for the detection of very low
concentrations of analyte molecules (4-mercaptopyridine) using SERS. These multifunctional
composite particles are good candidates for potential applications involving chemical detection,

photocatalytic reactions, optoelectronic devices, and photothermal effects.

Supplementary material for this article is available online

Keywords: multifunctional nanoparticles, magnetic assembly, plasmonics, SERS

(Some figures may appear in colour only in the online journal)

Introduction

Multifunctional nanoparticles have been at the forefront of
nanomaterial research in the recent decade owing to their
potential in multifarious applications including biosensing,
photocatalysis, photothermal processes, and detection of
analytes [1-4]. It is desirous to have several properties such as
magnetic, plasmonic, and luminescence combined into a
single structure for such applications. In particular, there has
been considerable effort to incorporate plasmonic metals into
magnetic nanoparticles [5—17]. While plasmonic nano-
particles themselves have been proven useful in several

* Author to whom any correspondence should be addressed.
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applications such as biosensing and optoelectronics, the
addition of magnetic properties can help in improving the
efficiency of the process as well as for better manipulation.
Several different configurations of plasmonic-magnetic
nanostructures have been synthesized previously. With the
emergence of graphene-based 2D materials, there have been
attempts to study composites of magnetic-plasmonic nano-
particles and graphene-like structures [18-21]. The presence
of graphene or graphene oxide not only allows for easy
integration and adsorption of plasmonic nanoparticles but has
also been reported to offer additional functionalities such as
chemical enhancement of Raman scattering [22, 23]. By
further incorporating plasmonic metals on such magnetic
Fe;04-graphene oxide (GO) nanoparticles, it opens up the

© 2023 I0P Publishing Ltd
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possibility of using these nanocomposites for enhanced-
spectroscopic applications such as surface-enhanced Raman
scattering (SERS) [22-26].

Self-assembly of nanoparticles provides a unique plat-
form for several applications including bio-medical imaging,
nanofabrication, chemical and biological sensing as well as
the synthesis of supra-molecular materials [27, 28]. It
involves either the directed or non-directed organization of
individual particles into super-structures due to thermo-
dynamic processes that can minimize the free energy. While
natural self-assembly processes make use of weak forces such
as van der Waals, electrostatic, or hydrodynamic, directed
self-assembly can be beneficial for a more controlled, rapid,
and large-scale synthesis of substrates [29]. In fact, such
directed self-assembly of colloidal particles has fundamental
importance and can have potential applications in spectro-
scopic measurements and transport mechanisms [30—40]. For
instance, inkjet printing techniques based on electro-
hydrodynamics for the assembly of colloidal and plasmonic
nanoparticles have been efficiently utilized for SERS appli-
cations [41]. Thermophoretic and dielectrophoretic forces
have also been harnessed to aid the large-scale assembly of
colloidal particles [42, 43]. For several applications, rapid
assembly and disassembly are preferred and hence additional
forces such as magnetic, optical, or thermophoretic can be
utilized to speed up the otherwise slow diffusion-based self-
assembly. While optical and thermophoretic assembly of
colloidal particles, especially silica and plasmonic metal
nanoparticles, are widely popular, the use of magnetic fields
for large-scale assembly allows additional non-contact forces
at a much larger scale [44—46]. It is known that magnetic self-
assembly is a type of process in which a disordered system
can organize itself due to local interactions among the
magnetic particles that are influenced by an external magnetic
field. Such long-range ordering occurs when molecules
interact with one another through a balance of attractive and
repulsive interactions in the presence of external magnetic
fields [47]. The long-range assembly of magnetic nano-
particles is a complex process involving the coupling of
dipole moments of each particle to the applied field, magnetic
dipole—dipole interactions, the binding energy between the
particles, and the surrounding environment. Magnetically
assisted self-assembly of nanoparticles finds applications in
energy storage and catalysis, [48, 49] preparation of 3D
superstructures, [42-45] drug delivery, [50] and magnetic
storage [51]. In fact, the presence of a magnetic core in
multifunctional composite particles facilitates a large-scale
manipulation of the structures with the help of external
magnetic fields. The incorporation of plasmonic metals such
as Ag or Au into such magnetic particles can be promising for
surface-enhanced spectroscopic applications [22, 52, 53].

In this work, we use external magnetic fields to manip-
ulate and assemble multifunctional Fe;0,@GO@Ag com-
posite particles onto substrates. The multifunctional
complexes were synthesized using chemical methods reported
previously [54, 55]. The prepared samples were characterized
using SEM, TEM, powder XRD, FT-IR, and Raman scat-
tering. Large-scale assembly was performed using an external

(bar or ring) magnet or an electromagnetic coil setup. The GO
spacer layer between the magnetic Fe;0,4 core and satellite Ag
particles not only formed support but also helped in
improving Raman signals by way of chemical enhancements
[56-61]. This large-scale assembly was used as a SERS
substrate for the detection of low concentrations of analyte
molecule 4-mercaptopyridine (4-MPY).

Experimental methods

Synthesis of Fe30,

The core Fe;O,4 particles were synthesized using the hydro-
thermal method as described in the literature [62]. In brief,
2.77 g of FeCl3.6H,0 was added to 80 ml of ethylene glycol.
To that, sodium acetate (7.22 g) was mixed, followed by the
addition of 2 g of polyethylene glycol. The entire mixture was
kept for stirring for an hour. Then, the mixture was transferred
to a Teflon-lined autoclave and kept at 200 °C for 8 h in an
oven. The resultant precipitate was removed and washed with
ethanol several times after separating the particles using a bar
magnet and kept for drying at 80 °C for 6 h.

Synthesis of Fe;0, @GO

GO was synthesized using a modified Hummer method [63].
In order to coat the Fe;O, particles with GO, 0.1 g of the
prepared Fe;O,4 was dispersed in a mixture of 80 ml ethanol,
20ml water, and 1 ml of ammonia solution followed by
ultrasonication for half an hour. After this, 0.1 ml of tetraethyl
orthosilicate (TEOS) and 0.1 ml of 3-aminopropyl triethox-
ysilane (APTMS) were added to the mixture and kept stirring
for three hours. This was done to functionalize the Fe;O,
particles with an amine group. After three hours of stirring,
the particles were separated from the solution and washed
with an ethanol-water mixture several times to remove any
residual solvents. 10 mg of GO powder (prepared by modified
Hummer’s method) was mixed with this amino-functionalized
Fe;0,4 in 10 ml water. This mixture was kept for sonication
and then for vigorous stirring at 80 °C for 1h. The obtained
Fe;0,@GO particles were washed several times with deio-
nized water.

Synthesis of Fe;0,@GO@Ag

In order to decorate the Fe;0,@GO composites with Ag
nanoparticles, 0.17 g of AgNO; (0.1 M) was dissolved in
10 ml of water, 0.59 g of trisodium citrate was dissolved in
20 ml of water, and 0.16 g of NaOH (0.1 M concentration)
was dissolved in 40 ml of water. Then, 2.5 ml of this freshly
prepared AgNO; was dissolved in a solution of Fe;0,@GO
(prepared as per the above procedure). After 30 min of stir-
ring, 10 ml of aqueous solution of the prepared 0.1 M triso-
dium citrate, and 0.1 ml of NaOH were added. This entire
mixture was kept for stirring for 6 h at 50 °C. The particle
precipitate was then separated with an external magnet and
washed with deionized water several times, and kept for
drying in an oven for 2 h at 60 °C.
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Figure 1. Schematic of the synthesis of magnetic-plasmonic nanocomposites and their alignment using the external magnetic field for SERS.

Materials characterization

Powder XRD pattern was obtained in the angle range of 10°
—70°, using Cu-K,, radiation (1.5406 A) with an operation
voltage and current maintained at 40kV and 50 mA. HR-
TEM, selected-area electron diffraction (SAED), HAADF and
EDAX images were taken on a 200 kV, Field-emission gun
(FEG), TALOS F200S G2 TEM. Raman spectra and SERS of
the samples were obtained using the LabRAM HR Evolution
Raman system with a 532 nm laser source. Magnetic mea-
surements were done using Lakeshore VSM 7410S.

Results and discussion

Characterization of Fe30,@GO@Ag samples

In figure 1, a schematic of the synthesis process is shown. The
details of synthesis have been described in the previous
section. FTIR spectra of the samples are plotted in figure 2(a).
The vibrational absorption of Fe;O, corresponding to the
stretching of Fe—O that is observed at 582 cm ™' is absent in
Fe;0,@GO@Ag. The observed absorption at 1068 cm ™'
indicates the successful formation of silica on Fe;O,. The
peaks at 1387 cm ™' and 1628 cm ', confirm the presence of
GO on the Fe;0, particles. The transmission dip located at
1585cm™ " is attributed to the remains of citrate on Ag
nanoparticles surface [26, 50].

Powder XRD patterns of the prepared samples are shown
in figure 2(b). The diffraction peaks for Fe;O, structures
showed an inverse spinel structure without any impurity
peaks. The main peaks for Fe;04 were found at 30.3°, 35.5°,

43.2°, 52.1°, 57.1°, 62.7° and 66.3° corresponding to the
reflection planes of (220), (311), (400), (422), (511), (440),
and (531) for the cubic spinel ferrite structure. The addition of
GO on the Fe;0y structures did not alter the diffraction peaks.
No additional diffraction peaks were observable implying that
the crystal structure remained unaffected in the process. After
the incorporation of Ag particles on the Fe3;0,@GO struc-
tures, the diffraction pattern showed additional peaks at 26
values of 38.3°, 44.3°, 64.4° and 77.4° corresponding to Ag
[22, 64]. This is also evident from the observation that
increasing the concentration of Ag increased the intensity of
the Ag diffraction peak. The crystallite size from Scherrer’s
equation of XRD analysis is found to be 24.3 + 0.1 nm while
the lattice parameter was estimated to be 8.39 + 0.01 A.

From the SEM image of the core Fe;O, particles, the
particles are spherical in shape and have an average size of
225 nm. The corresponding SEM image of Fe;0,@GO@Ag
is given in supporting information figure S1. In order to
confirm the presence of GO on the synthesized Fe;0,@GO
particles, we performed Raman scattering experiments using a
532 nm laser. The powder sample was placed on a silicon
substrate to reduce the autofluorescence signal from the glass
at the wavelength. A typical Raman spectrum of the sample is
shown in figure 2(d). The peaks at 190 cm_l, 310 cm_l,
520 cm™ " and 660 cm ™" correspond to the ferrite vibrational
modes (3hg and Aj,) of Fe30, in accordance with the group
theory of spinel structures [65-67]. The Raman peaks at
1361 cm™' and 1593 cm™' are attributed to the D and G
bands of GO, respectively [18, 19].

In order to understand the morphology of the composite
structures, TEM imaging of the sample was carried out.
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Figure 2. Characterization of the multifunctional structures (a) FT-IR spectra of the synthesized particles (b) Powder XRD spectra (c) SEM
image of Fe;O, core structure. The average particle size was estimated to be 225 nm. (d) Raman spectra of Fe;0,@GO reveal the ferrite
Raman peaks below 800 cm™' as well as the D and G peaks of GO at 1361 cm™" and 1593 cm™' respectively.

HR-TEM images along with electron diffraction patterns not
only reveal the morphology and size of the magnetic particles
but also the atomic arrangement. It was observed that the core
Fe;0, particles were monodisperse and nearly spherical in
shape (figure 3(a)). A zoomed image of the particle is shown
in figure 3(b). High-angle annular dark-field (HAADF) TEM
image of the structure confirmed the presence of Fe
(figure 3(c)). The corresponding images for Fe;0,@GO@Ag
are shown in figures 3(d)—(f). The presence of a thin GO layer
decorated with Ag nanoparticles can be observed from the
TEM images. HR-TEM images (figures 3(g)—(i)) and SAED
pattern (supplementary figure S2) of the nanostructures
revealed the crystal planes of Fe;O4 and GO/Ag. SAED
pattern showed several diffraction rings corresponding to the
different planes of the crystal (figure S2). In the case of the
Fe;0,4 core, the lattice spacing for the (311) plane was esti-
mated to be 0.25 nm (figure 3(h)) while that for the cubic Ag
was found to be 0.24 nm. The major advantage of having
magnetic nanoparticles in the composite structure is the pre-
sence of magnetic moments which can be utilized to manip-
ulate the structures using an external magnetic field.
However, the addition of other materials over the core
magnetic particle can reduce the overall magnetic moment of
the complex. In order to study the influence of additional
materials (GO and Ag) on the magnetic properties of Fe;O,,

we performed room-temperature magnetic measurements
using a vibrating sample magnetometer. In figure 4, the
magnetization curves for the synthesized samples are shown.
It is observed that as the silver concentration in the nano-
composite is increased, the saturation magnetization of the
overall composite decreases. It should be noted that although
the magnetic moment of core Fe;O, does not change by
adding GO and Ag nanoparticles, there is a shielding of the
magnetic field from the magnetic core of the composite
thereby reducing the saturation magnetization of the compo-
site particle compared to bare Fe;O, particle. However, it is
still possible to separate the particles from the solution using a
magnet for a silver concentration of 0.1 M.

The saturation magnetization values for different samples
are listed in table 1 below:

Magnetic field-aided self-assembly for SERS

In order to perform magnetic assembly of the particles, the
solution containing Fe;0,@GO@Ag (2 mg ml™") was soni-
cated for 30 min to get monodispersed particles. An aliquot of
100 pl was drop-casted onto a pre-cleaned glass slide. The
sample was placed on a magnet or between two bar magnets
and allowed to dry overnight. The magnetically-assembled
sample was observed using an upright microscope in both
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100 nm

Figure 3. TEM images of the composites. (a) Fe;0,@GO particles. (b) Zoomed-in image of a single particle. (c) HAADF-TEM image of
Fe;0,@GO shows the presence of Fe, O, and C. (d)-(f) Corresponding images for Fe;0,@GO@Ag. (g) HR-TEM image of
Fe;0,@GO@Ag composite structure. (h) The zoomed image of (g) to estimate the lattice spacing for the (311) plane of Fe;04. (i) and (j)

correspond to Fe;0,@GO@Ag.

Table 1. Saturation magnetization values for different concentrations
of Ag.

Sample Saturation Magnetization (emu g~ ")
Fe304 107.00
Fe;0,@GO 66.10
Fe;0,@GO@Ag (0.01 M) 60.23
Fe;0,@GO@Ag (0.1 M) 29.94

brightfield as well as dark field. In figure 5(a), a typical optical
bright field image of the chain-like formation of the compo-
site particles under the influence of the magnetic field can be
observed. A zoomed image (figure 5(b)) reveals the formation
of large-area chain-like structures due to the magnetic
assembly. The nature of the assembly depends on the

magnitude and direction of field strength. We used different
configurations of the magnets in order to optimize the chain-
like assembly. The samples placed directly on different
positions of a ring magnet yielded different geometrical
arrangements of the assembly. Placing the sample between
two bar magnets with their attractive poles facing each other
resulted in long chains compared to the other geometries. As
the liquid dries under a magnetic field, the particles assemble
towards the liquid boundary forming chain-like structures.
The drying process itself can lead to self-assembly of col-
loidal particles. However, without any external magnetic
field, the assembly process was very random. As expected, it
is observed that the particles align in the direction of the
strongest magnetic gradient. Hence depending on the position
of the sample on the magnet, different directions of alignment
are possible. In figures 5(c) and (d), the samples were placed
in two different regions of the same magnet. It can be seen
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Figure 4. Magnetic measurements (M-H) for the multifunctional
particles with varying amounts of Ag. The saturation magnetization
of the composite particle was found to decrease with increasing Ag
concentrations.

that the chains follow the direction of the magnetic field of the
magnet (a ring magnet in this case), SEM images of such
chains of magnetic nanoparticles is shown in supplementary
information (figure S3). These images were taken after
assembling the nanoparticles on a silicon substrate and drying
the sample. It was observed that the micro-chain formation of
the magnetic particles in a magnetic field was a rapid process.
To visualize this in real-time, video was recorded using the
CMOS camera attached to the microscope while the assembly
occurs. Here the solution containing the magnetic nano-
particles was drop-casted onto a glass slide and placed under a
microscope. An Nd bar magnet was placed in the vicinity of
the sample to visualize the chain formation. In figure 5(e), the
scenario without any magnetic field is shown. Initially, where
there is no external magnetic field, the nanoparticles are
randomly moving around in the solution by Brownian motion
and diffusion. Within a few seconds of placing the magnet,
the tiny particles start forming chains by attaching to each
other. With time, a greater number of particles attach to the
existing chains and form chain-like structures (figure 5 (fd)).
The chains also move in the solution towards the direction of
the magnet due to the effect of the magnetic force. Once the
magnet is moved away from the sample, the movement is
stopped and the assembly is collapsed. The video of the chain
formation event is given in the supplementary data. The long
chains of nanoparticles in the solution can easily be
manipulated using the external magnet. It is possible to rotate
the nanoparticle chains in all three directions using the bar
magnet (see supplementary data). Interesting patterns can be
observed in the optical images during the rotation of the
chains. It was possible to attain three-dimensional manip-
ulation of the magnetic chains in solution simply by moving
the position of the magnet around the sample. It was also
noted that under the influence of a magnetic field, these chains
were stiff as if they were a single magnetic rod. Once the
external magnetic field is removed, the particles remain

attached (due to other weak forces) but lose the rod-like
nature and collapse in the solution.

In order to obtain a uniform magnetic field, a bipolar
electromagnet was used for the magnetic assembly instead of
a bar/ring magnet. In this case, the magnetic field intensity
could be controlled by varying the current through the coil.
The solution was drop-casted onto a clean glass slide that was
placed at the center of a bipolar electromagnet (see supple-
mentary information figure S4 for a schematic of the exper-
imental setup). A fixed current was passed through the coil
and the sample was observed until the liquid evaporated. The
optical dark-field images of assembled magnetic particles for
different currents in the electromagnetic coil are shown in
figures 6(a)—(d). It was observed that for no current through
the coil, there was no structured assembly and the particles
agglomerated randomly. For a current of 0.5 A (corresp-
onding to a magnetic field of about 450 G at the center), the
chain formation was noted (figure 6(a)). The assembly was
thin and short in the case of low magnetic fields. With 1 A
current in the coil (magnetic field of 840 G), the particles tend
to form thicker as well as longer chains on the substrate
(figures 6(b)—(c)). By increasing the current further to 2 A
(magnetic field: 1640 G), the chain assembly was found to
widen and overlap each other (see figure 6(d)). It should be
noted that for all these different currents, the concentration of
particles and volume of liquid was kept constant. From these
observations, it is clear that a controlled large-scale assembly
of magnetic-plasmonic nanoparticles can be achieved easily
using the uniform magnetic field of the electromagnetic coil
setup. These observations can open several possibilities for
in situ manipulation of magnetic particles. In particular, large
chains of hybrid magnetic-plasmonic structures can act as a
good SERS substrate.

By incorporating noble metals such as Ag and Au, it is
possible to use the chain-like features for the formation of
electromagnetic hotspots that can enhance Raman signals sev-
eral orders of magnitude. The presence of GO in the structures
aided in facile functionalization. Apart from the electromagnetic
enhancement of Raman signals due to the plasmonic excitations
of Ag, it has been reported previously that by charge transfer
effect of GO can improve the Raman signals by way of chemical
enhancement [56, 57]. In order to test the capability of this
scheme for SERS applications, we functionalized the substrates
(chains of Fe;0,@GO@Ag) with different concentrations of
4-MPY. It is known that 4-MPY can easily attach to noble
metals such as Au and Ag by means of the amine group present
in the pyrimidine ring. In order to use the large-scale assembly
of plasmonic-magnetic structures for SERS, we drop-casted
different concentrations of 4-MPY on the substrate (magnetic-
plasmonic nanoparticles on silicon). The solution was kept
overnight and then mildly washed with DI water to remove
unattached analyte molecules. The Raman spectra were obtained
using a 532 nm laser anda 20x objective. The laser power was
kept to SmW and the integration time was 10s. The SERS
spectra for 1 mM, 100 ugM. 1 uM and 100 nm 4-MPY functio-
nalized substrates are shown in figures 7(a)—(d) respectively. The
salient peaks of 4-MPY at 790 cm ™" ascribed to the in-plane
(CH) bond vibration, 1008 cm~! to the ring breathing mode,
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@l

Figure 5. Magnetic self-assembly: the particles were suspended in an aqueous solution (I mg ml~' concentration) and placed over an Nd
magnet and left for drying. (a) Optical image of the large-scale chain-like assembly of the composite structures obtained using a 10x
objective. (b) Zoomed image of (a) shows a chain-like structure formed by magnetic materials under the influence of a magnet. (c) Optical
image of chain formation of particles when the field lines are horizontal. (d) Chain formation in the vertical direction (e) optical phase-
contrast image of the magnetic particles in solution. The particles can be seen as white dots. (f) After a few minutes of keeping the sample
under the influence of a magnet, chain-like structures can be observed to be formed. The chain structures are rigid and can be rotated easily by
rotating the magnetic field. Once the magnetic field is removed, the chains collapse in the solution although they still are held together loosely
by van der Waal’s forces. The video is available in supplementary data).

1040cm ™" to the A(CH) mode, 1096cm™" to ring breathing
mode, and v(CS) mode and 1606 cm ™! to the v(CC) vibrational
modes can be observed in the 1 mM SERS signal (figure 7(a))
[68-71].

While random agglomeration of plasmonic nanoparticles
(for example, due to the coffee-ring effect) has shown to give
enhancement of Raman signals, [72, 73] a more controlled
assembly is desirable for uniformity as well as higher
enhancements [42, 74]. In order to check the uniformity of the

substrate, SERS signals from 10 random positions on the
sample were taken with similar conditions. It was observed
that there was only a maximum of 10% variation between the
SERS signals (figure S5 in supplementary information). From
the comparison of intensities of Raman peaks at 1096 cm ™'
for the SERS and 1 M neat solution, the enhancement factor
was calculated to be 1.3 x 10° This value is an under-
estimation as the number of molecules contributing to SERS
is much lower on the SERS substrate.
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Figure 6. Large-scale magnetic assembly using electromagnetic coils. Darkfield optical image of the assembly of the multifunctional
composite structures for various currents passed through the electromagnets. (a) 0 A (b) 0.5 A (450 G) (c) 1.0 A (840 G) (d) 2.0 A (1640 G).

In the case of very low concentrations of 4-MPY,
although the intensity of the peaks was smaller, the molecule
could be easily identified from the characteristic SERS spectra
of 4-MPY. The two prominent peaks at 1096cm™' and
1008 cm™' were clearly recognizable. For further lower
concentrations of 4-MPY, 10 nm, and 1 nm, it was possible to
observe the 1096cm ' peak in the SERS spectrum
(figures 7(e) and (f)). However, for such low concentrations,
the GO Raman peaks became significant. As the ratio of
Fe;0,4 to Ag was optimized for magnetic assembly, detection
of the analyte with a further lower concentration required
longer acquisition times or larger laser intensities. We believe
that it is possible to detect concentrations below nM by
increasing Ag to Fe;O, ratio.

4-MPY has a C,,, symmetry and hence possess two in-
plane (A, B,) and two out-of-plane (A,, B;) vibrational
modes which are Raman active. The out-of-plane vibra-
tional modes are generally weak in aromatic ring com-
pounds and therefore not predominant in the Raman
spectrum of 4-MPY molecules [75, 76]. In SERS, the
coupling of the aromatic ring with the plasmonic metal can
occur in different ways. The relative enhancement factors
can be different for different vibrational modes. In our
SERS measurements, it was observed that the in-plane
vibrational mode at 1095cm™' was most prominent and
was detected even for the lowest concentration. The rela-
tive intensities of other peaks diminished drastically with
decreasing concentration. The graphene oxide Raman

spectra dominate the spectra in the wavelength region after
1300 cm™ ' at low concentrations of 4-MPY. The main aim
of the work was to use magnetically aided self-assembled
particles as SERS substrates for the detection of analyte
molecules. Further investigations need to be carried out to
understand the nature of the spectrum at ultra-low con-
centrations in the single molecule regime.

Conclusion

In summary, multifunctional magnetic-plasmonic compo-
sites Fe;0,@GO@Ag were synthesized using chemical
methods, and magnetic-field assisted large-scale assembly
of these structures were demonstrated. Large-scale assem-
bly of the multifunctional composites into chain-like
structures was possible with the help of external magnetic
fields. Each individual particle behaves as a tiny magnet
under the influence of the external magnetic field thereby
attracting other similar particles. Furthermore, the torque
generated on the particles by the external magnetic field
aligns the magnetic moment of the nanomagnets along the
magnetic field. As the magnetic field is applied over a large
area, the particles in the solution can form long chains on
the substrate. Additionally, due to the presence of GO and
Ag, such large-scale assemblies can be utilized as SERS
substrates for analyte detection. Here the detection of
4-MPY at low concentrations using the magnetically
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Figure 7. SERS Spectra of 4-MPY for different concentrations: SERS spectra was obtained by drop-casting the analyte molecules on the self-
assembled structures. (a) 1 mM (b) 100 uM (c) 1 uM (d) 100 nm (e) 10 nm (f) 1 nm. The prominent vibrational peak at 1096 cm~ ! s visible
even at lower concentrations. At lower concentrations of the analyte molecules, the GO peaks become significant.

assembled particles was demonstrated. Due to their
robustness and stability, these multifunctional particles can
have potential applications for in situ sensing of analyte
molecules wherein it is possible to manipulate them in a
non-contact way with external magnetic fields. It is envi-
saged that these hybrid multifunctional structures will be
promising candidates for the detection of environmental
pollutants, catalysis, and photothermal applications.
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