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Abstract

Multimodal nanotheranostics have emerged as a promising tool for combining both therapy
and diagnosis of disease into a single nanoplatform. Herein we explore further the optical
properties of core-shell, magnetic-plasmonic nanoparticles and their potential for
bioapplication in photothermal therapy and diagnostic imaging.

Through modification of commercial magnetite nanoparticles, magnetic-plasmonic, Fe3Os-Au,
nanoparticles were synthesised with various levels of gold coverage, ranging from a textured
core-satellite structure to a full-coverage smooth gold shell with structural verification by
transmission electron microscopy. Single-particle broadband dark-field scattering
microspectroscopy and solution extinction (absorption) experiments were used to optically
characterise the nanoparticles. Interestingly, a significant spectral drift of up to 110 nm was
observed between the experimental extinction and scattering.

We note that this spectral drift is potentially advantageous in multimodal applications and
demonstrate experimentally that it leads to enhanced photothermal activity away from the
wavelengths where imaging via scattering is best. To explore these applications, infrared
thermography and laser dark-field microscopy were used to monitor the photothermal activity
and imaging, respectively. We propose that the enhanced photothermal response results
directly from a reduced competition between absorption and scattering stemming from spectral
drift.

I. INTRODUCTION

Both plasmonic and magnetic nanomaterials have individually garnered significant attention
over the past decade in a wide range of research fields. When these materials are miniaturised
to the nanoscale, interesting phenomena such as superparamagnetism and nanoplasmonics
arise. Magnetic nanoparticles exhibiting superparamagnetism have been used as magnetic
resonance contrast agents [1], in environmental applications such as magnetic field-assisted
bioremediation [2], field-guided drug delivery [3], as nanosensors [4] and as magnetic
hyperthermia agents [5]. The ability to externally manipulate and stimulate nanoscaled
materials is highly sought after. For example, magnetic-flux-driven drug delivery is possible
through the placement of a magnet near the tumour site, maximising the delivery of the
nanoparticle-drug conjugates to the site of interest. Plasmonic nanoparticles have been used in
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nanosensing [6] most commonly for enhanced analyte detection in surface-enhanced Raman
(SERS), as imaging labels [7] and as photothermal agents [8]. Gold is of particular interest for
biomedical plasmonic applications as it is chemically inert and less cytotoxic than other
plasmonic nanomaterials such as silver and platinum [9]. When these plasmonic nanomaterials
are excited at or near their plasmon resonance frequency, the local electron density coherently
resonates with the electromagnetic excitation resulting in an enhancement of the local electric
field and an intensified optical absorption and scattering cross-section. Furthermore, these
mobile carriers dissipate energy through heat generation, which diffuses into the surrounding
medium. This process can be utilised to generate localised heating of nanoparticles in tissues
to induce targeted cell apoptosis and/or necrosis in a method referred to as plasmonic
photothermal therapy. Other applications of thermo-plasmonics include photothermal drug
delivery [10], photothermal imaging [11], and photocatalysis [12]-[14]. Traditionally,
fluorophores or chromophores are used as labels or tags for visualising or detecting
biomolecules. However, these fluorophores suffer from photobleaching, which can lead to
doubt in quantitative applications. Plasmonic nanoparticles have been proposed as an
alternative thanks to their superior optical properties and photostability and can be
functionalised with a surface ligands to target biomolecules as with traditional fluorophores for
diagnostic purposes [15]. In-vitro [16], [17] and in-vivo [18], [19] research shows compelling
evidence of the efficacy of both plasmonic and magnetic nanoparticles individually; thus, the
technology has progressed to clinical studies [20].

A superior nanostructure may be designed which is a hybrid of a magnetic and plasmonic
nanoparticle, bringing forth the functionality of each nanoparticle, which may then be
combined with both light and magnetic fields for stimulation [21]. Combined magnetic-
plasmonic bifunctional nanocomposites have also shown to be successful in-vitro [22], [23]
and in-vivo [24] with excellent biocompatibility [25]. Evidently, it is of interest to create a
magnetically responsive and optically active nanoparticle to exploit the properties of each
material type. Such nanostructures may exist in two distinct forms, as nanocomposites which
are hybrid nanoparticles that are not necessarily core-shell gold-coated (such as Janus [26], rod
[27] or nanocomposite [28]) and as a pseudospherical core-shell nanoparticle. Here, we focus
on the basic physical response of the various stages of magnetic-plasmonic core-shell
pseudospherical particles which are important to optimise for dedicated applications such as
SERS-based immunoassays and dual magneto-photothermal therapy [29].

In this paper, magnetic-plasmonic nanostructures were synthesised with varied gold coverage,
with structural confirmation using transmission electron microscopy (TEM), and their optical
activity was studied using extinction and scattering spectroscopy. The absorption, scattering
and extinction cross-sections were calculated using COMSOL Multiphysics® finite element
analysis models. A spectral offset or drift between the maximum optical absorption and
scattering of up to 110 nm is observed experimentally for popcorn-textured thinner Au shell
and of ca. 30 nm for smoother and thicker shells, the latter being well replicated by the
COMSOL models. Other works have studied this drift theoretically in large solid nanoparticles,
silica-metal, core-shell nanoparticles [30]-[32] or indirectly shown a theoretical drift for
BiFeOs-Au, core-shell nanoparticles [33]. Conversely, this drift has not been explored
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experimentally for Fe3O4-Au core-shell nanoparticles before, and neither was its impact on
photothermal absorption, which is seen here to be enhanced when a substantial drift exists.

II. RESULTS AND DISCUSSION

Figure 1 shows the various magnetic-plasmonic, Fe3Os—Au, nanoparticles synthesised for this
work, both in illustration and TEM micrograph. 20 nm diameter commercial oleic acid-capped
iron oxide nanoparticles underwent a ligand exchange to amine-terminated silane (stage O,
black designation in all graphs in this paper, Figure 1(A)). Gold nanoseeds (Figure 1(B)) were
then added to amino functionalised iron oxide nanoparticles, leading to gold seeded iron oxide
nanoparticle (stage OS, red in graphs, Figure 1(C)). These gold seeded iron oxide nanoparticles
were then exposed to iterative gold reductions, the first reduction (R1, green in graphs, Figure
1(D)), the second reduction (R2, shown in blue, Figure 1(E)) and the third reduction (R3,
orange designation in data, Figure 1(F)). This synthesis protocol is detailed in the
supplementary information (SI.1) and was adapted from a number of reports in ligand exchange
and electroless plating of oxide surfaces [34]-[36]. The TEM images seen on the right of each
cartoon depiction is better interpreted by comparing the electron density of Fe3O4 (4.89 gm/cc)
and Au (15.5 gm/cc) [37]. The contrast seen in TEM is due to this electron density; therefore,
gold appears darker than the iron oxide and so, when coated in gold, the iron oxide core is no
longer visible. Importantly, at all stages of growth, we verified that the nanoparticles can be
magnetically separated, leaving a clear supernatant (see Figure S1 in the supplementary
information). A photograph of these nanoparticles at the various stages of synthesis can be seen
beside each TEM image. Images in transmitted and reflected white light are shown, with
standard vector notation indicating the light direction. In transmitted light, a purple-pink colour
can be seen indicative of the gold shell which is not as apparent in reflected light. Aqueous
Zeta potential measurements gave the Zeta potential of -0.0 mV for amine-functionalised iron
oxide nanoparticles (O), -10.0 mV for the gold seeded iron oxide nanoparticles (Os), -27.3 mV
for the gold seeded iron oxide nanoparticles after a gold reduction (R1), -22.4 mV for the iron
oxide-gold nanoparticles after two gold reductions (R2) and -22.1 mV for the magnetic-
plasmonic nanostructures after three gold reductions (R3); suggesting good colloidal stability
for stages R1 to R3.
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Figure 1: Illustration of the various stages of the magnetic, plasmonic nanoparticles in cartoon
form, TEM micrograph and appearance under visible light in solution, in reflected and
transmitted light. (A)Amine-functionalised iron oxide nanoparticles with a diameter of 20nm,
referred to as “O” throughout this paper. (B) Gold nanoseeds with a diameter of 2-3nm. (C)
The combination of stages “O7 and gold nanoseeds yields gold-seeded iron oxide
nanoparticles, called “Os”. (D) After the first reduction, we achieve an electroless-plated
textured stage called “R1”. (E) After gold reduction, a nanopopcorn stage is attained, which
is referred to as “R2” throughout. (F) A continuous gold shell on the iron oxide stage is
achieved which is denoted “R3”. All scale bars are 20nm.
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Dynamic Light Scattering showed an average hydrodynamic diameter of 30.5 nm for R1, 43.2
nm for R2 and 102.8 nm for R3, agreeing with TEM data due to the absence of a surface ligand.
Flame Atomic Absorption Spectrometry showed an Au/Fe ratio of 4.3 for Os, 10.7 for R1, 11.6
for R2 and 26.8 for R3. These results further confirm the increase in gold content per
nanoparticle from stage Os to R3. By monitoring gold growth through the stages by TEM
imaging and maintaining magnetic separability, we deduce that stages R2 and R3 have
complete gold coverage and are indeed core-shell particles.

Figure 2 shows the extinction spectra of each magnetic plasmonic nanoparticle growth stage
measured in an aqueous solution at a concentration of 20 pg/ml (solid lines). Also seen in
Figure 2 are broadband white-light dark-field scattering spectroscopy spectra averaged from
several single nanoparticles (dashed lines). The intensity scales for the extinction and
absorption are not directly comparable, but each spectra type can be compared for all the
sample stages. For further details on experimental techniques and data correction, see
supplementary information (SI.1). Both the samples composed of iron oxide (O) and of gold
seeded iron oxide nanoparticles (Os) do not exhibit any detectable resonant scattering or
extinction (Figure 2(A)) in the studied region. This is in line with the gold nanoseeds grafted
to the surface being too small (> 5Snm) and known to have a plasmon resonance so broad that
it is virtually indiscernible from the background [38]. However, after the iterative gold
reductions, distinct scattering and extinction peaks are seen. The averaged scattering (see
Figure S2 in the supplementary information for all individual spectra) and extinction peak
wavelengths for nanoparticles after one reduction (R1, Figure 2(B)), two reductions (R2, Figure
2(C)) and three reductions (R3, Figure 2(D)) are reproduced in Table 1.

If one defines the experimental spectral drift as the difference between scattering and extinction
peak wavelength (AA = Ag. — Aext), One observes a drift of 67 nm for the first reduction stage
of the magnetic-plasmonic nanoparticle (R1), increased after the second reduction stage (R2)
to 110 nm and reduced to 33 nm for the third reduction (R3). We note that, although such drift
was not reported in earlier experimental studies of Fe304-Au nanosystems (presumably because
single-particle dark-field spectroscopy was not performed), the drift was indeed predicted for
core-shell nanoparticles [39].

Table 1: Single-particle scattering peak wavelength (Asca), solution extinction peak wavelength
(Aext) and corresponding drift.

sample Asca (Nnm) Aext (Nnm) AA (nm)
R1 625+ 11 558 67

R2 671 £ 11 561 110

R3 608+ 14 575 33

Volume 78, Issue 2, 2026 © 2026 Theoretical Biology Forum. All Rights Reserved.



THEORETICAL BIOLOGY FORUM
ISSN: 2283-7175 | https://tbfpeerjournal.org/

" Q@

Iron Oxide (O)

Seeded (Os)

£

(B)

Plated (R1)

&

Popcorn (R2)

(D) o

Figure 2: Optical properties of the magnetic-plasmonic nanoparticles at successive gold
growth steps. Optical scattering was collected for single particles by dark-field
microspectroscopy and optical extinction (predominately absorption) was collected by solution
VIS/NIR spectroscopy. (A) Extinction spectra for O (black) and Os (red). (B) Average optical
scattering for RI core-shell (average of 5 individual spectra) (dashed line) and extinction
spectrum (solid line). (C) Same for R2. (D) Same for R3. AA highlights the spectral drift between

extinction and scattering peaks.
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The origin of the spectral drift seen in our experiments was further studied by computing
absorption and scattering spectra of a single core-shell Fe3O04-Au nanoparticle and a single solid
gold nanoparticle irradiated by a plane wave using the finite element analysis (FEA) software
COMSOL Multiphysics®, details in the supplementary information (SI.2). Figure 3(A) shows
the absorption and scattering peak wavelengths of a 20 nm iron oxide core coated by a smooth
gold shell of varied thickness (grey curves) and for the same dimensions of solid gold
nanoparticle (yellow curves). The dashed and solid lines show scattering and absorption,
respectively. The corresponding peak intensities are shown in Figure 3(B). More detailed
colour plots of the absorption and scattering at various gold shell thicknesses are shown in the
supplementary information (Figure S4).
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Figure 3: (A) COMSOL Multiphysics®-derived optical absorption (solid line) and scattering
(dashed line) peak wavelengths for a spherical 20 nm (diameter) iron oxide core covered with
a continuous, smooth gold shell with varied thickness (grey) and for a solid gold nanoparticle
(vellow). The spectral drift is marked by the shaded area between the absorption and scattering
curves. (B) Corresponding intensities using same colours and line styles.

The shaded areas between the absorption and scattering curves in Figure 3(A) show that the
spectral drift for 100 nm particles is ca. 30 nm for core-shell Fe3Os-Au, while it is half that
value for a plain gold particles. The simulations thus show a fair agreement with R3 in the
experiment and confirm the role played by the iron oxide core. However, it is also clear that
the simulations do not justify the larger experimental drift for R2 and R1. Given the nature of
the seeded growth and the morphology of R1 and R2 confirmed by TEM experiments, we
attribute the large drifts to the then natural texturing of the gold shells, which is indeed entirely
(and necessarily here) ignored in the model. The same argument was advanced for silica-gold
core-shell particles where the roughness was then generated by etching [40]. With the gold
roughness decreasing with further reduction at R3, it is thus expected to reach a better match
between model and experiment. Rough surfaces of plain gold particles have been observed by
others to also exhibit a red-shifting of the plasmon scattering versus smooth particles of the
same dimensions, while the extinction spectra in water also showed little dependence on the

Volume 78, Issue 2, 2026 © 2026 Theoretical Biology Forum. All Rights Reserved.



THEORETICAL BIOLOGY FORUM
ISSN: 2283-7175 | https://tbfpeerjournal.org/ 13

roughness [40], in agreement with our own measurements here for Fe3Os4-Au core-shell
nanoparticles.

An important biomedical application of plasmonic and by extension magnetic-plasmonic
nanostructures is in photothermal therapy, which is closely related to the optical absorption
spectra of nanostructures. It is interesting to investigate how the spectral drift reported above
for R1, R2, and R3 relates to the photothermal response of the particles. Here, the photothermal
activity of the various magnetic-plasmonic nanostructures was studied by monitoring the
temperature increase of aqueous solutions with a fixed concentration of 10 pg/ml of iron oxide
upon laser irradiation at 532 and 690 nm with a power density of 1 W/cm? spread over a
collimated beam of 5 mm diameter. The sample was maintained at room temperature prior to
measurement. The change in temperature of the solutions was monitored using a calibrated
infrared thermal camera after switching the laser on for 10 minutes and then off for another 10
minutes (see Figure 4).

For the iron oxide cores (i.e. without gold seeds or shell, O), we observe the smallest increase
in temperature and very little difference when the wavelength is changed from 532 to 690 nm.
The seeded particles (Os) exhibit a similar response but exhibits a ca. 20% increase in
temperature at 690 nm. The small changes versus O can be explained from the limited amount
of gold on the particles after seeding. For the thickest gold shell tested here, R3, we observe a
temperature increase that is twice that of O and Os at 532 nm with a decrease of ca. 20% at 690
nm. Overall, these particles show limited dependence on the excitation wavelength used.

Conversely, the nanoparticles R1 and R2 show a temperature increase enhanced ca. 2.5x versus
O and Os at 532 nm, as well as a clear wavelength dependence with a decrease in maximum
temperature upon irradiation at 690 nm to values nearer to those measured for O and Os. Thus,
we observe that, although R1 and R2 carry a smaller mass of gold than R3, they are more
efficient in converting the incident radiation into heat. We propose that the large reduction in
scattering at 532 nm for R1 and R2 justifies the enhancement in photothermal response as the
probability that photons are absorbed is not competing with elastic scattering. Conversely, for
R3, the lesser drift implies that the scattering remains substantial both at 532 and 690 nm.

A dual theranostic modality can also benefit from the larger spectral drift of the textured R1
and R2. Indeed Figure 2 and Figure 4 together show that the photothermal response is less
where the scattering is larger, so that a better separation between therapy and imaging
(diagnostic) is possible, if the imaging is conducted near the scattering peak whereas the
photothermal therapy is delivered near the absorption peak.
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Figure 4: (A) Temperature variations for solutions of Fe304-Au core-shell (O, Os, R1, R2,
R3, and water solution) measured by infrared thermography. The solution were at room
temperature at 0 s, exposed to a 532 nm laser beam (1W/cm?) during 600s, and with the laser
exposure stopped during another 600 s. (B) Same using 690nm excitation.

Dark-field imaging is typically conducted with a high angle broadband white light source
illumination (NA 1.3, oil) and a lower numerical aperture (NA 0.9, air) collection, affording
wide-field visualisation. For improved sensitivity and reduced imaging time, it is also possible
to use laser excitation. This technique of laser dark-field imaging of the nanoparticles could be
translated to bioimaging applications using the magnetic-plasmonic nanoparticles as labels.
This would be a monochromatic, coherent version of standard dark-field bioimaging [41],
without the complication of dual-beam imaging as is the case with photothermal bioimaging
[42]. Here, we selected to use low NA excitation (ca. NA 0.5, air) with higher NA dark field
collection (NA 0.8, air) as this is simpler to implement by addition of a beam stop in the
detection path and from the long working distances involved, although the scheme provides
here a much lower spatial resolution. Figure 5 shows dark-field images of R1 and R3 at 540
and 620 nm, recording the same area for each. In agreement with the broadband scattering
spectra in Figure 2(B, D), the scattered intensity is seen to increase for both R1 and R3, when
the wavelength is changed from 540 to 620 nm. This confirms that textured particles such as
R1 are indeed better imaged at these longer wavelengths where the photothermal heating is
relatively inefficient and that these particles are good candidates for a dual theranostics
approach where the efficient a diagnostic based on imaging and a therapy based on
photothermal heating are spectrally resolved with minimum overlap.
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Figure 5: Laser dark-field imaging of magnetic-plasmonic nanoparticles after one (R1) and
three (R3) reductions at both 540 nm and 620 nm.

III. CONCLUSIONS

Fe;04—Au core-shell nanoparticles were synthesised through the modification of commercial
Fe;O4 nanoparticles. We prepared and investigated a core-satellite structure (Os) obtained by
seeding with gold nanoseeds, followed by successive steps of gold reduction (R1, R2, R3) onto
these Os particles. From Os to R3, the gold shell evolved from a seed-textured roughness
towards smoother shells, as confirmed by TEM. We report a significant drift (up to 110 nm)
between extinction and scattering peaks, especially for R1 and R2, where the surface texturing
remains high. At later gold growth stages, such as for R3, the drift is ca. 30 nm in line with
models of smooth gold shells on iron oxide cores. Remarkably, R1 and R2 show a high spectral
dependence in their photothermal response upon laser irradiation as well as a significant
enhancement versus R3. These effects are attributed to the remarkably low scattering shown
by R1 and R2 at 532 nm where their absorption remains high as a consequence of the drift. We
conclude that such seeded core-shell nanoparticles are promising candidates for combined
therapy and diagnostics with the possibility to spectrally separate the wavelengths where
photothermal response and scattering efficiency are their highest.
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